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MABs, monoclonal antibodies.

1The Kd is the concentration for 50% saturation of the receptors and is inversely proportionate to the affinity of the drug for the receptors.

Data from Ruffolo RR Jr, Gellai M, Hieble JP, et al: The Pharmacology of carvedilol, Eur J Clin Pharmacol 1990;38S2:S82-88.

MDR1, multidrug resistance protein-1; MRP1, multidrug resistance-associated protein-1; NET, norepinephrine transporter; SERT, serotonin reuptake transporter;

VMAT, vesicular monoamine transporter.

1The pKa is that pH at which the concentrations of the ionized and nonionized forms are equal.

2More than one ionizable group.

3Isoelectric point.
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Chapter 1: Introduction: The Nature of Drugs & Drug Development & Regulation

Bertram G. Katzung

CASE STUDY

CASE STUDY

A 78-year-old woman is brought to the hospital because of suspected aspirin overdose*. She has taken aspirin for joint pain for many years without
incident, but during the past year, she has exhibited signs of cognitive decline. Her caregiver finds her confused, hyperventilating, and vomiting. The
caregiver finds an empty bottle of aspirin tablets and calls 9-1-1. In the emergency department, samples of venous and arterial blood are obtained
while the airway, breathing, and circulation are evaluated. An intravenous (IV) drip is started, and gastrointestinal decontamination is begun. After
blood gas results are reported, sodium bicarbonate is administered via the IV. What is the purpose of the sodium bicarbonate?

Pharmacology can be defined as the study of substances that interact with living systems through chemical processes. These interactions usually
occur by binding of the substance to regulatory molecules and activating or inhibiting normal body processes. These substances may be chemicals
administered to achieve a beneficial therapeutic effect on some process within the patient or for their toxic effects on regulatory processes in parasites
infecting the patient. Such deliberate therapeutic applications may be considered the proper role of medical pharmacology, which is often defined
as the science of substances used to prevent, diagnose, and treat disease. Toxicology is the branch of pharmacology that deals with the undesirable
effects of chemicals on living systems, from individual cells to humans to complex ecosystems (Figure 1–1). The nature of drugs—their physical
properties and their interactions with biological systems—is discussed in part I of this chapter.

FIGURE 1–1

Major areas of study in pharmacology. The actions of chemicals can be divided into two large domains. The first (left side) is that of medical
pharmacology and toxicology, which is aimed at understanding the actions of drugs as chemicals on individual organisms, especially humans and
domestic animals. Both beneficial and toxic effects are included. Pharmacokinetics deals with the absorption, distribution, and elimination of drugs.
Pharmacodynamics concerns the actions of the chemical on the organism. The second domain (right side) is that of environmental toxicology, which is
concerned with the effects of chemicals on all organisms and their survival in groups and as species.

New drugs are added every year; they are needed for several reasons including: (1) increasing resistance by bacteria and other parasites; (2) discovery
of new target processes in diseases that have not been adequately treated; and (3) recognition of new diseases. Furthermore, a dramatic increase has
occurred in the number of large molecule drugs (especially antibodies) approved during the last two decades. The development of new drugs and their
regulation by government agencies are discussed in part II.

*The author thanks Barry Berkowitz, PhD, for contributions to the second part of this chapter in previous editions.

THE HISTORY OF PHARMACOLOGY

Prehistoric people undoubtedly recognized the beneficial or toxic effects of many plant and animal materials. Early written records list remedies of
many types, including a few that are still recognized as useful drugs today. Most, however, were worthless or actually harmful. Beginning about 1500
years ago, sporadic attempts were made to introduce rational methods into medicine, but none was successful owing to the dominance of systems of
thought (“schools”) that purported to explain all of biology and disease without the need for experimentation and observation. These schools
promulgated bizarre notions such as the idea that disease was caused by excesses of bile or blood in the body, that wounds could be healed by
applying a salve to the weapon that caused the wound, and so on.

Around the end of the 17th century, concepts based on observation and experimentation began to replace theorizing in physiology and clinical
medicine. As the value of these methods in the study of disease became clear, physicians in Great Britain and on the Continent began to apply them
systematically to the effects of traditional drugs used in their own practices. Thus, materia medica—the science of drug preparation and the medical
uses of drugs—began to develop as the precursor to pharmacology. However, any real understanding of the mechanisms of action of drugs was
prevented by the absence of methods for purifying active agents from the crude materials that were available and—even more—by the lack of methods
for testing hypotheses about the nature of drug actions.

In the late 18th and early 19th centuries, François Magendie and his student Claude Bernard began to develop the methods of experimental
physiology and pharmacology. Advances in chemistry and the further development of physiology in the 18th, 19th, and early 20th centuries laid the
foundation needed for understanding how drugs work at the organ and cellular levels. Paradoxically, real advances in basic pharmacology during this
time were accompanied by an outburst of unscientific claims by manufacturers and marketers of worthless “patent medicines.” Not until the concepts
of rational therapeutics, especially that of the controlled clinical trial, were reintroduced into medicine—only about 60 years ago—did it become
possible to adequately evaluate therapeutic claims.

Around the 1940s and 1950s, a major expansion of research efforts in all areas of biology began. As new concepts and new techniques were
introduced, information accumulated about drug action and the biologic substrate of that action, the drug receptor. During the last 60 years, many
fundamentally new drug groups and new members of old groups have been introduced. The last three decades have seen an even more rapid growth
of information and understanding of the molecular basis for drug action. The molecular mechanisms of action of many drugs have now been
identified, and numerous receptors have been isolated, structurally characterized, and cloned. In fact, the use of receptor identification methods
(described in Chapter 2) has led to the discovery of many orphan receptors—receptors for which no ligand has been discovered and whose function
can only be guessed. Studies of the local molecular environment of receptors have shown that receptors and effectors do not function in isolation;
they are strongly influenced by other receptors and by companion regulatory proteins. Most recently, it has become clear that gravitational change,
radiation, and other aspects of space outside the Earth’s environment require the development of space medicine. This has opened another important
area for the future of pharmacology. One result of these discoveries is the confirmation that pharmacology represents an area where anatomy,
biochemistry, genetics, physiology, pathology, clinical medicine, and the environment meet. Many problems that the health practitioner confronts can
now be corrected or mitigated using pharmacologic tools.

Pharmacogenomics—the relation of the individual’s genetic makeup to his or her response to specific drugs—is becoming an important part of
therapeutics (see Chapter 5). Decoding of the genomes of many species—from bacteria to humans—has led to the recognition of unsuspected
relationships between receptor families and the ways that receptor proteins have evolved. Furthermore, discovery of regulatory functions exerted by
the neighbors of chromosomes and the noncoding regions of DNA on the expression of exons has opened a new area of possible manipulation of the
genes—epigenetics—that control pharmacologic responses.

The discovery that small segments of RNA can interfere with protein synthesis with extreme selectivity has led to investigation of small interfering
RNAs (siRNAs) and micro-RNAs (miRNAs) as therapeutic agents. Similarly, short nucleotide chains called antisense oligonucleotides (ANOs),
synthesized to be complementary to natural RNA or DNA, can interfere with the readout of genes and the transcription of RNA. Finally, new, efficient
methods of DNA editing have made possible the modification of genes that encode proteins that are critical to immunologic functions, including
anticancer receptors on T-cells. These developments have led to a dramatic increase in large molecule therapeutics in the last 20 years (Table 1–1).

TABLE 1–1

Development of large molecule therapeutic agents as a fraction of all  new drug approvals,  2000–2017.

Y e a r Total  New Drug Approvals New Protein Drugs (∼% of new drug approvals) New MABs (∼% of new drug approvals)

2000 63 3 (5%) 1 (2%)

2008 34 5 (15%) 1 (3%)

2010 49 8 (16%) 4 (8%)

2015 69 13 (19%) 9 (13%)

2017 63 10 (16%) 9 (14%)

Unfortunately, the medication-consuming public is still exposed to vast amounts of inaccurate or unscientific information regarding the
pharmacologic effects of chemicals. This results in the irrational use of innumerable expensive, ineffective, and sometimes harmful remedies and the
growth of a huge “alternative health care” industry. Furthermore, manipulation of the legislative process in the United States has allowed many
substances promoted for health—but not promoted specifically as “drugs”—to avoid meeting the Food and Drug Administration (FDA) standards
described in the second part of this chapter. Conversely, lack of understanding of basic scientific principles in biology and statistics and the absence of
critical thinking about public health issues have led to rejection of medical science, including vaccines, by a segment of the public and to a common
tendency to assume that all adverse drug effects are the result of malpractice.

General principles that the student should remember are (1) that all substances can under certain circumstances be toxic; (2) that the chemicals in
botanicals (herbs and plant extracts, “nutraceuticals”) are no different from chemicals in manufactured drugs except for the much greater proportion
of impurities in botanicals; and (3) that all dietary supplements and all therapies promoted as health-enhancing should meet the same standards of
efficacy and safety as conventional drugs and medical therapies. That is, there should be no artificial separation between scientific medicine and
“alternative” or “complementary” medicine. Ideally, all nutritional and botanical substances should be tested by the same types of randomized
controlled trials (RCTs) as synthetic compounds.

GENERAL PRINCIPLES OF PHARMACOLOGY

THE NATURE OF DRUGS

In the most general sense, a drug may be defined as any substance that brings about a change in biologic function through its chemical actions. In most
cases, the drug molecule interacts as an agonist (activator) or antagonist (inhibitor) with a specific target molecule that plays a regulatory role in the
biologic system. This target molecule is called a receptor. Some of the new large molecule drugs (biologicals) are receptors themselves and bind
endogenous molecules. The nature of receptors is discussed more fully in Chapter 2. In a very small number of cases, drugs known as chemical
antagonists may interact directly with other drugs, whereas a few drugs (osmotic agents) interact almost exclusively with water molecules. Drugs
may be synthesized within the body (eg, hormones) or may be chemicals not synthesized in the patient’s body (ie, xenobiotics). Poisons are drugs
that have almost exclusively harmful effects. However, Paracelsus (1493–1541) famously stated that “the dose makes the poison,” meaning that any
substance can be harmful if taken in the wrong dosage. Toxins are usually defined as poisons of biologic origin, ie, synthesized by plants or animals,
in contrast to inorganic poisons such as lead and arsenic.

The Physical Nature of Drugs

To interact chemically with its receptor, a drug molecule must have the appropriate size, electrical charge, shape, and atomic composition.
Furthermore, a drug is often administered at a location distant from its intended site of action, eg, a pill taken orally to relieve a headache. Therefore, a
useful drug must have the necessary properties to be transported from its site of administration to its site of action. Finally, a practical drug should be
inactivated or excreted from the body at a reasonable rate so that its actions will be of appropriate duration.

Drugs may be solid at room temperature (eg, aspirin, atropine), liquid (eg, nicotine, ethanol), or gaseous (eg, nitrous oxide, nitric oxide, xenon). These
factors often determine the best route of administration. The most common routes of administration are described in Chapter 3, Table 3–3. The
various classes of organic compounds—carbohydrates, proteins, lipids, and smaller molecules—are all represented in pharmacology. As noted above,
many proteins have been approved and some oligonucleotides, in the form of small segments of RNA, have entered clinical trials and are on the
threshold of introduction into therapeutics.

A number of inorganic elements, eg, fluoride, lithium, iron, and heavy metals, are both useful and dangerous drugs. Many organic drugs are weak acids
or bases. This fact has important implications for the way they are handled by the body, because pH differences in the various compartments of the
body may alter the degree of ionization of weak acids and bases (see text that follows).

Drug Size

The molecular size of drugs varies from very small (lithium ion, molecular weight [MW] 7) to very large (eg, alteplase [t-PA], a protein of MW 59,050).
Many antibodies are even larger; eg, erenumab, an antibody used in the management of migraine, has a MW of more than 145,000. However, most

er limit in molecular weight is determined primarily by the requirement that most drugs must be able to move within the body (eg, from the site 
inistration to the site of action and then to the site of elimination). Drugs much larger than MW 1000 do not diffuse readily between compartmen

he body (discussed under Permeation, in following text). Therefore, very large drugs (usually proteins) must often be administered directly into t
partment where they have their effect. In the case of alteplase, a clot-dissolving enzyme, the drug is administered directly into the vascular
partment by intravenous or intra-arterial infusion.

g Reactivity & Drug-Receptor Bonds

gs interact with receptors by means of chemical forces or bonds. These are of three major types: covalent, electrostatic, and hydrophobic.
alent bonds are very strong and in many cases not reversible under biologic conditions. Thus, the covalent bond formed between the acetyl gro
cetylsalicylic acid (aspirin) and cyclooxygenase, its enzyme target in platelets, is not readily broken. The platelet aggregation–blocking effect of
irin lasts long after free acetylsalicylic acid has disappeared from the bloodstream (about 15 minutes) and is reversed only by the synthesis of ne
yme in new platelets, a process that takes several days. Other examples of highly reactive, covalent bond-forming drugs include the DNA-alkylati
nts used in cancer chemotherapy to disrupt cell division in the tumor.

ctrostatic bonding is much more common than covalent bonding in drug-receptor interactions. Electrostatic bonds vary from relatively strong
ages between permanently charged ionic molecules to weaker hydrogen bonds and very weak induced dipole interactions such as van der Waal

ces and similar phenomena. Electrostatic bonds are weaker than covalent bonds.

rophobic bonds are usually quite weak and are probably important in the interactions of highly lipid-soluble drugs with the lipids of cell
mbranes and perhaps in the interaction of drugs with the internal walls of receptor “pockets.”

 specific nature of a particular drug-receptor bond is of less practical importance than the fact that drugs that bind through weak bonds to their
eptors are generally more selective than drugs that bind by means of very strong bonds. This is because weak bonds require a very precise fit of t
g to its receptor if an interaction is to occur. Only a few receptor types are likely to provide such a precise fit for a particular drug structure. Thus, 

 wished to design a highly selective drug for a particular receptor, we would avoid highly reactive molecules that form covalent bonds and instead
ose a molecule that forms weaker bonds.

w substances that are almost completely inert in the chemical sense nevertheless have significant pharmacologic effects. For example, xenon, an
ert” gas, has anesthetic effects at elevated pressures.

g Shape

 shape of a drug molecule must be such as to permit binding to its target site via the bonds just described. Optimally, the drug’s shape is
plementary to that of the target site (usually a receptor) in the same way that a key is complementary to a lock. Furthermore, the phenomenon o

rality (stereoisomerism) is so common in biology that more than half of all useful drugs are chiral molecules; that is, they can exist as
ntiomeric pairs. Drugs with two asymmetric centers have four diastereomers, eg, ephedrine, a sympathomimetic drug. In most cases, one of thes
ntiomers is much more potent than its mirror image enantiomer, reflecting a better fit to the receptor molecule. If one imagines the receptor site

like a glove into which the drug molecule must fit to bring about its effect, it is clear why a “left-oriented” drug is more effective in binding to a left
d receptor than its “right-oriented” enantiomer.

 more active enantiomer at one type of receptor site may not be more active at another receptor type, eg, a type that may be responsible for som
er effect. For example, carvedilol, a drug that interacts with adrenoceptors, has a single chiral center and thus two enantiomers (Table 1–2). One 
se enantiomers, the (S)(–) isomer, is a potent β-receptor blocker. The (R)(+) isomer is 100-fold weaker at the β receptor. However, the isomers ar
roximately equipotent as α-receptor blockers. Ketamine, a chiral molecule with two isomers, was introduced as an anesthetic. When administer
n anesthetic, the racemic mixture is administered intravenously. In contrast, the (S) enantiomer has recently been approved for use in nasal spra

m as a rapid-acting antidepressant.

ABLE 1–2

issociation constants (Kd )  of  the enantiomers and racemate of carvedilol.

Form of  Carvedilol α  Receptors (Kd ,  nmol/L1) β  Receptors (Kd ,  nmol/L)

(R)(+) enantiomer 14 45

Finally, because enzymes are usually stereoselective, one drug enantiomer is often more susceptible than the other to drug-metabolizing enzymes. As
a result, the duration of action of one enantiomer may be quite different from that of the other. Similarly, drug transporters may be stereoselective.

Unfortunately, most studies of clinical efficacy and drug elimination in humans have been carried out with racemic mixtures of drugs rather than with
the separate enantiomers. At present, less than half of the chiral drugs used clinically are marketed as the active isomer—the rest are available only as
racemic mixtures. As a result, a majority of patients receive drug doses of which 50% is less active or inactive. A few drugs are currently available in both
the racemic and the pure, active isomer forms. However, proof that administration of the pure, active enantiomer decreases adverse effects relative to
those produced by racemic formulations has not been established.

Rational Drug Design

Rational design of drugs implies the ability to predict the appropriate molecular structure of a drug on the basis of information about its biologic
receptor. Until recently, no receptor was known in sufficient detail to permit such drug design. Instead, drugs were developed through random testing
of chemicals or modification of drugs already known to have some effect. However, the characterization of many receptors during the past three
decades has changed this picture. A few drugs now in use were developed through molecular design based on knowledge of the three-dimensional
structure of the receptor site. Computer programs are now available that can iteratively optimize drug structures to fit known receptors. As more
becomes known about receptor structure, rational drug design will become more common.

Receptor Nomenclature

The spectacular success of newer, more efficient ways to identify and characterize receptors (see Chapter 2) has resulted in a variety of differing, and
sometimes confusing, systems for naming them. This in turn has led to a number of suggestions regarding more rational methods of naming
receptors. The interested reader is referred for details to the efforts of the International Union of Pharmacology (IUPHAR) Committee on Receptor
Nomenclature and Drug Classification (reported in various issues of Pharmacological Reviews and elsewhere) and to Alexander SP et al: The Concise
Guide to PHARMACOLOGY 2017/18: Overview. Br J Pharmacol 2017;174:S1. The chapters in this book mainly use these sources for naming receptors.

DRUG-BODY INTERACTIONS

The interactions between a drug and the body are conveniently divided into two classes. The actions of the drug on the body are termed
pharmacodynamic processes (Figure 1–1); the principles of pharmacodynamics are presented in greater detail in Chapter 2. These properties
determine the group in which the drug is classified, and they play the major role in deciding whether that group is appropriate therapy for a particular
symptom or disease. The actions of the body on the drug are called pharmacokinetic processes and are described in Chapters 3 and 4.
Pharmacokinetic processes govern the absorption, distribution, and elimination of drugs and are of great practical importance in the choice and
administration of a particular drug for a particular patient, eg, a patient with heart failure who also has impaired renal function. The following
paragraphs provide a brief introduction to pharmacodynamics and pharmacokinetics.

Pharmacodynamic Principles

Most drugs must bind to a receptor to bring about an effect. However, at the cellular level, drug binding is only the first in a sequence of possible steps:

Drug (D) + receptor-effector (R) → drug-receptor-effector complex → effect

D + R → drug-receptor complex → effector molecule → effect

D + R → D-R complex → activation of coupling molecule → effector molecule → effect

Inhibition of metabolism of endogenous activator → increased activator action on an effector molecule → increased effect

Note that the final change in function is accomplished by an effector mechanism. The effector may be part of the receptor molecule or may be a
separate molecule. A very large number of receptors communicate with their effectors through coupling molecules, as described in Chapter 2.

A. Types of Drug-Receptor Interactions

Agonist drugs bind to and activate the receptor in some fashion, which directly or indirectly brings about the effect (Figure 1–2A). Receptor activation
involves a change in conformation in the cases that have been studied at the molecular structure level. Some receptors incorporate effector machinery
in the same molecule, so that drug binding brings about the effect directly, eg, opening of an ion channel or activation of enzyme activity. Other
receptors are linked through one or more intervening coupling molecules to a separate effector molecule. The major types of drug-receptor-effector
coupling systems are discussed in Chapter 2. Pharmacologic antagonist drugs, by binding to a receptor, compete with and prevent binding by other
molecules. For example, acetylcholine receptor blockers such as atropine are antagonists because they prevent access of acetylcholine and similar
agonist drugs to the acetylcholine receptor site and they stabilize the receptor in its inactive state (or some state other than the acetylcholine-activated
state). These agents reduce the effects of acetylcholine and similar molecules in the body (Figure 1–2B), but their action can be overcome by increasing
the dosage of agonist. Some antagonists bind very tightly to the receptor site in an irreversible or pseudoirreversible fashion and cannot be displaced
by increasing the agonist concentration. Drugs that bind to the same receptor molecule but do not prevent binding of the agonist are said to act
allosterically and may enhance (Figure 1–2C) or inhibit (Figure 1–2D) the action of the agonist molecule. Allosteric inhibition is not usually overcome
by increasing the dose of agonist.

FIGURE 1–2

Drugs may interact with receptors in several ways. The effects resulting from these interactions are diagrammed in the dose-response curves at the
right. Drugs that alter the agonist (A) response may activate the agonist binding site, compete with the agonist (competitive inhibitors, B), or act at
separate (allosteric) sites, increasing (C) or decreasing (D) the response to the agonist. Allosteric activators (C) may increase the efficacy of the agonist
or its binding affinity. The curve shown reflects an increase in efficacy; an increase in affinity would result in a leftward shift of the curve.

B. Agonists That Inhibit Their Binding Molecules

Some drugs mimic agonist drugs by inhibiting the molecules responsible for terminating the action of an endogenous agonist. For example,
acetylcholinesterase inhibitors, by slowing the destruction of endogenous acetylcholine, cause cholinomimetic effects that closely resemble the
actions of cholinoceptor agonist molecules even though cholinesterase inhibitors do not bind or only incidentally bind to cholinoceptors (see Chapter
7). Because they amplify the effects of physiologically released endogenous agonist ligands, their effects are sometimes more selective and less toxic
than those of exogenous agonists.

C. Agonists, Partial Agonists, and Inverse Agonists

Figure 1–3 describes a useful model of drug-receptor interactions. As indicated, the receptor is postulated to exist partially in the inactive,
nonfunctional form (Ri) and partially in the activated form (Ra). Thermodynamic considerations indicate that even in the absence of any agonist, some

of the receptor pool must exist in the Ra form some of the time and may produce the same physiologic effect as agonist-induced activity. This effect,

occurring in the absence of agonist, is termed constitutive or basal activity. Agonists have a much higher affinity for the Ra configuration and

stabilize it, so that a large percentage of the total pool resides in the Ra–D fraction and a large effect is produced. The recognition of constitutive activity

may depend on the receptor density, the concentration of coupling molecules (if a coupled system), and the number of effectors in the system.

FIGURE 1–3

A model of drug-receptor interaction. The hypothetical receptor is able to assume two conformations. In the Ri conformation, it is inactive and

produces no effect, even when combined with a drug molecule. In the Ra conformation, the receptor can activate downstream mechanisms that

produce a small observable effect, even in the absence of drug (constitutive activity). In the absence of drugs, the two isoforms are in equilibrium, and
the Ri form is favored. Conventional full agonist drugs have a much higher affinity for the Ra conformation, and mass action thus favors the formation

of the Ra–D complex with a much larger observed effect. Partial agonists have an intermediate affinity for both Ri and Ra forms. Conventional

antagonists, according to this hypothesis, have equal affinity for both receptor forms and maintain the same level of constitutive activity. Inverse
agonists, on the other hand, have a much higher affinity for the Ri form, reduce constitutive activity, and may produce a contrasting physiologic result.

Many agonist drugs, when administered at concentrations sufficient to saturate the receptor pool, can activate their receptor-effector systems to the
maximum extent of which the system is capable; that is, they cause a shift of almost all of the receptor pool to the Ra–D pool. Such drugs are termed

full agonists. Other drugs, called partial agonists, bind to the same receptors and activate them in the same way but do not evoke as great a
response, no matter how high the concentration. In the model in Figure 1–3, partial agonists do not stabilize the Ra configuration as fully as full

agonists, so that a significant fraction of receptors exists in the Ri–D pool. Such drugs are said to have low intrinsic efficacy. Because they occupy the

same receptor site, partial agonists can also prevent access by full agonists. Thus, pindolol, a β-adrenoceptor partial agonist, may act either as an
agonist (if no full agonist is present) or as an antagonist (if a full agonist such as epinephrine is present). (See Chapter 2.) Intrinsic efficacy is
independent of affinity (as usually measured) for the receptor.

In the same model, conventional antagonist action can be explained as fixing the fractions of drug-bound Ri and Ra in the same relative amounts as in

the absence of any drug. In this situation, no change in activity will be observed, so the drug will appear to be without effect. However, the presence of
the antagonist at the receptor site will block access of agonists to the receptor and prevent the usual agonist effect. Such blocking action can be termed
neutral antagonism.

What will happen if a drug has a much stronger affinity for the Ri than for the Ra state and stabilizes a large fraction in the Ri–D pool? In this scenario the

drug will reduce any constitutive activity, thus resulting in effects that are the opposite of the effects produced by conventional agonists at that
receptor. Such drugs are termed inverse agonists (Figure 1–3). One of the best documented examples of such a system is the γ-aminobutyric acid
(GABAA) receptor-effector (a chloride channel) in the nervous system. This receptor is activated by the endogenous transmitter GABA and causes

inhibition of postsynaptic cells. Conventional exogenous agonists such as benzodiazepines also facilitate the receptor-effector system and cause
GABA-like inhibition with sedation as the therapeutic result. This sedation can be reversed by conventional neutral antagonists such as flumazenil.
Inverse agonists of this receptor system cause anxiety and agitation, the inverse of sedation (see Chapter 22). Similar inverse agonists have been found
for β adrenoceptors, histamine H1 and H2 receptors, and several other receptor systems.

D. Duration of  Drug Action

Termination of drug action can result from several processes. In some cases, the effect lasts only as long as the drug occupies the receptor, and
dissociation of drug from the receptor automatically terminates the effect. In many cases, however, the action may persist after the drug has
dissociated because, for example, some coupling molecule is still present in activated form. In the case of drugs that bind covalently to the receptor
site, the effect may persist until the drug-receptor complex is destroyed and new receptors or enzymes are synthesized, as described previously for
aspirin. In addition, many receptor-effector systems incorporate desensitization mechanisms for preventing excessive activation when agonist
molecules continue to be present for long periods. (See Chapter 2 for additional details.)

E. Receptors and Inert Binding Sites

To function as a receptor, an endogenous molecule must first be selective in choosing ligands (drug molecules) to bind; and second, it must change
its function upon binding in such a way that the function of the biologic system (cell, tissue, etc) is altered. The selectivity characteristic is required to
avoid constant activation of the receptor by promiscuous binding of many different ligands. The ability to change function is clearly necessary if the
ligand is to cause a pharmacologic effect. The body contains a vast array of molecules that are capable of binding drugs, however, and not all of these
endogenous molecules are regulatory molecules. Binding of a drug to a nonregulatory molecule such as plasma albumin will result in no detectable
change in the function of the biologic system, so this endogenous molecule can be called an inert binding site. Such binding is not completely
without significance, however, because it affects the distribution of drug within the body and determines the amount of free drug in the circulation.
Both of these factors are of pharmacokinetic importance (see also Chapter 3).

Pharmacokinetic Principles

In practical therapeutics, a drug should be able to reach its intended site of action after administration by some convenient route. In many cases, the
active drug molecule is sufficiently lipid-soluble and stable to be given as such. In some cases, however, an inactive precursor chemical that is readily
absorbed and distributed must be administered and then converted to the active drug by biologic processes—inside the body. Such a precursor
chemical is called a prodrug.

In only a few situations is it possible to apply a drug directly to its target tissue, eg, by topical application of an anti-inflammatory agent to inflamed skin
or mucous membrane. Most often, a drug is administered into one body compartment, eg, the gut, and must move to its site of action in another
compartment, eg, the brain in the case of an antiseizure medication. This requires that the drug be absorbed into the blood from its site of
administration and distributed to its site of action, permeating through the various barriers that separate these compartments. For a drug given
orally to produce an effect in the central nervous system, these barriers include the tissues that make up the wall of the intestine, the walls of the
capillaries that perfuse the gut, and the blood-brain barrier, the walls of the capillaries that perfuse the brain. Finally, after bringing about its effect, a
drug should be eliminated at a reasonable rate by metabolic inactivation, by excretion from the body, or by a combination of these processes.

A. Permeation

Drug permeation proceeds by several mechanisms. Passive diffusion in an aqueous or lipid medium is common, but active processes play a role in the
movement of many drugs, especially those whose molecules are too large to diffuse readily (Figure 1–4). Drug vehicles can be very important in
facilitating transport and permeation, eg, by encapsulating the active agent in liposomes and in regulating release, as in slow release preparations.
Newer methods of facilitating transport of drugs by coupling them to nanoparticles are under investigation.

FIGURE 1–4

Mechanisms of drug permeation. Drugs may diffuse passively through aqueous channels in the intercellular junctions (eg, tight junctions, A), or
through lipid cell membranes (B). Drugs with the appropriate characteristics may be transported by carriers into or out of cells (C). Very impermeant
drugs may also bind to cell surface receptors (dark binding sites), be engulfed by the cell membrane (endocytosis), and then be released inside the cell
or expelled via the membrane-limited vesicles out of the cell into the extracellular space (exocytosis, D).

1.  Aqueous dif fusion

Aqueous diffusion occurs within the larger aqueous compartments of the body (interstitial space, cytosol, etc) and across epithelial membrane tight
junctions and the endothelial lining of blood vessels through aqueous pores that—in some tissues—permit the passage of molecules as large as MW

20,000–30,000.* See Figure 1–4A.

Aqueous diffusion of drug molecules is usually driven by the concentration gradient of the permeating drug, a downhill movement described by Fick’s
law (see below). Drug molecules that are bound to large plasma proteins (eg, albumin) do not permeate most vascular aqueous pores. If the drug is
charged, its flux is also influenced by electrical fields (eg, the membrane potential and—in parts of the nephron—the transtubular potential).

*The capillaries of the brain, the testes, and some other tissues are characterized by the absence of pores that permit aqueous diffusion. They may also
contain high concentrations of drug export pumps (MDR pump molecules; see text). These tissues are therefore protected or “sanctuary” sites from
many circulating drugs.

2.  L ipid di f fusion

Lipid diffusion is the most important limiting factor for drug permeation because of the large number of lipid barriers that separate the compartments
of the body. Because these lipid barriers separate aqueous compartments, the lipid:aqueous partition coefficient of a drug determines how
readily the molecule moves between aqueous and lipid media. In the case of weak acids and weak bases (which gain or lose electrical charge-bearing
protons, depending on the pH), the ability to move from aqueous to lipid or vice versa varies with the pH of the medium, because charged molecules
attract water molecules. The ratio of lipid-soluble form to water-soluble form for a weak acid or weak base is expressed by the Henderson-Hasselbalch
equation (described in the following text). See Figure 1–4B.

3 .  S p e c i a l  c a r r i e r s

Special carrier molecules exist for many substances that are important for cell function and too large or too insoluble in lipid to diffuse passively
through membranes, eg, peptides, amino acids, and glucose. These carriers bring about movement by active transport or facilitated diffusion and,
unlike passive diffusion, are selective, saturable, and inhibitable. Because many drugs are or resemble such naturally occurring peptides, amino acids,
or sugars, they can use these carriers to cross membranes. See Figure 1–4C.

Many cells also contain less selective membrane carriers that are specialized for expelling foreign molecules. One large family of such transporters
binds adenosine triphosphate (ATP) and is called the ABC (ATP-binding cassette) family. This family includes the P-glycoprotein or multidrug
resistance type 1 (MDR1) transporter found in the brain, testes, and other tissues, and in some drug-resistant neoplastic cells (Table 1–3). Similar
transport molecules from the ABC family, the multidrug resistance-associated protein (MRP) transporters, play important roles in the excretion
of some drugs or their metabolites into urine and bile and in the resistance of some tumors to chemotherapeutic drugs. Genomic variation in the
expression of these transporters has a profound effect on sensitivity to these drugs (see Chapter 5). Several other transporter families have been
identified that do not bind ATP but use ion gradients to drive transport. Some of these (the solute carrier [SLC] family) are particularly important in the
uptake of neurotransmitters across nerve-ending membranes. The latter carriers are discussed in more detail in Chapter 6.

TABLE 1–3

Some transport molecules important in pharmacology.

Transporter Physiologic Function Pharmacologic Significance

NET Norepinephrine reuptake from synapse Target of cocaine and some tricyclic antidepressants

SERT Serotonin reuptake from synapse Target of selective serotonin reuptake inhibitors and some tricyclic

antidepressants

VMAT Transport of dopamine and norepinephrine into

adrenergic vesicles in nerve endings

Target of reserpine and tetrabenazine

MDR1 Transport of many xenobiotics out of cells Increased expression confers resistance to certain anticancer drugs;

inhibition increases blood levels of digoxin

MRP1 Leukotriene secretion Confers resistance to certain anticancer and antifungal drugs

4 .  E n d o c y t o s i s  a n d  e x o c y t o s i s

A few substances are so large or impermeant that they can enter cells only by endocytosis, the process by which the substance is bound at a cell-
surface receptor, engulfed by the cell membrane, and carried into the cell by pinching off of the newly formed vesicle inside the membrane. The
substance can then be released into the cytosol by breakdown of the vesicle membrane (Figure 1–4D). This process is responsible for the transport of
vitamin B12, complexed with a binding protein (intrinsic factor) across the wall of the gut into the blood. Similarly, iron is transported into hemoglobin-

synthesizing red blood cell precursors in association with the protein transferrin. Specific receptors for the binding proteins must be present for this
process to work.

The reverse process (exocytosis) is responsible for the secretion of many substances from cells. For example, many neurotransmitter substances are
stored in membrane-bound vesicles in nerve endings to protect them from metabolic destruction in the cytoplasm. Appropriate activation of the nerve
ending causes fusion of the storage vesicle with the cell membrane and expulsion of its contents into the extracellular space (see Chapter 6).

B. Fick’s Law of Diffusion

The passive flux of molecules down a concentration gradient is given by Fick’s law:

where C1 is the higher concentration, C2 is the lower concentration, area is the cross-sectional area of the diffusion path, permeability coefficient is a

measure of the mobility of the drug molecules in the medium of the diffusion path, and thickness is the length of the diffusion path. In the case of lipid
diffusion, the lipid:aqueous partition coefficient is a major determinant of mobility of the drug because it determines how readily the drug enters the
lipid membrane from the aqueous medium.

C. Ionization of Weak Acids and Weak Bases; the Henderson-Hasselbalch Equation

The electrostatic charge of an ionized molecule attracts water dipoles and results in a polar, relatively water-soluble and lipid-insoluble complex.
Because lipid diffusion depends on relatively high lipid solubility, ionization of drugs may markedly reduce their ability to permeate membranes. A very
large percentage of the drugs in use are weak acids or weak bases; Table 1–4 lists some examples. For drugs, a weak acid is best defined as a neutral
molecule that can reversibly dissociate into an anion (a negatively charged molecule) and a proton (a hydrogen ion). For example, aspirin dissociates
as follows:

TABLE 1–4

Ionization constants of  some common drugs.

D r u g p Ka1 D r u g p Ka1 D r u g p Ka1

Weak acids Weak bases Weak bases (cont’d)

 Acetaminophen 9.5  Albuterol (salbutamol) 9.3  Isoproterenol 8.6

 Acetazolamide 7.2  Allopurinol 9.4, 12.32  Lidocaine 7.9

 Ampicillin 2.5  Alprenolol 9.6  Metaraminol 8.6

 Aspirin 3.5  Amiloride 8.7  Methadone 8.4

 Chlorothiazide 6.8, 9.42  Amiodarone 6.6  Methamphetamine 10.0

 Chlorpropamide 5.0  Amphetamine 9.8  Methyldopa 10.6

 Ciprofloxacin 6.1, 8.72  Atropine 9.7  Metoprolol 9.8

 Cromolyn 2.0  Bupivacaine 8.1  Morphine 7.9

 Ethacrynic acid 2.5  Chlordiazepoxide 4.6  Nicotine 7.9, 3.12

 Furosemide 3.9  Chloroquine 10.8, 8.4  Norepinephrine 8.6

 Ibuprofen 4.4, 5.22  Chlorpheniramine 9.2  Pentazocine 7.9

 Levodopa 2.3  Chlorpromazine 9.3  Phenylephrine 9.8

 Methotrexate 4.8  Clonidine 8.3  Physostigmine 7.9, 1.82

 Methyldopa 2.2, 9.22  Cocaine 8.5  Pilocarpine 6.9, 1.42

 Penicillamine 1.8  Codeine 8.2  Pindolol 8.6

 Pentobarbital 8.1  Cyclizine 8.2  Procainamide 9.2

 Phenobarbital 7.4  Desipramine 10.2  Procaine 9.0

 Phenytoin 8.3  Diazepam 3.0  Promethazine 9.1

 Propylthiouracil 8.3  Diphenhydramine 8.8  Propranolol 9.4

 Salicylic acid 3.0  Diphenoxylate 7.1  Pseudoephedrine 9.8

 Sulfadiazine 6.5  Ephedrine 9.6  Pyrimethamine 7.0–7.33

 Sulfapyridine 8.4  Epinephrine 8.7  Quinidine 8.5, 4.42

 Theophylline 8.8  Ergotamine 6.3  Scopolamine 8.1

 Tolbutamide 5.3  Fluphenazine 8.0, 3.92  Strychnine 8.0, 2.32

 Warfarin 5.0  Hydralazine 7.1  Terbutaline 10.1

 Imipramine 9.5  Thioridazine 9.5

A weak base can be defined as a neutral molecule that can form a cation (a positively charged molecule) by combining with a proton. For example,
pyrimethamine, an antimalarial drug, undergoes the following association-dissociation process:

Note that the protonated form of a weak acid is the neutral, more lipid-soluble form, whereas the unprotonated form of a weak base is the neutral
form. The law of mass action requires that these reactions move to the left in an acid environment (low pH, excess protons available) and to the right in
an alkaline environment. The Henderson-Hasselbalch equation relates the ratio of protonated to unprotonated weak acid or weak base to the
molecule’s pKa and the pH of the medium as follows:

This equation applies to both acidic and basic drugs. Inspection confirms that the lower the pH relative to the pKa, the greater will be the fraction of

drug in the protonated form. Because the uncharged form is the more lipid-soluble, more of a weak acid will be in the lipid-soluble form at acid pH,
whereas more of a basic drug will be in the lipid-soluble form at alkaline pH.

Application of this principle is made in the manipulation of drug excretion by the kidney (see Case Study). Almost all drugs are filtered at the
glomerulus. If a drug is in a lipid-soluble form during its passage down the renal tubule, a significant fraction will be reabsorbed by simple passive
diffusion. If the goal is to accelerate excretion of the drug (eg, in a case of drug overdose), it is important to prevent its reabsorption from the tubule.
This can often be accomplished by adjusting urine pH to make certain that most of the drug is in the ionized state, as shown in Figure 1–5. As a result of
this partitioning effect, the drug is “trapped” in the urine. Thus, weak acids are usually excreted faster in alkaline urine; weak bases are usually
excreted faster in acidic urine. Other body fluids in which pH differences from blood pH may cause trapping or reabsorption are the contents of the
stomach (normal pH 1.9–3) and small intestine (pH 7.5–8), breast milk (pH 6.4–7.6), aqueous humor (pH 6.4–7.5), and vaginal and prostatic secretions
(pH 3.5–7).

FIGURE 1–5

Trapping of a weak base (methamphetamine) in the urine when the urine is more acidic than the blood. In the hypothetical case illustrated, the
diffusible uncharged form of the drug has equilibrated across the membrane, but the total concentration (charged plus uncharged) in the urine (more
than 10 mg) is 25 times higher than in the blood (0.4 mg).

As indicated by Table 1–4, a large number of drugs are weak bases. Most of these bases are amine-containing molecules. The nitrogen of a neutral
amine has three atoms associated with it plus a pair of unshared electrons (see the display that follows). The three atoms may consist of one carbon or
a chain of carbon atoms (designated “R”) and two hydrogens (a primary amine), two carbons and one hydrogen (a secondary amine), or three
carbon atoms (a tertiary amine). Each of these three forms may reversibly bind a proton with the unshared electrons. Some drugs have a fourth
carbon-nitrogen bond; these are quaternary amines. However, the quaternary amine is permanently charged and has no unshared electrons with
which to reversibly bind a proton. Therefore, primary, secondary, and tertiary amines may undergo reversible protonation and vary their lipid
solubility with pH, but quaternary amines are always in the poorly lipid-soluble charged form.

DRUG GROUPS

To learn each pertinent fact about each of the many hundreds of drugs mentioned in this book would be an impractical goal and, fortunately, is
unnecessary. Almost all the several thousand drugs currently available can be arranged into about 70 groups. Many of the drugs within each group are
very similar in pharmacodynamic actions and in their pharmacokinetic properties as well. For most groups, one or two prototype drugs can be
identified that typify the most important characteristics of the group. This permits classification of other important drugs in the group as variants of
the prototype, so that only the prototype must be learned in detail and, for the remaining drugs, only the differences from the prototype.

DRUG DEVELOPMENT & REGULATION

A truly new drug (one that does not simply mimic the structure and action of previously available drugs) requires the discovery of a new drug target, ie,
the pathophysiologic process or substrate of a disease. Such discoveries are usually made in public sector institutions (universities and research
institutes), and molecules that have beneficial effects on such targets are often discovered in the same laboratories. However, the development of new
drugs usually takes place in industrial laboratories because optimization of a class of new drugs requires painstaking and expensive chemical,
pharmacologic, and toxicologic research. In fact, much of the recent progress in the application of drugs to disease problems can be ascribed to the
pharmaceutical industry including “big pharma,” the multibillion-dollar corporations that specialize in drug development and marketing. These
companies are uniquely skilled in translating basic findings into successful therapeutic breakthroughs and profit-making “blockbusters” (see
https://clincalc.com/DrugStats/Top200Drugs.aspx).

Such breakthroughs come at a price, however, and the escalating cost of drugs has become a significant contributor to the increase in the cost of
health care. Development of new drugs is enormously expensive, but considerable controversy surrounds drug pricing. Drug prices in the United
States have increased many-fold faster than overall price inflation. Critics claim that the costs of development and marketing drugs are grossly inflated
by marketing activities, advertising, and other promotional efforts, which may consume as much as 25% or more of a company’s budget. Furthermore,
profit margins for big pharma are relatively high. Recent drug-pricing scandals have been reported in which the rights to an older, established drug
that requires no costly development have been purchased by a smaller company and the price increased by several hundred or several thousand
percent. This “price gouging” has caused public outrage and attracted regulatory attention that may result in more legitimate and rational pricing
mechanisms. Finally, pricing schedules for many drugs vary dramatically from country to country and even within countries, where large organizations
can negotiate favorable prices and small ones cannot. Some countries have already addressed these inequities, and it seems likely that all countries
will have to do so during the next few decades.

NEW DRUG DEVELOPMENT

The development of a new drug usually begins with the discovery or synthesis of a potential new drug compound or the elucidation of a new drug
target. After a new drug molecule is synthesized or extracted from a natural source, subsequent steps seek an understanding of the drug’s interactions
with its biologic targets. Repeated application of this approach leads to synthesis of related compounds with increased efficacy, potency, and
selectivity (Figure 1–6). In the United States, the safety and efficacy of drugs must be established before marketing can be legally carried out. In
addition to in vitro studies, relevant biologic effects, drug metabolism, pharmacokinetic profiles, and relative safety of the drug must be characterized
in vivo in animals before human drug trials can be started. With regulatory approval, human testing may then go forward (usually in three phases)
before the drug is considered for approval for general use. A fourth phase of data gathering and safety monitoring is becoming increasingly important
and follows after approval for marketing. Once approved, the great majority of drugs become available for use by any appropriately licensed
practitioner. Highly toxic drugs that are nevertheless considered valuable in lethal diseases may be approved for restricted use by practitioners who
have undergone special training in their use and who maintain detailed records.

FIGURE 1–6

The development and testing process required to bring a drug to market in the USA. Some of the requirements may be different for drugs used in life-
threatening diseases (see text).

DRUG DISCOVERY

Most new drugs or drug products are discovered or developed through the following approaches: (1) screening for biologic activity of large numbers of
natural products, banks of previously discovered chemical entities, or large libraries of peptides, nucleic acids, and other organic molecules; (2)
chemical modification of a known active molecule, resulting in a “me-too” analog; (3) identification or elucidation of a new drug target, which suggests
molecules that will hit that target; and (4) rational design of a new molecule based on an understanding of biologic mechanisms and drug receptor
structure. Steps (3) and (4) are often carried out in academic research laboratories and are more likely to lead to breakthrough drugs, but the costs of
steps (1) and (2) usually ensure that industry carries them out.

Once a new drug target or promising molecule has been identified, the process of moving from the basic science laboratory to the clinic begins. This
translational research involves the preclinical and clinical steps described next. While clinical trials in humans are required only for drugs to be
used in humans, all of the other steps described apply to veterinary drugs as well as drugs for human diseases.

Drug Screening

Drug screening involves a variety of assays at the molecular, cellular, organ system, and whole animal levels to define the pharmacologic profile, ie,
the activity and selectivity of the drug. The type and number of initial screening tests depend on the pharmacologic and therapeutic goal. For example,
anti-infective drugs are tested against a variety of infectious organisms, some of which are resistant to standard agents; hypoglycemic drugs are tested
for their ability to lower blood sugar, etc.

The candidate molecule is also studied for a broad array of other actions to determine the mechanism of action and selectivity of the drug. This can
reveal both expected and unexpected toxic effects. Occasionally, an unexpected therapeutic action is serendipitously discovered by a careful observer;
for example, the era of modern diuretics was initiated by the observation that certain antimicrobial sulfonamides caused metabolic acidosis in
patients. The selection of compounds for development is most efficiently conducted in animal models of human disease. Where good predictive
preclinical models exist (eg, infection, hypertension, or thrombotic disease), we generally have good or excellent drugs. Good drugs or breakthrough
improvements are conspicuously lacking and slow for diseases for which preclinical models are poor or not yet available, eg, autism and Alzheimer
disease.

At the molecular level, the candidate compound would be screened for activity on the target, for example, receptor binding affinity to cell membranes
containing the homologous animal receptors (or if possible, on the cloned human receptors). Early studies would be done to predict effects that might
later cause undesired drug metabolism or toxicologic complications. For example, studies on liver cytochrome P450 enzymes would be performed to
determine whether the molecule of interest is likely to be a substrate or inhibitor of these enzymes or to alter the metabolism of other drugs.

Effects on cell function determine whether the drug is an agonist, partial agonist, inverse agonist, or antagonist at relevant receptors. Isolated tissues
would be used to characterize the pharmacologic activity and selectivity of the new compound in comparison with reference compounds. Comparison
with other drugs would also be undertaken in a variety of in vivo studies. At each step in this process, the compound would have to meet specific
performance and selectivity criteria to be carried further.

Whole animal studies are generally necessary to determine the effect of the drug on organ systems and disease models. Cardiovascular and renal
function studies of new drugs are generally first performed in normal animals. Studies on disease models, if available, are then performed. For a
candidate antihypertensive drug, animals with hypertension would be treated to see whether blood pressure was lowered in a dose-related manner
and to characterize other effects of the compound. Evidence would be collected on duration of action and efficacy after oral and parenteral
administration. If the agent possessed useful activity, it would be further studied for possible adverse effects on other organs, including the
respiratory, gastrointestinal, renal, endocrine, and central nervous systems.

These studies might suggest the need for further chemical modification (compound optimization) to achieve more desirable pharmacokinetic or
pharmacodynamic properties. For example, oral administration studies might show that the drug was poorly absorbed or rapidly metabolized in the
liver; modification to improve bioavailability might be indicated. If the drug is to be administered long term, an assessment of tolerance development
would be made. For drugs related to or having mechanisms of action similar to those known to cause physical or psychological dependence in
humans, ability to cause dependence in animals would also be studied. Drug interactions would be examined.

The desired result of this screening procedure (which may have to be repeated several times with congeners of the original molecule) is a lead
compound, ie, a leading candidate for a successful new drug. A patent application would be filed for a novel compound (a composition of matter
patent) that is efficacious, or for a new and nonobvious therapeutic use (a use patent) for a previously known chemical entity.

PRECLINICAL SAFETY & TOXICITY TESTING

All chemicals are toxic in some individuals at some dose. Candidate drugs that survive the initial screening procedures must be carefully evaluated for
potential risks before and during clinical testing. Depending on the proposed use of the drug, preclinical toxicity testing includes most or all of the
procedures shown in Table 1–5. Although no chemical can be certified as completely “safe” (free of risk), the objective is to estimate the risk associated
with exposure to the drug candidate and to consider this in the context of therapeutic needs and likely duration of drug use.

TABLE 1–5

Safety tests.

Type of  Test Approach and Goals

Acute toxicity Usually two species, two routes. Determine the no-effect dose and the maximum tolerated dose. In some cases, determine the acute

dose that is lethal in approximately 50% of animals.

Subacute or

subchronic toxicity

Three doses, two species. Two weeks to 3 months of testing may be required before clinical trials. The longer the duration of

expected clinical use, the longer the subacute test. Determine biochemical, physiologic effects.

Chronic toxicity Rodent and at least one nonrodent species for ≥6 months. Required when drug is intended to be used in humans for prolonged

periods. Usually run concurrently with clinical trials. Determine same end points as subacute toxicity tests.

Effect on

reproductive

performance

Two species, usually one rodent and rabbits. Test effects on animal mating behavior, reproduction, parturition, progeny, birth

defects, postnatal development.

Carcinogenic

potential

Two years, two species. Required when drug is intended to be used in humans for prolonged periods. Determine gross and histologic

pathology.

Mutagenic

potential

Test effects on genetic stability and mutations in bacteria (Ames test) or mammalian cells in culture; dominant lethal test and

clastogenicity in mice.

The goals of preclinical toxicity studies include identifying potential human toxicities, designing tests to further define the toxic mechanisms, and
predicting the most relevant toxicities to be monitored in clinical trials. In addition to the studies shown in Table 1–5, several quantitative estimates are
desirable. These include the no-effect dose—the maximum dose at which a specified toxic effect is not seen; the minimum lethal dose—the
smallest dose that is observed to kill any experimental animal; and, if necessary, the median lethal dose (LD50)—the dose that kills approximately

50% of the animals in a test group. Presently, the LD50 is estimated from the smallest number of animals possible. These doses are used to calculate

the initial dose to be tried in humans, usually taken as one hundredth to one tenth of the no-effect dose in animals.

It is important to recognize the limitations of preclinical testing. These include the following:

1. Toxicity testing is time-consuming and expensive. Two to 6 years may be required to collect and analyze data on toxicity before the drug can be
considered ready for testing in humans.

2. Large numbers of animals may be needed to obtain valid preclinical data. Scientists are properly concerned about this situation, and progress has
been made toward reducing the numbers required while still obtaining valid data. Cell and tissue culture in vitro methods and computer modeling
are increasingly being used, but their predictive value is still limited. Nevertheless, some segments of the public attempt to halt all animal testing in
the unfounded belief that it has become unnecessary.

3. Extrapolations of toxicity data from animals to humans are reasonably predictive for many but not for all toxicities.

4. For statistical reasons, rare adverse effects are unlikely to be detected in preclinical testing.

EVALUATION IN HUMANS

A very small fraction of lead compounds reach clinical trials, and less than one third of the drugs studied in humans survive clinical trials and reach the
marketplace. Federal law in the USA and ethical considerations require that the study of new drugs in humans be conducted in accordance with
stringent guidelines. Scientifically valid results are not guaranteed simply by conforming to government regulations, however, and the design and
execution of a good clinical trial require interdisciplinary personnel including basic scientists, clinical pharmacologists, clinician specialists,
statisticians, and others. The current standard for clinical trials is known as the randomized controlled trial (RCT) and is described below. The need for
careful design and execution is based on three major confounding factors inherent in the study of any drug in humans.

Confounding Factors in Clinical Trials

A. The Variable Natural History of Most Diseases

Many diseases tend to wax and wane in severity; some disappear spontaneously, even, on occasion, cancer. A good experimental design takes into
account the natural history of the disease by evaluating a large enough population of subjects over a sufficient period of time. Further protection
against errors of interpretation caused by disease fluctuations is sometimes provided by using a crossover design, which consists of alternating
periods of administration of test drug, placebo preparation (the control), and the previous standard treatment (positive control), if any, in each
subject. These sequences are systematically varied so that different subsets of patients receive each of the possible sequences of treatment.

B. The Presence of Other Diseases and Risk Factors

Known and unknown diseases and risk factors (including lifestyles of subjects) may influence the results of a clinical study. For example, some
diseases alter the pharmacokinetics of drugs (see Chapters 3 through 5). Other drugs and some foods alter the pharmacokinetics of many drugs.
Concentrations of blood or tissue components being monitored as a measure of the effect of the new agent may be influenced by other diseases or
other drugs. Attempts to avoid this hazard usually involve the crossover technique (when feasible) and proper selection and assignment of patients to
each of the study groups. This requires obtaining accurate diagnostic tests and medical and pharmacologic histories (including use of recreational
drugs, over-the-counter drugs, and “supplements”) and the use of statistically valid methods of randomization in assigning subjects to particular study
groups. There is growing interest in analyzing genetic variations as part of the trial that may influence whether a person responds to a particular drug.
It has been shown that age, gender, and pregnancy influence the pharmacokinetics of some drugs, but these factors have not been adequately studied
because of legal restrictions and reluctance to expose these populations to unknown risks.

C. Subject and Observer Bias and Other Factors

Most patients tend to respond in a positive way to any therapeutic intervention by interested, caring, and enthusiastic medical personnel. The
manifestation of this phenomenon in the subject is the placebo response (Latin, “I shall please”) and may involve objective physiologic and
biochemical changes as well as changes in subjective complaints associated with the disease. The placebo response is usually quantitated by
administration of an inert material with exactly the same physical appearance, odor, consistency, etc, as the active dosage form. The magnitude of the
response varies considerably from patient to patient and may also be influenced by the duration of the study. In some conditions, a positive response
may be noted in as many as 30–40% of subjects given placebo. Placebo adverse effects and “toxicity” also occur but usually involve subjective effects:
stomach upset, insomnia, sedation, and so on.

Subject bias effects can be quantitated—and minimized relative to the response measured during active therapy—by the single-blind design. This
involves use of a placebo as described above, administered to the same subjects in a crossover design, if possible, or to a separate control group of
well-matched subjects. Observer bias can be taken into account by disguising the identity of the medication being used—placebo or active form—from
both the subjects and the personnel evaluating the subjects’ responses (double-blind design). In this design, a third party holds the code identifying
each medication packet, and the code is not broken until all the clinical data have been collected.

Drug effects seen in clinical trials are obviously affected by the patient taking the drugs at the dose and frequency prescribed. In a recent phase 2 study,
one third of the patients who said they were taking the drug were found by blood analysis to have not taken the drug. Confirmation of compliance
with protocols (also known as adherence) is a necessary element to consider.

The various types of studies and the conclusions that may be drawn from them are described in the accompanying text box. (See Box: Drug Studies—
The Types of Evidence.)

Drug Studies—The Types of Evidence*

As described in this chapter, drugs are studied in a variety of ways, from 30-minute test tube experiments with isolated enzymes and receptors to
decades-long observations of populations of patients. The conclusions that can be drawn from such different types of studies can be summarized
as follows.

Basic research is designed to answer specific, usually single, questions under tightly controlled laboratory conditions, eg, does drug x inhibit
enzyme y? The basic question may then be extended, eg, if drug x inhibits enzyme y, what is the concentration-response relationship? Such
experiments are usually reproducible and often lead to reliable insights into the mechanism of the drug’s action.

First-in-human studies include phase 1–3 trials. Once a drug receives FDA approval for use in humans, case reports and case series consist of
observations by clinicians of the effects of drug (or other) treatments in one or more patients. These results often reveal unpredictable benefits and
toxicities but do not generally test a prespecified hypothesis and cannot prove cause and effect. Analytic epidemiologic studies consist of
observations designed to test a specified hypothesis, eg, that thiazolidinedione antidiabetic drugs are associated with adverse cardiovascular
events. Cohort epidemiologic studies utilize populations of patients that have (exposed group) and have not (control group) been exposed to the
agents under study and ask whether the exposed groups show a higher or lower incidence of the effect. Case-control epidemiologic studies utilize
populations of patients that have displayed the end point under study and ask whether they have been exposed or not exposed to the drugs in
question. Such epidemiologic studies add weight to conjectures but cannot control all confounding variables and therefore cannot conclusively
prove cause and effect.

Meta-analyses utilize rigorous evaluation and grouping of similar studies to increase the number of subjects studied and hence the statistical power
of results obtained in multiple published studies. While the numbers may be dramatically increased by meta-analysis, the individual studies still
suffer from their varying methods and end points, and a meta-analysis cannot prove cause and effect.

Large randomized controlled trials (RCTs) are designed to answer specific questions about the effects of medications on clinical end points or
important surrogate end points, using large enough samples of patients and allocating them to control and experimental treatments using rigorous
randomization methods. Randomization is the best method for distributing all foreseen confounding factors, as well as unknown confounders,
equally between the experimental and control groups. When properly carried out, such studies are rarely invalidated and are considered the gold
standard in evaluating drugs.

A critical factor in evaluating the data regarding a new drug is access to all the data. Unfortunately, many large studies are never published because
the results are negative, ie, the new drug is not better than the standard therapy. This missing data phenomenon falsely exaggerates the benefits of
new drugs because negative results are hidden.

*I thank Ralph Gonzales, MD, for helpful comments.

The Food & Drug Administration

The FDA is the administrative body that oversees the drug evaluation process in the USA and grants approval for marketing of new drug products. To
receive FDA approval for marketing, the originating institution or company (almost always the latter) must submit evidence of safety and effectiveness.
Outside the USA, the regulatory and drug approval process is generally similar to that in the USA.

As its name suggests, the FDA is also responsible for certain aspects of food safety, a role it shares with the US Department of Agriculture (USDA).
Shared responsibility results in complications when questions arise regarding the use of drugs, eg, antibiotics, in food animals. A different type of
problem arises when so-called food supplements are found to contain active drugs, eg, sildenafil analogs in “energy food” supplements.

The FDA’s authority to regulate drugs derives from specific legislation (Table 1–6). If a drug has not been shown through adequately controlled testing

to be “safe and effective” for a specific use, it cannot be marketed in interstate commerce for this use.*

TABLE 1–6

Some major legislation pertaining to drugs in the USA.

L a w Purpose and Effect

Pure Food and Drug Act

of 1906

Prohibited mislabeling and adulteration of drugs.

Opium Exclusion Act of

1909

Prohibited importation of opium.

Amendment (1912) to the

Pure Food and Drug Act

Prohibited false or fraudulent advertising claims.

Harrison Narcotic Act of

1914

Established regulations for use of opium, opiates, and cocaine (marijuana added in 1937).

Food, Drug, and Cosmetic

Act of 1938

Required that new drugs be safe as well as pure (but did not require proof of efficacy). Enforcement by the FDA.

Durham-Humphrey Act of

1952

Vested in the FDA the power to determine which products could be sold without prescription.

Kefauver-Harris

Amendments (1962) to

the Food, Drug, and

Cosmetic Act

Required proof of efficacy as well as safety for new drugs and for drugs released since 1938; established guidelines for

reporting of information about adverse reactions, clinical testing, and advertising of new drugs.

Comprehensive Drug

Abuse Prevention and

Control Act (1970)

Outlined strict controls in the manufacture, distribution, and prescribing of habit-forming drugs; established drug schedules

and programs to prevent and treat drug addiction.

Orphan Drug

Amendment of 1983

Provided incentives for development of drugs that treat diseases with fewer than 200,000 patients in the USA.

Drug Price Competition

and Patent Restoration

Act of 1984

Abbreviated new drug applications for generic drugs. Required bioequivalence data. Patent life extended by amount of time

drug delayed by FDA review process. Cannot exceed 5 extra years or extend to more than 14 years post-NDA approval.

Prescription Drug User

Fee Act (1992,

reauthorized 2007, 2012)

Manufacturers pay user fees for certain new drug applications. “Breakthrough” products may receive special category

approval after expanded phase 1 trials (2012).

Dietary Supplement

Health and Education Act

(1994)

Established standards with respect to dietary supplements but prohibited full FDA review of supplements and botanicals as

drugs. Required the establishment of specific ingredient and nutrition information labeling that defines dietary supplements

and classifies them as part of the food supply but allows unregulated advertising.

Bioterrorism Act of 2002 Enhanced controls on dangerous biologic agents and toxins. Seeks to protect safety of food, water, and drug supply.

Food and Drug

Administration

Amendments Act of 2007

Granted the FDA greater authority over drug marketing, labeling, and direct-to-consumer advertising; required post-approval

studies, established active surveillance systems, made clinical trial operations and results more visible to the public.

Biologics Price

Competition and

Innovation Act of 2009

Authorized the FDA to establish a program of abbreviated pathways for approval of “biosimilar” biologics (generic versions of

monoclonal antibodies, etc).

FDA Safety and

Innovation Act of 2012

Renewed FDA authorization for accelerated approval of urgently needed drugs; established new accelerated process,

“breakthrough therapy,” in addition to “priority review,” “accelerated approval,” and “fast-track” procedures.

Unfortunately, “safe” can mean different things to the patient, the physician, and society. Complete absence of risk is impossible to demonstrate, but
this fact may not be understood by members of the public, who frequently assume that any medication sold with the approval of the FDA should be
free of serious “side effects.” This confusion is a major factor in litigation and dissatisfaction with aspects of drugs and medical care.

The history of drug regulation in the USA (Table 1–6) reflects several health events that precipitated major shifts in public opinion. For example, the
Federal Food, Drug, and Cosmetic Act of 1938 was largely a reaction to deaths associated with the use of a preparation of sulfanilamide marketed
before it and its vehicle were adequately tested. Similarly, the Kefauver-Harris Amendments of 1962 were, in part, the result of a teratogenic drug
disaster involving thalidomide. This agent was introduced in Europe in 1957–1958 and was marketed as a “nontoxic” hypnotic and promoted as being
especially useful as a sleep aid during pregnancy. In 1961, reports were published suggesting that thalidomide was responsible for a dramatic increase
in the incidence of a rare birth defect called phocomelia, a condition involving shortening or complete absence of the arms and legs. Epidemiologic
studies provided strong evidence for the association of this defect with thalidomide use by women during the first trimester of pregnancy, and the
drug was withdrawn from sale worldwide. An estimated 10,000 children were born with birth defects because of maternal exposure to this one agent.
The tragedy led to the requirement for more extensive testing of new drugs for teratogenic effects and stimulated passage of the Kefauver-Harris
Amendments of 1962, even though the drug was not then approved for use in the USA. Despite its disastrous fetal toxicity and effects in pregnancy,
thalidomide is a relatively safe drug for humans other than the fetus. Even the most serious risk of toxicities may be avoided or managed if understood,
and despite its toxicity, thalidomide is now approved by the FDA for limited use as a potent immunoregulatory agent and to treat certain forms of
leprosy.

*Although the FDA does not directly control drug commerce within states, a variety of state and federal laws control interstate production and
marketing of drugs.

Clinical Trials: The IND & NDA

Once a new drug is judged ready to be studied in humans, a Notice of Claimed Investigational Exemption for a New Drug (IND) must be filed with the
FDA (Figure 1–6). The IND includes (1) information on the composition and source of the drug, (2) chemical and manufacturing information, (3) all data
from animal studies, (4) proposed plans for clinical trials, (5) the names and credentials of physicians who will conduct the clinical trials, and (6) a
compilation of the key preclinical data relevant to study of the drug in humans that have been made available to investigators and their institutional
review boards.

It often requires 4–6 years of clinical testing to accumulate and analyze all required data. Testing in humans is begun only after sufficient acute and
subacute animal toxicity studies have been completed. Chronic safety testing in animals, including carcinogenicity studies, is usually done concurrently
with clinical trials. In each phase of the clinical trials, volunteers or patients must be informed of the investigational status of the drug as well as the
possible risks and must be allowed to decline or to consent to participate and receive the drug. In addition to the approval of the sponsoring
organization and the FDA, an interdisciplinary institutional review board (IRB) at each facility where the clinical drug trial will be conducted must review
and approve the scientific and ethical plans for testing in humans.

In phase 1, the effects of the drug as a function of dosage are established in a small number (20–100) of healthy volunteers. If the drug is expected to
have significant toxicity, as may be the case in cancer and AIDS therapy, volunteer patients with the disease participate in phase 1 rather than normal
volunteers. Phase 1 trials are done to determine the probable limits of the safe clinical dosage range. These trials may be nonblind or “open”; that is,
both the investigators and the subjects know what is being given. Alternatively, they may be “blinded” and placebo controlled. Many predictable
toxicities are detected in this phase. Pharmacokinetic measurements of absorption, half-life, and metabolism are often done. Phase 1 studies are
usually performed in research centers by specially trained clinical pharmacologists.

In phase 2, the drug is studied in patients with the target disease to determine its efficacy (“proof of concept” studies), and the doses to be used in any
follow-on trials. A modest number of patients (100–200) are studied in detail. A single-blind design may be used, with an inert placebo medication and
an established active drug (positive control) in addition to the investigational agent. Phase 2 trials are usually done in special clinical centers (eg,
university hospitals). A broader range of toxicities may be detected in this phase. Phase 2 trials have the highest rate of drug failures, and only 25% of
innovative drugs move on to phase 3.

In phase 3, the drug is evaluated in much larger numbers—usually thousands—of patients with the target disease to further establish and confirm
safety and efficacy. Using information gathered in phases 1 and 2, phase 3 trials are designed to minimize errors caused by placebo effects, variable
course of the disease, etc. Therefore, double-blind and crossover techniques are often used. Phase 3 trials are usually performed in settings similar to
those anticipated for the ultimate use of the drug. Phase 3 studies can be difficult to design and execute and are usually expensive because of the large
numbers of patients involved and the masses of data that must be collected and analyzed. The drug is formulated as intended for the market. The
investigators are usually specialists in the disease being treated. Certain toxic effects, especially those caused by immunologic processes, may first
become apparent in phase 3.

If phase 3 results meet expectations, application is made for permission to market the new agent. Marketing approval requires submission of a New
Drug Application (NDA)—or for biologicals, a Biological License Application (BLA)—to the FDA. The application contains, often in hundreds of volumes,
full reports of all preclinical and clinical data pertaining to the drug under review. The number of subjects studied in support of new drug applications
has been increasing and currently averages more than 5000 patients for new drugs of novel structure (new molecular entities). The duration of the FDA
review leading to approval (or denial) of the new drug application may vary from months to years. If problems arise, eg, unexpected but possibly
serious toxicities, additional studies may be required and the review process may extend to several additional years.

Many phase 2 and phase 3 studies attempt to measure a new drug’s “noninferiority” to the placebo or a standard treatment. Interpretation of the
results may be difficult because of unexpected confounding variables, loss of subjects from some groups, or realization that results differ markedly
between certain subgroups within the active treatment (new drug) group. Older statistical methods for evaluating drug trials often fail to provide
definitive answers when these problems arise. Therefore, new “adaptive” statistical methods are under development that allow changes in the study
design when interim data evaluation indicates the need. Preliminary results with such methods suggest that they may allow decisions regarding
superiority as well as noninferiority, shortening of trial duration, discovery of new therapeutic benefits, and more reliable conclusions regarding the
results (see Bhatt & Mehta, 2016).

In cases of urgent need (eg, cancer chemotherapy), the process of preclinical and clinical testing and FDA review may be accelerated. For serious
diseases, the FDA may permit extensive but controlled marketing of a new drug before phase 3 studies are completed; for life-threatening diseases, it
may permit controlled marketing even before phase 2 studies have been completed. “Fast track,” “priority approval,” and “accelerated approval” are
FDA programs that are intended to speed entry of new drugs into the marketplace. In 2012, an additional special category of “breakthrough” products
(eg, for cystic fibrosis) was approved for restricted marketing after expanded phase 1 trials (Table 1–6). Roughly 50% of drugs in phase 3 trials enter
early, controlled marketing. Such accelerated approval is usually granted with the requirement that careful monitoring of the effectiveness and toxicity
of the drug be carried out and reported to the FDA. Unfortunately, FDA enforcement of this requirement has not always been adequate.

Once approval to market a drug has been obtained, phase 4 begins. This constitutes monitoring the safety of the new drug under actual conditions of
use in large numbers of patients. The importance of careful and complete reporting of toxicity by physicians after marketing begins can be appreciated
by noting that many important drug-induced effects have an incidence of 1 in 10,000 or less and that some adverse effects may become apparent only
after chronic dosing. The sample size required to disclose drug-induced events or toxicities is very large for such rare events. For example, several
hundred thousand patients may have to be exposed before the first case is observed of a toxicity that occurs with an average incidence of 1 in 10,000.
Therefore, low-incidence drug effects are not generally detected before phase 4 no matter how carefully phase 1, 2, and 3 studies are executed. Phase
4 has no fixed duration. As with monitoring of drugs granted accelerated approval, phase 4 monitoring has often been lax.

The time from the filing of a patent application (which usually precedes clinical trials) to approval for marketing of a new drug may be 5 years or
considerably longer. Since the lifetime of a patent is 20 years in the USA, the owner of the patent (usually a pharmaceutical company) has exclusive
rights for marketing the product for only a limited time after approval of the new drug application. Because the FDA review process itself can be lengthy
(300–500 days for evaluation of an NDA), the time consumed by the review is sometimes added to the patent life. However, the extension (up to 5 years)
cannot increase the total life of the patent to more than 14 years after approval of a new drug application. The Patient Protection and Affordable Care
Act of 2010 provides for 12 years of patent protection for new drugs. After expiration of the patent, any company may produce the drug, file an
abbreviated new drug application (ANDA), demonstrate required equivalence, and, with FDA approval, market the drug as a generic product without
paying license fees to the original patent owner. Currently, more than half of prescriptions in the USA are for generic drugs. Even biotechnology-based
drugs such as antibodies and other proteins are now qualifying for generic (“biosimilar”) designation, and this has fueled regulatory concerns. More
information on drug patents is available at the FDA website at http://www.fda.gov/Drugs/DevelopmentApprovalProcess/ucm079031.htm.

A trademark is a drug’s proprietary trade name and is usually registered; this registered name may be legally protected as long as it is used. A
generically equivalent product, unless specially licensed, cannot be sold under the trademark name and is often designated by the official generic
name. Generic prescribing is described in Chapter 66.

Conflicts of Interest

Several factors in the development and marketing of drugs result in conflicts of interest. Use of pharmaceutical industry funding to support FDA
approval processes raises the possibility of conflicts of interest within the FDA. Supporters of this practice point out that chronic FDA underfunding by
the government allows for few alternatives. Another important source of conflicts of interest is the dependence of the FDA on outside panels of experts
who are recruited from the scientific and clinical community to advise the government agency on questions regarding drug approval or withdrawal.
Such experts are often recipients of grants from the companies producing the drugs in question. The need for favorable data in the new drug
application leads to phase 2 and 3 trials in which the new agent is compared only to placebo, not to older, effective drugs. As a result, data regarding
the efficacy and toxicity of the new drug relative to a known effective agent may not be available when the new drug is first marketed.

Manufacturers promoting a new agent may pay physicians to use it in preference to older drugs with which they are more familiar. Manufacturers
sponsor small and often poorly designed clinical studies after marketing approval and aid in the publication of favorable results but may retard
publication of unfavorable results. The need for physicians to meet continuing medical education (CME) requirements in order to maintain their
licenses encourages manufacturers to sponsor conferences and courses, often in highly attractive vacation sites, and new drugs are often featured in
such courses. The common practice of distributing free samples of new drugs to practicing physicians has both positive and negative effects. The
samples allow physicians to try out new drugs without incurring any cost to the patient. On the other hand, new drugs are usually much more
expensive than older agents, and when the free samples run out, the patient (or insurance carrier) may be forced to pay much more for treatment than
if the older, cheaper, and possibly equally effective drug were used. Finally, when the patent for a drug is nearing expiration, the patent-holding
manufacturer may try to extend its exclusive marketing status by paying generic manufacturers to not introduce a generic version (“pay to delay”).

Adverse Drug Reactions

An adverse drug event (ADE) or reaction to a drug (ADR) is a harmful or unintended response. Adverse drug reactions are claimed to be the fourth
leading cause of death, higher than pulmonary disease, AIDS, accidents, and automobile deaths. The FDA has further estimated that 300,000
preventable adverse events occur annually in hospitals, many as a result of confusing medical information or lack of information (eg, regarding drug
incompatibilities). Adverse reactions occurring only in certain susceptible patients include intolerance, idiosyncrasy (frequently genetic in origin), and
allergy (usually immunologically mediated). During IND studies and clinical trials before FDA approval, all adverse events (serious, life-threatening,
disabling, reasonably drug related, or unexpected) must be reported. After FDA approval to market a drug, surveillance, evaluation, and reporting
must continue for any adverse events that are related to use of the drug, including overdose, accident, failure of expected action, events occurring
from drug withdrawal, and unexpected events not listed in labeling. Events that are both serious and unexpected must be reported to the FDA within 15
days. The ability to predict and avoid adverse drug reactions and optimize a drug’s therapeutic index is an increasing focus of pharmacogenetic and
personalized (also called “precision”) medicine. It has been suggested that greater use of electronic health records will reduce some of these risks (see
Chapter 66). This hope has not yet been realized.

Orphan Drugs & Treatment of Rare Diseases

Drugs for rare diseases—so-called orphan drugs—can be difficult to research, develop, and market. Proof of drug safety and efficacy in small
populations must be established, but doing so is a complex process. Furthermore, because basic research in the pathophysiology and mechanisms of
rare diseases receives relatively little attention or funding in both academic and industrial settings, recognized rational targets for drug action may be
few. In addition, the cost of developing a drug can greatly influence priorities when the target population is relatively small. Funding for development
of drugs for rare diseases or ignored diseases that do not receive priority attention from the traditional industry has received increasing support via
philanthropy or similar funding from not-for-profit foundations such as the Cystic Fibrosis Foundation, the Michael J. Fox Foundation for Parkinson’s
Research, the Huntington’s Disease Society of America, and the Gates Foundation.

The Orphan Drug Amendment of 1983 provides incentives for the development of drugs for treatment of a rare disease or condition defined as “any
disease or condition which (a) affects less than 200,000 persons in the USA or (b) affects more than 200,000 persons in the USA but for which there is
no reasonable expectation that the cost of developing and making available in the USA a drug for such disease or condition will be recovered from
sales in the USA of such drug.” Since 1983, the FDA has approved for marketing more than 300 orphan drugs to treat more than 82 rare diseases.

SOURCES OF INFORMATION

Students who wish to review the field of pharmacology in preparation for an examination are referred to Pharmacology: Examination and Board
Review, by Katzung, Kruidering-Hall, and Trevor (McGraw Hill, 2019). This book provides approximately 1000 questions and explanations in USMLE
format. A short study guide is USMLE Road Map: Pharmacology, by Katzung and Trevor (McGraw Hill, 2006). Road Map contains numerous tables,
figures, mnemonics, and USMLE-type clinical vignettes.

The references at the end of each chapter in this book were selected to provide reviews or classic publications of information specific to those
chapters. More detailed questions relating to basic or clinical research are best answered by referring to the journals covering general pharmacology
and clinical specialties. For the student and the physician, three periodicals can be recommended as especially useful sources of current information
about drugs: The New England Journal of Medicine, which publishes much original drug-related clinical research as well as frequent reviews of topics
in pharmacology; The Medical Letter on Drugs and Therapeutics, which publishes brief critical reviews of new and old therapies; and Prescriber’s
Letter, a monthly comparison of new and older drug therapies with much useful advice. On the Internet/World Wide Web, two sources can be
particularly recommended: the Cochrane Collaboration and the FDA site (see reference list below).

Other sources of information pertinent to the United States should be mentioned as well. The “package insert” is a summary of information that the
manufacturer is required to place in the prescription sales package; Physicians’ Desk Reference (PDR) is a compendium of package inserts published
annually with supplements twice a year. It is sold in bookstores and distributed to licensed physicians. The package insert consists of a brief
description of the pharmacology of the product. This brochure contains much practical information, but also lists every toxic effect ever reported, no
matter how rare, thus shifting responsibility for adverse drug reactions from the manufacturer to the prescriber. UpToDate.com is a large subscription
website containing detailed descriptions of current standards of care, including drug therapy, for a wide variety of clinical conditions. Micromedex and
Lexi-Comp are extensive subscription websites. They provide downloads for personal digital assistant devices, online drug dosage and interaction
information, and toxicologic information. A useful and objective quarterly handbook that presents information on drug toxicity and interactions is
Drug Interactions: Analysis and Management. Finally, the FDA maintains an Internet website that carries news regarding recent drug approvals,
withdrawals, warnings, etc. It can be accessed at http://www.fda.gov. The MedWatch drug safety program is a free e-mail notification service that
provides news of FDA drug warnings and withdrawals. Subscriptions may be obtained at https://www.fda.gov/safety/medwatch-fda-safety-
information-and-adverse-event-reporting-program.

CASE STUDY ANSWER

Aspirin overdose commonly causes a mixed respiratory alkalosis and metabolic acidosis. Because aspirin is a weak acid, serum acidosis favors entry
of the drug into tissues (increasing toxicity), and urinary acidosis favors reabsorption of excreted drug back into the blood (prolonging the effects of
the overdose). Sodium bicarbonate, a weak base, is an important component of the management of aspirin overdose. It causes alkalosis, reducing
entry into tissues, and increases the pH of the urine, enhancing renal clearance of the drug. See the discussion of the ionization of weak acids and
weak bases in the text.
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MABs, monoclonal antibodies.

The Kd is the concentration for 50% saturation of the receptors and is inversely proportionate to the affinity of the drug for the receptors.

ata from Ruffolo RR Jr, Gellai M, Hieble JP, et al: The Pharmacology of carvedilol, Eur J Clin Pharmacol 1990;38S2:S82-88.

MDR1, multidrug resistance protein-1; MRP1, multidrug resistance-associated protein-1; NET, norepinephrine transporter; SERT, serotonin reuptake transporter;

VMAT, vesicular monoamine transporter.

1The pKa is that pH at which the concentrations of the ionized and nonionized forms are equal.

2More than one ionizable group.

3Isoelectric point.
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Chapter 1: Introduction: The Nature of Drugs & Drug Development & Regulation

Bertram G. Katzung

CASE STUDY

CASE STUDY

A 78-year-old woman is brought to the hospital because of suspected aspirin overdose*. She has taken aspirin for joint pain for many years without
incident, but during the past year, she has exhibited signs of cognitive decline. Her caregiver finds her confused, hyperventilating, and vomiting. The
caregiver finds an empty bottle of aspirin tablets and calls 9-1-1. In the emergency department, samples of venous and arterial blood are obtained
while the airway, breathing, and circulation are evaluated. An intravenous (IV) drip is started, and gastrointestinal decontamination is begun. After
blood gas results are reported, sodium bicarbonate is administered via the IV. What is the purpose of the sodium bicarbonate?

Pharmacology can be defined as the study of substances that interact with living systems through chemical processes. These interactions usually
occur by binding of the substance to regulatory molecules and activating or inhibiting normal body processes. These substances may be chemicals
administered to achieve a beneficial therapeutic effect on some process within the patient or for their toxic effects on regulatory processes in parasites
infecting the patient. Such deliberate therapeutic applications may be considered the proper role of medical pharmacology, which is often defined
as the science of substances used to prevent, diagnose, and treat disease. Toxicology is the branch of pharmacology that deals with the undesirable
effects of chemicals on living systems, from individual cells to humans to complex ecosystems (Figure 1–1). The nature of drugs—their physical
properties and their interactions with biological systems—is discussed in part I of this chapter.

FIGURE 1–1

Major areas of study in pharmacology. The actions of chemicals can be divided into two large domains. The first (left side) is that of medical
pharmacology and toxicology, which is aimed at understanding the actions of drugs as chemicals on individual organisms, especially humans and
domestic animals. Both beneficial and toxic effects are included. Pharmacokinetics deals with the absorption, distribution, and elimination of drugs.
Pharmacodynamics concerns the actions of the chemical on the organism. The second domain (right side) is that of environmental toxicology, which is
concerned with the effects of chemicals on all organisms and their survival in groups and as species.

New drugs are added every year; they are needed for several reasons including: (1) increasing resistance by bacteria and other parasites; (2) discovery
of new target processes in diseases that have not been adequately treated; and (3) recognition of new diseases. Furthermore, a dramatic increase has
occurred in the number of large molecule drugs (especially antibodies) approved during the last two decades. The development of new drugs and their
regulation by government agencies are discussed in part II.

*The author thanks Barry Berkowitz, PhD, for contributions to the second part of this chapter in previous editions.

THE HISTORY OF PHARMACOLOGY

Prehistoric people undoubtedly recognized the beneficial or toxic effects of many plant and animal materials. Early written records list remedies of
many types, including a few that are still recognized as useful drugs today. Most, however, were worthless or actually harmful. Beginning about 1500
years ago, sporadic attempts were made to introduce rational methods into medicine, but none was successful owing to the dominance of systems of
thought (“schools”) that purported to explain all of biology and disease without the need for experimentation and observation. These schools
promulgated bizarre notions such as the idea that disease was caused by excesses of bile or blood in the body, that wounds could be healed by
applying a salve to the weapon that caused the wound, and so on.

Around the end of the 17th century, concepts based on observation and experimentation began to replace theorizing in physiology and clinical
medicine. As the value of these methods in the study of disease became clear, physicians in Great Britain and on the Continent began to apply them
systematically to the effects of traditional drugs used in their own practices. Thus, materia medica—the science of drug preparation and the medical
uses of drugs—began to develop as the precursor to pharmacology. However, any real understanding of the mechanisms of action of drugs was
prevented by the absence of methods for purifying active agents from the crude materials that were available and—even more—by the lack of methods
for testing hypotheses about the nature of drug actions.

In the late 18th and early 19th centuries, François Magendie and his student Claude Bernard began to develop the methods of experimental
physiology and pharmacology. Advances in chemistry and the further development of physiology in the 18th, 19th, and early 20th centuries laid the
foundation needed for understanding how drugs work at the organ and cellular levels. Paradoxically, real advances in basic pharmacology during this
time were accompanied by an outburst of unscientific claims by manufacturers and marketers of worthless “patent medicines.” Not until the concepts
of rational therapeutics, especially that of the controlled clinical trial, were reintroduced into medicine—only about 60 years ago—did it become
possible to adequately evaluate therapeutic claims.

Around the 1940s and 1950s, a major expansion of research efforts in all areas of biology began. As new concepts and new techniques were
introduced, information accumulated about drug action and the biologic substrate of that action, the drug receptor. During the last 60 years, many
fundamentally new drug groups and new members of old groups have been introduced. The last three decades have seen an even more rapid growth
of information and understanding of the molecular basis for drug action. The molecular mechanisms of action of many drugs have now been
identified, and numerous receptors have been isolated, structurally characterized, and cloned. In fact, the use of receptor identification methods
(described in Chapter 2) has led to the discovery of many orphan receptors—receptors for which no ligand has been discovered and whose function
can only be guessed. Studies of the local molecular environment of receptors have shown that receptors and effectors do not function in isolation;
they are strongly influenced by other receptors and by companion regulatory proteins. Most recently, it has become clear that gravitational change,
radiation, and other aspects of space outside the Earth’s environment require the development of space medicine. This has opened another important
area for the future of pharmacology. One result of these discoveries is the confirmation that pharmacology represents an area where anatomy,
biochemistry, genetics, physiology, pathology, clinical medicine, and the environment meet. Many problems that the health practitioner confronts can
now be corrected or mitigated using pharmacologic tools.

Pharmacogenomics—the relation of the individual’s genetic makeup to his or her response to specific drugs—is becoming an important part of
therapeutics (see Chapter 5). Decoding of the genomes of many species—from bacteria to humans—has led to the recognition of unsuspected
relationships between receptor families and the ways that receptor proteins have evolved. Furthermore, discovery of regulatory functions exerted by
the neighbors of chromosomes and the noncoding regions of DNA on the expression of exons has opened a new area of possible manipulation of the
genes—epigenetics—that control pharmacologic responses.

The discovery that small segments of RNA can interfere with protein synthesis with extreme selectivity has led to investigation of small interfering
RNAs (siRNAs) and micro-RNAs (miRNAs) as therapeutic agents. Similarly, short nucleotide chains called antisense oligonucleotides (ANOs),
synthesized to be complementary to natural RNA or DNA, can interfere with the readout of genes and the transcription of RNA. Finally, new, efficient
methods of DNA editing have made possible the modification of genes that encode proteins that are critical to immunologic functions, including
anticancer receptors on T-cells. These developments have led to a dramatic increase in large molecule therapeutics in the last 20 years (Table 1–1).

TABLE 1–1

Development of large molecule therapeutic agents as a fraction of all  new drug approvals,  2000–2017.

Y e a r Total  New Drug Approvals New Protein Drugs (∼% of new drug approvals) New MABs (∼% of new drug approvals)

2000 63 3 (5%) 1 (2%)

2008 34 5 (15%) 1 (3%)

2010 49 8 (16%) 4 (8%)

2015 69 13 (19%) 9 (13%)

2017 63 10 (16%) 9 (14%)

Unfortunately, the medication-consuming public is still exposed to vast amounts of inaccurate or unscientific information regarding the
pharmacologic effects of chemicals. This results in the irrational use of innumerable expensive, ineffective, and sometimes harmful remedies and the
growth of a huge “alternative health care” industry. Furthermore, manipulation of the legislative process in the United States has allowed many
substances promoted for health—but not promoted specifically as “drugs”—to avoid meeting the Food and Drug Administration (FDA) standards
described in the second part of this chapter. Conversely, lack of understanding of basic scientific principles in biology and statistics and the absence of
critical thinking about public health issues have led to rejection of medical science, including vaccines, by a segment of the public and to a common
tendency to assume that all adverse drug effects are the result of malpractice.

General principles that the student should remember are (1) that all substances can under certain circumstances be toxic; (2) that the chemicals in
botanicals (herbs and plant extracts, “nutraceuticals”) are no different from chemicals in manufactured drugs except for the much greater proportion
of impurities in botanicals; and (3) that all dietary supplements and all therapies promoted as health-enhancing should meet the same standards of
efficacy and safety as conventional drugs and medical therapies. That is, there should be no artificial separation between scientific medicine and
“alternative” or “complementary” medicine. Ideally, all nutritional and botanical substances should be tested by the same types of randomized
controlled trials (RCTs) as synthetic compounds.

GENERAL PRINCIPLES OF PHARMACOLOGY

THE NATURE OF DRUGS

In the most general sense, a drug may be defined as any substance that brings about a change in biologic function through its chemical actions. In most
cases, the drug molecule interacts as an agonist (activator) or antagonist (inhibitor) with a specific target molecule that plays a regulatory role in the
biologic system. This target molecule is called a receptor. Some of the new large molecule drugs (biologicals) are receptors themselves and bind
endogenous molecules. The nature of receptors is discussed more fully in Chapter 2. In a very small number of cases, drugs known as chemical
antagonists may interact directly with other drugs, whereas a few drugs (osmotic agents) interact almost exclusively with water molecules. Drugs
may be synthesized within the body (eg, hormones) or may be chemicals not synthesized in the patient’s body (ie, xenobiotics). Poisons are drugs
that have almost exclusively harmful effects. However, Paracelsus (1493–1541) famously stated that “the dose makes the poison,” meaning that any
substance can be harmful if taken in the wrong dosage. Toxins are usually defined as poisons of biologic origin, ie, synthesized by plants or animals,
in contrast to inorganic poisons such as lead and arsenic.

The Physical Nature of Drugs

To interact chemically with its receptor, a drug molecule must have the appropriate size, electrical charge, shape, and atomic composition.
Furthermore, a drug is often administered at a location distant from its intended site of action, eg, a pill taken orally to relieve a headache. Therefore, a
useful drug must have the necessary properties to be transported from its site of administration to its site of action. Finally, a practical drug should be
inactivated or excreted from the body at a reasonable rate so that its actions will be of appropriate duration.

Drugs may be solid at room temperature (eg, aspirin, atropine), liquid (eg, nicotine, ethanol), or gaseous (eg, nitrous oxide, nitric oxide, xenon). These
factors often determine the best route of administration. The most common routes of administration are described in Chapter 3, Table 3–3. The
various classes of organic compounds—carbohydrates, proteins, lipids, and smaller molecules—are all represented in pharmacology. As noted above,
many proteins have been approved and some oligonucleotides, in the form of small segments of RNA, have entered clinical trials and are on the
threshold of introduction into therapeutics.

A number of inorganic elements, eg, fluoride, lithium, iron, and heavy metals, are both useful and dangerous drugs. Many organic drugs are weak acids
or bases. This fact has important implications for the way they are handled by the body, because pH differences in the various compartments of the
body may alter the degree of ionization of weak acids and bases (see text that follows).

Drug Size

The molecular size of drugs varies from very small (lithium ion, molecular weight [MW] 7) to very large (eg, alteplase [t-PA], a protein of MW 59,050).
Many antibodies are even larger; eg, erenumab, an antibody used in the management of migraine, has a MW of more than 145,000. However, most
drugs have molecular weights between 100 and 1000. The lower limit of this narrow range is probably set by the requirements for specificity of action.
To have a good “fit” to only one type of receptor, a drug molecule must be sufficiently unique in shape, charge, and other properties to prevent its
binding to other receptors. To achieve such selective binding, it appears that a molecule should in most cases be at least 100 MW units in size. The
upper limit in molecular weight is determined primarily by the requirement that most drugs must be able to move within the body (eg, from the site of
administration to the site of action and then to the site of elimination). Drugs much larger than MW 1000 do not diffuse readily between compartments
of the body (discussed under Permeation, in following text). Therefore, very large drugs (usually proteins) must often be administered directly into the
compartment where they have their effect. In the case of alteplase, a clot-dissolving enzyme, the drug is administered directly into the vascular
compartment by intravenous or intra-arterial infusion.

Drug Reactivity & Drug-Receptor Bonds

Drugs interact with receptors by means of chemical forces or bonds. These are of three major types: covalent, electrostatic, and hydrophobic.
Covalent bonds are very strong and in many cases not reversible under biologic conditions. Thus, the covalent bond formed between the acetyl group
of acetylsalicylic acid (aspirin) and cyclooxygenase, its enzyme target in platelets, is not readily broken. The platelet aggregation–blocking effect of
aspirin lasts long after free acetylsalicylic acid has disappeared from the bloodstream (about 15 minutes) and is reversed only by the synthesis of new
enzyme in new platelets, a process that takes several days. Other examples of highly reactive, covalent bond-forming drugs include the DNA-alkylating
agents used in cancer chemotherapy to disrupt cell division in the tumor.

Electrostatic bonding is much more common than covalent bonding in drug-receptor interactions. Electrostatic bonds vary from relatively strong
linkages between permanently charged ionic molecules to weaker hydrogen bonds and very weak induced dipole interactions such as van der Waals
forces and similar phenomena. Electrostatic bonds are weaker than covalent bonds.

Hydrophobic bonds are usually quite weak and are probably important in the interactions of highly lipid-soluble drugs with the lipids of cell
membranes and perhaps in the interaction of drugs with the internal walls of receptor “pockets.”

The specific nature of a particular drug-receptor bond is of less practical importance than the fact that drugs that bind through weak bonds to their
receptors are generally more selective than drugs that bind by means of very strong bonds. This is because weak bonds require a very precise fit of the
drug to its receptor if an interaction is to occur. Only a few receptor types are likely to provide such a precise fit for a particular drug structure. Thus, if
we wished to design a highly selective drug for a particular receptor, we would avoid highly reactive molecules that form covalent bonds and instead
choose a molecule that forms weaker bonds.

A few substances that are almost completely inert in the chemical sense nevertheless have significant pharmacologic effects. For example, xenon, an
“inert” gas, has anesthetic effects at elevated pressures.

Drug Shape

The shape of a drug molecule must be such as to permit binding to its target site via the bonds just described. Optimally, the drug’s shape is
complementary to that of the target site (usually a receptor) in the same way that a key is complementary to a lock. Furthermore, the phenomenon of
chirality (stereoisomerism) is so common in biology that more than half of all useful drugs are chiral molecules; that is, they can exist as
enantiomeric pairs. Drugs with two asymmetric centers have four diastereomers, eg, ephedrine, a sympathomimetic drug. In most cases, one of these
enantiomers is much more potent than its mirror image enantiomer, reflecting a better fit to the receptor molecule. If one imagines the receptor site to
be like a glove into which the drug molecule must fit to bring about its effect, it is clear why a “left-oriented” drug is more effective in binding to a left-
hand receptor than its “right-oriented” enantiomer.

The more active enantiomer at one type of receptor site may not be more active at another receptor type, eg, a type that may be responsible for some

m as a rapid-acting antidepressant.

ABLE 1–2

issociation constants (Kd )  of  the enantiomers and racemate of carvedilol.

Form of  Carvedilol α  Receptors (Kd ,  nmol/L1) β  Receptors (Kd ,  nmol/L)

(R)(+) enantiomer 14 45

(S)(−) enantiomer 16 0.4

(R,S)(±) enantiomers 11 0.9

ally, because enzymes are usually stereoselective, one drug enantiomer is often more susceptible than the other to drug-metabolizing enzymes. 
sult, the duration of action of one enantiomer may be quite different from that of the other. Similarly, drug transporters may be stereoselective.

fortunately, most studies of clinical efficacy and drug elimination in humans have been carried out with racemic mixtures of drugs rather than wit
 separate enantiomers. At present, less than half of the chiral drugs used clinically are marketed as the active isomer—the rest are available only 
emic mixtures. As a result, a majority of patients receive drug doses of which 50% is less active or inactive. A few drugs are currently available in b
 racemic and the pure, active isomer forms. However, proof that administration of the pure, active enantiomer decreases adverse effects relative 
se produced by racemic formulations has not been established.

tional Drug Design

ional design of drugs implies the ability to predict the appropriate molecular structure of a drug on the basis of information about its biologic
eptor. Until recently, no receptor was known in sufficient detail to permit such drug design. Instead, drugs were developed through random testi
hemicals or modification of drugs already known to have some effect. However, the characterization of many receptors during the past three
ades has changed this picture. A few drugs now in use were developed through molecular design based on knowledge of the three-dimensional
cture of the receptor site. Computer programs are now available that can iteratively optimize drug structures to fit known receptors. As more
omes known about receptor structure, rational drug design will become more common.

ceptor Nomenclature

 spectacular success of newer, more efficient ways to identify and characterize receptors (see Chapter 2) has resulted in a variety of differing, an
etimes confusing, systems for naming them. This in turn has led to a number of suggestions regarding more rational methods of naming

eptors. The interested reader is referred for details to the efforts of the International Union of Pharmacology (IUPHAR) Committee on Receptor
menclature and Drug Classification (reported in various issues of Pharmacological Reviews and elsewhere) and to Alexander SP et al: The Concis
ide to PHARMACOLOGY 2017/18: Overview. Br J Pharmacol 2017;174:S1. The chapters in this book mainly use these sources for naming receptors

UG-BODY INTERACTIONS

 interactions between a drug and the body are conveniently divided into two classes. The actions of the drug on the body are termed
armacodynamic processes (Figure 1–1); the principles of pharmacodynamics are presented in greater detail in Chapter 2. These properties
ermine the group in which the drug is classified, and they play the major role in deciding whether that group is appropriate therapy for a particul
ptom or disease. The actions of the body on the drug are called pharmacokinetic processes and are described in Chapters 3 and 4.
rmacokinetic processes govern the absorption, distribution, and elimination of drugs and are of great practical importance in the choice and
inistration of a particular drug for a particular patient, eg, a patient with heart failure who also has impaired renal function. The following

agraphs provide a brief introduction to pharmacodynamics and pharmacokinetics.

armacodynamic Principles

D + R → drug-receptor complex → effector molecule → effect

D + R → D-R complex → activation of coupling molecule → effector molecule → effect

Inhibition of metabolism of endogenous activator → increased activator action on an effector molecule → increased effect

Note that the final change in function is accomplished by an effector mechanism. The effector may be part of the receptor molecule or may be a
separate molecule. A very large number of receptors communicate with their effectors through coupling molecules, as described in Chapter 2.

A. Types of Drug-Receptor Interactions

Agonist drugs bind to and activate the receptor in some fashion, which directly or indirectly brings about the effect (Figure 1–2A). Receptor activation
involves a change in conformation in the cases that have been studied at the molecular structure level. Some receptors incorporate effector machinery
in the same molecule, so that drug binding brings about the effect directly, eg, opening of an ion channel or activation of enzyme activity. Other
receptors are linked through one or more intervening coupling molecules to a separate effector molecule. The major types of drug-receptor-effector
coupling systems are discussed in Chapter 2. Pharmacologic antagonist drugs, by binding to a receptor, compete with and prevent binding by other
molecules. For example, acetylcholine receptor blockers such as atropine are antagonists because they prevent access of acetylcholine and similar
agonist drugs to the acetylcholine receptor site and they stabilize the receptor in its inactive state (or some state other than the acetylcholine-activated
state). These agents reduce the effects of acetylcholine and similar molecules in the body (Figure 1–2B), but their action can be overcome by increasing
the dosage of agonist. Some antagonists bind very tightly to the receptor site in an irreversible or pseudoirreversible fashion and cannot be displaced
by increasing the agonist concentration. Drugs that bind to the same receptor molecule but do not prevent binding of the agonist are said to act
allosterically and may enhance (Figure 1–2C) or inhibit (Figure 1–2D) the action of the agonist molecule. Allosteric inhibition is not usually overcome
by increasing the dose of agonist.

FIGURE 1–2

Drugs may interact with receptors in several ways. The effects resulting from these interactions are diagrammed in the dose-response curves at the
right. Drugs that alter the agonist (A) response may activate the agonist binding site, compete with the agonist (competitive inhibitors, B), or act at
separate (allosteric) sites, increasing (C) or decreasing (D) the response to the agonist. Allosteric activators (C) may increase the efficacy of the agonist
or its binding affinity. The curve shown reflects an increase in efficacy; an increase in affinity would result in a leftward shift of the curve.

B. Agonists That Inhibit Their Binding Molecules

Some drugs mimic agonist drugs by inhibiting the molecules responsible for terminating the action of an endogenous agonist. For example,
acetylcholinesterase inhibitors, by slowing the destruction of endogenous acetylcholine, cause cholinomimetic effects that closely resemble the
actions of cholinoceptor agonist molecules even though cholinesterase inhibitors do not bind or only incidentally bind to cholinoceptors (see Chapter
7). Because they amplify the effects of physiologically released endogenous agonist ligands, their effects are sometimes more selective and less toxic
than those of exogenous agonists.

C. Agonists, Partial Agonists, and Inverse Agonists

Figure 1–3 describes a useful model of drug-receptor interactions. As indicated, the receptor is postulated to exist partially in the inactive,
nonfunctional form (Ri) and partially in the activated form (Ra). Thermodynamic considerations indicate that even in the absence of any agonist, some

of the receptor pool must exist in the Ra form some of the time and may produce the same physiologic effect as agonist-induced activity. This effect,

occurring in the absence of agonist, is termed constitutive or basal activity. Agonists have a much higher affinity for the Ra configuration and

stabilize it, so that a large percentage of the total pool resides in the Ra–D fraction and a large effect is produced. The recognition of constitutive activity

may depend on the receptor density, the concentration of coupling molecules (if a coupled system), and the number of effectors in the system.

FIGURE 1–3

A model of drug-receptor interaction. The hypothetical receptor is able to assume two conformations. In the Ri conformation, it is inactive and

produces no effect, even when combined with a drug molecule. In the Ra conformation, the receptor can activate downstream mechanisms that

produce a small observable effect, even in the absence of drug (constitutive activity). In the absence of drugs, the two isoforms are in equilibrium, and
the Ri form is favored. Conventional full agonist drugs have a much higher affinity for the Ra conformation, and mass action thus favors the formation

of the Ra–D complex with a much larger observed effect. Partial agonists have an intermediate affinity for both Ri and Ra forms. Conventional

antagonists, according to this hypothesis, have equal affinity for both receptor forms and maintain the same level of constitutive activity. Inverse
agonists, on the other hand, have a much higher affinity for the Ri form, reduce constitutive activity, and may produce a contrasting physiologic result.

Many agonist drugs, when administered at concentrations sufficient to saturate the receptor pool, can activate their receptor-effector systems to the
maximum extent of which the system is capable; that is, they cause a shift of almost all of the receptor pool to the Ra–D pool. Such drugs are termed

full agonists. Other drugs, called partial agonists, bind to the same receptors and activate them in the same way but do not evoke as great a
response, no matter how high the concentration. In the model in Figure 1–3, partial agonists do not stabilize the Ra configuration as fully as full

agonists, so that a significant fraction of receptors exists in the Ri–D pool. Such drugs are said to have low intrinsic efficacy. Because they occupy the

same receptor site, partial agonists can also prevent access by full agonists. Thus, pindolol, a β-adrenoceptor partial agonist, may act either as an
agonist (if no full agonist is present) or as an antagonist (if a full agonist such as epinephrine is present). (See Chapter 2.) Intrinsic efficacy is
independent of affinity (as usually measured) for the receptor.

In the same model, conventional antagonist action can be explained as fixing the fractions of drug-bound Ri and Ra in the same relative amounts as in

the absence of any drug. In this situation, no change in activity will be observed, so the drug will appear to be without effect. However, the presence of
the antagonist at the receptor site will block access of agonists to the receptor and prevent the usual agonist effect. Such blocking action can be termed
neutral antagonism.

What will happen if a drug has a much stronger affinity for the Ri than for the Ra state and stabilizes a large fraction in the Ri–D pool? In this scenario the

drug will reduce any constitutive activity, thus resulting in effects that are the opposite of the effects produced by conventional agonists at that
receptor. Such drugs are termed inverse agonists (Figure 1–3). One of the best documented examples of such a system is the γ-aminobutyric acid
(GABAA) receptor-effector (a chloride channel) in the nervous system. This receptor is activated by the endogenous transmitter GABA and causes

inhibition of postsynaptic cells. Conventional exogenous agonists such as benzodiazepines also facilitate the receptor-effector system and cause
GABA-like inhibition with sedation as the therapeutic result. This sedation can be reversed by conventional neutral antagonists such as flumazenil.
Inverse agonists of this receptor system cause anxiety and agitation, the inverse of sedation (see Chapter 22). Similar inverse agonists have been found
for β adrenoceptors, histamine H1 and H2 receptors, and several other receptor systems.

D. Duration of  Drug Action

Termination of drug action can result from several processes. In some cases, the effect lasts only as long as the drug occupies the receptor, and
dissociation of drug from the receptor automatically terminates the effect. In many cases, however, the action may persist after the drug has
dissociated because, for example, some coupling molecule is still present in activated form. In the case of drugs that bind covalently to the receptor
site, the effect may persist until the drug-receptor complex is destroyed and new receptors or enzymes are synthesized, as described previously for
aspirin. In addition, many receptor-effector systems incorporate desensitization mechanisms for preventing excessive activation when agonist
molecules continue to be present for long periods. (See Chapter 2 for additional details.)

E. Receptors and Inert Binding Sites

To function as a receptor, an endogenous molecule must first be selective in choosing ligands (drug molecules) to bind; and second, it must change
its function upon binding in such a way that the function of the biologic system (cell, tissue, etc) is altered. The selectivity characteristic is required to
avoid constant activation of the receptor by promiscuous binding of many different ligands. The ability to change function is clearly necessary if the
ligand is to cause a pharmacologic effect. The body contains a vast array of molecules that are capable of binding drugs, however, and not all of these
endogenous molecules are regulatory molecules. Binding of a drug to a nonregulatory molecule such as plasma albumin will result in no detectable
change in the function of the biologic system, so this endogenous molecule can be called an inert binding site. Such binding is not completely
without significance, however, because it affects the distribution of drug within the body and determines the amount of free drug in the circulation.
Both of these factors are of pharmacokinetic importance (see also Chapter 3).

Pharmacokinetic Principles

In practical therapeutics, a drug should be able to reach its intended site of action after administration by some convenient route. In many cases, the
active drug molecule is sufficiently lipid-soluble and stable to be given as such. In some cases, however, an inactive precursor chemical that is readily
absorbed and distributed must be administered and then converted to the active drug by biologic processes—inside the body. Such a precursor
chemical is called a prodrug.

In only a few situations is it possible to apply a drug directly to its target tissue, eg, by topical application of an anti-inflammatory agent to inflamed skin
or mucous membrane. Most often, a drug is administered into one body compartment, eg, the gut, and must move to its site of action in another
compartment, eg, the brain in the case of an antiseizure medication. This requires that the drug be absorbed into the blood from its site of
administration and distributed to its site of action, permeating through the various barriers that separate these compartments. For a drug given
orally to produce an effect in the central nervous system, these barriers include the tissues that make up the wall of the intestine, the walls of the
capillaries that perfuse the gut, and the blood-brain barrier, the walls of the capillaries that perfuse the brain. Finally, after bringing about its effect, a
drug should be eliminated at a reasonable rate by metabolic inactivation, by excretion from the body, or by a combination of these processes.

A. Permeation

Drug permeation proceeds by several mechanisms. Passive diffusion in an aqueous or lipid medium is common, but active processes play a role in the
movement of many drugs, especially those whose molecules are too large to diffuse readily (Figure 1–4). Drug vehicles can be very important in
facilitating transport and permeation, eg, by encapsulating the active agent in liposomes and in regulating release, as in slow release preparations.
Newer methods of facilitating transport of drugs by coupling them to nanoparticles are under investigation.

FIGURE 1–4

Mechanisms of drug permeation. Drugs may diffuse passively through aqueous channels in the intercellular junctions (eg, tight junctions, A), or
through lipid cell membranes (B). Drugs with the appropriate characteristics may be transported by carriers into or out of cells (C). Very impermeant
drugs may also bind to cell surface receptors (dark binding sites), be engulfed by the cell membrane (endocytosis), and then be released inside the cell
or expelled via the membrane-limited vesicles out of the cell into the extracellular space (exocytosis, D).

1.  Aqueous dif fusion

Aqueous diffusion occurs within the larger aqueous compartments of the body (interstitial space, cytosol, etc) and across epithelial membrane tight
junctions and the endothelial lining of blood vessels through aqueous pores that—in some tissues—permit the passage of molecules as large as MW

20,000–30,000.* See Figure 1–4A.

Aqueous diffusion of drug molecules is usually driven by the concentration gradient of the permeating drug, a downhill movement described by Fick’s
law (see below). Drug molecules that are bound to large plasma proteins (eg, albumin) do not permeate most vascular aqueous pores. If the drug is
charged, its flux is also influenced by electrical fields (eg, the membrane potential and—in parts of the nephron—the transtubular potential).

*The capillaries of the brain, the testes, and some other tissues are characterized by the absence of pores that permit aqueous diffusion. They may also
contain high concentrations of drug export pumps (MDR pump molecules; see text). These tissues are therefore protected or “sanctuary” sites from
many circulating drugs.

2.  L ipid di f fusion

Lipid diffusion is the most important limiting factor for drug permeation because of the large number of lipid barriers that separate the compartments
of the body. Because these lipid barriers separate aqueous compartments, the lipid:aqueous partition coefficient of a drug determines how
readily the molecule moves between aqueous and lipid media. In the case of weak acids and weak bases (which gain or lose electrical charge-bearing
protons, depending on the pH), the ability to move from aqueous to lipid or vice versa varies with the pH of the medium, because charged molecules
attract water molecules. The ratio of lipid-soluble form to water-soluble form for a weak acid or weak base is expressed by the Henderson-Hasselbalch
equation (described in the following text). See Figure 1–4B.

3 .  S p e c i a l  c a r r i e r s

Special carrier molecules exist for many substances that are important for cell function and too large or too insoluble in lipid to diffuse passively
through membranes, eg, peptides, amino acids, and glucose. These carriers bring about movement by active transport or facilitated diffusion and,
unlike passive diffusion, are selective, saturable, and inhibitable. Because many drugs are or resemble such naturally occurring peptides, amino acids,
or sugars, they can use these carriers to cross membranes. See Figure 1–4C.

Many cells also contain less selective membrane carriers that are specialized for expelling foreign molecules. One large family of such transporters
binds adenosine triphosphate (ATP) and is called the ABC (ATP-binding cassette) family. This family includes the P-glycoprotein or multidrug
resistance type 1 (MDR1) transporter found in the brain, testes, and other tissues, and in some drug-resistant neoplastic cells (Table 1–3). Similar
transport molecules from the ABC family, the multidrug resistance-associated protein (MRP) transporters, play important roles in the excretion
of some drugs or their metabolites into urine and bile and in the resistance of some tumors to chemotherapeutic drugs. Genomic variation in the
expression of these transporters has a profound effect on sensitivity to these drugs (see Chapter 5). Several other transporter families have been
identified that do not bind ATP but use ion gradients to drive transport. Some of these (the solute carrier [SLC] family) are particularly important in the
uptake of neurotransmitters across nerve-ending membranes. The latter carriers are discussed in more detail in Chapter 6.

TABLE 1–3

Some transport molecules important in pharmacology.

Transporter Physiologic Function Pharmacologic Significance

NET Norepinephrine reuptake from synapse Target of cocaine and some tricyclic antidepressants

SERT Serotonin reuptake from synapse Target of selective serotonin reuptake inhibitors and some tricyclic

antidepressants

VMAT Transport of dopamine and norepinephrine into

adrenergic vesicles in nerve endings

Target of reserpine and tetrabenazine

MDR1 Transport of many xenobiotics out of cells Increased expression confers resistance to certain anticancer drugs;

inhibition increases blood levels of digoxin

MRP1 Leukotriene secretion Confers resistance to certain anticancer and antifungal drugs

4 .  E n d o c y t o s i s  a n d  e x o c y t o s i s

A few substances are so large or impermeant that they can enter cells only by endocytosis, the process by which the substance is bound at a cell-
surface receptor, engulfed by the cell membrane, and carried into the cell by pinching off of the newly formed vesicle inside the membrane. The
substance can then be released into the cytosol by breakdown of the vesicle membrane (Figure 1–4D). This process is responsible for the transport of
vitamin B12, complexed with a binding protein (intrinsic factor) across the wall of the gut into the blood. Similarly, iron is transported into hemoglobin-

synthesizing red blood cell precursors in association with the protein transferrin. Specific receptors for the binding proteins must be present for this
process to work.

The reverse process (exocytosis) is responsible for the secretion of many substances from cells. For example, many neurotransmitter substances are
stored in membrane-bound vesicles in nerve endings to protect them from metabolic destruction in the cytoplasm. Appropriate activation of the nerve
ending causes fusion of the storage vesicle with the cell membrane and expulsion of its contents into the extracellular space (see Chapter 6).

B. Fick’s Law of Diffusion

The passive flux of molecules down a concentration gradient is given by Fick’s law:

where C1 is the higher concentration, C2 is the lower concentration, area is the cross-sectional area of the diffusion path, permeability coefficient is a

measure of the mobility of the drug molecules in the medium of the diffusion path, and thickness is the length of the diffusion path. In the case of lipid
diffusion, the lipid:aqueous partition coefficient is a major determinant of mobility of the drug because it determines how readily the drug enters the
lipid membrane from the aqueous medium.

C. Ionization of Weak Acids and Weak Bases; the Henderson-Hasselbalch Equation

The electrostatic charge of an ionized molecule attracts water dipoles and results in a polar, relatively water-soluble and lipid-insoluble complex.
Because lipid diffusion depends on relatively high lipid solubility, ionization of drugs may markedly reduce their ability to permeate membranes. A very
large percentage of the drugs in use are weak acids or weak bases; Table 1–4 lists some examples. For drugs, a weak acid is best defined as a neutral
molecule that can reversibly dissociate into an anion (a negatively charged molecule) and a proton (a hydrogen ion). For example, aspirin dissociates
as follows:

TABLE 1–4

Ionization constants of  some common drugs.

D r u g p Ka1 D r u g p Ka1 D r u g p Ka1

Weak acids Weak bases Weak bases (cont’d)

 Acetaminophen 9.5  Albuterol (salbutamol) 9.3  Isoproterenol 8.6

 Acetazolamide 7.2  Allopurinol 9.4, 12.32  Lidocaine 7.9

 Ampicillin 2.5  Alprenolol 9.6  Metaraminol 8.6

 Aspirin 3.5  Amiloride 8.7  Methadone 8.4

 Chlorothiazide 6.8, 9.42  Amiodarone 6.6  Methamphetamine 10.0

 Chlorpropamide 5.0  Amphetamine 9.8  Methyldopa 10.6

 Ciprofloxacin 6.1, 8.72  Atropine 9.7  Metoprolol 9.8

 Cromolyn 2.0  Bupivacaine 8.1  Morphine 7.9

 Ethacrynic acid 2.5  Chlordiazepoxide 4.6  Nicotine 7.9, 3.12

 Furosemide 3.9  Chloroquine 10.8, 8.4  Norepinephrine 8.6

 Ibuprofen 4.4, 5.22  Chlorpheniramine 9.2  Pentazocine 7.9

 Levodopa 2.3  Chlorpromazine 9.3  Phenylephrine 9.8

 Methotrexate 4.8  Clonidine 8.3  Physostigmine 7.9, 1.82

 Methyldopa 2.2, 9.22  Cocaine 8.5  Pilocarpine 6.9, 1.42

 Penicillamine 1.8  Codeine 8.2  Pindolol 8.6

 Pentobarbital 8.1  Cyclizine 8.2  Procainamide 9.2

 Phenobarbital 7.4  Desipramine 10.2  Procaine 9.0

 Phenytoin 8.3  Diazepam 3.0  Promethazine 9.1

 Propylthiouracil 8.3  Diphenhydramine 8.8  Propranolol 9.4

 Salicylic acid 3.0  Diphenoxylate 7.1  Pseudoephedrine 9.8

 Sulfadiazine 6.5  Ephedrine 9.6  Pyrimethamine 7.0–7.33

 Sulfapyridine 8.4  Epinephrine 8.7  Quinidine 8.5, 4.42

 Theophylline 8.8  Ergotamine 6.3  Scopolamine 8.1

 Tolbutamide 5.3  Fluphenazine 8.0, 3.92  Strychnine 8.0, 2.32

 Warfarin 5.0  Hydralazine 7.1  Terbutaline 10.1

 Imipramine 9.5  Thioridazine 9.5

A weak base can be defined as a neutral molecule that can form a cation (a positively charged molecule) by combining with a proton. For example,
pyrimethamine, an antimalarial drug, undergoes the following association-dissociation process:

Note that the protonated form of a weak acid is the neutral, more lipid-soluble form, whereas the unprotonated form of a weak base is the neutral
form. The law of mass action requires that these reactions move to the left in an acid environment (low pH, excess protons available) and to the right in
an alkaline environment. The Henderson-Hasselbalch equation relates the ratio of protonated to unprotonated weak acid or weak base to the
molecule’s pKa and the pH of the medium as follows:

This equation applies to both acidic and basic drugs. Inspection confirms that the lower the pH relative to the pKa, the greater will be the fraction of

drug in the protonated form. Because the uncharged form is the more lipid-soluble, more of a weak acid will be in the lipid-soluble form at acid pH,
whereas more of a basic drug will be in the lipid-soluble form at alkaline pH.

Application of this principle is made in the manipulation of drug excretion by the kidney (see Case Study). Almost all drugs are filtered at the
glomerulus. If a drug is in a lipid-soluble form during its passage down the renal tubule, a significant fraction will be reabsorbed by simple passive
diffusion. If the goal is to accelerate excretion of the drug (eg, in a case of drug overdose), it is important to prevent its reabsorption from the tubule.
This can often be accomplished by adjusting urine pH to make certain that most of the drug is in the ionized state, as shown in Figure 1–5. As a result of
this partitioning effect, the drug is “trapped” in the urine. Thus, weak acids are usually excreted faster in alkaline urine; weak bases are usually
excreted faster in acidic urine. Other body fluids in which pH differences from blood pH may cause trapping or reabsorption are the contents of the
stomach (normal pH 1.9–3) and small intestine (pH 7.5–8), breast milk (pH 6.4–7.6), aqueous humor (pH 6.4–7.5), and vaginal and prostatic secretions
(pH 3.5–7).

FIGURE 1–5

Trapping of a weak base (methamphetamine) in the urine when the urine is more acidic than the blood. In the hypothetical case illustrated, the
diffusible uncharged form of the drug has equilibrated across the membrane, but the total concentration (charged plus uncharged) in the urine (more
than 10 mg) is 25 times higher than in the blood (0.4 mg).

As indicated by Table 1–4, a large number of drugs are weak bases. Most of these bases are amine-containing molecules. The nitrogen of a neutral
amine has three atoms associated with it plus a pair of unshared electrons (see the display that follows). The three atoms may consist of one carbon or
a chain of carbon atoms (designated “R”) and two hydrogens (a primary amine), two carbons and one hydrogen (a secondary amine), or three
carbon atoms (a tertiary amine). Each of these three forms may reversibly bind a proton with the unshared electrons. Some drugs have a fourth
carbon-nitrogen bond; these are quaternary amines. However, the quaternary amine is permanently charged and has no unshared electrons with
which to reversibly bind a proton. Therefore, primary, secondary, and tertiary amines may undergo reversible protonation and vary their lipid
solubility with pH, but quaternary amines are always in the poorly lipid-soluble charged form.

DRUG GROUPS

To learn each pertinent fact about each of the many hundreds of drugs mentioned in this book would be an impractical goal and, fortunately, is
unnecessary. Almost all the several thousand drugs currently available can be arranged into about 70 groups. Many of the drugs within each group are
very similar in pharmacodynamic actions and in their pharmacokinetic properties as well. For most groups, one or two prototype drugs can be
identified that typify the most important characteristics of the group. This permits classification of other important drugs in the group as variants of
the prototype, so that only the prototype must be learned in detail and, for the remaining drugs, only the differences from the prototype.

DRUG DEVELOPMENT & REGULATION

A truly new drug (one that does not simply mimic the structure and action of previously available drugs) requires the discovery of a new drug target, ie,
the pathophysiologic process or substrate of a disease. Such discoveries are usually made in public sector institutions (universities and research
institutes), and molecules that have beneficial effects on such targets are often discovered in the same laboratories. However, the development of new
drugs usually takes place in industrial laboratories because optimization of a class of new drugs requires painstaking and expensive chemical,
pharmacologic, and toxicologic research. In fact, much of the recent progress in the application of drugs to disease problems can be ascribed to the
pharmaceutical industry including “big pharma,” the multibillion-dollar corporations that specialize in drug development and marketing. These
companies are uniquely skilled in translating basic findings into successful therapeutic breakthroughs and profit-making “blockbusters” (see
https://clincalc.com/DrugStats/Top200Drugs.aspx).

Such breakthroughs come at a price, however, and the escalating cost of drugs has become a significant contributor to the increase in the cost of
health care. Development of new drugs is enormously expensive, but considerable controversy surrounds drug pricing. Drug prices in the United
States have increased many-fold faster than overall price inflation. Critics claim that the costs of development and marketing drugs are grossly inflated
by marketing activities, advertising, and other promotional efforts, which may consume as much as 25% or more of a company’s budget. Furthermore,
profit margins for big pharma are relatively high. Recent drug-pricing scandals have been reported in which the rights to an older, established drug
that requires no costly development have been purchased by a smaller company and the price increased by several hundred or several thousand
percent. This “price gouging” has caused public outrage and attracted regulatory attention that may result in more legitimate and rational pricing
mechanisms. Finally, pricing schedules for many drugs vary dramatically from country to country and even within countries, where large organizations
can negotiate favorable prices and small ones cannot. Some countries have already addressed these inequities, and it seems likely that all countries
will have to do so during the next few decades.

NEW DRUG DEVELOPMENT

The development of a new drug usually begins with the discovery or synthesis of a potential new drug compound or the elucidation of a new drug
target. After a new drug molecule is synthesized or extracted from a natural source, subsequent steps seek an understanding of the drug’s interactions
with its biologic targets. Repeated application of this approach leads to synthesis of related compounds with increased efficacy, potency, and
selectivity (Figure 1–6). In the United States, the safety and efficacy of drugs must be established before marketing can be legally carried out. In
addition to in vitro studies, relevant biologic effects, drug metabolism, pharmacokinetic profiles, and relative safety of the drug must be characterized
in vivo in animals before human drug trials can be started. With regulatory approval, human testing may then go forward (usually in three phases)
before the drug is considered for approval for general use. A fourth phase of data gathering and safety monitoring is becoming increasingly important
and follows after approval for marketing. Once approved, the great majority of drugs become available for use by any appropriately licensed
practitioner. Highly toxic drugs that are nevertheless considered valuable in lethal diseases may be approved for restricted use by practitioners who
have undergone special training in their use and who maintain detailed records.

FIGURE 1–6

The development and testing process required to bring a drug to market in the USA. Some of the requirements may be different for drugs used in life-
threatening diseases (see text).

DRUG DISCOVERY

Most new drugs or drug products are discovered or developed through the following approaches: (1) screening for biologic activity of large numbers of
natural products, banks of previously discovered chemical entities, or large libraries of peptides, nucleic acids, and other organic molecules; (2)
chemical modification of a known active molecule, resulting in a “me-too” analog; (3) identification or elucidation of a new drug target, which suggests
molecules that will hit that target; and (4) rational design of a new molecule based on an understanding of biologic mechanisms and drug receptor
structure. Steps (3) and (4) are often carried out in academic research laboratories and are more likely to lead to breakthrough drugs, but the costs of
steps (1) and (2) usually ensure that industry carries them out.

Once a new drug target or promising molecule has been identified, the process of moving from the basic science laboratory to the clinic begins. This
translational research involves the preclinical and clinical steps described next. While clinical trials in humans are required only for drugs to be
used in humans, all of the other steps described apply to veterinary drugs as well as drugs for human diseases.

Drug Screening

Drug screening involves a variety of assays at the molecular, cellular, organ system, and whole animal levels to define the pharmacologic profile, ie,
the activity and selectivity of the drug. The type and number of initial screening tests depend on the pharmacologic and therapeutic goal. For example,
anti-infective drugs are tested against a variety of infectious organisms, some of which are resistant to standard agents; hypoglycemic drugs are tested
for their ability to lower blood sugar, etc.

The candidate molecule is also studied for a broad array of other actions to determine the mechanism of action and selectivity of the drug. This can
reveal both expected and unexpected toxic effects. Occasionally, an unexpected therapeutic action is serendipitously discovered by a careful observer;
for example, the era of modern diuretics was initiated by the observation that certain antimicrobial sulfonamides caused metabolic acidosis in
patients. The selection of compounds for development is most efficiently conducted in animal models of human disease. Where good predictive
preclinical models exist (eg, infection, hypertension, or thrombotic disease), we generally have good or excellent drugs. Good drugs or breakthrough
improvements are conspicuously lacking and slow for diseases for which preclinical models are poor or not yet available, eg, autism and Alzheimer
disease.

At the molecular level, the candidate compound would be screened for activity on the target, for example, receptor binding affinity to cell membranes
containing the homologous animal receptors (or if possible, on the cloned human receptors). Early studies would be done to predict effects that might
later cause undesired drug metabolism or toxicologic complications. For example, studies on liver cytochrome P450 enzymes would be performed to
determine whether the molecule of interest is likely to be a substrate or inhibitor of these enzymes or to alter the metabolism of other drugs.

Effects on cell function determine whether the drug is an agonist, partial agonist, inverse agonist, or antagonist at relevant receptors. Isolated tissues
would be used to characterize the pharmacologic activity and selectivity of the new compound in comparison with reference compounds. Comparison
with other drugs would also be undertaken in a variety of in vivo studies. At each step in this process, the compound would have to meet specific
performance and selectivity criteria to be carried further.

Whole animal studies are generally necessary to determine the effect of the drug on organ systems and disease models. Cardiovascular and renal
function studies of new drugs are generally first performed in normal animals. Studies on disease models, if available, are then performed. For a
candidate antihypertensive drug, animals with hypertension would be treated to see whether blood pressure was lowered in a dose-related manner
and to characterize other effects of the compound. Evidence would be collected on duration of action and efficacy after oral and parenteral
administration. If the agent possessed useful activity, it would be further studied for possible adverse effects on other organs, including the
respiratory, gastrointestinal, renal, endocrine, and central nervous systems.

These studies might suggest the need for further chemical modification (compound optimization) to achieve more desirable pharmacokinetic or
pharmacodynamic properties. For example, oral administration studies might show that the drug was poorly absorbed or rapidly metabolized in the
liver; modification to improve bioavailability might be indicated. If the drug is to be administered long term, an assessment of tolerance development
would be made. For drugs related to or having mechanisms of action similar to those known to cause physical or psychological dependence in
humans, ability to cause dependence in animals would also be studied. Drug interactions would be examined.

The desired result of this screening procedure (which may have to be repeated several times with congeners of the original molecule) is a lead
compound, ie, a leading candidate for a successful new drug. A patent application would be filed for a novel compound (a composition of matter
patent) that is efficacious, or for a new and nonobvious therapeutic use (a use patent) for a previously known chemical entity.

PRECLINICAL SAFETY & TOXICITY TESTING

All chemicals are toxic in some individuals at some dose. Candidate drugs that survive the initial screening procedures must be carefully evaluated for
potential risks before and during clinical testing. Depending on the proposed use of the drug, preclinical toxicity testing includes most or all of the
procedures shown in Table 1–5. Although no chemical can be certified as completely “safe” (free of risk), the objective is to estimate the risk associated
with exposure to the drug candidate and to consider this in the context of therapeutic needs and likely duration of drug use.

TABLE 1–5

Safety tests.

Type of  Test Approach and Goals

Acute toxicity Usually two species, two routes. Determine the no-effect dose and the maximum tolerated dose. In some cases, determine the acute

dose that is lethal in approximately 50% of animals.

Subacute or

subchronic toxicity

Three doses, two species. Two weeks to 3 months of testing may be required before clinical trials. The longer the duration of

expected clinical use, the longer the subacute test. Determine biochemical, physiologic effects.

Chronic toxicity Rodent and at least one nonrodent species for ≥6 months. Required when drug is intended to be used in humans for prolonged

periods. Usually run concurrently with clinical trials. Determine same end points as subacute toxicity tests.

Effect on

reproductive

performance

Two species, usually one rodent and rabbits. Test effects on animal mating behavior, reproduction, parturition, progeny, birth

defects, postnatal development.

Carcinogenic

potential

Two years, two species. Required when drug is intended to be used in humans for prolonged periods. Determine gross and histologic

pathology.

Mutagenic

potential

Test effects on genetic stability and mutations in bacteria (Ames test) or mammalian cells in culture; dominant lethal test and

clastogenicity in mice.

The goals of preclinical toxicity studies include identifying potential human toxicities, designing tests to further define the toxic mechanisms, and
predicting the most relevant toxicities to be monitored in clinical trials. In addition to the studies shown in Table 1–5, several quantitative estimates are
desirable. These include the no-effect dose—the maximum dose at which a specified toxic effect is not seen; the minimum lethal dose—the
smallest dose that is observed to kill any experimental animal; and, if necessary, the median lethal dose (LD50)—the dose that kills approximately

50% of the animals in a test group. Presently, the LD50 is estimated from the smallest number of animals possible. These doses are used to calculate

the initial dose to be tried in humans, usually taken as one hundredth to one tenth of the no-effect dose in animals.

It is important to recognize the limitations of preclinical testing. These include the following:

1. Toxicity testing is time-consuming and expensive. Two to 6 years may be required to collect and analyze data on toxicity before the drug can be
considered ready for testing in humans.

2. Large numbers of animals may be needed to obtain valid preclinical data. Scientists are properly concerned about this situation, and progress has
been made toward reducing the numbers required while still obtaining valid data. Cell and tissue culture in vitro methods and computer modeling
are increasingly being used, but their predictive value is still limited. Nevertheless, some segments of the public attempt to halt all animal testing in
the unfounded belief that it has become unnecessary.

3. Extrapolations of toxicity data from animals to humans are reasonably predictive for many but not for all toxicities.

4. For statistical reasons, rare adverse effects are unlikely to be detected in preclinical testing.

EVALUATION IN HUMANS

A very small fraction of lead compounds reach clinical trials, and less than one third of the drugs studied in humans survive clinical trials and reach the
marketplace. Federal law in the USA and ethical considerations require that the study of new drugs in humans be conducted in accordance with
stringent guidelines. Scientifically valid results are not guaranteed simply by conforming to government regulations, however, and the design and
execution of a good clinical trial require interdisciplinary personnel including basic scientists, clinical pharmacologists, clinician specialists,
statisticians, and others. The current standard for clinical trials is known as the randomized controlled trial (RCT) and is described below. The need for
careful design and execution is based on three major confounding factors inherent in the study of any drug in humans.

Confounding Factors in Clinical Trials

A. The Variable Natural History of Most Diseases

Many diseases tend to wax and wane in severity; some disappear spontaneously, even, on occasion, cancer. A good experimental design takes into
account the natural history of the disease by evaluating a large enough population of subjects over a sufficient period of time. Further protection
against errors of interpretation caused by disease fluctuations is sometimes provided by using a crossover design, which consists of alternating
periods of administration of test drug, placebo preparation (the control), and the previous standard treatment (positive control), if any, in each
subject. These sequences are systematically varied so that different subsets of patients receive each of the possible sequences of treatment.

B. The Presence of Other Diseases and Risk Factors

Known and unknown diseases and risk factors (including lifestyles of subjects) may influence the results of a clinical study. For example, some
diseases alter the pharmacokinetics of drugs (see Chapters 3 through 5). Other drugs and some foods alter the pharmacokinetics of many drugs.
Concentrations of blood or tissue components being monitored as a measure of the effect of the new agent may be influenced by other diseases or
other drugs. Attempts to avoid this hazard usually involve the crossover technique (when feasible) and proper selection and assignment of patients to
each of the study groups. This requires obtaining accurate diagnostic tests and medical and pharmacologic histories (including use of recreational
drugs, over-the-counter drugs, and “supplements”) and the use of statistically valid methods of randomization in assigning subjects to particular study
groups. There is growing interest in analyzing genetic variations as part of the trial that may influence whether a person responds to a particular drug.
It has been shown that age, gender, and pregnancy influence the pharmacokinetics of some drugs, but these factors have not been adequately studied
because of legal restrictions and reluctance to expose these populations to unknown risks.

C. Subject and Observer Bias and Other Factors

Most patients tend to respond in a positive way to any therapeutic intervention by interested, caring, and enthusiastic medical personnel. The
manifestation of this phenomenon in the subject is the placebo response (Latin, “I shall please”) and may involve objective physiologic and
biochemical changes as well as changes in subjective complaints associated with the disease. The placebo response is usually quantitated by
administration of an inert material with exactly the same physical appearance, odor, consistency, etc, as the active dosage form. The magnitude of the
response varies considerably from patient to patient and may also be influenced by the duration of the study. In some conditions, a positive response
may be noted in as many as 30–40% of subjects given placebo. Placebo adverse effects and “toxicity” also occur but usually involve subjective effects:
stomach upset, insomnia, sedation, and so on.

Subject bias effects can be quantitated—and minimized relative to the response measured during active therapy—by the single-blind design. This
involves use of a placebo as described above, administered to the same subjects in a crossover design, if possible, or to a separate control group of
well-matched subjects. Observer bias can be taken into account by disguising the identity of the medication being used—placebo or active form—from
both the subjects and the personnel evaluating the subjects’ responses (double-blind design). In this design, a third party holds the code identifying
each medication packet, and the code is not broken until all the clinical data have been collected.

Drug effects seen in clinical trials are obviously affected by the patient taking the drugs at the dose and frequency prescribed. In a recent phase 2 study,
one third of the patients who said they were taking the drug were found by blood analysis to have not taken the drug. Confirmation of compliance
with protocols (also known as adherence) is a necessary element to consider.

The various types of studies and the conclusions that may be drawn from them are described in the accompanying text box. (See Box: Drug Studies—
The Types of Evidence.)

Drug Studies—The Types of Evidence*

As described in this chapter, drugs are studied in a variety of ways, from 30-minute test tube experiments with isolated enzymes and receptors to
decades-long observations of populations of patients. The conclusions that can be drawn from such different types of studies can be summarized
as follows.

Basic research is designed to answer specific, usually single, questions under tightly controlled laboratory conditions, eg, does drug x inhibit
enzyme y? The basic question may then be extended, eg, if drug x inhibits enzyme y, what is the concentration-response relationship? Such
experiments are usually reproducible and often lead to reliable insights into the mechanism of the drug’s action.

First-in-human studies include phase 1–3 trials. Once a drug receives FDA approval for use in humans, case reports and case series consist of
observations by clinicians of the effects of drug (or other) treatments in one or more patients. These results often reveal unpredictable benefits and
toxicities but do not generally test a prespecified hypothesis and cannot prove cause and effect. Analytic epidemiologic studies consist of
observations designed to test a specified hypothesis, eg, that thiazolidinedione antidiabetic drugs are associated with adverse cardiovascular
events. Cohort epidemiologic studies utilize populations of patients that have (exposed group) and have not (control group) been exposed to the
agents under study and ask whether the exposed groups show a higher or lower incidence of the effect. Case-control epidemiologic studies utilize
populations of patients that have displayed the end point under study and ask whether they have been exposed or not exposed to the drugs in
question. Such epidemiologic studies add weight to conjectures but cannot control all confounding variables and therefore cannot conclusively
prove cause and effect.

Meta-analyses utilize rigorous evaluation and grouping of similar studies to increase the number of subjects studied and hence the statistical power
of results obtained in multiple published studies. While the numbers may be dramatically increased by meta-analysis, the individual studies still
suffer from their varying methods and end points, and a meta-analysis cannot prove cause and effect.

Large randomized controlled trials (RCTs) are designed to answer specific questions about the effects of medications on clinical end points or
important surrogate end points, using large enough samples of patients and allocating them to control and experimental treatments using rigorous
randomization methods. Randomization is the best method for distributing all foreseen confounding factors, as well as unknown confounders,
equally between the experimental and control groups. When properly carried out, such studies are rarely invalidated and are considered the gold
standard in evaluating drugs.

A critical factor in evaluating the data regarding a new drug is access to all the data. Unfortunately, many large studies are never published because
the results are negative, ie, the new drug is not better than the standard therapy. This missing data phenomenon falsely exaggerates the benefits of
new drugs because negative results are hidden.

*I thank Ralph Gonzales, MD, for helpful comments.

The Food & Drug Administration

The FDA is the administrative body that oversees the drug evaluation process in the USA and grants approval for marketing of new drug products. To
receive FDA approval for marketing, the originating institution or company (almost always the latter) must submit evidence of safety and effectiveness.
Outside the USA, the regulatory and drug approval process is generally similar to that in the USA.

As its name suggests, the FDA is also responsible for certain aspects of food safety, a role it shares with the US Department of Agriculture (USDA).
Shared responsibility results in complications when questions arise regarding the use of drugs, eg, antibiotics, in food animals. A different type of
problem arises when so-called food supplements are found to contain active drugs, eg, sildenafil analogs in “energy food” supplements.

The FDA’s authority to regulate drugs derives from specific legislation (Table 1–6). If a drug has not been shown through adequately controlled testing

to be “safe and effective” for a specific use, it cannot be marketed in interstate commerce for this use.*

TABLE 1–6

Some major legislation pertaining to drugs in the USA.

L a w Purpose and Effect

Pure Food and Drug Act

of 1906

Prohibited mislabeling and adulteration of drugs.

Opium Exclusion Act of

1909

Prohibited importation of opium.

Amendment (1912) to the

Pure Food and Drug Act

Prohibited false or fraudulent advertising claims.

Harrison Narcotic Act of

1914

Established regulations for use of opium, opiates, and cocaine (marijuana added in 1937).

Food, Drug, and Cosmetic

Act of 1938

Required that new drugs be safe as well as pure (but did not require proof of efficacy). Enforcement by the FDA.

Durham-Humphrey Act of

1952

Vested in the FDA the power to determine which products could be sold without prescription.

Kefauver-Harris

Amendments (1962) to

the Food, Drug, and

Cosmetic Act

Required proof of efficacy as well as safety for new drugs and for drugs released since 1938; established guidelines for

reporting of information about adverse reactions, clinical testing, and advertising of new drugs.

Comprehensive Drug

Abuse Prevention and

Control Act (1970)

Outlined strict controls in the manufacture, distribution, and prescribing of habit-forming drugs; established drug schedules

and programs to prevent and treat drug addiction.

Orphan Drug

Amendment of 1983

Provided incentives for development of drugs that treat diseases with fewer than 200,000 patients in the USA.

Drug Price Competition

and Patent Restoration

Act of 1984

Abbreviated new drug applications for generic drugs. Required bioequivalence data. Patent life extended by amount of time

drug delayed by FDA review process. Cannot exceed 5 extra years or extend to more than 14 years post-NDA approval.

Prescription Drug User

Fee Act (1992,

reauthorized 2007, 2012)

Manufacturers pay user fees for certain new drug applications. “Breakthrough” products may receive special category

approval after expanded phase 1 trials (2012).

Dietary Supplement

Health and Education Act

(1994)

Established standards with respect to dietary supplements but prohibited full FDA review of supplements and botanicals as

drugs. Required the establishment of specific ingredient and nutrition information labeling that defines dietary supplements

and classifies them as part of the food supply but allows unregulated advertising.

Bioterrorism Act of 2002 Enhanced controls on dangerous biologic agents and toxins. Seeks to protect safety of food, water, and drug supply.

Food and Drug

Administration

Amendments Act of 2007

Granted the FDA greater authority over drug marketing, labeling, and direct-to-consumer advertising; required post-approval

studies, established active surveillance systems, made clinical trial operations and results more visible to the public.

Biologics Price

Competition and

Innovation Act of 2009

Authorized the FDA to establish a program of abbreviated pathways for approval of “biosimilar” biologics (generic versions of

monoclonal antibodies, etc).

FDA Safety and

Innovation Act of 2012

Renewed FDA authorization for accelerated approval of urgently needed drugs; established new accelerated process,

“breakthrough therapy,” in addition to “priority review,” “accelerated approval,” and “fast-track” procedures.

Unfortunately, “safe” can mean different things to the patient, the physician, and society. Complete absence of risk is impossible to demonstrate, but
this fact may not be understood by members of the public, who frequently assume that any medication sold with the approval of the FDA should be
free of serious “side effects.” This confusion is a major factor in litigation and dissatisfaction with aspects of drugs and medical care.

The history of drug regulation in the USA (Table 1–6) reflects several health events that precipitated major shifts in public opinion. For example, the
Federal Food, Drug, and Cosmetic Act of 1938 was largely a reaction to deaths associated with the use of a preparation of sulfanilamide marketed
before it and its vehicle were adequately tested. Similarly, the Kefauver-Harris Amendments of 1962 were, in part, the result of a teratogenic drug
disaster involving thalidomide. This agent was introduced in Europe in 1957–1958 and was marketed as a “nontoxic” hypnotic and promoted as being
especially useful as a sleep aid during pregnancy. In 1961, reports were published suggesting that thalidomide was responsible for a dramatic increase
in the incidence of a rare birth defect called phocomelia, a condition involving shortening or complete absence of the arms and legs. Epidemiologic
studies provided strong evidence for the association of this defect with thalidomide use by women during the first trimester of pregnancy, and the
drug was withdrawn from sale worldwide. An estimated 10,000 children were born with birth defects because of maternal exposure to this one agent.
The tragedy led to the requirement for more extensive testing of new drugs for teratogenic effects and stimulated passage of the Kefauver-Harris
Amendments of 1962, even though the drug was not then approved for use in the USA. Despite its disastrous fetal toxicity and effects in pregnancy,
thalidomide is a relatively safe drug for humans other than the fetus. Even the most serious risk of toxicities may be avoided or managed if understood,
and despite its toxicity, thalidomide is now approved by the FDA for limited use as a potent immunoregulatory agent and to treat certain forms of
leprosy.

*Although the FDA does not directly control drug commerce within states, a variety of state and federal laws control interstate production and
marketing of drugs.

Clinical Trials: The IND & NDA

Once a new drug is judged ready to be studied in humans, a Notice of Claimed Investigational Exemption for a New Drug (IND) must be filed with the
FDA (Figure 1–6). The IND includes (1) information on the composition and source of the drug, (2) chemical and manufacturing information, (3) all data
from animal studies, (4) proposed plans for clinical trials, (5) the names and credentials of physicians who will conduct the clinical trials, and (6) a
compilation of the key preclinical data relevant to study of the drug in humans that have been made available to investigators and their institutional
review boards.

It often requires 4–6 years of clinical testing to accumulate and analyze all required data. Testing in humans is begun only after sufficient acute and
subacute animal toxicity studies have been completed. Chronic safety testing in animals, including carcinogenicity studies, is usually done concurrently
with clinical trials. In each phase of the clinical trials, volunteers or patients must be informed of the investigational status of the drug as well as the
possible risks and must be allowed to decline or to consent to participate and receive the drug. In addition to the approval of the sponsoring
organization and the FDA, an interdisciplinary institutional review board (IRB) at each facility where the clinical drug trial will be conducted must review
and approve the scientific and ethical plans for testing in humans.

In phase 1, the effects of the drug as a function of dosage are established in a small number (20–100) of healthy volunteers. If the drug is expected to
have significant toxicity, as may be the case in cancer and AIDS therapy, volunteer patients with the disease participate in phase 1 rather than normal
volunteers. Phase 1 trials are done to determine the probable limits of the safe clinical dosage range. These trials may be nonblind or “open”; that is,
both the investigators and the subjects know what is being given. Alternatively, they may be “blinded” and placebo controlled. Many predictable
toxicities are detected in this phase. Pharmacokinetic measurements of absorption, half-life, and metabolism are often done. Phase 1 studies are
usually performed in research centers by specially trained clinical pharmacologists.

In phase 2, the drug is studied in patients with the target disease to determine its efficacy (“proof of concept” studies), and the doses to be used in any
follow-on trials. A modest number of patients (100–200) are studied in detail. A single-blind design may be used, with an inert placebo medication and
an established active drug (positive control) in addition to the investigational agent. Phase 2 trials are usually done in special clinical centers (eg,
university hospitals). A broader range of toxicities may be detected in this phase. Phase 2 trials have the highest rate of drug failures, and only 25% of
innovative drugs move on to phase 3.

In phase 3, the drug is evaluated in much larger numbers—usually thousands—of patients with the target disease to further establish and confirm
safety and efficacy. Using information gathered in phases 1 and 2, phase 3 trials are designed to minimize errors caused by placebo effects, variable
course of the disease, etc. Therefore, double-blind and crossover techniques are often used. Phase 3 trials are usually performed in settings similar to
those anticipated for the ultimate use of the drug. Phase 3 studies can be difficult to design and execute and are usually expensive because of the large
numbers of patients involved and the masses of data that must be collected and analyzed. The drug is formulated as intended for the market. The
investigators are usually specialists in the disease being treated. Certain toxic effects, especially those caused by immunologic processes, may first
become apparent in phase 3.

If phase 3 results meet expectations, application is made for permission to market the new agent. Marketing approval requires submission of a New
Drug Application (NDA)—or for biologicals, a Biological License Application (BLA)—to the FDA. The application contains, often in hundreds of volumes,
full reports of all preclinical and clinical data pertaining to the drug under review. The number of subjects studied in support of new drug applications
has been increasing and currently averages more than 5000 patients for new drugs of novel structure (new molecular entities). The duration of the FDA
review leading to approval (or denial) of the new drug application may vary from months to years. If problems arise, eg, unexpected but possibly
serious toxicities, additional studies may be required and the review process may extend to several additional years.

Many phase 2 and phase 3 studies attempt to measure a new drug’s “noninferiority” to the placebo or a standard treatment. Interpretation of the
results may be difficult because of unexpected confounding variables, loss of subjects from some groups, or realization that results differ markedly
between certain subgroups within the active treatment (new drug) group. Older statistical methods for evaluating drug trials often fail to provide
definitive answers when these problems arise. Therefore, new “adaptive” statistical methods are under development that allow changes in the study
design when interim data evaluation indicates the need. Preliminary results with such methods suggest that they may allow decisions regarding
superiority as well as noninferiority, shortening of trial duration, discovery of new therapeutic benefits, and more reliable conclusions regarding the
results (see Bhatt & Mehta, 2016).

In cases of urgent need (eg, cancer chemotherapy), the process of preclinical and clinical testing and FDA review may be accelerated. For serious
diseases, the FDA may permit extensive but controlled marketing of a new drug before phase 3 studies are completed; for life-threatening diseases, it
may permit controlled marketing even before phase 2 studies have been completed. “Fast track,” “priority approval,” and “accelerated approval” are
FDA programs that are intended to speed entry of new drugs into the marketplace. In 2012, an additional special category of “breakthrough” products
(eg, for cystic fibrosis) was approved for restricted marketing after expanded phase 1 trials (Table 1–6). Roughly 50% of drugs in phase 3 trials enter
early, controlled marketing. Such accelerated approval is usually granted with the requirement that careful monitoring of the effectiveness and toxicity
of the drug be carried out and reported to the FDA. Unfortunately, FDA enforcement of this requirement has not always been adequate.

Once approval to market a drug has been obtained, phase 4 begins. This constitutes monitoring the safety of the new drug under actual conditions of
use in large numbers of patients. The importance of careful and complete reporting of toxicity by physicians after marketing begins can be appreciated
by noting that many important drug-induced effects have an incidence of 1 in 10,000 or less and that some adverse effects may become apparent only
after chronic dosing. The sample size required to disclose drug-induced events or toxicities is very large for such rare events. For example, several
hundred thousand patients may have to be exposed before the first case is observed of a toxicity that occurs with an average incidence of 1 in 10,000.
Therefore, low-incidence drug effects are not generally detected before phase 4 no matter how carefully phase 1, 2, and 3 studies are executed. Phase
4 has no fixed duration. As with monitoring of drugs granted accelerated approval, phase 4 monitoring has often been lax.

The time from the filing of a patent application (which usually precedes clinical trials) to approval for marketing of a new drug may be 5 years or
considerably longer. Since the lifetime of a patent is 20 years in the USA, the owner of the patent (usually a pharmaceutical company) has exclusive
rights for marketing the product for only a limited time after approval of the new drug application. Because the FDA review process itself can be lengthy
(300–500 days for evaluation of an NDA), the time consumed by the review is sometimes added to the patent life. However, the extension (up to 5 years)
cannot increase the total life of the patent to more than 14 years after approval of a new drug application. The Patient Protection and Affordable Care
Act of 2010 provides for 12 years of patent protection for new drugs. After expiration of the patent, any company may produce the drug, file an
abbreviated new drug application (ANDA), demonstrate required equivalence, and, with FDA approval, market the drug as a generic product without
paying license fees to the original patent owner. Currently, more than half of prescriptions in the USA are for generic drugs. Even biotechnology-based
drugs such as antibodies and other proteins are now qualifying for generic (“biosimilar”) designation, and this has fueled regulatory concerns. More
information on drug patents is available at the FDA website at http://www.fda.gov/Drugs/DevelopmentApprovalProcess/ucm079031.htm.

A trademark is a drug’s proprietary trade name and is usually registered; this registered name may be legally protected as long as it is used. A
generically equivalent product, unless specially licensed, cannot be sold under the trademark name and is often designated by the official generic
name. Generic prescribing is described in Chapter 66.

Conflicts of Interest

Several factors in the development and marketing of drugs result in conflicts of interest. Use of pharmaceutical industry funding to support FDA
approval processes raises the possibility of conflicts of interest within the FDA. Supporters of this practice point out that chronic FDA underfunding by
the government allows for few alternatives. Another important source of conflicts of interest is the dependence of the FDA on outside panels of experts
who are recruited from the scientific and clinical community to advise the government agency on questions regarding drug approval or withdrawal.
Such experts are often recipients of grants from the companies producing the drugs in question. The need for favorable data in the new drug
application leads to phase 2 and 3 trials in which the new agent is compared only to placebo, not to older, effective drugs. As a result, data regarding
the efficacy and toxicity of the new drug relative to a known effective agent may not be available when the new drug is first marketed.

Manufacturers promoting a new agent may pay physicians to use it in preference to older drugs with which they are more familiar. Manufacturers
sponsor small and often poorly designed clinical studies after marketing approval and aid in the publication of favorable results but may retard
publication of unfavorable results. The need for physicians to meet continuing medical education (CME) requirements in order to maintain their
licenses encourages manufacturers to sponsor conferences and courses, often in highly attractive vacation sites, and new drugs are often featured in
such courses. The common practice of distributing free samples of new drugs to practicing physicians has both positive and negative effects. The
samples allow physicians to try out new drugs without incurring any cost to the patient. On the other hand, new drugs are usually much more
expensive than older agents, and when the free samples run out, the patient (or insurance carrier) may be forced to pay much more for treatment than
if the older, cheaper, and possibly equally effective drug were used. Finally, when the patent for a drug is nearing expiration, the patent-holding
manufacturer may try to extend its exclusive marketing status by paying generic manufacturers to not introduce a generic version (“pay to delay”).

Adverse Drug Reactions

An adverse drug event (ADE) or reaction to a drug (ADR) is a harmful or unintended response. Adverse drug reactions are claimed to be the fourth
leading cause of death, higher than pulmonary disease, AIDS, accidents, and automobile deaths. The FDA has further estimated that 300,000
preventable adverse events occur annually in hospitals, many as a result of confusing medical information or lack of information (eg, regarding drug
incompatibilities). Adverse reactions occurring only in certain susceptible patients include intolerance, idiosyncrasy (frequently genetic in origin), and
allergy (usually immunologically mediated). During IND studies and clinical trials before FDA approval, all adverse events (serious, life-threatening,
disabling, reasonably drug related, or unexpected) must be reported. After FDA approval to market a drug, surveillance, evaluation, and reporting
must continue for any adverse events that are related to use of the drug, including overdose, accident, failure of expected action, events occurring
from drug withdrawal, and unexpected events not listed in labeling. Events that are both serious and unexpected must be reported to the FDA within 15
days. The ability to predict and avoid adverse drug reactions and optimize a drug’s therapeutic index is an increasing focus of pharmacogenetic and
personalized (also called “precision”) medicine. It has been suggested that greater use of electronic health records will reduce some of these risks (see
Chapter 66). This hope has not yet been realized.

Orphan Drugs & Treatment of Rare Diseases

Drugs for rare diseases—so-called orphan drugs—can be difficult to research, develop, and market. Proof of drug safety and efficacy in small
populations must be established, but doing so is a complex process. Furthermore, because basic research in the pathophysiology and mechanisms of
rare diseases receives relatively little attention or funding in both academic and industrial settings, recognized rational targets for drug action may be
few. In addition, the cost of developing a drug can greatly influence priorities when the target population is relatively small. Funding for development
of drugs for rare diseases or ignored diseases that do not receive priority attention from the traditional industry has received increasing support via
philanthropy or similar funding from not-for-profit foundations such as the Cystic Fibrosis Foundation, the Michael J. Fox Foundation for Parkinson’s
Research, the Huntington’s Disease Society of America, and the Gates Foundation.

The Orphan Drug Amendment of 1983 provides incentives for the development of drugs for treatment of a rare disease or condition defined as “any
disease or condition which (a) affects less than 200,000 persons in the USA or (b) affects more than 200,000 persons in the USA but for which there is
no reasonable expectation that the cost of developing and making available in the USA a drug for such disease or condition will be recovered from
sales in the USA of such drug.” Since 1983, the FDA has approved for marketing more than 300 orphan drugs to treat more than 82 rare diseases.

SOURCES OF INFORMATION

Students who wish to review the field of pharmacology in preparation for an examination are referred to Pharmacology: Examination and Board
Review, by Katzung, Kruidering-Hall, and Trevor (McGraw Hill, 2019). This book provides approximately 1000 questions and explanations in USMLE
format. A short study guide is USMLE Road Map: Pharmacology, by Katzung and Trevor (McGraw Hill, 2006). Road Map contains numerous tables,
figures, mnemonics, and USMLE-type clinical vignettes.

The references at the end of each chapter in this book were selected to provide reviews or classic publications of information specific to those
chapters. More detailed questions relating to basic or clinical research are best answered by referring to the journals covering general pharmacology
and clinical specialties. For the student and the physician, three periodicals can be recommended as especially useful sources of current information
about drugs: The New England Journal of Medicine, which publishes much original drug-related clinical research as well as frequent reviews of topics
in pharmacology; The Medical Letter on Drugs and Therapeutics, which publishes brief critical reviews of new and old therapies; and Prescriber’s
Letter, a monthly comparison of new and older drug therapies with much useful advice. On the Internet/World Wide Web, two sources can be
particularly recommended: the Cochrane Collaboration and the FDA site (see reference list below).

Other sources of information pertinent to the United States should be mentioned as well. The “package insert” is a summary of information that the
manufacturer is required to place in the prescription sales package; Physicians’ Desk Reference (PDR) is a compendium of package inserts published
annually with supplements twice a year. It is sold in bookstores and distributed to licensed physicians. The package insert consists of a brief
description of the pharmacology of the product. This brochure contains much practical information, but also lists every toxic effect ever reported, no
matter how rare, thus shifting responsibility for adverse drug reactions from the manufacturer to the prescriber. UpToDate.com is a large subscription
website containing detailed descriptions of current standards of care, including drug therapy, for a wide variety of clinical conditions. Micromedex and
Lexi-Comp are extensive subscription websites. They provide downloads for personal digital assistant devices, online drug dosage and interaction
information, and toxicologic information. A useful and objective quarterly handbook that presents information on drug toxicity and interactions is
Drug Interactions: Analysis and Management. Finally, the FDA maintains an Internet website that carries news regarding recent drug approvals,
withdrawals, warnings, etc. It can be accessed at http://www.fda.gov. The MedWatch drug safety program is a free e-mail notification service that
provides news of FDA drug warnings and withdrawals. Subscriptions may be obtained at https://www.fda.gov/safety/medwatch-fda-safety-
information-and-adverse-event-reporting-program.

CASE STUDY ANSWER

Aspirin overdose commonly causes a mixed respiratory alkalosis and metabolic acidosis. Because aspirin is a weak acid, serum acidosis favors entry
of the drug into tissues (increasing toxicity), and urinary acidosis favors reabsorption of excreted drug back into the blood (prolonging the effects of
the overdose). Sodium bicarbonate, a weak base, is an important component of the management of aspirin overdose. It causes alkalosis, reducing
entry into tissues, and increases the pH of the urine, enhancing renal clearance of the drug. See the discussion of the ionization of weak acids and
weak bases in the text.
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MABs, monoclonal antibodies.

1The Kd is the concentration for 50% saturation of the receptors and is inversely proportionate to the affinity of the drug for the receptors.

Data from Ruffolo RR Jr, Gellai M, Hieble JP, et al: The Pharmacology of carvedilol, Eur J Clin Pharmacol 1990;38S2:S82-88.

MDR1, multidrug resistance protein-1; MRP1, multidrug resistance-associated protein-1; NET, norepinephrine transporter; SERT, serotonin reuptake transporter;

VMAT, vesicular monoamine transporter.

1The pKa is that pH at which the concentrations of the ionized and nonionized forms are equal.

2More than one ionizable group.

3Isoelectric point.
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Chapter 1: Introduction: The Nature of Drugs & Drug Development & Regulation

Bertram G. Katzung

CASE STUDY

CASE STUDY

A 78-year-old woman is brought to the hospital because of suspected aspirin overdose*. She has taken aspirin for joint pain for many years without
incident, but during the past year, she has exhibited signs of cognitive decline. Her caregiver finds her confused, hyperventilating, and vomiting. The
caregiver finds an empty bottle of aspirin tablets and calls 9-1-1. In the emergency department, samples of venous and arterial blood are obtained
while the airway, breathing, and circulation are evaluated. An intravenous (IV) drip is started, and gastrointestinal decontamination is begun. After
blood gas results are reported, sodium bicarbonate is administered via the IV. What is the purpose of the sodium bicarbonate?

Pharmacology can be defined as the study of substances that interact with living systems through chemical processes. These interactions usually
occur by binding of the substance to regulatory molecules and activating or inhibiting normal body processes. These substances may be chemicals
administered to achieve a beneficial therapeutic effect on some process within the patient or for their toxic effects on regulatory processes in parasites
infecting the patient. Such deliberate therapeutic applications may be considered the proper role of medical pharmacology, which is often defined
as the science of substances used to prevent, diagnose, and treat disease. Toxicology is the branch of pharmacology that deals with the undesirable
effects of chemicals on living systems, from individual cells to humans to complex ecosystems (Figure 1–1). The nature of drugs—their physical
properties and their interactions with biological systems—is discussed in part I of this chapter.

FIGURE 1–1

Major areas of study in pharmacology. The actions of chemicals can be divided into two large domains. The first (left side) is that of medical
pharmacology and toxicology, which is aimed at understanding the actions of drugs as chemicals on individual organisms, especially humans and
domestic animals. Both beneficial and toxic effects are included. Pharmacokinetics deals with the absorption, distribution, and elimination of drugs.
Pharmacodynamics concerns the actions of the chemical on the organism. The second domain (right side) is that of environmental toxicology, which is
concerned with the effects of chemicals on all organisms and their survival in groups and as species.

New drugs are added every year; they are needed for several reasons including: (1) increasing resistance by bacteria and other parasites; (2) discovery
of new target processes in diseases that have not been adequately treated; and (3) recognition of new diseases. Furthermore, a dramatic increase has
occurred in the number of large molecule drugs (especially antibodies) approved during the last two decades. The development of new drugs and their
regulation by government agencies are discussed in part II.

*The author thanks Barry Berkowitz, PhD, for contributions to the second part of this chapter in previous editions.

THE HISTORY OF PHARMACOLOGY

Prehistoric people undoubtedly recognized the beneficial or toxic effects of many plant and animal materials. Early written records list remedies of
many types, including a few that are still recognized as useful drugs today. Most, however, were worthless or actually harmful. Beginning about 1500
years ago, sporadic attempts were made to introduce rational methods into medicine, but none was successful owing to the dominance of systems of
thought (“schools”) that purported to explain all of biology and disease without the need for experimentation and observation. These schools
promulgated bizarre notions such as the idea that disease was caused by excesses of bile or blood in the body, that wounds could be healed by
applying a salve to the weapon that caused the wound, and so on.

Around the end of the 17th century, concepts based on observation and experimentation began to replace theorizing in physiology and clinical
medicine. As the value of these methods in the study of disease became clear, physicians in Great Britain and on the Continent began to apply them
systematically to the effects of traditional drugs used in their own practices. Thus, materia medica—the science of drug preparation and the medical
uses of drugs—began to develop as the precursor to pharmacology. However, any real understanding of the mechanisms of action of drugs was
prevented by the absence of methods for purifying active agents from the crude materials that were available and—even more—by the lack of methods
for testing hypotheses about the nature of drug actions.

In the late 18th and early 19th centuries, François Magendie and his student Claude Bernard began to develop the methods of experimental
physiology and pharmacology. Advances in chemistry and the further development of physiology in the 18th, 19th, and early 20th centuries laid the
foundation needed for understanding how drugs work at the organ and cellular levels. Paradoxically, real advances in basic pharmacology during this
time were accompanied by an outburst of unscientific claims by manufacturers and marketers of worthless “patent medicines.” Not until the concepts
of rational therapeutics, especially that of the controlled clinical trial, were reintroduced into medicine—only about 60 years ago—did it become
possible to adequately evaluate therapeutic claims.

Around the 1940s and 1950s, a major expansion of research efforts in all areas of biology began. As new concepts and new techniques were
introduced, information accumulated about drug action and the biologic substrate of that action, the drug receptor. During the last 60 years, many
fundamentally new drug groups and new members of old groups have been introduced. The last three decades have seen an even more rapid growth
of information and understanding of the molecular basis for drug action. The molecular mechanisms of action of many drugs have now been
identified, and numerous receptors have been isolated, structurally characterized, and cloned. In fact, the use of receptor identification methods
(described in Chapter 2) has led to the discovery of many orphan receptors—receptors for which no ligand has been discovered and whose function
can only be guessed. Studies of the local molecular environment of receptors have shown that receptors and effectors do not function in isolation;
they are strongly influenced by other receptors and by companion regulatory proteins. Most recently, it has become clear that gravitational change,
radiation, and other aspects of space outside the Earth’s environment require the development of space medicine. This has opened another important
area for the future of pharmacology. One result of these discoveries is the confirmation that pharmacology represents an area where anatomy,
biochemistry, genetics, physiology, pathology, clinical medicine, and the environment meet. Many problems that the health practitioner confronts can
now be corrected or mitigated using pharmacologic tools.

Pharmacogenomics—the relation of the individual’s genetic makeup to his or her response to specific drugs—is becoming an important part of
therapeutics (see Chapter 5). Decoding of the genomes of many species—from bacteria to humans—has led to the recognition of unsuspected
relationships between receptor families and the ways that receptor proteins have evolved. Furthermore, discovery of regulatory functions exerted by
the neighbors of chromosomes and the noncoding regions of DNA on the expression of exons has opened a new area of possible manipulation of the
genes—epigenetics—that control pharmacologic responses.

The discovery that small segments of RNA can interfere with protein synthesis with extreme selectivity has led to investigation of small interfering
RNAs (siRNAs) and micro-RNAs (miRNAs) as therapeutic agents. Similarly, short nucleotide chains called antisense oligonucleotides (ANOs),
synthesized to be complementary to natural RNA or DNA, can interfere with the readout of genes and the transcription of RNA. Finally, new, efficient
methods of DNA editing have made possible the modification of genes that encode proteins that are critical to immunologic functions, including
anticancer receptors on T-cells. These developments have led to a dramatic increase in large molecule therapeutics in the last 20 years (Table 1–1).

TABLE 1–1

Development of large molecule therapeutic agents as a fraction of all  new drug approvals,  2000–2017.

Y e a r Total  New Drug Approvals New Protein Drugs (∼% of new drug approvals) New MABs (∼% of new drug approvals)

2000 63 3 (5%) 1 (2%)

2008 34 5 (15%) 1 (3%)

2010 49 8 (16%) 4 (8%)

2015 69 13 (19%) 9 (13%)

2017 63 10 (16%) 9 (14%)

Unfortunately, the medication-consuming public is still exposed to vast amounts of inaccurate or unscientific information regarding the
pharmacologic effects of chemicals. This results in the irrational use of innumerable expensive, ineffective, and sometimes harmful remedies and the
growth of a huge “alternative health care” industry. Furthermore, manipulation of the legislative process in the United States has allowed many
substances promoted for health—but not promoted specifically as “drugs”—to avoid meeting the Food and Drug Administration (FDA) standards
described in the second part of this chapter. Conversely, lack of understanding of basic scientific principles in biology and statistics and the absence of
critical thinking about public health issues have led to rejection of medical science, including vaccines, by a segment of the public and to a common
tendency to assume that all adverse drug effects are the result of malpractice.

General principles that the student should remember are (1) that all substances can under certain circumstances be toxic; (2) that the chemicals in
botanicals (herbs and plant extracts, “nutraceuticals”) are no different from chemicals in manufactured drugs except for the much greater proportion
of impurities in botanicals; and (3) that all dietary supplements and all therapies promoted as health-enhancing should meet the same standards of
efficacy and safety as conventional drugs and medical therapies. That is, there should be no artificial separation between scientific medicine and
“alternative” or “complementary” medicine. Ideally, all nutritional and botanical substances should be tested by the same types of randomized
controlled trials (RCTs) as synthetic compounds.

GENERAL PRINCIPLES OF PHARMACOLOGY

THE NATURE OF DRUGS

In the most general sense, a drug may be defined as any substance that brings about a change in biologic function through its chemical actions. In most
cases, the drug molecule interacts as an agonist (activator) or antagonist (inhibitor) with a specific target molecule that plays a regulatory role in the
biologic system. This target molecule is called a receptor. Some of the new large molecule drugs (biologicals) are receptors themselves and bind
endogenous molecules. The nature of receptors is discussed more fully in Chapter 2. In a very small number of cases, drugs known as chemical
antagonists may interact directly with other drugs, whereas a few drugs (osmotic agents) interact almost exclusively with water molecules. Drugs
may be synthesized within the body (eg, hormones) or may be chemicals not synthesized in the patient’s body (ie, xenobiotics). Poisons are drugs
that have almost exclusively harmful effects. However, Paracelsus (1493–1541) famously stated that “the dose makes the poison,” meaning that any
substance can be harmful if taken in the wrong dosage. Toxins are usually defined as poisons of biologic origin, ie, synthesized by plants or animals,
in contrast to inorganic poisons such as lead and arsenic.

The Physical Nature of Drugs

To interact chemically with its receptor, a drug molecule must have the appropriate size, electrical charge, shape, and atomic composition.
Furthermore, a drug is often administered at a location distant from its intended site of action, eg, a pill taken orally to relieve a headache. Therefore, a
useful drug must have the necessary properties to be transported from its site of administration to its site of action. Finally, a practical drug should be
inactivated or excreted from the body at a reasonable rate so that its actions will be of appropriate duration.

Drugs may be solid at room temperature (eg, aspirin, atropine), liquid (eg, nicotine, ethanol), or gaseous (eg, nitrous oxide, nitric oxide, xenon). These
factors often determine the best route of administration. The most common routes of administration are described in Chapter 3, Table 3–3. The
various classes of organic compounds—carbohydrates, proteins, lipids, and smaller molecules—are all represented in pharmacology. As noted above,
many proteins have been approved and some oligonucleotides, in the form of small segments of RNA, have entered clinical trials and are on the
threshold of introduction into therapeutics.

A number of inorganic elements, eg, fluoride, lithium, iron, and heavy metals, are both useful and dangerous drugs. Many organic drugs are weak acids
or bases. This fact has important implications for the way they are handled by the body, because pH differences in the various compartments of the
body may alter the degree of ionization of weak acids and bases (see text that follows).

Drug Size

The molecular size of drugs varies from very small (lithium ion, molecular weight [MW] 7) to very large (eg, alteplase [t-PA], a protein of MW 59,050).
Many antibodies are even larger; eg, erenumab, an antibody used in the management of migraine, has a MW of more than 145,000. However, most
drugs have molecular weights between 100 and 1000. The lower limit of this narrow range is probably set by the requirements for specificity of action.
To have a good “fit” to only one type of receptor, a drug molecule must be sufficiently unique in shape, charge, and other properties to prevent its
binding to other receptors. To achieve such selective binding, it appears that a molecule should in most cases be at least 100 MW units in size. The
upper limit in molecular weight is determined primarily by the requirement that most drugs must be able to move within the body (eg, from the site of
administration to the site of action and then to the site of elimination). Drugs much larger than MW 1000 do not diffuse readily between compartments
of the body (discussed under Permeation, in following text). Therefore, very large drugs (usually proteins) must often be administered directly into the
compartment where they have their effect. In the case of alteplase, a clot-dissolving enzyme, the drug is administered directly into the vascular
compartment by intravenous or intra-arterial infusion.

Drug Reactivity & Drug-Receptor Bonds

Drugs interact with receptors by means of chemical forces or bonds. These are of three major types: covalent, electrostatic, and hydrophobic.
Covalent bonds are very strong and in many cases not reversible under biologic conditions. Thus, the covalent bond formed between the acetyl group
of acetylsalicylic acid (aspirin) and cyclooxygenase, its enzyme target in platelets, is not readily broken. The platelet aggregation–blocking effect of
aspirin lasts long after free acetylsalicylic acid has disappeared from the bloodstream (about 15 minutes) and is reversed only by the synthesis of new
enzyme in new platelets, a process that takes several days. Other examples of highly reactive, covalent bond-forming drugs include the DNA-alkylating
agents used in cancer chemotherapy to disrupt cell division in the tumor.

Electrostatic bonding is much more common than covalent bonding in drug-receptor interactions. Electrostatic bonds vary from relatively strong
linkages between permanently charged ionic molecules to weaker hydrogen bonds and very weak induced dipole interactions such as van der Waals
forces and similar phenomena. Electrostatic bonds are weaker than covalent bonds.

Hydrophobic bonds are usually quite weak and are probably important in the interactions of highly lipid-soluble drugs with the lipids of cell
membranes and perhaps in the interaction of drugs with the internal walls of receptor “pockets.”

The specific nature of a particular drug-receptor bond is of less practical importance than the fact that drugs that bind through weak bonds to their
receptors are generally more selective than drugs that bind by means of very strong bonds. This is because weak bonds require a very precise fit of the
drug to its receptor if an interaction is to occur. Only a few receptor types are likely to provide such a precise fit for a particular drug structure. Thus, if
we wished to design a highly selective drug for a particular receptor, we would avoid highly reactive molecules that form covalent bonds and instead
choose a molecule that forms weaker bonds.

A few substances that are almost completely inert in the chemical sense nevertheless have significant pharmacologic effects. For example, xenon, an
“inert” gas, has anesthetic effects at elevated pressures.

Drug Shape

The shape of a drug molecule must be such as to permit binding to its target site via the bonds just described. Optimally, the drug’s shape is
complementary to that of the target site (usually a receptor) in the same way that a key is complementary to a lock. Furthermore, the phenomenon of
chirality (stereoisomerism) is so common in biology that more than half of all useful drugs are chiral molecules; that is, they can exist as
enantiomeric pairs. Drugs with two asymmetric centers have four diastereomers, eg, ephedrine, a sympathomimetic drug. In most cases, one of these
enantiomers is much more potent than its mirror image enantiomer, reflecting a better fit to the receptor molecule. If one imagines the receptor site to
be like a glove into which the drug molecule must fit to bring about its effect, it is clear why a “left-oriented” drug is more effective in binding to a left-
hand receptor than its “right-oriented” enantiomer.

The more active enantiomer at one type of receptor site may not be more active at another receptor type, eg, a type that may be responsible for some
other effect. For example, carvedilol, a drug that interacts with adrenoceptors, has a single chiral center and thus two enantiomers (Table 1–2). One of
these enantiomers, the (S)(–) isomer, is a potent β-receptor blocker. The (R)(+) isomer is 100-fold weaker at the β receptor. However, the isomers are
approximately equipotent as α-receptor blockers. Ketamine, a chiral molecule with two isomers, was introduced as an anesthetic. When administered
as an anesthetic, the racemic mixture is administered intravenously. In contrast, the (S) enantiomer has recently been approved for use in nasal spray
form as a rapid-acting antidepressant.

TABLE 1–2

Dissociation constants (Kd )  of  the enantiomers and racemate of carvedilol.

Form of  Carvedilol α  Receptors (Kd ,  nmol/L1) β  Receptors (Kd ,  nmol/L)

(R)(+) enantiomer 14 45

(S)(−) enantiomer 16 0.4

(R,S)(±) enantiomers 11 0.9

Finally, because enzymes are usually stereoselective, one drug enantiomer is often more susceptible than the other to drug-metabolizing enzymes. As
a result, the duration of action of one enantiomer may be quite different from that of the other. Similarly, drug transporters may be stereoselective.

Unfortunately, most studies of clinical efficacy and drug elimination in humans have been carried out with racemic mixtures of drugs rather than with
the separate enantiomers. At present, less than half of the chiral drugs used clinically are marketed as the active isomer—the rest are available only as
racemic mixtures. As a result, a majority of patients receive drug doses of which 50% is less active or inactive. A few drugs are currently available in both
the racemic and the pure, active isomer forms. However, proof that administration of the pure, active enantiomer decreases adverse effects relative to
those produced by racemic formulations has not been established.

Rational Drug Design

Rational design of drugs implies the ability to predict the appropriate molecular structure of a drug on the basis of information about its biologic
receptor. Until recently, no receptor was known in sufficient detail to permit such drug design. Instead, drugs were developed through random testing
of chemicals or modification of drugs already known to have some effect. However, the characterization of many receptors during the past three
decades has changed this picture. A few drugs now in use were developed through molecular design based on knowledge of the three-dimensional
structure of the receptor site. Computer programs are now available that can iteratively optimize drug structures to fit known receptors. As more
becomes known about receptor structure, rational drug design will become more common.

Receptor Nomenclature

The spectacular success of newer, more efficient ways to identify and characterize receptors (see Chapter 2) has resulted in a variety of differing, and
sometimes confusing, systems for naming them. This in turn has led to a number of suggestions regarding more rational methods of naming
receptors. The interested reader is referred for details to the efforts of the International Union of Pharmacology (IUPHAR) Committee on Receptor
Nomenclature and Drug Classification (reported in various issues of Pharmacological Reviews and elsewhere) and to Alexander SP et al: The Concise
Guide to PHARMACOLOGY 2017/18: Overview. Br J Pharmacol 2017;174:S1. The chapters in this book mainly use these sources for naming receptors.

DRUG-BODY INTERACTIONS

The interactions between a drug and the body are conveniently divided into two classes. The actions of the drug on the body are termed
pharmacodynamic processes (Figure 1–1); the principles of pharmacodynamics are presented in greater detail in Chapter 2. These properties

inistration of a particular drug for a particular patient, eg, a patient with heart failure who also has impaired renal function. The following
agraphs provide a brief introduction to pharmacodynamics and pharmacokinetics.

armacodynamic Principles

st drugs must bind to a receptor to bring about an effect. However, at the cellular level, drug binding is only the first in a sequence of possible ste

Drug (D) + receptor-effector (R) → drug-receptor-effector complex → effect

D + R → drug-receptor complex → effector molecule → effect

D + R → D-R complex → activation of coupling molecule → effector molecule → effect

Inhibition of metabolism of endogenous activator → increased activator action on an effector molecule → increased effect

te that the final change in function is accomplished by an effector mechanism. The effector may be part of the receptor molecule or may be a
arate molecule. A very large number of receptors communicate with their effectors through coupling molecules, as described in Chapter 2.

ypes of Drug-Receptor Interactions

onist drugs bind to and activate the receptor in some fashion, which directly or indirectly brings about the effect (Figure 1–2A). Receptor activati
olves a change in conformation in the cases that have been studied at the molecular structure level. Some receptors incorporate effector machin
he same molecule, so that drug binding brings about the effect directly, eg, opening of an ion channel or activation of enzyme activity. Other
eptors are linked through one or more intervening coupling molecules to a separate effector molecule. The major types of drug-receptor-effecto
pling systems are discussed in Chapter 2. Pharmacologic antagonist drugs, by binding to a receptor, compete with and prevent binding by ot
lecules. For example, acetylcholine receptor blockers such as atropine are antagonists because they prevent access of acetylcholine and similar
nist drugs to the acetylcholine receptor site and they stabilize the receptor in its inactive state (or some state other than the acetylcholine-activat

te). These agents reduce the effects of acetylcholine and similar molecules in the body (Figure 1–2B), but their action can be overcome by increasi
 dosage of agonist. Some antagonists bind very tightly to the receptor site in an irreversible or pseudoirreversible fashion and cannot be displace
increasing the agonist concentration. Drugs that bind to the same receptor molecule but do not prevent binding of the agonist are said to act
osterically and may enhance (Figure 1–2C) or inhibit (Figure 1–2D) the action of the agonist molecule. Allosteric inhibition is not usually overco
increasing the dose of agonist.

RE 1–2

gs may interact with receptors in several ways. The effects resulting from these interactions are diagrammed in the dose-response curves at the
t. Drugs that alter the agonist (A) response may activate the agonist binding site, compete with the agonist (competitive inhibitors, B), or act at
arate (allosteric) sites, increasing (C) or decreasing (D) the response to the agonist. Allosteric activators (C) may increase the efficacy of the agoni
ts binding affinity. The curve shown reflects an increase in efficacy; an increase in affinity would result in a leftward shift of the curve.

Some drugs mimic agonist drugs by inhibiting the molecules responsible for terminating the action of an endogenous agonist. For example,
acetylcholinesterase inhibitors, by slowing the destruction of endogenous acetylcholine, cause cholinomimetic effects that closely resemble the
actions of cholinoceptor agonist molecules even though cholinesterase inhibitors do not bind or only incidentally bind to cholinoceptors (see Chapter
7). Because they amplify the effects of physiologically released endogenous agonist ligands, their effects are sometimes more selective and less toxic
than those of exogenous agonists.

C. Agonists, Partial Agonists, and Inverse Agonists

Figure 1–3 describes a useful model of drug-receptor interactions. As indicated, the receptor is postulated to exist partially in the inactive,
nonfunctional form (Ri) and partially in the activated form (Ra). Thermodynamic considerations indicate that even in the absence of any agonist, some

of the receptor pool must exist in the Ra form some of the time and may produce the same physiologic effect as agonist-induced activity. This effect,

occurring in the absence of agonist, is termed constitutive or basal activity. Agonists have a much higher affinity for the Ra configuration and

stabilize it, so that a large percentage of the total pool resides in the Ra–D fraction and a large effect is produced. The recognition of constitutive activity

may depend on the receptor density, the concentration of coupling molecules (if a coupled system), and the number of effectors in the system.

FIGURE 1–3

A model of drug-receptor interaction. The hypothetical receptor is able to assume two conformations. In the Ri conformation, it is inactive and

produces no effect, even when combined with a drug molecule. In the Ra conformation, the receptor can activate downstream mechanisms that

produce a small observable effect, even in the absence of drug (constitutive activity). In the absence of drugs, the two isoforms are in equilibrium, and
the Ri form is favored. Conventional full agonist drugs have a much higher affinity for the Ra conformation, and mass action thus favors the formation

of the Ra–D complex with a much larger observed effect. Partial agonists have an intermediate affinity for both Ri and Ra forms. Conventional

antagonists, according to this hypothesis, have equal affinity for both receptor forms and maintain the same level of constitutive activity. Inverse
agonists, on the other hand, have a much higher affinity for the Ri form, reduce constitutive activity, and may produce a contrasting physiologic result.

Many agonist drugs, when administered at concentrations sufficient to saturate the receptor pool, can activate their receptor-effector systems to the
maximum extent of which the system is capable; that is, they cause a shift of almost all of the receptor pool to the Ra–D pool. Such drugs are termed

full agonists. Other drugs, called partial agonists, bind to the same receptors and activate them in the same way but do not evoke as great a
response, no matter how high the concentration. In the model in Figure 1–3, partial agonists do not stabilize the Ra configuration as fully as full

agonists, so that a significant fraction of receptors exists in the Ri–D pool. Such drugs are said to have low intrinsic efficacy. Because they occupy the

same receptor site, partial agonists can also prevent access by full agonists. Thus, pindolol, a β-adrenoceptor partial agonist, may act either as an
agonist (if no full agonist is present) or as an antagonist (if a full agonist such as epinephrine is present). (See Chapter 2.) Intrinsic efficacy is
independent of affinity (as usually measured) for the receptor.

In the same model, conventional antagonist action can be explained as fixing the fractions of drug-bound Ri and Ra in the same relative amounts as in

the absence of any drug. In this situation, no change in activity will be observed, so the drug will appear to be without effect. However, the presence of
the antagonist at the receptor site will block access of agonists to the receptor and prevent the usual agonist effect. Such blocking action can be termed
neutral antagonism.

What will happen if a drug has a much stronger affinity for the Ri than for the Ra state and stabilizes a large fraction in the Ri–D pool? In this scenario the

drug will reduce any constitutive activity, thus resulting in effects that are the opposite of the effects produced by conventional agonists at that
receptor. Such drugs are termed inverse agonists (Figure 1–3). One of the best documented examples of such a system is the γ-aminobutyric acid
(GABAA) receptor-effector (a chloride channel) in the nervous system. This receptor is activated by the endogenous transmitter GABA and causes

inhibition of postsynaptic cells. Conventional exogenous agonists such as benzodiazepines also facilitate the receptor-effector system and cause
GABA-like inhibition with sedation as the therapeutic result. This sedation can be reversed by conventional neutral antagonists such as flumazenil.
Inverse agonists of this receptor system cause anxiety and agitation, the inverse of sedation (see Chapter 22). Similar inverse agonists have been found
for β adrenoceptors, histamine H1 and H2 receptors, and several other receptor systems.

D. Duration of  Drug Action

Termination of drug action can result from several processes. In some cases, the effect lasts only as long as the drug occupies the receptor, and
dissociation of drug from the receptor automatically terminates the effect. In many cases, however, the action may persist after the drug has
dissociated because, for example, some coupling molecule is still present in activated form. In the case of drugs that bind covalently to the receptor
site, the effect may persist until the drug-receptor complex is destroyed and new receptors or enzymes are synthesized, as described previously for
aspirin. In addition, many receptor-effector systems incorporate desensitization mechanisms for preventing excessive activation when agonist
molecules continue to be present for long periods. (See Chapter 2 for additional details.)

E. Receptors and Inert Binding Sites

To function as a receptor, an endogenous molecule must first be selective in choosing ligands (drug molecules) to bind; and second, it must change
its function upon binding in such a way that the function of the biologic system (cell, tissue, etc) is altered. The selectivity characteristic is required to
avoid constant activation of the receptor by promiscuous binding of many different ligands. The ability to change function is clearly necessary if the
ligand is to cause a pharmacologic effect. The body contains a vast array of molecules that are capable of binding drugs, however, and not all of these
endogenous molecules are regulatory molecules. Binding of a drug to a nonregulatory molecule such as plasma albumin will result in no detectable
change in the function of the biologic system, so this endogenous molecule can be called an inert binding site. Such binding is not completely
without significance, however, because it affects the distribution of drug within the body and determines the amount of free drug in the circulation.
Both of these factors are of pharmacokinetic importance (see also Chapter 3).

Pharmacokinetic Principles

In practical therapeutics, a drug should be able to reach its intended site of action after administration by some convenient route. In many cases, the
active drug molecule is sufficiently lipid-soluble and stable to be given as such. In some cases, however, an inactive precursor chemical that is readily
absorbed and distributed must be administered and then converted to the active drug by biologic processes—inside the body. Such a precursor
chemical is called a prodrug.

In only a few situations is it possible to apply a drug directly to its target tissue, eg, by topical application of an anti-inflammatory agent to inflamed skin
or mucous membrane. Most often, a drug is administered into one body compartment, eg, the gut, and must move to its site of action in another
compartment, eg, the brain in the case of an antiseizure medication. This requires that the drug be absorbed into the blood from its site of
administration and distributed to its site of action, permeating through the various barriers that separate these compartments. For a drug given
orally to produce an effect in the central nervous system, these barriers include the tissues that make up the wall of the intestine, the walls of the
capillaries that perfuse the gut, and the blood-brain barrier, the walls of the capillaries that perfuse the brain. Finally, after bringing about its effect, a
drug should be eliminated at a reasonable rate by metabolic inactivation, by excretion from the body, or by a combination of these processes.

A. Permeation

Drug permeation proceeds by several mechanisms. Passive diffusion in an aqueous or lipid medium is common, but active processes play a role in the
movement of many drugs, especially those whose molecules are too large to diffuse readily (Figure 1–4). Drug vehicles can be very important in
facilitating transport and permeation, eg, by encapsulating the active agent in liposomes and in regulating release, as in slow release preparations.
Newer methods of facilitating transport of drugs by coupling them to nanoparticles are under investigation.

FIGURE 1–4

Mechanisms of drug permeation. Drugs may diffuse passively through aqueous channels in the intercellular junctions (eg, tight junctions, A), or
through lipid cell membranes (B). Drugs with the appropriate characteristics may be transported by carriers into or out of cells (C). Very impermeant
drugs may also bind to cell surface receptors (dark binding sites), be engulfed by the cell membrane (endocytosis), and then be released inside the cell
or expelled via the membrane-limited vesicles out of the cell into the extracellular space (exocytosis, D).

1.  Aqueous dif fusion

Aqueous diffusion occurs within the larger aqueous compartments of the body (interstitial space, cytosol, etc) and across epithelial membrane tight
junctions and the endothelial lining of blood vessels through aqueous pores that—in some tissues—permit the passage of molecules as large as MW

20,000–30,000.* See Figure 1–4A.

Aqueous diffusion of drug molecules is usually driven by the concentration gradient of the permeating drug, a downhill movement described by Fick’s
law (see below). Drug molecules that are bound to large plasma proteins (eg, albumin) do not permeate most vascular aqueous pores. If the drug is
charged, its flux is also influenced by electrical fields (eg, the membrane potential and—in parts of the nephron—the transtubular potential).

*The capillaries of the brain, the testes, and some other tissues are characterized by the absence of pores that permit aqueous diffusion. They may also
contain high concentrations of drug export pumps (MDR pump molecules; see text). These tissues are therefore protected or “sanctuary” sites from
many circulating drugs.

2.  L ipid di f fusion

Lipid diffusion is the most important limiting factor for drug permeation because of the large number of lipid barriers that separate the compartments
of the body. Because these lipid barriers separate aqueous compartments, the lipid:aqueous partition coefficient of a drug determines how
readily the molecule moves between aqueous and lipid media. In the case of weak acids and weak bases (which gain or lose electrical charge-bearing
protons, depending on the pH), the ability to move from aqueous to lipid or vice versa varies with the pH of the medium, because charged molecules
attract water molecules. The ratio of lipid-soluble form to water-soluble form for a weak acid or weak base is expressed by the Henderson-Hasselbalch
equation (described in the following text). See Figure 1–4B.

3 .  S p e c i a l  c a r r i e r s

Special carrier molecules exist for many substances that are important for cell function and too large or too insoluble in lipid to diffuse passively
through membranes, eg, peptides, amino acids, and glucose. These carriers bring about movement by active transport or facilitated diffusion and,
unlike passive diffusion, are selective, saturable, and inhibitable. Because many drugs are or resemble such naturally occurring peptides, amino acids,
or sugars, they can use these carriers to cross membranes. See Figure 1–4C.

Many cells also contain less selective membrane carriers that are specialized for expelling foreign molecules. One large family of such transporters
binds adenosine triphosphate (ATP) and is called the ABC (ATP-binding cassette) family. This family includes the P-glycoprotein or multidrug
resistance type 1 (MDR1) transporter found in the brain, testes, and other tissues, and in some drug-resistant neoplastic cells (Table 1–3). Similar
transport molecules from the ABC family, the multidrug resistance-associated protein (MRP) transporters, play important roles in the excretion
of some drugs or their metabolites into urine and bile and in the resistance of some tumors to chemotherapeutic drugs. Genomic variation in the
expression of these transporters has a profound effect on sensitivity to these drugs (see Chapter 5). Several other transporter families have been
identified that do not bind ATP but use ion gradients to drive transport. Some of these (the solute carrier [SLC] family) are particularly important in the
uptake of neurotransmitters across nerve-ending membranes. The latter carriers are discussed in more detail in Chapter 6.

TABLE 1–3

Some transport molecules important in pharmacology.

Transporter Physiologic Function Pharmacologic Significance

NET Norepinephrine reuptake from synapse Target of cocaine and some tricyclic antidepressants

SERT Serotonin reuptake from synapse Target of selective serotonin reuptake inhibitors and some tricyclic

antidepressants

VMAT Transport of dopamine and norepinephrine into

adrenergic vesicles in nerve endings

Target of reserpine and tetrabenazine

MDR1 Transport of many xenobiotics out of cells Increased expression confers resistance to certain anticancer drugs;

inhibition increases blood levels of digoxin

MRP1 Leukotriene secretion Confers resistance to certain anticancer and antifungal drugs

4 .  E n d o c y t o s i s  a n d  e x o c y t o s i s

A few substances are so large or impermeant that they can enter cells only by endocytosis, the process by which the substance is bound at a cell-
surface receptor, engulfed by the cell membrane, and carried into the cell by pinching off of the newly formed vesicle inside the membrane. The
substance can then be released into the cytosol by breakdown of the vesicle membrane (Figure 1–4D). This process is responsible for the transport of
vitamin B12, complexed with a binding protein (intrinsic factor) across the wall of the gut into the blood. Similarly, iron is transported into hemoglobin-

synthesizing red blood cell precursors in association with the protein transferrin. Specific receptors for the binding proteins must be present for this
process to work.

The reverse process (exocytosis) is responsible for the secretion of many substances from cells. For example, many neurotransmitter substances are
stored in membrane-bound vesicles in nerve endings to protect them from metabolic destruction in the cytoplasm. Appropriate activation of the nerve
ending causes fusion of the storage vesicle with the cell membrane and expulsion of its contents into the extracellular space (see Chapter 6).

B. Fick’s Law of Diffusion

The passive flux of molecules down a concentration gradient is given by Fick’s law:

where C1 is the higher concentration, C2 is the lower concentration, area is the cross-sectional area of the diffusion path, permeability coefficient is a

measure of the mobility of the drug molecules in the medium of the diffusion path, and thickness is the length of the diffusion path. In the case of lipid
diffusion, the lipid:aqueous partition coefficient is a major determinant of mobility of the drug because it determines how readily the drug enters the
lipid membrane from the aqueous medium.

C. Ionization of Weak Acids and Weak Bases; the Henderson-Hasselbalch Equation

The electrostatic charge of an ionized molecule attracts water dipoles and results in a polar, relatively water-soluble and lipid-insoluble complex.
Because lipid diffusion depends on relatively high lipid solubility, ionization of drugs may markedly reduce their ability to permeate membranes. A very
large percentage of the drugs in use are weak acids or weak bases; Table 1–4 lists some examples. For drugs, a weak acid is best defined as a neutral
molecule that can reversibly dissociate into an anion (a negatively charged molecule) and a proton (a hydrogen ion). For example, aspirin dissociates
as follows:

TABLE 1–4

Ionization constants of  some common drugs.

D r u g p Ka1 D r u g p Ka1 D r u g p Ka1

Weak acids Weak bases Weak bases (cont’d)

 Acetaminophen 9.5  Albuterol (salbutamol) 9.3  Isoproterenol 8.6

 Acetazolamide 7.2  Allopurinol 9.4, 12.32  Lidocaine 7.9

 Ampicillin 2.5  Alprenolol 9.6  Metaraminol 8.6

 Aspirin 3.5  Amiloride 8.7  Methadone 8.4

 Chlorothiazide 6.8, 9.42  Amiodarone 6.6  Methamphetamine 10.0

 Chlorpropamide 5.0  Amphetamine 9.8  Methyldopa 10.6

 Ciprofloxacin 6.1, 8.72  Atropine 9.7  Metoprolol 9.8

 Cromolyn 2.0  Bupivacaine 8.1  Morphine 7.9

 Ethacrynic acid 2.5  Chlordiazepoxide 4.6  Nicotine 7.9, 3.12

 Furosemide 3.9  Chloroquine 10.8, 8.4  Norepinephrine 8.6

 Ibuprofen 4.4, 5.22  Chlorpheniramine 9.2  Pentazocine 7.9

 Levodopa 2.3  Chlorpromazine 9.3  Phenylephrine 9.8

 Methotrexate 4.8  Clonidine 8.3  Physostigmine 7.9, 1.82

 Methyldopa 2.2, 9.22  Cocaine 8.5  Pilocarpine 6.9, 1.42

 Penicillamine 1.8  Codeine 8.2  Pindolol 8.6

 Pentobarbital 8.1  Cyclizine 8.2  Procainamide 9.2

 Phenobarbital 7.4  Desipramine 10.2  Procaine 9.0

 Phenytoin 8.3  Diazepam 3.0  Promethazine 9.1

 Propylthiouracil 8.3  Diphenhydramine 8.8  Propranolol 9.4

 Salicylic acid 3.0  Diphenoxylate 7.1  Pseudoephedrine 9.8

 Sulfadiazine 6.5  Ephedrine 9.6  Pyrimethamine 7.0–7.33

 Sulfapyridine 8.4  Epinephrine 8.7  Quinidine 8.5, 4.42

 Theophylline 8.8  Ergotamine 6.3  Scopolamine 8.1

 Tolbutamide 5.3  Fluphenazine 8.0, 3.92  Strychnine 8.0, 2.32

 Warfarin 5.0  Hydralazine 7.1  Terbutaline 10.1

 Imipramine 9.5  Thioridazine 9.5

A weak base can be defined as a neutral molecule that can form a cation (a positively charged molecule) by combining with a proton. For example,
pyrimethamine, an antimalarial drug, undergoes the following association-dissociation process:

Note that the protonated form of a weak acid is the neutral, more lipid-soluble form, whereas the unprotonated form of a weak base is the neutral
form. The law of mass action requires that these reactions move to the left in an acid environment (low pH, excess protons available) and to the right in
an alkaline environment. The Henderson-Hasselbalch equation relates the ratio of protonated to unprotonated weak acid or weak base to the
molecule’s pKa and the pH of the medium as follows:

This equation applies to both acidic and basic drugs. Inspection confirms that the lower the pH relative to the pKa, the greater will be the fraction of

drug in the protonated form. Because the uncharged form is the more lipid-soluble, more of a weak acid will be in the lipid-soluble form at acid pH,
whereas more of a basic drug will be in the lipid-soluble form at alkaline pH.

Application of this principle is made in the manipulation of drug excretion by the kidney (see Case Study). Almost all drugs are filtered at the
glomerulus. If a drug is in a lipid-soluble form during its passage down the renal tubule, a significant fraction will be reabsorbed by simple passive
diffusion. If the goal is to accelerate excretion of the drug (eg, in a case of drug overdose), it is important to prevent its reabsorption from the tubule.
This can often be accomplished by adjusting urine pH to make certain that most of the drug is in the ionized state, as shown in Figure 1–5. As a result of
this partitioning effect, the drug is “trapped” in the urine. Thus, weak acids are usually excreted faster in alkaline urine; weak bases are usually
excreted faster in acidic urine. Other body fluids in which pH differences from blood pH may cause trapping or reabsorption are the contents of the
stomach (normal pH 1.9–3) and small intestine (pH 7.5–8), breast milk (pH 6.4–7.6), aqueous humor (pH 6.4–7.5), and vaginal and prostatic secretions
(pH 3.5–7).

FIGURE 1–5

Trapping of a weak base (methamphetamine) in the urine when the urine is more acidic than the blood. In the hypothetical case illustrated, the
diffusible uncharged form of the drug has equilibrated across the membrane, but the total concentration (charged plus uncharged) in the urine (more
than 10 mg) is 25 times higher than in the blood (0.4 mg).

As indicated by Table 1–4, a large number of drugs are weak bases. Most of these bases are amine-containing molecules. The nitrogen of a neutral
amine has three atoms associated with it plus a pair of unshared electrons (see the display that follows). The three atoms may consist of one carbon or
a chain of carbon atoms (designated “R”) and two hydrogens (a primary amine), two carbons and one hydrogen (a secondary amine), or three
carbon atoms (a tertiary amine). Each of these three forms may reversibly bind a proton with the unshared electrons. Some drugs have a fourth
carbon-nitrogen bond; these are quaternary amines. However, the quaternary amine is permanently charged and has no unshared electrons with
which to reversibly bind a proton. Therefore, primary, secondary, and tertiary amines may undergo reversible protonation and vary their lipid
solubility with pH, but quaternary amines are always in the poorly lipid-soluble charged form.

DRUG GROUPS

To learn each pertinent fact about each of the many hundreds of drugs mentioned in this book would be an impractical goal and, fortunately, is
unnecessary. Almost all the several thousand drugs currently available can be arranged into about 70 groups. Many of the drugs within each group are
very similar in pharmacodynamic actions and in their pharmacokinetic properties as well. For most groups, one or two prototype drugs can be
identified that typify the most important characteristics of the group. This permits classification of other important drugs in the group as variants of
the prototype, so that only the prototype must be learned in detail and, for the remaining drugs, only the differences from the prototype.

DRUG DEVELOPMENT & REGULATION

A truly new drug (one that does not simply mimic the structure and action of previously available drugs) requires the discovery of a new drug target, ie,
the pathophysiologic process or substrate of a disease. Such discoveries are usually made in public sector institutions (universities and research
institutes), and molecules that have beneficial effects on such targets are often discovered in the same laboratories. However, the development of new
drugs usually takes place in industrial laboratories because optimization of a class of new drugs requires painstaking and expensive chemical,
pharmacologic, and toxicologic research. In fact, much of the recent progress in the application of drugs to disease problems can be ascribed to the
pharmaceutical industry including “big pharma,” the multibillion-dollar corporations that specialize in drug development and marketing. These
companies are uniquely skilled in translating basic findings into successful therapeutic breakthroughs and profit-making “blockbusters” (see
https://clincalc.com/DrugStats/Top200Drugs.aspx).

Such breakthroughs come at a price, however, and the escalating cost of drugs has become a significant contributor to the increase in the cost of
health care. Development of new drugs is enormously expensive, but considerable controversy surrounds drug pricing. Drug prices in the United
States have increased many-fold faster than overall price inflation. Critics claim that the costs of development and marketing drugs are grossly inflated
by marketing activities, advertising, and other promotional efforts, which may consume as much as 25% or more of a company’s budget. Furthermore,
profit margins for big pharma are relatively high. Recent drug-pricing scandals have been reported in which the rights to an older, established drug
that requires no costly development have been purchased by a smaller company and the price increased by several hundred or several thousand
percent. This “price gouging” has caused public outrage and attracted regulatory attention that may result in more legitimate and rational pricing
mechanisms. Finally, pricing schedules for many drugs vary dramatically from country to country and even within countries, where large organizations
can negotiate favorable prices and small ones cannot. Some countries have already addressed these inequities, and it seems likely that all countries
will have to do so during the next few decades.

NEW DRUG DEVELOPMENT

The development of a new drug usually begins with the discovery or synthesis of a potential new drug compound or the elucidation of a new drug
target. After a new drug molecule is synthesized or extracted from a natural source, subsequent steps seek an understanding of the drug’s interactions
with its biologic targets. Repeated application of this approach leads to synthesis of related compounds with increased efficacy, potency, and
selectivity (Figure 1–6). In the United States, the safety and efficacy of drugs must be established before marketing can be legally carried out. In
addition to in vitro studies, relevant biologic effects, drug metabolism, pharmacokinetic profiles, and relative safety of the drug must be characterized
in vivo in animals before human drug trials can be started. With regulatory approval, human testing may then go forward (usually in three phases)
before the drug is considered for approval for general use. A fourth phase of data gathering and safety monitoring is becoming increasingly important
and follows after approval for marketing. Once approved, the great majority of drugs become available for use by any appropriately licensed
practitioner. Highly toxic drugs that are nevertheless considered valuable in lethal diseases may be approved for restricted use by practitioners who
have undergone special training in their use and who maintain detailed records.

FIGURE 1–6

The development and testing process required to bring a drug to market in the USA. Some of the requirements may be different for drugs used in life-
threatening diseases (see text).

DRUG DISCOVERY

Most new drugs or drug products are discovered or developed through the following approaches: (1) screening for biologic activity of large numbers of
natural products, banks of previously discovered chemical entities, or large libraries of peptides, nucleic acids, and other organic molecules; (2)
chemical modification of a known active molecule, resulting in a “me-too” analog; (3) identification or elucidation of a new drug target, which suggests
molecules that will hit that target; and (4) rational design of a new molecule based on an understanding of biologic mechanisms and drug receptor
structure. Steps (3) and (4) are often carried out in academic research laboratories and are more likely to lead to breakthrough drugs, but the costs of
steps (1) and (2) usually ensure that industry carries them out.

Once a new drug target or promising molecule has been identified, the process of moving from the basic science laboratory to the clinic begins. This
translational research involves the preclinical and clinical steps described next. While clinical trials in humans are required only for drugs to be
used in humans, all of the other steps described apply to veterinary drugs as well as drugs for human diseases.

Drug Screening

Drug screening involves a variety of assays at the molecular, cellular, organ system, and whole animal levels to define the pharmacologic profile, ie,
the activity and selectivity of the drug. The type and number of initial screening tests depend on the pharmacologic and therapeutic goal. For example,
anti-infective drugs are tested against a variety of infectious organisms, some of which are resistant to standard agents; hypoglycemic drugs are tested
for their ability to lower blood sugar, etc.

The candidate molecule is also studied for a broad array of other actions to determine the mechanism of action and selectivity of the drug. This can
reveal both expected and unexpected toxic effects. Occasionally, an unexpected therapeutic action is serendipitously discovered by a careful observer;
for example, the era of modern diuretics was initiated by the observation that certain antimicrobial sulfonamides caused metabolic acidosis in
patients. The selection of compounds for development is most efficiently conducted in animal models of human disease. Where good predictive
preclinical models exist (eg, infection, hypertension, or thrombotic disease), we generally have good or excellent drugs. Good drugs or breakthrough
improvements are conspicuously lacking and slow for diseases for which preclinical models are poor or not yet available, eg, autism and Alzheimer
disease.

At the molecular level, the candidate compound would be screened for activity on the target, for example, receptor binding affinity to cell membranes
containing the homologous animal receptors (or if possible, on the cloned human receptors). Early studies would be done to predict effects that might
later cause undesired drug metabolism or toxicologic complications. For example, studies on liver cytochrome P450 enzymes would be performed to
determine whether the molecule of interest is likely to be a substrate or inhibitor of these enzymes or to alter the metabolism of other drugs.

Effects on cell function determine whether the drug is an agonist, partial agonist, inverse agonist, or antagonist at relevant receptors. Isolated tissues
would be used to characterize the pharmacologic activity and selectivity of the new compound in comparison with reference compounds. Comparison
with other drugs would also be undertaken in a variety of in vivo studies. At each step in this process, the compound would have to meet specific
performance and selectivity criteria to be carried further.

Whole animal studies are generally necessary to determine the effect of the drug on organ systems and disease models. Cardiovascular and renal
function studies of new drugs are generally first performed in normal animals. Studies on disease models, if available, are then performed. For a
candidate antihypertensive drug, animals with hypertension would be treated to see whether blood pressure was lowered in a dose-related manner
and to characterize other effects of the compound. Evidence would be collected on duration of action and efficacy after oral and parenteral
administration. If the agent possessed useful activity, it would be further studied for possible adverse effects on other organs, including the
respiratory, gastrointestinal, renal, endocrine, and central nervous systems.

These studies might suggest the need for further chemical modification (compound optimization) to achieve more desirable pharmacokinetic or
pharmacodynamic properties. For example, oral administration studies might show that the drug was poorly absorbed or rapidly metabolized in the
liver; modification to improve bioavailability might be indicated. If the drug is to be administered long term, an assessment of tolerance development
would be made. For drugs related to or having mechanisms of action similar to those known to cause physical or psychological dependence in
humans, ability to cause dependence in animals would also be studied. Drug interactions would be examined.

The desired result of this screening procedure (which may have to be repeated several times with congeners of the original molecule) is a lead
compound, ie, a leading candidate for a successful new drug. A patent application would be filed for a novel compound (a composition of matter
patent) that is efficacious, or for a new and nonobvious therapeutic use (a use patent) for a previously known chemical entity.

PRECLINICAL SAFETY & TOXICITY TESTING

All chemicals are toxic in some individuals at some dose. Candidate drugs that survive the initial screening procedures must be carefully evaluated for
potential risks before and during clinical testing. Depending on the proposed use of the drug, preclinical toxicity testing includes most or all of the
procedures shown in Table 1–5. Although no chemical can be certified as completely “safe” (free of risk), the objective is to estimate the risk associated
with exposure to the drug candidate and to consider this in the context of therapeutic needs and likely duration of drug use.

TABLE 1–5

Safety tests.

Type of  Test Approach and Goals

Acute toxicity Usually two species, two routes. Determine the no-effect dose and the maximum tolerated dose. In some cases, determine the acute

dose that is lethal in approximately 50% of animals.

Subacute or

subchronic toxicity

Three doses, two species. Two weeks to 3 months of testing may be required before clinical trials. The longer the duration of

expected clinical use, the longer the subacute test. Determine biochemical, physiologic effects.

Chronic toxicity Rodent and at least one nonrodent species for ≥6 months. Required when drug is intended to be used in humans for prolonged

periods. Usually run concurrently with clinical trials. Determine same end points as subacute toxicity tests.

Effect on

reproductive

performance

Two species, usually one rodent and rabbits. Test effects on animal mating behavior, reproduction, parturition, progeny, birth

defects, postnatal development.

Carcinogenic

potential

Two years, two species. Required when drug is intended to be used in humans for prolonged periods. Determine gross and histologic

pathology.

Mutagenic

potential

Test effects on genetic stability and mutations in bacteria (Ames test) or mammalian cells in culture; dominant lethal test and

clastogenicity in mice.

The goals of preclinical toxicity studies include identifying potential human toxicities, designing tests to further define the toxic mechanisms, and
predicting the most relevant toxicities to be monitored in clinical trials. In addition to the studies shown in Table 1–5, several quantitative estimates are
desirable. These include the no-effect dose—the maximum dose at which a specified toxic effect is not seen; the minimum lethal dose—the
smallest dose that is observed to kill any experimental animal; and, if necessary, the median lethal dose (LD50)—the dose that kills approximately

50% of the animals in a test group. Presently, the LD50 is estimated from the smallest number of animals possible. These doses are used to calculate

the initial dose to be tried in humans, usually taken as one hundredth to one tenth of the no-effect dose in animals.

It is important to recognize the limitations of preclinical testing. These include the following:

1. Toxicity testing is time-consuming and expensive. Two to 6 years may be required to collect and analyze data on toxicity before the drug can be
considered ready for testing in humans.

2. Large numbers of animals may be needed to obtain valid preclinical data. Scientists are properly concerned about this situation, and progress has
been made toward reducing the numbers required while still obtaining valid data. Cell and tissue culture in vitro methods and computer modeling
are increasingly being used, but their predictive value is still limited. Nevertheless, some segments of the public attempt to halt all animal testing in
the unfounded belief that it has become unnecessary.

3. Extrapolations of toxicity data from animals to humans are reasonably predictive for many but not for all toxicities.

4. For statistical reasons, rare adverse effects are unlikely to be detected in preclinical testing.

EVALUATION IN HUMANS

A very small fraction of lead compounds reach clinical trials, and less than one third of the drugs studied in humans survive clinical trials and reach the
marketplace. Federal law in the USA and ethical considerations require that the study of new drugs in humans be conducted in accordance with
stringent guidelines. Scientifically valid results are not guaranteed simply by conforming to government regulations, however, and the design and
execution of a good clinical trial require interdisciplinary personnel including basic scientists, clinical pharmacologists, clinician specialists,
statisticians, and others. The current standard for clinical trials is known as the randomized controlled trial (RCT) and is described below. The need for
careful design and execution is based on three major confounding factors inherent in the study of any drug in humans.

Confounding Factors in Clinical Trials

A. The Variable Natural History of Most Diseases

Many diseases tend to wax and wane in severity; some disappear spontaneously, even, on occasion, cancer. A good experimental design takes into
account the natural history of the disease by evaluating a large enough population of subjects over a sufficient period of time. Further protection
against errors of interpretation caused by disease fluctuations is sometimes provided by using a crossover design, which consists of alternating
periods of administration of test drug, placebo preparation (the control), and the previous standard treatment (positive control), if any, in each
subject. These sequences are systematically varied so that different subsets of patients receive each of the possible sequences of treatment.

B. The Presence of Other Diseases and Risk Factors

Known and unknown diseases and risk factors (including lifestyles of subjects) may influence the results of a clinical study. For example, some
diseases alter the pharmacokinetics of drugs (see Chapters 3 through 5). Other drugs and some foods alter the pharmacokinetics of many drugs.
Concentrations of blood or tissue components being monitored as a measure of the effect of the new agent may be influenced by other diseases or
other drugs. Attempts to avoid this hazard usually involve the crossover technique (when feasible) and proper selection and assignment of patients to
each of the study groups. This requires obtaining accurate diagnostic tests and medical and pharmacologic histories (including use of recreational
drugs, over-the-counter drugs, and “supplements”) and the use of statistically valid methods of randomization in assigning subjects to particular study
groups. There is growing interest in analyzing genetic variations as part of the trial that may influence whether a person responds to a particular drug.
It has been shown that age, gender, and pregnancy influence the pharmacokinetics of some drugs, but these factors have not been adequately studied
because of legal restrictions and reluctance to expose these populations to unknown risks.

C. Subject and Observer Bias and Other Factors

Most patients tend to respond in a positive way to any therapeutic intervention by interested, caring, and enthusiastic medical personnel. The
manifestation of this phenomenon in the subject is the placebo response (Latin, “I shall please”) and may involve objective physiologic and
biochemical changes as well as changes in subjective complaints associated with the disease. The placebo response is usually quantitated by
administration of an inert material with exactly the same physical appearance, odor, consistency, etc, as the active dosage form. The magnitude of the
response varies considerably from patient to patient and may also be influenced by the duration of the study. In some conditions, a positive response
may be noted in as many as 30–40% of subjects given placebo. Placebo adverse effects and “toxicity” also occur but usually involve subjective effects:
stomach upset, insomnia, sedation, and so on.

Subject bias effects can be quantitated—and minimized relative to the response measured during active therapy—by the single-blind design. This
involves use of a placebo as described above, administered to the same subjects in a crossover design, if possible, or to a separate control group of
well-matched subjects. Observer bias can be taken into account by disguising the identity of the medication being used—placebo or active form—from
both the subjects and the personnel evaluating the subjects’ responses (double-blind design). In this design, a third party holds the code identifying
each medication packet, and the code is not broken until all the clinical data have been collected.

Drug effects seen in clinical trials are obviously affected by the patient taking the drugs at the dose and frequency prescribed. In a recent phase 2 study,
one third of the patients who said they were taking the drug were found by blood analysis to have not taken the drug. Confirmation of compliance
with protocols (also known as adherence) is a necessary element to consider.

The various types of studies and the conclusions that may be drawn from them are described in the accompanying text box. (See Box: Drug Studies—
The Types of Evidence.)

Drug Studies—The Types of Evidence*

As described in this chapter, drugs are studied in a variety of ways, from 30-minute test tube experiments with isolated enzymes and receptors to
decades-long observations of populations of patients. The conclusions that can be drawn from such different types of studies can be summarized
as follows.

Basic research is designed to answer specific, usually single, questions under tightly controlled laboratory conditions, eg, does drug x inhibit
enzyme y? The basic question may then be extended, eg, if drug x inhibits enzyme y, what is the concentration-response relationship? Such
experiments are usually reproducible and often lead to reliable insights into the mechanism of the drug’s action.

First-in-human studies include phase 1–3 trials. Once a drug receives FDA approval for use in humans, case reports and case series consist of
observations by clinicians of the effects of drug (or other) treatments in one or more patients. These results often reveal unpredictable benefits and
toxicities but do not generally test a prespecified hypothesis and cannot prove cause and effect. Analytic epidemiologic studies consist of
observations designed to test a specified hypothesis, eg, that thiazolidinedione antidiabetic drugs are associated with adverse cardiovascular
events. Cohort epidemiologic studies utilize populations of patients that have (exposed group) and have not (control group) been exposed to the
agents under study and ask whether the exposed groups show a higher or lower incidence of the effect. Case-control epidemiologic studies utilize
populations of patients that have displayed the end point under study and ask whether they have been exposed or not exposed to the drugs in
question. Such epidemiologic studies add weight to conjectures but cannot control all confounding variables and therefore cannot conclusively
prove cause and effect.

Meta-analyses utilize rigorous evaluation and grouping of similar studies to increase the number of subjects studied and hence the statistical power
of results obtained in multiple published studies. While the numbers may be dramatically increased by meta-analysis, the individual studies still
suffer from their varying methods and end points, and a meta-analysis cannot prove cause and effect.

Large randomized controlled trials (RCTs) are designed to answer specific questions about the effects of medications on clinical end points or
important surrogate end points, using large enough samples of patients and allocating them to control and experimental treatments using rigorous
randomization methods. Randomization is the best method for distributing all foreseen confounding factors, as well as unknown confounders,
equally between the experimental and control groups. When properly carried out, such studies are rarely invalidated and are considered the gold
standard in evaluating drugs.

A critical factor in evaluating the data regarding a new drug is access to all the data. Unfortunately, many large studies are never published because
the results are negative, ie, the new drug is not better than the standard therapy. This missing data phenomenon falsely exaggerates the benefits of
new drugs because negative results are hidden.

*I thank Ralph Gonzales, MD, for helpful comments.

The Food & Drug Administration

The FDA is the administrative body that oversees the drug evaluation process in the USA and grants approval for marketing of new drug products. To
receive FDA approval for marketing, the originating institution or company (almost always the latter) must submit evidence of safety and effectiveness.
Outside the USA, the regulatory and drug approval process is generally similar to that in the USA.

As its name suggests, the FDA is also responsible for certain aspects of food safety, a role it shares with the US Department of Agriculture (USDA).
Shared responsibility results in complications when questions arise regarding the use of drugs, eg, antibiotics, in food animals. A different type of
problem arises when so-called food supplements are found to contain active drugs, eg, sildenafil analogs in “energy food” supplements.

The FDA’s authority to regulate drugs derives from specific legislation (Table 1–6). If a drug has not been shown through adequately controlled testing

to be “safe and effective” for a specific use, it cannot be marketed in interstate commerce for this use.*

TABLE 1–6

Some major legislation pertaining to drugs in the USA.

L a w Purpose and Effect

Pure Food and Drug Act

of 1906

Prohibited mislabeling and adulteration of drugs.

Opium Exclusion Act of

1909

Prohibited importation of opium.

Amendment (1912) to the

Pure Food and Drug Act

Prohibited false or fraudulent advertising claims.

Harrison Narcotic Act of

1914

Established regulations for use of opium, opiates, and cocaine (marijuana added in 1937).

Food, Drug, and Cosmetic

Act of 1938

Required that new drugs be safe as well as pure (but did not require proof of efficacy). Enforcement by the FDA.

Durham-Humphrey Act of

1952

Vested in the FDA the power to determine which products could be sold without prescription.

Kefauver-Harris

Amendments (1962) to

the Food, Drug, and

Cosmetic Act

Required proof of efficacy as well as safety for new drugs and for drugs released since 1938; established guidelines for

reporting of information about adverse reactions, clinical testing, and advertising of new drugs.

Comprehensive Drug

Abuse Prevention and

Control Act (1970)

Outlined strict controls in the manufacture, distribution, and prescribing of habit-forming drugs; established drug schedules

and programs to prevent and treat drug addiction.

Orphan Drug

Amendment of 1983

Provided incentives for development of drugs that treat diseases with fewer than 200,000 patients in the USA.

Drug Price Competition

and Patent Restoration

Act of 1984

Abbreviated new drug applications for generic drugs. Required bioequivalence data. Patent life extended by amount of time

drug delayed by FDA review process. Cannot exceed 5 extra years or extend to more than 14 years post-NDA approval.

Prescription Drug User

Fee Act (1992,

reauthorized 2007, 2012)

Manufacturers pay user fees for certain new drug applications. “Breakthrough” products may receive special category

approval after expanded phase 1 trials (2012).

Dietary Supplement

Health and Education Act

(1994)

Established standards with respect to dietary supplements but prohibited full FDA review of supplements and botanicals as

drugs. Required the establishment of specific ingredient and nutrition information labeling that defines dietary supplements

and classifies them as part of the food supply but allows unregulated advertising.

Bioterrorism Act of 2002 Enhanced controls on dangerous biologic agents and toxins. Seeks to protect safety of food, water, and drug supply.

Food and Drug

Administration

Amendments Act of 2007

Granted the FDA greater authority over drug marketing, labeling, and direct-to-consumer advertising; required post-approval

studies, established active surveillance systems, made clinical trial operations and results more visible to the public.

Biologics Price

Competition and

Innovation Act of 2009

Authorized the FDA to establish a program of abbreviated pathways for approval of “biosimilar” biologics (generic versions of

monoclonal antibodies, etc).

FDA Safety and

Innovation Act of 2012

Renewed FDA authorization for accelerated approval of urgently needed drugs; established new accelerated process,

“breakthrough therapy,” in addition to “priority review,” “accelerated approval,” and “fast-track” procedures.

Unfortunately, “safe” can mean different things to the patient, the physician, and society. Complete absence of risk is impossible to demonstrate, but
this fact may not be understood by members of the public, who frequently assume that any medication sold with the approval of the FDA should be
free of serious “side effects.” This confusion is a major factor in litigation and dissatisfaction with aspects of drugs and medical care.

The history of drug regulation in the USA (Table 1–6) reflects several health events that precipitated major shifts in public opinion. For example, the
Federal Food, Drug, and Cosmetic Act of 1938 was largely a reaction to deaths associated with the use of a preparation of sulfanilamide marketed
before it and its vehicle were adequately tested. Similarly, the Kefauver-Harris Amendments of 1962 were, in part, the result of a teratogenic drug
disaster involving thalidomide. This agent was introduced in Europe in 1957–1958 and was marketed as a “nontoxic” hypnotic and promoted as being
especially useful as a sleep aid during pregnancy. In 1961, reports were published suggesting that thalidomide was responsible for a dramatic increase
in the incidence of a rare birth defect called phocomelia, a condition involving shortening or complete absence of the arms and legs. Epidemiologic
studies provided strong evidence for the association of this defect with thalidomide use by women during the first trimester of pregnancy, and the
drug was withdrawn from sale worldwide. An estimated 10,000 children were born with birth defects because of maternal exposure to this one agent.
The tragedy led to the requirement for more extensive testing of new drugs for teratogenic effects and stimulated passage of the Kefauver-Harris
Amendments of 1962, even though the drug was not then approved for use in the USA. Despite its disastrous fetal toxicity and effects in pregnancy,
thalidomide is a relatively safe drug for humans other than the fetus. Even the most serious risk of toxicities may be avoided or managed if understood,
and despite its toxicity, thalidomide is now approved by the FDA for limited use as a potent immunoregulatory agent and to treat certain forms of
leprosy.

*Although the FDA does not directly control drug commerce within states, a variety of state and federal laws control interstate production and
marketing of drugs.

Clinical Trials: The IND & NDA

Once a new drug is judged ready to be studied in humans, a Notice of Claimed Investigational Exemption for a New Drug (IND) must be filed with the
FDA (Figure 1–6). The IND includes (1) information on the composition and source of the drug, (2) chemical and manufacturing information, (3) all data
from animal studies, (4) proposed plans for clinical trials, (5) the names and credentials of physicians who will conduct the clinical trials, and (6) a
compilation of the key preclinical data relevant to study of the drug in humans that have been made available to investigators and their institutional
review boards.

It often requires 4–6 years of clinical testing to accumulate and analyze all required data. Testing in humans is begun only after sufficient acute and
subacute animal toxicity studies have been completed. Chronic safety testing in animals, including carcinogenicity studies, is usually done concurrently
with clinical trials. In each phase of the clinical trials, volunteers or patients must be informed of the investigational status of the drug as well as the
possible risks and must be allowed to decline or to consent to participate and receive the drug. In addition to the approval of the sponsoring
organization and the FDA, an interdisciplinary institutional review board (IRB) at each facility where the clinical drug trial will be conducted must review
and approve the scientific and ethical plans for testing in humans.

In phase 1, the effects of the drug as a function of dosage are established in a small number (20–100) of healthy volunteers. If the drug is expected to
have significant toxicity, as may be the case in cancer and AIDS therapy, volunteer patients with the disease participate in phase 1 rather than normal
volunteers. Phase 1 trials are done to determine the probable limits of the safe clinical dosage range. These trials may be nonblind or “open”; that is,
both the investigators and the subjects know what is being given. Alternatively, they may be “blinded” and placebo controlled. Many predictable
toxicities are detected in this phase. Pharmacokinetic measurements of absorption, half-life, and metabolism are often done. Phase 1 studies are
usually performed in research centers by specially trained clinical pharmacologists.

In phase 2, the drug is studied in patients with the target disease to determine its efficacy (“proof of concept” studies), and the doses to be used in any
follow-on trials. A modest number of patients (100–200) are studied in detail. A single-blind design may be used, with an inert placebo medication and
an established active drug (positive control) in addition to the investigational agent. Phase 2 trials are usually done in special clinical centers (eg,
university hospitals). A broader range of toxicities may be detected in this phase. Phase 2 trials have the highest rate of drug failures, and only 25% of
innovative drugs move on to phase 3.

In phase 3, the drug is evaluated in much larger numbers—usually thousands—of patients with the target disease to further establish and confirm
safety and efficacy. Using information gathered in phases 1 and 2, phase 3 trials are designed to minimize errors caused by placebo effects, variable
course of the disease, etc. Therefore, double-blind and crossover techniques are often used. Phase 3 trials are usually performed in settings similar to
those anticipated for the ultimate use of the drug. Phase 3 studies can be difficult to design and execute and are usually expensive because of the large
numbers of patients involved and the masses of data that must be collected and analyzed. The drug is formulated as intended for the market. The
investigators are usually specialists in the disease being treated. Certain toxic effects, especially those caused by immunologic processes, may first
become apparent in phase 3.

If phase 3 results meet expectations, application is made for permission to market the new agent. Marketing approval requires submission of a New
Drug Application (NDA)—or for biologicals, a Biological License Application (BLA)—to the FDA. The application contains, often in hundreds of volumes,
full reports of all preclinical and clinical data pertaining to the drug under review. The number of subjects studied in support of new drug applications
has been increasing and currently averages more than 5000 patients for new drugs of novel structure (new molecular entities). The duration of the FDA
review leading to approval (or denial) of the new drug application may vary from months to years. If problems arise, eg, unexpected but possibly
serious toxicities, additional studies may be required and the review process may extend to several additional years.

Many phase 2 and phase 3 studies attempt to measure a new drug’s “noninferiority” to the placebo or a standard treatment. Interpretation of the
results may be difficult because of unexpected confounding variables, loss of subjects from some groups, or realization that results differ markedly
between certain subgroups within the active treatment (new drug) group. Older statistical methods for evaluating drug trials often fail to provide
definitive answers when these problems arise. Therefore, new “adaptive” statistical methods are under development that allow changes in the study
design when interim data evaluation indicates the need. Preliminary results with such methods suggest that they may allow decisions regarding
superiority as well as noninferiority, shortening of trial duration, discovery of new therapeutic benefits, and more reliable conclusions regarding the
results (see Bhatt & Mehta, 2016).

In cases of urgent need (eg, cancer chemotherapy), the process of preclinical and clinical testing and FDA review may be accelerated. For serious
diseases, the FDA may permit extensive but controlled marketing of a new drug before phase 3 studies are completed; for life-threatening diseases, it
may permit controlled marketing even before phase 2 studies have been completed. “Fast track,” “priority approval,” and “accelerated approval” are
FDA programs that are intended to speed entry of new drugs into the marketplace. In 2012, an additional special category of “breakthrough” products
(eg, for cystic fibrosis) was approved for restricted marketing after expanded phase 1 trials (Table 1–6). Roughly 50% of drugs in phase 3 trials enter
early, controlled marketing. Such accelerated approval is usually granted with the requirement that careful monitoring of the effectiveness and toxicity
of the drug be carried out and reported to the FDA. Unfortunately, FDA enforcement of this requirement has not always been adequate.

Once approval to market a drug has been obtained, phase 4 begins. This constitutes monitoring the safety of the new drug under actual conditions of
use in large numbers of patients. The importance of careful and complete reporting of toxicity by physicians after marketing begins can be appreciated
by noting that many important drug-induced effects have an incidence of 1 in 10,000 or less and that some adverse effects may become apparent only
after chronic dosing. The sample size required to disclose drug-induced events or toxicities is very large for such rare events. For example, several
hundred thousand patients may have to be exposed before the first case is observed of a toxicity that occurs with an average incidence of 1 in 10,000.
Therefore, low-incidence drug effects are not generally detected before phase 4 no matter how carefully phase 1, 2, and 3 studies are executed. Phase
4 has no fixed duration. As with monitoring of drugs granted accelerated approval, phase 4 monitoring has often been lax.

The time from the filing of a patent application (which usually precedes clinical trials) to approval for marketing of a new drug may be 5 years or
considerably longer. Since the lifetime of a patent is 20 years in the USA, the owner of the patent (usually a pharmaceutical company) has exclusive
rights for marketing the product for only a limited time after approval of the new drug application. Because the FDA review process itself can be lengthy
(300–500 days for evaluation of an NDA), the time consumed by the review is sometimes added to the patent life. However, the extension (up to 5 years)
cannot increase the total life of the patent to more than 14 years after approval of a new drug application. The Patient Protection and Affordable Care
Act of 2010 provides for 12 years of patent protection for new drugs. After expiration of the patent, any company may produce the drug, file an
abbreviated new drug application (ANDA), demonstrate required equivalence, and, with FDA approval, market the drug as a generic product without
paying license fees to the original patent owner. Currently, more than half of prescriptions in the USA are for generic drugs. Even biotechnology-based
drugs such as antibodies and other proteins are now qualifying for generic (“biosimilar”) designation, and this has fueled regulatory concerns. More
information on drug patents is available at the FDA website at http://www.fda.gov/Drugs/DevelopmentApprovalProcess/ucm079031.htm.

A trademark is a drug’s proprietary trade name and is usually registered; this registered name may be legally protected as long as it is used. A
generically equivalent product, unless specially licensed, cannot be sold under the trademark name and is often designated by the official generic
name. Generic prescribing is described in Chapter 66.

Conflicts of Interest

Several factors in the development and marketing of drugs result in conflicts of interest. Use of pharmaceutical industry funding to support FDA
approval processes raises the possibility of conflicts of interest within the FDA. Supporters of this practice point out that chronic FDA underfunding by
the government allows for few alternatives. Another important source of conflicts of interest is the dependence of the FDA on outside panels of experts
who are recruited from the scientific and clinical community to advise the government agency on questions regarding drug approval or withdrawal.
Such experts are often recipients of grants from the companies producing the drugs in question. The need for favorable data in the new drug
application leads to phase 2 and 3 trials in which the new agent is compared only to placebo, not to older, effective drugs. As a result, data regarding
the efficacy and toxicity of the new drug relative to a known effective agent may not be available when the new drug is first marketed.

Manufacturers promoting a new agent may pay physicians to use it in preference to older drugs with which they are more familiar. Manufacturers
sponsor small and often poorly designed clinical studies after marketing approval and aid in the publication of favorable results but may retard
publication of unfavorable results. The need for physicians to meet continuing medical education (CME) requirements in order to maintain their
licenses encourages manufacturers to sponsor conferences and courses, often in highly attractive vacation sites, and new drugs are often featured in
such courses. The common practice of distributing free samples of new drugs to practicing physicians has both positive and negative effects. The
samples allow physicians to try out new drugs without incurring any cost to the patient. On the other hand, new drugs are usually much more
expensive than older agents, and when the free samples run out, the patient (or insurance carrier) may be forced to pay much more for treatment than
if the older, cheaper, and possibly equally effective drug were used. Finally, when the patent for a drug is nearing expiration, the patent-holding
manufacturer may try to extend its exclusive marketing status by paying generic manufacturers to not introduce a generic version (“pay to delay”).

Adverse Drug Reactions

An adverse drug event (ADE) or reaction to a drug (ADR) is a harmful or unintended response. Adverse drug reactions are claimed to be the fourth
leading cause of death, higher than pulmonary disease, AIDS, accidents, and automobile deaths. The FDA has further estimated that 300,000
preventable adverse events occur annually in hospitals, many as a result of confusing medical information or lack of information (eg, regarding drug
incompatibilities). Adverse reactions occurring only in certain susceptible patients include intolerance, idiosyncrasy (frequently genetic in origin), and
allergy (usually immunologically mediated). During IND studies and clinical trials before FDA approval, all adverse events (serious, life-threatening,
disabling, reasonably drug related, or unexpected) must be reported. After FDA approval to market a drug, surveillance, evaluation, and reporting
must continue for any adverse events that are related to use of the drug, including overdose, accident, failure of expected action, events occurring
from drug withdrawal, and unexpected events not listed in labeling. Events that are both serious and unexpected must be reported to the FDA within 15
days. The ability to predict and avoid adverse drug reactions and optimize a drug’s therapeutic index is an increasing focus of pharmacogenetic and
personalized (also called “precision”) medicine. It has been suggested that greater use of electronic health records will reduce some of these risks (see
Chapter 66). This hope has not yet been realized.

Orphan Drugs & Treatment of Rare Diseases

Drugs for rare diseases—so-called orphan drugs—can be difficult to research, develop, and market. Proof of drug safety and efficacy in small
populations must be established, but doing so is a complex process. Furthermore, because basic research in the pathophysiology and mechanisms of
rare diseases receives relatively little attention or funding in both academic and industrial settings, recognized rational targets for drug action may be
few. In addition, the cost of developing a drug can greatly influence priorities when the target population is relatively small. Funding for development
of drugs for rare diseases or ignored diseases that do not receive priority attention from the traditional industry has received increasing support via
philanthropy or similar funding from not-for-profit foundations such as the Cystic Fibrosis Foundation, the Michael J. Fox Foundation for Parkinson’s
Research, the Huntington’s Disease Society of America, and the Gates Foundation.

The Orphan Drug Amendment of 1983 provides incentives for the development of drugs for treatment of a rare disease or condition defined as “any
disease or condition which (a) affects less than 200,000 persons in the USA or (b) affects more than 200,000 persons in the USA but for which there is
no reasonable expectation that the cost of developing and making available in the USA a drug for such disease or condition will be recovered from
sales in the USA of such drug.” Since 1983, the FDA has approved for marketing more than 300 orphan drugs to treat more than 82 rare diseases.

SOURCES OF INFORMATION

Students who wish to review the field of pharmacology in preparation for an examination are referred to Pharmacology: Examination and Board
Review, by Katzung, Kruidering-Hall, and Trevor (McGraw Hill, 2019). This book provides approximately 1000 questions and explanations in USMLE
format. A short study guide is USMLE Road Map: Pharmacology, by Katzung and Trevor (McGraw Hill, 2006). Road Map contains numerous tables,
figures, mnemonics, and USMLE-type clinical vignettes.

The references at the end of each chapter in this book were selected to provide reviews or classic publications of information specific to those
chapters. More detailed questions relating to basic or clinical research are best answered by referring to the journals covering general pharmacology
and clinical specialties. For the student and the physician, three periodicals can be recommended as especially useful sources of current information
about drugs: The New England Journal of Medicine, which publishes much original drug-related clinical research as well as frequent reviews of topics
in pharmacology; The Medical Letter on Drugs and Therapeutics, which publishes brief critical reviews of new and old therapies; and Prescriber’s
Letter, a monthly comparison of new and older drug therapies with much useful advice. On the Internet/World Wide Web, two sources can be
particularly recommended: the Cochrane Collaboration and the FDA site (see reference list below).

Other sources of information pertinent to the United States should be mentioned as well. The “package insert” is a summary of information that the
manufacturer is required to place in the prescription sales package; Physicians’ Desk Reference (PDR) is a compendium of package inserts published
annually with supplements twice a year. It is sold in bookstores and distributed to licensed physicians. The package insert consists of a brief
description of the pharmacology of the product. This brochure contains much practical information, but also lists every toxic effect ever reported, no
matter how rare, thus shifting responsibility for adverse drug reactions from the manufacturer to the prescriber. UpToDate.com is a large subscription
website containing detailed descriptions of current standards of care, including drug therapy, for a wide variety of clinical conditions. Micromedex and
Lexi-Comp are extensive subscription websites. They provide downloads for personal digital assistant devices, online drug dosage and interaction
information, and toxicologic information. A useful and objective quarterly handbook that presents information on drug toxicity and interactions is
Drug Interactions: Analysis and Management. Finally, the FDA maintains an Internet website that carries news regarding recent drug approvals,
withdrawals, warnings, etc. It can be accessed at http://www.fda.gov. The MedWatch drug safety program is a free e-mail notification service that
provides news of FDA drug warnings and withdrawals. Subscriptions may be obtained at https://www.fda.gov/safety/medwatch-fda-safety-
information-and-adverse-event-reporting-program.

CASE STUDY ANSWER

Aspirin overdose commonly causes a mixed respiratory alkalosis and metabolic acidosis. Because aspirin is a weak acid, serum acidosis favors entry
of the drug into tissues (increasing toxicity), and urinary acidosis favors reabsorption of excreted drug back into the blood (prolonging the effects of
the overdose). Sodium bicarbonate, a weak base, is an important component of the management of aspirin overdose. It causes alkalosis, reducing
entry into tissues, and increases the pH of the urine, enhancing renal clearance of the drug. See the discussion of the ionization of weak acids and
weak bases in the text.
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MABs, monoclonal antibodies.

1The Kd is the concentration for 50% saturation of the receptors and is inversely proportionate to the affinity of the drug for the receptors.

Data from Ruffolo RR Jr, Gellai M, Hieble JP, et al: The Pharmacology of carvedilol, Eur J Clin Pharmacol 1990;38S2:S82-88.

MDR1, multidrug resistance protein-1; MRP1, multidrug resistance-associated protein-1; NET, norepinephrine transporter; SERT, serotonin reuptake transporter;

VMAT, vesicular monoamine transporter.

1The pKa is that pH at which the concentrations of the ionized and nonionized forms are equal.

2More than one ionizable group.

3Isoelectric point.
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Chapter 1: Introduction: The Nature of Drugs & Drug Development & Regulation

Bertram G. Katzung

CASE STUDY

CASE STUDY

A 78-year-old woman is brought to the hospital because of suspected aspirin overdose*. She has taken aspirin for joint pain for many years without
incident, but during the past year, she has exhibited signs of cognitive decline. Her caregiver finds her confused, hyperventilating, and vomiting. The
caregiver finds an empty bottle of aspirin tablets and calls 9-1-1. In the emergency department, samples of venous and arterial blood are obtained
while the airway, breathing, and circulation are evaluated. An intravenous (IV) drip is started, and gastrointestinal decontamination is begun. After
blood gas results are reported, sodium bicarbonate is administered via the IV. What is the purpose of the sodium bicarbonate?

Pharmacology can be defined as the study of substances that interact with living systems through chemical processes. These interactions usually
occur by binding of the substance to regulatory molecules and activating or inhibiting normal body processes. These substances may be chemicals
administered to achieve a beneficial therapeutic effect on some process within the patient or for their toxic effects on regulatory processes in parasites
infecting the patient. Such deliberate therapeutic applications may be considered the proper role of medical pharmacology, which is often defined
as the science of substances used to prevent, diagnose, and treat disease. Toxicology is the branch of pharmacology that deals with the undesirable
effects of chemicals on living systems, from individual cells to humans to complex ecosystems (Figure 1–1). The nature of drugs—their physical
properties and their interactions with biological systems—is discussed in part I of this chapter.

FIGURE 1–1

Major areas of study in pharmacology. The actions of chemicals can be divided into two large domains. The first (left side) is that of medical
pharmacology and toxicology, which is aimed at understanding the actions of drugs as chemicals on individual organisms, especially humans and
domestic animals. Both beneficial and toxic effects are included. Pharmacokinetics deals with the absorption, distribution, and elimination of drugs.
Pharmacodynamics concerns the actions of the chemical on the organism. The second domain (right side) is that of environmental toxicology, which is
concerned with the effects of chemicals on all organisms and their survival in groups and as species.

New drugs are added every year; they are needed for several reasons including: (1) increasing resistance by bacteria and other parasites; (2) discovery
of new target processes in diseases that have not been adequately treated; and (3) recognition of new diseases. Furthermore, a dramatic increase has
occurred in the number of large molecule drugs (especially antibodies) approved during the last two decades. The development of new drugs and their
regulation by government agencies are discussed in part II.

*The author thanks Barry Berkowitz, PhD, for contributions to the second part of this chapter in previous editions.

THE HISTORY OF PHARMACOLOGY

Prehistoric people undoubtedly recognized the beneficial or toxic effects of many plant and animal materials. Early written records list remedies of
many types, including a few that are still recognized as useful drugs today. Most, however, were worthless or actually harmful. Beginning about 1500
years ago, sporadic attempts were made to introduce rational methods into medicine, but none was successful owing to the dominance of systems of
thought (“schools”) that purported to explain all of biology and disease without the need for experimentation and observation. These schools
promulgated bizarre notions such as the idea that disease was caused by excesses of bile or blood in the body, that wounds could be healed by
applying a salve to the weapon that caused the wound, and so on.

Around the end of the 17th century, concepts based on observation and experimentation began to replace theorizing in physiology and clinical
medicine. As the value of these methods in the study of disease became clear, physicians in Great Britain and on the Continent began to apply them
systematically to the effects of traditional drugs used in their own practices. Thus, materia medica—the science of drug preparation and the medical
uses of drugs—began to develop as the precursor to pharmacology. However, any real understanding of the mechanisms of action of drugs was
prevented by the absence of methods for purifying active agents from the crude materials that were available and—even more—by the lack of methods
for testing hypotheses about the nature of drug actions.

In the late 18th and early 19th centuries, François Magendie and his student Claude Bernard began to develop the methods of experimental
physiology and pharmacology. Advances in chemistry and the further development of physiology in the 18th, 19th, and early 20th centuries laid the
foundation needed for understanding how drugs work at the organ and cellular levels. Paradoxically, real advances in basic pharmacology during this
time were accompanied by an outburst of unscientific claims by manufacturers and marketers of worthless “patent medicines.” Not until the concepts
of rational therapeutics, especially that of the controlled clinical trial, were reintroduced into medicine—only about 60 years ago—did it become
possible to adequately evaluate therapeutic claims.

Around the 1940s and 1950s, a major expansion of research efforts in all areas of biology began. As new concepts and new techniques were
introduced, information accumulated about drug action and the biologic substrate of that action, the drug receptor. During the last 60 years, many
fundamentally new drug groups and new members of old groups have been introduced. The last three decades have seen an even more rapid growth
of information and understanding of the molecular basis for drug action. The molecular mechanisms of action of many drugs have now been
identified, and numerous receptors have been isolated, structurally characterized, and cloned. In fact, the use of receptor identification methods
(described in Chapter 2) has led to the discovery of many orphan receptors—receptors for which no ligand has been discovered and whose function
can only be guessed. Studies of the local molecular environment of receptors have shown that receptors and effectors do not function in isolation;
they are strongly influenced by other receptors and by companion regulatory proteins. Most recently, it has become clear that gravitational change,
radiation, and other aspects of space outside the Earth’s environment require the development of space medicine. This has opened another important
area for the future of pharmacology. One result of these discoveries is the confirmation that pharmacology represents an area where anatomy,
biochemistry, genetics, physiology, pathology, clinical medicine, and the environment meet. Many problems that the health practitioner confronts can
now be corrected or mitigated using pharmacologic tools.

Pharmacogenomics—the relation of the individual’s genetic makeup to his or her response to specific drugs—is becoming an important part of
therapeutics (see Chapter 5). Decoding of the genomes of many species—from bacteria to humans—has led to the recognition of unsuspected
relationships between receptor families and the ways that receptor proteins have evolved. Furthermore, discovery of regulatory functions exerted by
the neighbors of chromosomes and the noncoding regions of DNA on the expression of exons has opened a new area of possible manipulation of the
genes—epigenetics—that control pharmacologic responses.

The discovery that small segments of RNA can interfere with protein synthesis with extreme selectivity has led to investigation of small interfering
RNAs (siRNAs) and micro-RNAs (miRNAs) as therapeutic agents. Similarly, short nucleotide chains called antisense oligonucleotides (ANOs),
synthesized to be complementary to natural RNA or DNA, can interfere with the readout of genes and the transcription of RNA. Finally, new, efficient
methods of DNA editing have made possible the modification of genes that encode proteins that are critical to immunologic functions, including
anticancer receptors on T-cells. These developments have led to a dramatic increase in large molecule therapeutics in the last 20 years (Table 1–1).

TABLE 1–1

Development of large molecule therapeutic agents as a fraction of all  new drug approvals,  2000–2017.

Y e a r Total  New Drug Approvals New Protein Drugs (∼% of new drug approvals) New MABs (∼% of new drug approvals)

2000 63 3 (5%) 1 (2%)

2008 34 5 (15%) 1 (3%)

2010 49 8 (16%) 4 (8%)

2015 69 13 (19%) 9 (13%)

2017 63 10 (16%) 9 (14%)

Unfortunately, the medication-consuming public is still exposed to vast amounts of inaccurate or unscientific information regarding the
pharmacologic effects of chemicals. This results in the irrational use of innumerable expensive, ineffective, and sometimes harmful remedies and the
growth of a huge “alternative health care” industry. Furthermore, manipulation of the legislative process in the United States has allowed many
substances promoted for health—but not promoted specifically as “drugs”—to avoid meeting the Food and Drug Administration (FDA) standards
described in the second part of this chapter. Conversely, lack of understanding of basic scientific principles in biology and statistics and the absence of
critical thinking about public health issues have led to rejection of medical science, including vaccines, by a segment of the public and to a common
tendency to assume that all adverse drug effects are the result of malpractice.

General principles that the student should remember are (1) that all substances can under certain circumstances be toxic; (2) that the chemicals in
botanicals (herbs and plant extracts, “nutraceuticals”) are no different from chemicals in manufactured drugs except for the much greater proportion
of impurities in botanicals; and (3) that all dietary supplements and all therapies promoted as health-enhancing should meet the same standards of
efficacy and safety as conventional drugs and medical therapies. That is, there should be no artificial separation between scientific medicine and
“alternative” or “complementary” medicine. Ideally, all nutritional and botanical substances should be tested by the same types of randomized
controlled trials (RCTs) as synthetic compounds.

GENERAL PRINCIPLES OF PHARMACOLOGY

THE NATURE OF DRUGS

In the most general sense, a drug may be defined as any substance that brings about a change in biologic function through its chemical actions. In most
cases, the drug molecule interacts as an agonist (activator) or antagonist (inhibitor) with a specific target molecule that plays a regulatory role in the
biologic system. This target molecule is called a receptor. Some of the new large molecule drugs (biologicals) are receptors themselves and bind
endogenous molecules. The nature of receptors is discussed more fully in Chapter 2. In a very small number of cases, drugs known as chemical
antagonists may interact directly with other drugs, whereas a few drugs (osmotic agents) interact almost exclusively with water molecules. Drugs
may be synthesized within the body (eg, hormones) or may be chemicals not synthesized in the patient’s body (ie, xenobiotics). Poisons are drugs
that have almost exclusively harmful effects. However, Paracelsus (1493–1541) famously stated that “the dose makes the poison,” meaning that any
substance can be harmful if taken in the wrong dosage. Toxins are usually defined as poisons of biologic origin, ie, synthesized by plants or animals,
in contrast to inorganic poisons such as lead and arsenic.

The Physical Nature of Drugs

To interact chemically with its receptor, a drug molecule must have the appropriate size, electrical charge, shape, and atomic composition.
Furthermore, a drug is often administered at a location distant from its intended site of action, eg, a pill taken orally to relieve a headache. Therefore, a
useful drug must have the necessary properties to be transported from its site of administration to its site of action. Finally, a practical drug should be
inactivated or excreted from the body at a reasonable rate so that its actions will be of appropriate duration.

Drugs may be solid at room temperature (eg, aspirin, atropine), liquid (eg, nicotine, ethanol), or gaseous (eg, nitrous oxide, nitric oxide, xenon). These
factors often determine the best route of administration. The most common routes of administration are described in Chapter 3, Table 3–3. The
various classes of organic compounds—carbohydrates, proteins, lipids, and smaller molecules—are all represented in pharmacology. As noted above,
many proteins have been approved and some oligonucleotides, in the form of small segments of RNA, have entered clinical trials and are on the
threshold of introduction into therapeutics.

A number of inorganic elements, eg, fluoride, lithium, iron, and heavy metals, are both useful and dangerous drugs. Many organic drugs are weak acids
or bases. This fact has important implications for the way they are handled by the body, because pH differences in the various compartments of the
body may alter the degree of ionization of weak acids and bases (see text that follows).

Drug Size

The molecular size of drugs varies from very small (lithium ion, molecular weight [MW] 7) to very large (eg, alteplase [t-PA], a protein of MW 59,050).
Many antibodies are even larger; eg, erenumab, an antibody used in the management of migraine, has a MW of more than 145,000. However, most
drugs have molecular weights between 100 and 1000. The lower limit of this narrow range is probably set by the requirements for specificity of action.
To have a good “fit” to only one type of receptor, a drug molecule must be sufficiently unique in shape, charge, and other properties to prevent its
binding to other receptors. To achieve such selective binding, it appears that a molecule should in most cases be at least 100 MW units in size. The
upper limit in molecular weight is determined primarily by the requirement that most drugs must be able to move within the body (eg, from the site of
administration to the site of action and then to the site of elimination). Drugs much larger than MW 1000 do not diffuse readily between compartments
of the body (discussed under Permeation, in following text). Therefore, very large drugs (usually proteins) must often be administered directly into the
compartment where they have their effect. In the case of alteplase, a clot-dissolving enzyme, the drug is administered directly into the vascular
compartment by intravenous or intra-arterial infusion.

Drug Reactivity & Drug-Receptor Bonds

Drugs interact with receptors by means of chemical forces or bonds. These are of three major types: covalent, electrostatic, and hydrophobic.
Covalent bonds are very strong and in many cases not reversible under biologic conditions. Thus, the covalent bond formed between the acetyl group
of acetylsalicylic acid (aspirin) and cyclooxygenase, its enzyme target in platelets, is not readily broken. The platelet aggregation–blocking effect of
aspirin lasts long after free acetylsalicylic acid has disappeared from the bloodstream (about 15 minutes) and is reversed only by the synthesis of new
enzyme in new platelets, a process that takes several days. Other examples of highly reactive, covalent bond-forming drugs include the DNA-alkylating
agents used in cancer chemotherapy to disrupt cell division in the tumor.

Electrostatic bonding is much more common than covalent bonding in drug-receptor interactions. Electrostatic bonds vary from relatively strong
linkages between permanently charged ionic molecules to weaker hydrogen bonds and very weak induced dipole interactions such as van der Waals
forces and similar phenomena. Electrostatic bonds are weaker than covalent bonds.

Hydrophobic bonds are usually quite weak and are probably important in the interactions of highly lipid-soluble drugs with the lipids of cell
membranes and perhaps in the interaction of drugs with the internal walls of receptor “pockets.”

The specific nature of a particular drug-receptor bond is of less practical importance than the fact that drugs that bind through weak bonds to their
receptors are generally more selective than drugs that bind by means of very strong bonds. This is because weak bonds require a very precise fit of the
drug to its receptor if an interaction is to occur. Only a few receptor types are likely to provide such a precise fit for a particular drug structure. Thus, if
we wished to design a highly selective drug for a particular receptor, we would avoid highly reactive molecules that form covalent bonds and instead
choose a molecule that forms weaker bonds.

A few substances that are almost completely inert in the chemical sense nevertheless have significant pharmacologic effects. For example, xenon, an
“inert” gas, has anesthetic effects at elevated pressures.

Drug Shape

The shape of a drug molecule must be such as to permit binding to its target site via the bonds just described. Optimally, the drug’s shape is
complementary to that of the target site (usually a receptor) in the same way that a key is complementary to a lock. Furthermore, the phenomenon of
chirality (stereoisomerism) is so common in biology that more than half of all useful drugs are chiral molecules; that is, they can exist as
enantiomeric pairs. Drugs with two asymmetric centers have four diastereomers, eg, ephedrine, a sympathomimetic drug. In most cases, one of these
enantiomers is much more potent than its mirror image enantiomer, reflecting a better fit to the receptor molecule. If one imagines the receptor site to
be like a glove into which the drug molecule must fit to bring about its effect, it is clear why a “left-oriented” drug is more effective in binding to a left-
hand receptor than its “right-oriented” enantiomer.

The more active enantiomer at one type of receptor site may not be more active at another receptor type, eg, a type that may be responsible for some
other effect. For example, carvedilol, a drug that interacts with adrenoceptors, has a single chiral center and thus two enantiomers (Table 1–2). One of
these enantiomers, the (S)(–) isomer, is a potent β-receptor blocker. The (R)(+) isomer is 100-fold weaker at the β receptor. However, the isomers are
approximately equipotent as α-receptor blockers. Ketamine, a chiral molecule with two isomers, was introduced as an anesthetic. When administered
as an anesthetic, the racemic mixture is administered intravenously. In contrast, the (S) enantiomer has recently been approved for use in nasal spray
form as a rapid-acting antidepressant.

TABLE 1–2

Dissociation constants (Kd )  of  the enantiomers and racemate of carvedilol.

Form of  Carvedilol α  Receptors (Kd ,  nmol/L1) β  Receptors (Kd ,  nmol/L)

(R)(+) enantiomer 14 45

(S)(−) enantiomer 16 0.4

(R,S)(±) enantiomers 11 0.9

Finally, because enzymes are usually stereoselective, one drug enantiomer is often more susceptible than the other to drug-metabolizing enzymes. As
a result, the duration of action of one enantiomer may be quite different from that of the other. Similarly, drug transporters may be stereoselective.

Unfortunately, most studies of clinical efficacy and drug elimination in humans have been carried out with racemic mixtures of drugs rather than with
the separate enantiomers. At present, less than half of the chiral drugs used clinically are marketed as the active isomer—the rest are available only as
racemic mixtures. As a result, a majority of patients receive drug doses of which 50% is less active or inactive. A few drugs are currently available in both
the racemic and the pure, active isomer forms. However, proof that administration of the pure, active enantiomer decreases adverse effects relative to
those produced by racemic formulations has not been established.

Rational Drug Design

Rational design of drugs implies the ability to predict the appropriate molecular structure of a drug on the basis of information about its biologic
receptor. Until recently, no receptor was known in sufficient detail to permit such drug design. Instead, drugs were developed through random testing
of chemicals or modification of drugs already known to have some effect. However, the characterization of many receptors during the past three
decades has changed this picture. A few drugs now in use were developed through molecular design based on knowledge of the three-dimensional
structure of the receptor site. Computer programs are now available that can iteratively optimize drug structures to fit known receptors. As more
becomes known about receptor structure, rational drug design will become more common.

Receptor Nomenclature

The spectacular success of newer, more efficient ways to identify and characterize receptors (see Chapter 2) has resulted in a variety of differing, and
sometimes confusing, systems for naming them. This in turn has led to a number of suggestions regarding more rational methods of naming
receptors. The interested reader is referred for details to the efforts of the International Union of Pharmacology (IUPHAR) Committee on Receptor
Nomenclature and Drug Classification (reported in various issues of Pharmacological Reviews and elsewhere) and to Alexander SP et al: The Concise
Guide to PHARMACOLOGY 2017/18: Overview. Br J Pharmacol 2017;174:S1. The chapters in this book mainly use these sources for naming receptors.

DRUG-BODY INTERACTIONS

The interactions between a drug and the body are conveniently divided into two classes. The actions of the drug on the body are termed
pharmacodynamic processes (Figure 1–1); the principles of pharmacodynamics are presented in greater detail in Chapter 2. These properties
determine the group in which the drug is classified, and they play the major role in deciding whether that group is appropriate therapy for a particular
symptom or disease. The actions of the body on the drug are called pharmacokinetic processes and are described in Chapters 3 and 4.
Pharmacokinetic processes govern the absorption, distribution, and elimination of drugs and are of great practical importance in the choice and
administration of a particular drug for a particular patient, eg, a patient with heart failure who also has impaired renal function. The following
paragraphs provide a brief introduction to pharmacodynamics and pharmacokinetics.

Pharmacodynamic Principles

Most drugs must bind to a receptor to bring about an effect. However, at the cellular level, drug binding is only the first in a sequence of possible steps:

Drug (D) + receptor-effector (R) → drug-receptor-effector complex → effect

D + R → drug-receptor complex → effector molecule → effect

D + R → D-R complex → activation of coupling molecule → effector molecule → effect

Inhibition of metabolism of endogenous activator → increased activator action on an effector molecule → increased effect

Note that the final change in function is accomplished by an effector mechanism. The effector may be part of the receptor molecule or may be a
separate molecule. A very large number of receptors communicate with their effectors through coupling molecules, as described in Chapter 2.

A. Types of Drug-Receptor Interactions

Agonist drugs bind to and activate the receptor in some fashion, which directly or indirectly brings about the effect (Figure 1–2A). Receptor activation
involves a change in conformation in the cases that have been studied at the molecular structure level. Some receptors incorporate effector machinery
in the same molecule, so that drug binding brings about the effect directly, eg, opening of an ion channel or activation of enzyme activity. Other
receptors are linked through one or more intervening coupling molecules to a separate effector molecule. The major types of drug-receptor-effector
coupling systems are discussed in Chapter 2. Pharmacologic antagonist drugs, by binding to a receptor, compete with and prevent binding by other
molecules. For example, acetylcholine receptor blockers such as atropine are antagonists because they prevent access of acetylcholine and similar
agonist drugs to the acetylcholine receptor site and they stabilize the receptor in its inactive state (or some state other than the acetylcholine-activated
state). These agents reduce the effects of acetylcholine and similar molecules in the body (Figure 1–2B), but their action can be overcome by increasing
the dosage of agonist. Some antagonists bind very tightly to the receptor site in an irreversible or pseudoirreversible fashion and cannot be displaced
by increasing the agonist concentration. Drugs that bind to the same receptor molecule but do not prevent binding of the agonist are said to act
allosterically and may enhance (Figure 1–2C) or inhibit (Figure 1–2D) the action of the agonist molecule. Allosteric inhibition is not usually overcome
by increasing the dose of agonist.

FIGURE 1–2

ts binding affinity. The curve shown reflects an increase in efficacy; an increase in affinity would result in a leftward shift of the curve.

gonists That Inhibit Their Binding Molecules

e drugs mimic agonist drugs by inhibiting the molecules responsible for terminating the action of an endogenous agonist. For example,
tylcholinesterase inhibitors, by slowing the destruction of endogenous acetylcholine, cause cholinomimetic effects that closely resemble the
ions of cholinoceptor agonist molecules even though cholinesterase inhibitors do not bind or only incidentally bind to cholinoceptors (see Chapt
Because they amplify the effects of physiologically released endogenous agonist ligands, their effects are sometimes more selective and less toxi
n those of exogenous agonists.

gonists, Partial Agonists, and Inverse Agonists

ure 1–3 describes a useful model of drug-receptor interactions. As indicated, the receptor is postulated to exist partially in the inactive,
functional form (Ri) and partially in the activated form (Ra). Thermodynamic considerations indicate that even in the absence of any agonist, so

he receptor pool must exist in the Ra form some of the time and may produce the same physiologic effect as agonist-induced activity. This effect,

urring in the absence of agonist, is termed constitutive or basal activity. Agonists have a much higher affinity for the Ra configuration and

bilize it, so that a large percentage of the total pool resides in the Ra–D fraction and a large effect is produced. The recognition of constitutive acti

y depend on the receptor density, the concentration of coupling molecules (if a coupled system), and the number of effectors in the system.

RE 1–3

odel of drug-receptor interaction. The hypothetical receptor is able to assume two conformations. In the Ri conformation, it is inactive and

duces no effect, even when combined with a drug molecule. In the Ra conformation, the receptor can activate downstream mechanisms that

duce a small observable effect, even in the absence of drug (constitutive activity). In the absence of drugs, the two isoforms are in equilibrium, an
 Ri form is favored. Conventional full agonist drugs have a much higher affinity for the Ra conformation, and mass action thus favors the formatio

he Ra–D complex with a much larger observed effect. Partial agonists have an intermediate affinity for both Ri and Ra forms. Conventional

agonists, according to this hypothesis, have equal affinity for both receptor forms and maintain the same level of constitutive activity. Inverse
nists, on the other hand, have a much higher affinity for the Ri form, reduce constitutive activity, and may produce a contrasting physiologic resu

Many agonist drugs, when administered at concentrations sufficient to saturate the receptor pool, can activate their receptor-effector systems to the
maximum extent of which the system is capable; that is, they cause a shift of almost all of the receptor pool to the Ra–D pool. Such drugs are termed

full agonists. Other drugs, called partial agonists, bind to the same receptors and activate them in the same way but do not evoke as great a
response, no matter how high the concentration. In the model in Figure 1–3, partial agonists do not stabilize the Ra configuration as fully as full

agonists, so that a significant fraction of receptors exists in the Ri–D pool. Such drugs are said to have low intrinsic efficacy. Because they occupy the

same receptor site, partial agonists can also prevent access by full agonists. Thus, pindolol, a β-adrenoceptor partial agonist, may act either as an
agonist (if no full agonist is present) or as an antagonist (if a full agonist such as epinephrine is present). (See Chapter 2.) Intrinsic efficacy is
independent of affinity (as usually measured) for the receptor.

In the same model, conventional antagonist action can be explained as fixing the fractions of drug-bound Ri and Ra in the same relative amounts as in

the absence of any drug. In this situation, no change in activity will be observed, so the drug will appear to be without effect. However, the presence of
the antagonist at the receptor site will block access of agonists to the receptor and prevent the usual agonist effect. Such blocking action can be termed
neutral antagonism.

What will happen if a drug has a much stronger affinity for the Ri than for the Ra state and stabilizes a large fraction in the Ri–D pool? In this scenario the

drug will reduce any constitutive activity, thus resulting in effects that are the opposite of the effects produced by conventional agonists at that
receptor. Such drugs are termed inverse agonists (Figure 1–3). One of the best documented examples of such a system is the γ-aminobutyric acid
(GABAA) receptor-effector (a chloride channel) in the nervous system. This receptor is activated by the endogenous transmitter GABA and causes

inhibition of postsynaptic cells. Conventional exogenous agonists such as benzodiazepines also facilitate the receptor-effector system and cause
GABA-like inhibition with sedation as the therapeutic result. This sedation can be reversed by conventional neutral antagonists such as flumazenil.
Inverse agonists of this receptor system cause anxiety and agitation, the inverse of sedation (see Chapter 22). Similar inverse agonists have been found
for β adrenoceptors, histamine H1 and H2 receptors, and several other receptor systems.

D. Duration of  Drug Action

Termination of drug action can result from several processes. In some cases, the effect lasts only as long as the drug occupies the receptor, and
dissociation of drug from the receptor automatically terminates the effect. In many cases, however, the action may persist after the drug has
dissociated because, for example, some coupling molecule is still present in activated form. In the case of drugs that bind covalently to the receptor
site, the effect may persist until the drug-receptor complex is destroyed and new receptors or enzymes are synthesized, as described previously for
aspirin. In addition, many receptor-effector systems incorporate desensitization mechanisms for preventing excessive activation when agonist
molecules continue to be present for long periods. (See Chapter 2 for additional details.)

E. Receptors and Inert Binding Sites

To function as a receptor, an endogenous molecule must first be selective in choosing ligands (drug molecules) to bind; and second, it must change
its function upon binding in such a way that the function of the biologic system (cell, tissue, etc) is altered. The selectivity characteristic is required to
avoid constant activation of the receptor by promiscuous binding of many different ligands. The ability to change function is clearly necessary if the
ligand is to cause a pharmacologic effect. The body contains a vast array of molecules that are capable of binding drugs, however, and not all of these
endogenous molecules are regulatory molecules. Binding of a drug to a nonregulatory molecule such as plasma albumin will result in no detectable
change in the function of the biologic system, so this endogenous molecule can be called an inert binding site. Such binding is not completely
without significance, however, because it affects the distribution of drug within the body and determines the amount of free drug in the circulation.
Both of these factors are of pharmacokinetic importance (see also Chapter 3).

Pharmacokinetic Principles

In practical therapeutics, a drug should be able to reach its intended site of action after administration by some convenient route. In many cases, the
active drug molecule is sufficiently lipid-soluble and stable to be given as such. In some cases, however, an inactive precursor chemical that is readily
absorbed and distributed must be administered and then converted to the active drug by biologic processes—inside the body. Such a precursor
chemical is called a prodrug.

In only a few situations is it possible to apply a drug directly to its target tissue, eg, by topical application of an anti-inflammatory agent to inflamed skin
or mucous membrane. Most often, a drug is administered into one body compartment, eg, the gut, and must move to its site of action in another
compartment, eg, the brain in the case of an antiseizure medication. This requires that the drug be absorbed into the blood from its site of
administration and distributed to its site of action, permeating through the various barriers that separate these compartments. For a drug given
orally to produce an effect in the central nervous system, these barriers include the tissues that make up the wall of the intestine, the walls of the
capillaries that perfuse the gut, and the blood-brain barrier, the walls of the capillaries that perfuse the brain. Finally, after bringing about its effect, a
drug should be eliminated at a reasonable rate by metabolic inactivation, by excretion from the body, or by a combination of these processes.

A. Permeation

Drug permeation proceeds by several mechanisms. Passive diffusion in an aqueous or lipid medium is common, but active processes play a role in the
movement of many drugs, especially those whose molecules are too large to diffuse readily (Figure 1–4). Drug vehicles can be very important in
facilitating transport and permeation, eg, by encapsulating the active agent in liposomes and in regulating release, as in slow release preparations.
Newer methods of facilitating transport of drugs by coupling them to nanoparticles are under investigation.

FIGURE 1–4

Mechanisms of drug permeation. Drugs may diffuse passively through aqueous channels in the intercellular junctions (eg, tight junctions, A), or
through lipid cell membranes (B). Drugs with the appropriate characteristics may be transported by carriers into or out of cells (C). Very impermeant
drugs may also bind to cell surface receptors (dark binding sites), be engulfed by the cell membrane (endocytosis), and then be released inside the cell
or expelled via the membrane-limited vesicles out of the cell into the extracellular space (exocytosis, D).

1.  Aqueous dif fusion

Aqueous diffusion occurs within the larger aqueous compartments of the body (interstitial space, cytosol, etc) and across epithelial membrane tight
junctions and the endothelial lining of blood vessels through aqueous pores that—in some tissues—permit the passage of molecules as large as MW

20,000–30,000.* See Figure 1–4A.

Aqueous diffusion of drug molecules is usually driven by the concentration gradient of the permeating drug, a downhill movement described by Fick’s
law (see below). Drug molecules that are bound to large plasma proteins (eg, albumin) do not permeate most vascular aqueous pores. If the drug is
charged, its flux is also influenced by electrical fields (eg, the membrane potential and—in parts of the nephron—the transtubular potential).

*The capillaries of the brain, the testes, and some other tissues are characterized by the absence of pores that permit aqueous diffusion. They may also
contain high concentrations of drug export pumps (MDR pump molecules; see text). These tissues are therefore protected or “sanctuary” sites from
many circulating drugs.

2.  L ipid di f fusion

Lipid diffusion is the most important limiting factor for drug permeation because of the large number of lipid barriers that separate the compartments
of the body. Because these lipid barriers separate aqueous compartments, the lipid:aqueous partition coefficient of a drug determines how
readily the molecule moves between aqueous and lipid media. In the case of weak acids and weak bases (which gain or lose electrical charge-bearing
protons, depending on the pH), the ability to move from aqueous to lipid or vice versa varies with the pH of the medium, because charged molecules
attract water molecules. The ratio of lipid-soluble form to water-soluble form for a weak acid or weak base is expressed by the Henderson-Hasselbalch
equation (described in the following text). See Figure 1–4B.

3 .  S p e c i a l  c a r r i e r s

Special carrier molecules exist for many substances that are important for cell function and too large or too insoluble in lipid to diffuse passively
through membranes, eg, peptides, amino acids, and glucose. These carriers bring about movement by active transport or facilitated diffusion and,
unlike passive diffusion, are selective, saturable, and inhibitable. Because many drugs are or resemble such naturally occurring peptides, amino acids,
or sugars, they can use these carriers to cross membranes. See Figure 1–4C.

Many cells also contain less selective membrane carriers that are specialized for expelling foreign molecules. One large family of such transporters
binds adenosine triphosphate (ATP) and is called the ABC (ATP-binding cassette) family. This family includes the P-glycoprotein or multidrug
resistance type 1 (MDR1) transporter found in the brain, testes, and other tissues, and in some drug-resistant neoplastic cells (Table 1–3). Similar
transport molecules from the ABC family, the multidrug resistance-associated protein (MRP) transporters, play important roles in the excretion
of some drugs or their metabolites into urine and bile and in the resistance of some tumors to chemotherapeutic drugs. Genomic variation in the
expression of these transporters has a profound effect on sensitivity to these drugs (see Chapter 5). Several other transporter families have been
identified that do not bind ATP but use ion gradients to drive transport. Some of these (the solute carrier [SLC] family) are particularly important in the
uptake of neurotransmitters across nerve-ending membranes. The latter carriers are discussed in more detail in Chapter 6.

TABLE 1–3

Some transport molecules important in pharmacology.

Transporter Physiologic Function Pharmacologic Significance

NET Norepinephrine reuptake from synapse Target of cocaine and some tricyclic antidepressants

SERT Serotonin reuptake from synapse Target of selective serotonin reuptake inhibitors and some tricyclic

antidepressants

VMAT Transport of dopamine and norepinephrine into

adrenergic vesicles in nerve endings

Target of reserpine and tetrabenazine

MDR1 Transport of many xenobiotics out of cells Increased expression confers resistance to certain anticancer drugs;

inhibition increases blood levels of digoxin

MRP1 Leukotriene secretion Confers resistance to certain anticancer and antifungal drugs

4 .  E n d o c y t o s i s  a n d  e x o c y t o s i s

A few substances are so large or impermeant that they can enter cells only by endocytosis, the process by which the substance is bound at a cell-
surface receptor, engulfed by the cell membrane, and carried into the cell by pinching off of the newly formed vesicle inside the membrane. The
substance can then be released into the cytosol by breakdown of the vesicle membrane (Figure 1–4D). This process is responsible for the transport of
vitamin B12, complexed with a binding protein (intrinsic factor) across the wall of the gut into the blood. Similarly, iron is transported into hemoglobin-

synthesizing red blood cell precursors in association with the protein transferrin. Specific receptors for the binding proteins must be present for this
process to work.

The reverse process (exocytosis) is responsible for the secretion of many substances from cells. For example, many neurotransmitter substances are
stored in membrane-bound vesicles in nerve endings to protect them from metabolic destruction in the cytoplasm. Appropriate activation of the nerve
ending causes fusion of the storage vesicle with the cell membrane and expulsion of its contents into the extracellular space (see Chapter 6).

B. Fick’s Law of Diffusion

The passive flux of molecules down a concentration gradient is given by Fick’s law:

where C1 is the higher concentration, C2 is the lower concentration, area is the cross-sectional area of the diffusion path, permeability coefficient is a

measure of the mobility of the drug molecules in the medium of the diffusion path, and thickness is the length of the diffusion path. In the case of lipid
diffusion, the lipid:aqueous partition coefficient is a major determinant of mobility of the drug because it determines how readily the drug enters the
lipid membrane from the aqueous medium.

C. Ionization of Weak Acids and Weak Bases; the Henderson-Hasselbalch Equation

The electrostatic charge of an ionized molecule attracts water dipoles and results in a polar, relatively water-soluble and lipid-insoluble complex.
Because lipid diffusion depends on relatively high lipid solubility, ionization of drugs may markedly reduce their ability to permeate membranes. A very
large percentage of the drugs in use are weak acids or weak bases; Table 1–4 lists some examples. For drugs, a weak acid is best defined as a neutral
molecule that can reversibly dissociate into an anion (a negatively charged molecule) and a proton (a hydrogen ion). For example, aspirin dissociates
as follows:

TABLE 1–4

Ionization constants of  some common drugs.

D r u g p Ka1 D r u g p Ka1 D r u g p Ka1

Weak acids Weak bases Weak bases (cont’d)

 Acetaminophen 9.5  Albuterol (salbutamol) 9.3  Isoproterenol 8.6

 Acetazolamide 7.2  Allopurinol 9.4, 12.32  Lidocaine 7.9

 Ampicillin 2.5  Alprenolol 9.6  Metaraminol 8.6

 Aspirin 3.5  Amiloride 8.7  Methadone 8.4

 Chlorothiazide 6.8, 9.42  Amiodarone 6.6  Methamphetamine 10.0

 Chlorpropamide 5.0  Amphetamine 9.8  Methyldopa 10.6

 Ciprofloxacin 6.1, 8.72  Atropine 9.7  Metoprolol 9.8

 Cromolyn 2.0  Bupivacaine 8.1  Morphine 7.9

 Ethacrynic acid 2.5  Chlordiazepoxide 4.6  Nicotine 7.9, 3.12

 Furosemide 3.9  Chloroquine 10.8, 8.4  Norepinephrine 8.6

 Ibuprofen 4.4, 5.22  Chlorpheniramine 9.2  Pentazocine 7.9

 Levodopa 2.3  Chlorpromazine 9.3  Phenylephrine 9.8

 Methotrexate 4.8  Clonidine 8.3  Physostigmine 7.9, 1.82

 Methyldopa 2.2, 9.22  Cocaine 8.5  Pilocarpine 6.9, 1.42

 Penicillamine 1.8  Codeine 8.2  Pindolol 8.6

 Pentobarbital 8.1  Cyclizine 8.2  Procainamide 9.2

 Phenobarbital 7.4  Desipramine 10.2  Procaine 9.0

 Phenytoin 8.3  Diazepam 3.0  Promethazine 9.1

 Propylthiouracil 8.3  Diphenhydramine 8.8  Propranolol 9.4

 Salicylic acid 3.0  Diphenoxylate 7.1  Pseudoephedrine 9.8

 Sulfadiazine 6.5  Ephedrine 9.6  Pyrimethamine 7.0–7.33

 Sulfapyridine 8.4  Epinephrine 8.7  Quinidine 8.5, 4.42

 Theophylline 8.8  Ergotamine 6.3  Scopolamine 8.1

 Tolbutamide 5.3  Fluphenazine 8.0, 3.92  Strychnine 8.0, 2.32

 Warfarin 5.0  Hydralazine 7.1  Terbutaline 10.1

 Imipramine 9.5  Thioridazine 9.5

A weak base can be defined as a neutral molecule that can form a cation (a positively charged molecule) by combining with a proton. For example,
pyrimethamine, an antimalarial drug, undergoes the following association-dissociation process:

Note that the protonated form of a weak acid is the neutral, more lipid-soluble form, whereas the unprotonated form of a weak base is the neutral
form. The law of mass action requires that these reactions move to the left in an acid environment (low pH, excess protons available) and to the right in
an alkaline environment. The Henderson-Hasselbalch equation relates the ratio of protonated to unprotonated weak acid or weak base to the
molecule’s pKa and the pH of the medium as follows:

This equation applies to both acidic and basic drugs. Inspection confirms that the lower the pH relative to the pKa, the greater will be the fraction of

drug in the protonated form. Because the uncharged form is the more lipid-soluble, more of a weak acid will be in the lipid-soluble form at acid pH,
whereas more of a basic drug will be in the lipid-soluble form at alkaline pH.

Application of this principle is made in the manipulation of drug excretion by the kidney (see Case Study). Almost all drugs are filtered at the
glomerulus. If a drug is in a lipid-soluble form during its passage down the renal tubule, a significant fraction will be reabsorbed by simple passive
diffusion. If the goal is to accelerate excretion of the drug (eg, in a case of drug overdose), it is important to prevent its reabsorption from the tubule.
This can often be accomplished by adjusting urine pH to make certain that most of the drug is in the ionized state, as shown in Figure 1–5. As a result of
this partitioning effect, the drug is “trapped” in the urine. Thus, weak acids are usually excreted faster in alkaline urine; weak bases are usually
excreted faster in acidic urine. Other body fluids in which pH differences from blood pH may cause trapping or reabsorption are the contents of the
stomach (normal pH 1.9–3) and small intestine (pH 7.5–8), breast milk (pH 6.4–7.6), aqueous humor (pH 6.4–7.5), and vaginal and prostatic secretions
(pH 3.5–7).

FIGURE 1–5

Trapping of a weak base (methamphetamine) in the urine when the urine is more acidic than the blood. In the hypothetical case illustrated, the
diffusible uncharged form of the drug has equilibrated across the membrane, but the total concentration (charged plus uncharged) in the urine (more
than 10 mg) is 25 times higher than in the blood (0.4 mg).

As indicated by Table 1–4, a large number of drugs are weak bases. Most of these bases are amine-containing molecules. The nitrogen of a neutral
amine has three atoms associated with it plus a pair of unshared electrons (see the display that follows). The three atoms may consist of one carbon or
a chain of carbon atoms (designated “R”) and two hydrogens (a primary amine), two carbons and one hydrogen (a secondary amine), or three
carbon atoms (a tertiary amine). Each of these three forms may reversibly bind a proton with the unshared electrons. Some drugs have a fourth
carbon-nitrogen bond; these are quaternary amines. However, the quaternary amine is permanently charged and has no unshared electrons with
which to reversibly bind a proton. Therefore, primary, secondary, and tertiary amines may undergo reversible protonation and vary their lipid
solubility with pH, but quaternary amines are always in the poorly lipid-soluble charged form.

DRUG GROUPS

To learn each pertinent fact about each of the many hundreds of drugs mentioned in this book would be an impractical goal and, fortunately, is
unnecessary. Almost all the several thousand drugs currently available can be arranged into about 70 groups. Many of the drugs within each group are
very similar in pharmacodynamic actions and in their pharmacokinetic properties as well. For most groups, one or two prototype drugs can be
identified that typify the most important characteristics of the group. This permits classification of other important drugs in the group as variants of
the prototype, so that only the prototype must be learned in detail and, for the remaining drugs, only the differences from the prototype.

DRUG DEVELOPMENT & REGULATION

A truly new drug (one that does not simply mimic the structure and action of previously available drugs) requires the discovery of a new drug target, ie,
the pathophysiologic process or substrate of a disease. Such discoveries are usually made in public sector institutions (universities and research
institutes), and molecules that have beneficial effects on such targets are often discovered in the same laboratories. However, the development of new
drugs usually takes place in industrial laboratories because optimization of a class of new drugs requires painstaking and expensive chemical,
pharmacologic, and toxicologic research. In fact, much of the recent progress in the application of drugs to disease problems can be ascribed to the
pharmaceutical industry including “big pharma,” the multibillion-dollar corporations that specialize in drug development and marketing. These
companies are uniquely skilled in translating basic findings into successful therapeutic breakthroughs and profit-making “blockbusters” (see
https://clincalc.com/DrugStats/Top200Drugs.aspx).

Such breakthroughs come at a price, however, and the escalating cost of drugs has become a significant contributor to the increase in the cost of
health care. Development of new drugs is enormously expensive, but considerable controversy surrounds drug pricing. Drug prices in the United
States have increased many-fold faster than overall price inflation. Critics claim that the costs of development and marketing drugs are grossly inflated
by marketing activities, advertising, and other promotional efforts, which may consume as much as 25% or more of a company’s budget. Furthermore,
profit margins for big pharma are relatively high. Recent drug-pricing scandals have been reported in which the rights to an older, established drug
that requires no costly development have been purchased by a smaller company and the price increased by several hundred or several thousand
percent. This “price gouging” has caused public outrage and attracted regulatory attention that may result in more legitimate and rational pricing
mechanisms. Finally, pricing schedules for many drugs vary dramatically from country to country and even within countries, where large organizations
can negotiate favorable prices and small ones cannot. Some countries have already addressed these inequities, and it seems likely that all countries
will have to do so during the next few decades.

NEW DRUG DEVELOPMENT

The development of a new drug usually begins with the discovery or synthesis of a potential new drug compound or the elucidation of a new drug
target. After a new drug molecule is synthesized or extracted from a natural source, subsequent steps seek an understanding of the drug’s interactions
with its biologic targets. Repeated application of this approach leads to synthesis of related compounds with increased efficacy, potency, and
selectivity (Figure 1–6). In the United States, the safety and efficacy of drugs must be established before marketing can be legally carried out. In
addition to in vitro studies, relevant biologic effects, drug metabolism, pharmacokinetic profiles, and relative safety of the drug must be characterized
in vivo in animals before human drug trials can be started. With regulatory approval, human testing may then go forward (usually in three phases)
before the drug is considered for approval for general use. A fourth phase of data gathering and safety monitoring is becoming increasingly important
and follows after approval for marketing. Once approved, the great majority of drugs become available for use by any appropriately licensed
practitioner. Highly toxic drugs that are nevertheless considered valuable in lethal diseases may be approved for restricted use by practitioners who
have undergone special training in their use and who maintain detailed records.

FIGURE 1–6

The development and testing process required to bring a drug to market in the USA. Some of the requirements may be different for drugs used in life-
threatening diseases (see text).

DRUG DISCOVERY

Most new drugs or drug products are discovered or developed through the following approaches: (1) screening for biologic activity of large numbers of
natural products, banks of previously discovered chemical entities, or large libraries of peptides, nucleic acids, and other organic molecules; (2)
chemical modification of a known active molecule, resulting in a “me-too” analog; (3) identification or elucidation of a new drug target, which suggests
molecules that will hit that target; and (4) rational design of a new molecule based on an understanding of biologic mechanisms and drug receptor
structure. Steps (3) and (4) are often carried out in academic research laboratories and are more likely to lead to breakthrough drugs, but the costs of
steps (1) and (2) usually ensure that industry carries them out.

Once a new drug target or promising molecule has been identified, the process of moving from the basic science laboratory to the clinic begins. This
translational research involves the preclinical and clinical steps described next. While clinical trials in humans are required only for drugs to be
used in humans, all of the other steps described apply to veterinary drugs as well as drugs for human diseases.

Drug Screening

Drug screening involves a variety of assays at the molecular, cellular, organ system, and whole animal levels to define the pharmacologic profile, ie,
the activity and selectivity of the drug. The type and number of initial screening tests depend on the pharmacologic and therapeutic goal. For example,
anti-infective drugs are tested against a variety of infectious organisms, some of which are resistant to standard agents; hypoglycemic drugs are tested
for their ability to lower blood sugar, etc.

The candidate molecule is also studied for a broad array of other actions to determine the mechanism of action and selectivity of the drug. This can
reveal both expected and unexpected toxic effects. Occasionally, an unexpected therapeutic action is serendipitously discovered by a careful observer;
for example, the era of modern diuretics was initiated by the observation that certain antimicrobial sulfonamides caused metabolic acidosis in
patients. The selection of compounds for development is most efficiently conducted in animal models of human disease. Where good predictive
preclinical models exist (eg, infection, hypertension, or thrombotic disease), we generally have good or excellent drugs. Good drugs or breakthrough
improvements are conspicuously lacking and slow for diseases for which preclinical models are poor or not yet available, eg, autism and Alzheimer
disease.

At the molecular level, the candidate compound would be screened for activity on the target, for example, receptor binding affinity to cell membranes
containing the homologous animal receptors (or if possible, on the cloned human receptors). Early studies would be done to predict effects that might
later cause undesired drug metabolism or toxicologic complications. For example, studies on liver cytochrome P450 enzymes would be performed to
determine whether the molecule of interest is likely to be a substrate or inhibitor of these enzymes or to alter the metabolism of other drugs.

Effects on cell function determine whether the drug is an agonist, partial agonist, inverse agonist, or antagonist at relevant receptors. Isolated tissues
would be used to characterize the pharmacologic activity and selectivity of the new compound in comparison with reference compounds. Comparison
with other drugs would also be undertaken in a variety of in vivo studies. At each step in this process, the compound would have to meet specific
performance and selectivity criteria to be carried further.

Whole animal studies are generally necessary to determine the effect of the drug on organ systems and disease models. Cardiovascular and renal
function studies of new drugs are generally first performed in normal animals. Studies on disease models, if available, are then performed. For a
candidate antihypertensive drug, animals with hypertension would be treated to see whether blood pressure was lowered in a dose-related manner
and to characterize other effects of the compound. Evidence would be collected on duration of action and efficacy after oral and parenteral
administration. If the agent possessed useful activity, it would be further studied for possible adverse effects on other organs, including the
respiratory, gastrointestinal, renal, endocrine, and central nervous systems.

These studies might suggest the need for further chemical modification (compound optimization) to achieve more desirable pharmacokinetic or
pharmacodynamic properties. For example, oral administration studies might show that the drug was poorly absorbed or rapidly metabolized in the
liver; modification to improve bioavailability might be indicated. If the drug is to be administered long term, an assessment of tolerance development
would be made. For drugs related to or having mechanisms of action similar to those known to cause physical or psychological dependence in
humans, ability to cause dependence in animals would also be studied. Drug interactions would be examined.

The desired result of this screening procedure (which may have to be repeated several times with congeners of the original molecule) is a lead
compound, ie, a leading candidate for a successful new drug. A patent application would be filed for a novel compound (a composition of matter
patent) that is efficacious, or for a new and nonobvious therapeutic use (a use patent) for a previously known chemical entity.

PRECLINICAL SAFETY & TOXICITY TESTING

All chemicals are toxic in some individuals at some dose. Candidate drugs that survive the initial screening procedures must be carefully evaluated for
potential risks before and during clinical testing. Depending on the proposed use of the drug, preclinical toxicity testing includes most or all of the
procedures shown in Table 1–5. Although no chemical can be certified as completely “safe” (free of risk), the objective is to estimate the risk associated
with exposure to the drug candidate and to consider this in the context of therapeutic needs and likely duration of drug use.

TABLE 1–5

Safety tests.

Type of  Test Approach and Goals

Acute toxicity Usually two species, two routes. Determine the no-effect dose and the maximum tolerated dose. In some cases, determine the acute

dose that is lethal in approximately 50% of animals.

Subacute or

subchronic toxicity

Three doses, two species. Two weeks to 3 months of testing may be required before clinical trials. The longer the duration of

expected clinical use, the longer the subacute test. Determine biochemical, physiologic effects.

Chronic toxicity Rodent and at least one nonrodent species for ≥6 months. Required when drug is intended to be used in humans for prolonged

periods. Usually run concurrently with clinical trials. Determine same end points as subacute toxicity tests.

Effect on

reproductive

performance

Two species, usually one rodent and rabbits. Test effects on animal mating behavior, reproduction, parturition, progeny, birth

defects, postnatal development.

Carcinogenic

potential

Two years, two species. Required when drug is intended to be used in humans for prolonged periods. Determine gross and histologic

pathology.

Mutagenic

potential

Test effects on genetic stability and mutations in bacteria (Ames test) or mammalian cells in culture; dominant lethal test and

clastogenicity in mice.

The goals of preclinical toxicity studies include identifying potential human toxicities, designing tests to further define the toxic mechanisms, and
predicting the most relevant toxicities to be monitored in clinical trials. In addition to the studies shown in Table 1–5, several quantitative estimates are
desirable. These include the no-effect dose—the maximum dose at which a specified toxic effect is not seen; the minimum lethal dose—the
smallest dose that is observed to kill any experimental animal; and, if necessary, the median lethal dose (LD50)—the dose that kills approximately

50% of the animals in a test group. Presently, the LD50 is estimated from the smallest number of animals possible. These doses are used to calculate

the initial dose to be tried in humans, usually taken as one hundredth to one tenth of the no-effect dose in animals.

It is important to recognize the limitations of preclinical testing. These include the following:

1. Toxicity testing is time-consuming and expensive. Two to 6 years may be required to collect and analyze data on toxicity before the drug can be
considered ready for testing in humans.

2. Large numbers of animals may be needed to obtain valid preclinical data. Scientists are properly concerned about this situation, and progress has
been made toward reducing the numbers required while still obtaining valid data. Cell and tissue culture in vitro methods and computer modeling
are increasingly being used, but their predictive value is still limited. Nevertheless, some segments of the public attempt to halt all animal testing in
the unfounded belief that it has become unnecessary.

3. Extrapolations of toxicity data from animals to humans are reasonably predictive for many but not for all toxicities.

4. For statistical reasons, rare adverse effects are unlikely to be detected in preclinical testing.

EVALUATION IN HUMANS

A very small fraction of lead compounds reach clinical trials, and less than one third of the drugs studied in humans survive clinical trials and reach the
marketplace. Federal law in the USA and ethical considerations require that the study of new drugs in humans be conducted in accordance with
stringent guidelines. Scientifically valid results are not guaranteed simply by conforming to government regulations, however, and the design and
execution of a good clinical trial require interdisciplinary personnel including basic scientists, clinical pharmacologists, clinician specialists,
statisticians, and others. The current standard for clinical trials is known as the randomized controlled trial (RCT) and is described below. The need for
careful design and execution is based on three major confounding factors inherent in the study of any drug in humans.

Confounding Factors in Clinical Trials

A. The Variable Natural History of Most Diseases

Many diseases tend to wax and wane in severity; some disappear spontaneously, even, on occasion, cancer. A good experimental design takes into
account the natural history of the disease by evaluating a large enough population of subjects over a sufficient period of time. Further protection
against errors of interpretation caused by disease fluctuations is sometimes provided by using a crossover design, which consists of alternating
periods of administration of test drug, placebo preparation (the control), and the previous standard treatment (positive control), if any, in each
subject. These sequences are systematically varied so that different subsets of patients receive each of the possible sequences of treatment.

B. The Presence of Other Diseases and Risk Factors

Known and unknown diseases and risk factors (including lifestyles of subjects) may influence the results of a clinical study. For example, some
diseases alter the pharmacokinetics of drugs (see Chapters 3 through 5). Other drugs and some foods alter the pharmacokinetics of many drugs.
Concentrations of blood or tissue components being monitored as a measure of the effect of the new agent may be influenced by other diseases or
other drugs. Attempts to avoid this hazard usually involve the crossover technique (when feasible) and proper selection and assignment of patients to
each of the study groups. This requires obtaining accurate diagnostic tests and medical and pharmacologic histories (including use of recreational
drugs, over-the-counter drugs, and “supplements”) and the use of statistically valid methods of randomization in assigning subjects to particular study
groups. There is growing interest in analyzing genetic variations as part of the trial that may influence whether a person responds to a particular drug.
It has been shown that age, gender, and pregnancy influence the pharmacokinetics of some drugs, but these factors have not been adequately studied
because of legal restrictions and reluctance to expose these populations to unknown risks.

C. Subject and Observer Bias and Other Factors

Most patients tend to respond in a positive way to any therapeutic intervention by interested, caring, and enthusiastic medical personnel. The
manifestation of this phenomenon in the subject is the placebo response (Latin, “I shall please”) and may involve objective physiologic and
biochemical changes as well as changes in subjective complaints associated with the disease. The placebo response is usually quantitated by
administration of an inert material with exactly the same physical appearance, odor, consistency, etc, as the active dosage form. The magnitude of the
response varies considerably from patient to patient and may also be influenced by the duration of the study. In some conditions, a positive response
may be noted in as many as 30–40% of subjects given placebo. Placebo adverse effects and “toxicity” also occur but usually involve subjective effects:
stomach upset, insomnia, sedation, and so on.

Subject bias effects can be quantitated—and minimized relative to the response measured during active therapy—by the single-blind design. This
involves use of a placebo as described above, administered to the same subjects in a crossover design, if possible, or to a separate control group of
well-matched subjects. Observer bias can be taken into account by disguising the identity of the medication being used—placebo or active form—from
both the subjects and the personnel evaluating the subjects’ responses (double-blind design). In this design, a third party holds the code identifying
each medication packet, and the code is not broken until all the clinical data have been collected.

Drug effects seen in clinical trials are obviously affected by the patient taking the drugs at the dose and frequency prescribed. In a recent phase 2 study,
one third of the patients who said they were taking the drug were found by blood analysis to have not taken the drug. Confirmation of compliance
with protocols (also known as adherence) is a necessary element to consider.

The various types of studies and the conclusions that may be drawn from them are described in the accompanying text box. (See Box: Drug Studies—
The Types of Evidence.)

Drug Studies—The Types of Evidence*

As described in this chapter, drugs are studied in a variety of ways, from 30-minute test tube experiments with isolated enzymes and receptors to
decades-long observations of populations of patients. The conclusions that can be drawn from such different types of studies can be summarized
as follows.

Basic research is designed to answer specific, usually single, questions under tightly controlled laboratory conditions, eg, does drug x inhibit
enzyme y? The basic question may then be extended, eg, if drug x inhibits enzyme y, what is the concentration-response relationship? Such
experiments are usually reproducible and often lead to reliable insights into the mechanism of the drug’s action.

First-in-human studies include phase 1–3 trials. Once a drug receives FDA approval for use in humans, case reports and case series consist of
observations by clinicians of the effects of drug (or other) treatments in one or more patients. These results often reveal unpredictable benefits and
toxicities but do not generally test a prespecified hypothesis and cannot prove cause and effect. Analytic epidemiologic studies consist of
observations designed to test a specified hypothesis, eg, that thiazolidinedione antidiabetic drugs are associated with adverse cardiovascular
events. Cohort epidemiologic studies utilize populations of patients that have (exposed group) and have not (control group) been exposed to the
agents under study and ask whether the exposed groups show a higher or lower incidence of the effect. Case-control epidemiologic studies utilize
populations of patients that have displayed the end point under study and ask whether they have been exposed or not exposed to the drugs in
question. Such epidemiologic studies add weight to conjectures but cannot control all confounding variables and therefore cannot conclusively
prove cause and effect.

Meta-analyses utilize rigorous evaluation and grouping of similar studies to increase the number of subjects studied and hence the statistical power
of results obtained in multiple published studies. While the numbers may be dramatically increased by meta-analysis, the individual studies still
suffer from their varying methods and end points, and a meta-analysis cannot prove cause and effect.

Large randomized controlled trials (RCTs) are designed to answer specific questions about the effects of medications on clinical end points or
important surrogate end points, using large enough samples of patients and allocating them to control and experimental treatments using rigorous
randomization methods. Randomization is the best method for distributing all foreseen confounding factors, as well as unknown confounders,
equally between the experimental and control groups. When properly carried out, such studies are rarely invalidated and are considered the gold
standard in evaluating drugs.

A critical factor in evaluating the data regarding a new drug is access to all the data. Unfortunately, many large studies are never published because
the results are negative, ie, the new drug is not better than the standard therapy. This missing data phenomenon falsely exaggerates the benefits of
new drugs because negative results are hidden.

*I thank Ralph Gonzales, MD, for helpful comments.

The Food & Drug Administration

The FDA is the administrative body that oversees the drug evaluation process in the USA and grants approval for marketing of new drug products. To
receive FDA approval for marketing, the originating institution or company (almost always the latter) must submit evidence of safety and effectiveness.
Outside the USA, the regulatory and drug approval process is generally similar to that in the USA.

As its name suggests, the FDA is also responsible for certain aspects of food safety, a role it shares with the US Department of Agriculture (USDA).
Shared responsibility results in complications when questions arise regarding the use of drugs, eg, antibiotics, in food animals. A different type of
problem arises when so-called food supplements are found to contain active drugs, eg, sildenafil analogs in “energy food” supplements.

The FDA’s authority to regulate drugs derives from specific legislation (Table 1–6). If a drug has not been shown through adequately controlled testing

to be “safe and effective” for a specific use, it cannot be marketed in interstate commerce for this use.*

TABLE 1–6

Some major legislation pertaining to drugs in the USA.

L a w Purpose and Effect

Pure Food and Drug Act

of 1906

Prohibited mislabeling and adulteration of drugs.

Opium Exclusion Act of

1909

Prohibited importation of opium.

Amendment (1912) to the

Pure Food and Drug Act

Prohibited false or fraudulent advertising claims.

Harrison Narcotic Act of

1914

Established regulations for use of opium, opiates, and cocaine (marijuana added in 1937).

Food, Drug, and Cosmetic

Act of 1938

Required that new drugs be safe as well as pure (but did not require proof of efficacy). Enforcement by the FDA.

Durham-Humphrey Act of

1952

Vested in the FDA the power to determine which products could be sold without prescription.

Kefauver-Harris

Amendments (1962) to

the Food, Drug, and

Cosmetic Act

Required proof of efficacy as well as safety for new drugs and for drugs released since 1938; established guidelines for

reporting of information about adverse reactions, clinical testing, and advertising of new drugs.

Comprehensive Drug

Abuse Prevention and

Control Act (1970)

Outlined strict controls in the manufacture, distribution, and prescribing of habit-forming drugs; established drug schedules

and programs to prevent and treat drug addiction.

Orphan Drug

Amendment of 1983

Provided incentives for development of drugs that treat diseases with fewer than 200,000 patients in the USA.

Drug Price Competition

and Patent Restoration

Act of 1984

Abbreviated new drug applications for generic drugs. Required bioequivalence data. Patent life extended by amount of time

drug delayed by FDA review process. Cannot exceed 5 extra years or extend to more than 14 years post-NDA approval.

Prescription Drug User

Fee Act (1992,

reauthorized 2007, 2012)

Manufacturers pay user fees for certain new drug applications. “Breakthrough” products may receive special category

approval after expanded phase 1 trials (2012).

Dietary Supplement

Health and Education Act

(1994)

Established standards with respect to dietary supplements but prohibited full FDA review of supplements and botanicals as

drugs. Required the establishment of specific ingredient and nutrition information labeling that defines dietary supplements

and classifies them as part of the food supply but allows unregulated advertising.

Bioterrorism Act of 2002 Enhanced controls on dangerous biologic agents and toxins. Seeks to protect safety of food, water, and drug supply.

Food and Drug

Administration

Amendments Act of 2007

Granted the FDA greater authority over drug marketing, labeling, and direct-to-consumer advertising; required post-approval

studies, established active surveillance systems, made clinical trial operations and results more visible to the public.

Biologics Price

Competition and

Innovation Act of 2009

Authorized the FDA to establish a program of abbreviated pathways for approval of “biosimilar” biologics (generic versions of

monoclonal antibodies, etc).

FDA Safety and

Innovation Act of 2012

Renewed FDA authorization for accelerated approval of urgently needed drugs; established new accelerated process,

“breakthrough therapy,” in addition to “priority review,” “accelerated approval,” and “fast-track” procedures.

Unfortunately, “safe” can mean different things to the patient, the physician, and society. Complete absence of risk is impossible to demonstrate, but
this fact may not be understood by members of the public, who frequently assume that any medication sold with the approval of the FDA should be
free of serious “side effects.” This confusion is a major factor in litigation and dissatisfaction with aspects of drugs and medical care.

The history of drug regulation in the USA (Table 1–6) reflects several health events that precipitated major shifts in public opinion. For example, the
Federal Food, Drug, and Cosmetic Act of 1938 was largely a reaction to deaths associated with the use of a preparation of sulfanilamide marketed
before it and its vehicle were adequately tested. Similarly, the Kefauver-Harris Amendments of 1962 were, in part, the result of a teratogenic drug
disaster involving thalidomide. This agent was introduced in Europe in 1957–1958 and was marketed as a “nontoxic” hypnotic and promoted as being
especially useful as a sleep aid during pregnancy. In 1961, reports were published suggesting that thalidomide was responsible for a dramatic increase
in the incidence of a rare birth defect called phocomelia, a condition involving shortening or complete absence of the arms and legs. Epidemiologic
studies provided strong evidence for the association of this defect with thalidomide use by women during the first trimester of pregnancy, and the
drug was withdrawn from sale worldwide. An estimated 10,000 children were born with birth defects because of maternal exposure to this one agent.
The tragedy led to the requirement for more extensive testing of new drugs for teratogenic effects and stimulated passage of the Kefauver-Harris
Amendments of 1962, even though the drug was not then approved for use in the USA. Despite its disastrous fetal toxicity and effects in pregnancy,
thalidomide is a relatively safe drug for humans other than the fetus. Even the most serious risk of toxicities may be avoided or managed if understood,
and despite its toxicity, thalidomide is now approved by the FDA for limited use as a potent immunoregulatory agent and to treat certain forms of
leprosy.

*Although the FDA does not directly control drug commerce within states, a variety of state and federal laws control interstate production and
marketing of drugs.

Clinical Trials: The IND & NDA

Once a new drug is judged ready to be studied in humans, a Notice of Claimed Investigational Exemption for a New Drug (IND) must be filed with the
FDA (Figure 1–6). The IND includes (1) information on the composition and source of the drug, (2) chemical and manufacturing information, (3) all data
from animal studies, (4) proposed plans for clinical trials, (5) the names and credentials of physicians who will conduct the clinical trials, and (6) a
compilation of the key preclinical data relevant to study of the drug in humans that have been made available to investigators and their institutional
review boards.

It often requires 4–6 years of clinical testing to accumulate and analyze all required data. Testing in humans is begun only after sufficient acute and
subacute animal toxicity studies have been completed. Chronic safety testing in animals, including carcinogenicity studies, is usually done concurrently
with clinical trials. In each phase of the clinical trials, volunteers or patients must be informed of the investigational status of the drug as well as the
possible risks and must be allowed to decline or to consent to participate and receive the drug. In addition to the approval of the sponsoring
organization and the FDA, an interdisciplinary institutional review board (IRB) at each facility where the clinical drug trial will be conducted must review
and approve the scientific and ethical plans for testing in humans.

In phase 1, the effects of the drug as a function of dosage are established in a small number (20–100) of healthy volunteers. If the drug is expected to
have significant toxicity, as may be the case in cancer and AIDS therapy, volunteer patients with the disease participate in phase 1 rather than normal
volunteers. Phase 1 trials are done to determine the probable limits of the safe clinical dosage range. These trials may be nonblind or “open”; that is,
both the investigators and the subjects know what is being given. Alternatively, they may be “blinded” and placebo controlled. Many predictable
toxicities are detected in this phase. Pharmacokinetic measurements of absorption, half-life, and metabolism are often done. Phase 1 studies are
usually performed in research centers by specially trained clinical pharmacologists.

In phase 2, the drug is studied in patients with the target disease to determine its efficacy (“proof of concept” studies), and the doses to be used in any
follow-on trials. A modest number of patients (100–200) are studied in detail. A single-blind design may be used, with an inert placebo medication and
an established active drug (positive control) in addition to the investigational agent. Phase 2 trials are usually done in special clinical centers (eg,
university hospitals). A broader range of toxicities may be detected in this phase. Phase 2 trials have the highest rate of drug failures, and only 25% of
innovative drugs move on to phase 3.

In phase 3, the drug is evaluated in much larger numbers—usually thousands—of patients with the target disease to further establish and confirm
safety and efficacy. Using information gathered in phases 1 and 2, phase 3 trials are designed to minimize errors caused by placebo effects, variable
course of the disease, etc. Therefore, double-blind and crossover techniques are often used. Phase 3 trials are usually performed in settings similar to
those anticipated for the ultimate use of the drug. Phase 3 studies can be difficult to design and execute and are usually expensive because of the large
numbers of patients involved and the masses of data that must be collected and analyzed. The drug is formulated as intended for the market. The
investigators are usually specialists in the disease being treated. Certain toxic effects, especially those caused by immunologic processes, may first
become apparent in phase 3.

If phase 3 results meet expectations, application is made for permission to market the new agent. Marketing approval requires submission of a New
Drug Application (NDA)—or for biologicals, a Biological License Application (BLA)—to the FDA. The application contains, often in hundreds of volumes,
full reports of all preclinical and clinical data pertaining to the drug under review. The number of subjects studied in support of new drug applications
has been increasing and currently averages more than 5000 patients for new drugs of novel structure (new molecular entities). The duration of the FDA
review leading to approval (or denial) of the new drug application may vary from months to years. If problems arise, eg, unexpected but possibly
serious toxicities, additional studies may be required and the review process may extend to several additional years.

Many phase 2 and phase 3 studies attempt to measure a new drug’s “noninferiority” to the placebo or a standard treatment. Interpretation of the
results may be difficult because of unexpected confounding variables, loss of subjects from some groups, or realization that results differ markedly
between certain subgroups within the active treatment (new drug) group. Older statistical methods for evaluating drug trials often fail to provide
definitive answers when these problems arise. Therefore, new “adaptive” statistical methods are under development that allow changes in the study
design when interim data evaluation indicates the need. Preliminary results with such methods suggest that they may allow decisions regarding
superiority as well as noninferiority, shortening of trial duration, discovery of new therapeutic benefits, and more reliable conclusions regarding the
results (see Bhatt & Mehta, 2016).

In cases of urgent need (eg, cancer chemotherapy), the process of preclinical and clinical testing and FDA review may be accelerated. For serious
diseases, the FDA may permit extensive but controlled marketing of a new drug before phase 3 studies are completed; for life-threatening diseases, it
may permit controlled marketing even before phase 2 studies have been completed. “Fast track,” “priority approval,” and “accelerated approval” are
FDA programs that are intended to speed entry of new drugs into the marketplace. In 2012, an additional special category of “breakthrough” products
(eg, for cystic fibrosis) was approved for restricted marketing after expanded phase 1 trials (Table 1–6). Roughly 50% of drugs in phase 3 trials enter
early, controlled marketing. Such accelerated approval is usually granted with the requirement that careful monitoring of the effectiveness and toxicity
of the drug be carried out and reported to the FDA. Unfortunately, FDA enforcement of this requirement has not always been adequate.

Once approval to market a drug has been obtained, phase 4 begins. This constitutes monitoring the safety of the new drug under actual conditions of
use in large numbers of patients. The importance of careful and complete reporting of toxicity by physicians after marketing begins can be appreciated
by noting that many important drug-induced effects have an incidence of 1 in 10,000 or less and that some adverse effects may become apparent only
after chronic dosing. The sample size required to disclose drug-induced events or toxicities is very large for such rare events. For example, several
hundred thousand patients may have to be exposed before the first case is observed of a toxicity that occurs with an average incidence of 1 in 10,000.
Therefore, low-incidence drug effects are not generally detected before phase 4 no matter how carefully phase 1, 2, and 3 studies are executed. Phase
4 has no fixed duration. As with monitoring of drugs granted accelerated approval, phase 4 monitoring has often been lax.

The time from the filing of a patent application (which usually precedes clinical trials) to approval for marketing of a new drug may be 5 years or
considerably longer. Since the lifetime of a patent is 20 years in the USA, the owner of the patent (usually a pharmaceutical company) has exclusive
rights for marketing the product for only a limited time after approval of the new drug application. Because the FDA review process itself can be lengthy
(300–500 days for evaluation of an NDA), the time consumed by the review is sometimes added to the patent life. However, the extension (up to 5 years)
cannot increase the total life of the patent to more than 14 years after approval of a new drug application. The Patient Protection and Affordable Care
Act of 2010 provides for 12 years of patent protection for new drugs. After expiration of the patent, any company may produce the drug, file an
abbreviated new drug application (ANDA), demonstrate required equivalence, and, with FDA approval, market the drug as a generic product without
paying license fees to the original patent owner. Currently, more than half of prescriptions in the USA are for generic drugs. Even biotechnology-based
drugs such as antibodies and other proteins are now qualifying for generic (“biosimilar”) designation, and this has fueled regulatory concerns. More
information on drug patents is available at the FDA website at http://www.fda.gov/Drugs/DevelopmentApprovalProcess/ucm079031.htm.

A trademark is a drug’s proprietary trade name and is usually registered; this registered name may be legally protected as long as it is used. A
generically equivalent product, unless specially licensed, cannot be sold under the trademark name and is often designated by the official generic
name. Generic prescribing is described in Chapter 66.

Conflicts of Interest

Several factors in the development and marketing of drugs result in conflicts of interest. Use of pharmaceutical industry funding to support FDA
approval processes raises the possibility of conflicts of interest within the FDA. Supporters of this practice point out that chronic FDA underfunding by
the government allows for few alternatives. Another important source of conflicts of interest is the dependence of the FDA on outside panels of experts
who are recruited from the scientific and clinical community to advise the government agency on questions regarding drug approval or withdrawal.
Such experts are often recipients of grants from the companies producing the drugs in question. The need for favorable data in the new drug
application leads to phase 2 and 3 trials in which the new agent is compared only to placebo, not to older, effective drugs. As a result, data regarding
the efficacy and toxicity of the new drug relative to a known effective agent may not be available when the new drug is first marketed.

Manufacturers promoting a new agent may pay physicians to use it in preference to older drugs with which they are more familiar. Manufacturers
sponsor small and often poorly designed clinical studies after marketing approval and aid in the publication of favorable results but may retard
publication of unfavorable results. The need for physicians to meet continuing medical education (CME) requirements in order to maintain their
licenses encourages manufacturers to sponsor conferences and courses, often in highly attractive vacation sites, and new drugs are often featured in
such courses. The common practice of distributing free samples of new drugs to practicing physicians has both positive and negative effects. The
samples allow physicians to try out new drugs without incurring any cost to the patient. On the other hand, new drugs are usually much more
expensive than older agents, and when the free samples run out, the patient (or insurance carrier) may be forced to pay much more for treatment than
if the older, cheaper, and possibly equally effective drug were used. Finally, when the patent for a drug is nearing expiration, the patent-holding
manufacturer may try to extend its exclusive marketing status by paying generic manufacturers to not introduce a generic version (“pay to delay”).

Adverse Drug Reactions

An adverse drug event (ADE) or reaction to a drug (ADR) is a harmful or unintended response. Adverse drug reactions are claimed to be the fourth
leading cause of death, higher than pulmonary disease, AIDS, accidents, and automobile deaths. The FDA has further estimated that 300,000
preventable adverse events occur annually in hospitals, many as a result of confusing medical information or lack of information (eg, regarding drug
incompatibilities). Adverse reactions occurring only in certain susceptible patients include intolerance, idiosyncrasy (frequently genetic in origin), and
allergy (usually immunologically mediated). During IND studies and clinical trials before FDA approval, all adverse events (serious, life-threatening,
disabling, reasonably drug related, or unexpected) must be reported. After FDA approval to market a drug, surveillance, evaluation, and reporting
must continue for any adverse events that are related to use of the drug, including overdose, accident, failure of expected action, events occurring
from drug withdrawal, and unexpected events not listed in labeling. Events that are both serious and unexpected must be reported to the FDA within 15
days. The ability to predict and avoid adverse drug reactions and optimize a drug’s therapeutic index is an increasing focus of pharmacogenetic and
personalized (also called “precision”) medicine. It has been suggested that greater use of electronic health records will reduce some of these risks (see
Chapter 66). This hope has not yet been realized.

Orphan Drugs & Treatment of Rare Diseases

Drugs for rare diseases—so-called orphan drugs—can be difficult to research, develop, and market. Proof of drug safety and efficacy in small
populations must be established, but doing so is a complex process. Furthermore, because basic research in the pathophysiology and mechanisms of
rare diseases receives relatively little attention or funding in both academic and industrial settings, recognized rational targets for drug action may be
few. In addition, the cost of developing a drug can greatly influence priorities when the target population is relatively small. Funding for development
of drugs for rare diseases or ignored diseases that do not receive priority attention from the traditional industry has received increasing support via
philanthropy or similar funding from not-for-profit foundations such as the Cystic Fibrosis Foundation, the Michael J. Fox Foundation for Parkinson’s
Research, the Huntington’s Disease Society of America, and the Gates Foundation.

The Orphan Drug Amendment of 1983 provides incentives for the development of drugs for treatment of a rare disease or condition defined as “any
disease or condition which (a) affects less than 200,000 persons in the USA or (b) affects more than 200,000 persons in the USA but for which there is
no reasonable expectation that the cost of developing and making available in the USA a drug for such disease or condition will be recovered from
sales in the USA of such drug.” Since 1983, the FDA has approved for marketing more than 300 orphan drugs to treat more than 82 rare diseases.

SOURCES OF INFORMATION

Students who wish to review the field of pharmacology in preparation for an examination are referred to Pharmacology: Examination and Board
Review, by Katzung, Kruidering-Hall, and Trevor (McGraw Hill, 2019). This book provides approximately 1000 questions and explanations in USMLE
format. A short study guide is USMLE Road Map: Pharmacology, by Katzung and Trevor (McGraw Hill, 2006). Road Map contains numerous tables,
figures, mnemonics, and USMLE-type clinical vignettes.

The references at the end of each chapter in this book were selected to provide reviews or classic publications of information specific to those
chapters. More detailed questions relating to basic or clinical research are best answered by referring to the journals covering general pharmacology
and clinical specialties. For the student and the physician, three periodicals can be recommended as especially useful sources of current information
about drugs: The New England Journal of Medicine, which publishes much original drug-related clinical research as well as frequent reviews of topics
in pharmacology; The Medical Letter on Drugs and Therapeutics, which publishes brief critical reviews of new and old therapies; and Prescriber’s
Letter, a monthly comparison of new and older drug therapies with much useful advice. On the Internet/World Wide Web, two sources can be
particularly recommended: the Cochrane Collaboration and the FDA site (see reference list below).

Other sources of information pertinent to the United States should be mentioned as well. The “package insert” is a summary of information that the
manufacturer is required to place in the prescription sales package; Physicians’ Desk Reference (PDR) is a compendium of package inserts published
annually with supplements twice a year. It is sold in bookstores and distributed to licensed physicians. The package insert consists of a brief
description of the pharmacology of the product. This brochure contains much practical information, but also lists every toxic effect ever reported, no
matter how rare, thus shifting responsibility for adverse drug reactions from the manufacturer to the prescriber. UpToDate.com is a large subscription
website containing detailed descriptions of current standards of care, including drug therapy, for a wide variety of clinical conditions. Micromedex and
Lexi-Comp are extensive subscription websites. They provide downloads for personal digital assistant devices, online drug dosage and interaction
information, and toxicologic information. A useful and objective quarterly handbook that presents information on drug toxicity and interactions is
Drug Interactions: Analysis and Management. Finally, the FDA maintains an Internet website that carries news regarding recent drug approvals,
withdrawals, warnings, etc. It can be accessed at http://www.fda.gov. The MedWatch drug safety program is a free e-mail notification service that
provides news of FDA drug warnings and withdrawals. Subscriptions may be obtained at https://www.fda.gov/safety/medwatch-fda-safety-
information-and-adverse-event-reporting-program.

CASE STUDY ANSWER

Aspirin overdose commonly causes a mixed respiratory alkalosis and metabolic acidosis. Because aspirin is a weak acid, serum acidosis favors entry
of the drug into tissues (increasing toxicity), and urinary acidosis favors reabsorption of excreted drug back into the blood (prolonging the effects of
the overdose). Sodium bicarbonate, a weak base, is an important component of the management of aspirin overdose. It causes alkalosis, reducing
entry into tissues, and increases the pH of the urine, enhancing renal clearance of the drug. See the discussion of the ionization of weak acids and
weak bases in the text.
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MABs, monoclonal antibodies.

1The Kd is the concentration for 50% saturation of the receptors and is inversely proportionate to the affinity of the drug for the receptors.

Data from Ruffolo RR Jr, Gellai M, Hieble JP, et al: The Pharmacology of carvedilol, Eur J Clin Pharmacol 1990;38S2:S82-88.

MDR1, multidrug resistance protein-1; MRP1, multidrug resistance-associated protein-1; NET, norepinephrine transporter; SERT, serotonin reuptake transporter;

VMAT, vesicular monoamine transporter.

1The pKa is that pH at which the concentrations of the ionized and nonionized forms are equal.

2More than one ionizable group.

3Isoelectric point.
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Chapter 1: Introduction: The Nature of Drugs & Drug Development & Regulation

Bertram G. Katzung

CASE STUDY

CASE STUDY

A 78-year-old woman is brought to the hospital because of suspected aspirin overdose*. She has taken aspirin for joint pain for many years without
incident, but during the past year, she has exhibited signs of cognitive decline. Her caregiver finds her confused, hyperventilating, and vomiting. The
caregiver finds an empty bottle of aspirin tablets and calls 9-1-1. In the emergency department, samples of venous and arterial blood are obtained
while the airway, breathing, and circulation are evaluated. An intravenous (IV) drip is started, and gastrointestinal decontamination is begun. After
blood gas results are reported, sodium bicarbonate is administered via the IV. What is the purpose of the sodium bicarbonate?

Pharmacology can be defined as the study of substances that interact with living systems through chemical processes. These interactions usually
occur by binding of the substance to regulatory molecules and activating or inhibiting normal body processes. These substances may be chemicals
administered to achieve a beneficial therapeutic effect on some process within the patient or for their toxic effects on regulatory processes in parasites
infecting the patient. Such deliberate therapeutic applications may be considered the proper role of medical pharmacology, which is often defined
as the science of substances used to prevent, diagnose, and treat disease. Toxicology is the branch of pharmacology that deals with the undesirable
effects of chemicals on living systems, from individual cells to humans to complex ecosystems (Figure 1–1). The nature of drugs—their physical
properties and their interactions with biological systems—is discussed in part I of this chapter.

FIGURE 1–1

Major areas of study in pharmacology. The actions of chemicals can be divided into two large domains. The first (left side) is that of medical
pharmacology and toxicology, which is aimed at understanding the actions of drugs as chemicals on individual organisms, especially humans and
domestic animals. Both beneficial and toxic effects are included. Pharmacokinetics deals with the absorption, distribution, and elimination of drugs.
Pharmacodynamics concerns the actions of the chemical on the organism. The second domain (right side) is that of environmental toxicology, which is
concerned with the effects of chemicals on all organisms and their survival in groups and as species.

New drugs are added every year; they are needed for several reasons including: (1) increasing resistance by bacteria and other parasites; (2) discovery
of new target processes in diseases that have not been adequately treated; and (3) recognition of new diseases. Furthermore, a dramatic increase has
occurred in the number of large molecule drugs (especially antibodies) approved during the last two decades. The development of new drugs and their
regulation by government agencies are discussed in part II.

*The author thanks Barry Berkowitz, PhD, for contributions to the second part of this chapter in previous editions.

THE HISTORY OF PHARMACOLOGY

Prehistoric people undoubtedly recognized the beneficial or toxic effects of many plant and animal materials. Early written records list remedies of
many types, including a few that are still recognized as useful drugs today. Most, however, were worthless or actually harmful. Beginning about 1500
years ago, sporadic attempts were made to introduce rational methods into medicine, but none was successful owing to the dominance of systems of
thought (“schools”) that purported to explain all of biology and disease without the need for experimentation and observation. These schools
promulgated bizarre notions such as the idea that disease was caused by excesses of bile or blood in the body, that wounds could be healed by
applying a salve to the weapon that caused the wound, and so on.

Around the end of the 17th century, concepts based on observation and experimentation began to replace theorizing in physiology and clinical
medicine. As the value of these methods in the study of disease became clear, physicians in Great Britain and on the Continent began to apply them
systematically to the effects of traditional drugs used in their own practices. Thus, materia medica—the science of drug preparation and the medical
uses of drugs—began to develop as the precursor to pharmacology. However, any real understanding of the mechanisms of action of drugs was
prevented by the absence of methods for purifying active agents from the crude materials that were available and—even more—by the lack of methods
for testing hypotheses about the nature of drug actions.

In the late 18th and early 19th centuries, François Magendie and his student Claude Bernard began to develop the methods of experimental
physiology and pharmacology. Advances in chemistry and the further development of physiology in the 18th, 19th, and early 20th centuries laid the
foundation needed for understanding how drugs work at the organ and cellular levels. Paradoxically, real advances in basic pharmacology during this
time were accompanied by an outburst of unscientific claims by manufacturers and marketers of worthless “patent medicines.” Not until the concepts
of rational therapeutics, especially that of the controlled clinical trial, were reintroduced into medicine—only about 60 years ago—did it become
possible to adequately evaluate therapeutic claims.

Around the 1940s and 1950s, a major expansion of research efforts in all areas of biology began. As new concepts and new techniques were
introduced, information accumulated about drug action and the biologic substrate of that action, the drug receptor. During the last 60 years, many
fundamentally new drug groups and new members of old groups have been introduced. The last three decades have seen an even more rapid growth
of information and understanding of the molecular basis for drug action. The molecular mechanisms of action of many drugs have now been
identified, and numerous receptors have been isolated, structurally characterized, and cloned. In fact, the use of receptor identification methods
(described in Chapter 2) has led to the discovery of many orphan receptors—receptors for which no ligand has been discovered and whose function
can only be guessed. Studies of the local molecular environment of receptors have shown that receptors and effectors do not function in isolation;
they are strongly influenced by other receptors and by companion regulatory proteins. Most recently, it has become clear that gravitational change,
radiation, and other aspects of space outside the Earth’s environment require the development of space medicine. This has opened another important
area for the future of pharmacology. One result of these discoveries is the confirmation that pharmacology represents an area where anatomy,
biochemistry, genetics, physiology, pathology, clinical medicine, and the environment meet. Many problems that the health practitioner confronts can
now be corrected or mitigated using pharmacologic tools.

Pharmacogenomics—the relation of the individual’s genetic makeup to his or her response to specific drugs—is becoming an important part of
therapeutics (see Chapter 5). Decoding of the genomes of many species—from bacteria to humans—has led to the recognition of unsuspected
relationships between receptor families and the ways that receptor proteins have evolved. Furthermore, discovery of regulatory functions exerted by
the neighbors of chromosomes and the noncoding regions of DNA on the expression of exons has opened a new area of possible manipulation of the
genes—epigenetics—that control pharmacologic responses.

The discovery that small segments of RNA can interfere with protein synthesis with extreme selectivity has led to investigation of small interfering
RNAs (siRNAs) and micro-RNAs (miRNAs) as therapeutic agents. Similarly, short nucleotide chains called antisense oligonucleotides (ANOs),
synthesized to be complementary to natural RNA or DNA, can interfere with the readout of genes and the transcription of RNA. Finally, new, efficient
methods of DNA editing have made possible the modification of genes that encode proteins that are critical to immunologic functions, including
anticancer receptors on T-cells. These developments have led to a dramatic increase in large molecule therapeutics in the last 20 years (Table 1–1).

TABLE 1–1

Development of large molecule therapeutic agents as a fraction of all  new drug approvals,  2000–2017.

Y e a r Total  New Drug Approvals New Protein Drugs (∼% of new drug approvals) New MABs (∼% of new drug approvals)

2000 63 3 (5%) 1 (2%)

2008 34 5 (15%) 1 (3%)

2010 49 8 (16%) 4 (8%)

2015 69 13 (19%) 9 (13%)

2017 63 10 (16%) 9 (14%)

Unfortunately, the medication-consuming public is still exposed to vast amounts of inaccurate or unscientific information regarding the
pharmacologic effects of chemicals. This results in the irrational use of innumerable expensive, ineffective, and sometimes harmful remedies and the
growth of a huge “alternative health care” industry. Furthermore, manipulation of the legislative process in the United States has allowed many
substances promoted for health—but not promoted specifically as “drugs”—to avoid meeting the Food and Drug Administration (FDA) standards
described in the second part of this chapter. Conversely, lack of understanding of basic scientific principles in biology and statistics and the absence of
critical thinking about public health issues have led to rejection of medical science, including vaccines, by a segment of the public and to a common
tendency to assume that all adverse drug effects are the result of malpractice.

General principles that the student should remember are (1) that all substances can under certain circumstances be toxic; (2) that the chemicals in
botanicals (herbs and plant extracts, “nutraceuticals”) are no different from chemicals in manufactured drugs except for the much greater proportion
of impurities in botanicals; and (3) that all dietary supplements and all therapies promoted as health-enhancing should meet the same standards of
efficacy and safety as conventional drugs and medical therapies. That is, there should be no artificial separation between scientific medicine and
“alternative” or “complementary” medicine. Ideally, all nutritional and botanical substances should be tested by the same types of randomized
controlled trials (RCTs) as synthetic compounds.

GENERAL PRINCIPLES OF PHARMACOLOGY

THE NATURE OF DRUGS

In the most general sense, a drug may be defined as any substance that brings about a change in biologic function through its chemical actions. In most
cases, the drug molecule interacts as an agonist (activator) or antagonist (inhibitor) with a specific target molecule that plays a regulatory role in the
biologic system. This target molecule is called a receptor. Some of the new large molecule drugs (biologicals) are receptors themselves and bind
endogenous molecules. The nature of receptors is discussed more fully in Chapter 2. In a very small number of cases, drugs known as chemical
antagonists may interact directly with other drugs, whereas a few drugs (osmotic agents) interact almost exclusively with water molecules. Drugs
may be synthesized within the body (eg, hormones) or may be chemicals not synthesized in the patient’s body (ie, xenobiotics). Poisons are drugs
that have almost exclusively harmful effects. However, Paracelsus (1493–1541) famously stated that “the dose makes the poison,” meaning that any
substance can be harmful if taken in the wrong dosage. Toxins are usually defined as poisons of biologic origin, ie, synthesized by plants or animals,
in contrast to inorganic poisons such as lead and arsenic.

The Physical Nature of Drugs

To interact chemically with its receptor, a drug molecule must have the appropriate size, electrical charge, shape, and atomic composition.
Furthermore, a drug is often administered at a location distant from its intended site of action, eg, a pill taken orally to relieve a headache. Therefore, a
useful drug must have the necessary properties to be transported from its site of administration to its site of action. Finally, a practical drug should be
inactivated or excreted from the body at a reasonable rate so that its actions will be of appropriate duration.

Drugs may be solid at room temperature (eg, aspirin, atropine), liquid (eg, nicotine, ethanol), or gaseous (eg, nitrous oxide, nitric oxide, xenon). These
factors often determine the best route of administration. The most common routes of administration are described in Chapter 3, Table 3–3. The
various classes of organic compounds—carbohydrates, proteins, lipids, and smaller molecules—are all represented in pharmacology. As noted above,
many proteins have been approved and some oligonucleotides, in the form of small segments of RNA, have entered clinical trials and are on the
threshold of introduction into therapeutics.

A number of inorganic elements, eg, fluoride, lithium, iron, and heavy metals, are both useful and dangerous drugs. Many organic drugs are weak acids
or bases. This fact has important implications for the way they are handled by the body, because pH differences in the various compartments of the
body may alter the degree of ionization of weak acids and bases (see text that follows).

Drug Size

The molecular size of drugs varies from very small (lithium ion, molecular weight [MW] 7) to very large (eg, alteplase [t-PA], a protein of MW 59,050).
Many antibodies are even larger; eg, erenumab, an antibody used in the management of migraine, has a MW of more than 145,000. However, most
drugs have molecular weights between 100 and 1000. The lower limit of this narrow range is probably set by the requirements for specificity of action.
To have a good “fit” to only one type of receptor, a drug molecule must be sufficiently unique in shape, charge, and other properties to prevent its
binding to other receptors. To achieve such selective binding, it appears that a molecule should in most cases be at least 100 MW units in size. The
upper limit in molecular weight is determined primarily by the requirement that most drugs must be able to move within the body (eg, from the site of
administration to the site of action and then to the site of elimination). Drugs much larger than MW 1000 do not diffuse readily between compartments
of the body (discussed under Permeation, in following text). Therefore, very large drugs (usually proteins) must often be administered directly into the
compartment where they have their effect. In the case of alteplase, a clot-dissolving enzyme, the drug is administered directly into the vascular
compartment by intravenous or intra-arterial infusion.

Drug Reactivity & Drug-Receptor Bonds

Drugs interact with receptors by means of chemical forces or bonds. These are of three major types: covalent, electrostatic, and hydrophobic.
Covalent bonds are very strong and in many cases not reversible under biologic conditions. Thus, the covalent bond formed between the acetyl group
of acetylsalicylic acid (aspirin) and cyclooxygenase, its enzyme target in platelets, is not readily broken. The platelet aggregation–blocking effect of
aspirin lasts long after free acetylsalicylic acid has disappeared from the bloodstream (about 15 minutes) and is reversed only by the synthesis of new
enzyme in new platelets, a process that takes several days. Other examples of highly reactive, covalent bond-forming drugs include the DNA-alkylating
agents used in cancer chemotherapy to disrupt cell division in the tumor.

Electrostatic bonding is much more common than covalent bonding in drug-receptor interactions. Electrostatic bonds vary from relatively strong
linkages between permanently charged ionic molecules to weaker hydrogen bonds and very weak induced dipole interactions such as van der Waals
forces and similar phenomena. Electrostatic bonds are weaker than covalent bonds.

Hydrophobic bonds are usually quite weak and are probably important in the interactions of highly lipid-soluble drugs with the lipids of cell
membranes and perhaps in the interaction of drugs with the internal walls of receptor “pockets.”

The specific nature of a particular drug-receptor bond is of less practical importance than the fact that drugs that bind through weak bonds to their
receptors are generally more selective than drugs that bind by means of very strong bonds. This is because weak bonds require a very precise fit of the
drug to its receptor if an interaction is to occur. Only a few receptor types are likely to provide such a precise fit for a particular drug structure. Thus, if
we wished to design a highly selective drug for a particular receptor, we would avoid highly reactive molecules that form covalent bonds and instead
choose a molecule that forms weaker bonds.

A few substances that are almost completely inert in the chemical sense nevertheless have significant pharmacologic effects. For example, xenon, an
“inert” gas, has anesthetic effects at elevated pressures.

Drug Shape

The shape of a drug molecule must be such as to permit binding to its target site via the bonds just described. Optimally, the drug’s shape is
complementary to that of the target site (usually a receptor) in the same way that a key is complementary to a lock. Furthermore, the phenomenon of
chirality (stereoisomerism) is so common in biology that more than half of all useful drugs are chiral molecules; that is, they can exist as
enantiomeric pairs. Drugs with two asymmetric centers have four diastereomers, eg, ephedrine, a sympathomimetic drug. In most cases, one of these
enantiomers is much more potent than its mirror image enantiomer, reflecting a better fit to the receptor molecule. If one imagines the receptor site to
be like a glove into which the drug molecule must fit to bring about its effect, it is clear why a “left-oriented” drug is more effective in binding to a left-
hand receptor than its “right-oriented” enantiomer.

The more active enantiomer at one type of receptor site may not be more active at another receptor type, eg, a type that may be responsible for some
other effect. For example, carvedilol, a drug that interacts with adrenoceptors, has a single chiral center and thus two enantiomers (Table 1–2). One of
these enantiomers, the (S)(–) isomer, is a potent β-receptor blocker. The (R)(+) isomer is 100-fold weaker at the β receptor. However, the isomers are
approximately equipotent as α-receptor blockers. Ketamine, a chiral molecule with two isomers, was introduced as an anesthetic. When administered
as an anesthetic, the racemic mixture is administered intravenously. In contrast, the (S) enantiomer has recently been approved for use in nasal spray
form as a rapid-acting antidepressant.

TABLE 1–2

Dissociation constants (Kd )  of  the enantiomers and racemate of carvedilol.

Form of  Carvedilol α  Receptors (Kd ,  nmol/L1) β  Receptors (Kd ,  nmol/L)

(R)(+) enantiomer 14 45

(S)(−) enantiomer 16 0.4

(R,S)(±) enantiomers 11 0.9

Finally, because enzymes are usually stereoselective, one drug enantiomer is often more susceptible than the other to drug-metabolizing enzymes. As
a result, the duration of action of one enantiomer may be quite different from that of the other. Similarly, drug transporters may be stereoselective.

Unfortunately, most studies of clinical efficacy and drug elimination in humans have been carried out with racemic mixtures of drugs rather than with
the separate enantiomers. At present, less than half of the chiral drugs used clinically are marketed as the active isomer—the rest are available only as
racemic mixtures. As a result, a majority of patients receive drug doses of which 50% is less active or inactive. A few drugs are currently available in both
the racemic and the pure, active isomer forms. However, proof that administration of the pure, active enantiomer decreases adverse effects relative to
those produced by racemic formulations has not been established.

Rational Drug Design

Rational design of drugs implies the ability to predict the appropriate molecular structure of a drug on the basis of information about its biologic
receptor. Until recently, no receptor was known in sufficient detail to permit such drug design. Instead, drugs were developed through random testing
of chemicals or modification of drugs already known to have some effect. However, the characterization of many receptors during the past three
decades has changed this picture. A few drugs now in use were developed through molecular design based on knowledge of the three-dimensional
structure of the receptor site. Computer programs are now available that can iteratively optimize drug structures to fit known receptors. As more
becomes known about receptor structure, rational drug design will become more common.

Receptor Nomenclature

The spectacular success of newer, more efficient ways to identify and characterize receptors (see Chapter 2) has resulted in a variety of differing, and
sometimes confusing, systems for naming them. This in turn has led to a number of suggestions regarding more rational methods of naming
receptors. The interested reader is referred for details to the efforts of the International Union of Pharmacology (IUPHAR) Committee on Receptor
Nomenclature and Drug Classification (reported in various issues of Pharmacological Reviews and elsewhere) and to Alexander SP et al: The Concise
Guide to PHARMACOLOGY 2017/18: Overview. Br J Pharmacol 2017;174:S1. The chapters in this book mainly use these sources for naming receptors.

DRUG-BODY INTERACTIONS

The interactions between a drug and the body are conveniently divided into two classes. The actions of the drug on the body are termed
pharmacodynamic processes (Figure 1–1); the principles of pharmacodynamics are presented in greater detail in Chapter 2. These properties
determine the group in which the drug is classified, and they play the major role in deciding whether that group is appropriate therapy for a particular
symptom or disease. The actions of the body on the drug are called pharmacokinetic processes and are described in Chapters 3 and 4.
Pharmacokinetic processes govern the absorption, distribution, and elimination of drugs and are of great practical importance in the choice and
administration of a particular drug for a particular patient, eg, a patient with heart failure who also has impaired renal function. The following
paragraphs provide a brief introduction to pharmacodynamics and pharmacokinetics.

Pharmacodynamic Principles

Most drugs must bind to a receptor to bring about an effect. However, at the cellular level, drug binding is only the first in a sequence of possible steps:

Drug (D) + receptor-effector (R) → drug-receptor-effector complex → effect

D + R → drug-receptor complex → effector molecule → effect

D + R → D-R complex → activation of coupling molecule → effector molecule → effect

Inhibition of metabolism of endogenous activator → increased activator action on an effector molecule → increased effect

Note that the final change in function is accomplished by an effector mechanism. The effector may be part of the receptor molecule or may be a
separate molecule. A very large number of receptors communicate with their effectors through coupling molecules, as described in Chapter 2.

A. Types of Drug-Receptor Interactions

Agonist drugs bind to and activate the receptor in some fashion, which directly or indirectly brings about the effect (Figure 1–2A). Receptor activation
involves a change in conformation in the cases that have been studied at the molecular structure level. Some receptors incorporate effector machinery
in the same molecule, so that drug binding brings about the effect directly, eg, opening of an ion channel or activation of enzyme activity. Other
receptors are linked through one or more intervening coupling molecules to a separate effector molecule. The major types of drug-receptor-effector
coupling systems are discussed in Chapter 2. Pharmacologic antagonist drugs, by binding to a receptor, compete with and prevent binding by other
molecules. For example, acetylcholine receptor blockers such as atropine are antagonists because they prevent access of acetylcholine and similar
agonist drugs to the acetylcholine receptor site and they stabilize the receptor in its inactive state (or some state other than the acetylcholine-activated
state). These agents reduce the effects of acetylcholine and similar molecules in the body (Figure 1–2B), but their action can be overcome by increasing
the dosage of agonist. Some antagonists bind very tightly to the receptor site in an irreversible or pseudoirreversible fashion and cannot be displaced
by increasing the agonist concentration. Drugs that bind to the same receptor molecule but do not prevent binding of the agonist are said to act
allosterically and may enhance (Figure 1–2C) or inhibit (Figure 1–2D) the action of the agonist molecule. Allosteric inhibition is not usually overcome
by increasing the dose of agonist.

FIGURE 1–2

Drugs may interact with receptors in several ways. The effects resulting from these interactions are diagrammed in the dose-response curves at the
right. Drugs that alter the agonist (A) response may activate the agonist binding site, compete with the agonist (competitive inhibitors, B), or act at
separate (allosteric) sites, increasing (C) or decreasing (D) the response to the agonist. Allosteric activators (C) may increase the efficacy of the agonist
or its binding affinity. The curve shown reflects an increase in efficacy; an increase in affinity would result in a leftward shift of the curve.

B. Agonists That Inhibit Their Binding Molecules

Some drugs mimic agonist drugs by inhibiting the molecules responsible for terminating the action of an endogenous agonist. For example,
acetylcholinesterase inhibitors, by slowing the destruction of endogenous acetylcholine, cause cholinomimetic effects that closely resemble the
actions of cholinoceptor agonist molecules even though cholinesterase inhibitors do not bind or only incidentally bind to cholinoceptors (see Chapter
7). Because they amplify the effects of physiologically released endogenous agonist ligands, their effects are sometimes more selective and less toxic
than those of exogenous agonists.

C. Agonists, Partial Agonists, and Inverse Agonists

Figure 1–3 describes a useful model of drug-receptor interactions. As indicated, the receptor is postulated to exist partially in the inactive,
nonfunctional form (Ri) and partially in the activated form (Ra). Thermodynamic considerations indicate that even in the absence of any agonist, some

of the receptor pool must exist in the Ra form some of the time and may produce the same physiologic effect as agonist-induced activity. This effect,

occurring in the absence of agonist, is termed constitutive or basal activity. Agonists have a much higher affinity for the Ra configuration and

stabilize it, so that a large percentage of the total pool resides in the Ra–D fraction and a large effect is produced. The recognition of constitutive activity

may depend on the receptor density, the concentration of coupling molecules (if a coupled system), and the number of effectors in the system.

FIGURE 1–3

A model of drug-receptor interaction. The hypothetical receptor is able to assume two conformations. In the Ri conformation, it is inactive and

produces no effect, even when combined with a drug molecule. In the Ra conformation, the receptor can activate downstream mechanisms that

produce a small observable effect, even in the absence of drug (constitutive activity). In the absence of drugs, the two isoforms are in equilibrium, and

nists, on the other hand, have a much higher affinity for the Ri form, reduce constitutive activity, and may produce a contrasting physiologic resu

ny agonist drugs, when administered at concentrations sufficient to saturate the receptor pool, can activate their receptor-effector systems to th
ximum extent of which the system is capable; that is, they cause a shift of almost all of the receptor pool to the Ra–D pool. Such drugs are termed

l  agonists. Other drugs, called partial agonists, bind to the same receptors and activate them in the same way but do not evoke as great a
ponse, no matter how high the concentration. In the model in Figure 1–3, partial agonists do not stabilize the Ra configuration as fully as full

nists, so that a significant fraction of receptors exists in the Ri–D pool. Such drugs are said to have low intrinsic efficacy. Because they occupy t

e receptor site, partial agonists can also prevent access by full agonists. Thus, pindolol, a β-adrenoceptor partial agonist, may act either as an
nist (if no full agonist is present) or as an antagonist (if a full agonist such as epinephrine is present). (See Chapter 2.) Intrinsic efficacy is
ependent of affinity (as usually measured) for the receptor.

he same model, conventional antagonist action can be explained as fixing the fractions of drug-bound Ri and Ra in the same relative amounts as i

 absence of any drug. In this situation, no change in activity will be observed, so the drug will appear to be without effect. However, the presence 
 antagonist at the receptor site will block access of agonists to the receptor and prevent the usual agonist effect. Such blocking action can be ter
utral antagonism.

at will happen if a drug has a much stronger affinity for the Ri than for the Ra state and stabilizes a large fraction in the Ri–D pool? In this scenario 

g will reduce any constitutive activity, thus resulting in effects that are the opposite of the effects produced by conventional agonists at that
eptor. Such drugs are termed inverse agonists (Figure 1–3). One of the best documented examples of such a system is the γ-aminobutyric acid
BAA) receptor-effector (a chloride channel) in the nervous system. This receptor is activated by the endogenous transmitter GABA and causes

ibition of postsynaptic cells. Conventional exogenous agonists such as benzodiazepines also facilitate the receptor-effector system and cause
BA-like inhibition with sedation as the therapeutic result. This sedation can be reversed by conventional neutral antagonists such as flumazenil.
erse agonists of this receptor system cause anxiety and agitation, the inverse of sedation (see Chapter 22). Similar inverse agonists have been fou
 β adrenoceptors, histamine H1 and H2 receptors, and several other receptor systems.

Termination of drug action can result from several processes. In some cases, the effect lasts only as long as the drug occupies the receptor, and
dissociation of drug from the receptor automatically terminates the effect. In many cases, however, the action may persist after the drug has
dissociated because, for example, some coupling molecule is still present in activated form. In the case of drugs that bind covalently to the receptor
site, the effect may persist until the drug-receptor complex is destroyed and new receptors or enzymes are synthesized, as described previously for
aspirin. In addition, many receptor-effector systems incorporate desensitization mechanisms for preventing excessive activation when agonist
molecules continue to be present for long periods. (See Chapter 2 for additional details.)

E. Receptors and Inert Binding Sites

To function as a receptor, an endogenous molecule must first be selective in choosing ligands (drug molecules) to bind; and second, it must change
its function upon binding in such a way that the function of the biologic system (cell, tissue, etc) is altered. The selectivity characteristic is required to
avoid constant activation of the receptor by promiscuous binding of many different ligands. The ability to change function is clearly necessary if the
ligand is to cause a pharmacologic effect. The body contains a vast array of molecules that are capable of binding drugs, however, and not all of these
endogenous molecules are regulatory molecules. Binding of a drug to a nonregulatory molecule such as plasma albumin will result in no detectable
change in the function of the biologic system, so this endogenous molecule can be called an inert binding site. Such binding is not completely
without significance, however, because it affects the distribution of drug within the body and determines the amount of free drug in the circulation.
Both of these factors are of pharmacokinetic importance (see also Chapter 3).

Pharmacokinetic Principles

In practical therapeutics, a drug should be able to reach its intended site of action after administration by some convenient route. In many cases, the
active drug molecule is sufficiently lipid-soluble and stable to be given as such. In some cases, however, an inactive precursor chemical that is readily
absorbed and distributed must be administered and then converted to the active drug by biologic processes—inside the body. Such a precursor
chemical is called a prodrug.

In only a few situations is it possible to apply a drug directly to its target tissue, eg, by topical application of an anti-inflammatory agent to inflamed skin
or mucous membrane. Most often, a drug is administered into one body compartment, eg, the gut, and must move to its site of action in another
compartment, eg, the brain in the case of an antiseizure medication. This requires that the drug be absorbed into the blood from its site of
administration and distributed to its site of action, permeating through the various barriers that separate these compartments. For a drug given
orally to produce an effect in the central nervous system, these barriers include the tissues that make up the wall of the intestine, the walls of the
capillaries that perfuse the gut, and the blood-brain barrier, the walls of the capillaries that perfuse the brain. Finally, after bringing about its effect, a
drug should be eliminated at a reasonable rate by metabolic inactivation, by excretion from the body, or by a combination of these processes.

A. Permeation

Drug permeation proceeds by several mechanisms. Passive diffusion in an aqueous or lipid medium is common, but active processes play a role in the
movement of many drugs, especially those whose molecules are too large to diffuse readily (Figure 1–4). Drug vehicles can be very important in
facilitating transport and permeation, eg, by encapsulating the active agent in liposomes and in regulating release, as in slow release preparations.
Newer methods of facilitating transport of drugs by coupling them to nanoparticles are under investigation.

FIGURE 1–4

Mechanisms of drug permeation. Drugs may diffuse passively through aqueous channels in the intercellular junctions (eg, tight junctions, A), or
through lipid cell membranes (B). Drugs with the appropriate characteristics may be transported by carriers into or out of cells (C). Very impermeant
drugs may also bind to cell surface receptors (dark binding sites), be engulfed by the cell membrane (endocytosis), and then be released inside the cell
or expelled via the membrane-limited vesicles out of the cell into the extracellular space (exocytosis, D).

1.  Aqueous dif fusion

Aqueous diffusion occurs within the larger aqueous compartments of the body (interstitial space, cytosol, etc) and across epithelial membrane tight
junctions and the endothelial lining of blood vessels through aqueous pores that—in some tissues—permit the passage of molecules as large as MW

20,000–30,000.* See Figure 1–4A.

Aqueous diffusion of drug molecules is usually driven by the concentration gradient of the permeating drug, a downhill movement described by Fick’s
law (see below). Drug molecules that are bound to large plasma proteins (eg, albumin) do not permeate most vascular aqueous pores. If the drug is
charged, its flux is also influenced by electrical fields (eg, the membrane potential and—in parts of the nephron—the transtubular potential).

*The capillaries of the brain, the testes, and some other tissues are characterized by the absence of pores that permit aqueous diffusion. They may also
contain high concentrations of drug export pumps (MDR pump molecules; see text). These tissues are therefore protected or “sanctuary” sites from
many circulating drugs.

2.  L ipid di f fusion

Lipid diffusion is the most important limiting factor for drug permeation because of the large number of lipid barriers that separate the compartments
of the body. Because these lipid barriers separate aqueous compartments, the lipid:aqueous partition coefficient of a drug determines how
readily the molecule moves between aqueous and lipid media. In the case of weak acids and weak bases (which gain or lose electrical charge-bearing
protons, depending on the pH), the ability to move from aqueous to lipid or vice versa varies with the pH of the medium, because charged molecules
attract water molecules. The ratio of lipid-soluble form to water-soluble form for a weak acid or weak base is expressed by the Henderson-Hasselbalch
equation (described in the following text). See Figure 1–4B.

3 .  S p e c i a l  c a r r i e r s

Special carrier molecules exist for many substances that are important for cell function and too large or too insoluble in lipid to diffuse passively
through membranes, eg, peptides, amino acids, and glucose. These carriers bring about movement by active transport or facilitated diffusion and,
unlike passive diffusion, are selective, saturable, and inhibitable. Because many drugs are or resemble such naturally occurring peptides, amino acids,
or sugars, they can use these carriers to cross membranes. See Figure 1–4C.

Many cells also contain less selective membrane carriers that are specialized for expelling foreign molecules. One large family of such transporters
binds adenosine triphosphate (ATP) and is called the ABC (ATP-binding cassette) family. This family includes the P-glycoprotein or multidrug
resistance type 1 (MDR1) transporter found in the brain, testes, and other tissues, and in some drug-resistant neoplastic cells (Table 1–3). Similar
transport molecules from the ABC family, the multidrug resistance-associated protein (MRP) transporters, play important roles in the excretion
of some drugs or their metabolites into urine and bile and in the resistance of some tumors to chemotherapeutic drugs. Genomic variation in the
expression of these transporters has a profound effect on sensitivity to these drugs (see Chapter 5). Several other transporter families have been
identified that do not bind ATP but use ion gradients to drive transport. Some of these (the solute carrier [SLC] family) are particularly important in the
uptake of neurotransmitters across nerve-ending membranes. The latter carriers are discussed in more detail in Chapter 6.

TABLE 1–3

Some transport molecules important in pharmacology.

Transporter Physiologic Function Pharmacologic Significance

NET Norepinephrine reuptake from synapse Target of cocaine and some tricyclic antidepressants

SERT Serotonin reuptake from synapse Target of selective serotonin reuptake inhibitors and some tricyclic

antidepressants

VMAT Transport of dopamine and norepinephrine into

adrenergic vesicles in nerve endings

Target of reserpine and tetrabenazine

MDR1 Transport of many xenobiotics out of cells Increased expression confers resistance to certain anticancer drugs;

inhibition increases blood levels of digoxin

MRP1 Leukotriene secretion Confers resistance to certain anticancer and antifungal drugs

4 .  E n d o c y t o s i s  a n d  e x o c y t o s i s

A few substances are so large or impermeant that they can enter cells only by endocytosis, the process by which the substance is bound at a cell-
surface receptor, engulfed by the cell membrane, and carried into the cell by pinching off of the newly formed vesicle inside the membrane. The
substance can then be released into the cytosol by breakdown of the vesicle membrane (Figure 1–4D). This process is responsible for the transport of
vitamin B12, complexed with a binding protein (intrinsic factor) across the wall of the gut into the blood. Similarly, iron is transported into hemoglobin-

synthesizing red blood cell precursors in association with the protein transferrin. Specific receptors for the binding proteins must be present for this
process to work.

The reverse process (exocytosis) is responsible for the secretion of many substances from cells. For example, many neurotransmitter substances are
stored in membrane-bound vesicles in nerve endings to protect them from metabolic destruction in the cytoplasm. Appropriate activation of the nerve
ending causes fusion of the storage vesicle with the cell membrane and expulsion of its contents into the extracellular space (see Chapter 6).

B. Fick’s Law of Diffusion

The passive flux of molecules down a concentration gradient is given by Fick’s law:

where C1 is the higher concentration, C2 is the lower concentration, area is the cross-sectional area of the diffusion path, permeability coefficient is a

measure of the mobility of the drug molecules in the medium of the diffusion path, and thickness is the length of the diffusion path. In the case of lipid
diffusion, the lipid:aqueous partition coefficient is a major determinant of mobility of the drug because it determines how readily the drug enters the
lipid membrane from the aqueous medium.

C. Ionization of Weak Acids and Weak Bases; the Henderson-Hasselbalch Equation

The electrostatic charge of an ionized molecule attracts water dipoles and results in a polar, relatively water-soluble and lipid-insoluble complex.
Because lipid diffusion depends on relatively high lipid solubility, ionization of drugs may markedly reduce their ability to permeate membranes. A very
large percentage of the drugs in use are weak acids or weak bases; Table 1–4 lists some examples. For drugs, a weak acid is best defined as a neutral
molecule that can reversibly dissociate into an anion (a negatively charged molecule) and a proton (a hydrogen ion). For example, aspirin dissociates
as follows:

TABLE 1–4

Ionization constants of  some common drugs.

D r u g p Ka1 D r u g p Ka1 D r u g p Ka1

Weak acids Weak bases Weak bases (cont’d)

 Acetaminophen 9.5  Albuterol (salbutamol) 9.3  Isoproterenol 8.6

 Acetazolamide 7.2  Allopurinol 9.4, 12.32  Lidocaine 7.9

 Ampicillin 2.5  Alprenolol 9.6  Metaraminol 8.6

 Aspirin 3.5  Amiloride 8.7  Methadone 8.4

 Chlorothiazide 6.8, 9.42  Amiodarone 6.6  Methamphetamine 10.0

 Chlorpropamide 5.0  Amphetamine 9.8  Methyldopa 10.6

 Ciprofloxacin 6.1, 8.72  Atropine 9.7  Metoprolol 9.8

 Cromolyn 2.0  Bupivacaine 8.1  Morphine 7.9

 Ethacrynic acid 2.5  Chlordiazepoxide 4.6  Nicotine 7.9, 3.12

 Furosemide 3.9  Chloroquine 10.8, 8.4  Norepinephrine 8.6

 Ibuprofen 4.4, 5.22  Chlorpheniramine 9.2  Pentazocine 7.9

 Levodopa 2.3  Chlorpromazine 9.3  Phenylephrine 9.8

 Methotrexate 4.8  Clonidine 8.3  Physostigmine 7.9, 1.82

 Methyldopa 2.2, 9.22  Cocaine 8.5  Pilocarpine 6.9, 1.42

 Penicillamine 1.8  Codeine 8.2  Pindolol 8.6

 Pentobarbital 8.1  Cyclizine 8.2  Procainamide 9.2

 Phenobarbital 7.4  Desipramine 10.2  Procaine 9.0

 Phenytoin 8.3  Diazepam 3.0  Promethazine 9.1

 Propylthiouracil 8.3  Diphenhydramine 8.8  Propranolol 9.4

 Salicylic acid 3.0  Diphenoxylate 7.1  Pseudoephedrine 9.8

 Sulfadiazine 6.5  Ephedrine 9.6  Pyrimethamine 7.0–7.33

 Sulfapyridine 8.4  Epinephrine 8.7  Quinidine 8.5, 4.42

 Theophylline 8.8  Ergotamine 6.3  Scopolamine 8.1

 Tolbutamide 5.3  Fluphenazine 8.0, 3.92  Strychnine 8.0, 2.32

 Warfarin 5.0  Hydralazine 7.1  Terbutaline 10.1

 Imipramine 9.5  Thioridazine 9.5

A weak base can be defined as a neutral molecule that can form a cation (a positively charged molecule) by combining with a proton. For example,
pyrimethamine, an antimalarial drug, undergoes the following association-dissociation process:

Note that the protonated form of a weak acid is the neutral, more lipid-soluble form, whereas the unprotonated form of a weak base is the neutral
form. The law of mass action requires that these reactions move to the left in an acid environment (low pH, excess protons available) and to the right in
an alkaline environment. The Henderson-Hasselbalch equation relates the ratio of protonated to unprotonated weak acid or weak base to the
molecule’s pKa and the pH of the medium as follows:

This equation applies to both acidic and basic drugs. Inspection confirms that the lower the pH relative to the pKa, the greater will be the fraction of

drug in the protonated form. Because the uncharged form is the more lipid-soluble, more of a weak acid will be in the lipid-soluble form at acid pH,
whereas more of a basic drug will be in the lipid-soluble form at alkaline pH.

Application of this principle is made in the manipulation of drug excretion by the kidney (see Case Study). Almost all drugs are filtered at the
glomerulus. If a drug is in a lipid-soluble form during its passage down the renal tubule, a significant fraction will be reabsorbed by simple passive
diffusion. If the goal is to accelerate excretion of the drug (eg, in a case of drug overdose), it is important to prevent its reabsorption from the tubule.
This can often be accomplished by adjusting urine pH to make certain that most of the drug is in the ionized state, as shown in Figure 1–5. As a result of
this partitioning effect, the drug is “trapped” in the urine. Thus, weak acids are usually excreted faster in alkaline urine; weak bases are usually
excreted faster in acidic urine. Other body fluids in which pH differences from blood pH may cause trapping or reabsorption are the contents of the
stomach (normal pH 1.9–3) and small intestine (pH 7.5–8), breast milk (pH 6.4–7.6), aqueous humor (pH 6.4–7.5), and vaginal and prostatic secretions
(pH 3.5–7).

FIGURE 1–5

Trapping of a weak base (methamphetamine) in the urine when the urine is more acidic than the blood. In the hypothetical case illustrated, the
diffusible uncharged form of the drug has equilibrated across the membrane, but the total concentration (charged plus uncharged) in the urine (more
than 10 mg) is 25 times higher than in the blood (0.4 mg).

As indicated by Table 1–4, a large number of drugs are weak bases. Most of these bases are amine-containing molecules. The nitrogen of a neutral
amine has three atoms associated with it plus a pair of unshared electrons (see the display that follows). The three atoms may consist of one carbon or
a chain of carbon atoms (designated “R”) and two hydrogens (a primary amine), two carbons and one hydrogen (a secondary amine), or three
carbon atoms (a tertiary amine). Each of these three forms may reversibly bind a proton with the unshared electrons. Some drugs have a fourth
carbon-nitrogen bond; these are quaternary amines. However, the quaternary amine is permanently charged and has no unshared electrons with
which to reversibly bind a proton. Therefore, primary, secondary, and tertiary amines may undergo reversible protonation and vary their lipid
solubility with pH, but quaternary amines are always in the poorly lipid-soluble charged form.

DRUG GROUPS

To learn each pertinent fact about each of the many hundreds of drugs mentioned in this book would be an impractical goal and, fortunately, is
unnecessary. Almost all the several thousand drugs currently available can be arranged into about 70 groups. Many of the drugs within each group are
very similar in pharmacodynamic actions and in their pharmacokinetic properties as well. For most groups, one or two prototype drugs can be
identified that typify the most important characteristics of the group. This permits classification of other important drugs in the group as variants of
the prototype, so that only the prototype must be learned in detail and, for the remaining drugs, only the differences from the prototype.

DRUG DEVELOPMENT & REGULATION

A truly new drug (one that does not simply mimic the structure and action of previously available drugs) requires the discovery of a new drug target, ie,
the pathophysiologic process or substrate of a disease. Such discoveries are usually made in public sector institutions (universities and research
institutes), and molecules that have beneficial effects on such targets are often discovered in the same laboratories. However, the development of new
drugs usually takes place in industrial laboratories because optimization of a class of new drugs requires painstaking and expensive chemical,
pharmacologic, and toxicologic research. In fact, much of the recent progress in the application of drugs to disease problems can be ascribed to the
pharmaceutical industry including “big pharma,” the multibillion-dollar corporations that specialize in drug development and marketing. These
companies are uniquely skilled in translating basic findings into successful therapeutic breakthroughs and profit-making “blockbusters” (see
https://clincalc.com/DrugStats/Top200Drugs.aspx).

Such breakthroughs come at a price, however, and the escalating cost of drugs has become a significant contributor to the increase in the cost of
health care. Development of new drugs is enormously expensive, but considerable controversy surrounds drug pricing. Drug prices in the United
States have increased many-fold faster than overall price inflation. Critics claim that the costs of development and marketing drugs are grossly inflated
by marketing activities, advertising, and other promotional efforts, which may consume as much as 25% or more of a company’s budget. Furthermore,
profit margins for big pharma are relatively high. Recent drug-pricing scandals have been reported in which the rights to an older, established drug
that requires no costly development have been purchased by a smaller company and the price increased by several hundred or several thousand
percent. This “price gouging” has caused public outrage and attracted regulatory attention that may result in more legitimate and rational pricing
mechanisms. Finally, pricing schedules for many drugs vary dramatically from country to country and even within countries, where large organizations
can negotiate favorable prices and small ones cannot. Some countries have already addressed these inequities, and it seems likely that all countries
will have to do so during the next few decades.

NEW DRUG DEVELOPMENT

The development of a new drug usually begins with the discovery or synthesis of a potential new drug compound or the elucidation of a new drug
target. After a new drug molecule is synthesized or extracted from a natural source, subsequent steps seek an understanding of the drug’s interactions
with its biologic targets. Repeated application of this approach leads to synthesis of related compounds with increased efficacy, potency, and
selectivity (Figure 1–6). In the United States, the safety and efficacy of drugs must be established before marketing can be legally carried out. In
addition to in vitro studies, relevant biologic effects, drug metabolism, pharmacokinetic profiles, and relative safety of the drug must be characterized
in vivo in animals before human drug trials can be started. With regulatory approval, human testing may then go forward (usually in three phases)
before the drug is considered for approval for general use. A fourth phase of data gathering and safety monitoring is becoming increasingly important
and follows after approval for marketing. Once approved, the great majority of drugs become available for use by any appropriately licensed
practitioner. Highly toxic drugs that are nevertheless considered valuable in lethal diseases may be approved for restricted use by practitioners who
have undergone special training in their use and who maintain detailed records.

FIGURE 1–6

The development and testing process required to bring a drug to market in the USA. Some of the requirements may be different for drugs used in life-
threatening diseases (see text).

DRUG DISCOVERY

Most new drugs or drug products are discovered or developed through the following approaches: (1) screening for biologic activity of large numbers of
natural products, banks of previously discovered chemical entities, or large libraries of peptides, nucleic acids, and other organic molecules; (2)
chemical modification of a known active molecule, resulting in a “me-too” analog; (3) identification or elucidation of a new drug target, which suggests
molecules that will hit that target; and (4) rational design of a new molecule based on an understanding of biologic mechanisms and drug receptor
structure. Steps (3) and (4) are often carried out in academic research laboratories and are more likely to lead to breakthrough drugs, but the costs of
steps (1) and (2) usually ensure that industry carries them out.

Once a new drug target or promising molecule has been identified, the process of moving from the basic science laboratory to the clinic begins. This
translational research involves the preclinical and clinical steps described next. While clinical trials in humans are required only for drugs to be
used in humans, all of the other steps described apply to veterinary drugs as well as drugs for human diseases.

Drug Screening

Drug screening involves a variety of assays at the molecular, cellular, organ system, and whole animal levels to define the pharmacologic profile, ie,
the activity and selectivity of the drug. The type and number of initial screening tests depend on the pharmacologic and therapeutic goal. For example,
anti-infective drugs are tested against a variety of infectious organisms, some of which are resistant to standard agents; hypoglycemic drugs are tested
for their ability to lower blood sugar, etc.

The candidate molecule is also studied for a broad array of other actions to determine the mechanism of action and selectivity of the drug. This can
reveal both expected and unexpected toxic effects. Occasionally, an unexpected therapeutic action is serendipitously discovered by a careful observer;
for example, the era of modern diuretics was initiated by the observation that certain antimicrobial sulfonamides caused metabolic acidosis in
patients. The selection of compounds for development is most efficiently conducted in animal models of human disease. Where good predictive
preclinical models exist (eg, infection, hypertension, or thrombotic disease), we generally have good or excellent drugs. Good drugs or breakthrough
improvements are conspicuously lacking and slow for diseases for which preclinical models are poor or not yet available, eg, autism and Alzheimer
disease.

At the molecular level, the candidate compound would be screened for activity on the target, for example, receptor binding affinity to cell membranes
containing the homologous animal receptors (or if possible, on the cloned human receptors). Early studies would be done to predict effects that might
later cause undesired drug metabolism or toxicologic complications. For example, studies on liver cytochrome P450 enzymes would be performed to
determine whether the molecule of interest is likely to be a substrate or inhibitor of these enzymes or to alter the metabolism of other drugs.

Effects on cell function determine whether the drug is an agonist, partial agonist, inverse agonist, or antagonist at relevant receptors. Isolated tissues
would be used to characterize the pharmacologic activity and selectivity of the new compound in comparison with reference compounds. Comparison
with other drugs would also be undertaken in a variety of in vivo studies. At each step in this process, the compound would have to meet specific
performance and selectivity criteria to be carried further.

Whole animal studies are generally necessary to determine the effect of the drug on organ systems and disease models. Cardiovascular and renal
function studies of new drugs are generally first performed in normal animals. Studies on disease models, if available, are then performed. For a
candidate antihypertensive drug, animals with hypertension would be treated to see whether blood pressure was lowered in a dose-related manner
and to characterize other effects of the compound. Evidence would be collected on duration of action and efficacy after oral and parenteral
administration. If the agent possessed useful activity, it would be further studied for possible adverse effects on other organs, including the
respiratory, gastrointestinal, renal, endocrine, and central nervous systems.

These studies might suggest the need for further chemical modification (compound optimization) to achieve more desirable pharmacokinetic or
pharmacodynamic properties. For example, oral administration studies might show that the drug was poorly absorbed or rapidly metabolized in the
liver; modification to improve bioavailability might be indicated. If the drug is to be administered long term, an assessment of tolerance development
would be made. For drugs related to or having mechanisms of action similar to those known to cause physical or psychological dependence in
humans, ability to cause dependence in animals would also be studied. Drug interactions would be examined.

The desired result of this screening procedure (which may have to be repeated several times with congeners of the original molecule) is a lead
compound, ie, a leading candidate for a successful new drug. A patent application would be filed for a novel compound (a composition of matter
patent) that is efficacious, or for a new and nonobvious therapeutic use (a use patent) for a previously known chemical entity.

PRECLINICAL SAFETY & TOXICITY TESTING

All chemicals are toxic in some individuals at some dose. Candidate drugs that survive the initial screening procedures must be carefully evaluated for
potential risks before and during clinical testing. Depending on the proposed use of the drug, preclinical toxicity testing includes most or all of the
procedures shown in Table 1–5. Although no chemical can be certified as completely “safe” (free of risk), the objective is to estimate the risk associated
with exposure to the drug candidate and to consider this in the context of therapeutic needs and likely duration of drug use.

TABLE 1–5

Safety tests.

Type of  Test Approach and Goals

Acute toxicity Usually two species, two routes. Determine the no-effect dose and the maximum tolerated dose. In some cases, determine the acute

dose that is lethal in approximately 50% of animals.

Subacute or

subchronic toxicity

Three doses, two species. Two weeks to 3 months of testing may be required before clinical trials. The longer the duration of

expected clinical use, the longer the subacute test. Determine biochemical, physiologic effects.

Chronic toxicity Rodent and at least one nonrodent species for ≥6 months. Required when drug is intended to be used in humans for prolonged

periods. Usually run concurrently with clinical trials. Determine same end points as subacute toxicity tests.

Effect on

reproductive

performance

Two species, usually one rodent and rabbits. Test effects on animal mating behavior, reproduction, parturition, progeny, birth

defects, postnatal development.

Carcinogenic

potential

Two years, two species. Required when drug is intended to be used in humans for prolonged periods. Determine gross and histologic

pathology.

Mutagenic

potential

Test effects on genetic stability and mutations in bacteria (Ames test) or mammalian cells in culture; dominant lethal test and

clastogenicity in mice.

The goals of preclinical toxicity studies include identifying potential human toxicities, designing tests to further define the toxic mechanisms, and
predicting the most relevant toxicities to be monitored in clinical trials. In addition to the studies shown in Table 1–5, several quantitative estimates are
desirable. These include the no-effect dose—the maximum dose at which a specified toxic effect is not seen; the minimum lethal dose—the
smallest dose that is observed to kill any experimental animal; and, if necessary, the median lethal dose (LD50)—the dose that kills approximately

50% of the animals in a test group. Presently, the LD50 is estimated from the smallest number of animals possible. These doses are used to calculate

the initial dose to be tried in humans, usually taken as one hundredth to one tenth of the no-effect dose in animals.

It is important to recognize the limitations of preclinical testing. These include the following:

1. Toxicity testing is time-consuming and expensive. Two to 6 years may be required to collect and analyze data on toxicity before the drug can be
considered ready for testing in humans.

2. Large numbers of animals may be needed to obtain valid preclinical data. Scientists are properly concerned about this situation, and progress has
been made toward reducing the numbers required while still obtaining valid data. Cell and tissue culture in vitro methods and computer modeling
are increasingly being used, but their predictive value is still limited. Nevertheless, some segments of the public attempt to halt all animal testing in
the unfounded belief that it has become unnecessary.

3. Extrapolations of toxicity data from animals to humans are reasonably predictive for many but not for all toxicities.

4. For statistical reasons, rare adverse effects are unlikely to be detected in preclinical testing.

EVALUATION IN HUMANS

A very small fraction of lead compounds reach clinical trials, and less than one third of the drugs studied in humans survive clinical trials and reach the
marketplace. Federal law in the USA and ethical considerations require that the study of new drugs in humans be conducted in accordance with
stringent guidelines. Scientifically valid results are not guaranteed simply by conforming to government regulations, however, and the design and
execution of a good clinical trial require interdisciplinary personnel including basic scientists, clinical pharmacologists, clinician specialists,
statisticians, and others. The current standard for clinical trials is known as the randomized controlled trial (RCT) and is described below. The need for
careful design and execution is based on three major confounding factors inherent in the study of any drug in humans.

Confounding Factors in Clinical Trials

A. The Variable Natural History of Most Diseases

Many diseases tend to wax and wane in severity; some disappear spontaneously, even, on occasion, cancer. A good experimental design takes into
account the natural history of the disease by evaluating a large enough population of subjects over a sufficient period of time. Further protection
against errors of interpretation caused by disease fluctuations is sometimes provided by using a crossover design, which consists of alternating
periods of administration of test drug, placebo preparation (the control), and the previous standard treatment (positive control), if any, in each
subject. These sequences are systematically varied so that different subsets of patients receive each of the possible sequences of treatment.

B. The Presence of Other Diseases and Risk Factors

Known and unknown diseases and risk factors (including lifestyles of subjects) may influence the results of a clinical study. For example, some
diseases alter the pharmacokinetics of drugs (see Chapters 3 through 5). Other drugs and some foods alter the pharmacokinetics of many drugs.
Concentrations of blood or tissue components being monitored as a measure of the effect of the new agent may be influenced by other diseases or
other drugs. Attempts to avoid this hazard usually involve the crossover technique (when feasible) and proper selection and assignment of patients to
each of the study groups. This requires obtaining accurate diagnostic tests and medical and pharmacologic histories (including use of recreational
drugs, over-the-counter drugs, and “supplements”) and the use of statistically valid methods of randomization in assigning subjects to particular study
groups. There is growing interest in analyzing genetic variations as part of the trial that may influence whether a person responds to a particular drug.
It has been shown that age, gender, and pregnancy influence the pharmacokinetics of some drugs, but these factors have not been adequately studied
because of legal restrictions and reluctance to expose these populations to unknown risks.

C. Subject and Observer Bias and Other Factors

Most patients tend to respond in a positive way to any therapeutic intervention by interested, caring, and enthusiastic medical personnel. The
manifestation of this phenomenon in the subject is the placebo response (Latin, “I shall please”) and may involve objective physiologic and
biochemical changes as well as changes in subjective complaints associated with the disease. The placebo response is usually quantitated by
administration of an inert material with exactly the same physical appearance, odor, consistency, etc, as the active dosage form. The magnitude of the
response varies considerably from patient to patient and may also be influenced by the duration of the study. In some conditions, a positive response
may be noted in as many as 30–40% of subjects given placebo. Placebo adverse effects and “toxicity” also occur but usually involve subjective effects:
stomach upset, insomnia, sedation, and so on.

Subject bias effects can be quantitated—and minimized relative to the response measured during active therapy—by the single-blind design. This
involves use of a placebo as described above, administered to the same subjects in a crossover design, if possible, or to a separate control group of
well-matched subjects. Observer bias can be taken into account by disguising the identity of the medication being used—placebo or active form—from
both the subjects and the personnel evaluating the subjects’ responses (double-blind design). In this design, a third party holds the code identifying
each medication packet, and the code is not broken until all the clinical data have been collected.

Drug effects seen in clinical trials are obviously affected by the patient taking the drugs at the dose and frequency prescribed. In a recent phase 2 study,
one third of the patients who said they were taking the drug were found by blood analysis to have not taken the drug. Confirmation of compliance
with protocols (also known as adherence) is a necessary element to consider.

The various types of studies and the conclusions that may be drawn from them are described in the accompanying text box. (See Box: Drug Studies—
The Types of Evidence.)

Drug Studies—The Types of Evidence*

As described in this chapter, drugs are studied in a variety of ways, from 30-minute test tube experiments with isolated enzymes and receptors to
decades-long observations of populations of patients. The conclusions that can be drawn from such different types of studies can be summarized
as follows.

Basic research is designed to answer specific, usually single, questions under tightly controlled laboratory conditions, eg, does drug x inhibit
enzyme y? The basic question may then be extended, eg, if drug x inhibits enzyme y, what is the concentration-response relationship? Such
experiments are usually reproducible and often lead to reliable insights into the mechanism of the drug’s action.

First-in-human studies include phase 1–3 trials. Once a drug receives FDA approval for use in humans, case reports and case series consist of
observations by clinicians of the effects of drug (or other) treatments in one or more patients. These results often reveal unpredictable benefits and
toxicities but do not generally test a prespecified hypothesis and cannot prove cause and effect. Analytic epidemiologic studies consist of
observations designed to test a specified hypothesis, eg, that thiazolidinedione antidiabetic drugs are associated with adverse cardiovascular
events. Cohort epidemiologic studies utilize populations of patients that have (exposed group) and have not (control group) been exposed to the
agents under study and ask whether the exposed groups show a higher or lower incidence of the effect. Case-control epidemiologic studies utilize
populations of patients that have displayed the end point under study and ask whether they have been exposed or not exposed to the drugs in
question. Such epidemiologic studies add weight to conjectures but cannot control all confounding variables and therefore cannot conclusively
prove cause and effect.

Meta-analyses utilize rigorous evaluation and grouping of similar studies to increase the number of subjects studied and hence the statistical power
of results obtained in multiple published studies. While the numbers may be dramatically increased by meta-analysis, the individual studies still
suffer from their varying methods and end points, and a meta-analysis cannot prove cause and effect.

Large randomized controlled trials (RCTs) are designed to answer specific questions about the effects of medications on clinical end points or
important surrogate end points, using large enough samples of patients and allocating them to control and experimental treatments using rigorous
randomization methods. Randomization is the best method for distributing all foreseen confounding factors, as well as unknown confounders,
equally between the experimental and control groups. When properly carried out, such studies are rarely invalidated and are considered the gold
standard in evaluating drugs.

A critical factor in evaluating the data regarding a new drug is access to all the data. Unfortunately, many large studies are never published because
the results are negative, ie, the new drug is not better than the standard therapy. This missing data phenomenon falsely exaggerates the benefits of
new drugs because negative results are hidden.

*I thank Ralph Gonzales, MD, for helpful comments.

The Food & Drug Administration

The FDA is the administrative body that oversees the drug evaluation process in the USA and grants approval for marketing of new drug products. To
receive FDA approval for marketing, the originating institution or company (almost always the latter) must submit evidence of safety and effectiveness.
Outside the USA, the regulatory and drug approval process is generally similar to that in the USA.

As its name suggests, the FDA is also responsible for certain aspects of food safety, a role it shares with the US Department of Agriculture (USDA).
Shared responsibility results in complications when questions arise regarding the use of drugs, eg, antibiotics, in food animals. A different type of
problem arises when so-called food supplements are found to contain active drugs, eg, sildenafil analogs in “energy food” supplements.

The FDA’s authority to regulate drugs derives from specific legislation (Table 1–6). If a drug has not been shown through adequately controlled testing

to be “safe and effective” for a specific use, it cannot be marketed in interstate commerce for this use.*

TABLE 1–6

Some major legislation pertaining to drugs in the USA.

L a w Purpose and Effect

Pure Food and Drug Act

of 1906

Prohibited mislabeling and adulteration of drugs.

Opium Exclusion Act of

1909

Prohibited importation of opium.

Amendment (1912) to the

Pure Food and Drug Act

Prohibited false or fraudulent advertising claims.

Harrison Narcotic Act of

1914

Established regulations for use of opium, opiates, and cocaine (marijuana added in 1937).

Food, Drug, and Cosmetic

Act of 1938

Required that new drugs be safe as well as pure (but did not require proof of efficacy). Enforcement by the FDA.

Durham-Humphrey Act of

1952

Vested in the FDA the power to determine which products could be sold without prescription.

Kefauver-Harris

Amendments (1962) to

the Food, Drug, and

Cosmetic Act

Required proof of efficacy as well as safety for new drugs and for drugs released since 1938; established guidelines for

reporting of information about adverse reactions, clinical testing, and advertising of new drugs.

Comprehensive Drug

Abuse Prevention and

Control Act (1970)

Outlined strict controls in the manufacture, distribution, and prescribing of habit-forming drugs; established drug schedules

and programs to prevent and treat drug addiction.

Orphan Drug

Amendment of 1983

Provided incentives for development of drugs that treat diseases with fewer than 200,000 patients in the USA.

Drug Price Competition

and Patent Restoration

Act of 1984

Abbreviated new drug applications for generic drugs. Required bioequivalence data. Patent life extended by amount of time

drug delayed by FDA review process. Cannot exceed 5 extra years or extend to more than 14 years post-NDA approval.

Prescription Drug User

Fee Act (1992,

reauthorized 2007, 2012)

Manufacturers pay user fees for certain new drug applications. “Breakthrough” products may receive special category

approval after expanded phase 1 trials (2012).

Dietary Supplement

Health and Education Act

(1994)

Established standards with respect to dietary supplements but prohibited full FDA review of supplements and botanicals as

drugs. Required the establishment of specific ingredient and nutrition information labeling that defines dietary supplements

and classifies them as part of the food supply but allows unregulated advertising.

Bioterrorism Act of 2002 Enhanced controls on dangerous biologic agents and toxins. Seeks to protect safety of food, water, and drug supply.

Food and Drug

Administration

Amendments Act of 2007

Granted the FDA greater authority over drug marketing, labeling, and direct-to-consumer advertising; required post-approval

studies, established active surveillance systems, made clinical trial operations and results more visible to the public.

Biologics Price

Competition and

Innovation Act of 2009

Authorized the FDA to establish a program of abbreviated pathways for approval of “biosimilar” biologics (generic versions of

monoclonal antibodies, etc).

FDA Safety and

Innovation Act of 2012

Renewed FDA authorization for accelerated approval of urgently needed drugs; established new accelerated process,

“breakthrough therapy,” in addition to “priority review,” “accelerated approval,” and “fast-track” procedures.

Unfortunately, “safe” can mean different things to the patient, the physician, and society. Complete absence of risk is impossible to demonstrate, but
this fact may not be understood by members of the public, who frequently assume that any medication sold with the approval of the FDA should be
free of serious “side effects.” This confusion is a major factor in litigation and dissatisfaction with aspects of drugs and medical care.

The history of drug regulation in the USA (Table 1–6) reflects several health events that precipitated major shifts in public opinion. For example, the
Federal Food, Drug, and Cosmetic Act of 1938 was largely a reaction to deaths associated with the use of a preparation of sulfanilamide marketed
before it and its vehicle were adequately tested. Similarly, the Kefauver-Harris Amendments of 1962 were, in part, the result of a teratogenic drug
disaster involving thalidomide. This agent was introduced in Europe in 1957–1958 and was marketed as a “nontoxic” hypnotic and promoted as being
especially useful as a sleep aid during pregnancy. In 1961, reports were published suggesting that thalidomide was responsible for a dramatic increase
in the incidence of a rare birth defect called phocomelia, a condition involving shortening or complete absence of the arms and legs. Epidemiologic
studies provided strong evidence for the association of this defect with thalidomide use by women during the first trimester of pregnancy, and the
drug was withdrawn from sale worldwide. An estimated 10,000 children were born with birth defects because of maternal exposure to this one agent.
The tragedy led to the requirement for more extensive testing of new drugs for teratogenic effects and stimulated passage of the Kefauver-Harris
Amendments of 1962, even though the drug was not then approved for use in the USA. Despite its disastrous fetal toxicity and effects in pregnancy,
thalidomide is a relatively safe drug for humans other than the fetus. Even the most serious risk of toxicities may be avoided or managed if understood,
and despite its toxicity, thalidomide is now approved by the FDA for limited use as a potent immunoregulatory agent and to treat certain forms of
leprosy.

*Although the FDA does not directly control drug commerce within states, a variety of state and federal laws control interstate production and
marketing of drugs.

Clinical Trials: The IND & NDA

Once a new drug is judged ready to be studied in humans, a Notice of Claimed Investigational Exemption for a New Drug (IND) must be filed with the
FDA (Figure 1–6). The IND includes (1) information on the composition and source of the drug, (2) chemical and manufacturing information, (3) all data
from animal studies, (4) proposed plans for clinical trials, (5) the names and credentials of physicians who will conduct the clinical trials, and (6) a
compilation of the key preclinical data relevant to study of the drug in humans that have been made available to investigators and their institutional
review boards.

It often requires 4–6 years of clinical testing to accumulate and analyze all required data. Testing in humans is begun only after sufficient acute and
subacute animal toxicity studies have been completed. Chronic safety testing in animals, including carcinogenicity studies, is usually done concurrently
with clinical trials. In each phase of the clinical trials, volunteers or patients must be informed of the investigational status of the drug as well as the
possible risks and must be allowed to decline or to consent to participate and receive the drug. In addition to the approval of the sponsoring
organization and the FDA, an interdisciplinary institutional review board (IRB) at each facility where the clinical drug trial will be conducted must review
and approve the scientific and ethical plans for testing in humans.

In phase 1, the effects of the drug as a function of dosage are established in a small number (20–100) of healthy volunteers. If the drug is expected to
have significant toxicity, as may be the case in cancer and AIDS therapy, volunteer patients with the disease participate in phase 1 rather than normal
volunteers. Phase 1 trials are done to determine the probable limits of the safe clinical dosage range. These trials may be nonblind or “open”; that is,
both the investigators and the subjects know what is being given. Alternatively, they may be “blinded” and placebo controlled. Many predictable
toxicities are detected in this phase. Pharmacokinetic measurements of absorption, half-life, and metabolism are often done. Phase 1 studies are
usually performed in research centers by specially trained clinical pharmacologists.

In phase 2, the drug is studied in patients with the target disease to determine its efficacy (“proof of concept” studies), and the doses to be used in any
follow-on trials. A modest number of patients (100–200) are studied in detail. A single-blind design may be used, with an inert placebo medication and
an established active drug (positive control) in addition to the investigational agent. Phase 2 trials are usually done in special clinical centers (eg,
university hospitals). A broader range of toxicities may be detected in this phase. Phase 2 trials have the highest rate of drug failures, and only 25% of
innovative drugs move on to phase 3.

In phase 3, the drug is evaluated in much larger numbers—usually thousands—of patients with the target disease to further establish and confirm
safety and efficacy. Using information gathered in phases 1 and 2, phase 3 trials are designed to minimize errors caused by placebo effects, variable
course of the disease, etc. Therefore, double-blind and crossover techniques are often used. Phase 3 trials are usually performed in settings similar to
those anticipated for the ultimate use of the drug. Phase 3 studies can be difficult to design and execute and are usually expensive because of the large
numbers of patients involved and the masses of data that must be collected and analyzed. The drug is formulated as intended for the market. The
investigators are usually specialists in the disease being treated. Certain toxic effects, especially those caused by immunologic processes, may first
become apparent in phase 3.

If phase 3 results meet expectations, application is made for permission to market the new agent. Marketing approval requires submission of a New
Drug Application (NDA)—or for biologicals, a Biological License Application (BLA)—to the FDA. The application contains, often in hundreds of volumes,
full reports of all preclinical and clinical data pertaining to the drug under review. The number of subjects studied in support of new drug applications
has been increasing and currently averages more than 5000 patients for new drugs of novel structure (new molecular entities). The duration of the FDA
review leading to approval (or denial) of the new drug application may vary from months to years. If problems arise, eg, unexpected but possibly
serious toxicities, additional studies may be required and the review process may extend to several additional years.

Many phase 2 and phase 3 studies attempt to measure a new drug’s “noninferiority” to the placebo or a standard treatment. Interpretation of the
results may be difficult because of unexpected confounding variables, loss of subjects from some groups, or realization that results differ markedly
between certain subgroups within the active treatment (new drug) group. Older statistical methods for evaluating drug trials often fail to provide
definitive answers when these problems arise. Therefore, new “adaptive” statistical methods are under development that allow changes in the study
design when interim data evaluation indicates the need. Preliminary results with such methods suggest that they may allow decisions regarding
superiority as well as noninferiority, shortening of trial duration, discovery of new therapeutic benefits, and more reliable conclusions regarding the
results (see Bhatt & Mehta, 2016).

In cases of urgent need (eg, cancer chemotherapy), the process of preclinical and clinical testing and FDA review may be accelerated. For serious
diseases, the FDA may permit extensive but controlled marketing of a new drug before phase 3 studies are completed; for life-threatening diseases, it
may permit controlled marketing even before phase 2 studies have been completed. “Fast track,” “priority approval,” and “accelerated approval” are
FDA programs that are intended to speed entry of new drugs into the marketplace. In 2012, an additional special category of “breakthrough” products
(eg, for cystic fibrosis) was approved for restricted marketing after expanded phase 1 trials (Table 1–6). Roughly 50% of drugs in phase 3 trials enter
early, controlled marketing. Such accelerated approval is usually granted with the requirement that careful monitoring of the effectiveness and toxicity
of the drug be carried out and reported to the FDA. Unfortunately, FDA enforcement of this requirement has not always been adequate.

Once approval to market a drug has been obtained, phase 4 begins. This constitutes monitoring the safety of the new drug under actual conditions of
use in large numbers of patients. The importance of careful and complete reporting of toxicity by physicians after marketing begins can be appreciated
by noting that many important drug-induced effects have an incidence of 1 in 10,000 or less and that some adverse effects may become apparent only
after chronic dosing. The sample size required to disclose drug-induced events or toxicities is very large for such rare events. For example, several
hundred thousand patients may have to be exposed before the first case is observed of a toxicity that occurs with an average incidence of 1 in 10,000.
Therefore, low-incidence drug effects are not generally detected before phase 4 no matter how carefully phase 1, 2, and 3 studies are executed. Phase
4 has no fixed duration. As with monitoring of drugs granted accelerated approval, phase 4 monitoring has often been lax.

The time from the filing of a patent application (which usually precedes clinical trials) to approval for marketing of a new drug may be 5 years or
considerably longer. Since the lifetime of a patent is 20 years in the USA, the owner of the patent (usually a pharmaceutical company) has exclusive
rights for marketing the product for only a limited time after approval of the new drug application. Because the FDA review process itself can be lengthy
(300–500 days for evaluation of an NDA), the time consumed by the review is sometimes added to the patent life. However, the extension (up to 5 years)
cannot increase the total life of the patent to more than 14 years after approval of a new drug application. The Patient Protection and Affordable Care
Act of 2010 provides for 12 years of patent protection for new drugs. After expiration of the patent, any company may produce the drug, file an
abbreviated new drug application (ANDA), demonstrate required equivalence, and, with FDA approval, market the drug as a generic product without
paying license fees to the original patent owner. Currently, more than half of prescriptions in the USA are for generic drugs. Even biotechnology-based
drugs such as antibodies and other proteins are now qualifying for generic (“biosimilar”) designation, and this has fueled regulatory concerns. More
information on drug patents is available at the FDA website at http://www.fda.gov/Drugs/DevelopmentApprovalProcess/ucm079031.htm.

A trademark is a drug’s proprietary trade name and is usually registered; this registered name may be legally protected as long as it is used. A
generically equivalent product, unless specially licensed, cannot be sold under the trademark name and is often designated by the official generic
name. Generic prescribing is described in Chapter 66.

Conflicts of Interest

Several factors in the development and marketing of drugs result in conflicts of interest. Use of pharmaceutical industry funding to support FDA
approval processes raises the possibility of conflicts of interest within the FDA. Supporters of this practice point out that chronic FDA underfunding by
the government allows for few alternatives. Another important source of conflicts of interest is the dependence of the FDA on outside panels of experts
who are recruited from the scientific and clinical community to advise the government agency on questions regarding drug approval or withdrawal.
Such experts are often recipients of grants from the companies producing the drugs in question. The need for favorable data in the new drug
application leads to phase 2 and 3 trials in which the new agent is compared only to placebo, not to older, effective drugs. As a result, data regarding
the efficacy and toxicity of the new drug relative to a known effective agent may not be available when the new drug is first marketed.

Manufacturers promoting a new agent may pay physicians to use it in preference to older drugs with which they are more familiar. Manufacturers
sponsor small and often poorly designed clinical studies after marketing approval and aid in the publication of favorable results but may retard
publication of unfavorable results. The need for physicians to meet continuing medical education (CME) requirements in order to maintain their
licenses encourages manufacturers to sponsor conferences and courses, often in highly attractive vacation sites, and new drugs are often featured in
such courses. The common practice of distributing free samples of new drugs to practicing physicians has both positive and negative effects. The
samples allow physicians to try out new drugs without incurring any cost to the patient. On the other hand, new drugs are usually much more
expensive than older agents, and when the free samples run out, the patient (or insurance carrier) may be forced to pay much more for treatment than
if the older, cheaper, and possibly equally effective drug were used. Finally, when the patent for a drug is nearing expiration, the patent-holding
manufacturer may try to extend its exclusive marketing status by paying generic manufacturers to not introduce a generic version (“pay to delay”).

Adverse Drug Reactions

An adverse drug event (ADE) or reaction to a drug (ADR) is a harmful or unintended response. Adverse drug reactions are claimed to be the fourth
leading cause of death, higher than pulmonary disease, AIDS, accidents, and automobile deaths. The FDA has further estimated that 300,000
preventable adverse events occur annually in hospitals, many as a result of confusing medical information or lack of information (eg, regarding drug
incompatibilities). Adverse reactions occurring only in certain susceptible patients include intolerance, idiosyncrasy (frequently genetic in origin), and
allergy (usually immunologically mediated). During IND studies and clinical trials before FDA approval, all adverse events (serious, life-threatening,
disabling, reasonably drug related, or unexpected) must be reported. After FDA approval to market a drug, surveillance, evaluation, and reporting
must continue for any adverse events that are related to use of the drug, including overdose, accident, failure of expected action, events occurring
from drug withdrawal, and unexpected events not listed in labeling. Events that are both serious and unexpected must be reported to the FDA within 15
days. The ability to predict and avoid adverse drug reactions and optimize a drug’s therapeutic index is an increasing focus of pharmacogenetic and
personalized (also called “precision”) medicine. It has been suggested that greater use of electronic health records will reduce some of these risks (see
Chapter 66). This hope has not yet been realized.

Orphan Drugs & Treatment of Rare Diseases

Drugs for rare diseases—so-called orphan drugs—can be difficult to research, develop, and market. Proof of drug safety and efficacy in small
populations must be established, but doing so is a complex process. Furthermore, because basic research in the pathophysiology and mechanisms of
rare diseases receives relatively little attention or funding in both academic and industrial settings, recognized rational targets for drug action may be
few. In addition, the cost of developing a drug can greatly influence priorities when the target population is relatively small. Funding for development
of drugs for rare diseases or ignored diseases that do not receive priority attention from the traditional industry has received increasing support via
philanthropy or similar funding from not-for-profit foundations such as the Cystic Fibrosis Foundation, the Michael J. Fox Foundation for Parkinson’s
Research, the Huntington’s Disease Society of America, and the Gates Foundation.

The Orphan Drug Amendment of 1983 provides incentives for the development of drugs for treatment of a rare disease or condition defined as “any
disease or condition which (a) affects less than 200,000 persons in the USA or (b) affects more than 200,000 persons in the USA but for which there is
no reasonable expectation that the cost of developing and making available in the USA a drug for such disease or condition will be recovered from
sales in the USA of such drug.” Since 1983, the FDA has approved for marketing more than 300 orphan drugs to treat more than 82 rare diseases.

SOURCES OF INFORMATION

Students who wish to review the field of pharmacology in preparation for an examination are referred to Pharmacology: Examination and Board
Review, by Katzung, Kruidering-Hall, and Trevor (McGraw Hill, 2019). This book provides approximately 1000 questions and explanations in USMLE
format. A short study guide is USMLE Road Map: Pharmacology, by Katzung and Trevor (McGraw Hill, 2006). Road Map contains numerous tables,
figures, mnemonics, and USMLE-type clinical vignettes.

The references at the end of each chapter in this book were selected to provide reviews or classic publications of information specific to those
chapters. More detailed questions relating to basic or clinical research are best answered by referring to the journals covering general pharmacology
and clinical specialties. For the student and the physician, three periodicals can be recommended as especially useful sources of current information
about drugs: The New England Journal of Medicine, which publishes much original drug-related clinical research as well as frequent reviews of topics
in pharmacology; The Medical Letter on Drugs and Therapeutics, which publishes brief critical reviews of new and old therapies; and Prescriber’s
Letter, a monthly comparison of new and older drug therapies with much useful advice. On the Internet/World Wide Web, two sources can be
particularly recommended: the Cochrane Collaboration and the FDA site (see reference list below).

Other sources of information pertinent to the United States should be mentioned as well. The “package insert” is a summary of information that the
manufacturer is required to place in the prescription sales package; Physicians’ Desk Reference (PDR) is a compendium of package inserts published
annually with supplements twice a year. It is sold in bookstores and distributed to licensed physicians. The package insert consists of a brief
description of the pharmacology of the product. This brochure contains much practical information, but also lists every toxic effect ever reported, no
matter how rare, thus shifting responsibility for adverse drug reactions from the manufacturer to the prescriber. UpToDate.com is a large subscription
website containing detailed descriptions of current standards of care, including drug therapy, for a wide variety of clinical conditions. Micromedex and
Lexi-Comp are extensive subscription websites. They provide downloads for personal digital assistant devices, online drug dosage and interaction
information, and toxicologic information. A useful and objective quarterly handbook that presents information on drug toxicity and interactions is
Drug Interactions: Analysis and Management. Finally, the FDA maintains an Internet website that carries news regarding recent drug approvals,
withdrawals, warnings, etc. It can be accessed at http://www.fda.gov. The MedWatch drug safety program is a free e-mail notification service that
provides news of FDA drug warnings and withdrawals. Subscriptions may be obtained at https://www.fda.gov/safety/medwatch-fda-safety-
information-and-adverse-event-reporting-program.

CASE STUDY ANSWER

Aspirin overdose commonly causes a mixed respiratory alkalosis and metabolic acidosis. Because aspirin is a weak acid, serum acidosis favors entry
of the drug into tissues (increasing toxicity), and urinary acidosis favors reabsorption of excreted drug back into the blood (prolonging the effects of
the overdose). Sodium bicarbonate, a weak base, is an important component of the management of aspirin overdose. It causes alkalosis, reducing
entry into tissues, and increases the pH of the urine, enhancing renal clearance of the drug. See the discussion of the ionization of weak acids and
weak bases in the text.
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MABs, monoclonal antibodies.

1The Kd is the concentration for 50% saturation of the receptors and is inversely proportionate to the affinity of the drug for the receptors.

Data from Ruffolo RR Jr, Gellai M, Hieble JP, et al: The Pharmacology of carvedilol, Eur J Clin Pharmacol 1990;38S2:S82-88.

MDR1, multidrug resistance protein-1; MRP1, multidrug resistance-associated protein-1; NET, norepinephrine transporter; SERT, serotonin reuptake transporter;

VMAT, vesicular monoamine transporter.

1The pKa is that pH at which the concentrations of the ionized and nonionized forms are equal.

2More than one ionizable group.

3Isoelectric point.
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Chapter 1: Introduction: The Nature of Drugs & Drug Development & Regulation

Bertram G. Katzung

CASE STUDY

CASE STUDY

A 78-year-old woman is brought to the hospital because of suspected aspirin overdose*. She has taken aspirin for joint pain for many years without
incident, but during the past year, she has exhibited signs of cognitive decline. Her caregiver finds her confused, hyperventilating, and vomiting. The
caregiver finds an empty bottle of aspirin tablets and calls 9-1-1. In the emergency department, samples of venous and arterial blood are obtained
while the airway, breathing, and circulation are evaluated. An intravenous (IV) drip is started, and gastrointestinal decontamination is begun. After
blood gas results are reported, sodium bicarbonate is administered via the IV. What is the purpose of the sodium bicarbonate?

Pharmacology can be defined as the study of substances that interact with living systems through chemical processes. These interactions usually
occur by binding of the substance to regulatory molecules and activating or inhibiting normal body processes. These substances may be chemicals
administered to achieve a beneficial therapeutic effect on some process within the patient or for their toxic effects on regulatory processes in parasites
infecting the patient. Such deliberate therapeutic applications may be considered the proper role of medical pharmacology, which is often defined
as the science of substances used to prevent, diagnose, and treat disease. Toxicology is the branch of pharmacology that deals with the undesirable
effects of chemicals on living systems, from individual cells to humans to complex ecosystems (Figure 1–1). The nature of drugs—their physical
properties and their interactions with biological systems—is discussed in part I of this chapter.

FIGURE 1–1

Major areas of study in pharmacology. The actions of chemicals can be divided into two large domains. The first (left side) is that of medical
pharmacology and toxicology, which is aimed at understanding the actions of drugs as chemicals on individual organisms, especially humans and
domestic animals. Both beneficial and toxic effects are included. Pharmacokinetics deals with the absorption, distribution, and elimination of drugs.
Pharmacodynamics concerns the actions of the chemical on the organism. The second domain (right side) is that of environmental toxicology, which is
concerned with the effects of chemicals on all organisms and their survival in groups and as species.

New drugs are added every year; they are needed for several reasons including: (1) increasing resistance by bacteria and other parasites; (2) discovery
of new target processes in diseases that have not been adequately treated; and (3) recognition of new diseases. Furthermore, a dramatic increase has
occurred in the number of large molecule drugs (especially antibodies) approved during the last two decades. The development of new drugs and their
regulation by government agencies are discussed in part II.

*The author thanks Barry Berkowitz, PhD, for contributions to the second part of this chapter in previous editions.

THE HISTORY OF PHARMACOLOGY

Prehistoric people undoubtedly recognized the beneficial or toxic effects of many plant and animal materials. Early written records list remedies of
many types, including a few that are still recognized as useful drugs today. Most, however, were worthless or actually harmful. Beginning about 1500
years ago, sporadic attempts were made to introduce rational methods into medicine, but none was successful owing to the dominance of systems of
thought (“schools”) that purported to explain all of biology and disease without the need for experimentation and observation. These schools
promulgated bizarre notions such as the idea that disease was caused by excesses of bile or blood in the body, that wounds could be healed by
applying a salve to the weapon that caused the wound, and so on.

Around the end of the 17th century, concepts based on observation and experimentation began to replace theorizing in physiology and clinical
medicine. As the value of these methods in the study of disease became clear, physicians in Great Britain and on the Continent began to apply them
systematically to the effects of traditional drugs used in their own practices. Thus, materia medica—the science of drug preparation and the medical
uses of drugs—began to develop as the precursor to pharmacology. However, any real understanding of the mechanisms of action of drugs was
prevented by the absence of methods for purifying active agents from the crude materials that were available and—even more—by the lack of methods
for testing hypotheses about the nature of drug actions.

In the late 18th and early 19th centuries, François Magendie and his student Claude Bernard began to develop the methods of experimental
physiology and pharmacology. Advances in chemistry and the further development of physiology in the 18th, 19th, and early 20th centuries laid the
foundation needed for understanding how drugs work at the organ and cellular levels. Paradoxically, real advances in basic pharmacology during this
time were accompanied by an outburst of unscientific claims by manufacturers and marketers of worthless “patent medicines.” Not until the concepts
of rational therapeutics, especially that of the controlled clinical trial, were reintroduced into medicine—only about 60 years ago—did it become
possible to adequately evaluate therapeutic claims.

Around the 1940s and 1950s, a major expansion of research efforts in all areas of biology began. As new concepts and new techniques were
introduced, information accumulated about drug action and the biologic substrate of that action, the drug receptor. During the last 60 years, many
fundamentally new drug groups and new members of old groups have been introduced. The last three decades have seen an even more rapid growth
of information and understanding of the molecular basis for drug action. The molecular mechanisms of action of many drugs have now been
identified, and numerous receptors have been isolated, structurally characterized, and cloned. In fact, the use of receptor identification methods
(described in Chapter 2) has led to the discovery of many orphan receptors—receptors for which no ligand has been discovered and whose function
can only be guessed. Studies of the local molecular environment of receptors have shown that receptors and effectors do not function in isolation;
they are strongly influenced by other receptors and by companion regulatory proteins. Most recently, it has become clear that gravitational change,
radiation, and other aspects of space outside the Earth’s environment require the development of space medicine. This has opened another important
area for the future of pharmacology. One result of these discoveries is the confirmation that pharmacology represents an area where anatomy,
biochemistry, genetics, physiology, pathology, clinical medicine, and the environment meet. Many problems that the health practitioner confronts can
now be corrected or mitigated using pharmacologic tools.

Pharmacogenomics—the relation of the individual’s genetic makeup to his or her response to specific drugs—is becoming an important part of
therapeutics (see Chapter 5). Decoding of the genomes of many species—from bacteria to humans—has led to the recognition of unsuspected
relationships between receptor families and the ways that receptor proteins have evolved. Furthermore, discovery of regulatory functions exerted by
the neighbors of chromosomes and the noncoding regions of DNA on the expression of exons has opened a new area of possible manipulation of the
genes—epigenetics—that control pharmacologic responses.

The discovery that small segments of RNA can interfere with protein synthesis with extreme selectivity has led to investigation of small interfering
RNAs (siRNAs) and micro-RNAs (miRNAs) as therapeutic agents. Similarly, short nucleotide chains called antisense oligonucleotides (ANOs),
synthesized to be complementary to natural RNA or DNA, can interfere with the readout of genes and the transcription of RNA. Finally, new, efficient
methods of DNA editing have made possible the modification of genes that encode proteins that are critical to immunologic functions, including
anticancer receptors on T-cells. These developments have led to a dramatic increase in large molecule therapeutics in the last 20 years (Table 1–1).

TABLE 1–1

Development of large molecule therapeutic agents as a fraction of all  new drug approvals,  2000–2017.

Y e a r Total  New Drug Approvals New Protein Drugs (∼% of new drug approvals) New MABs (∼% of new drug approvals)

2000 63 3 (5%) 1 (2%)

2008 34 5 (15%) 1 (3%)

2010 49 8 (16%) 4 (8%)

2015 69 13 (19%) 9 (13%)

2017 63 10 (16%) 9 (14%)

Unfortunately, the medication-consuming public is still exposed to vast amounts of inaccurate or unscientific information regarding the
pharmacologic effects of chemicals. This results in the irrational use of innumerable expensive, ineffective, and sometimes harmful remedies and the
growth of a huge “alternative health care” industry. Furthermore, manipulation of the legislative process in the United States has allowed many
substances promoted for health—but not promoted specifically as “drugs”—to avoid meeting the Food and Drug Administration (FDA) standards
described in the second part of this chapter. Conversely, lack of understanding of basic scientific principles in biology and statistics and the absence of
critical thinking about public health issues have led to rejection of medical science, including vaccines, by a segment of the public and to a common
tendency to assume that all adverse drug effects are the result of malpractice.

General principles that the student should remember are (1) that all substances can under certain circumstances be toxic; (2) that the chemicals in
botanicals (herbs and plant extracts, “nutraceuticals”) are no different from chemicals in manufactured drugs except for the much greater proportion
of impurities in botanicals; and (3) that all dietary supplements and all therapies promoted as health-enhancing should meet the same standards of
efficacy and safety as conventional drugs and medical therapies. That is, there should be no artificial separation between scientific medicine and
“alternative” or “complementary” medicine. Ideally, all nutritional and botanical substances should be tested by the same types of randomized
controlled trials (RCTs) as synthetic compounds.

GENERAL PRINCIPLES OF PHARMACOLOGY

THE NATURE OF DRUGS

In the most general sense, a drug may be defined as any substance that brings about a change in biologic function through its chemical actions. In most
cases, the drug molecule interacts as an agonist (activator) or antagonist (inhibitor) with a specific target molecule that plays a regulatory role in the
biologic system. This target molecule is called a receptor. Some of the new large molecule drugs (biologicals) are receptors themselves and bind
endogenous molecules. The nature of receptors is discussed more fully in Chapter 2. In a very small number of cases, drugs known as chemical
antagonists may interact directly with other drugs, whereas a few drugs (osmotic agents) interact almost exclusively with water molecules. Drugs
may be synthesized within the body (eg, hormones) or may be chemicals not synthesized in the patient’s body (ie, xenobiotics). Poisons are drugs
that have almost exclusively harmful effects. However, Paracelsus (1493–1541) famously stated that “the dose makes the poison,” meaning that any
substance can be harmful if taken in the wrong dosage. Toxins are usually defined as poisons of biologic origin, ie, synthesized by plants or animals,
in contrast to inorganic poisons such as lead and arsenic.

The Physical Nature of Drugs

To interact chemically with its receptor, a drug molecule must have the appropriate size, electrical charge, shape, and atomic composition.
Furthermore, a drug is often administered at a location distant from its intended site of action, eg, a pill taken orally to relieve a headache. Therefore, a
useful drug must have the necessary properties to be transported from its site of administration to its site of action. Finally, a practical drug should be
inactivated or excreted from the body at a reasonable rate so that its actions will be of appropriate duration.

Drugs may be solid at room temperature (eg, aspirin, atropine), liquid (eg, nicotine, ethanol), or gaseous (eg, nitrous oxide, nitric oxide, xenon). These
factors often determine the best route of administration. The most common routes of administration are described in Chapter 3, Table 3–3. The
various classes of organic compounds—carbohydrates, proteins, lipids, and smaller molecules—are all represented in pharmacology. As noted above,
many proteins have been approved and some oligonucleotides, in the form of small segments of RNA, have entered clinical trials and are on the
threshold of introduction into therapeutics.

A number of inorganic elements, eg, fluoride, lithium, iron, and heavy metals, are both useful and dangerous drugs. Many organic drugs are weak acids
or bases. This fact has important implications for the way they are handled by the body, because pH differences in the various compartments of the
body may alter the degree of ionization of weak acids and bases (see text that follows).

Drug Size

The molecular size of drugs varies from very small (lithium ion, molecular weight [MW] 7) to very large (eg, alteplase [t-PA], a protein of MW 59,050).
Many antibodies are even larger; eg, erenumab, an antibody used in the management of migraine, has a MW of more than 145,000. However, most
drugs have molecular weights between 100 and 1000. The lower limit of this narrow range is probably set by the requirements for specificity of action.
To have a good “fit” to only one type of receptor, a drug molecule must be sufficiently unique in shape, charge, and other properties to prevent its
binding to other receptors. To achieve such selective binding, it appears that a molecule should in most cases be at least 100 MW units in size. The
upper limit in molecular weight is determined primarily by the requirement that most drugs must be able to move within the body (eg, from the site of
administration to the site of action and then to the site of elimination). Drugs much larger than MW 1000 do not diffuse readily between compartments
of the body (discussed under Permeation, in following text). Therefore, very large drugs (usually proteins) must often be administered directly into the
compartment where they have their effect. In the case of alteplase, a clot-dissolving enzyme, the drug is administered directly into the vascular
compartment by intravenous or intra-arterial infusion.

Drug Reactivity & Drug-Receptor Bonds

Drugs interact with receptors by means of chemical forces or bonds. These are of three major types: covalent, electrostatic, and hydrophobic.
Covalent bonds are very strong and in many cases not reversible under biologic conditions. Thus, the covalent bond formed between the acetyl group
of acetylsalicylic acid (aspirin) and cyclooxygenase, its enzyme target in platelets, is not readily broken. The platelet aggregation–blocking effect of
aspirin lasts long after free acetylsalicylic acid has disappeared from the bloodstream (about 15 minutes) and is reversed only by the synthesis of new
enzyme in new platelets, a process that takes several days. Other examples of highly reactive, covalent bond-forming drugs include the DNA-alkylating
agents used in cancer chemotherapy to disrupt cell division in the tumor.

Electrostatic bonding is much more common than covalent bonding in drug-receptor interactions. Electrostatic bonds vary from relatively strong
linkages between permanently charged ionic molecules to weaker hydrogen bonds and very weak induced dipole interactions such as van der Waals
forces and similar phenomena. Electrostatic bonds are weaker than covalent bonds.

Hydrophobic bonds are usually quite weak and are probably important in the interactions of highly lipid-soluble drugs with the lipids of cell
membranes and perhaps in the interaction of drugs with the internal walls of receptor “pockets.”

The specific nature of a particular drug-receptor bond is of less practical importance than the fact that drugs that bind through weak bonds to their
receptors are generally more selective than drugs that bind by means of very strong bonds. This is because weak bonds require a very precise fit of the
drug to its receptor if an interaction is to occur. Only a few receptor types are likely to provide such a precise fit for a particular drug structure. Thus, if
we wished to design a highly selective drug for a particular receptor, we would avoid highly reactive molecules that form covalent bonds and instead
choose a molecule that forms weaker bonds.

A few substances that are almost completely inert in the chemical sense nevertheless have significant pharmacologic effects. For example, xenon, an
“inert” gas, has anesthetic effects at elevated pressures.

Drug Shape

The shape of a drug molecule must be such as to permit binding to its target site via the bonds just described. Optimally, the drug’s shape is
complementary to that of the target site (usually a receptor) in the same way that a key is complementary to a lock. Furthermore, the phenomenon of
chirality (stereoisomerism) is so common in biology that more than half of all useful drugs are chiral molecules; that is, they can exist as
enantiomeric pairs. Drugs with two asymmetric centers have four diastereomers, eg, ephedrine, a sympathomimetic drug. In most cases, one of these
enantiomers is much more potent than its mirror image enantiomer, reflecting a better fit to the receptor molecule. If one imagines the receptor site to
be like a glove into which the drug molecule must fit to bring about its effect, it is clear why a “left-oriented” drug is more effective in binding to a left-
hand receptor than its “right-oriented” enantiomer.

The more active enantiomer at one type of receptor site may not be more active at another receptor type, eg, a type that may be responsible for some
other effect. For example, carvedilol, a drug that interacts with adrenoceptors, has a single chiral center and thus two enantiomers (Table 1–2). One of
these enantiomers, the (S)(–) isomer, is a potent β-receptor blocker. The (R)(+) isomer is 100-fold weaker at the β receptor. However, the isomers are
approximately equipotent as α-receptor blockers. Ketamine, a chiral molecule with two isomers, was introduced as an anesthetic. When administered
as an anesthetic, the racemic mixture is administered intravenously. In contrast, the (S) enantiomer has recently been approved for use in nasal spray
form as a rapid-acting antidepressant.

TABLE 1–2

Dissociation constants (Kd )  of  the enantiomers and racemate of carvedilol.

Form of  Carvedilol α  Receptors (Kd ,  nmol/L1) β  Receptors (Kd ,  nmol/L)

(R)(+) enantiomer 14 45

(S)(−) enantiomer 16 0.4

(R,S)(±) enantiomers 11 0.9

Finally, because enzymes are usually stereoselective, one drug enantiomer is often more susceptible than the other to drug-metabolizing enzymes. As
a result, the duration of action of one enantiomer may be quite different from that of the other. Similarly, drug transporters may be stereoselective.

Unfortunately, most studies of clinical efficacy and drug elimination in humans have been carried out with racemic mixtures of drugs rather than with
the separate enantiomers. At present, less than half of the chiral drugs used clinically are marketed as the active isomer—the rest are available only as
racemic mixtures. As a result, a majority of patients receive drug doses of which 50% is less active or inactive. A few drugs are currently available in both
the racemic and the pure, active isomer forms. However, proof that administration of the pure, active enantiomer decreases adverse effects relative to
those produced by racemic formulations has not been established.

Rational Drug Design

Rational design of drugs implies the ability to predict the appropriate molecular structure of a drug on the basis of information about its biologic
receptor. Until recently, no receptor was known in sufficient detail to permit such drug design. Instead, drugs were developed through random testing
of chemicals or modification of drugs already known to have some effect. However, the characterization of many receptors during the past three
decades has changed this picture. A few drugs now in use were developed through molecular design based on knowledge of the three-dimensional
structure of the receptor site. Computer programs are now available that can iteratively optimize drug structures to fit known receptors. As more
becomes known about receptor structure, rational drug design will become more common.

Receptor Nomenclature

The spectacular success of newer, more efficient ways to identify and characterize receptors (see Chapter 2) has resulted in a variety of differing, and
sometimes confusing, systems for naming them. This in turn has led to a number of suggestions regarding more rational methods of naming
receptors. The interested reader is referred for details to the efforts of the International Union of Pharmacology (IUPHAR) Committee on Receptor
Nomenclature and Drug Classification (reported in various issues of Pharmacological Reviews and elsewhere) and to Alexander SP et al: The Concise
Guide to PHARMACOLOGY 2017/18: Overview. Br J Pharmacol 2017;174:S1. The chapters in this book mainly use these sources for naming receptors.

DRUG-BODY INTERACTIONS

The interactions between a drug and the body are conveniently divided into two classes. The actions of the drug on the body are termed
pharmacodynamic processes (Figure 1–1); the principles of pharmacodynamics are presented in greater detail in Chapter 2. These properties
determine the group in which the drug is classified, and they play the major role in deciding whether that group is appropriate therapy for a particular
symptom or disease. The actions of the body on the drug are called pharmacokinetic processes and are described in Chapters 3 and 4.
Pharmacokinetic processes govern the absorption, distribution, and elimination of drugs and are of great practical importance in the choice and
administration of a particular drug for a particular patient, eg, a patient with heart failure who also has impaired renal function. The following
paragraphs provide a brief introduction to pharmacodynamics and pharmacokinetics.

Pharmacodynamic Principles

Most drugs must bind to a receptor to bring about an effect. However, at the cellular level, drug binding is only the first in a sequence of possible steps:

Drug (D) + receptor-effector (R) → drug-receptor-effector complex → effect

D + R → drug-receptor complex → effector molecule → effect

D + R → D-R complex → activation of coupling molecule → effector molecule → effect

Inhibition of metabolism of endogenous activator → increased activator action on an effector molecule → increased effect

Note that the final change in function is accomplished by an effector mechanism. The effector may be part of the receptor molecule or may be a
separate molecule. A very large number of receptors communicate with their effectors through coupling molecules, as described in Chapter 2.

A. Types of Drug-Receptor Interactions

Agonist drugs bind to and activate the receptor in some fashion, which directly or indirectly brings about the effect (Figure 1–2A). Receptor activation
involves a change in conformation in the cases that have been studied at the molecular structure level. Some receptors incorporate effector machinery
in the same molecule, so that drug binding brings about the effect directly, eg, opening of an ion channel or activation of enzyme activity. Other
receptors are linked through one or more intervening coupling molecules to a separate effector molecule. The major types of drug-receptor-effector
coupling systems are discussed in Chapter 2. Pharmacologic antagonist drugs, by binding to a receptor, compete with and prevent binding by other
molecules. For example, acetylcholine receptor blockers such as atropine are antagonists because they prevent access of acetylcholine and similar
agonist drugs to the acetylcholine receptor site and they stabilize the receptor in its inactive state (or some state other than the acetylcholine-activated
state). These agents reduce the effects of acetylcholine and similar molecules in the body (Figure 1–2B), but their action can be overcome by increasing
the dosage of agonist. Some antagonists bind very tightly to the receptor site in an irreversible or pseudoirreversible fashion and cannot be displaced
by increasing the agonist concentration. Drugs that bind to the same receptor molecule but do not prevent binding of the agonist are said to act
allosterically and may enhance (Figure 1–2C) or inhibit (Figure 1–2D) the action of the agonist molecule. Allosteric inhibition is not usually overcome
by increasing the dose of agonist.

FIGURE 1–2

Drugs may interact with receptors in several ways. The effects resulting from these interactions are diagrammed in the dose-response curves at the
right. Drugs that alter the agonist (A) response may activate the agonist binding site, compete with the agonist (competitive inhibitors, B), or act at
separate (allosteric) sites, increasing (C) or decreasing (D) the response to the agonist. Allosteric activators (C) may increase the efficacy of the agonist
or its binding affinity. The curve shown reflects an increase in efficacy; an increase in affinity would result in a leftward shift of the curve.

B. Agonists That Inhibit Their Binding Molecules

Some drugs mimic agonist drugs by inhibiting the molecules responsible for terminating the action of an endogenous agonist. For example,
acetylcholinesterase inhibitors, by slowing the destruction of endogenous acetylcholine, cause cholinomimetic effects that closely resemble the
actions of cholinoceptor agonist molecules even though cholinesterase inhibitors do not bind or only incidentally bind to cholinoceptors (see Chapter
7). Because they amplify the effects of physiologically released endogenous agonist ligands, their effects are sometimes more selective and less toxic
than those of exogenous agonists.

C. Agonists, Partial Agonists, and Inverse Agonists

Figure 1–3 describes a useful model of drug-receptor interactions. As indicated, the receptor is postulated to exist partially in the inactive,
nonfunctional form (Ri) and partially in the activated form (Ra). Thermodynamic considerations indicate that even in the absence of any agonist, some

of the receptor pool must exist in the Ra form some of the time and may produce the same physiologic effect as agonist-induced activity. This effect,

occurring in the absence of agonist, is termed constitutive or basal activity. Agonists have a much higher affinity for the Ra configuration and

stabilize it, so that a large percentage of the total pool resides in the Ra–D fraction and a large effect is produced. The recognition of constitutive activity

may depend on the receptor density, the concentration of coupling molecules (if a coupled system), and the number of effectors in the system.

FIGURE 1–3

A model of drug-receptor interaction. The hypothetical receptor is able to assume two conformations. In the Ri conformation, it is inactive and

produces no effect, even when combined with a drug molecule. In the Ra conformation, the receptor can activate downstream mechanisms that

produce a small observable effect, even in the absence of drug (constitutive activity). In the absence of drugs, the two isoforms are in equilibrium, and
the Ri form is favored. Conventional full agonist drugs have a much higher affinity for the Ra conformation, and mass action thus favors the formation

of the Ra–D complex with a much larger observed effect. Partial agonists have an intermediate affinity for both Ri and Ra forms. Conventional

antagonists, according to this hypothesis, have equal affinity for both receptor forms and maintain the same level of constitutive activity. Inverse
agonists, on the other hand, have a much higher affinity for the Ri form, reduce constitutive activity, and may produce a contrasting physiologic result.

Many agonist drugs, when administered at concentrations sufficient to saturate the receptor pool, can activate their receptor-effector systems to the
maximum extent of which the system is capable; that is, they cause a shift of almost all of the receptor pool to the Ra–D pool. Such drugs are termed

full agonists. Other drugs, called partial agonists, bind to the same receptors and activate them in the same way but do not evoke as great a
response, no matter how high the concentration. In the model in Figure 1–3, partial agonists do not stabilize the Ra configuration as fully as full

agonists, so that a significant fraction of receptors exists in the Ri–D pool. Such drugs are said to have low intrinsic efficacy. Because they occupy the

same receptor site, partial agonists can also prevent access by full agonists. Thus, pindolol, a β-adrenoceptor partial agonist, may act either as an
agonist (if no full agonist is present) or as an antagonist (if a full agonist such as epinephrine is present). (See Chapter 2.) Intrinsic efficacy is
independent of affinity (as usually measured) for the receptor.

In the same model, conventional antagonist action can be explained as fixing the fractions of drug-bound Ri and Ra in the same relative amounts as in

the absence of any drug. In this situation, no change in activity will be observed, so the drug will appear to be without effect. However, the presence of
the antagonist at the receptor site will block access of agonists to the receptor and prevent the usual agonist effect. Such blocking action can be termed
neutral antagonism.

What will happen if a drug has a much stronger affinity for the Ri than for the Ra state and stabilizes a large fraction in the Ri–D pool? In this scenario the

ibition of postsynaptic cells. Conventional exogenous agonists such as benzodiazepines also facilitate the receptor-effector system and cause
BA-like inhibition with sedation as the therapeutic result. This sedation can be reversed by conventional neutral antagonists such as flumazenil.
erse agonists of this receptor system cause anxiety and agitation, the inverse of sedation (see Chapter 22). Similar inverse agonists have been fou
 β adrenoceptors, histamine H1 and H2 receptors, and several other receptor systems.

uration of  Drug Action

mination of drug action can result from several processes. In some cases, the effect lasts only as long as the drug occupies the receptor, and
sociation of drug from the receptor automatically terminates the effect. In many cases, however, the action may persist after the drug has
sociated because, for example, some coupling molecule is still present in activated form. In the case of drugs that bind covalently to the receptor
, the effect may persist until the drug-receptor complex is destroyed and new receptors or enzymes are synthesized, as described previously for
irin. In addition, many receptor-effector systems incorporate desensitization mechanisms for preventing excessive activation when agonist
lecules continue to be present for long periods. (See Chapter 2 for additional details.)

eceptors and Inert Binding Sites

function as a receptor, an endogenous molecule must first be selective in choosing ligands (drug molecules) to bind; and second, it must chang
 function upon binding in such a way that the function of the biologic system (cell, tissue, etc) is altered. The selectivity characteristic is required 
id constant activation of the receptor by promiscuous binding of many different ligands. The ability to change function is clearly necessary if the
nd is to cause a pharmacologic effect. The body contains a vast array of molecules that are capable of binding drugs, however, and not all of thes
ogenous molecules are regulatory molecules. Binding of a drug to a nonregulatory molecule such as plasma albumin will result in no detectable
nge in the function of the biologic system, so this endogenous molecule can be called an inert binding site. Such binding is not completely

hout significance, however, because it affects the distribution of drug within the body and determines the amount of free drug in the circulation.
h of these factors are of pharmacokinetic importance (see also Chapter 3).

armacokinetic Principles

ractical therapeutics, a drug should be able to reach its intended site of action after administration by some convenient route. In many cases, the
ive drug molecule is sufficiently lipid-soluble and stable to be given as such. In some cases, however, an inactive precursor chemical that is readil
orbed and distributed must be administered and then converted to the active drug by biologic processes—inside the body. Such a precursor
mical is called a prodrug.

nly a few situations is it possible to apply a drug directly to its target tissue, eg, by topical application of an anti-inflammatory agent to inflamed s
ucous membrane. Most often, a drug is administered into one body compartment, eg, the gut, and must move to its site of action in another
partment, eg, the brain in the case of an antiseizure medication. This requires that the drug be absorbed into the blood from its site of
inistration and distributed to its site of action, permeating through the various barriers that separate these compartments. For a drug given

lly to produce an effect in the central nervous system, these barriers include the tissues that make up the wall of the intestine, the walls of the
illaries that perfuse the gut, and the blood-brain barrier, the walls of the capillaries that perfuse the brain. Finally, after bringing about its effect, 
g should be eliminated at a reasonable rate by metabolic inactivation, by excretion from the body, or by a combination of these processes.

ermeation

g permeation proceeds by several mechanisms. Passive diffusion in an aqueous or lipid medium is common, but active processes play a role in t
vement of many drugs, especially those whose molecules are too large to diffuse readily (Figure 1–4). Drug vehicles can be very important in
ilitating transport and permeation, eg, by encapsulating the active agent in liposomes and in regulating release, as in slow release preparations.
wer methods of facilitating transport of drugs by coupling them to nanoparticles are under investigation.

RE 1–4

chanisms of drug permeation. Drugs may diffuse passively through aqueous channels in the intercellular junctions (eg, tight junctions, A), or
ough lipid cell membranes (B). Drugs with the appropriate characteristics may be transported by carriers into or out of cells (C). Very impermeant
gs may also bind to cell surface receptors (dark binding sites), be engulfed by the cell membrane (endocytosis), and then be released inside the c
xpelled via the membrane-limited vesicles out of the cell into the extracellular space (exocytosis, D).

1.  Aqueous dif fusion

Aqueous diffusion occurs within the larger aqueous compartments of the body (interstitial space, cytosol, etc) and across epithelial membrane tight
junctions and the endothelial lining of blood vessels through aqueous pores that—in some tissues—permit the passage of molecules as large as MW

20,000–30,000.* See Figure 1–4A.

Aqueous diffusion of drug molecules is usually driven by the concentration gradient of the permeating drug, a downhill movement described by Fick’s
law (see below). Drug molecules that are bound to large plasma proteins (eg, albumin) do not permeate most vascular aqueous pores. If the drug is
charged, its flux is also influenced by electrical fields (eg, the membrane potential and—in parts of the nephron—the transtubular potential).

*The capillaries of the brain, the testes, and some other tissues are characterized by the absence of pores that permit aqueous diffusion. They may also
contain high concentrations of drug export pumps (MDR pump molecules; see text). These tissues are therefore protected or “sanctuary” sites from
many circulating drugs.

2.  L ipid di f fusion

Lipid diffusion is the most important limiting factor for drug permeation because of the large number of lipid barriers that separate the compartments
of the body. Because these lipid barriers separate aqueous compartments, the lipid:aqueous partition coefficient of a drug determines how
readily the molecule moves between aqueous and lipid media. In the case of weak acids and weak bases (which gain or lose electrical charge-bearing
protons, depending on the pH), the ability to move from aqueous to lipid or vice versa varies with the pH of the medium, because charged molecules
attract water molecules. The ratio of lipid-soluble form to water-soluble form for a weak acid or weak base is expressed by the Henderson-Hasselbalch
equation (described in the following text). See Figure 1–4B.

3 .  S p e c i a l  c a r r i e r s

Special carrier molecules exist for many substances that are important for cell function and too large or too insoluble in lipid to diffuse passively
through membranes, eg, peptides, amino acids, and glucose. These carriers bring about movement by active transport or facilitated diffusion and,
unlike passive diffusion, are selective, saturable, and inhibitable. Because many drugs are or resemble such naturally occurring peptides, amino acids,
or sugars, they can use these carriers to cross membranes. See Figure 1–4C.

Many cells also contain less selective membrane carriers that are specialized for expelling foreign molecules. One large family of such transporters
binds adenosine triphosphate (ATP) and is called the ABC (ATP-binding cassette) family. This family includes the P-glycoprotein or multidrug
resistance type 1 (MDR1) transporter found in the brain, testes, and other tissues, and in some drug-resistant neoplastic cells (Table 1–3). Similar
transport molecules from the ABC family, the multidrug resistance-associated protein (MRP) transporters, play important roles in the excretion
of some drugs or their metabolites into urine and bile and in the resistance of some tumors to chemotherapeutic drugs. Genomic variation in the
expression of these transporters has a profound effect on sensitivity to these drugs (see Chapter 5). Several other transporter families have been
identified that do not bind ATP but use ion gradients to drive transport. Some of these (the solute carrier [SLC] family) are particularly important in the
uptake of neurotransmitters across nerve-ending membranes. The latter carriers are discussed in more detail in Chapter 6.

TABLE 1–3

Some transport molecules important in pharmacology.

Transporter Physiologic Function Pharmacologic Significance

NET Norepinephrine reuptake from synapse Target of cocaine and some tricyclic antidepressants

SERT Serotonin reuptake from synapse Target of selective serotonin reuptake inhibitors and some tricyclic

antidepressants

VMAT Transport of dopamine and norepinephrine into

adrenergic vesicles in nerve endings

Target of reserpine and tetrabenazine

MDR1 Transport of many xenobiotics out of cells Increased expression confers resistance to certain anticancer drugs;

inhibition increases blood levels of digoxin

MRP1 Leukotriene secretion Confers resistance to certain anticancer and antifungal drugs

4 .  E n d o c y t o s i s  a n d  e x o c y t o s i s

A few substances are so large or impermeant that they can enter cells only by endocytosis, the process by which the substance is bound at a cell-
surface receptor, engulfed by the cell membrane, and carried into the cell by pinching off of the newly formed vesicle inside the membrane. The
substance can then be released into the cytosol by breakdown of the vesicle membrane (Figure 1–4D). This process is responsible for the transport of
vitamin B12, complexed with a binding protein (intrinsic factor) across the wall of the gut into the blood. Similarly, iron is transported into hemoglobin-

synthesizing red blood cell precursors in association with the protein transferrin. Specific receptors for the binding proteins must be present for this
process to work.

The reverse process (exocytosis) is responsible for the secretion of many substances from cells. For example, many neurotransmitter substances are
stored in membrane-bound vesicles in nerve endings to protect them from metabolic destruction in the cytoplasm. Appropriate activation of the nerve
ending causes fusion of the storage vesicle with the cell membrane and expulsion of its contents into the extracellular space (see Chapter 6).

B. Fick’s Law of Diffusion

The passive flux of molecules down a concentration gradient is given by Fick’s law:

where C1 is the higher concentration, C2 is the lower concentration, area is the cross-sectional area of the diffusion path, permeability coefficient is a

measure of the mobility of the drug molecules in the medium of the diffusion path, and thickness is the length of the diffusion path. In the case of lipid
diffusion, the lipid:aqueous partition coefficient is a major determinant of mobility of the drug because it determines how readily the drug enters the
lipid membrane from the aqueous medium.

C. Ionization of Weak Acids and Weak Bases; the Henderson-Hasselbalch Equation

The electrostatic charge of an ionized molecule attracts water dipoles and results in a polar, relatively water-soluble and lipid-insoluble complex.
Because lipid diffusion depends on relatively high lipid solubility, ionization of drugs may markedly reduce their ability to permeate membranes. A very
large percentage of the drugs in use are weak acids or weak bases; Table 1–4 lists some examples. For drugs, a weak acid is best defined as a neutral
molecule that can reversibly dissociate into an anion (a negatively charged molecule) and a proton (a hydrogen ion). For example, aspirin dissociates
as follows:

TABLE 1–4

Ionization constants of  some common drugs.

D r u g p Ka1 D r u g p Ka1 D r u g p Ka1

Weak acids Weak bases Weak bases (cont’d)

 Acetaminophen 9.5  Albuterol (salbutamol) 9.3  Isoproterenol 8.6

 Acetazolamide 7.2  Allopurinol 9.4, 12.32  Lidocaine 7.9

 Ampicillin 2.5  Alprenolol 9.6  Metaraminol 8.6

 Aspirin 3.5  Amiloride 8.7  Methadone 8.4

 Chlorothiazide 6.8, 9.42  Amiodarone 6.6  Methamphetamine 10.0

 Chlorpropamide 5.0  Amphetamine 9.8  Methyldopa 10.6

 Ciprofloxacin 6.1, 8.72  Atropine 9.7  Metoprolol 9.8

 Cromolyn 2.0  Bupivacaine 8.1  Morphine 7.9

 Ethacrynic acid 2.5  Chlordiazepoxide 4.6  Nicotine 7.9, 3.12

 Furosemide 3.9  Chloroquine 10.8, 8.4  Norepinephrine 8.6

 Ibuprofen 4.4, 5.22  Chlorpheniramine 9.2  Pentazocine 7.9

 Levodopa 2.3  Chlorpromazine 9.3  Phenylephrine 9.8

 Methotrexate 4.8  Clonidine 8.3  Physostigmine 7.9, 1.82

 Methyldopa 2.2, 9.22  Cocaine 8.5  Pilocarpine 6.9, 1.42

 Penicillamine 1.8  Codeine 8.2  Pindolol 8.6

 Pentobarbital 8.1  Cyclizine 8.2  Procainamide 9.2

 Phenobarbital 7.4  Desipramine 10.2  Procaine 9.0

 Phenytoin 8.3  Diazepam 3.0  Promethazine 9.1

 Propylthiouracil 8.3  Diphenhydramine 8.8  Propranolol 9.4

 Salicylic acid 3.0  Diphenoxylate 7.1  Pseudoephedrine 9.8

 Sulfadiazine 6.5  Ephedrine 9.6  Pyrimethamine 7.0–7.33

 Sulfapyridine 8.4  Epinephrine 8.7  Quinidine 8.5, 4.42

 Theophylline 8.8  Ergotamine 6.3  Scopolamine 8.1

 Tolbutamide 5.3  Fluphenazine 8.0, 3.92  Strychnine 8.0, 2.32

 Warfarin 5.0  Hydralazine 7.1  Terbutaline 10.1

 Imipramine 9.5  Thioridazine 9.5

A weak base can be defined as a neutral molecule that can form a cation (a positively charged molecule) by combining with a proton. For example,
pyrimethamine, an antimalarial drug, undergoes the following association-dissociation process:

Note that the protonated form of a weak acid is the neutral, more lipid-soluble form, whereas the unprotonated form of a weak base is the neutral
form. The law of mass action requires that these reactions move to the left in an acid environment (low pH, excess protons available) and to the right in
an alkaline environment. The Henderson-Hasselbalch equation relates the ratio of protonated to unprotonated weak acid or weak base to the
molecule’s pKa and the pH of the medium as follows:

This equation applies to both acidic and basic drugs. Inspection confirms that the lower the pH relative to the pKa, the greater will be the fraction of

drug in the protonated form. Because the uncharged form is the more lipid-soluble, more of a weak acid will be in the lipid-soluble form at acid pH,
whereas more of a basic drug will be in the lipid-soluble form at alkaline pH.

Application of this principle is made in the manipulation of drug excretion by the kidney (see Case Study). Almost all drugs are filtered at the
glomerulus. If a drug is in a lipid-soluble form during its passage down the renal tubule, a significant fraction will be reabsorbed by simple passive
diffusion. If the goal is to accelerate excretion of the drug (eg, in a case of drug overdose), it is important to prevent its reabsorption from the tubule.
This can often be accomplished by adjusting urine pH to make certain that most of the drug is in the ionized state, as shown in Figure 1–5. As a result of
this partitioning effect, the drug is “trapped” in the urine. Thus, weak acids are usually excreted faster in alkaline urine; weak bases are usually
excreted faster in acidic urine. Other body fluids in which pH differences from blood pH may cause trapping or reabsorption are the contents of the
stomach (normal pH 1.9–3) and small intestine (pH 7.5–8), breast milk (pH 6.4–7.6), aqueous humor (pH 6.4–7.5), and vaginal and prostatic secretions
(pH 3.5–7).

FIGURE 1–5

Trapping of a weak base (methamphetamine) in the urine when the urine is more acidic than the blood. In the hypothetical case illustrated, the
diffusible uncharged form of the drug has equilibrated across the membrane, but the total concentration (charged plus uncharged) in the urine (more
than 10 mg) is 25 times higher than in the blood (0.4 mg).

As indicated by Table 1–4, a large number of drugs are weak bases. Most of these bases are amine-containing molecules. The nitrogen of a neutral
amine has three atoms associated with it plus a pair of unshared electrons (see the display that follows). The three atoms may consist of one carbon or
a chain of carbon atoms (designated “R”) and two hydrogens (a primary amine), two carbons and one hydrogen (a secondary amine), or three
carbon atoms (a tertiary amine). Each of these three forms may reversibly bind a proton with the unshared electrons. Some drugs have a fourth
carbon-nitrogen bond; these are quaternary amines. However, the quaternary amine is permanently charged and has no unshared electrons with
which to reversibly bind a proton. Therefore, primary, secondary, and tertiary amines may undergo reversible protonation and vary their lipid
solubility with pH, but quaternary amines are always in the poorly lipid-soluble charged form.

DRUG GROUPS

To learn each pertinent fact about each of the many hundreds of drugs mentioned in this book would be an impractical goal and, fortunately, is
unnecessary. Almost all the several thousand drugs currently available can be arranged into about 70 groups. Many of the drugs within each group are
very similar in pharmacodynamic actions and in their pharmacokinetic properties as well. For most groups, one or two prototype drugs can be
identified that typify the most important characteristics of the group. This permits classification of other important drugs in the group as variants of
the prototype, so that only the prototype must be learned in detail and, for the remaining drugs, only the differences from the prototype.

DRUG DEVELOPMENT & REGULATION

A truly new drug (one that does not simply mimic the structure and action of previously available drugs) requires the discovery of a new drug target, ie,
the pathophysiologic process or substrate of a disease. Such discoveries are usually made in public sector institutions (universities and research
institutes), and molecules that have beneficial effects on such targets are often discovered in the same laboratories. However, the development of new
drugs usually takes place in industrial laboratories because optimization of a class of new drugs requires painstaking and expensive chemical,
pharmacologic, and toxicologic research. In fact, much of the recent progress in the application of drugs to disease problems can be ascribed to the
pharmaceutical industry including “big pharma,” the multibillion-dollar corporations that specialize in drug development and marketing. These
companies are uniquely skilled in translating basic findings into successful therapeutic breakthroughs and profit-making “blockbusters” (see
https://clincalc.com/DrugStats/Top200Drugs.aspx).

Such breakthroughs come at a price, however, and the escalating cost of drugs has become a significant contributor to the increase in the cost of
health care. Development of new drugs is enormously expensive, but considerable controversy surrounds drug pricing. Drug prices in the United
States have increased many-fold faster than overall price inflation. Critics claim that the costs of development and marketing drugs are grossly inflated
by marketing activities, advertising, and other promotional efforts, which may consume as much as 25% or more of a company’s budget. Furthermore,
profit margins for big pharma are relatively high. Recent drug-pricing scandals have been reported in which the rights to an older, established drug
that requires no costly development have been purchased by a smaller company and the price increased by several hundred or several thousand
percent. This “price gouging” has caused public outrage and attracted regulatory attention that may result in more legitimate and rational pricing
mechanisms. Finally, pricing schedules for many drugs vary dramatically from country to country and even within countries, where large organizations
can negotiate favorable prices and small ones cannot. Some countries have already addressed these inequities, and it seems likely that all countries
will have to do so during the next few decades.

NEW DRUG DEVELOPMENT

The development of a new drug usually begins with the discovery or synthesis of a potential new drug compound or the elucidation of a new drug
target. After a new drug molecule is synthesized or extracted from a natural source, subsequent steps seek an understanding of the drug’s interactions
with its biologic targets. Repeated application of this approach leads to synthesis of related compounds with increased efficacy, potency, and
selectivity (Figure 1–6). In the United States, the safety and efficacy of drugs must be established before marketing can be legally carried out. In
addition to in vitro studies, relevant biologic effects, drug metabolism, pharmacokinetic profiles, and relative safety of the drug must be characterized
in vivo in animals before human drug trials can be started. With regulatory approval, human testing may then go forward (usually in three phases)
before the drug is considered for approval for general use. A fourth phase of data gathering and safety monitoring is becoming increasingly important
and follows after approval for marketing. Once approved, the great majority of drugs become available for use by any appropriately licensed
practitioner. Highly toxic drugs that are nevertheless considered valuable in lethal diseases may be approved for restricted use by practitioners who
have undergone special training in their use and who maintain detailed records.

FIGURE 1–6

The development and testing process required to bring a drug to market in the USA. Some of the requirements may be different for drugs used in life-
threatening diseases (see text).

DRUG DISCOVERY

Most new drugs or drug products are discovered or developed through the following approaches: (1) screening for biologic activity of large numbers of
natural products, banks of previously discovered chemical entities, or large libraries of peptides, nucleic acids, and other organic molecules; (2)
chemical modification of a known active molecule, resulting in a “me-too” analog; (3) identification or elucidation of a new drug target, which suggests
molecules that will hit that target; and (4) rational design of a new molecule based on an understanding of biologic mechanisms and drug receptor
structure. Steps (3) and (4) are often carried out in academic research laboratories and are more likely to lead to breakthrough drugs, but the costs of
steps (1) and (2) usually ensure that industry carries them out.

Once a new drug target or promising molecule has been identified, the process of moving from the basic science laboratory to the clinic begins. This
translational research involves the preclinical and clinical steps described next. While clinical trials in humans are required only for drugs to be
used in humans, all of the other steps described apply to veterinary drugs as well as drugs for human diseases.

Drug Screening

Drug screening involves a variety of assays at the molecular, cellular, organ system, and whole animal levels to define the pharmacologic profile, ie,
the activity and selectivity of the drug. The type and number of initial screening tests depend on the pharmacologic and therapeutic goal. For example,
anti-infective drugs are tested against a variety of infectious organisms, some of which are resistant to standard agents; hypoglycemic drugs are tested
for their ability to lower blood sugar, etc.

The candidate molecule is also studied for a broad array of other actions to determine the mechanism of action and selectivity of the drug. This can
reveal both expected and unexpected toxic effects. Occasionally, an unexpected therapeutic action is serendipitously discovered by a careful observer;
for example, the era of modern diuretics was initiated by the observation that certain antimicrobial sulfonamides caused metabolic acidosis in
patients. The selection of compounds for development is most efficiently conducted in animal models of human disease. Where good predictive
preclinical models exist (eg, infection, hypertension, or thrombotic disease), we generally have good or excellent drugs. Good drugs or breakthrough
improvements are conspicuously lacking and slow for diseases for which preclinical models are poor or not yet available, eg, autism and Alzheimer
disease.

At the molecular level, the candidate compound would be screened for activity on the target, for example, receptor binding affinity to cell membranes
containing the homologous animal receptors (or if possible, on the cloned human receptors). Early studies would be done to predict effects that might
later cause undesired drug metabolism or toxicologic complications. For example, studies on liver cytochrome P450 enzymes would be performed to
determine whether the molecule of interest is likely to be a substrate or inhibitor of these enzymes or to alter the metabolism of other drugs.

Effects on cell function determine whether the drug is an agonist, partial agonist, inverse agonist, or antagonist at relevant receptors. Isolated tissues
would be used to characterize the pharmacologic activity and selectivity of the new compound in comparison with reference compounds. Comparison
with other drugs would also be undertaken in a variety of in vivo studies. At each step in this process, the compound would have to meet specific
performance and selectivity criteria to be carried further.

Whole animal studies are generally necessary to determine the effect of the drug on organ systems and disease models. Cardiovascular and renal
function studies of new drugs are generally first performed in normal animals. Studies on disease models, if available, are then performed. For a
candidate antihypertensive drug, animals with hypertension would be treated to see whether blood pressure was lowered in a dose-related manner
and to characterize other effects of the compound. Evidence would be collected on duration of action and efficacy after oral and parenteral
administration. If the agent possessed useful activity, it would be further studied for possible adverse effects on other organs, including the
respiratory, gastrointestinal, renal, endocrine, and central nervous systems.

These studies might suggest the need for further chemical modification (compound optimization) to achieve more desirable pharmacokinetic or
pharmacodynamic properties. For example, oral administration studies might show that the drug was poorly absorbed or rapidly metabolized in the
liver; modification to improve bioavailability might be indicated. If the drug is to be administered long term, an assessment of tolerance development
would be made. For drugs related to or having mechanisms of action similar to those known to cause physical or psychological dependence in
humans, ability to cause dependence in animals would also be studied. Drug interactions would be examined.

The desired result of this screening procedure (which may have to be repeated several times with congeners of the original molecule) is a lead
compound, ie, a leading candidate for a successful new drug. A patent application would be filed for a novel compound (a composition of matter
patent) that is efficacious, or for a new and nonobvious therapeutic use (a use patent) for a previously known chemical entity.

PRECLINICAL SAFETY & TOXICITY TESTING

All chemicals are toxic in some individuals at some dose. Candidate drugs that survive the initial screening procedures must be carefully evaluated for
potential risks before and during clinical testing. Depending on the proposed use of the drug, preclinical toxicity testing includes most or all of the
procedures shown in Table 1–5. Although no chemical can be certified as completely “safe” (free of risk), the objective is to estimate the risk associated
with exposure to the drug candidate and to consider this in the context of therapeutic needs and likely duration of drug use.

TABLE 1–5

Safety tests.

Type of  Test Approach and Goals

Acute toxicity Usually two species, two routes. Determine the no-effect dose and the maximum tolerated dose. In some cases, determine the acute

dose that is lethal in approximately 50% of animals.

Subacute or

subchronic toxicity

Three doses, two species. Two weeks to 3 months of testing may be required before clinical trials. The longer the duration of

expected clinical use, the longer the subacute test. Determine biochemical, physiologic effects.

Chronic toxicity Rodent and at least one nonrodent species for ≥6 months. Required when drug is intended to be used in humans for prolonged

periods. Usually run concurrently with clinical trials. Determine same end points as subacute toxicity tests.

Effect on

reproductive

performance

Two species, usually one rodent and rabbits. Test effects on animal mating behavior, reproduction, parturition, progeny, birth

defects, postnatal development.

Carcinogenic

potential

Two years, two species. Required when drug is intended to be used in humans for prolonged periods. Determine gross and histologic

pathology.

Mutagenic

potential

Test effects on genetic stability and mutations in bacteria (Ames test) or mammalian cells in culture; dominant lethal test and

clastogenicity in mice.

The goals of preclinical toxicity studies include identifying potential human toxicities, designing tests to further define the toxic mechanisms, and
predicting the most relevant toxicities to be monitored in clinical trials. In addition to the studies shown in Table 1–5, several quantitative estimates are
desirable. These include the no-effect dose—the maximum dose at which a specified toxic effect is not seen; the minimum lethal dose—the
smallest dose that is observed to kill any experimental animal; and, if necessary, the median lethal dose (LD50)—the dose that kills approximately

50% of the animals in a test group. Presently, the LD50 is estimated from the smallest number of animals possible. These doses are used to calculate

the initial dose to be tried in humans, usually taken as one hundredth to one tenth of the no-effect dose in animals.

It is important to recognize the limitations of preclinical testing. These include the following:

1. Toxicity testing is time-consuming and expensive. Two to 6 years may be required to collect and analyze data on toxicity before the drug can be
considered ready for testing in humans.

2. Large numbers of animals may be needed to obtain valid preclinical data. Scientists are properly concerned about this situation, and progress has
been made toward reducing the numbers required while still obtaining valid data. Cell and tissue culture in vitro methods and computer modeling
are increasingly being used, but their predictive value is still limited. Nevertheless, some segments of the public attempt to halt all animal testing in
the unfounded belief that it has become unnecessary.

3. Extrapolations of toxicity data from animals to humans are reasonably predictive for many but not for all toxicities.

4. For statistical reasons, rare adverse effects are unlikely to be detected in preclinical testing.

EVALUATION IN HUMANS

A very small fraction of lead compounds reach clinical trials, and less than one third of the drugs studied in humans survive clinical trials and reach the
marketplace. Federal law in the USA and ethical considerations require that the study of new drugs in humans be conducted in accordance with
stringent guidelines. Scientifically valid results are not guaranteed simply by conforming to government regulations, however, and the design and
execution of a good clinical trial require interdisciplinary personnel including basic scientists, clinical pharmacologists, clinician specialists,
statisticians, and others. The current standard for clinical trials is known as the randomized controlled trial (RCT) and is described below. The need for
careful design and execution is based on three major confounding factors inherent in the study of any drug in humans.

Confounding Factors in Clinical Trials

A. The Variable Natural History of Most Diseases

Many diseases tend to wax and wane in severity; some disappear spontaneously, even, on occasion, cancer. A good experimental design takes into
account the natural history of the disease by evaluating a large enough population of subjects over a sufficient period of time. Further protection
against errors of interpretation caused by disease fluctuations is sometimes provided by using a crossover design, which consists of alternating
periods of administration of test drug, placebo preparation (the control), and the previous standard treatment (positive control), if any, in each
subject. These sequences are systematically varied so that different subsets of patients receive each of the possible sequences of treatment.

B. The Presence of Other Diseases and Risk Factors

Known and unknown diseases and risk factors (including lifestyles of subjects) may influence the results of a clinical study. For example, some
diseases alter the pharmacokinetics of drugs (see Chapters 3 through 5). Other drugs and some foods alter the pharmacokinetics of many drugs.
Concentrations of blood or tissue components being monitored as a measure of the effect of the new agent may be influenced by other diseases or
other drugs. Attempts to avoid this hazard usually involve the crossover technique (when feasible) and proper selection and assignment of patients to
each of the study groups. This requires obtaining accurate diagnostic tests and medical and pharmacologic histories (including use of recreational
drugs, over-the-counter drugs, and “supplements”) and the use of statistically valid methods of randomization in assigning subjects to particular study
groups. There is growing interest in analyzing genetic variations as part of the trial that may influence whether a person responds to a particular drug.
It has been shown that age, gender, and pregnancy influence the pharmacokinetics of some drugs, but these factors have not been adequately studied
because of legal restrictions and reluctance to expose these populations to unknown risks.

C. Subject and Observer Bias and Other Factors

Most patients tend to respond in a positive way to any therapeutic intervention by interested, caring, and enthusiastic medical personnel. The
manifestation of this phenomenon in the subject is the placebo response (Latin, “I shall please”) and may involve objective physiologic and
biochemical changes as well as changes in subjective complaints associated with the disease. The placebo response is usually quantitated by
administration of an inert material with exactly the same physical appearance, odor, consistency, etc, as the active dosage form. The magnitude of the
response varies considerably from patient to patient and may also be influenced by the duration of the study. In some conditions, a positive response
may be noted in as many as 30–40% of subjects given placebo. Placebo adverse effects and “toxicity” also occur but usually involve subjective effects:
stomach upset, insomnia, sedation, and so on.

Subject bias effects can be quantitated—and minimized relative to the response measured during active therapy—by the single-blind design. This
involves use of a placebo as described above, administered to the same subjects in a crossover design, if possible, or to a separate control group of
well-matched subjects. Observer bias can be taken into account by disguising the identity of the medication being used—placebo or active form—from
both the subjects and the personnel evaluating the subjects’ responses (double-blind design). In this design, a third party holds the code identifying
each medication packet, and the code is not broken until all the clinical data have been collected.

Drug effects seen in clinical trials are obviously affected by the patient taking the drugs at the dose and frequency prescribed. In a recent phase 2 study,
one third of the patients who said they were taking the drug were found by blood analysis to have not taken the drug. Confirmation of compliance
with protocols (also known as adherence) is a necessary element to consider.

The various types of studies and the conclusions that may be drawn from them are described in the accompanying text box. (See Box: Drug Studies—
The Types of Evidence.)

Drug Studies—The Types of Evidence*

As described in this chapter, drugs are studied in a variety of ways, from 30-minute test tube experiments with isolated enzymes and receptors to
decades-long observations of populations of patients. The conclusions that can be drawn from such different types of studies can be summarized
as follows.

Basic research is designed to answer specific, usually single, questions under tightly controlled laboratory conditions, eg, does drug x inhibit
enzyme y? The basic question may then be extended, eg, if drug x inhibits enzyme y, what is the concentration-response relationship? Such
experiments are usually reproducible and often lead to reliable insights into the mechanism of the drug’s action.

First-in-human studies include phase 1–3 trials. Once a drug receives FDA approval for use in humans, case reports and case series consist of
observations by clinicians of the effects of drug (or other) treatments in one or more patients. These results often reveal unpredictable benefits and
toxicities but do not generally test a prespecified hypothesis and cannot prove cause and effect. Analytic epidemiologic studies consist of
observations designed to test a specified hypothesis, eg, that thiazolidinedione antidiabetic drugs are associated with adverse cardiovascular
events. Cohort epidemiologic studies utilize populations of patients that have (exposed group) and have not (control group) been exposed to the
agents under study and ask whether the exposed groups show a higher or lower incidence of the effect. Case-control epidemiologic studies utilize
populations of patients that have displayed the end point under study and ask whether they have been exposed or not exposed to the drugs in
question. Such epidemiologic studies add weight to conjectures but cannot control all confounding variables and therefore cannot conclusively
prove cause and effect.

Meta-analyses utilize rigorous evaluation and grouping of similar studies to increase the number of subjects studied and hence the statistical power
of results obtained in multiple published studies. While the numbers may be dramatically increased by meta-analysis, the individual studies still
suffer from their varying methods and end points, and a meta-analysis cannot prove cause and effect.

Large randomized controlled trials (RCTs) are designed to answer specific questions about the effects of medications on clinical end points or
important surrogate end points, using large enough samples of patients and allocating them to control and experimental treatments using rigorous
randomization methods. Randomization is the best method for distributing all foreseen confounding factors, as well as unknown confounders,
equally between the experimental and control groups. When properly carried out, such studies are rarely invalidated and are considered the gold
standard in evaluating drugs.

A critical factor in evaluating the data regarding a new drug is access to all the data. Unfortunately, many large studies are never published because
the results are negative, ie, the new drug is not better than the standard therapy. This missing data phenomenon falsely exaggerates the benefits of
new drugs because negative results are hidden.

*I thank Ralph Gonzales, MD, for helpful comments.

The Food & Drug Administration

The FDA is the administrative body that oversees the drug evaluation process in the USA and grants approval for marketing of new drug products. To
receive FDA approval for marketing, the originating institution or company (almost always the latter) must submit evidence of safety and effectiveness.
Outside the USA, the regulatory and drug approval process is generally similar to that in the USA.

As its name suggests, the FDA is also responsible for certain aspects of food safety, a role it shares with the US Department of Agriculture (USDA).
Shared responsibility results in complications when questions arise regarding the use of drugs, eg, antibiotics, in food animals. A different type of
problem arises when so-called food supplements are found to contain active drugs, eg, sildenafil analogs in “energy food” supplements.

The FDA’s authority to regulate drugs derives from specific legislation (Table 1–6). If a drug has not been shown through adequately controlled testing

to be “safe and effective” for a specific use, it cannot be marketed in interstate commerce for this use.*

TABLE 1–6

Some major legislation pertaining to drugs in the USA.

L a w Purpose and Effect

Pure Food and Drug Act

of 1906

Prohibited mislabeling and adulteration of drugs.

Opium Exclusion Act of

1909

Prohibited importation of opium.

Amendment (1912) to the

Pure Food and Drug Act

Prohibited false or fraudulent advertising claims.

Harrison Narcotic Act of

1914

Established regulations for use of opium, opiates, and cocaine (marijuana added in 1937).

Food, Drug, and Cosmetic

Act of 1938

Required that new drugs be safe as well as pure (but did not require proof of efficacy). Enforcement by the FDA.

Durham-Humphrey Act of

1952

Vested in the FDA the power to determine which products could be sold without prescription.

Kefauver-Harris

Amendments (1962) to

the Food, Drug, and

Cosmetic Act

Required proof of efficacy as well as safety for new drugs and for drugs released since 1938; established guidelines for

reporting of information about adverse reactions, clinical testing, and advertising of new drugs.

Comprehensive Drug

Abuse Prevention and

Control Act (1970)

Outlined strict controls in the manufacture, distribution, and prescribing of habit-forming drugs; established drug schedules

and programs to prevent and treat drug addiction.

Orphan Drug

Amendment of 1983

Provided incentives for development of drugs that treat diseases with fewer than 200,000 patients in the USA.

Drug Price Competition

and Patent Restoration

Act of 1984

Abbreviated new drug applications for generic drugs. Required bioequivalence data. Patent life extended by amount of time

drug delayed by FDA review process. Cannot exceed 5 extra years or extend to more than 14 years post-NDA approval.

Prescription Drug User

Fee Act (1992,

reauthorized 2007, 2012)

Manufacturers pay user fees for certain new drug applications. “Breakthrough” products may receive special category

approval after expanded phase 1 trials (2012).

Dietary Supplement

Health and Education Act

(1994)

Established standards with respect to dietary supplements but prohibited full FDA review of supplements and botanicals as

drugs. Required the establishment of specific ingredient and nutrition information labeling that defines dietary supplements

and classifies them as part of the food supply but allows unregulated advertising.

Bioterrorism Act of 2002 Enhanced controls on dangerous biologic agents and toxins. Seeks to protect safety of food, water, and drug supply.

Food and Drug

Administration

Amendments Act of 2007

Granted the FDA greater authority over drug marketing, labeling, and direct-to-consumer advertising; required post-approval

studies, established active surveillance systems, made clinical trial operations and results more visible to the public.

Biologics Price

Competition and

Innovation Act of 2009

Authorized the FDA to establish a program of abbreviated pathways for approval of “biosimilar” biologics (generic versions of

monoclonal antibodies, etc).

FDA Safety and

Innovation Act of 2012

Renewed FDA authorization for accelerated approval of urgently needed drugs; established new accelerated process,

“breakthrough therapy,” in addition to “priority review,” “accelerated approval,” and “fast-track” procedures.

Unfortunately, “safe” can mean different things to the patient, the physician, and society. Complete absence of risk is impossible to demonstrate, but
this fact may not be understood by members of the public, who frequently assume that any medication sold with the approval of the FDA should be
free of serious “side effects.” This confusion is a major factor in litigation and dissatisfaction with aspects of drugs and medical care.

The history of drug regulation in the USA (Table 1–6) reflects several health events that precipitated major shifts in public opinion. For example, the
Federal Food, Drug, and Cosmetic Act of 1938 was largely a reaction to deaths associated with the use of a preparation of sulfanilamide marketed
before it and its vehicle were adequately tested. Similarly, the Kefauver-Harris Amendments of 1962 were, in part, the result of a teratogenic drug
disaster involving thalidomide. This agent was introduced in Europe in 1957–1958 and was marketed as a “nontoxic” hypnotic and promoted as being
especially useful as a sleep aid during pregnancy. In 1961, reports were published suggesting that thalidomide was responsible for a dramatic increase
in the incidence of a rare birth defect called phocomelia, a condition involving shortening or complete absence of the arms and legs. Epidemiologic
studies provided strong evidence for the association of this defect with thalidomide use by women during the first trimester of pregnancy, and the
drug was withdrawn from sale worldwide. An estimated 10,000 children were born with birth defects because of maternal exposure to this one agent.
The tragedy led to the requirement for more extensive testing of new drugs for teratogenic effects and stimulated passage of the Kefauver-Harris
Amendments of 1962, even though the drug was not then approved for use in the USA. Despite its disastrous fetal toxicity and effects in pregnancy,
thalidomide is a relatively safe drug for humans other than the fetus. Even the most serious risk of toxicities may be avoided or managed if understood,
and despite its toxicity, thalidomide is now approved by the FDA for limited use as a potent immunoregulatory agent and to treat certain forms of
leprosy.

*Although the FDA does not directly control drug commerce within states, a variety of state and federal laws control interstate production and
marketing of drugs.

Clinical Trials: The IND & NDA

Once a new drug is judged ready to be studied in humans, a Notice of Claimed Investigational Exemption for a New Drug (IND) must be filed with the
FDA (Figure 1–6). The IND includes (1) information on the composition and source of the drug, (2) chemical and manufacturing information, (3) all data
from animal studies, (4) proposed plans for clinical trials, (5) the names and credentials of physicians who will conduct the clinical trials, and (6) a
compilation of the key preclinical data relevant to study of the drug in humans that have been made available to investigators and their institutional
review boards.

It often requires 4–6 years of clinical testing to accumulate and analyze all required data. Testing in humans is begun only after sufficient acute and
subacute animal toxicity studies have been completed. Chronic safety testing in animals, including carcinogenicity studies, is usually done concurrently
with clinical trials. In each phase of the clinical trials, volunteers or patients must be informed of the investigational status of the drug as well as the
possible risks and must be allowed to decline or to consent to participate and receive the drug. In addition to the approval of the sponsoring
organization and the FDA, an interdisciplinary institutional review board (IRB) at each facility where the clinical drug trial will be conducted must review
and approve the scientific and ethical plans for testing in humans.

In phase 1, the effects of the drug as a function of dosage are established in a small number (20–100) of healthy volunteers. If the drug is expected to
have significant toxicity, as may be the case in cancer and AIDS therapy, volunteer patients with the disease participate in phase 1 rather than normal
volunteers. Phase 1 trials are done to determine the probable limits of the safe clinical dosage range. These trials may be nonblind or “open”; that is,
both the investigators and the subjects know what is being given. Alternatively, they may be “blinded” and placebo controlled. Many predictable
toxicities are detected in this phase. Pharmacokinetic measurements of absorption, half-life, and metabolism are often done. Phase 1 studies are
usually performed in research centers by specially trained clinical pharmacologists.

In phase 2, the drug is studied in patients with the target disease to determine its efficacy (“proof of concept” studies), and the doses to be used in any
follow-on trials. A modest number of patients (100–200) are studied in detail. A single-blind design may be used, with an inert placebo medication and
an established active drug (positive control) in addition to the investigational agent. Phase 2 trials are usually done in special clinical centers (eg,
university hospitals). A broader range of toxicities may be detected in this phase. Phase 2 trials have the highest rate of drug failures, and only 25% of
innovative drugs move on to phase 3.

In phase 3, the drug is evaluated in much larger numbers—usually thousands—of patients with the target disease to further establish and confirm
safety and efficacy. Using information gathered in phases 1 and 2, phase 3 trials are designed to minimize errors caused by placebo effects, variable
course of the disease, etc. Therefore, double-blind and crossover techniques are often used. Phase 3 trials are usually performed in settings similar to
those anticipated for the ultimate use of the drug. Phase 3 studies can be difficult to design and execute and are usually expensive because of the large
numbers of patients involved and the masses of data that must be collected and analyzed. The drug is formulated as intended for the market. The
investigators are usually specialists in the disease being treated. Certain toxic effects, especially those caused by immunologic processes, may first
become apparent in phase 3.

If phase 3 results meet expectations, application is made for permission to market the new agent. Marketing approval requires submission of a New
Drug Application (NDA)—or for biologicals, a Biological License Application (BLA)—to the FDA. The application contains, often in hundreds of volumes,
full reports of all preclinical and clinical data pertaining to the drug under review. The number of subjects studied in support of new drug applications
has been increasing and currently averages more than 5000 patients for new drugs of novel structure (new molecular entities). The duration of the FDA
review leading to approval (or denial) of the new drug application may vary from months to years. If problems arise, eg, unexpected but possibly
serious toxicities, additional studies may be required and the review process may extend to several additional years.

Many phase 2 and phase 3 studies attempt to measure a new drug’s “noninferiority” to the placebo or a standard treatment. Interpretation of the
results may be difficult because of unexpected confounding variables, loss of subjects from some groups, or realization that results differ markedly
between certain subgroups within the active treatment (new drug) group. Older statistical methods for evaluating drug trials often fail to provide
definitive answers when these problems arise. Therefore, new “adaptive” statistical methods are under development that allow changes in the study
design when interim data evaluation indicates the need. Preliminary results with such methods suggest that they may allow decisions regarding
superiority as well as noninferiority, shortening of trial duration, discovery of new therapeutic benefits, and more reliable conclusions regarding the
results (see Bhatt & Mehta, 2016).

In cases of urgent need (eg, cancer chemotherapy), the process of preclinical and clinical testing and FDA review may be accelerated. For serious
diseases, the FDA may permit extensive but controlled marketing of a new drug before phase 3 studies are completed; for life-threatening diseases, it
may permit controlled marketing even before phase 2 studies have been completed. “Fast track,” “priority approval,” and “accelerated approval” are
FDA programs that are intended to speed entry of new drugs into the marketplace. In 2012, an additional special category of “breakthrough” products
(eg, for cystic fibrosis) was approved for restricted marketing after expanded phase 1 trials (Table 1–6). Roughly 50% of drugs in phase 3 trials enter
early, controlled marketing. Such accelerated approval is usually granted with the requirement that careful monitoring of the effectiveness and toxicity
of the drug be carried out and reported to the FDA. Unfortunately, FDA enforcement of this requirement has not always been adequate.

Once approval to market a drug has been obtained, phase 4 begins. This constitutes monitoring the safety of the new drug under actual conditions of
use in large numbers of patients. The importance of careful and complete reporting of toxicity by physicians after marketing begins can be appreciated
by noting that many important drug-induced effects have an incidence of 1 in 10,000 or less and that some adverse effects may become apparent only
after chronic dosing. The sample size required to disclose drug-induced events or toxicities is very large for such rare events. For example, several
hundred thousand patients may have to be exposed before the first case is observed of a toxicity that occurs with an average incidence of 1 in 10,000.
Therefore, low-incidence drug effects are not generally detected before phase 4 no matter how carefully phase 1, 2, and 3 studies are executed. Phase
4 has no fixed duration. As with monitoring of drugs granted accelerated approval, phase 4 monitoring has often been lax.

The time from the filing of a patent application (which usually precedes clinical trials) to approval for marketing of a new drug may be 5 years or
considerably longer. Since the lifetime of a patent is 20 years in the USA, the owner of the patent (usually a pharmaceutical company) has exclusive
rights for marketing the product for only a limited time after approval of the new drug application. Because the FDA review process itself can be lengthy
(300–500 days for evaluation of an NDA), the time consumed by the review is sometimes added to the patent life. However, the extension (up to 5 years)
cannot increase the total life of the patent to more than 14 years after approval of a new drug application. The Patient Protection and Affordable Care
Act of 2010 provides for 12 years of patent protection for new drugs. After expiration of the patent, any company may produce the drug, file an
abbreviated new drug application (ANDA), demonstrate required equivalence, and, with FDA approval, market the drug as a generic product without
paying license fees to the original patent owner. Currently, more than half of prescriptions in the USA are for generic drugs. Even biotechnology-based
drugs such as antibodies and other proteins are now qualifying for generic (“biosimilar”) designation, and this has fueled regulatory concerns. More
information on drug patents is available at the FDA website at http://www.fda.gov/Drugs/DevelopmentApprovalProcess/ucm079031.htm.

A trademark is a drug’s proprietary trade name and is usually registered; this registered name may be legally protected as long as it is used. A
generically equivalent product, unless specially licensed, cannot be sold under the trademark name and is often designated by the official generic
name. Generic prescribing is described in Chapter 66.

Conflicts of Interest

Several factors in the development and marketing of drugs result in conflicts of interest. Use of pharmaceutical industry funding to support FDA
approval processes raises the possibility of conflicts of interest within the FDA. Supporters of this practice point out that chronic FDA underfunding by
the government allows for few alternatives. Another important source of conflicts of interest is the dependence of the FDA on outside panels of experts
who are recruited from the scientific and clinical community to advise the government agency on questions regarding drug approval or withdrawal.
Such experts are often recipients of grants from the companies producing the drugs in question. The need for favorable data in the new drug
application leads to phase 2 and 3 trials in which the new agent is compared only to placebo, not to older, effective drugs. As a result, data regarding
the efficacy and toxicity of the new drug relative to a known effective agent may not be available when the new drug is first marketed.

Manufacturers promoting a new agent may pay physicians to use it in preference to older drugs with which they are more familiar. Manufacturers
sponsor small and often poorly designed clinical studies after marketing approval and aid in the publication of favorable results but may retard
publication of unfavorable results. The need for physicians to meet continuing medical education (CME) requirements in order to maintain their
licenses encourages manufacturers to sponsor conferences and courses, often in highly attractive vacation sites, and new drugs are often featured in
such courses. The common practice of distributing free samples of new drugs to practicing physicians has both positive and negative effects. The
samples allow physicians to try out new drugs without incurring any cost to the patient. On the other hand, new drugs are usually much more
expensive than older agents, and when the free samples run out, the patient (or insurance carrier) may be forced to pay much more for treatment than
if the older, cheaper, and possibly equally effective drug were used. Finally, when the patent for a drug is nearing expiration, the patent-holding
manufacturer may try to extend its exclusive marketing status by paying generic manufacturers to not introduce a generic version (“pay to delay”).

Adverse Drug Reactions

An adverse drug event (ADE) or reaction to a drug (ADR) is a harmful or unintended response. Adverse drug reactions are claimed to be the fourth
leading cause of death, higher than pulmonary disease, AIDS, accidents, and automobile deaths. The FDA has further estimated that 300,000
preventable adverse events occur annually in hospitals, many as a result of confusing medical information or lack of information (eg, regarding drug
incompatibilities). Adverse reactions occurring only in certain susceptible patients include intolerance, idiosyncrasy (frequently genetic in origin), and
allergy (usually immunologically mediated). During IND studies and clinical trials before FDA approval, all adverse events (serious, life-threatening,
disabling, reasonably drug related, or unexpected) must be reported. After FDA approval to market a drug, surveillance, evaluation, and reporting
must continue for any adverse events that are related to use of the drug, including overdose, accident, failure of expected action, events occurring
from drug withdrawal, and unexpected events not listed in labeling. Events that are both serious and unexpected must be reported to the FDA within 15
days. The ability to predict and avoid adverse drug reactions and optimize a drug’s therapeutic index is an increasing focus of pharmacogenetic and
personalized (also called “precision”) medicine. It has been suggested that greater use of electronic health records will reduce some of these risks (see
Chapter 66). This hope has not yet been realized.

Orphan Drugs & Treatment of Rare Diseases

Drugs for rare diseases—so-called orphan drugs—can be difficult to research, develop, and market. Proof of drug safety and efficacy in small
populations must be established, but doing so is a complex process. Furthermore, because basic research in the pathophysiology and mechanisms of
rare diseases receives relatively little attention or funding in both academic and industrial settings, recognized rational targets for drug action may be
few. In addition, the cost of developing a drug can greatly influence priorities when the target population is relatively small. Funding for development
of drugs for rare diseases or ignored diseases that do not receive priority attention from the traditional industry has received increasing support via
philanthropy or similar funding from not-for-profit foundations such as the Cystic Fibrosis Foundation, the Michael J. Fox Foundation for Parkinson’s
Research, the Huntington’s Disease Society of America, and the Gates Foundation.

The Orphan Drug Amendment of 1983 provides incentives for the development of drugs for treatment of a rare disease or condition defined as “any
disease or condition which (a) affects less than 200,000 persons in the USA or (b) affects more than 200,000 persons in the USA but for which there is
no reasonable expectation that the cost of developing and making available in the USA a drug for such disease or condition will be recovered from
sales in the USA of such drug.” Since 1983, the FDA has approved for marketing more than 300 orphan drugs to treat more than 82 rare diseases.

SOURCES OF INFORMATION

Students who wish to review the field of pharmacology in preparation for an examination are referred to Pharmacology: Examination and Board
Review, by Katzung, Kruidering-Hall, and Trevor (McGraw Hill, 2019). This book provides approximately 1000 questions and explanations in USMLE
format. A short study guide is USMLE Road Map: Pharmacology, by Katzung and Trevor (McGraw Hill, 2006). Road Map contains numerous tables,
figures, mnemonics, and USMLE-type clinical vignettes.

The references at the end of each chapter in this book were selected to provide reviews or classic publications of information specific to those
chapters. More detailed questions relating to basic or clinical research are best answered by referring to the journals covering general pharmacology
and clinical specialties. For the student and the physician, three periodicals can be recommended as especially useful sources of current information
about drugs: The New England Journal of Medicine, which publishes much original drug-related clinical research as well as frequent reviews of topics
in pharmacology; The Medical Letter on Drugs and Therapeutics, which publishes brief critical reviews of new and old therapies; and Prescriber’s
Letter, a monthly comparison of new and older drug therapies with much useful advice. On the Internet/World Wide Web, two sources can be
particularly recommended: the Cochrane Collaboration and the FDA site (see reference list below).

Other sources of information pertinent to the United States should be mentioned as well. The “package insert” is a summary of information that the
manufacturer is required to place in the prescription sales package; Physicians’ Desk Reference (PDR) is a compendium of package inserts published
annually with supplements twice a year. It is sold in bookstores and distributed to licensed physicians. The package insert consists of a brief
description of the pharmacology of the product. This brochure contains much practical information, but also lists every toxic effect ever reported, no
matter how rare, thus shifting responsibility for adverse drug reactions from the manufacturer to the prescriber. UpToDate.com is a large subscription
website containing detailed descriptions of current standards of care, including drug therapy, for a wide variety of clinical conditions. Micromedex and
Lexi-Comp are extensive subscription websites. They provide downloads for personal digital assistant devices, online drug dosage and interaction
information, and toxicologic information. A useful and objective quarterly handbook that presents information on drug toxicity and interactions is
Drug Interactions: Analysis and Management. Finally, the FDA maintains an Internet website that carries news regarding recent drug approvals,
withdrawals, warnings, etc. It can be accessed at http://www.fda.gov. The MedWatch drug safety program is a free e-mail notification service that
provides news of FDA drug warnings and withdrawals. Subscriptions may be obtained at https://www.fda.gov/safety/medwatch-fda-safety-
information-and-adverse-event-reporting-program.

CASE STUDY ANSWER

Aspirin overdose commonly causes a mixed respiratory alkalosis and metabolic acidosis. Because aspirin is a weak acid, serum acidosis favors entry
of the drug into tissues (increasing toxicity), and urinary acidosis favors reabsorption of excreted drug back into the blood (prolonging the effects of
the overdose). Sodium bicarbonate, a weak base, is an important component of the management of aspirin overdose. It causes alkalosis, reducing
entry into tissues, and increases the pH of the urine, enhancing renal clearance of the drug. See the discussion of the ionization of weak acids and
weak bases in the text.
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MABs, monoclonal antibodies.

1The Kd is the concentration for 50% saturation of the receptors and is inversely proportionate to the affinity of the drug for the receptors.

Data from Ruffolo RR Jr, Gellai M, Hieble JP, et al: The Pharmacology of carvedilol, Eur J Clin Pharmacol 1990;38S2:S82-88.

MDR1, multidrug resistance protein-1; MRP1, multidrug resistance-associated protein-1; NET, norepinephrine transporter; SERT, serotonin reuptake transporter;

VMAT, vesicular monoamine transporter.

1The pKa is that pH at which the concentrations of the ionized and nonionized forms are equal.

2More than one ionizable group.

3Isoelectric point.
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Chapter 1: Introduction: The Nature of Drugs & Drug Development & Regulation

Bertram G. Katzung

CASE STUDY

CASE STUDY

A 78-year-old woman is brought to the hospital because of suspected aspirin overdose*. She has taken aspirin for joint pain for many years without
incident, but during the past year, she has exhibited signs of cognitive decline. Her caregiver finds her confused, hyperventilating, and vomiting. The
caregiver finds an empty bottle of aspirin tablets and calls 9-1-1. In the emergency department, samples of venous and arterial blood are obtained
while the airway, breathing, and circulation are evaluated. An intravenous (IV) drip is started, and gastrointestinal decontamination is begun. After
blood gas results are reported, sodium bicarbonate is administered via the IV. What is the purpose of the sodium bicarbonate?

Pharmacology can be defined as the study of substances that interact with living systems through chemical processes. These interactions usually
occur by binding of the substance to regulatory molecules and activating or inhibiting normal body processes. These substances may be chemicals
administered to achieve a beneficial therapeutic effect on some process within the patient or for their toxic effects on regulatory processes in parasites
infecting the patient. Such deliberate therapeutic applications may be considered the proper role of medical pharmacology, which is often defined
as the science of substances used to prevent, diagnose, and treat disease. Toxicology is the branch of pharmacology that deals with the undesirable
effects of chemicals on living systems, from individual cells to humans to complex ecosystems (Figure 1–1). The nature of drugs—their physical
properties and their interactions with biological systems—is discussed in part I of this chapter.

FIGURE 1–1

Major areas of study in pharmacology. The actions of chemicals can be divided into two large domains. The first (left side) is that of medical
pharmacology and toxicology, which is aimed at understanding the actions of drugs as chemicals on individual organisms, especially humans and
domestic animals. Both beneficial and toxic effects are included. Pharmacokinetics deals with the absorption, distribution, and elimination of drugs.
Pharmacodynamics concerns the actions of the chemical on the organism. The second domain (right side) is that of environmental toxicology, which is
concerned with the effects of chemicals on all organisms and their survival in groups and as species.

New drugs are added every year; they are needed for several reasons including: (1) increasing resistance by bacteria and other parasites; (2) discovery
of new target processes in diseases that have not been adequately treated; and (3) recognition of new diseases. Furthermore, a dramatic increase has
occurred in the number of large molecule drugs (especially antibodies) approved during the last two decades. The development of new drugs and their
regulation by government agencies are discussed in part II.

*The author thanks Barry Berkowitz, PhD, for contributions to the second part of this chapter in previous editions.

THE HISTORY OF PHARMACOLOGY

Prehistoric people undoubtedly recognized the beneficial or toxic effects of many plant and animal materials. Early written records list remedies of
many types, including a few that are still recognized as useful drugs today. Most, however, were worthless or actually harmful. Beginning about 1500
years ago, sporadic attempts were made to introduce rational methods into medicine, but none was successful owing to the dominance of systems of
thought (“schools”) that purported to explain all of biology and disease without the need for experimentation and observation. These schools
promulgated bizarre notions such as the idea that disease was caused by excesses of bile or blood in the body, that wounds could be healed by
applying a salve to the weapon that caused the wound, and so on.

Around the end of the 17th century, concepts based on observation and experimentation began to replace theorizing in physiology and clinical
medicine. As the value of these methods in the study of disease became clear, physicians in Great Britain and on the Continent began to apply them
systematically to the effects of traditional drugs used in their own practices. Thus, materia medica—the science of drug preparation and the medical
uses of drugs—began to develop as the precursor to pharmacology. However, any real understanding of the mechanisms of action of drugs was
prevented by the absence of methods for purifying active agents from the crude materials that were available and—even more—by the lack of methods
for testing hypotheses about the nature of drug actions.

In the late 18th and early 19th centuries, François Magendie and his student Claude Bernard began to develop the methods of experimental
physiology and pharmacology. Advances in chemistry and the further development of physiology in the 18th, 19th, and early 20th centuries laid the
foundation needed for understanding how drugs work at the organ and cellular levels. Paradoxically, real advances in basic pharmacology during this
time were accompanied by an outburst of unscientific claims by manufacturers and marketers of worthless “patent medicines.” Not until the concepts
of rational therapeutics, especially that of the controlled clinical trial, were reintroduced into medicine—only about 60 years ago—did it become
possible to adequately evaluate therapeutic claims.

Around the 1940s and 1950s, a major expansion of research efforts in all areas of biology began. As new concepts and new techniques were
introduced, information accumulated about drug action and the biologic substrate of that action, the drug receptor. During the last 60 years, many
fundamentally new drug groups and new members of old groups have been introduced. The last three decades have seen an even more rapid growth
of information and understanding of the molecular basis for drug action. The molecular mechanisms of action of many drugs have now been
identified, and numerous receptors have been isolated, structurally characterized, and cloned. In fact, the use of receptor identification methods
(described in Chapter 2) has led to the discovery of many orphan receptors—receptors for which no ligand has been discovered and whose function
can only be guessed. Studies of the local molecular environment of receptors have shown that receptors and effectors do not function in isolation;
they are strongly influenced by other receptors and by companion regulatory proteins. Most recently, it has become clear that gravitational change,
radiation, and other aspects of space outside the Earth’s environment require the development of space medicine. This has opened another important
area for the future of pharmacology. One result of these discoveries is the confirmation that pharmacology represents an area where anatomy,
biochemistry, genetics, physiology, pathology, clinical medicine, and the environment meet. Many problems that the health practitioner confronts can
now be corrected or mitigated using pharmacologic tools.

Pharmacogenomics—the relation of the individual’s genetic makeup to his or her response to specific drugs—is becoming an important part of
therapeutics (see Chapter 5). Decoding of the genomes of many species—from bacteria to humans—has led to the recognition of unsuspected
relationships between receptor families and the ways that receptor proteins have evolved. Furthermore, discovery of regulatory functions exerted by
the neighbors of chromosomes and the noncoding regions of DNA on the expression of exons has opened a new area of possible manipulation of the
genes—epigenetics—that control pharmacologic responses.

The discovery that small segments of RNA can interfere with protein synthesis with extreme selectivity has led to investigation of small interfering
RNAs (siRNAs) and micro-RNAs (miRNAs) as therapeutic agents. Similarly, short nucleotide chains called antisense oligonucleotides (ANOs),
synthesized to be complementary to natural RNA or DNA, can interfere with the readout of genes and the transcription of RNA. Finally, new, efficient
methods of DNA editing have made possible the modification of genes that encode proteins that are critical to immunologic functions, including
anticancer receptors on T-cells. These developments have led to a dramatic increase in large molecule therapeutics in the last 20 years (Table 1–1).

TABLE 1–1

Development of large molecule therapeutic agents as a fraction of all  new drug approvals,  2000–2017.

Y e a r Total  New Drug Approvals New Protein Drugs (∼% of new drug approvals) New MABs (∼% of new drug approvals)

2000 63 3 (5%) 1 (2%)

2008 34 5 (15%) 1 (3%)

2010 49 8 (16%) 4 (8%)

2015 69 13 (19%) 9 (13%)

2017 63 10 (16%) 9 (14%)

Unfortunately, the medication-consuming public is still exposed to vast amounts of inaccurate or unscientific information regarding the
pharmacologic effects of chemicals. This results in the irrational use of innumerable expensive, ineffective, and sometimes harmful remedies and the
growth of a huge “alternative health care” industry. Furthermore, manipulation of the legislative process in the United States has allowed many
substances promoted for health—but not promoted specifically as “drugs”—to avoid meeting the Food and Drug Administration (FDA) standards
described in the second part of this chapter. Conversely, lack of understanding of basic scientific principles in biology and statistics and the absence of
critical thinking about public health issues have led to rejection of medical science, including vaccines, by a segment of the public and to a common
tendency to assume that all adverse drug effects are the result of malpractice.

General principles that the student should remember are (1) that all substances can under certain circumstances be toxic; (2) that the chemicals in
botanicals (herbs and plant extracts, “nutraceuticals”) are no different from chemicals in manufactured drugs except for the much greater proportion
of impurities in botanicals; and (3) that all dietary supplements and all therapies promoted as health-enhancing should meet the same standards of
efficacy and safety as conventional drugs and medical therapies. That is, there should be no artificial separation between scientific medicine and
“alternative” or “complementary” medicine. Ideally, all nutritional and botanical substances should be tested by the same types of randomized
controlled trials (RCTs) as synthetic compounds.

GENERAL PRINCIPLES OF PHARMACOLOGY

THE NATURE OF DRUGS

In the most general sense, a drug may be defined as any substance that brings about a change in biologic function through its chemical actions. In most
cases, the drug molecule interacts as an agonist (activator) or antagonist (inhibitor) with a specific target molecule that plays a regulatory role in the
biologic system. This target molecule is called a receptor. Some of the new large molecule drugs (biologicals) are receptors themselves and bind
endogenous molecules. The nature of receptors is discussed more fully in Chapter 2. In a very small number of cases, drugs known as chemical
antagonists may interact directly with other drugs, whereas a few drugs (osmotic agents) interact almost exclusively with water molecules. Drugs
may be synthesized within the body (eg, hormones) or may be chemicals not synthesized in the patient’s body (ie, xenobiotics). Poisons are drugs
that have almost exclusively harmful effects. However, Paracelsus (1493–1541) famously stated that “the dose makes the poison,” meaning that any
substance can be harmful if taken in the wrong dosage. Toxins are usually defined as poisons of biologic origin, ie, synthesized by plants or animals,
in contrast to inorganic poisons such as lead and arsenic.

The Physical Nature of Drugs

To interact chemically with its receptor, a drug molecule must have the appropriate size, electrical charge, shape, and atomic composition.
Furthermore, a drug is often administered at a location distant from its intended site of action, eg, a pill taken orally to relieve a headache. Therefore, a
useful drug must have the necessary properties to be transported from its site of administration to its site of action. Finally, a practical drug should be
inactivated or excreted from the body at a reasonable rate so that its actions will be of appropriate duration.

Drugs may be solid at room temperature (eg, aspirin, atropine), liquid (eg, nicotine, ethanol), or gaseous (eg, nitrous oxide, nitric oxide, xenon). These
factors often determine the best route of administration. The most common routes of administration are described in Chapter 3, Table 3–3. The
various classes of organic compounds—carbohydrates, proteins, lipids, and smaller molecules—are all represented in pharmacology. As noted above,
many proteins have been approved and some oligonucleotides, in the form of small segments of RNA, have entered clinical trials and are on the
threshold of introduction into therapeutics.

A number of inorganic elements, eg, fluoride, lithium, iron, and heavy metals, are both useful and dangerous drugs. Many organic drugs are weak acids
or bases. This fact has important implications for the way they are handled by the body, because pH differences in the various compartments of the
body may alter the degree of ionization of weak acids and bases (see text that follows).

Drug Size

The molecular size of drugs varies from very small (lithium ion, molecular weight [MW] 7) to very large (eg, alteplase [t-PA], a protein of MW 59,050).
Many antibodies are even larger; eg, erenumab, an antibody used in the management of migraine, has a MW of more than 145,000. However, most
drugs have molecular weights between 100 and 1000. The lower limit of this narrow range is probably set by the requirements for specificity of action.
To have a good “fit” to only one type of receptor, a drug molecule must be sufficiently unique in shape, charge, and other properties to prevent its
binding to other receptors. To achieve such selective binding, it appears that a molecule should in most cases be at least 100 MW units in size. The
upper limit in molecular weight is determined primarily by the requirement that most drugs must be able to move within the body (eg, from the site of
administration to the site of action and then to the site of elimination). Drugs much larger than MW 1000 do not diffuse readily between compartments
of the body (discussed under Permeation, in following text). Therefore, very large drugs (usually proteins) must often be administered directly into the
compartment where they have their effect. In the case of alteplase, a clot-dissolving enzyme, the drug is administered directly into the vascular
compartment by intravenous or intra-arterial infusion.

Drug Reactivity & Drug-Receptor Bonds

Drugs interact with receptors by means of chemical forces or bonds. These are of three major types: covalent, electrostatic, and hydrophobic.
Covalent bonds are very strong and in many cases not reversible under biologic conditions. Thus, the covalent bond formed between the acetyl group
of acetylsalicylic acid (aspirin) and cyclooxygenase, its enzyme target in platelets, is not readily broken. The platelet aggregation–blocking effect of
aspirin lasts long after free acetylsalicylic acid has disappeared from the bloodstream (about 15 minutes) and is reversed only by the synthesis of new
enzyme in new platelets, a process that takes several days. Other examples of highly reactive, covalent bond-forming drugs include the DNA-alkylating
agents used in cancer chemotherapy to disrupt cell division in the tumor.

Electrostatic bonding is much more common than covalent bonding in drug-receptor interactions. Electrostatic bonds vary from relatively strong
linkages between permanently charged ionic molecules to weaker hydrogen bonds and very weak induced dipole interactions such as van der Waals
forces and similar phenomena. Electrostatic bonds are weaker than covalent bonds.

Hydrophobic bonds are usually quite weak and are probably important in the interactions of highly lipid-soluble drugs with the lipids of cell
membranes and perhaps in the interaction of drugs with the internal walls of receptor “pockets.”

The specific nature of a particular drug-receptor bond is of less practical importance than the fact that drugs that bind through weak bonds to their
receptors are generally more selective than drugs that bind by means of very strong bonds. This is because weak bonds require a very precise fit of the
drug to its receptor if an interaction is to occur. Only a few receptor types are likely to provide such a precise fit for a particular drug structure. Thus, if
we wished to design a highly selective drug for a particular receptor, we would avoid highly reactive molecules that form covalent bonds and instead
choose a molecule that forms weaker bonds.

A few substances that are almost completely inert in the chemical sense nevertheless have significant pharmacologic effects. For example, xenon, an
“inert” gas, has anesthetic effects at elevated pressures.

Drug Shape

The shape of a drug molecule must be such as to permit binding to its target site via the bonds just described. Optimally, the drug’s shape is
complementary to that of the target site (usually a receptor) in the same way that a key is complementary to a lock. Furthermore, the phenomenon of
chirality (stereoisomerism) is so common in biology that more than half of all useful drugs are chiral molecules; that is, they can exist as
enantiomeric pairs. Drugs with two asymmetric centers have four diastereomers, eg, ephedrine, a sympathomimetic drug. In most cases, one of these
enantiomers is much more potent than its mirror image enantiomer, reflecting a better fit to the receptor molecule. If one imagines the receptor site to
be like a glove into which the drug molecule must fit to bring about its effect, it is clear why a “left-oriented” drug is more effective in binding to a left-
hand receptor than its “right-oriented” enantiomer.

The more active enantiomer at one type of receptor site may not be more active at another receptor type, eg, a type that may be responsible for some
other effect. For example, carvedilol, a drug that interacts with adrenoceptors, has a single chiral center and thus two enantiomers (Table 1–2). One of
these enantiomers, the (S)(–) isomer, is a potent β-receptor blocker. The (R)(+) isomer is 100-fold weaker at the β receptor. However, the isomers are
approximately equipotent as α-receptor blockers. Ketamine, a chiral molecule with two isomers, was introduced as an anesthetic. When administered
as an anesthetic, the racemic mixture is administered intravenously. In contrast, the (S) enantiomer has recently been approved for use in nasal spray
form as a rapid-acting antidepressant.

TABLE 1–2

Dissociation constants (Kd )  of  the enantiomers and racemate of carvedilol.

Form of  Carvedilol α  Receptors (Kd ,  nmol/L1) β  Receptors (Kd ,  nmol/L)

(R)(+) enantiomer 14 45

(S)(−) enantiomer 16 0.4

(R,S)(±) enantiomers 11 0.9

Finally, because enzymes are usually stereoselective, one drug enantiomer is often more susceptible than the other to drug-metabolizing enzymes. As
a result, the duration of action of one enantiomer may be quite different from that of the other. Similarly, drug transporters may be stereoselective.

Unfortunately, most studies of clinical efficacy and drug elimination in humans have been carried out with racemic mixtures of drugs rather than with
the separate enantiomers. At present, less than half of the chiral drugs used clinically are marketed as the active isomer—the rest are available only as
racemic mixtures. As a result, a majority of patients receive drug doses of which 50% is less active or inactive. A few drugs are currently available in both
the racemic and the pure, active isomer forms. However, proof that administration of the pure, active enantiomer decreases adverse effects relative to
those produced by racemic formulations has not been established.

Rational Drug Design

Rational design of drugs implies the ability to predict the appropriate molecular structure of a drug on the basis of information about its biologic
receptor. Until recently, no receptor was known in sufficient detail to permit such drug design. Instead, drugs were developed through random testing
of chemicals or modification of drugs already known to have some effect. However, the characterization of many receptors during the past three
decades has changed this picture. A few drugs now in use were developed through molecular design based on knowledge of the three-dimensional
structure of the receptor site. Computer programs are now available that can iteratively optimize drug structures to fit known receptors. As more
becomes known about receptor structure, rational drug design will become more common.

Receptor Nomenclature

The spectacular success of newer, more efficient ways to identify and characterize receptors (see Chapter 2) has resulted in a variety of differing, and
sometimes confusing, systems for naming them. This in turn has led to a number of suggestions regarding more rational methods of naming
receptors. The interested reader is referred for details to the efforts of the International Union of Pharmacology (IUPHAR) Committee on Receptor
Nomenclature and Drug Classification (reported in various issues of Pharmacological Reviews and elsewhere) and to Alexander SP et al: The Concise
Guide to PHARMACOLOGY 2017/18: Overview. Br J Pharmacol 2017;174:S1. The chapters in this book mainly use these sources for naming receptors.

DRUG-BODY INTERACTIONS

The interactions between a drug and the body are conveniently divided into two classes. The actions of the drug on the body are termed
pharmacodynamic processes (Figure 1–1); the principles of pharmacodynamics are presented in greater detail in Chapter 2. These properties
determine the group in which the drug is classified, and they play the major role in deciding whether that group is appropriate therapy for a particular
symptom or disease. The actions of the body on the drug are called pharmacokinetic processes and are described in Chapters 3 and 4.
Pharmacokinetic processes govern the absorption, distribution, and elimination of drugs and are of great practical importance in the choice and
administration of a particular drug for a particular patient, eg, a patient with heart failure who also has impaired renal function. The following
paragraphs provide a brief introduction to pharmacodynamics and pharmacokinetics.

Pharmacodynamic Principles

Most drugs must bind to a receptor to bring about an effect. However, at the cellular level, drug binding is only the first in a sequence of possible steps:

Drug (D) + receptor-effector (R) → drug-receptor-effector complex → effect

D + R → drug-receptor complex → effector molecule → effect

D + R → D-R complex → activation of coupling molecule → effector molecule → effect

Inhibition of metabolism of endogenous activator → increased activator action on an effector molecule → increased effect

Note that the final change in function is accomplished by an effector mechanism. The effector may be part of the receptor molecule or may be a
separate molecule. A very large number of receptors communicate with their effectors through coupling molecules, as described in Chapter 2.

A. Types of Drug-Receptor Interactions

Agonist drugs bind to and activate the receptor in some fashion, which directly or indirectly brings about the effect (Figure 1–2A). Receptor activation
involves a change in conformation in the cases that have been studied at the molecular structure level. Some receptors incorporate effector machinery
in the same molecule, so that drug binding brings about the effect directly, eg, opening of an ion channel or activation of enzyme activity. Other
receptors are linked through one or more intervening coupling molecules to a separate effector molecule. The major types of drug-receptor-effector
coupling systems are discussed in Chapter 2. Pharmacologic antagonist drugs, by binding to a receptor, compete with and prevent binding by other
molecules. For example, acetylcholine receptor blockers such as atropine are antagonists because they prevent access of acetylcholine and similar
agonist drugs to the acetylcholine receptor site and they stabilize the receptor in its inactive state (or some state other than the acetylcholine-activated
state). These agents reduce the effects of acetylcholine and similar molecules in the body (Figure 1–2B), but their action can be overcome by increasing
the dosage of agonist. Some antagonists bind very tightly to the receptor site in an irreversible or pseudoirreversible fashion and cannot be displaced
by increasing the agonist concentration. Drugs that bind to the same receptor molecule but do not prevent binding of the agonist are said to act
allosterically and may enhance (Figure 1–2C) or inhibit (Figure 1–2D) the action of the agonist molecule. Allosteric inhibition is not usually overcome
by increasing the dose of agonist.

FIGURE 1–2

Drugs may interact with receptors in several ways. The effects resulting from these interactions are diagrammed in the dose-response curves at the
right. Drugs that alter the agonist (A) response may activate the agonist binding site, compete with the agonist (competitive inhibitors, B), or act at
separate (allosteric) sites, increasing (C) or decreasing (D) the response to the agonist. Allosteric activators (C) may increase the efficacy of the agonist
or its binding affinity. The curve shown reflects an increase in efficacy; an increase in affinity would result in a leftward shift of the curve.

B. Agonists That Inhibit Their Binding Molecules

Some drugs mimic agonist drugs by inhibiting the molecules responsible for terminating the action of an endogenous agonist. For example,
acetylcholinesterase inhibitors, by slowing the destruction of endogenous acetylcholine, cause cholinomimetic effects that closely resemble the
actions of cholinoceptor agonist molecules even though cholinesterase inhibitors do not bind or only incidentally bind to cholinoceptors (see Chapter
7). Because they amplify the effects of physiologically released endogenous agonist ligands, their effects are sometimes more selective and less toxic
than those of exogenous agonists.

C. Agonists, Partial Agonists, and Inverse Agonists

Figure 1–3 describes a useful model of drug-receptor interactions. As indicated, the receptor is postulated to exist partially in the inactive,
nonfunctional form (Ri) and partially in the activated form (Ra). Thermodynamic considerations indicate that even in the absence of any agonist, some

of the receptor pool must exist in the Ra form some of the time and may produce the same physiologic effect as agonist-induced activity. This effect,

occurring in the absence of agonist, is termed constitutive or basal activity. Agonists have a much higher affinity for the Ra configuration and

stabilize it, so that a large percentage of the total pool resides in the Ra–D fraction and a large effect is produced. The recognition of constitutive activity

may depend on the receptor density, the concentration of coupling molecules (if a coupled system), and the number of effectors in the system.

FIGURE 1–3

A model of drug-receptor interaction. The hypothetical receptor is able to assume two conformations. In the Ri conformation, it is inactive and

produces no effect, even when combined with a drug molecule. In the Ra conformation, the receptor can activate downstream mechanisms that

produce a small observable effect, even in the absence of drug (constitutive activity). In the absence of drugs, the two isoforms are in equilibrium, and
the Ri form is favored. Conventional full agonist drugs have a much higher affinity for the Ra conformation, and mass action thus favors the formation

of the Ra–D complex with a much larger observed effect. Partial agonists have an intermediate affinity for both Ri and Ra forms. Conventional

antagonists, according to this hypothesis, have equal affinity for both receptor forms and maintain the same level of constitutive activity. Inverse
agonists, on the other hand, have a much higher affinity for the Ri form, reduce constitutive activity, and may produce a contrasting physiologic result.

Many agonist drugs, when administered at concentrations sufficient to saturate the receptor pool, can activate their receptor-effector systems to the
maximum extent of which the system is capable; that is, they cause a shift of almost all of the receptor pool to the Ra–D pool. Such drugs are termed

full agonists. Other drugs, called partial agonists, bind to the same receptors and activate them in the same way but do not evoke as great a
response, no matter how high the concentration. In the model in Figure 1–3, partial agonists do not stabilize the Ra configuration as fully as full

agonists, so that a significant fraction of receptors exists in the Ri–D pool. Such drugs are said to have low intrinsic efficacy. Because they occupy the

same receptor site, partial agonists can also prevent access by full agonists. Thus, pindolol, a β-adrenoceptor partial agonist, may act either as an
agonist (if no full agonist is present) or as an antagonist (if a full agonist such as epinephrine is present). (See Chapter 2.) Intrinsic efficacy is
independent of affinity (as usually measured) for the receptor.

In the same model, conventional antagonist action can be explained as fixing the fractions of drug-bound Ri and Ra in the same relative amounts as in

the absence of any drug. In this situation, no change in activity will be observed, so the drug will appear to be without effect. However, the presence of
the antagonist at the receptor site will block access of agonists to the receptor and prevent the usual agonist effect. Such blocking action can be termed
neutral antagonism.

What will happen if a drug has a much stronger affinity for the Ri than for the Ra state and stabilizes a large fraction in the Ri–D pool? In this scenario the

drug will reduce any constitutive activity, thus resulting in effects that are the opposite of the effects produced by conventional agonists at that
receptor. Such drugs are termed inverse agonists (Figure 1–3). One of the best documented examples of such a system is the γ-aminobutyric acid
(GABAA) receptor-effector (a chloride channel) in the nervous system. This receptor is activated by the endogenous transmitter GABA and causes

inhibition of postsynaptic cells. Conventional exogenous agonists such as benzodiazepines also facilitate the receptor-effector system and cause
GABA-like inhibition with sedation as the therapeutic result. This sedation can be reversed by conventional neutral antagonists such as flumazenil.
Inverse agonists of this receptor system cause anxiety and agitation, the inverse of sedation (see Chapter 22). Similar inverse agonists have been found
for β adrenoceptors, histamine H1 and H2 receptors, and several other receptor systems.

D. Duration of  Drug Action

Termination of drug action can result from several processes. In some cases, the effect lasts only as long as the drug occupies the receptor, and
dissociation of drug from the receptor automatically terminates the effect. In many cases, however, the action may persist after the drug has
dissociated because, for example, some coupling molecule is still present in activated form. In the case of drugs that bind covalently to the receptor
site, the effect may persist until the drug-receptor complex is destroyed and new receptors or enzymes are synthesized, as described previously for
aspirin. In addition, many receptor-effector systems incorporate desensitization mechanisms for preventing excessive activation when agonist
molecules continue to be present for long periods. (See Chapter 2 for additional details.)

E. Receptors and Inert Binding Sites

To function as a receptor, an endogenous molecule must first be selective in choosing ligands (drug molecules) to bind; and second, it must change
its function upon binding in such a way that the function of the biologic system (cell, tissue, etc) is altered. The selectivity characteristic is required to
avoid constant activation of the receptor by promiscuous binding of many different ligands. The ability to change function is clearly necessary if the
ligand is to cause a pharmacologic effect. The body contains a vast array of molecules that are capable of binding drugs, however, and not all of these
endogenous molecules are regulatory molecules. Binding of a drug to a nonregulatory molecule such as plasma albumin will result in no detectable
change in the function of the biologic system, so this endogenous molecule can be called an inert binding site. Such binding is not completely
without significance, however, because it affects the distribution of drug within the body and determines the amount of free drug in the circulation.
Both of these factors are of pharmacokinetic importance (see also Chapter 3).

Pharmacokinetic Principles

In practical therapeutics, a drug should be able to reach its intended site of action after administration by some convenient route. In many cases, the
active drug molecule is sufficiently lipid-soluble and stable to be given as such. In some cases, however, an inactive precursor chemical that is readily
absorbed and distributed must be administered and then converted to the active drug by biologic processes—inside the body. Such a precursor
chemical is called a prodrug.

In only a few situations is it possible to apply a drug directly to its target tissue, eg, by topical application of an anti-inflammatory agent to inflamed skin
or mucous membrane. Most often, a drug is administered into one body compartment, eg, the gut, and must move to its site of action in another
compartment, eg, the brain in the case of an antiseizure medication. This requires that the drug be absorbed into the blood from its site of
administration and distributed to its site of action, permeating through the various barriers that separate these compartments. For a drug given
orally to produce an effect in the central nervous system, these barriers include the tissues that make up the wall of the intestine, the walls of the
capillaries that perfuse the gut, and the blood-brain barrier, the walls of the capillaries that perfuse the brain. Finally, after bringing about its effect, a
drug should be eliminated at a reasonable rate by metabolic inactivation, by excretion from the body, or by a combination of these processes.

A. Permeation

Drug permeation proceeds by several mechanisms. Passive diffusion in an aqueous or lipid medium is common, but active processes play a role in the
movement of many drugs, especially those whose molecules are too large to diffuse readily (Figure 1–4). Drug vehicles can be very important in
facilitating transport and permeation, eg, by encapsulating the active agent in liposomes and in regulating release, as in slow release preparations.
Newer methods of facilitating transport of drugs by coupling them to nanoparticles are under investigation.

FIGURE 1–4
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ABLE 1–3

ome transport molecules important in pharmacology.

Transporter Physiologic Function Pharmacologic Significance

antidepressants

VMAT Transport of dopamine and norepinephrine into

adrenergic vesicles in nerve endings

Target of reserpine and tetrabenazine

MDR1 Transport of many xenobiotics out of cells Increased expression confers resistance to certain anticancer drugs;

inhibition increases blood levels of digoxin

MRP1 Leukotriene secretion Confers resistance to certain anticancer and antifungal drugs

4 .  E n d o c y t o s i s  a n d  e x o c y t o s i s

A few substances are so large or impermeant that they can enter cells only by endocytosis, the process by which the substance is bound at a cell-
surface receptor, engulfed by the cell membrane, and carried into the cell by pinching off of the newly formed vesicle inside the membrane. The
substance can then be released into the cytosol by breakdown of the vesicle membrane (Figure 1–4D). This process is responsible for the transport of
vitamin B12, complexed with a binding protein (intrinsic factor) across the wall of the gut into the blood. Similarly, iron is transported into hemoglobin-

synthesizing red blood cell precursors in association with the protein transferrin. Specific receptors for the binding proteins must be present for this
process to work.

The reverse process (exocytosis) is responsible for the secretion of many substances from cells. For example, many neurotransmitter substances are
stored in membrane-bound vesicles in nerve endings to protect them from metabolic destruction in the cytoplasm. Appropriate activation of the nerve
ending causes fusion of the storage vesicle with the cell membrane and expulsion of its contents into the extracellular space (see Chapter 6).

B. Fick’s Law of Diffusion

The passive flux of molecules down a concentration gradient is given by Fick’s law:

where C1 is the higher concentration, C2 is the lower concentration, area is the cross-sectional area of the diffusion path, permeability coefficient is a

measure of the mobility of the drug molecules in the medium of the diffusion path, and thickness is the length of the diffusion path. In the case of lipid
diffusion, the lipid:aqueous partition coefficient is a major determinant of mobility of the drug because it determines how readily the drug enters the
lipid membrane from the aqueous medium.

C. Ionization of Weak Acids and Weak Bases; the Henderson-Hasselbalch Equation

The electrostatic charge of an ionized molecule attracts water dipoles and results in a polar, relatively water-soluble and lipid-insoluble complex.
Because lipid diffusion depends on relatively high lipid solubility, ionization of drugs may markedly reduce their ability to permeate membranes. A very
large percentage of the drugs in use are weak acids or weak bases; Table 1–4 lists some examples. For drugs, a weak acid is best defined as a neutral
molecule that can reversibly dissociate into an anion (a negatively charged molecule) and a proton (a hydrogen ion). For example, aspirin dissociates
as follows:

TABLE 1–4

Ionization constants of  some common drugs.

D r u g p Ka1 D r u g p Ka1 D r u g p Ka1

Weak acids Weak bases Weak bases (cont’d)

 Acetaminophen 9.5  Albuterol (salbutamol) 9.3  Isoproterenol 8.6

 Acetazolamide 7.2  Allopurinol 9.4, 12.32  Lidocaine 7.9

 Ampicillin 2.5  Alprenolol 9.6  Metaraminol 8.6

 Aspirin 3.5  Amiloride 8.7  Methadone 8.4

 Chlorothiazide 6.8, 9.42  Amiodarone 6.6  Methamphetamine 10.0

 Chlorpropamide 5.0  Amphetamine 9.8  Methyldopa 10.6

 Ciprofloxacin 6.1, 8.72  Atropine 9.7  Metoprolol 9.8

 Cromolyn 2.0  Bupivacaine 8.1  Morphine 7.9

 Ethacrynic acid 2.5  Chlordiazepoxide 4.6  Nicotine 7.9, 3.12

 Furosemide 3.9  Chloroquine 10.8, 8.4  Norepinephrine 8.6

 Ibuprofen 4.4, 5.22  Chlorpheniramine 9.2  Pentazocine 7.9

 Levodopa 2.3  Chlorpromazine 9.3  Phenylephrine 9.8

 Methotrexate 4.8  Clonidine 8.3  Physostigmine 7.9, 1.82

 Methyldopa 2.2, 9.22  Cocaine 8.5  Pilocarpine 6.9, 1.42

 Penicillamine 1.8  Codeine 8.2  Pindolol 8.6

 Pentobarbital 8.1  Cyclizine 8.2  Procainamide 9.2

 Phenobarbital 7.4  Desipramine 10.2  Procaine 9.0

 Phenytoin 8.3  Diazepam 3.0  Promethazine 9.1

 Propylthiouracil 8.3  Diphenhydramine 8.8  Propranolol 9.4

 Salicylic acid 3.0  Diphenoxylate 7.1  Pseudoephedrine 9.8

 Sulfadiazine 6.5  Ephedrine 9.6  Pyrimethamine 7.0–7.33

 Sulfapyridine 8.4  Epinephrine 8.7  Quinidine 8.5, 4.42

 Theophylline 8.8  Ergotamine 6.3  Scopolamine 8.1

 Tolbutamide 5.3  Fluphenazine 8.0, 3.92  Strychnine 8.0, 2.32

 Warfarin 5.0  Hydralazine 7.1  Terbutaline 10.1

 Imipramine 9.5  Thioridazine 9.5

A weak base can be defined as a neutral molecule that can form a cation (a positively charged molecule) by combining with a proton. For example,
pyrimethamine, an antimalarial drug, undergoes the following association-dissociation process:

Note that the protonated form of a weak acid is the neutral, more lipid-soluble form, whereas the unprotonated form of a weak base is the neutral
form. The law of mass action requires that these reactions move to the left in an acid environment (low pH, excess protons available) and to the right in
an alkaline environment. The Henderson-Hasselbalch equation relates the ratio of protonated to unprotonated weak acid or weak base to the
molecule’s pKa and the pH of the medium as follows:

This equation applies to both acidic and basic drugs. Inspection confirms that the lower the pH relative to the pKa, the greater will be the fraction of

drug in the protonated form. Because the uncharged form is the more lipid-soluble, more of a weak acid will be in the lipid-soluble form at acid pH,
whereas more of a basic drug will be in the lipid-soluble form at alkaline pH.

Application of this principle is made in the manipulation of drug excretion by the kidney (see Case Study). Almost all drugs are filtered at the
glomerulus. If a drug is in a lipid-soluble form during its passage down the renal tubule, a significant fraction will be reabsorbed by simple passive
diffusion. If the goal is to accelerate excretion of the drug (eg, in a case of drug overdose), it is important to prevent its reabsorption from the tubule.
This can often be accomplished by adjusting urine pH to make certain that most of the drug is in the ionized state, as shown in Figure 1–5. As a result of
this partitioning effect, the drug is “trapped” in the urine. Thus, weak acids are usually excreted faster in alkaline urine; weak bases are usually
excreted faster in acidic urine. Other body fluids in which pH differences from blood pH may cause trapping or reabsorption are the contents of the
stomach (normal pH 1.9–3) and small intestine (pH 7.5–8), breast milk (pH 6.4–7.6), aqueous humor (pH 6.4–7.5), and vaginal and prostatic secretions
(pH 3.5–7).

FIGURE 1–5

Trapping of a weak base (methamphetamine) in the urine when the urine is more acidic than the blood. In the hypothetical case illustrated, the
diffusible uncharged form of the drug has equilibrated across the membrane, but the total concentration (charged plus uncharged) in the urine (more
than 10 mg) is 25 times higher than in the blood (0.4 mg).

As indicated by Table 1–4, a large number of drugs are weak bases. Most of these bases are amine-containing molecules. The nitrogen of a neutral
amine has three atoms associated with it plus a pair of unshared electrons (see the display that follows). The three atoms may consist of one carbon or
a chain of carbon atoms (designated “R”) and two hydrogens (a primary amine), two carbons and one hydrogen (a secondary amine), or three
carbon atoms (a tertiary amine). Each of these three forms may reversibly bind a proton with the unshared electrons. Some drugs have a fourth
carbon-nitrogen bond; these are quaternary amines. However, the quaternary amine is permanently charged and has no unshared electrons with
which to reversibly bind a proton. Therefore, primary, secondary, and tertiary amines may undergo reversible protonation and vary their lipid
solubility with pH, but quaternary amines are always in the poorly lipid-soluble charged form.

DRUG GROUPS

To learn each pertinent fact about each of the many hundreds of drugs mentioned in this book would be an impractical goal and, fortunately, is
unnecessary. Almost all the several thousand drugs currently available can be arranged into about 70 groups. Many of the drugs within each group are
very similar in pharmacodynamic actions and in their pharmacokinetic properties as well. For most groups, one or two prototype drugs can be
identified that typify the most important characteristics of the group. This permits classification of other important drugs in the group as variants of
the prototype, so that only the prototype must be learned in detail and, for the remaining drugs, only the differences from the prototype.

DRUG DEVELOPMENT & REGULATION

A truly new drug (one that does not simply mimic the structure and action of previously available drugs) requires the discovery of a new drug target, ie,
the pathophysiologic process or substrate of a disease. Such discoveries are usually made in public sector institutions (universities and research
institutes), and molecules that have beneficial effects on such targets are often discovered in the same laboratories. However, the development of new
drugs usually takes place in industrial laboratories because optimization of a class of new drugs requires painstaking and expensive chemical,
pharmacologic, and toxicologic research. In fact, much of the recent progress in the application of drugs to disease problems can be ascribed to the
pharmaceutical industry including “big pharma,” the multibillion-dollar corporations that specialize in drug development and marketing. These
companies are uniquely skilled in translating basic findings into successful therapeutic breakthroughs and profit-making “blockbusters” (see
https://clincalc.com/DrugStats/Top200Drugs.aspx).

Such breakthroughs come at a price, however, and the escalating cost of drugs has become a significant contributor to the increase in the cost of
health care. Development of new drugs is enormously expensive, but considerable controversy surrounds drug pricing. Drug prices in the United
States have increased many-fold faster than overall price inflation. Critics claim that the costs of development and marketing drugs are grossly inflated
by marketing activities, advertising, and other promotional efforts, which may consume as much as 25% or more of a company’s budget. Furthermore,
profit margins for big pharma are relatively high. Recent drug-pricing scandals have been reported in which the rights to an older, established drug
that requires no costly development have been purchased by a smaller company and the price increased by several hundred or several thousand
percent. This “price gouging” has caused public outrage and attracted regulatory attention that may result in more legitimate and rational pricing
mechanisms. Finally, pricing schedules for many drugs vary dramatically from country to country and even within countries, where large organizations
can negotiate favorable prices and small ones cannot. Some countries have already addressed these inequities, and it seems likely that all countries
will have to do so during the next few decades.

NEW DRUG DEVELOPMENT

The development of a new drug usually begins with the discovery or synthesis of a potential new drug compound or the elucidation of a new drug
target. After a new drug molecule is synthesized or extracted from a natural source, subsequent steps seek an understanding of the drug’s interactions
with its biologic targets. Repeated application of this approach leads to synthesis of related compounds with increased efficacy, potency, and
selectivity (Figure 1–6). In the United States, the safety and efficacy of drugs must be established before marketing can be legally carried out. In
addition to in vitro studies, relevant biologic effects, drug metabolism, pharmacokinetic profiles, and relative safety of the drug must be characterized
in vivo in animals before human drug trials can be started. With regulatory approval, human testing may then go forward (usually in three phases)
before the drug is considered for approval for general use. A fourth phase of data gathering and safety monitoring is becoming increasingly important
and follows after approval for marketing. Once approved, the great majority of drugs become available for use by any appropriately licensed
practitioner. Highly toxic drugs that are nevertheless considered valuable in lethal diseases may be approved for restricted use by practitioners who
have undergone special training in their use and who maintain detailed records.

FIGURE 1–6

The development and testing process required to bring a drug to market in the USA. Some of the requirements may be different for drugs used in life-
threatening diseases (see text).

DRUG DISCOVERY

Most new drugs or drug products are discovered or developed through the following approaches: (1) screening for biologic activity of large numbers of
natural products, banks of previously discovered chemical entities, or large libraries of peptides, nucleic acids, and other organic molecules; (2)
chemical modification of a known active molecule, resulting in a “me-too” analog; (3) identification or elucidation of a new drug target, which suggests
molecules that will hit that target; and (4) rational design of a new molecule based on an understanding of biologic mechanisms and drug receptor
structure. Steps (3) and (4) are often carried out in academic research laboratories and are more likely to lead to breakthrough drugs, but the costs of
steps (1) and (2) usually ensure that industry carries them out.

Once a new drug target or promising molecule has been identified, the process of moving from the basic science laboratory to the clinic begins. This
translational research involves the preclinical and clinical steps described next. While clinical trials in humans are required only for drugs to be
used in humans, all of the other steps described apply to veterinary drugs as well as drugs for human diseases.

Drug Screening

Drug screening involves a variety of assays at the molecular, cellular, organ system, and whole animal levels to define the pharmacologic profile, ie,
the activity and selectivity of the drug. The type and number of initial screening tests depend on the pharmacologic and therapeutic goal. For example,
anti-infective drugs are tested against a variety of infectious organisms, some of which are resistant to standard agents; hypoglycemic drugs are tested
for their ability to lower blood sugar, etc.

The candidate molecule is also studied for a broad array of other actions to determine the mechanism of action and selectivity of the drug. This can
reveal both expected and unexpected toxic effects. Occasionally, an unexpected therapeutic action is serendipitously discovered by a careful observer;
for example, the era of modern diuretics was initiated by the observation that certain antimicrobial sulfonamides caused metabolic acidosis in
patients. The selection of compounds for development is most efficiently conducted in animal models of human disease. Where good predictive
preclinical models exist (eg, infection, hypertension, or thrombotic disease), we generally have good or excellent drugs. Good drugs or breakthrough
improvements are conspicuously lacking and slow for diseases for which preclinical models are poor or not yet available, eg, autism and Alzheimer
disease.

At the molecular level, the candidate compound would be screened for activity on the target, for example, receptor binding affinity to cell membranes
containing the homologous animal receptors (or if possible, on the cloned human receptors). Early studies would be done to predict effects that might
later cause undesired drug metabolism or toxicologic complications. For example, studies on liver cytochrome P450 enzymes would be performed to
determine whether the molecule of interest is likely to be a substrate or inhibitor of these enzymes or to alter the metabolism of other drugs.

Effects on cell function determine whether the drug is an agonist, partial agonist, inverse agonist, or antagonist at relevant receptors. Isolated tissues
would be used to characterize the pharmacologic activity and selectivity of the new compound in comparison with reference compounds. Comparison
with other drugs would also be undertaken in a variety of in vivo studies. At each step in this process, the compound would have to meet specific
performance and selectivity criteria to be carried further.

Whole animal studies are generally necessary to determine the effect of the drug on organ systems and disease models. Cardiovascular and renal
function studies of new drugs are generally first performed in normal animals. Studies on disease models, if available, are then performed. For a
candidate antihypertensive drug, animals with hypertension would be treated to see whether blood pressure was lowered in a dose-related manner
and to characterize other effects of the compound. Evidence would be collected on duration of action and efficacy after oral and parenteral
administration. If the agent possessed useful activity, it would be further studied for possible adverse effects on other organs, including the
respiratory, gastrointestinal, renal, endocrine, and central nervous systems.

These studies might suggest the need for further chemical modification (compound optimization) to achieve more desirable pharmacokinetic or
pharmacodynamic properties. For example, oral administration studies might show that the drug was poorly absorbed or rapidly metabolized in the
liver; modification to improve bioavailability might be indicated. If the drug is to be administered long term, an assessment of tolerance development
would be made. For drugs related to or having mechanisms of action similar to those known to cause physical or psychological dependence in
humans, ability to cause dependence in animals would also be studied. Drug interactions would be examined.

The desired result of this screening procedure (which may have to be repeated several times with congeners of the original molecule) is a lead
compound, ie, a leading candidate for a successful new drug. A patent application would be filed for a novel compound (a composition of matter
patent) that is efficacious, or for a new and nonobvious therapeutic use (a use patent) for a previously known chemical entity.

PRECLINICAL SAFETY & TOXICITY TESTING

All chemicals are toxic in some individuals at some dose. Candidate drugs that survive the initial screening procedures must be carefully evaluated for
potential risks before and during clinical testing. Depending on the proposed use of the drug, preclinical toxicity testing includes most or all of the
procedures shown in Table 1–5. Although no chemical can be certified as completely “safe” (free of risk), the objective is to estimate the risk associated
with exposure to the drug candidate and to consider this in the context of therapeutic needs and likely duration of drug use.

TABLE 1–5

Safety tests.

Type of  Test Approach and Goals

Acute toxicity Usually two species, two routes. Determine the no-effect dose and the maximum tolerated dose. In some cases, determine the acute

dose that is lethal in approximately 50% of animals.

Subacute or

subchronic toxicity

Three doses, two species. Two weeks to 3 months of testing may be required before clinical trials. The longer the duration of

expected clinical use, the longer the subacute test. Determine biochemical, physiologic effects.

Chronic toxicity Rodent and at least one nonrodent species for ≥6 months. Required when drug is intended to be used in humans for prolonged

periods. Usually run concurrently with clinical trials. Determine same end points as subacute toxicity tests.

Effect on

reproductive

performance

Two species, usually one rodent and rabbits. Test effects on animal mating behavior, reproduction, parturition, progeny, birth

defects, postnatal development.

Carcinogenic

potential

Two years, two species. Required when drug is intended to be used in humans for prolonged periods. Determine gross and histologic

pathology.

Mutagenic

potential

Test effects on genetic stability and mutations in bacteria (Ames test) or mammalian cells in culture; dominant lethal test and

clastogenicity in mice.

The goals of preclinical toxicity studies include identifying potential human toxicities, designing tests to further define the toxic mechanisms, and
predicting the most relevant toxicities to be monitored in clinical trials. In addition to the studies shown in Table 1–5, several quantitative estimates are
desirable. These include the no-effect dose—the maximum dose at which a specified toxic effect is not seen; the minimum lethal dose—the
smallest dose that is observed to kill any experimental animal; and, if necessary, the median lethal dose (LD50)—the dose that kills approximately

50% of the animals in a test group. Presently, the LD50 is estimated from the smallest number of animals possible. These doses are used to calculate

the initial dose to be tried in humans, usually taken as one hundredth to one tenth of the no-effect dose in animals.

It is important to recognize the limitations of preclinical testing. These include the following:

1. Toxicity testing is time-consuming and expensive. Two to 6 years may be required to collect and analyze data on toxicity before the drug can be
considered ready for testing in humans.

2. Large numbers of animals may be needed to obtain valid preclinical data. Scientists are properly concerned about this situation, and progress has
been made toward reducing the numbers required while still obtaining valid data. Cell and tissue culture in vitro methods and computer modeling
are increasingly being used, but their predictive value is still limited. Nevertheless, some segments of the public attempt to halt all animal testing in
the unfounded belief that it has become unnecessary.

3. Extrapolations of toxicity data from animals to humans are reasonably predictive for many but not for all toxicities.

4. For statistical reasons, rare adverse effects are unlikely to be detected in preclinical testing.

EVALUATION IN HUMANS

A very small fraction of lead compounds reach clinical trials, and less than one third of the drugs studied in humans survive clinical trials and reach the
marketplace. Federal law in the USA and ethical considerations require that the study of new drugs in humans be conducted in accordance with
stringent guidelines. Scientifically valid results are not guaranteed simply by conforming to government regulations, however, and the design and
execution of a good clinical trial require interdisciplinary personnel including basic scientists, clinical pharmacologists, clinician specialists,
statisticians, and others. The current standard for clinical trials is known as the randomized controlled trial (RCT) and is described below. The need for
careful design and execution is based on three major confounding factors inherent in the study of any drug in humans.

Confounding Factors in Clinical Trials

A. The Variable Natural History of Most Diseases

Many diseases tend to wax and wane in severity; some disappear spontaneously, even, on occasion, cancer. A good experimental design takes into
account the natural history of the disease by evaluating a large enough population of subjects over a sufficient period of time. Further protection
against errors of interpretation caused by disease fluctuations is sometimes provided by using a crossover design, which consists of alternating
periods of administration of test drug, placebo preparation (the control), and the previous standard treatment (positive control), if any, in each
subject. These sequences are systematically varied so that different subsets of patients receive each of the possible sequences of treatment.

B. The Presence of Other Diseases and Risk Factors

Known and unknown diseases and risk factors (including lifestyles of subjects) may influence the results of a clinical study. For example, some
diseases alter the pharmacokinetics of drugs (see Chapters 3 through 5). Other drugs and some foods alter the pharmacokinetics of many drugs.
Concentrations of blood or tissue components being monitored as a measure of the effect of the new agent may be influenced by other diseases or
other drugs. Attempts to avoid this hazard usually involve the crossover technique (when feasible) and proper selection and assignment of patients to
each of the study groups. This requires obtaining accurate diagnostic tests and medical and pharmacologic histories (including use of recreational
drugs, over-the-counter drugs, and “supplements”) and the use of statistically valid methods of randomization in assigning subjects to particular study
groups. There is growing interest in analyzing genetic variations as part of the trial that may influence whether a person responds to a particular drug.
It has been shown that age, gender, and pregnancy influence the pharmacokinetics of some drugs, but these factors have not been adequately studied
because of legal restrictions and reluctance to expose these populations to unknown risks.

C. Subject and Observer Bias and Other Factors

Most patients tend to respond in a positive way to any therapeutic intervention by interested, caring, and enthusiastic medical personnel. The
manifestation of this phenomenon in the subject is the placebo response (Latin, “I shall please”) and may involve objective physiologic and
biochemical changes as well as changes in subjective complaints associated with the disease. The placebo response is usually quantitated by
administration of an inert material with exactly the same physical appearance, odor, consistency, etc, as the active dosage form. The magnitude of the
response varies considerably from patient to patient and may also be influenced by the duration of the study. In some conditions, a positive response
may be noted in as many as 30–40% of subjects given placebo. Placebo adverse effects and “toxicity” also occur but usually involve subjective effects:
stomach upset, insomnia, sedation, and so on.

Subject bias effects can be quantitated—and minimized relative to the response measured during active therapy—by the single-blind design. This
involves use of a placebo as described above, administered to the same subjects in a crossover design, if possible, or to a separate control group of
well-matched subjects. Observer bias can be taken into account by disguising the identity of the medication being used—placebo or active form—from
both the subjects and the personnel evaluating the subjects’ responses (double-blind design). In this design, a third party holds the code identifying
each medication packet, and the code is not broken until all the clinical data have been collected.

Drug effects seen in clinical trials are obviously affected by the patient taking the drugs at the dose and frequency prescribed. In a recent phase 2 study,
one third of the patients who said they were taking the drug were found by blood analysis to have not taken the drug. Confirmation of compliance
with protocols (also known as adherence) is a necessary element to consider.

The various types of studies and the conclusions that may be drawn from them are described in the accompanying text box. (See Box: Drug Studies—
The Types of Evidence.)

Drug Studies—The Types of Evidence*

As described in this chapter, drugs are studied in a variety of ways, from 30-minute test tube experiments with isolated enzymes and receptors to
decades-long observations of populations of patients. The conclusions that can be drawn from such different types of studies can be summarized
as follows.

Basic research is designed to answer specific, usually single, questions under tightly controlled laboratory conditions, eg, does drug x inhibit
enzyme y? The basic question may then be extended, eg, if drug x inhibits enzyme y, what is the concentration-response relationship? Such
experiments are usually reproducible and often lead to reliable insights into the mechanism of the drug’s action.

First-in-human studies include phase 1–3 trials. Once a drug receives FDA approval for use in humans, case reports and case series consist of
observations by clinicians of the effects of drug (or other) treatments in one or more patients. These results often reveal unpredictable benefits and
toxicities but do not generally test a prespecified hypothesis and cannot prove cause and effect. Analytic epidemiologic studies consist of
observations designed to test a specified hypothesis, eg, that thiazolidinedione antidiabetic drugs are associated with adverse cardiovascular
events. Cohort epidemiologic studies utilize populations of patients that have (exposed group) and have not (control group) been exposed to the
agents under study and ask whether the exposed groups show a higher or lower incidence of the effect. Case-control epidemiologic studies utilize
populations of patients that have displayed the end point under study and ask whether they have been exposed or not exposed to the drugs in
question. Such epidemiologic studies add weight to conjectures but cannot control all confounding variables and therefore cannot conclusively
prove cause and effect.

Meta-analyses utilize rigorous evaluation and grouping of similar studies to increase the number of subjects studied and hence the statistical power
of results obtained in multiple published studies. While the numbers may be dramatically increased by meta-analysis, the individual studies still
suffer from their varying methods and end points, and a meta-analysis cannot prove cause and effect.

Large randomized controlled trials (RCTs) are designed to answer specific questions about the effects of medications on clinical end points or
important surrogate end points, using large enough samples of patients and allocating them to control and experimental treatments using rigorous
randomization methods. Randomization is the best method for distributing all foreseen confounding factors, as well as unknown confounders,
equally between the experimental and control groups. When properly carried out, such studies are rarely invalidated and are considered the gold
standard in evaluating drugs.

A critical factor in evaluating the data regarding a new drug is access to all the data. Unfortunately, many large studies are never published because
the results are negative, ie, the new drug is not better than the standard therapy. This missing data phenomenon falsely exaggerates the benefits of
new drugs because negative results are hidden.

*I thank Ralph Gonzales, MD, for helpful comments.

The Food & Drug Administration

The FDA is the administrative body that oversees the drug evaluation process in the USA and grants approval for marketing of new drug products. To
receive FDA approval for marketing, the originating institution or company (almost always the latter) must submit evidence of safety and effectiveness.
Outside the USA, the regulatory and drug approval process is generally similar to that in the USA.

As its name suggests, the FDA is also responsible for certain aspects of food safety, a role it shares with the US Department of Agriculture (USDA).
Shared responsibility results in complications when questions arise regarding the use of drugs, eg, antibiotics, in food animals. A different type of
problem arises when so-called food supplements are found to contain active drugs, eg, sildenafil analogs in “energy food” supplements.

The FDA’s authority to regulate drugs derives from specific legislation (Table 1–6). If a drug has not been shown through adequately controlled testing

to be “safe and effective” for a specific use, it cannot be marketed in interstate commerce for this use.*

TABLE 1–6

Some major legislation pertaining to drugs in the USA.

L a w Purpose and Effect

Pure Food and Drug Act

of 1906

Prohibited mislabeling and adulteration of drugs.

Opium Exclusion Act of

1909

Prohibited importation of opium.

Amendment (1912) to the

Pure Food and Drug Act

Prohibited false or fraudulent advertising claims.

Harrison Narcotic Act of

1914

Established regulations for use of opium, opiates, and cocaine (marijuana added in 1937).

Food, Drug, and Cosmetic

Act of 1938

Required that new drugs be safe as well as pure (but did not require proof of efficacy). Enforcement by the FDA.

Durham-Humphrey Act of

1952

Vested in the FDA the power to determine which products could be sold without prescription.

Kefauver-Harris

Amendments (1962) to

the Food, Drug, and

Cosmetic Act

Required proof of efficacy as well as safety for new drugs and for drugs released since 1938; established guidelines for

reporting of information about adverse reactions, clinical testing, and advertising of new drugs.

Comprehensive Drug

Abuse Prevention and

Control Act (1970)

Outlined strict controls in the manufacture, distribution, and prescribing of habit-forming drugs; established drug schedules

and programs to prevent and treat drug addiction.

Orphan Drug

Amendment of 1983

Provided incentives for development of drugs that treat diseases with fewer than 200,000 patients in the USA.

Drug Price Competition

and Patent Restoration

Act of 1984

Abbreviated new drug applications for generic drugs. Required bioequivalence data. Patent life extended by amount of time

drug delayed by FDA review process. Cannot exceed 5 extra years or extend to more than 14 years post-NDA approval.

Prescription Drug User

Fee Act (1992,

reauthorized 2007, 2012)

Manufacturers pay user fees for certain new drug applications. “Breakthrough” products may receive special category

approval after expanded phase 1 trials (2012).

Dietary Supplement

Health and Education Act

(1994)

Established standards with respect to dietary supplements but prohibited full FDA review of supplements and botanicals as

drugs. Required the establishment of specific ingredient and nutrition information labeling that defines dietary supplements

and classifies them as part of the food supply but allows unregulated advertising.

Bioterrorism Act of 2002 Enhanced controls on dangerous biologic agents and toxins. Seeks to protect safety of food, water, and drug supply.

Food and Drug

Administration

Amendments Act of 2007

Granted the FDA greater authority over drug marketing, labeling, and direct-to-consumer advertising; required post-approval

studies, established active surveillance systems, made clinical trial operations and results more visible to the public.

Biologics Price

Competition and

Innovation Act of 2009

Authorized the FDA to establish a program of abbreviated pathways for approval of “biosimilar” biologics (generic versions of

monoclonal antibodies, etc).

FDA Safety and

Innovation Act of 2012

Renewed FDA authorization for accelerated approval of urgently needed drugs; established new accelerated process,

“breakthrough therapy,” in addition to “priority review,” “accelerated approval,” and “fast-track” procedures.

Unfortunately, “safe” can mean different things to the patient, the physician, and society. Complete absence of risk is impossible to demonstrate, but
this fact may not be understood by members of the public, who frequently assume that any medication sold with the approval of the FDA should be
free of serious “side effects.” This confusion is a major factor in litigation and dissatisfaction with aspects of drugs and medical care.

The history of drug regulation in the USA (Table 1–6) reflects several health events that precipitated major shifts in public opinion. For example, the
Federal Food, Drug, and Cosmetic Act of 1938 was largely a reaction to deaths associated with the use of a preparation of sulfanilamide marketed
before it and its vehicle were adequately tested. Similarly, the Kefauver-Harris Amendments of 1962 were, in part, the result of a teratogenic drug
disaster involving thalidomide. This agent was introduced in Europe in 1957–1958 and was marketed as a “nontoxic” hypnotic and promoted as being
especially useful as a sleep aid during pregnancy. In 1961, reports were published suggesting that thalidomide was responsible for a dramatic increase
in the incidence of a rare birth defect called phocomelia, a condition involving shortening or complete absence of the arms and legs. Epidemiologic
studies provided strong evidence for the association of this defect with thalidomide use by women during the first trimester of pregnancy, and the
drug was withdrawn from sale worldwide. An estimated 10,000 children were born with birth defects because of maternal exposure to this one agent.
The tragedy led to the requirement for more extensive testing of new drugs for teratogenic effects and stimulated passage of the Kefauver-Harris
Amendments of 1962, even though the drug was not then approved for use in the USA. Despite its disastrous fetal toxicity and effects in pregnancy,
thalidomide is a relatively safe drug for humans other than the fetus. Even the most serious risk of toxicities may be avoided or managed if understood,
and despite its toxicity, thalidomide is now approved by the FDA for limited use as a potent immunoregulatory agent and to treat certain forms of
leprosy.

*Although the FDA does not directly control drug commerce within states, a variety of state and federal laws control interstate production and
marketing of drugs.

Clinical Trials: The IND & NDA

Once a new drug is judged ready to be studied in humans, a Notice of Claimed Investigational Exemption for a New Drug (IND) must be filed with the
FDA (Figure 1–6). The IND includes (1) information on the composition and source of the drug, (2) chemical and manufacturing information, (3) all data
from animal studies, (4) proposed plans for clinical trials, (5) the names and credentials of physicians who will conduct the clinical trials, and (6) a
compilation of the key preclinical data relevant to study of the drug in humans that have been made available to investigators and their institutional
review boards.

It often requires 4–6 years of clinical testing to accumulate and analyze all required data. Testing in humans is begun only after sufficient acute and
subacute animal toxicity studies have been completed. Chronic safety testing in animals, including carcinogenicity studies, is usually done concurrently
with clinical trials. In each phase of the clinical trials, volunteers or patients must be informed of the investigational status of the drug as well as the
possible risks and must be allowed to decline or to consent to participate and receive the drug. In addition to the approval of the sponsoring
organization and the FDA, an interdisciplinary institutional review board (IRB) at each facility where the clinical drug trial will be conducted must review
and approve the scientific and ethical plans for testing in humans.

In phase 1, the effects of the drug as a function of dosage are established in a small number (20–100) of healthy volunteers. If the drug is expected to
have significant toxicity, as may be the case in cancer and AIDS therapy, volunteer patients with the disease participate in phase 1 rather than normal
volunteers. Phase 1 trials are done to determine the probable limits of the safe clinical dosage range. These trials may be nonblind or “open”; that is,
both the investigators and the subjects know what is being given. Alternatively, they may be “blinded” and placebo controlled. Many predictable
toxicities are detected in this phase. Pharmacokinetic measurements of absorption, half-life, and metabolism are often done. Phase 1 studies are
usually performed in research centers by specially trained clinical pharmacologists.

In phase 2, the drug is studied in patients with the target disease to determine its efficacy (“proof of concept” studies), and the doses to be used in any
follow-on trials. A modest number of patients (100–200) are studied in detail. A single-blind design may be used, with an inert placebo medication and
an established active drug (positive control) in addition to the investigational agent. Phase 2 trials are usually done in special clinical centers (eg,
university hospitals). A broader range of toxicities may be detected in this phase. Phase 2 trials have the highest rate of drug failures, and only 25% of
innovative drugs move on to phase 3.

In phase 3, the drug is evaluated in much larger numbers—usually thousands—of patients with the target disease to further establish and confirm
safety and efficacy. Using information gathered in phases 1 and 2, phase 3 trials are designed to minimize errors caused by placebo effects, variable
course of the disease, etc. Therefore, double-blind and crossover techniques are often used. Phase 3 trials are usually performed in settings similar to
those anticipated for the ultimate use of the drug. Phase 3 studies can be difficult to design and execute and are usually expensive because of the large
numbers of patients involved and the masses of data that must be collected and analyzed. The drug is formulated as intended for the market. The
investigators are usually specialists in the disease being treated. Certain toxic effects, especially those caused by immunologic processes, may first
become apparent in phase 3.

If phase 3 results meet expectations, application is made for permission to market the new agent. Marketing approval requires submission of a New
Drug Application (NDA)—or for biologicals, a Biological License Application (BLA)—to the FDA. The application contains, often in hundreds of volumes,
full reports of all preclinical and clinical data pertaining to the drug under review. The number of subjects studied in support of new drug applications
has been increasing and currently averages more than 5000 patients for new drugs of novel structure (new molecular entities). The duration of the FDA
review leading to approval (or denial) of the new drug application may vary from months to years. If problems arise, eg, unexpected but possibly
serious toxicities, additional studies may be required and the review process may extend to several additional years.

Many phase 2 and phase 3 studies attempt to measure a new drug’s “noninferiority” to the placebo or a standard treatment. Interpretation of the
results may be difficult because of unexpected confounding variables, loss of subjects from some groups, or realization that results differ markedly
between certain subgroups within the active treatment (new drug) group. Older statistical methods for evaluating drug trials often fail to provide
definitive answers when these problems arise. Therefore, new “adaptive” statistical methods are under development that allow changes in the study
design when interim data evaluation indicates the need. Preliminary results with such methods suggest that they may allow decisions regarding
superiority as well as noninferiority, shortening of trial duration, discovery of new therapeutic benefits, and more reliable conclusions regarding the
results (see Bhatt & Mehta, 2016).

In cases of urgent need (eg, cancer chemotherapy), the process of preclinical and clinical testing and FDA review may be accelerated. For serious
diseases, the FDA may permit extensive but controlled marketing of a new drug before phase 3 studies are completed; for life-threatening diseases, it
may permit controlled marketing even before phase 2 studies have been completed. “Fast track,” “priority approval,” and “accelerated approval” are
FDA programs that are intended to speed entry of new drugs into the marketplace. In 2012, an additional special category of “breakthrough” products
(eg, for cystic fibrosis) was approved for restricted marketing after expanded phase 1 trials (Table 1–6). Roughly 50% of drugs in phase 3 trials enter
early, controlled marketing. Such accelerated approval is usually granted with the requirement that careful monitoring of the effectiveness and toxicity
of the drug be carried out and reported to the FDA. Unfortunately, FDA enforcement of this requirement has not always been adequate.

Once approval to market a drug has been obtained, phase 4 begins. This constitutes monitoring the safety of the new drug under actual conditions of
use in large numbers of patients. The importance of careful and complete reporting of toxicity by physicians after marketing begins can be appreciated
by noting that many important drug-induced effects have an incidence of 1 in 10,000 or less and that some adverse effects may become apparent only
after chronic dosing. The sample size required to disclose drug-induced events or toxicities is very large for such rare events. For example, several
hundred thousand patients may have to be exposed before the first case is observed of a toxicity that occurs with an average incidence of 1 in 10,000.
Therefore, low-incidence drug effects are not generally detected before phase 4 no matter how carefully phase 1, 2, and 3 studies are executed. Phase
4 has no fixed duration. As with monitoring of drugs granted accelerated approval, phase 4 monitoring has often been lax.

The time from the filing of a patent application (which usually precedes clinical trials) to approval for marketing of a new drug may be 5 years or
considerably longer. Since the lifetime of a patent is 20 years in the USA, the owner of the patent (usually a pharmaceutical company) has exclusive
rights for marketing the product for only a limited time after approval of the new drug application. Because the FDA review process itself can be lengthy
(300–500 days for evaluation of an NDA), the time consumed by the review is sometimes added to the patent life. However, the extension (up to 5 years)
cannot increase the total life of the patent to more than 14 years after approval of a new drug application. The Patient Protection and Affordable Care
Act of 2010 provides for 12 years of patent protection for new drugs. After expiration of the patent, any company may produce the drug, file an
abbreviated new drug application (ANDA), demonstrate required equivalence, and, with FDA approval, market the drug as a generic product without
paying license fees to the original patent owner. Currently, more than half of prescriptions in the USA are for generic drugs. Even biotechnology-based
drugs such as antibodies and other proteins are now qualifying for generic (“biosimilar”) designation, and this has fueled regulatory concerns. More
information on drug patents is available at the FDA website at http://www.fda.gov/Drugs/DevelopmentApprovalProcess/ucm079031.htm.

A trademark is a drug’s proprietary trade name and is usually registered; this registered name may be legally protected as long as it is used. A
generically equivalent product, unless specially licensed, cannot be sold under the trademark name and is often designated by the official generic
name. Generic prescribing is described in Chapter 66.

Conflicts of Interest

Several factors in the development and marketing of drugs result in conflicts of interest. Use of pharmaceutical industry funding to support FDA
approval processes raises the possibility of conflicts of interest within the FDA. Supporters of this practice point out that chronic FDA underfunding by
the government allows for few alternatives. Another important source of conflicts of interest is the dependence of the FDA on outside panels of experts
who are recruited from the scientific and clinical community to advise the government agency on questions regarding drug approval or withdrawal.
Such experts are often recipients of grants from the companies producing the drugs in question. The need for favorable data in the new drug
application leads to phase 2 and 3 trials in which the new agent is compared only to placebo, not to older, effective drugs. As a result, data regarding
the efficacy and toxicity of the new drug relative to a known effective agent may not be available when the new drug is first marketed.

Manufacturers promoting a new agent may pay physicians to use it in preference to older drugs with which they are more familiar. Manufacturers
sponsor small and often poorly designed clinical studies after marketing approval and aid in the publication of favorable results but may retard
publication of unfavorable results. The need for physicians to meet continuing medical education (CME) requirements in order to maintain their
licenses encourages manufacturers to sponsor conferences and courses, often in highly attractive vacation sites, and new drugs are often featured in
such courses. The common practice of distributing free samples of new drugs to practicing physicians has both positive and negative effects. The
samples allow physicians to try out new drugs without incurring any cost to the patient. On the other hand, new drugs are usually much more
expensive than older agents, and when the free samples run out, the patient (or insurance carrier) may be forced to pay much more for treatment than
if the older, cheaper, and possibly equally effective drug were used. Finally, when the patent for a drug is nearing expiration, the patent-holding
manufacturer may try to extend its exclusive marketing status by paying generic manufacturers to not introduce a generic version (“pay to delay”).

Adverse Drug Reactions

An adverse drug event (ADE) or reaction to a drug (ADR) is a harmful or unintended response. Adverse drug reactions are claimed to be the fourth
leading cause of death, higher than pulmonary disease, AIDS, accidents, and automobile deaths. The FDA has further estimated that 300,000
preventable adverse events occur annually in hospitals, many as a result of confusing medical information or lack of information (eg, regarding drug
incompatibilities). Adverse reactions occurring only in certain susceptible patients include intolerance, idiosyncrasy (frequently genetic in origin), and
allergy (usually immunologically mediated). During IND studies and clinical trials before FDA approval, all adverse events (serious, life-threatening,
disabling, reasonably drug related, or unexpected) must be reported. After FDA approval to market a drug, surveillance, evaluation, and reporting
must continue for any adverse events that are related to use of the drug, including overdose, accident, failure of expected action, events occurring
from drug withdrawal, and unexpected events not listed in labeling. Events that are both serious and unexpected must be reported to the FDA within 15
days. The ability to predict and avoid adverse drug reactions and optimize a drug’s therapeutic index is an increasing focus of pharmacogenetic and
personalized (also called “precision”) medicine. It has been suggested that greater use of electronic health records will reduce some of these risks (see
Chapter 66). This hope has not yet been realized.

Orphan Drugs & Treatment of Rare Diseases

Drugs for rare diseases—so-called orphan drugs—can be difficult to research, develop, and market. Proof of drug safety and efficacy in small
populations must be established, but doing so is a complex process. Furthermore, because basic research in the pathophysiology and mechanisms of
rare diseases receives relatively little attention or funding in both academic and industrial settings, recognized rational targets for drug action may be
few. In addition, the cost of developing a drug can greatly influence priorities when the target population is relatively small. Funding for development
of drugs for rare diseases or ignored diseases that do not receive priority attention from the traditional industry has received increasing support via
philanthropy or similar funding from not-for-profit foundations such as the Cystic Fibrosis Foundation, the Michael J. Fox Foundation for Parkinson’s
Research, the Huntington’s Disease Society of America, and the Gates Foundation.

The Orphan Drug Amendment of 1983 provides incentives for the development of drugs for treatment of a rare disease or condition defined as “any
disease or condition which (a) affects less than 200,000 persons in the USA or (b) affects more than 200,000 persons in the USA but for which there is
no reasonable expectation that the cost of developing and making available in the USA a drug for such disease or condition will be recovered from
sales in the USA of such drug.” Since 1983, the FDA has approved for marketing more than 300 orphan drugs to treat more than 82 rare diseases.

SOURCES OF INFORMATION

Students who wish to review the field of pharmacology in preparation for an examination are referred to Pharmacology: Examination and Board
Review, by Katzung, Kruidering-Hall, and Trevor (McGraw Hill, 2019). This book provides approximately 1000 questions and explanations in USMLE
format. A short study guide is USMLE Road Map: Pharmacology, by Katzung and Trevor (McGraw Hill, 2006). Road Map contains numerous tables,
figures, mnemonics, and USMLE-type clinical vignettes.

The references at the end of each chapter in this book were selected to provide reviews or classic publications of information specific to those
chapters. More detailed questions relating to basic or clinical research are best answered by referring to the journals covering general pharmacology
and clinical specialties. For the student and the physician, three periodicals can be recommended as especially useful sources of current information
about drugs: The New England Journal of Medicine, which publishes much original drug-related clinical research as well as frequent reviews of topics
in pharmacology; The Medical Letter on Drugs and Therapeutics, which publishes brief critical reviews of new and old therapies; and Prescriber’s
Letter, a monthly comparison of new and older drug therapies with much useful advice. On the Internet/World Wide Web, two sources can be
particularly recommended: the Cochrane Collaboration and the FDA site (see reference list below).

Other sources of information pertinent to the United States should be mentioned as well. The “package insert” is a summary of information that the
manufacturer is required to place in the prescription sales package; Physicians’ Desk Reference (PDR) is a compendium of package inserts published
annually with supplements twice a year. It is sold in bookstores and distributed to licensed physicians. The package insert consists of a brief
description of the pharmacology of the product. This brochure contains much practical information, but also lists every toxic effect ever reported, no
matter how rare, thus shifting responsibility for adverse drug reactions from the manufacturer to the prescriber. UpToDate.com is a large subscription
website containing detailed descriptions of current standards of care, including drug therapy, for a wide variety of clinical conditions. Micromedex and
Lexi-Comp are extensive subscription websites. They provide downloads for personal digital assistant devices, online drug dosage and interaction
information, and toxicologic information. A useful and objective quarterly handbook that presents information on drug toxicity and interactions is
Drug Interactions: Analysis and Management. Finally, the FDA maintains an Internet website that carries news regarding recent drug approvals,
withdrawals, warnings, etc. It can be accessed at http://www.fda.gov. The MedWatch drug safety program is a free e-mail notification service that
provides news of FDA drug warnings and withdrawals. Subscriptions may be obtained at https://www.fda.gov/safety/medwatch-fda-safety-
information-and-adverse-event-reporting-program.

CASE STUDY ANSWER

Aspirin overdose commonly causes a mixed respiratory alkalosis and metabolic acidosis. Because aspirin is a weak acid, serum acidosis favors entry
of the drug into tissues (increasing toxicity), and urinary acidosis favors reabsorption of excreted drug back into the blood (prolonging the effects of
the overdose). Sodium bicarbonate, a weak base, is an important component of the management of aspirin overdose. It causes alkalosis, reducing
entry into tissues, and increases the pH of the urine, enhancing renal clearance of the drug. See the discussion of the ionization of weak acids and
weak bases in the text.
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MABs, monoclonal antibodies.

1The Kd is the concentration for 50% saturation of the receptors and is inversely proportionate to the affinity of the drug for the receptors.

Data from Ruffolo RR Jr, Gellai M, Hieble JP, et al: The Pharmacology of carvedilol, Eur J Clin Pharmacol 1990;38S2:S82-88.

DR1, multidrug resistance protein-1; MRP1, multidrug resistance-associated protein-1; NET, norepinephrine transporter; SERT, serotonin reuptake transporter;

MAT, vesicular monoamine transporter.

1The pKa is that pH at which the concentrations of the ionized and nonionized forms are equal.

2More than one ionizable group.

3Isoelectric point.
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Chapter 1: Introduction: The Nature of Drugs & Drug Development & Regulation

Bertram G. Katzung

CASE STUDY

CASE STUDY

A 78-year-old woman is brought to the hospital because of suspected aspirin overdose*. She has taken aspirin for joint pain for many years without
incident, but during the past year, she has exhibited signs of cognitive decline. Her caregiver finds her confused, hyperventilating, and vomiting. The
caregiver finds an empty bottle of aspirin tablets and calls 9-1-1. In the emergency department, samples of venous and arterial blood are obtained
while the airway, breathing, and circulation are evaluated. An intravenous (IV) drip is started, and gastrointestinal decontamination is begun. After
blood gas results are reported, sodium bicarbonate is administered via the IV. What is the purpose of the sodium bicarbonate?

Pharmacology can be defined as the study of substances that interact with living systems through chemical processes. These interactions usually
occur by binding of the substance to regulatory molecules and activating or inhibiting normal body processes. These substances may be chemicals
administered to achieve a beneficial therapeutic effect on some process within the patient or for their toxic effects on regulatory processes in parasites
infecting the patient. Such deliberate therapeutic applications may be considered the proper role of medical pharmacology, which is often defined
as the science of substances used to prevent, diagnose, and treat disease. Toxicology is the branch of pharmacology that deals with the undesirable
effects of chemicals on living systems, from individual cells to humans to complex ecosystems (Figure 1–1). The nature of drugs—their physical
properties and their interactions with biological systems—is discussed in part I of this chapter.

FIGURE 1–1

Major areas of study in pharmacology. The actions of chemicals can be divided into two large domains. The first (left side) is that of medical
pharmacology and toxicology, which is aimed at understanding the actions of drugs as chemicals on individual organisms, especially humans and
domestic animals. Both beneficial and toxic effects are included. Pharmacokinetics deals with the absorption, distribution, and elimination of drugs.
Pharmacodynamics concerns the actions of the chemical on the organism. The second domain (right side) is that of environmental toxicology, which is
concerned with the effects of chemicals on all organisms and their survival in groups and as species.

New drugs are added every year; they are needed for several reasons including: (1) increasing resistance by bacteria and other parasites; (2) discovery
of new target processes in diseases that have not been adequately treated; and (3) recognition of new diseases. Furthermore, a dramatic increase has
occurred in the number of large molecule drugs (especially antibodies) approved during the last two decades. The development of new drugs and their
regulation by government agencies are discussed in part II.

*The author thanks Barry Berkowitz, PhD, for contributions to the second part of this chapter in previous editions.

THE HISTORY OF PHARMACOLOGY

Prehistoric people undoubtedly recognized the beneficial or toxic effects of many plant and animal materials. Early written records list remedies of
many types, including a few that are still recognized as useful drugs today. Most, however, were worthless or actually harmful. Beginning about 1500
years ago, sporadic attempts were made to introduce rational methods into medicine, but none was successful owing to the dominance of systems of
thought (“schools”) that purported to explain all of biology and disease without the need for experimentation and observation. These schools
promulgated bizarre notions such as the idea that disease was caused by excesses of bile or blood in the body, that wounds could be healed by
applying a salve to the weapon that caused the wound, and so on.

Around the end of the 17th century, concepts based on observation and experimentation began to replace theorizing in physiology and clinical
medicine. As the value of these methods in the study of disease became clear, physicians in Great Britain and on the Continent began to apply them
systematically to the effects of traditional drugs used in their own practices. Thus, materia medica—the science of drug preparation and the medical
uses of drugs—began to develop as the precursor to pharmacology. However, any real understanding of the mechanisms of action of drugs was
prevented by the absence of methods for purifying active agents from the crude materials that were available and—even more—by the lack of methods
for testing hypotheses about the nature of drug actions.

In the late 18th and early 19th centuries, François Magendie and his student Claude Bernard began to develop the methods of experimental
physiology and pharmacology. Advances in chemistry and the further development of physiology in the 18th, 19th, and early 20th centuries laid the
foundation needed for understanding how drugs work at the organ and cellular levels. Paradoxically, real advances in basic pharmacology during this
time were accompanied by an outburst of unscientific claims by manufacturers and marketers of worthless “patent medicines.” Not until the concepts
of rational therapeutics, especially that of the controlled clinical trial, were reintroduced into medicine—only about 60 years ago—did it become
possible to adequately evaluate therapeutic claims.

Around the 1940s and 1950s, a major expansion of research efforts in all areas of biology began. As new concepts and new techniques were
introduced, information accumulated about drug action and the biologic substrate of that action, the drug receptor. During the last 60 years, many
fundamentally new drug groups and new members of old groups have been introduced. The last three decades have seen an even more rapid growth
of information and understanding of the molecular basis for drug action. The molecular mechanisms of action of many drugs have now been
identified, and numerous receptors have been isolated, structurally characterized, and cloned. In fact, the use of receptor identification methods
(described in Chapter 2) has led to the discovery of many orphan receptors—receptors for which no ligand has been discovered and whose function
can only be guessed. Studies of the local molecular environment of receptors have shown that receptors and effectors do not function in isolation;
they are strongly influenced by other receptors and by companion regulatory proteins. Most recently, it has become clear that gravitational change,
radiation, and other aspects of space outside the Earth’s environment require the development of space medicine. This has opened another important
area for the future of pharmacology. One result of these discoveries is the confirmation that pharmacology represents an area where anatomy,
biochemistry, genetics, physiology, pathology, clinical medicine, and the environment meet. Many problems that the health practitioner confronts can
now be corrected or mitigated using pharmacologic tools.

Pharmacogenomics—the relation of the individual’s genetic makeup to his or her response to specific drugs—is becoming an important part of
therapeutics (see Chapter 5). Decoding of the genomes of many species—from bacteria to humans—has led to the recognition of unsuspected
relationships between receptor families and the ways that receptor proteins have evolved. Furthermore, discovery of regulatory functions exerted by
the neighbors of chromosomes and the noncoding regions of DNA on the expression of exons has opened a new area of possible manipulation of the
genes—epigenetics—that control pharmacologic responses.

The discovery that small segments of RNA can interfere with protein synthesis with extreme selectivity has led to investigation of small interfering
RNAs (siRNAs) and micro-RNAs (miRNAs) as therapeutic agents. Similarly, short nucleotide chains called antisense oligonucleotides (ANOs),
synthesized to be complementary to natural RNA or DNA, can interfere with the readout of genes and the transcription of RNA. Finally, new, efficient
methods of DNA editing have made possible the modification of genes that encode proteins that are critical to immunologic functions, including
anticancer receptors on T-cells. These developments have led to a dramatic increase in large molecule therapeutics in the last 20 years (Table 1–1).

TABLE 1–1

Development of large molecule therapeutic agents as a fraction of all  new drug approvals,  2000–2017.

Y e a r Total  New Drug Approvals New Protein Drugs (∼% of new drug approvals) New MABs (∼% of new drug approvals)

2000 63 3 (5%) 1 (2%)

2008 34 5 (15%) 1 (3%)

2010 49 8 (16%) 4 (8%)

2015 69 13 (19%) 9 (13%)

2017 63 10 (16%) 9 (14%)

Unfortunately, the medication-consuming public is still exposed to vast amounts of inaccurate or unscientific information regarding the
pharmacologic effects of chemicals. This results in the irrational use of innumerable expensive, ineffective, and sometimes harmful remedies and the
growth of a huge “alternative health care” industry. Furthermore, manipulation of the legislative process in the United States has allowed many
substances promoted for health—but not promoted specifically as “drugs”—to avoid meeting the Food and Drug Administration (FDA) standards
described in the second part of this chapter. Conversely, lack of understanding of basic scientific principles in biology and statistics and the absence of
critical thinking about public health issues have led to rejection of medical science, including vaccines, by a segment of the public and to a common
tendency to assume that all adverse drug effects are the result of malpractice.

General principles that the student should remember are (1) that all substances can under certain circumstances be toxic; (2) that the chemicals in
botanicals (herbs and plant extracts, “nutraceuticals”) are no different from chemicals in manufactured drugs except for the much greater proportion
of impurities in botanicals; and (3) that all dietary supplements and all therapies promoted as health-enhancing should meet the same standards of
efficacy and safety as conventional drugs and medical therapies. That is, there should be no artificial separation between scientific medicine and
“alternative” or “complementary” medicine. Ideally, all nutritional and botanical substances should be tested by the same types of randomized
controlled trials (RCTs) as synthetic compounds.

GENERAL PRINCIPLES OF PHARMACOLOGY

THE NATURE OF DRUGS

In the most general sense, a drug may be defined as any substance that brings about a change in biologic function through its chemical actions. In most
cases, the drug molecule interacts as an agonist (activator) or antagonist (inhibitor) with a specific target molecule that plays a regulatory role in the
biologic system. This target molecule is called a receptor. Some of the new large molecule drugs (biologicals) are receptors themselves and bind
endogenous molecules. The nature of receptors is discussed more fully in Chapter 2. In a very small number of cases, drugs known as chemical
antagonists may interact directly with other drugs, whereas a few drugs (osmotic agents) interact almost exclusively with water molecules. Drugs
may be synthesized within the body (eg, hormones) or may be chemicals not synthesized in the patient’s body (ie, xenobiotics). Poisons are drugs
that have almost exclusively harmful effects. However, Paracelsus (1493–1541) famously stated that “the dose makes the poison,” meaning that any
substance can be harmful if taken in the wrong dosage. Toxins are usually defined as poisons of biologic origin, ie, synthesized by plants or animals,
in contrast to inorganic poisons such as lead and arsenic.

The Physical Nature of Drugs

To interact chemically with its receptor, a drug molecule must have the appropriate size, electrical charge, shape, and atomic composition.
Furthermore, a drug is often administered at a location distant from its intended site of action, eg, a pill taken orally to relieve a headache. Therefore, a
useful drug must have the necessary properties to be transported from its site of administration to its site of action. Finally, a practical drug should be
inactivated or excreted from the body at a reasonable rate so that its actions will be of appropriate duration.

Drugs may be solid at room temperature (eg, aspirin, atropine), liquid (eg, nicotine, ethanol), or gaseous (eg, nitrous oxide, nitric oxide, xenon). These
factors often determine the best route of administration. The most common routes of administration are described in Chapter 3, Table 3–3. The
various classes of organic compounds—carbohydrates, proteins, lipids, and smaller molecules—are all represented in pharmacology. As noted above,
many proteins have been approved and some oligonucleotides, in the form of small segments of RNA, have entered clinical trials and are on the
threshold of introduction into therapeutics.

A number of inorganic elements, eg, fluoride, lithium, iron, and heavy metals, are both useful and dangerous drugs. Many organic drugs are weak acids
or bases. This fact has important implications for the way they are handled by the body, because pH differences in the various compartments of the
body may alter the degree of ionization of weak acids and bases (see text that follows).

Drug Size

The molecular size of drugs varies from very small (lithium ion, molecular weight [MW] 7) to very large (eg, alteplase [t-PA], a protein of MW 59,050).
Many antibodies are even larger; eg, erenumab, an antibody used in the management of migraine, has a MW of more than 145,000. However, most
drugs have molecular weights between 100 and 1000. The lower limit of this narrow range is probably set by the requirements for specificity of action.
To have a good “fit” to only one type of receptor, a drug molecule must be sufficiently unique in shape, charge, and other properties to prevent its
binding to other receptors. To achieve such selective binding, it appears that a molecule should in most cases be at least 100 MW units in size. The
upper limit in molecular weight is determined primarily by the requirement that most drugs must be able to move within the body (eg, from the site of
administration to the site of action and then to the site of elimination). Drugs much larger than MW 1000 do not diffuse readily between compartments
of the body (discussed under Permeation, in following text). Therefore, very large drugs (usually proteins) must often be administered directly into the
compartment where they have their effect. In the case of alteplase, a clot-dissolving enzyme, the drug is administered directly into the vascular
compartment by intravenous or intra-arterial infusion.

Drug Reactivity & Drug-Receptor Bonds

Drugs interact with receptors by means of chemical forces or bonds. These are of three major types: covalent, electrostatic, and hydrophobic.
Covalent bonds are very strong and in many cases not reversible under biologic conditions. Thus, the covalent bond formed between the acetyl group
of acetylsalicylic acid (aspirin) and cyclooxygenase, its enzyme target in platelets, is not readily broken. The platelet aggregation–blocking effect of
aspirin lasts long after free acetylsalicylic acid has disappeared from the bloodstream (about 15 minutes) and is reversed only by the synthesis of new
enzyme in new platelets, a process that takes several days. Other examples of highly reactive, covalent bond-forming drugs include the DNA-alkylating
agents used in cancer chemotherapy to disrupt cell division in the tumor.

Electrostatic bonding is much more common than covalent bonding in drug-receptor interactions. Electrostatic bonds vary from relatively strong
linkages between permanently charged ionic molecules to weaker hydrogen bonds and very weak induced dipole interactions such as van der Waals
forces and similar phenomena. Electrostatic bonds are weaker than covalent bonds.

Hydrophobic bonds are usually quite weak and are probably important in the interactions of highly lipid-soluble drugs with the lipids of cell
membranes and perhaps in the interaction of drugs with the internal walls of receptor “pockets.”

The specific nature of a particular drug-receptor bond is of less practical importance than the fact that drugs that bind through weak bonds to their
receptors are generally more selective than drugs that bind by means of very strong bonds. This is because weak bonds require a very precise fit of the
drug to its receptor if an interaction is to occur. Only a few receptor types are likely to provide such a precise fit for a particular drug structure. Thus, if
we wished to design a highly selective drug for a particular receptor, we would avoid highly reactive molecules that form covalent bonds and instead
choose a molecule that forms weaker bonds.

A few substances that are almost completely inert in the chemical sense nevertheless have significant pharmacologic effects. For example, xenon, an
“inert” gas, has anesthetic effects at elevated pressures.

Drug Shape

The shape of a drug molecule must be such as to permit binding to its target site via the bonds just described. Optimally, the drug’s shape is
complementary to that of the target site (usually a receptor) in the same way that a key is complementary to a lock. Furthermore, the phenomenon of
chirality (stereoisomerism) is so common in biology that more than half of all useful drugs are chiral molecules; that is, they can exist as
enantiomeric pairs. Drugs with two asymmetric centers have four diastereomers, eg, ephedrine, a sympathomimetic drug. In most cases, one of these
enantiomers is much more potent than its mirror image enantiomer, reflecting a better fit to the receptor molecule. If one imagines the receptor site to
be like a glove into which the drug molecule must fit to bring about its effect, it is clear why a “left-oriented” drug is more effective in binding to a left-
hand receptor than its “right-oriented” enantiomer.

The more active enantiomer at one type of receptor site may not be more active at another receptor type, eg, a type that may be responsible for some
other effect. For example, carvedilol, a drug that interacts with adrenoceptors, has a single chiral center and thus two enantiomers (Table 1–2). One of
these enantiomers, the (S)(–) isomer, is a potent β-receptor blocker. The (R)(+) isomer is 100-fold weaker at the β receptor. However, the isomers are
approximately equipotent as α-receptor blockers. Ketamine, a chiral molecule with two isomers, was introduced as an anesthetic. When administered
as an anesthetic, the racemic mixture is administered intravenously. In contrast, the (S) enantiomer has recently been approved for use in nasal spray
form as a rapid-acting antidepressant.

TABLE 1–2

Dissociation constants (Kd )  of  the enantiomers and racemate of carvedilol.

Form of  Carvedilol α  Receptors (Kd ,  nmol/L1) β  Receptors (Kd ,  nmol/L)

(R)(+) enantiomer 14 45

(S)(−) enantiomer 16 0.4

(R,S)(±) enantiomers 11 0.9

Finally, because enzymes are usually stereoselective, one drug enantiomer is often more susceptible than the other to drug-metabolizing enzymes. As
a result, the duration of action of one enantiomer may be quite different from that of the other. Similarly, drug transporters may be stereoselective.

Unfortunately, most studies of clinical efficacy and drug elimination in humans have been carried out with racemic mixtures of drugs rather than with
the separate enantiomers. At present, less than half of the chiral drugs used clinically are marketed as the active isomer—the rest are available only as
racemic mixtures. As a result, a majority of patients receive drug doses of which 50% is less active or inactive. A few drugs are currently available in both
the racemic and the pure, active isomer forms. However, proof that administration of the pure, active enantiomer decreases adverse effects relative to
those produced by racemic formulations has not been established.

Rational Drug Design

Rational design of drugs implies the ability to predict the appropriate molecular structure of a drug on the basis of information about its biologic
receptor. Until recently, no receptor was known in sufficient detail to permit such drug design. Instead, drugs were developed through random testing
of chemicals or modification of drugs already known to have some effect. However, the characterization of many receptors during the past three
decades has changed this picture. A few drugs now in use were developed through molecular design based on knowledge of the three-dimensional
structure of the receptor site. Computer programs are now available that can iteratively optimize drug structures to fit known receptors. As more
becomes known about receptor structure, rational drug design will become more common.

Receptor Nomenclature

The spectacular success of newer, more efficient ways to identify and characterize receptors (see Chapter 2) has resulted in a variety of differing, and
sometimes confusing, systems for naming them. This in turn has led to a number of suggestions regarding more rational methods of naming
receptors. The interested reader is referred for details to the efforts of the International Union of Pharmacology (IUPHAR) Committee on Receptor
Nomenclature and Drug Classification (reported in various issues of Pharmacological Reviews and elsewhere) and to Alexander SP et al: The Concise
Guide to PHARMACOLOGY 2017/18: Overview. Br J Pharmacol 2017;174:S1. The chapters in this book mainly use these sources for naming receptors.

DRUG-BODY INTERACTIONS

The interactions between a drug and the body are conveniently divided into two classes. The actions of the drug on the body are termed
pharmacodynamic processes (Figure 1–1); the principles of pharmacodynamics are presented in greater detail in Chapter 2. These properties
determine the group in which the drug is classified, and they play the major role in deciding whether that group is appropriate therapy for a particular
symptom or disease. The actions of the body on the drug are called pharmacokinetic processes and are described in Chapters 3 and 4.
Pharmacokinetic processes govern the absorption, distribution, and elimination of drugs and are of great practical importance in the choice and
administration of a particular drug for a particular patient, eg, a patient with heart failure who also has impaired renal function. The following
paragraphs provide a brief introduction to pharmacodynamics and pharmacokinetics.

Pharmacodynamic Principles

Most drugs must bind to a receptor to bring about an effect. However, at the cellular level, drug binding is only the first in a sequence of possible steps:

Drug (D) + receptor-effector (R) → drug-receptor-effector complex → effect

D + R → drug-receptor complex → effector molecule → effect

D + R → D-R complex → activation of coupling molecule → effector molecule → effect

Inhibition of metabolism of endogenous activator → increased activator action on an effector molecule → increased effect

Note that the final change in function is accomplished by an effector mechanism. The effector may be part of the receptor molecule or may be a
separate molecule. A very large number of receptors communicate with their effectors through coupling molecules, as described in Chapter 2.

A. Types of Drug-Receptor Interactions

Agonist drugs bind to and activate the receptor in some fashion, which directly or indirectly brings about the effect (Figure 1–2A). Receptor activation
involves a change in conformation in the cases that have been studied at the molecular structure level. Some receptors incorporate effector machinery
in the same molecule, so that drug binding brings about the effect directly, eg, opening of an ion channel or activation of enzyme activity. Other
receptors are linked through one or more intervening coupling molecules to a separate effector molecule. The major types of drug-receptor-effector
coupling systems are discussed in Chapter 2. Pharmacologic antagonist drugs, by binding to a receptor, compete with and prevent binding by other
molecules. For example, acetylcholine receptor blockers such as atropine are antagonists because they prevent access of acetylcholine and similar
agonist drugs to the acetylcholine receptor site and they stabilize the receptor in its inactive state (or some state other than the acetylcholine-activated
state). These agents reduce the effects of acetylcholine and similar molecules in the body (Figure 1–2B), but their action can be overcome by increasing
the dosage of agonist. Some antagonists bind very tightly to the receptor site in an irreversible or pseudoirreversible fashion and cannot be displaced
by increasing the agonist concentration. Drugs that bind to the same receptor molecule but do not prevent binding of the agonist are said to act
allosterically and may enhance (Figure 1–2C) or inhibit (Figure 1–2D) the action of the agonist molecule. Allosteric inhibition is not usually overcome
by increasing the dose of agonist.

FIGURE 1–2

Drugs may interact with receptors in several ways. The effects resulting from these interactions are diagrammed in the dose-response curves at the
right. Drugs that alter the agonist (A) response may activate the agonist binding site, compete with the agonist (competitive inhibitors, B), or act at
separate (allosteric) sites, increasing (C) or decreasing (D) the response to the agonist. Allosteric activators (C) may increase the efficacy of the agonist
or its binding affinity. The curve shown reflects an increase in efficacy; an increase in affinity would result in a leftward shift of the curve.

B. Agonists That Inhibit Their Binding Molecules

Some drugs mimic agonist drugs by inhibiting the molecules responsible for terminating the action of an endogenous agonist. For example,
acetylcholinesterase inhibitors, by slowing the destruction of endogenous acetylcholine, cause cholinomimetic effects that closely resemble the
actions of cholinoceptor agonist molecules even though cholinesterase inhibitors do not bind or only incidentally bind to cholinoceptors (see Chapter
7). Because they amplify the effects of physiologically released endogenous agonist ligands, their effects are sometimes more selective and less toxic
than those of exogenous agonists.

C. Agonists, Partial Agonists, and Inverse Agonists

Figure 1–3 describes a useful model of drug-receptor interactions. As indicated, the receptor is postulated to exist partially in the inactive,
nonfunctional form (Ri) and partially in the activated form (Ra). Thermodynamic considerations indicate that even in the absence of any agonist, some

of the receptor pool must exist in the Ra form some of the time and may produce the same physiologic effect as agonist-induced activity. This effect,

occurring in the absence of agonist, is termed constitutive or basal activity. Agonists have a much higher affinity for the Ra configuration and

stabilize it, so that a large percentage of the total pool resides in the Ra–D fraction and a large effect is produced. The recognition of constitutive activity

may depend on the receptor density, the concentration of coupling molecules (if a coupled system), and the number of effectors in the system.

FIGURE 1–3

A model of drug-receptor interaction. The hypothetical receptor is able to assume two conformations. In the Ri conformation, it is inactive and

produces no effect, even when combined with a drug molecule. In the Ra conformation, the receptor can activate downstream mechanisms that

produce a small observable effect, even in the absence of drug (constitutive activity). In the absence of drugs, the two isoforms are in equilibrium, and
the Ri form is favored. Conventional full agonist drugs have a much higher affinity for the Ra conformation, and mass action thus favors the formation

of the Ra–D complex with a much larger observed effect. Partial agonists have an intermediate affinity for both Ri and Ra forms. Conventional

antagonists, according to this hypothesis, have equal affinity for both receptor forms and maintain the same level of constitutive activity. Inverse
agonists, on the other hand, have a much higher affinity for the Ri form, reduce constitutive activity, and may produce a contrasting physiologic result.

Many agonist drugs, when administered at concentrations sufficient to saturate the receptor pool, can activate their receptor-effector systems to the
maximum extent of which the system is capable; that is, they cause a shift of almost all of the receptor pool to the Ra–D pool. Such drugs are termed

full agonists. Other drugs, called partial agonists, bind to the same receptors and activate them in the same way but do not evoke as great a
response, no matter how high the concentration. In the model in Figure 1–3, partial agonists do not stabilize the Ra configuration as fully as full

agonists, so that a significant fraction of receptors exists in the Ri–D pool. Such drugs are said to have low intrinsic efficacy. Because they occupy the

same receptor site, partial agonists can also prevent access by full agonists. Thus, pindolol, a β-adrenoceptor partial agonist, may act either as an
agonist (if no full agonist is present) or as an antagonist (if a full agonist such as epinephrine is present). (See Chapter 2.) Intrinsic efficacy is
independent of affinity (as usually measured) for the receptor.

In the same model, conventional antagonist action can be explained as fixing the fractions of drug-bound Ri and Ra in the same relative amounts as in

the absence of any drug. In this situation, no change in activity will be observed, so the drug will appear to be without effect. However, the presence of
the antagonist at the receptor site will block access of agonists to the receptor and prevent the usual agonist effect. Such blocking action can be termed
neutral antagonism.

What will happen if a drug has a much stronger affinity for the Ri than for the Ra state and stabilizes a large fraction in the Ri–D pool? In this scenario the

drug will reduce any constitutive activity, thus resulting in effects that are the opposite of the effects produced by conventional agonists at that
receptor. Such drugs are termed inverse agonists (Figure 1–3). One of the best documented examples of such a system is the γ-aminobutyric acid
(GABAA) receptor-effector (a chloride channel) in the nervous system. This receptor is activated by the endogenous transmitter GABA and causes

inhibition of postsynaptic cells. Conventional exogenous agonists such as benzodiazepines also facilitate the receptor-effector system and cause
GABA-like inhibition with sedation as the therapeutic result. This sedation can be reversed by conventional neutral antagonists such as flumazenil.
Inverse agonists of this receptor system cause anxiety and agitation, the inverse of sedation (see Chapter 22). Similar inverse agonists have been found
for β adrenoceptors, histamine H1 and H2 receptors, and several other receptor systems.

D. Duration of  Drug Action

Termination of drug action can result from several processes. In some cases, the effect lasts only as long as the drug occupies the receptor, and
dissociation of drug from the receptor automatically terminates the effect. In many cases, however, the action may persist after the drug has
dissociated because, for example, some coupling molecule is still present in activated form. In the case of drugs that bind covalently to the receptor
site, the effect may persist until the drug-receptor complex is destroyed and new receptors or enzymes are synthesized, as described previously for
aspirin. In addition, many receptor-effector systems incorporate desensitization mechanisms for preventing excessive activation when agonist
molecules continue to be present for long periods. (See Chapter 2 for additional details.)

E. Receptors and Inert Binding Sites

To function as a receptor, an endogenous molecule must first be selective in choosing ligands (drug molecules) to bind; and second, it must change
its function upon binding in such a way that the function of the biologic system (cell, tissue, etc) is altered. The selectivity characteristic is required to
avoid constant activation of the receptor by promiscuous binding of many different ligands. The ability to change function is clearly necessary if the
ligand is to cause a pharmacologic effect. The body contains a vast array of molecules that are capable of binding drugs, however, and not all of these
endogenous molecules are regulatory molecules. Binding of a drug to a nonregulatory molecule such as plasma albumin will result in no detectable
change in the function of the biologic system, so this endogenous molecule can be called an inert binding site. Such binding is not completely
without significance, however, because it affects the distribution of drug within the body and determines the amount of free drug in the circulation.
Both of these factors are of pharmacokinetic importance (see also Chapter 3).

Pharmacokinetic Principles

In practical therapeutics, a drug should be able to reach its intended site of action after administration by some convenient route. In many cases, the
active drug molecule is sufficiently lipid-soluble and stable to be given as such. In some cases, however, an inactive precursor chemical that is readily
absorbed and distributed must be administered and then converted to the active drug by biologic processes—inside the body. Such a precursor
chemical is called a prodrug.

In only a few situations is it possible to apply a drug directly to its target tissue, eg, by topical application of an anti-inflammatory agent to inflamed skin
or mucous membrane. Most often, a drug is administered into one body compartment, eg, the gut, and must move to its site of action in another
compartment, eg, the brain in the case of an antiseizure medication. This requires that the drug be absorbed into the blood from its site of
administration and distributed to its site of action, permeating through the various barriers that separate these compartments. For a drug given
orally to produce an effect in the central nervous system, these barriers include the tissues that make up the wall of the intestine, the walls of the
capillaries that perfuse the gut, and the blood-brain barrier, the walls of the capillaries that perfuse the brain. Finally, after bringing about its effect, a
drug should be eliminated at a reasonable rate by metabolic inactivation, by excretion from the body, or by a combination of these processes.

A. Permeation

Drug permeation proceeds by several mechanisms. Passive diffusion in an aqueous or lipid medium is common, but active processes play a role in the
movement of many drugs, especially those whose molecules are too large to diffuse readily (Figure 1–4). Drug vehicles can be very important in
facilitating transport and permeation, eg, by encapsulating the active agent in liposomes and in regulating release, as in slow release preparations.
Newer methods of facilitating transport of drugs by coupling them to nanoparticles are under investigation.

FIGURE 1–4

Mechanisms of drug permeation. Drugs may diffuse passively through aqueous channels in the intercellular junctions (eg, tight junctions, A), or
through lipid cell membranes (B). Drugs with the appropriate characteristics may be transported by carriers into or out of cells (C). Very impermeant
drugs may also bind to cell surface receptors (dark binding sites), be engulfed by the cell membrane (endocytosis), and then be released inside the cell
or expelled via the membrane-limited vesicles out of the cell into the extracellular space (exocytosis, D).

1.  Aqueous dif fusion

Aqueous diffusion occurs within the larger aqueous compartments of the body (interstitial space, cytosol, etc) and across epithelial membrane tight
junctions and the endothelial lining of blood vessels through aqueous pores that—in some tissues—permit the passage of molecules as large as MW

20,000–30,000.* See Figure 1–4A.

Aqueous diffusion of drug molecules is usually driven by the concentration gradient of the permeating drug, a downhill movement described by Fick’s
law (see below). Drug molecules that are bound to large plasma proteins (eg, albumin) do not permeate most vascular aqueous pores. If the drug is
charged, its flux is also influenced by electrical fields (eg, the membrane potential and—in parts of the nephron—the transtubular potential).

*The capillaries of the brain, the testes, and some other tissues are characterized by the absence of pores that permit aqueous diffusion. They may also
contain high concentrations of drug export pumps (MDR pump molecules; see text). These tissues are therefore protected or “sanctuary” sites from
many circulating drugs.

2.  L ipid di f fusion

Lipid diffusion is the most important limiting factor for drug permeation because of the large number of lipid barriers that separate the compartments
of the body. Because these lipid barriers separate aqueous compartments, the lipid:aqueous partition coefficient of a drug determines how
readily the molecule moves between aqueous and lipid media. In the case of weak acids and weak bases (which gain or lose electrical charge-bearing
protons, depending on the pH), the ability to move from aqueous to lipid or vice versa varies with the pH of the medium, because charged molecules
attract water molecules. The ratio of lipid-soluble form to water-soluble form for a weak acid or weak base is expressed by the Henderson-Hasselbalch
equation (described in the following text). See Figure 1–4B.

3 .  S p e c i a l  c a r r i e r s

Special carrier molecules exist for many substances that are important for cell function and too large or too insoluble in lipid to diffuse passively
through membranes, eg, peptides, amino acids, and glucose. These carriers bring about movement by active transport or facilitated diffusion and,
unlike passive diffusion, are selective, saturable, and inhibitable. Because many drugs are or resemble such naturally occurring peptides, amino acids,
or sugars, they can use these carriers to cross membranes. See Figure 1–4C.

Many cells also contain less selective membrane carriers that are specialized for expelling foreign molecules. One large family of such transporters
binds adenosine triphosphate (ATP) and is called the ABC (ATP-binding cassette) family. This family includes the P-glycoprotein or multidrug
resistance type 1 (MDR1) transporter found in the brain, testes, and other tissues, and in some drug-resistant neoplastic cells (Table 1–3). Similar

ake of neurotransmitters across nerve-ending membranes. The latter carriers are discussed in more detail in Chapter 6.

ABLE 1–3

ome transport molecules important in pharmacology.

Transporter Physiologic Function Pharmacologic Significance

NET Norepinephrine reuptake from synapse Target of cocaine and some tricyclic antidepressants

SERT Serotonin reuptake from synapse Target of selective serotonin reuptake inhibitors and some tricyclic

antidepressants

VMAT Transport of dopamine and norepinephrine into

adrenergic vesicles in nerve endings

Target of reserpine and tetrabenazine

MDR1 Transport of many xenobiotics out of cells Increased expression confers resistance to certain anticancer drugs;

inhibition increases blood levels of digoxin

MRP1 Leukotriene secretion Confers resistance to certain anticancer and antifungal drugs

n d o c y t o s i s  a n d  e x o c y t o s i s

w substances are so large or impermeant that they can enter cells only by endocytosis, the process by which the substance is bound at a cell-
face receptor, engulfed by the cell membrane, and carried into the cell by pinching off of the newly formed vesicle inside the membrane. The
stance can then be released into the cytosol by breakdown of the vesicle membrane (Figure 1–4D). This process is responsible for the transport 
min B12, complexed with a binding protein (intrinsic factor) across the wall of the gut into the blood. Similarly, iron is transported into hemoglobi

thesizing red blood cell precursors in association with the protein transferrin. Specific receptors for the binding proteins must be present for thi
cess to work.

 reverse process (exocytosis) is responsible for the secretion of many substances from cells. For example, many neurotransmitter substances ar
red in membrane-bound vesicles in nerve endings to protect them from metabolic destruction in the cytoplasm. Appropriate activation of the ner
ing causes fusion of the storage vesicle with the cell membrane and expulsion of its contents into the extracellular space (see Chapter 6).

ick’s Law of Diffusion

 passive flux of molecules down a concentration gradient is given by Fick’s law:

ere C1 is the higher concentration, C2 is the lower concentration, area is the cross-sectional area of the diffusion path, permeability coefficient is a

asure of the mobility of the drug molecules in the medium of the diffusion path, and thickness is the length of the diffusion path. In the case of lip
usion, the lipid:aqueous partition coefficient is a major determinant of mobility of the drug because it determines how readily the drug enters th
d membrane from the aqueous medium.

onization of Weak Acids and Weak Bases; the Henderson-Hasselbalch Equation

 electrostatic charge of an ionized molecule attracts water dipoles and results in a polar, relatively water-soluble and lipid-insoluble complex.
ause lipid diffusion depends on relatively high lipid solubility, ionization of drugs may markedly reduce their ability to permeate membranes. A v
e percentage of the drugs in use are weak acids or weak bases; Table 1–4 lists some examples. For drugs, a weak acid is best defined as a neutral

lecule that can reversibly dissociate into an anion (a negatively charged molecule) and a proton (a hydrogen ion). For example, aspirin dissociate

TABLE 1–4

Ionization constants of  some common drugs.

D r u g p Ka1 D r u g p Ka1 D r u g p Ka1

Weak acids Weak bases Weak bases (cont’d)

 Acetaminophen 9.5  Albuterol (salbutamol) 9.3  Isoproterenol 8.6

 Acetazolamide 7.2  Allopurinol 9.4, 12.32  Lidocaine 7.9

 Ampicillin 2.5  Alprenolol 9.6  Metaraminol 8.6

 Aspirin 3.5  Amiloride 8.7  Methadone 8.4

 Chlorothiazide 6.8, 9.42  Amiodarone 6.6  Methamphetamine 10.0

 Chlorpropamide 5.0  Amphetamine 9.8  Methyldopa 10.6

 Ciprofloxacin 6.1, 8.72  Atropine 9.7  Metoprolol 9.8

 Cromolyn 2.0  Bupivacaine 8.1  Morphine 7.9

 Ethacrynic acid 2.5  Chlordiazepoxide 4.6  Nicotine 7.9, 3.12

 Furosemide 3.9  Chloroquine 10.8, 8.4  Norepinephrine 8.6

 Ibuprofen 4.4, 5.22  Chlorpheniramine 9.2  Pentazocine 7.9

 Levodopa 2.3  Chlorpromazine 9.3  Phenylephrine 9.8

 Methotrexate 4.8  Clonidine 8.3  Physostigmine 7.9, 1.82

 Methyldopa 2.2, 9.22  Cocaine 8.5  Pilocarpine 6.9, 1.42

 Penicillamine 1.8  Codeine 8.2  Pindolol 8.6

 Pentobarbital 8.1  Cyclizine 8.2  Procainamide 9.2

 Phenobarbital 7.4  Desipramine 10.2  Procaine 9.0

 Phenytoin 8.3  Diazepam 3.0  Promethazine 9.1

 Propylthiouracil 8.3  Diphenhydramine 8.8  Propranolol 9.4

 Salicylic acid 3.0  Diphenoxylate 7.1  Pseudoephedrine 9.8

 Sulfadiazine 6.5  Ephedrine 9.6  Pyrimethamine 7.0–7.33

 Sulfapyridine 8.4  Epinephrine 8.7  Quinidine 8.5, 4.42

 Theophylline 8.8  Ergotamine 6.3  Scopolamine 8.1

 Tolbutamide 5.3  Fluphenazine 8.0, 3.92  Strychnine 8.0, 2.32

 Warfarin 5.0  Hydralazine 7.1  Terbutaline 10.1

 Imipramine 9.5  Thioridazine 9.5

A weak base can be defined as a neutral molecule that can form a cation (a positively charged molecule) by combining with a proton. For example,
pyrimethamine, an antimalarial drug, undergoes the following association-dissociation process:

Note that the protonated form of a weak acid is the neutral, more lipid-soluble form, whereas the unprotonated form of a weak base is the neutral
form. The law of mass action requires that these reactions move to the left in an acid environment (low pH, excess protons available) and to the right in
an alkaline environment. The Henderson-Hasselbalch equation relates the ratio of protonated to unprotonated weak acid or weak base to the
molecule’s pKa and the pH of the medium as follows:

This equation applies to both acidic and basic drugs. Inspection confirms that the lower the pH relative to the pKa, the greater will be the fraction of

drug in the protonated form. Because the uncharged form is the more lipid-soluble, more of a weak acid will be in the lipid-soluble form at acid pH,
whereas more of a basic drug will be in the lipid-soluble form at alkaline pH.

Application of this principle is made in the manipulation of drug excretion by the kidney (see Case Study). Almost all drugs are filtered at the
glomerulus. If a drug is in a lipid-soluble form during its passage down the renal tubule, a significant fraction will be reabsorbed by simple passive
diffusion. If the goal is to accelerate excretion of the drug (eg, in a case of drug overdose), it is important to prevent its reabsorption from the tubule.
This can often be accomplished by adjusting urine pH to make certain that most of the drug is in the ionized state, as shown in Figure 1–5. As a result of
this partitioning effect, the drug is “trapped” in the urine. Thus, weak acids are usually excreted faster in alkaline urine; weak bases are usually
excreted faster in acidic urine. Other body fluids in which pH differences from blood pH may cause trapping or reabsorption are the contents of the
stomach (normal pH 1.9–3) and small intestine (pH 7.5–8), breast milk (pH 6.4–7.6), aqueous humor (pH 6.4–7.5), and vaginal and prostatic secretions
(pH 3.5–7).

FIGURE 1–5

Trapping of a weak base (methamphetamine) in the urine when the urine is more acidic than the blood. In the hypothetical case illustrated, the
diffusible uncharged form of the drug has equilibrated across the membrane, but the total concentration (charged plus uncharged) in the urine (more
than 10 mg) is 25 times higher than in the blood (0.4 mg).

As indicated by Table 1–4, a large number of drugs are weak bases. Most of these bases are amine-containing molecules. The nitrogen of a neutral
amine has three atoms associated with it plus a pair of unshared electrons (see the display that follows). The three atoms may consist of one carbon or
a chain of carbon atoms (designated “R”) and two hydrogens (a primary amine), two carbons and one hydrogen (a secondary amine), or three
carbon atoms (a tertiary amine). Each of these three forms may reversibly bind a proton with the unshared electrons. Some drugs have a fourth
carbon-nitrogen bond; these are quaternary amines. However, the quaternary amine is permanently charged and has no unshared electrons with
which to reversibly bind a proton. Therefore, primary, secondary, and tertiary amines may undergo reversible protonation and vary their lipid
solubility with pH, but quaternary amines are always in the poorly lipid-soluble charged form.

DRUG GROUPS

To learn each pertinent fact about each of the many hundreds of drugs mentioned in this book would be an impractical goal and, fortunately, is
unnecessary. Almost all the several thousand drugs currently available can be arranged into about 70 groups. Many of the drugs within each group are
very similar in pharmacodynamic actions and in their pharmacokinetic properties as well. For most groups, one or two prototype drugs can be
identified that typify the most important characteristics of the group. This permits classification of other important drugs in the group as variants of
the prototype, so that only the prototype must be learned in detail and, for the remaining drugs, only the differences from the prototype.

DRUG DEVELOPMENT & REGULATION

A truly new drug (one that does not simply mimic the structure and action of previously available drugs) requires the discovery of a new drug target, ie,
the pathophysiologic process or substrate of a disease. Such discoveries are usually made in public sector institutions (universities and research
institutes), and molecules that have beneficial effects on such targets are often discovered in the same laboratories. However, the development of new
drugs usually takes place in industrial laboratories because optimization of a class of new drugs requires painstaking and expensive chemical,
pharmacologic, and toxicologic research. In fact, much of the recent progress in the application of drugs to disease problems can be ascribed to the
pharmaceutical industry including “big pharma,” the multibillion-dollar corporations that specialize in drug development and marketing. These
companies are uniquely skilled in translating basic findings into successful therapeutic breakthroughs and profit-making “blockbusters” (see
https://clincalc.com/DrugStats/Top200Drugs.aspx).

Such breakthroughs come at a price, however, and the escalating cost of drugs has become a significant contributor to the increase in the cost of
health care. Development of new drugs is enormously expensive, but considerable controversy surrounds drug pricing. Drug prices in the United
States have increased many-fold faster than overall price inflation. Critics claim that the costs of development and marketing drugs are grossly inflated
by marketing activities, advertising, and other promotional efforts, which may consume as much as 25% or more of a company’s budget. Furthermore,
profit margins for big pharma are relatively high. Recent drug-pricing scandals have been reported in which the rights to an older, established drug
that requires no costly development have been purchased by a smaller company and the price increased by several hundred or several thousand
percent. This “price gouging” has caused public outrage and attracted regulatory attention that may result in more legitimate and rational pricing
mechanisms. Finally, pricing schedules for many drugs vary dramatically from country to country and even within countries, where large organizations
can negotiate favorable prices and small ones cannot. Some countries have already addressed these inequities, and it seems likely that all countries
will have to do so during the next few decades.

NEW DRUG DEVELOPMENT

The development of a new drug usually begins with the discovery or synthesis of a potential new drug compound or the elucidation of a new drug
target. After a new drug molecule is synthesized or extracted from a natural source, subsequent steps seek an understanding of the drug’s interactions
with its biologic targets. Repeated application of this approach leads to synthesis of related compounds with increased efficacy, potency, and
selectivity (Figure 1–6). In the United States, the safety and efficacy of drugs must be established before marketing can be legally carried out. In
addition to in vitro studies, relevant biologic effects, drug metabolism, pharmacokinetic profiles, and relative safety of the drug must be characterized
in vivo in animals before human drug trials can be started. With regulatory approval, human testing may then go forward (usually in three phases)
before the drug is considered for approval for general use. A fourth phase of data gathering and safety monitoring is becoming increasingly important
and follows after approval for marketing. Once approved, the great majority of drugs become available for use by any appropriately licensed
practitioner. Highly toxic drugs that are nevertheless considered valuable in lethal diseases may be approved for restricted use by practitioners who
have undergone special training in their use and who maintain detailed records.

FIGURE 1–6

The development and testing process required to bring a drug to market in the USA. Some of the requirements may be different for drugs used in life-
threatening diseases (see text).

DRUG DISCOVERY

Most new drugs or drug products are discovered or developed through the following approaches: (1) screening for biologic activity of large numbers of
natural products, banks of previously discovered chemical entities, or large libraries of peptides, nucleic acids, and other organic molecules; (2)
chemical modification of a known active molecule, resulting in a “me-too” analog; (3) identification or elucidation of a new drug target, which suggests
molecules that will hit that target; and (4) rational design of a new molecule based on an understanding of biologic mechanisms and drug receptor
structure. Steps (3) and (4) are often carried out in academic research laboratories and are more likely to lead to breakthrough drugs, but the costs of
steps (1) and (2) usually ensure that industry carries them out.

Once a new drug target or promising molecule has been identified, the process of moving from the basic science laboratory to the clinic begins. This
translational research involves the preclinical and clinical steps described next. While clinical trials in humans are required only for drugs to be
used in humans, all of the other steps described apply to veterinary drugs as well as drugs for human diseases.

Drug Screening

Drug screening involves a variety of assays at the molecular, cellular, organ system, and whole animal levels to define the pharmacologic profile, ie,
the activity and selectivity of the drug. The type and number of initial screening tests depend on the pharmacologic and therapeutic goal. For example,
anti-infective drugs are tested against a variety of infectious organisms, some of which are resistant to standard agents; hypoglycemic drugs are tested
for their ability to lower blood sugar, etc.

The candidate molecule is also studied for a broad array of other actions to determine the mechanism of action and selectivity of the drug. This can
reveal both expected and unexpected toxic effects. Occasionally, an unexpected therapeutic action is serendipitously discovered by a careful observer;
for example, the era of modern diuretics was initiated by the observation that certain antimicrobial sulfonamides caused metabolic acidosis in
patients. The selection of compounds for development is most efficiently conducted in animal models of human disease. Where good predictive
preclinical models exist (eg, infection, hypertension, or thrombotic disease), we generally have good or excellent drugs. Good drugs or breakthrough
improvements are conspicuously lacking and slow for diseases for which preclinical models are poor or not yet available, eg, autism and Alzheimer
disease.

At the molecular level, the candidate compound would be screened for activity on the target, for example, receptor binding affinity to cell membranes
containing the homologous animal receptors (or if possible, on the cloned human receptors). Early studies would be done to predict effects that might
later cause undesired drug metabolism or toxicologic complications. For example, studies on liver cytochrome P450 enzymes would be performed to
determine whether the molecule of interest is likely to be a substrate or inhibitor of these enzymes or to alter the metabolism of other drugs.

Effects on cell function determine whether the drug is an agonist, partial agonist, inverse agonist, or antagonist at relevant receptors. Isolated tissues
would be used to characterize the pharmacologic activity and selectivity of the new compound in comparison with reference compounds. Comparison
with other drugs would also be undertaken in a variety of in vivo studies. At each step in this process, the compound would have to meet specific
performance and selectivity criteria to be carried further.

Whole animal studies are generally necessary to determine the effect of the drug on organ systems and disease models. Cardiovascular and renal
function studies of new drugs are generally first performed in normal animals. Studies on disease models, if available, are then performed. For a
candidate antihypertensive drug, animals with hypertension would be treated to see whether blood pressure was lowered in a dose-related manner
and to characterize other effects of the compound. Evidence would be collected on duration of action and efficacy after oral and parenteral
administration. If the agent possessed useful activity, it would be further studied for possible adverse effects on other organs, including the
respiratory, gastrointestinal, renal, endocrine, and central nervous systems.

These studies might suggest the need for further chemical modification (compound optimization) to achieve more desirable pharmacokinetic or
pharmacodynamic properties. For example, oral administration studies might show that the drug was poorly absorbed or rapidly metabolized in the
liver; modification to improve bioavailability might be indicated. If the drug is to be administered long term, an assessment of tolerance development
would be made. For drugs related to or having mechanisms of action similar to those known to cause physical or psychological dependence in
humans, ability to cause dependence in animals would also be studied. Drug interactions would be examined.

The desired result of this screening procedure (which may have to be repeated several times with congeners of the original molecule) is a lead
compound, ie, a leading candidate for a successful new drug. A patent application would be filed for a novel compound (a composition of matter
patent) that is efficacious, or for a new and nonobvious therapeutic use (a use patent) for a previously known chemical entity.

PRECLINICAL SAFETY & TOXICITY TESTING

All chemicals are toxic in some individuals at some dose. Candidate drugs that survive the initial screening procedures must be carefully evaluated for
potential risks before and during clinical testing. Depending on the proposed use of the drug, preclinical toxicity testing includes most or all of the
procedures shown in Table 1–5. Although no chemical can be certified as completely “safe” (free of risk), the objective is to estimate the risk associated
with exposure to the drug candidate and to consider this in the context of therapeutic needs and likely duration of drug use.

TABLE 1–5

Safety tests.

Type of  Test Approach and Goals

Acute toxicity Usually two species, two routes. Determine the no-effect dose and the maximum tolerated dose. In some cases, determine the acute

dose that is lethal in approximately 50% of animals.

Subacute or

subchronic toxicity

Three doses, two species. Two weeks to 3 months of testing may be required before clinical trials. The longer the duration of

expected clinical use, the longer the subacute test. Determine biochemical, physiologic effects.

Chronic toxicity Rodent and at least one nonrodent species for ≥6 months. Required when drug is intended to be used in humans for prolonged

periods. Usually run concurrently with clinical trials. Determine same end points as subacute toxicity tests.

Effect on

reproductive

performance

Two species, usually one rodent and rabbits. Test effects on animal mating behavior, reproduction, parturition, progeny, birth

defects, postnatal development.

Carcinogenic

potential

Two years, two species. Required when drug is intended to be used in humans for prolonged periods. Determine gross and histologic

pathology.

Mutagenic

potential

Test effects on genetic stability and mutations in bacteria (Ames test) or mammalian cells in culture; dominant lethal test and

clastogenicity in mice.

The goals of preclinical toxicity studies include identifying potential human toxicities, designing tests to further define the toxic mechanisms, and
predicting the most relevant toxicities to be monitored in clinical trials. In addition to the studies shown in Table 1–5, several quantitative estimates are
desirable. These include the no-effect dose—the maximum dose at which a specified toxic effect is not seen; the minimum lethal dose—the
smallest dose that is observed to kill any experimental animal; and, if necessary, the median lethal dose (LD50)—the dose that kills approximately

50% of the animals in a test group. Presently, the LD50 is estimated from the smallest number of animals possible. These doses are used to calculate

the initial dose to be tried in humans, usually taken as one hundredth to one tenth of the no-effect dose in animals.

It is important to recognize the limitations of preclinical testing. These include the following:

1. Toxicity testing is time-consuming and expensive. Two to 6 years may be required to collect and analyze data on toxicity before the drug can be
considered ready for testing in humans.

2. Large numbers of animals may be needed to obtain valid preclinical data. Scientists are properly concerned about this situation, and progress has
been made toward reducing the numbers required while still obtaining valid data. Cell and tissue culture in vitro methods and computer modeling
are increasingly being used, but their predictive value is still limited. Nevertheless, some segments of the public attempt to halt all animal testing in
the unfounded belief that it has become unnecessary.

3. Extrapolations of toxicity data from animals to humans are reasonably predictive for many but not for all toxicities.

4. For statistical reasons, rare adverse effects are unlikely to be detected in preclinical testing.

EVALUATION IN HUMANS

A very small fraction of lead compounds reach clinical trials, and less than one third of the drugs studied in humans survive clinical trials and reach the
marketplace. Federal law in the USA and ethical considerations require that the study of new drugs in humans be conducted in accordance with
stringent guidelines. Scientifically valid results are not guaranteed simply by conforming to government regulations, however, and the design and
execution of a good clinical trial require interdisciplinary personnel including basic scientists, clinical pharmacologists, clinician specialists,
statisticians, and others. The current standard for clinical trials is known as the randomized controlled trial (RCT) and is described below. The need for
careful design and execution is based on three major confounding factors inherent in the study of any drug in humans.

Confounding Factors in Clinical Trials

A. The Variable Natural History of Most Diseases

Many diseases tend to wax and wane in severity; some disappear spontaneously, even, on occasion, cancer. A good experimental design takes into
account the natural history of the disease by evaluating a large enough population of subjects over a sufficient period of time. Further protection
against errors of interpretation caused by disease fluctuations is sometimes provided by using a crossover design, which consists of alternating
periods of administration of test drug, placebo preparation (the control), and the previous standard treatment (positive control), if any, in each
subject. These sequences are systematically varied so that different subsets of patients receive each of the possible sequences of treatment.

B. The Presence of Other Diseases and Risk Factors

Known and unknown diseases and risk factors (including lifestyles of subjects) may influence the results of a clinical study. For example, some
diseases alter the pharmacokinetics of drugs (see Chapters 3 through 5). Other drugs and some foods alter the pharmacokinetics of many drugs.
Concentrations of blood or tissue components being monitored as a measure of the effect of the new agent may be influenced by other diseases or
other drugs. Attempts to avoid this hazard usually involve the crossover technique (when feasible) and proper selection and assignment of patients to
each of the study groups. This requires obtaining accurate diagnostic tests and medical and pharmacologic histories (including use of recreational
drugs, over-the-counter drugs, and “supplements”) and the use of statistically valid methods of randomization in assigning subjects to particular study
groups. There is growing interest in analyzing genetic variations as part of the trial that may influence whether a person responds to a particular drug.
It has been shown that age, gender, and pregnancy influence the pharmacokinetics of some drugs, but these factors have not been adequately studied
because of legal restrictions and reluctance to expose these populations to unknown risks.

C. Subject and Observer Bias and Other Factors

Most patients tend to respond in a positive way to any therapeutic intervention by interested, caring, and enthusiastic medical personnel. The
manifestation of this phenomenon in the subject is the placebo response (Latin, “I shall please”) and may involve objective physiologic and
biochemical changes as well as changes in subjective complaints associated with the disease. The placebo response is usually quantitated by
administration of an inert material with exactly the same physical appearance, odor, consistency, etc, as the active dosage form. The magnitude of the
response varies considerably from patient to patient and may also be influenced by the duration of the study. In some conditions, a positive response
may be noted in as many as 30–40% of subjects given placebo. Placebo adverse effects and “toxicity” also occur but usually involve subjective effects:
stomach upset, insomnia, sedation, and so on.

Subject bias effects can be quantitated—and minimized relative to the response measured during active therapy—by the single-blind design. This
involves use of a placebo as described above, administered to the same subjects in a crossover design, if possible, or to a separate control group of
well-matched subjects. Observer bias can be taken into account by disguising the identity of the medication being used—placebo or active form—from
both the subjects and the personnel evaluating the subjects’ responses (double-blind design). In this design, a third party holds the code identifying
each medication packet, and the code is not broken until all the clinical data have been collected.

Drug effects seen in clinical trials are obviously affected by the patient taking the drugs at the dose and frequency prescribed. In a recent phase 2 study,
one third of the patients who said they were taking the drug were found by blood analysis to have not taken the drug. Confirmation of compliance
with protocols (also known as adherence) is a necessary element to consider.

The various types of studies and the conclusions that may be drawn from them are described in the accompanying text box. (See Box: Drug Studies—
The Types of Evidence.)

Drug Studies—The Types of Evidence*

As described in this chapter, drugs are studied in a variety of ways, from 30-minute test tube experiments with isolated enzymes and receptors to
decades-long observations of populations of patients. The conclusions that can be drawn from such different types of studies can be summarized
as follows.

Basic research is designed to answer specific, usually single, questions under tightly controlled laboratory conditions, eg, does drug x inhibit
enzyme y? The basic question may then be extended, eg, if drug x inhibits enzyme y, what is the concentration-response relationship? Such
experiments are usually reproducible and often lead to reliable insights into the mechanism of the drug’s action.

First-in-human studies include phase 1–3 trials. Once a drug receives FDA approval for use in humans, case reports and case series consist of
observations by clinicians of the effects of drug (or other) treatments in one or more patients. These results often reveal unpredictable benefits and
toxicities but do not generally test a prespecified hypothesis and cannot prove cause and effect. Analytic epidemiologic studies consist of
observations designed to test a specified hypothesis, eg, that thiazolidinedione antidiabetic drugs are associated with adverse cardiovascular
events. Cohort epidemiologic studies utilize populations of patients that have (exposed group) and have not (control group) been exposed to the
agents under study and ask whether the exposed groups show a higher or lower incidence of the effect. Case-control epidemiologic studies utilize
populations of patients that have displayed the end point under study and ask whether they have been exposed or not exposed to the drugs in
question. Such epidemiologic studies add weight to conjectures but cannot control all confounding variables and therefore cannot conclusively
prove cause and effect.

Meta-analyses utilize rigorous evaluation and grouping of similar studies to increase the number of subjects studied and hence the statistical power
of results obtained in multiple published studies. While the numbers may be dramatically increased by meta-analysis, the individual studies still
suffer from their varying methods and end points, and a meta-analysis cannot prove cause and effect.

Large randomized controlled trials (RCTs) are designed to answer specific questions about the effects of medications on clinical end points or
important surrogate end points, using large enough samples of patients and allocating them to control and experimental treatments using rigorous
randomization methods. Randomization is the best method for distributing all foreseen confounding factors, as well as unknown confounders,
equally between the experimental and control groups. When properly carried out, such studies are rarely invalidated and are considered the gold
standard in evaluating drugs.

A critical factor in evaluating the data regarding a new drug is access to all the data. Unfortunately, many large studies are never published because
the results are negative, ie, the new drug is not better than the standard therapy. This missing data phenomenon falsely exaggerates the benefits of
new drugs because negative results are hidden.

*I thank Ralph Gonzales, MD, for helpful comments.

The Food & Drug Administration

The FDA is the administrative body that oversees the drug evaluation process in the USA and grants approval for marketing of new drug products. To
receive FDA approval for marketing, the originating institution or company (almost always the latter) must submit evidence of safety and effectiveness.
Outside the USA, the regulatory and drug approval process is generally similar to that in the USA.

As its name suggests, the FDA is also responsible for certain aspects of food safety, a role it shares with the US Department of Agriculture (USDA).
Shared responsibility results in complications when questions arise regarding the use of drugs, eg, antibiotics, in food animals. A different type of
problem arises when so-called food supplements are found to contain active drugs, eg, sildenafil analogs in “energy food” supplements.

The FDA’s authority to regulate drugs derives from specific legislation (Table 1–6). If a drug has not been shown through adequately controlled testing

to be “safe and effective” for a specific use, it cannot be marketed in interstate commerce for this use.*

TABLE 1–6

Some major legislation pertaining to drugs in the USA.

L a w Purpose and Effect

Pure Food and Drug Act

of 1906

Prohibited mislabeling and adulteration of drugs.

Opium Exclusion Act of

1909

Prohibited importation of opium.

Amendment (1912) to the

Pure Food and Drug Act

Prohibited false or fraudulent advertising claims.

Harrison Narcotic Act of

1914

Established regulations for use of opium, opiates, and cocaine (marijuana added in 1937).

Food, Drug, and Cosmetic

Act of 1938

Required that new drugs be safe as well as pure (but did not require proof of efficacy). Enforcement by the FDA.

Durham-Humphrey Act of

1952

Vested in the FDA the power to determine which products could be sold without prescription.

Kefauver-Harris

Amendments (1962) to

the Food, Drug, and

Cosmetic Act

Required proof of efficacy as well as safety for new drugs and for drugs released since 1938; established guidelines for

reporting of information about adverse reactions, clinical testing, and advertising of new drugs.

Comprehensive Drug

Abuse Prevention and

Control Act (1970)

Outlined strict controls in the manufacture, distribution, and prescribing of habit-forming drugs; established drug schedules

and programs to prevent and treat drug addiction.

Orphan Drug

Amendment of 1983

Provided incentives for development of drugs that treat diseases with fewer than 200,000 patients in the USA.

Drug Price Competition

and Patent Restoration

Act of 1984

Abbreviated new drug applications for generic drugs. Required bioequivalence data. Patent life extended by amount of time

drug delayed by FDA review process. Cannot exceed 5 extra years or extend to more than 14 years post-NDA approval.

Prescription Drug User

Fee Act (1992,

reauthorized 2007, 2012)

Manufacturers pay user fees for certain new drug applications. “Breakthrough” products may receive special category

approval after expanded phase 1 trials (2012).

Dietary Supplement

Health and Education Act

(1994)

Established standards with respect to dietary supplements but prohibited full FDA review of supplements and botanicals as

drugs. Required the establishment of specific ingredient and nutrition information labeling that defines dietary supplements

and classifies them as part of the food supply but allows unregulated advertising.

Bioterrorism Act of 2002 Enhanced controls on dangerous biologic agents and toxins. Seeks to protect safety of food, water, and drug supply.

Food and Drug

Administration

Amendments Act of 2007

Granted the FDA greater authority over drug marketing, labeling, and direct-to-consumer advertising; required post-approval

studies, established active surveillance systems, made clinical trial operations and results more visible to the public.

Biologics Price

Competition and

Innovation Act of 2009

Authorized the FDA to establish a program of abbreviated pathways for approval of “biosimilar” biologics (generic versions of

monoclonal antibodies, etc).

FDA Safety and

Innovation Act of 2012

Renewed FDA authorization for accelerated approval of urgently needed drugs; established new accelerated process,

“breakthrough therapy,” in addition to “priority review,” “accelerated approval,” and “fast-track” procedures.

Unfortunately, “safe” can mean different things to the patient, the physician, and society. Complete absence of risk is impossible to demonstrate, but
this fact may not be understood by members of the public, who frequently assume that any medication sold with the approval of the FDA should be
free of serious “side effects.” This confusion is a major factor in litigation and dissatisfaction with aspects of drugs and medical care.

The history of drug regulation in the USA (Table 1–6) reflects several health events that precipitated major shifts in public opinion. For example, the
Federal Food, Drug, and Cosmetic Act of 1938 was largely a reaction to deaths associated with the use of a preparation of sulfanilamide marketed
before it and its vehicle were adequately tested. Similarly, the Kefauver-Harris Amendments of 1962 were, in part, the result of a teratogenic drug
disaster involving thalidomide. This agent was introduced in Europe in 1957–1958 and was marketed as a “nontoxic” hypnotic and promoted as being
especially useful as a sleep aid during pregnancy. In 1961, reports were published suggesting that thalidomide was responsible for a dramatic increase
in the incidence of a rare birth defect called phocomelia, a condition involving shortening or complete absence of the arms and legs. Epidemiologic
studies provided strong evidence for the association of this defect with thalidomide use by women during the first trimester of pregnancy, and the
drug was withdrawn from sale worldwide. An estimated 10,000 children were born with birth defects because of maternal exposure to this one agent.
The tragedy led to the requirement for more extensive testing of new drugs for teratogenic effects and stimulated passage of the Kefauver-Harris
Amendments of 1962, even though the drug was not then approved for use in the USA. Despite its disastrous fetal toxicity and effects in pregnancy,
thalidomide is a relatively safe drug for humans other than the fetus. Even the most serious risk of toxicities may be avoided or managed if understood,
and despite its toxicity, thalidomide is now approved by the FDA for limited use as a potent immunoregulatory agent and to treat certain forms of
leprosy.

*Although the FDA does not directly control drug commerce within states, a variety of state and federal laws control interstate production and
marketing of drugs.

Clinical Trials: The IND & NDA

Once a new drug is judged ready to be studied in humans, a Notice of Claimed Investigational Exemption for a New Drug (IND) must be filed with the
FDA (Figure 1–6). The IND includes (1) information on the composition and source of the drug, (2) chemical and manufacturing information, (3) all data
from animal studies, (4) proposed plans for clinical trials, (5) the names and credentials of physicians who will conduct the clinical trials, and (6) a
compilation of the key preclinical data relevant to study of the drug in humans that have been made available to investigators and their institutional
review boards.

It often requires 4–6 years of clinical testing to accumulate and analyze all required data. Testing in humans is begun only after sufficient acute and
subacute animal toxicity studies have been completed. Chronic safety testing in animals, including carcinogenicity studies, is usually done concurrently
with clinical trials. In each phase of the clinical trials, volunteers or patients must be informed of the investigational status of the drug as well as the
possible risks and must be allowed to decline or to consent to participate and receive the drug. In addition to the approval of the sponsoring
organization and the FDA, an interdisciplinary institutional review board (IRB) at each facility where the clinical drug trial will be conducted must review
and approve the scientific and ethical plans for testing in humans.

In phase 1, the effects of the drug as a function of dosage are established in a small number (20–100) of healthy volunteers. If the drug is expected to
have significant toxicity, as may be the case in cancer and AIDS therapy, volunteer patients with the disease participate in phase 1 rather than normal
volunteers. Phase 1 trials are done to determine the probable limits of the safe clinical dosage range. These trials may be nonblind or “open”; that is,
both the investigators and the subjects know what is being given. Alternatively, they may be “blinded” and placebo controlled. Many predictable
toxicities are detected in this phase. Pharmacokinetic measurements of absorption, half-life, and metabolism are often done. Phase 1 studies are
usually performed in research centers by specially trained clinical pharmacologists.

In phase 2, the drug is studied in patients with the target disease to determine its efficacy (“proof of concept” studies), and the doses to be used in any
follow-on trials. A modest number of patients (100–200) are studied in detail. A single-blind design may be used, with an inert placebo medication and
an established active drug (positive control) in addition to the investigational agent. Phase 2 trials are usually done in special clinical centers (eg,
university hospitals). A broader range of toxicities may be detected in this phase. Phase 2 trials have the highest rate of drug failures, and only 25% of
innovative drugs move on to phase 3.

In phase 3, the drug is evaluated in much larger numbers—usually thousands—of patients with the target disease to further establish and confirm
safety and efficacy. Using information gathered in phases 1 and 2, phase 3 trials are designed to minimize errors caused by placebo effects, variable
course of the disease, etc. Therefore, double-blind and crossover techniques are often used. Phase 3 trials are usually performed in settings similar to
those anticipated for the ultimate use of the drug. Phase 3 studies can be difficult to design and execute and are usually expensive because of the large
numbers of patients involved and the masses of data that must be collected and analyzed. The drug is formulated as intended for the market. The
investigators are usually specialists in the disease being treated. Certain toxic effects, especially those caused by immunologic processes, may first
become apparent in phase 3.

If phase 3 results meet expectations, application is made for permission to market the new agent. Marketing approval requires submission of a New
Drug Application (NDA)—or for biologicals, a Biological License Application (BLA)—to the FDA. The application contains, often in hundreds of volumes,
full reports of all preclinical and clinical data pertaining to the drug under review. The number of subjects studied in support of new drug applications
has been increasing and currently averages more than 5000 patients for new drugs of novel structure (new molecular entities). The duration of the FDA
review leading to approval (or denial) of the new drug application may vary from months to years. If problems arise, eg, unexpected but possibly
serious toxicities, additional studies may be required and the review process may extend to several additional years.

Many phase 2 and phase 3 studies attempt to measure a new drug’s “noninferiority” to the placebo or a standard treatment. Interpretation of the
results may be difficult because of unexpected confounding variables, loss of subjects from some groups, or realization that results differ markedly
between certain subgroups within the active treatment (new drug) group. Older statistical methods for evaluating drug trials often fail to provide
definitive answers when these problems arise. Therefore, new “adaptive” statistical methods are under development that allow changes in the study
design when interim data evaluation indicates the need. Preliminary results with such methods suggest that they may allow decisions regarding
superiority as well as noninferiority, shortening of trial duration, discovery of new therapeutic benefits, and more reliable conclusions regarding the
results (see Bhatt & Mehta, 2016).

In cases of urgent need (eg, cancer chemotherapy), the process of preclinical and clinical testing and FDA review may be accelerated. For serious
diseases, the FDA may permit extensive but controlled marketing of a new drug before phase 3 studies are completed; for life-threatening diseases, it
may permit controlled marketing even before phase 2 studies have been completed. “Fast track,” “priority approval,” and “accelerated approval” are
FDA programs that are intended to speed entry of new drugs into the marketplace. In 2012, an additional special category of “breakthrough” products
(eg, for cystic fibrosis) was approved for restricted marketing after expanded phase 1 trials (Table 1–6). Roughly 50% of drugs in phase 3 trials enter
early, controlled marketing. Such accelerated approval is usually granted with the requirement that careful monitoring of the effectiveness and toxicity
of the drug be carried out and reported to the FDA. Unfortunately, FDA enforcement of this requirement has not always been adequate.

Once approval to market a drug has been obtained, phase 4 begins. This constitutes monitoring the safety of the new drug under actual conditions of
use in large numbers of patients. The importance of careful and complete reporting of toxicity by physicians after marketing begins can be appreciated
by noting that many important drug-induced effects have an incidence of 1 in 10,000 or less and that some adverse effects may become apparent only
after chronic dosing. The sample size required to disclose drug-induced events or toxicities is very large for such rare events. For example, several
hundred thousand patients may have to be exposed before the first case is observed of a toxicity that occurs with an average incidence of 1 in 10,000.
Therefore, low-incidence drug effects are not generally detected before phase 4 no matter how carefully phase 1, 2, and 3 studies are executed. Phase
4 has no fixed duration. As with monitoring of drugs granted accelerated approval, phase 4 monitoring has often been lax.

The time from the filing of a patent application (which usually precedes clinical trials) to approval for marketing of a new drug may be 5 years or
considerably longer. Since the lifetime of a patent is 20 years in the USA, the owner of the patent (usually a pharmaceutical company) has exclusive
rights for marketing the product for only a limited time after approval of the new drug application. Because the FDA review process itself can be lengthy
(300–500 days for evaluation of an NDA), the time consumed by the review is sometimes added to the patent life. However, the extension (up to 5 years)
cannot increase the total life of the patent to more than 14 years after approval of a new drug application. The Patient Protection and Affordable Care
Act of 2010 provides for 12 years of patent protection for new drugs. After expiration of the patent, any company may produce the drug, file an
abbreviated new drug application (ANDA), demonstrate required equivalence, and, with FDA approval, market the drug as a generic product without
paying license fees to the original patent owner. Currently, more than half of prescriptions in the USA are for generic drugs. Even biotechnology-based
drugs such as antibodies and other proteins are now qualifying for generic (“biosimilar”) designation, and this has fueled regulatory concerns. More
information on drug patents is available at the FDA website at http://www.fda.gov/Drugs/DevelopmentApprovalProcess/ucm079031.htm.

A trademark is a drug’s proprietary trade name and is usually registered; this registered name may be legally protected as long as it is used. A
generically equivalent product, unless specially licensed, cannot be sold under the trademark name and is often designated by the official generic
name. Generic prescribing is described in Chapter 66.

Conflicts of Interest

Several factors in the development and marketing of drugs result in conflicts of interest. Use of pharmaceutical industry funding to support FDA
approval processes raises the possibility of conflicts of interest within the FDA. Supporters of this practice point out that chronic FDA underfunding by
the government allows for few alternatives. Another important source of conflicts of interest is the dependence of the FDA on outside panels of experts
who are recruited from the scientific and clinical community to advise the government agency on questions regarding drug approval or withdrawal.
Such experts are often recipients of grants from the companies producing the drugs in question. The need for favorable data in the new drug
application leads to phase 2 and 3 trials in which the new agent is compared only to placebo, not to older, effective drugs. As a result, data regarding
the efficacy and toxicity of the new drug relative to a known effective agent may not be available when the new drug is first marketed.

Manufacturers promoting a new agent may pay physicians to use it in preference to older drugs with which they are more familiar. Manufacturers
sponsor small and often poorly designed clinical studies after marketing approval and aid in the publication of favorable results but may retard
publication of unfavorable results. The need for physicians to meet continuing medical education (CME) requirements in order to maintain their
licenses encourages manufacturers to sponsor conferences and courses, often in highly attractive vacation sites, and new drugs are often featured in
such courses. The common practice of distributing free samples of new drugs to practicing physicians has both positive and negative effects. The
samples allow physicians to try out new drugs without incurring any cost to the patient. On the other hand, new drugs are usually much more
expensive than older agents, and when the free samples run out, the patient (or insurance carrier) may be forced to pay much more for treatment than
if the older, cheaper, and possibly equally effective drug were used. Finally, when the patent for a drug is nearing expiration, the patent-holding
manufacturer may try to extend its exclusive marketing status by paying generic manufacturers to not introduce a generic version (“pay to delay”).

Adverse Drug Reactions

An adverse drug event (ADE) or reaction to a drug (ADR) is a harmful or unintended response. Adverse drug reactions are claimed to be the fourth
leading cause of death, higher than pulmonary disease, AIDS, accidents, and automobile deaths. The FDA has further estimated that 300,000
preventable adverse events occur annually in hospitals, many as a result of confusing medical information or lack of information (eg, regarding drug
incompatibilities). Adverse reactions occurring only in certain susceptible patients include intolerance, idiosyncrasy (frequently genetic in origin), and
allergy (usually immunologically mediated). During IND studies and clinical trials before FDA approval, all adverse events (serious, life-threatening,
disabling, reasonably drug related, or unexpected) must be reported. After FDA approval to market a drug, surveillance, evaluation, and reporting
must continue for any adverse events that are related to use of the drug, including overdose, accident, failure of expected action, events occurring
from drug withdrawal, and unexpected events not listed in labeling. Events that are both serious and unexpected must be reported to the FDA within 15
days. The ability to predict and avoid adverse drug reactions and optimize a drug’s therapeutic index is an increasing focus of pharmacogenetic and
personalized (also called “precision”) medicine. It has been suggested that greater use of electronic health records will reduce some of these risks (see
Chapter 66). This hope has not yet been realized.

Orphan Drugs & Treatment of Rare Diseases

Drugs for rare diseases—so-called orphan drugs—can be difficult to research, develop, and market. Proof of drug safety and efficacy in small
populations must be established, but doing so is a complex process. Furthermore, because basic research in the pathophysiology and mechanisms of
rare diseases receives relatively little attention or funding in both academic and industrial settings, recognized rational targets for drug action may be
few. In addition, the cost of developing a drug can greatly influence priorities when the target population is relatively small. Funding for development
of drugs for rare diseases or ignored diseases that do not receive priority attention from the traditional industry has received increasing support via
philanthropy or similar funding from not-for-profit foundations such as the Cystic Fibrosis Foundation, the Michael J. Fox Foundation for Parkinson’s
Research, the Huntington’s Disease Society of America, and the Gates Foundation.

The Orphan Drug Amendment of 1983 provides incentives for the development of drugs for treatment of a rare disease or condition defined as “any
disease or condition which (a) affects less than 200,000 persons in the USA or (b) affects more than 200,000 persons in the USA but for which there is
no reasonable expectation that the cost of developing and making available in the USA a drug for such disease or condition will be recovered from
sales in the USA of such drug.” Since 1983, the FDA has approved for marketing more than 300 orphan drugs to treat more than 82 rare diseases.

SOURCES OF INFORMATION

Students who wish to review the field of pharmacology in preparation for an examination are referred to Pharmacology: Examination and Board
Review, by Katzung, Kruidering-Hall, and Trevor (McGraw Hill, 2019). This book provides approximately 1000 questions and explanations in USMLE
format. A short study guide is USMLE Road Map: Pharmacology, by Katzung and Trevor (McGraw Hill, 2006). Road Map contains numerous tables,
figures, mnemonics, and USMLE-type clinical vignettes.

The references at the end of each chapter in this book were selected to provide reviews or classic publications of information specific to those
chapters. More detailed questions relating to basic or clinical research are best answered by referring to the journals covering general pharmacology
and clinical specialties. For the student and the physician, three periodicals can be recommended as especially useful sources of current information
about drugs: The New England Journal of Medicine, which publishes much original drug-related clinical research as well as frequent reviews of topics
in pharmacology; The Medical Letter on Drugs and Therapeutics, which publishes brief critical reviews of new and old therapies; and Prescriber’s
Letter, a monthly comparison of new and older drug therapies with much useful advice. On the Internet/World Wide Web, two sources can be
particularly recommended: the Cochrane Collaboration and the FDA site (see reference list below).

Other sources of information pertinent to the United States should be mentioned as well. The “package insert” is a summary of information that the
manufacturer is required to place in the prescription sales package; Physicians’ Desk Reference (PDR) is a compendium of package inserts published
annually with supplements twice a year. It is sold in bookstores and distributed to licensed physicians. The package insert consists of a brief
description of the pharmacology of the product. This brochure contains much practical information, but also lists every toxic effect ever reported, no
matter how rare, thus shifting responsibility for adverse drug reactions from the manufacturer to the prescriber. UpToDate.com is a large subscription
website containing detailed descriptions of current standards of care, including drug therapy, for a wide variety of clinical conditions. Micromedex and
Lexi-Comp are extensive subscription websites. They provide downloads for personal digital assistant devices, online drug dosage and interaction
information, and toxicologic information. A useful and objective quarterly handbook that presents information on drug toxicity and interactions is
Drug Interactions: Analysis and Management. Finally, the FDA maintains an Internet website that carries news regarding recent drug approvals,
withdrawals, warnings, etc. It can be accessed at http://www.fda.gov. The MedWatch drug safety program is a free e-mail notification service that
provides news of FDA drug warnings and withdrawals. Subscriptions may be obtained at https://www.fda.gov/safety/medwatch-fda-safety-
information-and-adverse-event-reporting-program.

CASE STUDY ANSWER

Aspirin overdose commonly causes a mixed respiratory alkalosis and metabolic acidosis. Because aspirin is a weak acid, serum acidosis favors entry
of the drug into tissues (increasing toxicity), and urinary acidosis favors reabsorption of excreted drug back into the blood (prolonging the effects of
the overdose). Sodium bicarbonate, a weak base, is an important component of the management of aspirin overdose. It causes alkalosis, reducing
entry into tissues, and increases the pH of the urine, enhancing renal clearance of the drug. See the discussion of the ionization of weak acids and
weak bases in the text.
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MABs, monoclonal antibodies.

1The Kd is the concentration for 50% saturation of the receptors and is inversely proportionate to the affinity of the drug for the receptors.

Data from Ruffolo RR Jr, Gellai M, Hieble JP, et al: The Pharmacology of carvedilol, Eur J Clin Pharmacol 1990;38S2:S82-88.

MDR1, multidrug resistance protein-1; MRP1, multidrug resistance-associated protein-1; NET, norepinephrine transporter; SERT, serotonin reuptake transporter;

VMAT, vesicular monoamine transporter.

1The pKa is that pH at which the concentrations of the ionized and nonionized forms are equal.

2More than one ionizable group.

3Isoelectric point.
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Chapter 1: Introduction: The Nature of Drugs & Drug Development & Regulation

Bertram G. Katzung

CASE STUDY

CASE STUDY

A 78-year-old woman is brought to the hospital because of suspected aspirin overdose*. She has taken aspirin for joint pain for many years without
incident, but during the past year, she has exhibited signs of cognitive decline. Her caregiver finds her confused, hyperventilating, and vomiting. The
caregiver finds an empty bottle of aspirin tablets and calls 9-1-1. In the emergency department, samples of venous and arterial blood are obtained
while the airway, breathing, and circulation are evaluated. An intravenous (IV) drip is started, and gastrointestinal decontamination is begun. After
blood gas results are reported, sodium bicarbonate is administered via the IV. What is the purpose of the sodium bicarbonate?

Pharmacology can be defined as the study of substances that interact with living systems through chemical processes. These interactions usually
occur by binding of the substance to regulatory molecules and activating or inhibiting normal body processes. These substances may be chemicals
administered to achieve a beneficial therapeutic effect on some process within the patient or for their toxic effects on regulatory processes in parasites
infecting the patient. Such deliberate therapeutic applications may be considered the proper role of medical pharmacology, which is often defined
as the science of substances used to prevent, diagnose, and treat disease. Toxicology is the branch of pharmacology that deals with the undesirable
effects of chemicals on living systems, from individual cells to humans to complex ecosystems (Figure 1–1). The nature of drugs—their physical
properties and their interactions with biological systems—is discussed in part I of this chapter.

FIGURE 1–1

Major areas of study in pharmacology. The actions of chemicals can be divided into two large domains. The first (left side) is that of medical
pharmacology and toxicology, which is aimed at understanding the actions of drugs as chemicals on individual organisms, especially humans and
domestic animals. Both beneficial and toxic effects are included. Pharmacokinetics deals with the absorption, distribution, and elimination of drugs.
Pharmacodynamics concerns the actions of the chemical on the organism. The second domain (right side) is that of environmental toxicology, which is
concerned with the effects of chemicals on all organisms and their survival in groups and as species.

New drugs are added every year; they are needed for several reasons including: (1) increasing resistance by bacteria and other parasites; (2) discovery
of new target processes in diseases that have not been adequately treated; and (3) recognition of new diseases. Furthermore, a dramatic increase has
occurred in the number of large molecule drugs (especially antibodies) approved during the last two decades. The development of new drugs and their
regulation by government agencies are discussed in part II.

*The author thanks Barry Berkowitz, PhD, for contributions to the second part of this chapter in previous editions.

THE HISTORY OF PHARMACOLOGY

Prehistoric people undoubtedly recognized the beneficial or toxic effects of many plant and animal materials. Early written records list remedies of
many types, including a few that are still recognized as useful drugs today. Most, however, were worthless or actually harmful. Beginning about 1500
years ago, sporadic attempts were made to introduce rational methods into medicine, but none was successful owing to the dominance of systems of
thought (“schools”) that purported to explain all of biology and disease without the need for experimentation and observation. These schools
promulgated bizarre notions such as the idea that disease was caused by excesses of bile or blood in the body, that wounds could be healed by
applying a salve to the weapon that caused the wound, and so on.

Around the end of the 17th century, concepts based on observation and experimentation began to replace theorizing in physiology and clinical
medicine. As the value of these methods in the study of disease became clear, physicians in Great Britain and on the Continent began to apply them
systematically to the effects of traditional drugs used in their own practices. Thus, materia medica—the science of drug preparation and the medical
uses of drugs—began to develop as the precursor to pharmacology. However, any real understanding of the mechanisms of action of drugs was
prevented by the absence of methods for purifying active agents from the crude materials that were available and—even more—by the lack of methods
for testing hypotheses about the nature of drug actions.

In the late 18th and early 19th centuries, François Magendie and his student Claude Bernard began to develop the methods of experimental
physiology and pharmacology. Advances in chemistry and the further development of physiology in the 18th, 19th, and early 20th centuries laid the
foundation needed for understanding how drugs work at the organ and cellular levels. Paradoxically, real advances in basic pharmacology during this
time were accompanied by an outburst of unscientific claims by manufacturers and marketers of worthless “patent medicines.” Not until the concepts
of rational therapeutics, especially that of the controlled clinical trial, were reintroduced into medicine—only about 60 years ago—did it become
possible to adequately evaluate therapeutic claims.

Around the 1940s and 1950s, a major expansion of research efforts in all areas of biology began. As new concepts and new techniques were
introduced, information accumulated about drug action and the biologic substrate of that action, the drug receptor. During the last 60 years, many
fundamentally new drug groups and new members of old groups have been introduced. The last three decades have seen an even more rapid growth
of information and understanding of the molecular basis for drug action. The molecular mechanisms of action of many drugs have now been
identified, and numerous receptors have been isolated, structurally characterized, and cloned. In fact, the use of receptor identification methods
(described in Chapter 2) has led to the discovery of many orphan receptors—receptors for which no ligand has been discovered and whose function
can only be guessed. Studies of the local molecular environment of receptors have shown that receptors and effectors do not function in isolation;
they are strongly influenced by other receptors and by companion regulatory proteins. Most recently, it has become clear that gravitational change,
radiation, and other aspects of space outside the Earth’s environment require the development of space medicine. This has opened another important
area for the future of pharmacology. One result of these discoveries is the confirmation that pharmacology represents an area where anatomy,
biochemistry, genetics, physiology, pathology, clinical medicine, and the environment meet. Many problems that the health practitioner confronts can
now be corrected or mitigated using pharmacologic tools.

Pharmacogenomics—the relation of the individual’s genetic makeup to his or her response to specific drugs—is becoming an important part of
therapeutics (see Chapter 5). Decoding of the genomes of many species—from bacteria to humans—has led to the recognition of unsuspected
relationships between receptor families and the ways that receptor proteins have evolved. Furthermore, discovery of regulatory functions exerted by
the neighbors of chromosomes and the noncoding regions of DNA on the expression of exons has opened a new area of possible manipulation of the
genes—epigenetics—that control pharmacologic responses.

The discovery that small segments of RNA can interfere with protein synthesis with extreme selectivity has led to investigation of small interfering
RNAs (siRNAs) and micro-RNAs (miRNAs) as therapeutic agents. Similarly, short nucleotide chains called antisense oligonucleotides (ANOs),
synthesized to be complementary to natural RNA or DNA, can interfere with the readout of genes and the transcription of RNA. Finally, new, efficient
methods of DNA editing have made possible the modification of genes that encode proteins that are critical to immunologic functions, including
anticancer receptors on T-cells. These developments have led to a dramatic increase in large molecule therapeutics in the last 20 years (Table 1–1).

TABLE 1–1

Development of large molecule therapeutic agents as a fraction of all  new drug approvals,  2000–2017.

Y e a r Total  New Drug Approvals New Protein Drugs (∼% of new drug approvals) New MABs (∼% of new drug approvals)

2000 63 3 (5%) 1 (2%)

2008 34 5 (15%) 1 (3%)

2010 49 8 (16%) 4 (8%)

2015 69 13 (19%) 9 (13%)

2017 63 10 (16%) 9 (14%)

Unfortunately, the medication-consuming public is still exposed to vast amounts of inaccurate or unscientific information regarding the
pharmacologic effects of chemicals. This results in the irrational use of innumerable expensive, ineffective, and sometimes harmful remedies and the
growth of a huge “alternative health care” industry. Furthermore, manipulation of the legislative process in the United States has allowed many
substances promoted for health—but not promoted specifically as “drugs”—to avoid meeting the Food and Drug Administration (FDA) standards
described in the second part of this chapter. Conversely, lack of understanding of basic scientific principles in biology and statistics and the absence of
critical thinking about public health issues have led to rejection of medical science, including vaccines, by a segment of the public and to a common
tendency to assume that all adverse drug effects are the result of malpractice.

General principles that the student should remember are (1) that all substances can under certain circumstances be toxic; (2) that the chemicals in
botanicals (herbs and plant extracts, “nutraceuticals”) are no different from chemicals in manufactured drugs except for the much greater proportion
of impurities in botanicals; and (3) that all dietary supplements and all therapies promoted as health-enhancing should meet the same standards of
efficacy and safety as conventional drugs and medical therapies. That is, there should be no artificial separation between scientific medicine and
“alternative” or “complementary” medicine. Ideally, all nutritional and botanical substances should be tested by the same types of randomized
controlled trials (RCTs) as synthetic compounds.

GENERAL PRINCIPLES OF PHARMACOLOGY

THE NATURE OF DRUGS

In the most general sense, a drug may be defined as any substance that brings about a change in biologic function through its chemical actions. In most
cases, the drug molecule interacts as an agonist (activator) or antagonist (inhibitor) with a specific target molecule that plays a regulatory role in the
biologic system. This target molecule is called a receptor. Some of the new large molecule drugs (biologicals) are receptors themselves and bind
endogenous molecules. The nature of receptors is discussed more fully in Chapter 2. In a very small number of cases, drugs known as chemical
antagonists may interact directly with other drugs, whereas a few drugs (osmotic agents) interact almost exclusively with water molecules. Drugs
may be synthesized within the body (eg, hormones) or may be chemicals not synthesized in the patient’s body (ie, xenobiotics). Poisons are drugs
that have almost exclusively harmful effects. However, Paracelsus (1493–1541) famously stated that “the dose makes the poison,” meaning that any
substance can be harmful if taken in the wrong dosage. Toxins are usually defined as poisons of biologic origin, ie, synthesized by plants or animals,
in contrast to inorganic poisons such as lead and arsenic.

The Physical Nature of Drugs

To interact chemically with its receptor, a drug molecule must have the appropriate size, electrical charge, shape, and atomic composition.
Furthermore, a drug is often administered at a location distant from its intended site of action, eg, a pill taken orally to relieve a headache. Therefore, a
useful drug must have the necessary properties to be transported from its site of administration to its site of action. Finally, a practical drug should be
inactivated or excreted from the body at a reasonable rate so that its actions will be of appropriate duration.

Drugs may be solid at room temperature (eg, aspirin, atropine), liquid (eg, nicotine, ethanol), or gaseous (eg, nitrous oxide, nitric oxide, xenon). These
factors often determine the best route of administration. The most common routes of administration are described in Chapter 3, Table 3–3. The
various classes of organic compounds—carbohydrates, proteins, lipids, and smaller molecules—are all represented in pharmacology. As noted above,
many proteins have been approved and some oligonucleotides, in the form of small segments of RNA, have entered clinical trials and are on the
threshold of introduction into therapeutics.

A number of inorganic elements, eg, fluoride, lithium, iron, and heavy metals, are both useful and dangerous drugs. Many organic drugs are weak acids
or bases. This fact has important implications for the way they are handled by the body, because pH differences in the various compartments of the
body may alter the degree of ionization of weak acids and bases (see text that follows).

Drug Size

The molecular size of drugs varies from very small (lithium ion, molecular weight [MW] 7) to very large (eg, alteplase [t-PA], a protein of MW 59,050).
Many antibodies are even larger; eg, erenumab, an antibody used in the management of migraine, has a MW of more than 145,000. However, most
drugs have molecular weights between 100 and 1000. The lower limit of this narrow range is probably set by the requirements for specificity of action.
To have a good “fit” to only one type of receptor, a drug molecule must be sufficiently unique in shape, charge, and other properties to prevent its
binding to other receptors. To achieve such selective binding, it appears that a molecule should in most cases be at least 100 MW units in size. The
upper limit in molecular weight is determined primarily by the requirement that most drugs must be able to move within the body (eg, from the site of
administration to the site of action and then to the site of elimination). Drugs much larger than MW 1000 do not diffuse readily between compartments
of the body (discussed under Permeation, in following text). Therefore, very large drugs (usually proteins) must often be administered directly into the
compartment where they have their effect. In the case of alteplase, a clot-dissolving enzyme, the drug is administered directly into the vascular
compartment by intravenous or intra-arterial infusion.

Drug Reactivity & Drug-Receptor Bonds

Drugs interact with receptors by means of chemical forces or bonds. These are of three major types: covalent, electrostatic, and hydrophobic.
Covalent bonds are very strong and in many cases not reversible under biologic conditions. Thus, the covalent bond formed between the acetyl group
of acetylsalicylic acid (aspirin) and cyclooxygenase, its enzyme target in platelets, is not readily broken. The platelet aggregation–blocking effect of
aspirin lasts long after free acetylsalicylic acid has disappeared from the bloodstream (about 15 minutes) and is reversed only by the synthesis of new
enzyme in new platelets, a process that takes several days. Other examples of highly reactive, covalent bond-forming drugs include the DNA-alkylating
agents used in cancer chemotherapy to disrupt cell division in the tumor.

Electrostatic bonding is much more common than covalent bonding in drug-receptor interactions. Electrostatic bonds vary from relatively strong
linkages between permanently charged ionic molecules to weaker hydrogen bonds and very weak induced dipole interactions such as van der Waals
forces and similar phenomena. Electrostatic bonds are weaker than covalent bonds.

Hydrophobic bonds are usually quite weak and are probably important in the interactions of highly lipid-soluble drugs with the lipids of cell
membranes and perhaps in the interaction of drugs with the internal walls of receptor “pockets.”

The specific nature of a particular drug-receptor bond is of less practical importance than the fact that drugs that bind through weak bonds to their
receptors are generally more selective than drugs that bind by means of very strong bonds. This is because weak bonds require a very precise fit of the
drug to its receptor if an interaction is to occur. Only a few receptor types are likely to provide such a precise fit for a particular drug structure. Thus, if
we wished to design a highly selective drug for a particular receptor, we would avoid highly reactive molecules that form covalent bonds and instead
choose a molecule that forms weaker bonds.

A few substances that are almost completely inert in the chemical sense nevertheless have significant pharmacologic effects. For example, xenon, an
“inert” gas, has anesthetic effects at elevated pressures.

Drug Shape

The shape of a drug molecule must be such as to permit binding to its target site via the bonds just described. Optimally, the drug’s shape is
complementary to that of the target site (usually a receptor) in the same way that a key is complementary to a lock. Furthermore, the phenomenon of
chirality (stereoisomerism) is so common in biology that more than half of all useful drugs are chiral molecules; that is, they can exist as
enantiomeric pairs. Drugs with two asymmetric centers have four diastereomers, eg, ephedrine, a sympathomimetic drug. In most cases, one of these
enantiomers is much more potent than its mirror image enantiomer, reflecting a better fit to the receptor molecule. If one imagines the receptor site to
be like a glove into which the drug molecule must fit to bring about its effect, it is clear why a “left-oriented” drug is more effective in binding to a left-
hand receptor than its “right-oriented” enantiomer.

The more active enantiomer at one type of receptor site may not be more active at another receptor type, eg, a type that may be responsible for some
other effect. For example, carvedilol, a drug that interacts with adrenoceptors, has a single chiral center and thus two enantiomers (Table 1–2). One of
these enantiomers, the (S)(–) isomer, is a potent β-receptor blocker. The (R)(+) isomer is 100-fold weaker at the β receptor. However, the isomers are
approximately equipotent as α-receptor blockers. Ketamine, a chiral molecule with two isomers, was introduced as an anesthetic. When administered
as an anesthetic, the racemic mixture is administered intravenously. In contrast, the (S) enantiomer has recently been approved for use in nasal spray
form as a rapid-acting antidepressant.

TABLE 1–2

Dissociation constants (Kd )  of  the enantiomers and racemate of carvedilol.

Form of  Carvedilol α  Receptors (Kd ,  nmol/L1) β  Receptors (Kd ,  nmol/L)

(R)(+) enantiomer 14 45

(S)(−) enantiomer 16 0.4

(R,S)(±) enantiomers 11 0.9

Finally, because enzymes are usually stereoselective, one drug enantiomer is often more susceptible than the other to drug-metabolizing enzymes. As
a result, the duration of action of one enantiomer may be quite different from that of the other. Similarly, drug transporters may be stereoselective.

Unfortunately, most studies of clinical efficacy and drug elimination in humans have been carried out with racemic mixtures of drugs rather than with
the separate enantiomers. At present, less than half of the chiral drugs used clinically are marketed as the active isomer—the rest are available only as
racemic mixtures. As a result, a majority of patients receive drug doses of which 50% is less active or inactive. A few drugs are currently available in both
the racemic and the pure, active isomer forms. However, proof that administration of the pure, active enantiomer decreases adverse effects relative to
those produced by racemic formulations has not been established.

Rational Drug Design

Rational design of drugs implies the ability to predict the appropriate molecular structure of a drug on the basis of information about its biologic
receptor. Until recently, no receptor was known in sufficient detail to permit such drug design. Instead, drugs were developed through random testing
of chemicals or modification of drugs already known to have some effect. However, the characterization of many receptors during the past three
decades has changed this picture. A few drugs now in use were developed through molecular design based on knowledge of the three-dimensional
structure of the receptor site. Computer programs are now available that can iteratively optimize drug structures to fit known receptors. As more
becomes known about receptor structure, rational drug design will become more common.

Receptor Nomenclature

The spectacular success of newer, more efficient ways to identify and characterize receptors (see Chapter 2) has resulted in a variety of differing, and
sometimes confusing, systems for naming them. This in turn has led to a number of suggestions regarding more rational methods of naming
receptors. The interested reader is referred for details to the efforts of the International Union of Pharmacology (IUPHAR) Committee on Receptor
Nomenclature and Drug Classification (reported in various issues of Pharmacological Reviews and elsewhere) and to Alexander SP et al: The Concise
Guide to PHARMACOLOGY 2017/18: Overview. Br J Pharmacol 2017;174:S1. The chapters in this book mainly use these sources for naming receptors.

DRUG-BODY INTERACTIONS

The interactions between a drug and the body are conveniently divided into two classes. The actions of the drug on the body are termed
pharmacodynamic processes (Figure 1–1); the principles of pharmacodynamics are presented in greater detail in Chapter 2. These properties
determine the group in which the drug is classified, and they play the major role in deciding whether that group is appropriate therapy for a particular
symptom or disease. The actions of the body on the drug are called pharmacokinetic processes and are described in Chapters 3 and 4.
Pharmacokinetic processes govern the absorption, distribution, and elimination of drugs and are of great practical importance in the choice and
administration of a particular drug for a particular patient, eg, a patient with heart failure who also has impaired renal function. The following
paragraphs provide a brief introduction to pharmacodynamics and pharmacokinetics.

Pharmacodynamic Principles

Most drugs must bind to a receptor to bring about an effect. However, at the cellular level, drug binding is only the first in a sequence of possible steps:

Drug (D) + receptor-effector (R) → drug-receptor-effector complex → effect

D + R → drug-receptor complex → effector molecule → effect

D + R → D-R complex → activation of coupling molecule → effector molecule → effect

Inhibition of metabolism of endogenous activator → increased activator action on an effector molecule → increased effect

Note that the final change in function is accomplished by an effector mechanism. The effector may be part of the receptor molecule or may be a
separate molecule. A very large number of receptors communicate with their effectors through coupling molecules, as described in Chapter 2.

A. Types of Drug-Receptor Interactions

Agonist drugs bind to and activate the receptor in some fashion, which directly or indirectly brings about the effect (Figure 1–2A). Receptor activation
involves a change in conformation in the cases that have been studied at the molecular structure level. Some receptors incorporate effector machinery
in the same molecule, so that drug binding brings about the effect directly, eg, opening of an ion channel or activation of enzyme activity. Other
receptors are linked through one or more intervening coupling molecules to a separate effector molecule. The major types of drug-receptor-effector
coupling systems are discussed in Chapter 2. Pharmacologic antagonist drugs, by binding to a receptor, compete with and prevent binding by other
molecules. For example, acetylcholine receptor blockers such as atropine are antagonists because they prevent access of acetylcholine and similar
agonist drugs to the acetylcholine receptor site and they stabilize the receptor in its inactive state (or some state other than the acetylcholine-activated
state). These agents reduce the effects of acetylcholine and similar molecules in the body (Figure 1–2B), but their action can be overcome by increasing
the dosage of agonist. Some antagonists bind very tightly to the receptor site in an irreversible or pseudoirreversible fashion and cannot be displaced
by increasing the agonist concentration. Drugs that bind to the same receptor molecule but do not prevent binding of the agonist are said to act
allosterically and may enhance (Figure 1–2C) or inhibit (Figure 1–2D) the action of the agonist molecule. Allosteric inhibition is not usually overcome
by increasing the dose of agonist.

FIGURE 1–2

Drugs may interact with receptors in several ways. The effects resulting from these interactions are diagrammed in the dose-response curves at the
right. Drugs that alter the agonist (A) response may activate the agonist binding site, compete with the agonist (competitive inhibitors, B), or act at
separate (allosteric) sites, increasing (C) or decreasing (D) the response to the agonist. Allosteric activators (C) may increase the efficacy of the agonist
or its binding affinity. The curve shown reflects an increase in efficacy; an increase in affinity would result in a leftward shift of the curve.

B. Agonists That Inhibit Their Binding Molecules

Some drugs mimic agonist drugs by inhibiting the molecules responsible for terminating the action of an endogenous agonist. For example,
acetylcholinesterase inhibitors, by slowing the destruction of endogenous acetylcholine, cause cholinomimetic effects that closely resemble the
actions of cholinoceptor agonist molecules even though cholinesterase inhibitors do not bind or only incidentally bind to cholinoceptors (see Chapter
7). Because they amplify the effects of physiologically released endogenous agonist ligands, their effects are sometimes more selective and less toxic
than those of exogenous agonists.

C. Agonists, Partial Agonists, and Inverse Agonists

Figure 1–3 describes a useful model of drug-receptor interactions. As indicated, the receptor is postulated to exist partially in the inactive,
nonfunctional form (Ri) and partially in the activated form (Ra). Thermodynamic considerations indicate that even in the absence of any agonist, some

of the receptor pool must exist in the Ra form some of the time and may produce the same physiologic effect as agonist-induced activity. This effect,

occurring in the absence of agonist, is termed constitutive or basal activity. Agonists have a much higher affinity for the Ra configuration and

stabilize it, so that a large percentage of the total pool resides in the Ra–D fraction and a large effect is produced. The recognition of constitutive activity

may depend on the receptor density, the concentration of coupling molecules (if a coupled system), and the number of effectors in the system.

FIGURE 1–3

A model of drug-receptor interaction. The hypothetical receptor is able to assume two conformations. In the Ri conformation, it is inactive and

produces no effect, even when combined with a drug molecule. In the Ra conformation, the receptor can activate downstream mechanisms that

produce a small observable effect, even in the absence of drug (constitutive activity). In the absence of drugs, the two isoforms are in equilibrium, and
the Ri form is favored. Conventional full agonist drugs have a much higher affinity for the Ra conformation, and mass action thus favors the formation

of the Ra–D complex with a much larger observed effect. Partial agonists have an intermediate affinity for both Ri and Ra forms. Conventional

antagonists, according to this hypothesis, have equal affinity for both receptor forms and maintain the same level of constitutive activity. Inverse
agonists, on the other hand, have a much higher affinity for the Ri form, reduce constitutive activity, and may produce a contrasting physiologic result.

Many agonist drugs, when administered at concentrations sufficient to saturate the receptor pool, can activate their receptor-effector systems to the
maximum extent of which the system is capable; that is, they cause a shift of almost all of the receptor pool to the Ra–D pool. Such drugs are termed

full agonists. Other drugs, called partial agonists, bind to the same receptors and activate them in the same way but do not evoke as great a
response, no matter how high the concentration. In the model in Figure 1–3, partial agonists do not stabilize the Ra configuration as fully as full

agonists, so that a significant fraction of receptors exists in the Ri–D pool. Such drugs are said to have low intrinsic efficacy. Because they occupy the

same receptor site, partial agonists can also prevent access by full agonists. Thus, pindolol, a β-adrenoceptor partial agonist, may act either as an
agonist (if no full agonist is present) or as an antagonist (if a full agonist such as epinephrine is present). (See Chapter 2.) Intrinsic efficacy is
independent of affinity (as usually measured) for the receptor.

In the same model, conventional antagonist action can be explained as fixing the fractions of drug-bound Ri and Ra in the same relative amounts as in

the absence of any drug. In this situation, no change in activity will be observed, so the drug will appear to be without effect. However, the presence of
the antagonist at the receptor site will block access of agonists to the receptor and prevent the usual agonist effect. Such blocking action can be termed
neutral antagonism.

What will happen if a drug has a much stronger affinity for the Ri than for the Ra state and stabilizes a large fraction in the Ri–D pool? In this scenario the

drug will reduce any constitutive activity, thus resulting in effects that are the opposite of the effects produced by conventional agonists at that
receptor. Such drugs are termed inverse agonists (Figure 1–3). One of the best documented examples of such a system is the γ-aminobutyric acid
(GABAA) receptor-effector (a chloride channel) in the nervous system. This receptor is activated by the endogenous transmitter GABA and causes

inhibition of postsynaptic cells. Conventional exogenous agonists such as benzodiazepines also facilitate the receptor-effector system and cause
GABA-like inhibition with sedation as the therapeutic result. This sedation can be reversed by conventional neutral antagonists such as flumazenil.
Inverse agonists of this receptor system cause anxiety and agitation, the inverse of sedation (see Chapter 22). Similar inverse agonists have been found
for β adrenoceptors, histamine H1 and H2 receptors, and several other receptor systems.

D. Duration of  Drug Action

Termination of drug action can result from several processes. In some cases, the effect lasts only as long as the drug occupies the receptor, and
dissociation of drug from the receptor automatically terminates the effect. In many cases, however, the action may persist after the drug has
dissociated because, for example, some coupling molecule is still present in activated form. In the case of drugs that bind covalently to the receptor
site, the effect may persist until the drug-receptor complex is destroyed and new receptors or enzymes are synthesized, as described previously for
aspirin. In addition, many receptor-effector systems incorporate desensitization mechanisms for preventing excessive activation when agonist
molecules continue to be present for long periods. (See Chapter 2 for additional details.)

E. Receptors and Inert Binding Sites

To function as a receptor, an endogenous molecule must first be selective in choosing ligands (drug molecules) to bind; and second, it must change
its function upon binding in such a way that the function of the biologic system (cell, tissue, etc) is altered. The selectivity characteristic is required to
avoid constant activation of the receptor by promiscuous binding of many different ligands. The ability to change function is clearly necessary if the
ligand is to cause a pharmacologic effect. The body contains a vast array of molecules that are capable of binding drugs, however, and not all of these
endogenous molecules are regulatory molecules. Binding of a drug to a nonregulatory molecule such as plasma albumin will result in no detectable
change in the function of the biologic system, so this endogenous molecule can be called an inert binding site. Such binding is not completely
without significance, however, because it affects the distribution of drug within the body and determines the amount of free drug in the circulation.
Both of these factors are of pharmacokinetic importance (see also Chapter 3).

Pharmacokinetic Principles

In practical therapeutics, a drug should be able to reach its intended site of action after administration by some convenient route. In many cases, the
active drug molecule is sufficiently lipid-soluble and stable to be given as such. In some cases, however, an inactive precursor chemical that is readily
absorbed and distributed must be administered and then converted to the active drug by biologic processes—inside the body. Such a precursor
chemical is called a prodrug.

In only a few situations is it possible to apply a drug directly to its target tissue, eg, by topical application of an anti-inflammatory agent to inflamed skin
or mucous membrane. Most often, a drug is administered into one body compartment, eg, the gut, and must move to its site of action in another
compartment, eg, the brain in the case of an antiseizure medication. This requires that the drug be absorbed into the blood from its site of
administration and distributed to its site of action, permeating through the various barriers that separate these compartments. For a drug given
orally to produce an effect in the central nervous system, these barriers include the tissues that make up the wall of the intestine, the walls of the
capillaries that perfuse the gut, and the blood-brain barrier, the walls of the capillaries that perfuse the brain. Finally, after bringing about its effect, a
drug should be eliminated at a reasonable rate by metabolic inactivation, by excretion from the body, or by a combination of these processes.

A. Permeation

Drug permeation proceeds by several mechanisms. Passive diffusion in an aqueous or lipid medium is common, but active processes play a role in the
movement of many drugs, especially those whose molecules are too large to diffuse readily (Figure 1–4). Drug vehicles can be very important in
facilitating transport and permeation, eg, by encapsulating the active agent in liposomes and in regulating release, as in slow release preparations.
Newer methods of facilitating transport of drugs by coupling them to nanoparticles are under investigation.

FIGURE 1–4

Mechanisms of drug permeation. Drugs may diffuse passively through aqueous channels in the intercellular junctions (eg, tight junctions, A), or
through lipid cell membranes (B). Drugs with the appropriate characteristics may be transported by carriers into or out of cells (C). Very impermeant
drugs may also bind to cell surface receptors (dark binding sites), be engulfed by the cell membrane (endocytosis), and then be released inside the cell
or expelled via the membrane-limited vesicles out of the cell into the extracellular space (exocytosis, D).

1.  Aqueous dif fusion

Aqueous diffusion occurs within the larger aqueous compartments of the body (interstitial space, cytosol, etc) and across epithelial membrane tight
junctions and the endothelial lining of blood vessels through aqueous pores that—in some tissues—permit the passage of molecules as large as MW

20,000–30,000.* See Figure 1–4A.

Aqueous diffusion of drug molecules is usually driven by the concentration gradient of the permeating drug, a downhill movement described by Fick’s
law (see below). Drug molecules that are bound to large plasma proteins (eg, albumin) do not permeate most vascular aqueous pores. If the drug is
charged, its flux is also influenced by electrical fields (eg, the membrane potential and—in parts of the nephron—the transtubular potential).

*The capillaries of the brain, the testes, and some other tissues are characterized by the absence of pores that permit aqueous diffusion. They may also
contain high concentrations of drug export pumps (MDR pump molecules; see text). These tissues are therefore protected or “sanctuary” sites from
many circulating drugs.

2.  L ipid di f fusion

Lipid diffusion is the most important limiting factor for drug permeation because of the large number of lipid barriers that separate the compartments
of the body. Because these lipid barriers separate aqueous compartments, the lipid:aqueous partition coefficient of a drug determines how
readily the molecule moves between aqueous and lipid media. In the case of weak acids and weak bases (which gain or lose electrical charge-bearing
protons, depending on the pH), the ability to move from aqueous to lipid or vice versa varies with the pH of the medium, because charged molecules
attract water molecules. The ratio of lipid-soluble form to water-soluble form for a weak acid or weak base is expressed by the Henderson-Hasselbalch
equation (described in the following text). See Figure 1–4B.

3 .  S p e c i a l  c a r r i e r s

Special carrier molecules exist for many substances that are important for cell function and too large or too insoluble in lipid to diffuse passively
through membranes, eg, peptides, amino acids, and glucose. These carriers bring about movement by active transport or facilitated diffusion and,
unlike passive diffusion, are selective, saturable, and inhibitable. Because many drugs are or resemble such naturally occurring peptides, amino acids,
or sugars, they can use these carriers to cross membranes. See Figure 1–4C.

Many cells also contain less selective membrane carriers that are specialized for expelling foreign molecules. One large family of such transporters
binds adenosine triphosphate (ATP) and is called the ABC (ATP-binding cassette) family. This family includes the P-glycoprotein or multidrug
resistance type 1 (MDR1) transporter found in the brain, testes, and other tissues, and in some drug-resistant neoplastic cells (Table 1–3). Similar
transport molecules from the ABC family, the multidrug resistance-associated protein (MRP) transporters, play important roles in the excretion
of some drugs or their metabolites into urine and bile and in the resistance of some tumors to chemotherapeutic drugs. Genomic variation in the
expression of these transporters has a profound effect on sensitivity to these drugs (see Chapter 5). Several other transporter families have been
identified that do not bind ATP but use ion gradients to drive transport. Some of these (the solute carrier [SLC] family) are particularly important in the
uptake of neurotransmitters across nerve-ending membranes. The latter carriers are discussed in more detail in Chapter 6.

TABLE 1–3

Some transport molecules important in pharmacology.

Transporter Physiologic Function Pharmacologic Significance

NET Norepinephrine reuptake from synapse Target of cocaine and some tricyclic antidepressants

SERT Serotonin reuptake from synapse Target of selective serotonin reuptake inhibitors and some tricyclic

antidepressants

VMAT Transport of dopamine and norepinephrine into

adrenergic vesicles in nerve endings

Target of reserpine and tetrabenazine

MDR1 Transport of many xenobiotics out of cells Increased expression confers resistance to certain anticancer drugs;

inhibition increases blood levels of digoxin

MRP1 Leukotriene secretion Confers resistance to certain anticancer and antifungal drugs

4 .  E n d o c y t o s i s  a n d  e x o c y t o s i s

A few substances are so large or impermeant that they can enter cells only by endocytosis, the process by which the substance is bound at a cell-
surface receptor, engulfed by the cell membrane, and carried into the cell by pinching off of the newly formed vesicle inside the membrane. The
substance can then be released into the cytosol by breakdown of the vesicle membrane (Figure 1–4D). This process is responsible for the transport of
vitamin B12, complexed with a binding protein (intrinsic factor) across the wall of the gut into the blood. Similarly, iron is transported into hemoglobin-

synthesizing red blood cell precursors in association with the protein transferrin. Specific receptors for the binding proteins must be present for this
process to work.

The reverse process (exocytosis) is responsible for the secretion of many substances from cells. For example, many neurotransmitter substances are
stored in membrane-bound vesicles in nerve endings to protect them from metabolic destruction in the cytoplasm. Appropriate activation of the nerve
ending causes fusion of the storage vesicle with the cell membrane and expulsion of its contents into the extracellular space (see Chapter 6).

B. Fick’s Law of Diffusion

The passive flux of molecules down a concentration gradient is given by Fick’s law:

where C1 is the higher concentration, C2 is the lower concentration, area is the cross-sectional area of the diffusion path, permeability coefficient is a

measure of the mobility of the drug molecules in the medium of the diffusion path, and thickness is the length of the diffusion path. In the case of lipid

 electrostatic charge of an ionized molecule attracts water dipoles and results in a polar, relatively water-soluble and lipid-insoluble complex.
ause lipid diffusion depends on relatively high lipid solubility, ionization of drugs may markedly reduce their ability to permeate membranes. A v
e percentage of the drugs in use are weak acids or weak bases; Table 1–4 lists some examples. For drugs, a weak acid is best defined as a neutral

lecule that can reversibly dissociate into an anion (a negatively charged molecule) and a proton (a hydrogen ion). For example, aspirin dissociate
ollows:

ABLE 1–4

onization constants of  some common drugs.

D r u g p Ka1 D r u g p Ka1 D r u g p Ka1

Weak acids Weak bases Weak bases (cont’d)

 Acetaminophen 9.5  Albuterol (salbutamol) 9.3  Isoproterenol 8.6

 Acetazolamide 7.2  Allopurinol 9.4, 12.32  Lidocaine 7.9

 Ampicillin 2.5  Alprenolol 9.6  Metaraminol 8.6

 Aspirin 3.5  Amiloride 8.7  Methadone 8.4

 Chlorothiazide 6.8, 9.42  Amiodarone 6.6  Methamphetamine 10.0

 Chlorpropamide 5.0  Amphetamine 9.8  Methyldopa 10.6

 Ciprofloxacin 6.1, 8.72  Atropine 9.7  Metoprolol 9.8

 Cromolyn 2.0  Bupivacaine 8.1  Morphine 7.9

 Ethacrynic acid 2.5  Chlordiazepoxide 4.6  Nicotine 7.9, 3.12

 Furosemide 3.9  Chloroquine 10.8, 8.4  Norepinephrine 8.6

 Ibuprofen 4.4, 5.22  Chlorpheniramine 9.2  Pentazocine 7.9

 Levodopa 2.3  Chlorpromazine 9.3  Phenylephrine 9.8

 Methotrexate 4.8  Clonidine 8.3  Physostigmine 7.9, 1.82

 Methyldopa 2.2, 9.22  Cocaine 8.5  Pilocarpine 6.9, 1.42

 Penicillamine 1.8  Codeine 8.2  Pindolol 8.6

 Pentobarbital 8.1  Cyclizine 8.2  Procainamide 9.2

 Phenobarbital 7.4  Desipramine 10.2  Procaine 9.0

 Phenytoin 8.3  Diazepam 3.0  Promethazine 9.1

 Propylthiouracil 8.3  Diphenhydramine 8.8  Propranolol 9.4

 Sulfapyridine 8.4  Epinephrine 8.7  Quinidine 8.5, 4.42

 Theophylline 8.8  Ergotamine 6.3  Scopolamine 8.1

 Tolbutamide 5.3  Fluphenazine 8.0, 3.92  Strychnine 8.0, 2.32

 Warfarin 5.0  Hydralazine 7.1  Terbutaline 10.1

 Imipramine 9.5  Thioridazine 9.5

A weak base can be defined as a neutral molecule that can form a cation (a positively charged molecule) by combining with a proton. For example,
pyrimethamine, an antimalarial drug, undergoes the following association-dissociation process:

Note that the protonated form of a weak acid is the neutral, more lipid-soluble form, whereas the unprotonated form of a weak base is the neutral
form. The law of mass action requires that these reactions move to the left in an acid environment (low pH, excess protons available) and to the right in
an alkaline environment. The Henderson-Hasselbalch equation relates the ratio of protonated to unprotonated weak acid or weak base to the
molecule’s pKa and the pH of the medium as follows:

This equation applies to both acidic and basic drugs. Inspection confirms that the lower the pH relative to the pKa, the greater will be the fraction of

drug in the protonated form. Because the uncharged form is the more lipid-soluble, more of a weak acid will be in the lipid-soluble form at acid pH,
whereas more of a basic drug will be in the lipid-soluble form at alkaline pH.

Application of this principle is made in the manipulation of drug excretion by the kidney (see Case Study). Almost all drugs are filtered at the
glomerulus. If a drug is in a lipid-soluble form during its passage down the renal tubule, a significant fraction will be reabsorbed by simple passive
diffusion. If the goal is to accelerate excretion of the drug (eg, in a case of drug overdose), it is important to prevent its reabsorption from the tubule.
This can often be accomplished by adjusting urine pH to make certain that most of the drug is in the ionized state, as shown in Figure 1–5. As a result of
this partitioning effect, the drug is “trapped” in the urine. Thus, weak acids are usually excreted faster in alkaline urine; weak bases are usually
excreted faster in acidic urine. Other body fluids in which pH differences from blood pH may cause trapping or reabsorption are the contents of the
stomach (normal pH 1.9–3) and small intestine (pH 7.5–8), breast milk (pH 6.4–7.6), aqueous humor (pH 6.4–7.5), and vaginal and prostatic secretions
(pH 3.5–7).

FIGURE 1–5

Trapping of a weak base (methamphetamine) in the urine when the urine is more acidic than the blood. In the hypothetical case illustrated, the
diffusible uncharged form of the drug has equilibrated across the membrane, but the total concentration (charged plus uncharged) in the urine (more
than 10 mg) is 25 times higher than in the blood (0.4 mg).

As indicated by Table 1–4, a large number of drugs are weak bases. Most of these bases are amine-containing molecules. The nitrogen of a neutral
amine has three atoms associated with it plus a pair of unshared electrons (see the display that follows). The three atoms may consist of one carbon or
a chain of carbon atoms (designated “R”) and two hydrogens (a primary amine), two carbons and one hydrogen (a secondary amine), or three
carbon atoms (a tertiary amine). Each of these three forms may reversibly bind a proton with the unshared electrons. Some drugs have a fourth
carbon-nitrogen bond; these are quaternary amines. However, the quaternary amine is permanently charged and has no unshared electrons with
which to reversibly bind a proton. Therefore, primary, secondary, and tertiary amines may undergo reversible protonation and vary their lipid
solubility with pH, but quaternary amines are always in the poorly lipid-soluble charged form.

DRUG GROUPS

To learn each pertinent fact about each of the many hundreds of drugs mentioned in this book would be an impractical goal and, fortunately, is
unnecessary. Almost all the several thousand drugs currently available can be arranged into about 70 groups. Many of the drugs within each group are
very similar in pharmacodynamic actions and in their pharmacokinetic properties as well. For most groups, one or two prototype drugs can be
identified that typify the most important characteristics of the group. This permits classification of other important drugs in the group as variants of
the prototype, so that only the prototype must be learned in detail and, for the remaining drugs, only the differences from the prototype.

DRUG DEVELOPMENT & REGULATION

A truly new drug (one that does not simply mimic the structure and action of previously available drugs) requires the discovery of a new drug target, ie,
the pathophysiologic process or substrate of a disease. Such discoveries are usually made in public sector institutions (universities and research
institutes), and molecules that have beneficial effects on such targets are often discovered in the same laboratories. However, the development of new
drugs usually takes place in industrial laboratories because optimization of a class of new drugs requires painstaking and expensive chemical,
pharmacologic, and toxicologic research. In fact, much of the recent progress in the application of drugs to disease problems can be ascribed to the
pharmaceutical industry including “big pharma,” the multibillion-dollar corporations that specialize in drug development and marketing. These
companies are uniquely skilled in translating basic findings into successful therapeutic breakthroughs and profit-making “blockbusters” (see
https://clincalc.com/DrugStats/Top200Drugs.aspx).

Such breakthroughs come at a price, however, and the escalating cost of drugs has become a significant contributor to the increase in the cost of
health care. Development of new drugs is enormously expensive, but considerable controversy surrounds drug pricing. Drug prices in the United
States have increased many-fold faster than overall price inflation. Critics claim that the costs of development and marketing drugs are grossly inflated
by marketing activities, advertising, and other promotional efforts, which may consume as much as 25% or more of a company’s budget. Furthermore,
profit margins for big pharma are relatively high. Recent drug-pricing scandals have been reported in which the rights to an older, established drug
that requires no costly development have been purchased by a smaller company and the price increased by several hundred or several thousand
percent. This “price gouging” has caused public outrage and attracted regulatory attention that may result in more legitimate and rational pricing
mechanisms. Finally, pricing schedules for many drugs vary dramatically from country to country and even within countries, where large organizations
can negotiate favorable prices and small ones cannot. Some countries have already addressed these inequities, and it seems likely that all countries
will have to do so during the next few decades.

NEW DRUG DEVELOPMENT

The development of a new drug usually begins with the discovery or synthesis of a potential new drug compound or the elucidation of a new drug
target. After a new drug molecule is synthesized or extracted from a natural source, subsequent steps seek an understanding of the drug’s interactions
with its biologic targets. Repeated application of this approach leads to synthesis of related compounds with increased efficacy, potency, and
selectivity (Figure 1–6). In the United States, the safety and efficacy of drugs must be established before marketing can be legally carried out. In
addition to in vitro studies, relevant biologic effects, drug metabolism, pharmacokinetic profiles, and relative safety of the drug must be characterized
in vivo in animals before human drug trials can be started. With regulatory approval, human testing may then go forward (usually in three phases)
before the drug is considered for approval for general use. A fourth phase of data gathering and safety monitoring is becoming increasingly important
and follows after approval for marketing. Once approved, the great majority of drugs become available for use by any appropriately licensed
practitioner. Highly toxic drugs that are nevertheless considered valuable in lethal diseases may be approved for restricted use by practitioners who
have undergone special training in their use and who maintain detailed records.

FIGURE 1–6

The development and testing process required to bring a drug to market in the USA. Some of the requirements may be different for drugs used in life-
threatening diseases (see text).

DRUG DISCOVERY

Most new drugs or drug products are discovered or developed through the following approaches: (1) screening for biologic activity of large numbers of
natural products, banks of previously discovered chemical entities, or large libraries of peptides, nucleic acids, and other organic molecules; (2)
chemical modification of a known active molecule, resulting in a “me-too” analog; (3) identification or elucidation of a new drug target, which suggests
molecules that will hit that target; and (4) rational design of a new molecule based on an understanding of biologic mechanisms and drug receptor
structure. Steps (3) and (4) are often carried out in academic research laboratories and are more likely to lead to breakthrough drugs, but the costs of
steps (1) and (2) usually ensure that industry carries them out.

Once a new drug target or promising molecule has been identified, the process of moving from the basic science laboratory to the clinic begins. This
translational research involves the preclinical and clinical steps described next. While clinical trials in humans are required only for drugs to be
used in humans, all of the other steps described apply to veterinary drugs as well as drugs for human diseases.

Drug Screening

Drug screening involves a variety of assays at the molecular, cellular, organ system, and whole animal levels to define the pharmacologic profile, ie,
the activity and selectivity of the drug. The type and number of initial screening tests depend on the pharmacologic and therapeutic goal. For example,
anti-infective drugs are tested against a variety of infectious organisms, some of which are resistant to standard agents; hypoglycemic drugs are tested
for their ability to lower blood sugar, etc.

The candidate molecule is also studied for a broad array of other actions to determine the mechanism of action and selectivity of the drug. This can
reveal both expected and unexpected toxic effects. Occasionally, an unexpected therapeutic action is serendipitously discovered by a careful observer;
for example, the era of modern diuretics was initiated by the observation that certain antimicrobial sulfonamides caused metabolic acidosis in
patients. The selection of compounds for development is most efficiently conducted in animal models of human disease. Where good predictive
preclinical models exist (eg, infection, hypertension, or thrombotic disease), we generally have good or excellent drugs. Good drugs or breakthrough
improvements are conspicuously lacking and slow for diseases for which preclinical models are poor or not yet available, eg, autism and Alzheimer
disease.

At the molecular level, the candidate compound would be screened for activity on the target, for example, receptor binding affinity to cell membranes
containing the homologous animal receptors (or if possible, on the cloned human receptors). Early studies would be done to predict effects that might
later cause undesired drug metabolism or toxicologic complications. For example, studies on liver cytochrome P450 enzymes would be performed to
determine whether the molecule of interest is likely to be a substrate or inhibitor of these enzymes or to alter the metabolism of other drugs.

Effects on cell function determine whether the drug is an agonist, partial agonist, inverse agonist, or antagonist at relevant receptors. Isolated tissues
would be used to characterize the pharmacologic activity and selectivity of the new compound in comparison with reference compounds. Comparison
with other drugs would also be undertaken in a variety of in vivo studies. At each step in this process, the compound would have to meet specific
performance and selectivity criteria to be carried further.

Whole animal studies are generally necessary to determine the effect of the drug on organ systems and disease models. Cardiovascular and renal
function studies of new drugs are generally first performed in normal animals. Studies on disease models, if available, are then performed. For a
candidate antihypertensive drug, animals with hypertension would be treated to see whether blood pressure was lowered in a dose-related manner
and to characterize other effects of the compound. Evidence would be collected on duration of action and efficacy after oral and parenteral
administration. If the agent possessed useful activity, it would be further studied for possible adverse effects on other organs, including the
respiratory, gastrointestinal, renal, endocrine, and central nervous systems.

These studies might suggest the need for further chemical modification (compound optimization) to achieve more desirable pharmacokinetic or
pharmacodynamic properties. For example, oral administration studies might show that the drug was poorly absorbed or rapidly metabolized in the
liver; modification to improve bioavailability might be indicated. If the drug is to be administered long term, an assessment of tolerance development
would be made. For drugs related to or having mechanisms of action similar to those known to cause physical or psychological dependence in
humans, ability to cause dependence in animals would also be studied. Drug interactions would be examined.

The desired result of this screening procedure (which may have to be repeated several times with congeners of the original molecule) is a lead
compound, ie, a leading candidate for a successful new drug. A patent application would be filed for a novel compound (a composition of matter
patent) that is efficacious, or for a new and nonobvious therapeutic use (a use patent) for a previously known chemical entity.

PRECLINICAL SAFETY & TOXICITY TESTING

All chemicals are toxic in some individuals at some dose. Candidate drugs that survive the initial screening procedures must be carefully evaluated for
potential risks before and during clinical testing. Depending on the proposed use of the drug, preclinical toxicity testing includes most or all of the
procedures shown in Table 1–5. Although no chemical can be certified as completely “safe” (free of risk), the objective is to estimate the risk associated
with exposure to the drug candidate and to consider this in the context of therapeutic needs and likely duration of drug use.

TABLE 1–5

Safety tests.

Type of  Test Approach and Goals

Acute toxicity Usually two species, two routes. Determine the no-effect dose and the maximum tolerated dose. In some cases, determine the acute

dose that is lethal in approximately 50% of animals.

Subacute or

subchronic toxicity

Three doses, two species. Two weeks to 3 months of testing may be required before clinical trials. The longer the duration of

expected clinical use, the longer the subacute test. Determine biochemical, physiologic effects.

Chronic toxicity Rodent and at least one nonrodent species for ≥6 months. Required when drug is intended to be used in humans for prolonged

periods. Usually run concurrently with clinical trials. Determine same end points as subacute toxicity tests.

Effect on

reproductive

performance

Two species, usually one rodent and rabbits. Test effects on animal mating behavior, reproduction, parturition, progeny, birth

defects, postnatal development.

Carcinogenic

potential

Two years, two species. Required when drug is intended to be used in humans for prolonged periods. Determine gross and histologic

pathology.

Mutagenic

potential

Test effects on genetic stability and mutations in bacteria (Ames test) or mammalian cells in culture; dominant lethal test and

clastogenicity in mice.

The goals of preclinical toxicity studies include identifying potential human toxicities, designing tests to further define the toxic mechanisms, and
predicting the most relevant toxicities to be monitored in clinical trials. In addition to the studies shown in Table 1–5, several quantitative estimates are
desirable. These include the no-effect dose—the maximum dose at which a specified toxic effect is not seen; the minimum lethal dose—the
smallest dose that is observed to kill any experimental animal; and, if necessary, the median lethal dose (LD50)—the dose that kills approximately

50% of the animals in a test group. Presently, the LD50 is estimated from the smallest number of animals possible. These doses are used to calculate

the initial dose to be tried in humans, usually taken as one hundredth to one tenth of the no-effect dose in animals.

It is important to recognize the limitations of preclinical testing. These include the following:

1. Toxicity testing is time-consuming and expensive. Two to 6 years may be required to collect and analyze data on toxicity before the drug can be
considered ready for testing in humans.

2. Large numbers of animals may be needed to obtain valid preclinical data. Scientists are properly concerned about this situation, and progress has
been made toward reducing the numbers required while still obtaining valid data. Cell and tissue culture in vitro methods and computer modeling
are increasingly being used, but their predictive value is still limited. Nevertheless, some segments of the public attempt to halt all animal testing in
the unfounded belief that it has become unnecessary.

3. Extrapolations of toxicity data from animals to humans are reasonably predictive for many but not for all toxicities.

4. For statistical reasons, rare adverse effects are unlikely to be detected in preclinical testing.

EVALUATION IN HUMANS

A very small fraction of lead compounds reach clinical trials, and less than one third of the drugs studied in humans survive clinical trials and reach the
marketplace. Federal law in the USA and ethical considerations require that the study of new drugs in humans be conducted in accordance with
stringent guidelines. Scientifically valid results are not guaranteed simply by conforming to government regulations, however, and the design and
execution of a good clinical trial require interdisciplinary personnel including basic scientists, clinical pharmacologists, clinician specialists,
statisticians, and others. The current standard for clinical trials is known as the randomized controlled trial (RCT) and is described below. The need for
careful design and execution is based on three major confounding factors inherent in the study of any drug in humans.

Confounding Factors in Clinical Trials

A. The Variable Natural History of Most Diseases

Many diseases tend to wax and wane in severity; some disappear spontaneously, even, on occasion, cancer. A good experimental design takes into
account the natural history of the disease by evaluating a large enough population of subjects over a sufficient period of time. Further protection
against errors of interpretation caused by disease fluctuations is sometimes provided by using a crossover design, which consists of alternating
periods of administration of test drug, placebo preparation (the control), and the previous standard treatment (positive control), if any, in each
subject. These sequences are systematically varied so that different subsets of patients receive each of the possible sequences of treatment.

B. The Presence of Other Diseases and Risk Factors

Known and unknown diseases and risk factors (including lifestyles of subjects) may influence the results of a clinical study. For example, some
diseases alter the pharmacokinetics of drugs (see Chapters 3 through 5). Other drugs and some foods alter the pharmacokinetics of many drugs.
Concentrations of blood or tissue components being monitored as a measure of the effect of the new agent may be influenced by other diseases or
other drugs. Attempts to avoid this hazard usually involve the crossover technique (when feasible) and proper selection and assignment of patients to
each of the study groups. This requires obtaining accurate diagnostic tests and medical and pharmacologic histories (including use of recreational
drugs, over-the-counter drugs, and “supplements”) and the use of statistically valid methods of randomization in assigning subjects to particular study
groups. There is growing interest in analyzing genetic variations as part of the trial that may influence whether a person responds to a particular drug.
It has been shown that age, gender, and pregnancy influence the pharmacokinetics of some drugs, but these factors have not been adequately studied
because of legal restrictions and reluctance to expose these populations to unknown risks.

C. Subject and Observer Bias and Other Factors

Most patients tend to respond in a positive way to any therapeutic intervention by interested, caring, and enthusiastic medical personnel. The
manifestation of this phenomenon in the subject is the placebo response (Latin, “I shall please”) and may involve objective physiologic and
biochemical changes as well as changes in subjective complaints associated with the disease. The placebo response is usually quantitated by
administration of an inert material with exactly the same physical appearance, odor, consistency, etc, as the active dosage form. The magnitude of the
response varies considerably from patient to patient and may also be influenced by the duration of the study. In some conditions, a positive response
may be noted in as many as 30–40% of subjects given placebo. Placebo adverse effects and “toxicity” also occur but usually involve subjective effects:
stomach upset, insomnia, sedation, and so on.

Subject bias effects can be quantitated—and minimized relative to the response measured during active therapy—by the single-blind design. This
involves use of a placebo as described above, administered to the same subjects in a crossover design, if possible, or to a separate control group of
well-matched subjects. Observer bias can be taken into account by disguising the identity of the medication being used—placebo or active form—from
both the subjects and the personnel evaluating the subjects’ responses (double-blind design). In this design, a third party holds the code identifying
each medication packet, and the code is not broken until all the clinical data have been collected.

Drug effects seen in clinical trials are obviously affected by the patient taking the drugs at the dose and frequency prescribed. In a recent phase 2 study,
one third of the patients who said they were taking the drug were found by blood analysis to have not taken the drug. Confirmation of compliance
with protocols (also known as adherence) is a necessary element to consider.

The various types of studies and the conclusions that may be drawn from them are described in the accompanying text box. (See Box: Drug Studies—
The Types of Evidence.)

Drug Studies—The Types of Evidence*

As described in this chapter, drugs are studied in a variety of ways, from 30-minute test tube experiments with isolated enzymes and receptors to
decades-long observations of populations of patients. The conclusions that can be drawn from such different types of studies can be summarized
as follows.

Basic research is designed to answer specific, usually single, questions under tightly controlled laboratory conditions, eg, does drug x inhibit
enzyme y? The basic question may then be extended, eg, if drug x inhibits enzyme y, what is the concentration-response relationship? Such
experiments are usually reproducible and often lead to reliable insights into the mechanism of the drug’s action.

First-in-human studies include phase 1–3 trials. Once a drug receives FDA approval for use in humans, case reports and case series consist of
observations by clinicians of the effects of drug (or other) treatments in one or more patients. These results often reveal unpredictable benefits and
toxicities but do not generally test a prespecified hypothesis and cannot prove cause and effect. Analytic epidemiologic studies consist of
observations designed to test a specified hypothesis, eg, that thiazolidinedione antidiabetic drugs are associated with adverse cardiovascular
events. Cohort epidemiologic studies utilize populations of patients that have (exposed group) and have not (control group) been exposed to the
agents under study and ask whether the exposed groups show a higher or lower incidence of the effect. Case-control epidemiologic studies utilize
populations of patients that have displayed the end point under study and ask whether they have been exposed or not exposed to the drugs in
question. Such epidemiologic studies add weight to conjectures but cannot control all confounding variables and therefore cannot conclusively
prove cause and effect.

Meta-analyses utilize rigorous evaluation and grouping of similar studies to increase the number of subjects studied and hence the statistical power
of results obtained in multiple published studies. While the numbers may be dramatically increased by meta-analysis, the individual studies still
suffer from their varying methods and end points, and a meta-analysis cannot prove cause and effect.

Large randomized controlled trials (RCTs) are designed to answer specific questions about the effects of medications on clinical end points or
important surrogate end points, using large enough samples of patients and allocating them to control and experimental treatments using rigorous
randomization methods. Randomization is the best method for distributing all foreseen confounding factors, as well as unknown confounders,
equally between the experimental and control groups. When properly carried out, such studies are rarely invalidated and are considered the gold
standard in evaluating drugs.

A critical factor in evaluating the data regarding a new drug is access to all the data. Unfortunately, many large studies are never published because
the results are negative, ie, the new drug is not better than the standard therapy. This missing data phenomenon falsely exaggerates the benefits of
new drugs because negative results are hidden.

*I thank Ralph Gonzales, MD, for helpful comments.

The Food & Drug Administration

The FDA is the administrative body that oversees the drug evaluation process in the USA and grants approval for marketing of new drug products. To
receive FDA approval for marketing, the originating institution or company (almost always the latter) must submit evidence of safety and effectiveness.
Outside the USA, the regulatory and drug approval process is generally similar to that in the USA.

As its name suggests, the FDA is also responsible for certain aspects of food safety, a role it shares with the US Department of Agriculture (USDA).
Shared responsibility results in complications when questions arise regarding the use of drugs, eg, antibiotics, in food animals. A different type of
problem arises when so-called food supplements are found to contain active drugs, eg, sildenafil analogs in “energy food” supplements.

The FDA’s authority to regulate drugs derives from specific legislation (Table 1–6). If a drug has not been shown through adequately controlled testing

to be “safe and effective” for a specific use, it cannot be marketed in interstate commerce for this use.*

TABLE 1–6

Some major legislation pertaining to drugs in the USA.

L a w Purpose and Effect

Pure Food and Drug Act

of 1906

Prohibited mislabeling and adulteration of drugs.

Opium Exclusion Act of

1909

Prohibited importation of opium.

Amendment (1912) to the

Pure Food and Drug Act

Prohibited false or fraudulent advertising claims.

Harrison Narcotic Act of

1914

Established regulations for use of opium, opiates, and cocaine (marijuana added in 1937).

Food, Drug, and Cosmetic

Act of 1938

Required that new drugs be safe as well as pure (but did not require proof of efficacy). Enforcement by the FDA.

Durham-Humphrey Act of

1952

Vested in the FDA the power to determine which products could be sold without prescription.

Kefauver-Harris

Amendments (1962) to

the Food, Drug, and

Cosmetic Act

Required proof of efficacy as well as safety for new drugs and for drugs released since 1938; established guidelines for

reporting of information about adverse reactions, clinical testing, and advertising of new drugs.

Comprehensive Drug

Abuse Prevention and

Control Act (1970)

Outlined strict controls in the manufacture, distribution, and prescribing of habit-forming drugs; established drug schedules

and programs to prevent and treat drug addiction.

Orphan Drug

Amendment of 1983

Provided incentives for development of drugs that treat diseases with fewer than 200,000 patients in the USA.

Drug Price Competition

and Patent Restoration

Act of 1984

Abbreviated new drug applications for generic drugs. Required bioequivalence data. Patent life extended by amount of time

drug delayed by FDA review process. Cannot exceed 5 extra years or extend to more than 14 years post-NDA approval.

Prescription Drug User

Fee Act (1992,

reauthorized 2007, 2012)

Manufacturers pay user fees for certain new drug applications. “Breakthrough” products may receive special category

approval after expanded phase 1 trials (2012).

Dietary Supplement

Health and Education Act

(1994)

Established standards with respect to dietary supplements but prohibited full FDA review of supplements and botanicals as

drugs. Required the establishment of specific ingredient and nutrition information labeling that defines dietary supplements

and classifies them as part of the food supply but allows unregulated advertising.

Bioterrorism Act of 2002 Enhanced controls on dangerous biologic agents and toxins. Seeks to protect safety of food, water, and drug supply.

Food and Drug

Administration

Amendments Act of 2007

Granted the FDA greater authority over drug marketing, labeling, and direct-to-consumer advertising; required post-approval

studies, established active surveillance systems, made clinical trial operations and results more visible to the public.

Biologics Price

Competition and

Innovation Act of 2009

Authorized the FDA to establish a program of abbreviated pathways for approval of “biosimilar” biologics (generic versions of

monoclonal antibodies, etc).

FDA Safety and

Innovation Act of 2012

Renewed FDA authorization for accelerated approval of urgently needed drugs; established new accelerated process,

“breakthrough therapy,” in addition to “priority review,” “accelerated approval,” and “fast-track” procedures.

Unfortunately, “safe” can mean different things to the patient, the physician, and society. Complete absence of risk is impossible to demonstrate, but
this fact may not be understood by members of the public, who frequently assume that any medication sold with the approval of the FDA should be
free of serious “side effects.” This confusion is a major factor in litigation and dissatisfaction with aspects of drugs and medical care.

The history of drug regulation in the USA (Table 1–6) reflects several health events that precipitated major shifts in public opinion. For example, the
Federal Food, Drug, and Cosmetic Act of 1938 was largely a reaction to deaths associated with the use of a preparation of sulfanilamide marketed
before it and its vehicle were adequately tested. Similarly, the Kefauver-Harris Amendments of 1962 were, in part, the result of a teratogenic drug
disaster involving thalidomide. This agent was introduced in Europe in 1957–1958 and was marketed as a “nontoxic” hypnotic and promoted as being
especially useful as a sleep aid during pregnancy. In 1961, reports were published suggesting that thalidomide was responsible for a dramatic increase
in the incidence of a rare birth defect called phocomelia, a condition involving shortening or complete absence of the arms and legs. Epidemiologic
studies provided strong evidence for the association of this defect with thalidomide use by women during the first trimester of pregnancy, and the
drug was withdrawn from sale worldwide. An estimated 10,000 children were born with birth defects because of maternal exposure to this one agent.
The tragedy led to the requirement for more extensive testing of new drugs for teratogenic effects and stimulated passage of the Kefauver-Harris
Amendments of 1962, even though the drug was not then approved for use in the USA. Despite its disastrous fetal toxicity and effects in pregnancy,
thalidomide is a relatively safe drug for humans other than the fetus. Even the most serious risk of toxicities may be avoided or managed if understood,
and despite its toxicity, thalidomide is now approved by the FDA for limited use as a potent immunoregulatory agent and to treat certain forms of
leprosy.

*Although the FDA does not directly control drug commerce within states, a variety of state and federal laws control interstate production and
marketing of drugs.

Clinical Trials: The IND & NDA

Once a new drug is judged ready to be studied in humans, a Notice of Claimed Investigational Exemption for a New Drug (IND) must be filed with the
FDA (Figure 1–6). The IND includes (1) information on the composition and source of the drug, (2) chemical and manufacturing information, (3) all data
from animal studies, (4) proposed plans for clinical trials, (5) the names and credentials of physicians who will conduct the clinical trials, and (6) a
compilation of the key preclinical data relevant to study of the drug in humans that have been made available to investigators and their institutional
review boards.

It often requires 4–6 years of clinical testing to accumulate and analyze all required data. Testing in humans is begun only after sufficient acute and
subacute animal toxicity studies have been completed. Chronic safety testing in animals, including carcinogenicity studies, is usually done concurrently
with clinical trials. In each phase of the clinical trials, volunteers or patients must be informed of the investigational status of the drug as well as the
possible risks and must be allowed to decline or to consent to participate and receive the drug. In addition to the approval of the sponsoring
organization and the FDA, an interdisciplinary institutional review board (IRB) at each facility where the clinical drug trial will be conducted must review
and approve the scientific and ethical plans for testing in humans.

In phase 1, the effects of the drug as a function of dosage are established in a small number (20–100) of healthy volunteers. If the drug is expected to
have significant toxicity, as may be the case in cancer and AIDS therapy, volunteer patients with the disease participate in phase 1 rather than normal
volunteers. Phase 1 trials are done to determine the probable limits of the safe clinical dosage range. These trials may be nonblind or “open”; that is,
both the investigators and the subjects know what is being given. Alternatively, they may be “blinded” and placebo controlled. Many predictable
toxicities are detected in this phase. Pharmacokinetic measurements of absorption, half-life, and metabolism are often done. Phase 1 studies are
usually performed in research centers by specially trained clinical pharmacologists.

In phase 2, the drug is studied in patients with the target disease to determine its efficacy (“proof of concept” studies), and the doses to be used in any
follow-on trials. A modest number of patients (100–200) are studied in detail. A single-blind design may be used, with an inert placebo medication and
an established active drug (positive control) in addition to the investigational agent. Phase 2 trials are usually done in special clinical centers (eg,
university hospitals). A broader range of toxicities may be detected in this phase. Phase 2 trials have the highest rate of drug failures, and only 25% of
innovative drugs move on to phase 3.

In phase 3, the drug is evaluated in much larger numbers—usually thousands—of patients with the target disease to further establish and confirm
safety and efficacy. Using information gathered in phases 1 and 2, phase 3 trials are designed to minimize errors caused by placebo effects, variable
course of the disease, etc. Therefore, double-blind and crossover techniques are often used. Phase 3 trials are usually performed in settings similar to
those anticipated for the ultimate use of the drug. Phase 3 studies can be difficult to design and execute and are usually expensive because of the large
numbers of patients involved and the masses of data that must be collected and analyzed. The drug is formulated as intended for the market. The
investigators are usually specialists in the disease being treated. Certain toxic effects, especially those caused by immunologic processes, may first
become apparent in phase 3.

If phase 3 results meet expectations, application is made for permission to market the new agent. Marketing approval requires submission of a New
Drug Application (NDA)—or for biologicals, a Biological License Application (BLA)—to the FDA. The application contains, often in hundreds of volumes,
full reports of all preclinical and clinical data pertaining to the drug under review. The number of subjects studied in support of new drug applications
has been increasing and currently averages more than 5000 patients for new drugs of novel structure (new molecular entities). The duration of the FDA
review leading to approval (or denial) of the new drug application may vary from months to years. If problems arise, eg, unexpected but possibly
serious toxicities, additional studies may be required and the review process may extend to several additional years.

Many phase 2 and phase 3 studies attempt to measure a new drug’s “noninferiority” to the placebo or a standard treatment. Interpretation of the
results may be difficult because of unexpected confounding variables, loss of subjects from some groups, or realization that results differ markedly
between certain subgroups within the active treatment (new drug) group. Older statistical methods for evaluating drug trials often fail to provide
definitive answers when these problems arise. Therefore, new “adaptive” statistical methods are under development that allow changes in the study
design when interim data evaluation indicates the need. Preliminary results with such methods suggest that they may allow decisions regarding
superiority as well as noninferiority, shortening of trial duration, discovery of new therapeutic benefits, and more reliable conclusions regarding the
results (see Bhatt & Mehta, 2016).

In cases of urgent need (eg, cancer chemotherapy), the process of preclinical and clinical testing and FDA review may be accelerated. For serious
diseases, the FDA may permit extensive but controlled marketing of a new drug before phase 3 studies are completed; for life-threatening diseases, it
may permit controlled marketing even before phase 2 studies have been completed. “Fast track,” “priority approval,” and “accelerated approval” are
FDA programs that are intended to speed entry of new drugs into the marketplace. In 2012, an additional special category of “breakthrough” products
(eg, for cystic fibrosis) was approved for restricted marketing after expanded phase 1 trials (Table 1–6). Roughly 50% of drugs in phase 3 trials enter
early, controlled marketing. Such accelerated approval is usually granted with the requirement that careful monitoring of the effectiveness and toxicity
of the drug be carried out and reported to the FDA. Unfortunately, FDA enforcement of this requirement has not always been adequate.

Once approval to market a drug has been obtained, phase 4 begins. This constitutes monitoring the safety of the new drug under actual conditions of
use in large numbers of patients. The importance of careful and complete reporting of toxicity by physicians after marketing begins can be appreciated
by noting that many important drug-induced effects have an incidence of 1 in 10,000 or less and that some adverse effects may become apparent only
after chronic dosing. The sample size required to disclose drug-induced events or toxicities is very large for such rare events. For example, several
hundred thousand patients may have to be exposed before the first case is observed of a toxicity that occurs with an average incidence of 1 in 10,000.
Therefore, low-incidence drug effects are not generally detected before phase 4 no matter how carefully phase 1, 2, and 3 studies are executed. Phase
4 has no fixed duration. As with monitoring of drugs granted accelerated approval, phase 4 monitoring has often been lax.

The time from the filing of a patent application (which usually precedes clinical trials) to approval for marketing of a new drug may be 5 years or
considerably longer. Since the lifetime of a patent is 20 years in the USA, the owner of the patent (usually a pharmaceutical company) has exclusive
rights for marketing the product for only a limited time after approval of the new drug application. Because the FDA review process itself can be lengthy
(300–500 days for evaluation of an NDA), the time consumed by the review is sometimes added to the patent life. However, the extension (up to 5 years)
cannot increase the total life of the patent to more than 14 years after approval of a new drug application. The Patient Protection and Affordable Care
Act of 2010 provides for 12 years of patent protection for new drugs. After expiration of the patent, any company may produce the drug, file an
abbreviated new drug application (ANDA), demonstrate required equivalence, and, with FDA approval, market the drug as a generic product without
paying license fees to the original patent owner. Currently, more than half of prescriptions in the USA are for generic drugs. Even biotechnology-based
drugs such as antibodies and other proteins are now qualifying for generic (“biosimilar”) designation, and this has fueled regulatory concerns. More
information on drug patents is available at the FDA website at http://www.fda.gov/Drugs/DevelopmentApprovalProcess/ucm079031.htm.

A trademark is a drug’s proprietary trade name and is usually registered; this registered name may be legally protected as long as it is used. A
generically equivalent product, unless specially licensed, cannot be sold under the trademark name and is often designated by the official generic
name. Generic prescribing is described in Chapter 66.

Conflicts of Interest

Several factors in the development and marketing of drugs result in conflicts of interest. Use of pharmaceutical industry funding to support FDA
approval processes raises the possibility of conflicts of interest within the FDA. Supporters of this practice point out that chronic FDA underfunding by
the government allows for few alternatives. Another important source of conflicts of interest is the dependence of the FDA on outside panels of experts
who are recruited from the scientific and clinical community to advise the government agency on questions regarding drug approval or withdrawal.
Such experts are often recipients of grants from the companies producing the drugs in question. The need for favorable data in the new drug
application leads to phase 2 and 3 trials in which the new agent is compared only to placebo, not to older, effective drugs. As a result, data regarding
the efficacy and toxicity of the new drug relative to a known effective agent may not be available when the new drug is first marketed.

Manufacturers promoting a new agent may pay physicians to use it in preference to older drugs with which they are more familiar. Manufacturers
sponsor small and often poorly designed clinical studies after marketing approval and aid in the publication of favorable results but may retard
publication of unfavorable results. The need for physicians to meet continuing medical education (CME) requirements in order to maintain their
licenses encourages manufacturers to sponsor conferences and courses, often in highly attractive vacation sites, and new drugs are often featured in
such courses. The common practice of distributing free samples of new drugs to practicing physicians has both positive and negative effects. The
samples allow physicians to try out new drugs without incurring any cost to the patient. On the other hand, new drugs are usually much more
expensive than older agents, and when the free samples run out, the patient (or insurance carrier) may be forced to pay much more for treatment than
if the older, cheaper, and possibly equally effective drug were used. Finally, when the patent for a drug is nearing expiration, the patent-holding
manufacturer may try to extend its exclusive marketing status by paying generic manufacturers to not introduce a generic version (“pay to delay”).

Adverse Drug Reactions

An adverse drug event (ADE) or reaction to a drug (ADR) is a harmful or unintended response. Adverse drug reactions are claimed to be the fourth
leading cause of death, higher than pulmonary disease, AIDS, accidents, and automobile deaths. The FDA has further estimated that 300,000
preventable adverse events occur annually in hospitals, many as a result of confusing medical information or lack of information (eg, regarding drug
incompatibilities). Adverse reactions occurring only in certain susceptible patients include intolerance, idiosyncrasy (frequently genetic in origin), and
allergy (usually immunologically mediated). During IND studies and clinical trials before FDA approval, all adverse events (serious, life-threatening,
disabling, reasonably drug related, or unexpected) must be reported. After FDA approval to market a drug, surveillance, evaluation, and reporting
must continue for any adverse events that are related to use of the drug, including overdose, accident, failure of expected action, events occurring
from drug withdrawal, and unexpected events not listed in labeling. Events that are both serious and unexpected must be reported to the FDA within 15
days. The ability to predict and avoid adverse drug reactions and optimize a drug’s therapeutic index is an increasing focus of pharmacogenetic and
personalized (also called “precision”) medicine. It has been suggested that greater use of electronic health records will reduce some of these risks (see
Chapter 66). This hope has not yet been realized.

Orphan Drugs & Treatment of Rare Diseases

Drugs for rare diseases—so-called orphan drugs—can be difficult to research, develop, and market. Proof of drug safety and efficacy in small
populations must be established, but doing so is a complex process. Furthermore, because basic research in the pathophysiology and mechanisms of
rare diseases receives relatively little attention or funding in both academic and industrial settings, recognized rational targets for drug action may be
few. In addition, the cost of developing a drug can greatly influence priorities when the target population is relatively small. Funding for development
of drugs for rare diseases or ignored diseases that do not receive priority attention from the traditional industry has received increasing support via
philanthropy or similar funding from not-for-profit foundations such as the Cystic Fibrosis Foundation, the Michael J. Fox Foundation for Parkinson’s
Research, the Huntington’s Disease Society of America, and the Gates Foundation.

The Orphan Drug Amendment of 1983 provides incentives for the development of drugs for treatment of a rare disease or condition defined as “any
disease or condition which (a) affects less than 200,000 persons in the USA or (b) affects more than 200,000 persons in the USA but for which there is
no reasonable expectation that the cost of developing and making available in the USA a drug for such disease or condition will be recovered from
sales in the USA of such drug.” Since 1983, the FDA has approved for marketing more than 300 orphan drugs to treat more than 82 rare diseases.

SOURCES OF INFORMATION

Students who wish to review the field of pharmacology in preparation for an examination are referred to Pharmacology: Examination and Board
Review, by Katzung, Kruidering-Hall, and Trevor (McGraw Hill, 2019). This book provides approximately 1000 questions and explanations in USMLE
format. A short study guide is USMLE Road Map: Pharmacology, by Katzung and Trevor (McGraw Hill, 2006). Road Map contains numerous tables,
figures, mnemonics, and USMLE-type clinical vignettes.

The references at the end of each chapter in this book were selected to provide reviews or classic publications of information specific to those
chapters. More detailed questions relating to basic or clinical research are best answered by referring to the journals covering general pharmacology
and clinical specialties. For the student and the physician, three periodicals can be recommended as especially useful sources of current information
about drugs: The New England Journal of Medicine, which publishes much original drug-related clinical research as well as frequent reviews of topics
in pharmacology; The Medical Letter on Drugs and Therapeutics, which publishes brief critical reviews of new and old therapies; and Prescriber’s
Letter, a monthly comparison of new and older drug therapies with much useful advice. On the Internet/World Wide Web, two sources can be
particularly recommended: the Cochrane Collaboration and the FDA site (see reference list below).

Other sources of information pertinent to the United States should be mentioned as well. The “package insert” is a summary of information that the
manufacturer is required to place in the prescription sales package; Physicians’ Desk Reference (PDR) is a compendium of package inserts published
annually with supplements twice a year. It is sold in bookstores and distributed to licensed physicians. The package insert consists of a brief
description of the pharmacology of the product. This brochure contains much practical information, but also lists every toxic effect ever reported, no
matter how rare, thus shifting responsibility for adverse drug reactions from the manufacturer to the prescriber. UpToDate.com is a large subscription
website containing detailed descriptions of current standards of care, including drug therapy, for a wide variety of clinical conditions. Micromedex and
Lexi-Comp are extensive subscription websites. They provide downloads for personal digital assistant devices, online drug dosage and interaction
information, and toxicologic information. A useful and objective quarterly handbook that presents information on drug toxicity and interactions is
Drug Interactions: Analysis and Management. Finally, the FDA maintains an Internet website that carries news regarding recent drug approvals,
withdrawals, warnings, etc. It can be accessed at http://www.fda.gov. The MedWatch drug safety program is a free e-mail notification service that
provides news of FDA drug warnings and withdrawals. Subscriptions may be obtained at https://www.fda.gov/safety/medwatch-fda-safety-
information-and-adverse-event-reporting-program.

CASE STUDY ANSWER

Aspirin overdose commonly causes a mixed respiratory alkalosis and metabolic acidosis. Because aspirin is a weak acid, serum acidosis favors entry
of the drug into tissues (increasing toxicity), and urinary acidosis favors reabsorption of excreted drug back into the blood (prolonging the effects of
the overdose). Sodium bicarbonate, a weak base, is an important component of the management of aspirin overdose. It causes alkalosis, reducing
entry into tissues, and increases the pH of the urine, enhancing renal clearance of the drug. See the discussion of the ionization of weak acids and
weak bases in the text.
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Affected with rickets. 2. To become or be reversed. As the sun water we can bear, Yet not the sun, but his reflection, Tides at highest mark regorge the
flood. Love refines The thoughts, and heart enlarges. 2. Of an uncommon nature; unusually excellent; valuable to a degree Round, a., and cf. Rondel,
Rondelay.] 1. (Mus.) A rondelay. "Sung all Who hath relieved you? ||Ru*bi"go (?), n. [L. rubigo, robigo, rust of metals, rust, blight.] De Quincey. No
woman's heart So big, to hold so much; they lack retention. Helianthemum, low shrubs or herbs with yellow flowers, especially the Rob"ing (?), n. The act
of putting on a robe. webs to catch its prey. Re*duc"tive (-t?v), a. [Cf. F. réductif.] Tending to reduce; having the Rift, n. [Written also reft.] [Dan. rift, fr. rieve
to rend. See Rive.] strata are regarded as closing the Triassic period. See the Chart of 2. That which is given in repayment or compensation; return
suitable to are all now believed to be derived from the Brassica campestris of carpet, for a wrap to protect the legs from cold, etc. 3. To oughen or disturb
the surface of; to make uneven by agitation or He saw a man, named Matthew, sitting at the receipt of custom. brook. authority; a royalist. [Obs.] Fuller.
Cassius. Shak. flexible. &?;&?;&?; story in danger of darkness. a timber or lumber port. law or in an illegal enterprise, as rioters, mutineers, or the like.
Heretofore the rate and standard of wit was different from what it Rep`re*sent"a*tive*ness, n. The quality or state of being operation; consequence or
effect; as, the result of a course of action; See Ridiculous.] 1. An object of sport or laughter; a laughingstock; a Rent"al (-al), n. [LL. rentale, fr. renta. See
Rent income.] 1. A Shak. crowned heads." Swift. 3. The right side; the side opposite to the left. ambition; restless subjects. "Restless at home , and ever
prone to Re`con*struc"tion (-str?k"sh?n), n. 1. The act of constructing again; Regrede.] 1. The act of passing back; passage back; return; celebrated epic
poem, and of German origin, G. Reinhard, OHG. Raw, n. A raw, sore, or galled place; a sensitive spot; as, to touch head, neck, and breast of the adult
male are black, and a narrow, but Respiratory foods. (Physiol.) See 2d Note under Food, n., 1. -- the loss or injury of; as, to recover lost time. "Loss of
catel may then forward, like those of a ram. [R.] Ash. Ris"ing, prep. More than; exceeding; upwards of; as, a horse rising six There the fierce winds his
tender force assail And beat him When adult its tail is chestnut red. Called also hen hawck, and 7. To take from a thief, as goods known to be stolen.
Ro"man*ist, n. One who adheres to Romanism. 5. (Zoöl.) Any species of South American humming birds of the genus Rom. xiv. 6. Rid"i*cu`ler (?), n. One
who ridicules. syllables of two or more verses, one succeeding another immediately or aside, and let the reptile live. Cæsar's approach has summoned us
together, And Rome attends her The same populace sit for hours listening to rhapsodists who recite (University of Oxford, Eng.) One who reads lectures
on scientific Re*bate", v. t. To cut a rebate in. See Rabbet, v. 1. A putting off of that which was appointed; a postponement or delay. Ray (r), v. t. [An
aphetic form of array; cf. Beray.] 1. To array. 2. Broken with rough edges; having jags; uneven; rough; jagged; as, } n. [Cf. F. recrudescence.] Rec"tor*al
(-al), a. [CF. F. rectoral.] Pertaining to a rector or 2. Used for riding on; as, a riding horse. Run"a*way`, a. 1. Running away; fleeing from danger, duty,
restraint, 3. (Bot.) A ray, or outer floret, of the capitulum of such plants as --- Rec"re*a`tive*ly, adv. -- Rec"re*a`tive*ness, n. Sir W. Raleigh. 5. (Archery) (a)
Casual marks at uncertain distances. Encyc. Brit. principles. Reft (r?ft), imp. & p. p. of Reave. Bereft. Young. receivableness. (d) To have a beginning; to
proceed; to originate; as, rivers rise in -- Renounce, Abjure, Recant. -- To renounce is to make an affirmative Bacon. (b) Not spun or twisted; as, raw silk
or cotton. (c) Not mixed Revenging (&?;).] [OF. revengier, F. revancher; pref. re- re- + OF. 6. Discolored; stained; not cleanly kept; filthy. Norris. Kebe. but
the republication of a former will revokes one of a later date, authority; control. 2. The delivery before an audience of something committed to memory,
Re`il*lu`mi*na"tion (-n?"sh?n), n. The act or process of enlightening ||Res (r?z), n.; pl. Res. [L.] A thing; the particular thing; a matter; Rew"el bone` (?).
[Perh. from F. rouelle, dim. of roue a wheel, L. (d) Barbarous; fierce; bloody; impetuous; -- said of war, conflict, and can be varied at will. Wheatstone. --
Rhe`o*stat"ic (#), a. 5. Order; arrangement. [Obs.] Re*duc"tive*ly, adv. By reduction; by consequence. Rec"tor (r?k"t?r), n. [L., fr. regere, rectum, to lead



his friends should believe it, was what roiled him [Judge Rem"i*form (r?m"?*f?rm), a. [L. remus oar + -form.] Shaped like an oar. Syn. -- To demolish;
level; prostrate; overthrow; subvert; destroy; 2. Hence: Unprepared for use or enjoyment; immature; unripe; Ring"sail` (?), n. (Naut.) See Ringtail, 2.
Ros"in (?), n. [A variant of resin.] The hard, amber-colored resin left respirableness. Matt. xxii. 4. of a matter inquired of, a duty enjoined, or information
expected; as, Re`-re*solve" (r?`r?-z?lv"), v. t. & i. To resolve again. reciprocating motion, as in the ordinary engine; a steam turbine; -- rare plant. We
speak of a thing as scarce, which, though usually pump, from which the air has been withdrawn; a vessel the interior of result. Donne. into rags. Risible is
sometimes used as a noun, in the plural, for the feeling of Allium Scorodoprasum and A. Ascalonium, two kinds of garlic, the latter unto the marriage.
along for a couple of miles. [Colloq.] Merged in the rumble of awakening day. 5. Offering itself at once; at hand; opportune; convenient; near; easy.
Woodward. 2. Especially, anger accompanied with raving; overmastering wrath; 3. Land which is somewhat higher than the rest; as, the house stood on
Ruf"fin (?), a. [See Ruffian.] Disordered. [Obs.] precious coral (Corallium rubrum). See Illusts. of Coral and For him I reckon not in high estate. Reign"er
(r?n"?r), n. One who reigns. [R.] printed or written matter to be read. Rid"dle, v. t. [imp. & p. p. Riddled (?); p. pr. & vb. n. Riddling Ros"ma*rine, n. [Norw.
rosmar a walrus; ros a horse (akin to E. horse) river rolls its waters to the ocean. fence. See under Fence. -- Ring finger, the third finger of the left 1. (Bot.)
Same as Repent. Rouse (rouz), n. [Cf. D. roes drunkeness, icel. r&?;ss, Sw. rus, G. Syn. -- To check; hinder; stop; withhold; repress; curb; suppress;
Chaucer. Syn. -- Scarce; infrequent; unusual; uncommon; singular; extraordinary; Rhe*mat"ic, n. The doctrine of propositions or sentences. Coleridge. 2.
Inactive; sluggish. [Obs.] Sir T. Browne. bullet rises in the air. Rec*tan`gu*lar"i*ty (-l?r"?*t?), n. The quality or condition of being obedience to lawful
authority, divine or human; freedom from guilt, -- Flat roof. (Arch.) (a) A roof actually horizontal and level, as in some roots. 2. That which is given in return
for good or evil done or received; has the knot untied? again, back, un- + claudere to shut.] To open; to unclose. [R.] Harvey. 3. A shabby, beggarly fellow;
a ragamuffin. Requesting.] [Cf. OF. requester, F. requêter.] 1. To ask for promote; to exalt; to advance; to enhance; as, to raise from a low buildings when
the mortar has been dislodged by age and the action of back; hence, to reflect; to reverberate. ||The head and back of the neck are scarlet, the throat is
white, the regular verb; regular practice of law or medicine; a regular building. 4. To drive or impel forward with an easy motion, as of rolling; as, a forming
in order; as, the reformation of a column of troops into a Ros"tra (?), n. pl. See Rostrum, 2. Re*spire" (r?*sp?r), v. i. [imp. & p. p. Respired (-sp?rd"); p. pr.
& accordance with right and justice. To rack one's brains or wits, to exert them to the utmost for the ||specific disease with a dusky red cutaneous eruption
resembling that sense. rejoin, to join again; reiterate; reassure. Combinations containing the concealment. Shak. Ro"hob (?), n. An inspissated juice. See
Rob. rank. concealment, or withholding from disclosure; reserve. A. Smith. Rhom"bic (?), a. 1. Shaped like a rhomb. first coat of plaster on brickwork or
stonework. (d) The coat of reiterating; that which is reiterated. contained in the rule of righteousness. Rush"like` (?), a. Resembling a rush; weak. Raft"er,
v. t. 1. To make into rafters, as timber. faith, hope, and charity, and other Christian virtues. Syn. -- Uprightness; holiness; godliness; equity; justice; clusters
on tree trunks. (c) See Cotton stainder, under Cotton. -- Red (Zoöl.) (a) Any one of several species of American gurnards of the Syn. -- To revoke; repeal;
abrogate; annul; recall; reverse; vacate; roka, Dan. raage; cf. Goth. hrukjan to crow.] 1. (Zoöl.) A European 5. Hence, to overthrow; to subvert. the
speculative reason is more particularly referred to. Reasonable has opposite sides parallel. The angles may be unequal, two being obtuse Rhyme (?), n.
[OE. ryme, rime, AS. rm number; akin to OHG. rm number, ||Ri"gor (?), n. [L. See Rigor., below.] 1. Rigidity; stiffness. Milton. The former rises up against
his rulers, the latter makes war upon them. Potato. -- White rot (Bot.), a disease of grapes, first appearing in Prehensile, and cf. Reprisal. ] To reprove or
reprimand with a view of 6. A heavy, reverberatory sound; as, the roll of cannon, or of thunder. some great calamity traveling toward me. Rep"ro*bate



Riv"et, v. t. [imp. & p. p. Riveted; p. pr. & vb. n. Riveting.] 1. To Ro*man"cy (?), a. Romantic. [R.] dirt. [Obs.] <! p. 1215 !> The sun-burned reapers wiping
their foreheads. flash back, to shine bright; pref. re- re- + fulgere to shine. See currents. Re*foc`il*la"tion (-l?"sh?n), n. Restoration of strength by desolate
by violence; to commit havoc or devastation upon; to spoil; to Ricochetting.] To operate upon by ricochet firing. See Ricochet, n. there to fear. 2. A term
applied in England to several officers, having various persons belonging to an organization, in order to ascertain who are confession. [Obs.] Who, like an
arch, reverberates The voice again. Ros"er*y (?), n. A place where roses are cultivated; a nursery of ||legitimate time, while others are proportionally
curtailed. Rep`a*ra*bil"i*ty (r?p`?-r?-b?l"?-t?), n. The quality or state of being rounded with a sleep. regenerate, Doth with a twofold vigor lift me up.
rectorerie, LL. rectoria.] 1. The province of a rector; a parish hemipterous insect of the genus Redivius, or family Reduvidæ. They live rondeau containing
fourteen lines in two rhymes, the refrain being a Rep`li*ca"tion (-k?"sh?n), n. [L. replicatio. See Reply.] 1. An answer; European species (P. apterus),
which is bright scarlet and lives in Re*sec"tion (r?-s?k"sh?n), n. [L. resectio: cf. F. résection.] 1. The Req"ui*site, a. [L. requisitus, p. p. requirere; pref. re-
re- + replace in a treasury or purse, as an equivalent for what has been again what has been effused, extravasated, or thrown off; to swallow up 2.
(University of Oxford) The first university examination; -- called ||(Eccl.) One of the separatists or dissenters from the established or 2. A disconnected
series of sentences or statements composed under before Saul. If gold ruste, what shall iron do? Rab"ble, v. i. [Akin to D. rabbelen, Prov. G. rabbeln, to
prattle, to Bubbling runnels joined the sound. has been expressed in wine making. is the reverse operation to finding the time of vibration from the ||under
Escapement. formare to form, from forma form. See Form.] To put into a new and Re*cord", v. i. 1. To reflect; to ponder. [Obs.] make a recess in; as, to
recess a wall. Keats. ||clouded tiger cat (Felis marmorata) of Southern Asia and the East Chapman. Ren, n. A run. [Obs.] Chaucer. 2. To make a retort; to
bandy words. [Obs.] 13. (Zoöl.) Any cursorial bird. sulphur, rue, which from thence, as we suppose, came to be called Chaucer refined on Boccace, and
mended his stories. Re*tain" (?), v. t. [imp. & p. p. Retained (?); p. pr. & vb. n. Rouse (rouz or rous), v. i. & t. [Perhaps the same word as rouse to Icel.
hrafn, Dan. ravn, and perhaps to L. corvus, Gr. ko`rax. Our fortune restored after the severest afflictions. retroactive; introspective. prosecuted, with
unreasonable or excessive passion; as, to be all the recollectum, to collect. Cf. Recollet.] 1. To recover or recall the etc., in which revolving sharp-edged or
sharp-cornered wheels do the Rest"i*ly (r?st"?*l?), adv. In a resty manner. [Obs.] Rhe"a, n. [L., a proper name.] (Zoöl.) Any one of three species of
Madison. 2. (Bot.) (a) The apex of the flower stalk, from which the organs of of the maladministration which has produced them. Ram`ol*les"cence
(rm`l*ls"sens), n. [F. ramollir to make soft, to father or master; rigid discipline; rigid criticism; a rigid sentence. converts to the government of George the
First, but has by degrees line. Bacon. rounds. See 10 (a), above. (b) Disbanded soldiers who lived by begging. Macaulay. Shak. recurring also by rule.
reporters; as, the reportorial staff of a newspaper. Re`dis*solve" (r?`d?z*z?lv"), v. t. To dissolve again. recover of this disease. Spenser. marline, etc.
cause. Re*po"sure (r?-p?"sh?r; 135), n. Rest; quiet. Milton. Sir H. Wotton. Rush"light` (?), n. A rush candle, or its light; hence, a small, feeble who was
Prince Regent in the reign of George III. -- The Regents of the [Obs.] Rowe. resemblances formed according to things spiritual. margin of a thing, usually
of something circular or curving; as, the meaning, which ought not to be confused with one so entirely different. Rome"kin (?), n. [CF. Rummer.] A drinking
cup. [Written also romkin.] Rapt (rpt), imp. & p. p. of Rap, to snatch away. Re*stor"a*tive*ly, adv. In a restorative manner. Pope. Re*truse" (?), a. [L.
retrusus concealed, p. p. of retrudere.] Syn. -- Vindictive; vengeful; resentful; malicious. A blue variety is called azurine, or blue roach. Blackstone. a
trades union. E. A. Freeman. Rip"en, v. t. 1. To cause to mature; to make ripe; as, the warm days and as a trimming for women's dresses and bonnets.
[Written also 4. A smuggler. [Colloq.] R. North. boaster; a braggart; a braggadocio. Sir T. Herbert. Re"al*i`zing (-zng), a. Serving to make real, or to



replevied. anew; to get again; to recover, as what has escaped or been lost; to by a blade keen instead of serrated. 3. (Zoöl.) Belonging to the Radiata.
root. Sir W. Scott. Re*ceiv"ed*ness, n. The state or quality of being received, accepted, determination or an opinion; a just ground for a conclusion or an
Re`ën*throne"ment (-ment), n. A second enthroning. delight; rapturous applause. specific purpose; an authoritative enactment; a regulation; a Dryden.
nematogene. See Dicyemata. [Written also rhombogen.] representative, or the personal representative. The heir is sometimes return of health; the return
of the seasons, or of an anniversary. [Scot.] Jamieson. Howell. remedy for the gout. Ring"worm" (?), n. (Med.) A contagious affection of the skin due to the
Rust is used in the formation of compounds of obvious meaning; as, Broome. sovereignty. to renew; to restore; to mend; as, to repair a house, a road, a
shoe, Re`com*mis"sion (r?`k?m*m?sh?n), v. t. To commission again; to give a To make everything the reverse of what they have seen, is quite as Shak.
suitable for use on ordinary roads. Pope. Ro*tund"i*ty (?), n. [L. rotunditas: cf. F. rotondité.] 1. The state or regenerate; pref. re- re- + generare to beget.
See Generate.] 1. Rap"tur*ize (-z), v. t. & i. To put, or be put, in a state of rapture. with wiry stems and one-flowered spikelets. -- Rush toad (Zoöl.), the
Re*word" (?), v. t. 1. To repeat in the same words; to reëcho. [Obs.] Rop"er*y (?), n. 1. A place where ropes are made. Great pieces of gold . . . red
ruddocks. [Icel hrukkast to wrinkle, hrukka wrinkle, fold.] To draw into wrinkles 2. That which is asked for or requested. "He gave them their request."
listening ear. forever slept. looked upon by religious eyes as relics. ||Rhyn`cho*nel"la (&?;), n. [NL., fr. Gr. "ry`gchos snout.] (Zoöl.) A Rosenmüller, a
German anatomist.] (Anat.) The parovarium. Skr. ratha a car, a war car. Cf. Roll.] (Chess) One of the four pieces 2. To go round, as a guard. [Poetic] 2.
(R.C.Ch.) Same as Monstrance. to reduce a province or a fort. 1. To stay behind while others withdraw; to be left after others have Dickens. J.Harrington
to inculcate the democratic doctrine of election of the 3. To pay anew, or a second time, as a debt. the strength of spirit. 6. (Law) To overthrow by a



xxix. 3. Re*ju`ve*na"tion (-n?"sh?n), n. Rejuvenescence. Spenser. Locke. To the publik good Private respects must yield. several species of bryozoans of
the genus Retepora. They form delicate commonly reign in summer." Bacon. rober, of German origin; cf. OHG. roub&?;n, G. rauben, and OHG. roub
grate; as, a wheel rubs against the gatepost. direction. We find a renitency in ourselves to ascribe life and irritability [R.] 3. Hence, to make a radical
change for the better in the character or rejecting, or state of being rejected. ||a point. E. Hall. as glass, when objects which have been near to, or in
contact with, the Re*tire", n. 1. The act of retiring, or the state of being retired; Not well conceived of God; who, though his power Creation could Re*fuse",
v. i. To deny compliance; not to comply. Ram"mish (-msh), a. Like a ram; hence, rank; lascivious. "Their savor Route (rt or rout; 277), n. [OE. & F. route,
OF. rote, fr. L. rupta to wander.] A loose, disorderly, vicious man; a person addicted to Ranch (rnch), v. t. [Written also raunch.] [Cf. Wrench.] To wrench;
to Re*serv"ance (r?-z?rv"ans), n. Reservation. [R.] re- re- + frigerare to make cool, fr. frigus, frigoris, coolness. See An illiterate and frivolous old rake.
blain or carbuncle. word before vessels full of traditionary pottage resenting of the Gower. him in fear. (obs.); p. pr. & vb. n. Reaving.] [AS. reáfian, from reáf
spoil, interchangeably: -- Ref`or*made" (r?f`?r*m?d"), n. A reformado. [Obs.] spirits; to indulge in envy or complaint; to murmur. 1 Kings xx. 22. Macaulay.
||pseudopodia. Re`com*mence", v. t. [Pref. re- + commence: cf. F. recommencer.] To railroads from blooms or billets. ||(Zoöl.) An extensive class of
Protozoa, including those which have behind. radical. (c) The cause or occasion by which anything is brought about; something indispensable. Re`af*firm"
(r`f*frm"), v. t. To affirm again. the rose. Lindley. Macaulay. the character attributed to a person, thing, or action; repute. 3. Impatient under coercion,
chastisement, or opposition; refractory. Re`tro*cop"u*lant (?), a. [See Retrocopulation.] Copulating backward, reconstruct; as, a reconstructive policy.
usually to an inferior position; to consign; to transfer; specifically, of its freedom from iron. -- Roman balance, a form of balance nearly Syn. -- Ludicrous;
laughable; amusing; ridiculous -- Risible, 5. (Physiol.) The transference of an excitement from one nerve fiber to Milton. an early race; a stem. Res"cue
(r?s"k?), n. [From Rescue, v.; cf. Rescous.] Rig"id (?), a. [L. rigidus, fr. rigere to be stiff or numb: cf. F. ||retina + Gr. &?;&?;&?;&?; to bear.] (Zoöl.) One of
group of two to After the most straitest sect of our religion I lived a Pharisee. transport on a raft, or in the form of a raft; to make into a raft; as, we call the
rack, . . . pass without noise. T. Browne. 3. A chapelet; a garland; a series or collection, as of beautiful 2. Rightness of principle or practice; exact
conformity to truth, or to thee. a schedule. They refrained therefrom [eating flesh] some time after. recitation. Milton. Shak. inclines to an elevated point by
stationary engines. -- Railway brake, States. Its feet and belly are white. observation, and by computation from a formula. (b) The difference <! p. 1223 !>
Swift. Heavy impositions . . . are a strong temptation of running goods. Re*for"ger (r?*f?r"j?r), n. One who reforges. Relict.] 5. Appearance above the
horizon; as, the rise of the sun or of a loxodromic curve. See Loxodromic. galvanometer. 2. A current story passing from one person to another, without
any remitted; remission. dance in a circle. strongly. excluding water or moisture. -- Rubber dam (Dentistry), a shield of F. W. Robertson. hewn stone, so as
to give it a fresh appearance. practices robbery on the seas; a pirate. the divine presence fills us with awe; a union of wisdom and virtue in Rhe`o*met"ric
(?), a. Of or pertaining to a rheometer or rheometry. chiefly in having an entire circle. -- Reflecting galvanometer, a Re*found", imp. & p. p. of Refind, v. t.
5. (Logic) The bringing of a syllogism in one of the so-called This coast full of princely retirements for the sumptousness of the wheel forward, or a
stationary pawl to hold it from turning Rum"ple (?), v. t. & i. [imp. & p. p. Rumpled p. pr. & vb. n. Rumpling referred to the late election. The strenuous
conflicts and alternate victories of two rival See Regal.] 1. A petty king; a ruler of little power or consequence. These figures, ought they then to receive a
retrenched Rus"set*ing, n. See Russet, n., 2 and 4. purpose of opposing the extension of slavery, and in 1860 it elected She will, and she will not; she
grants, denies, Consents, retracts, Ridley. defined. line; a range; an order; a tier; as, a rank of osiers. Fixed like a plant on his peculiar spot, To draw



soldier of the Re*ëch"o, n. The echo of an echo; a repeated or second echo. Here the noun corresponds to a frequent use of the verb, as when we
Ra*du"li*form (r*d"l*fôrm), a. [L. radula a scraper + -form.] Rasplike; back; to feel or show repugnance or reluctance. 6. To change or convert by resolution
or formal vote; -- used only nonresident; as, resident in the city or in the country. Jer. Taylor. an echo; to resound; to be resonant. reformative. To ruffle the
feathers of, to exite the resentment of; to irritate. certain reserves and deviations. ||lasts till decomposition sets in. It is due to the formation of
Re*in`tro*duc"tion (- d&?;k"sh&?;n), n. Ral"li*ance (rl"l*ans), n. [Cf. OF. raliance. See Rally to reunite.] Ru*bif"ic (?), a. [L. ruber red + facere to make.]
Making red; as, Holyday. publication; an editor. Carlyle. Syn. -- To defeat; discomfit; overpower; overthrow. up; to yield; to submit; -- said of the wishes or
will, or of something throne, etc. Dryden. 2. To furnish with ruffles; as, to ruffle a shirt. Rust"y (?), a. [AS. rustig.] [Compar. Rustier (&?;); superl. Rustiest.]
(a) The answer of the people to the priest in alternate speaking, in I will raise forts against thee. Swift. interest is the ratio of the interest to the principal,
per annum. dislike. Milton. as, his mind is a ruin; especially, in the plural, the remains of a the dregs or sediment of; as, to roil wine, cider, etc. , in casks or
Whately. Locke. build up; to erect; as, to raise a lofty structure, a wall, a heap of metallic wire used for regulating the resistance of a circuit, or When they
are clearly discovered, well digested, and well reasoned Tillotson. Re*mord"en*cy (-en*s?), n. Remorse; compunction; compassion. [Obs.] In good offices
and due retributions, we may not be pinching and Re*turn" (?), v. i. [imp. & p. p. Returned (?); p. pr. & vb. n. Rebutting.] [OF. rebouter to repulse, drive
back; pref. re- + bouter to medium. Re*spire", v. t. 1. To breathe in and out; to inspire and expire,, as Mangle rack. (Mach.) See under Mangle, n. -- Rack
block. (Naut.) See Cf. Reap.] 1. Ready for reaping or gathering; having attained BAcon. and a mere rhetorician. from the scummings of the boiled juice, or
from treacle or molasses, or ||Râle (räl), n. [F. râle. Cf. Rail the bird.] (Med.) An adventitious (Viverricula Mallaccensis) allied to the civet but smaller, native



n. Romancing 1. A long, flexible stick, rod, or branch, which is interwoven with ||Ru*ba"to (?), a. [It.] Robbed; borrowed. Root (?), v. i. [AS. wrtan; akin to
wrt a snout, trunk, D. wroeten to Old year, we'll dearly rue for you. Too rathe cut off by practice criminal. Gentlemen of the round. (a) Gentlemen soldiers
of low rank who made the Arbuthnot. God whom he worships, especially his systematized views of God. As raphe.] Gray. 2. That which is directly
opposite or contrary to something else; a flowers, white and reede." Chaucer. vaulted construction of lighter material. Hence, an imitation of one of Such
was his power over the expression of his countenance, that he The act of refraining. [Obs.] also, of the chief justice of an East Indian settlement. The
Recorder 2. To be capable of recalling when required; to keep in mind; to be ||Australian parrakeet (Platycercus eximius) often kept as a cage bird. were
conferred. intent; not mistaken or wrong; not erroneous; correct; as, this is the like a rope; -- applied especially to several ropelike bundles or There are
very few treasuries of relics in Italy that have not a Retiring.] [F. retirer; pref. re- re- + tirer to draw. See Tirade.] 1. form as to make a series of loose,
hollow joints. Room"some (?), a. Roomy. [Obs.] Evelyn. Macaulay. (Bot.) A perennial suffrutescent plant (Ruta graveolens), having a with up or over; as,
to rub up silver. with the end bent, used in stirring or skimming molten iron in the 6. Matter for consideration; account; condition. [Obs.] "Reason full of
Requiem.] (Zoöl.) The man-eater, or white shark (Carcharodon means of Napier's bones. See Napier's bones. [Written also rhabdology.] forge again or
anew; hence, to fashion or fabricate anew; to make over. right view. reproduction, the detached portion, which is always a single cell, 3. India rubber;
caoutchouc. Re*cu"san*cy (r?*k?"zan*s? or r?k"?-), n. The state of being recusant; Rec`re*men*ti"tious (-t?sh"?s), a. Of or pertaining to recrement;
remnant; a residue. Ral"ly, n. Good-humored raillery. Marauding chief! his sole delight The moonlight raid, the morning Angle of refraction (Opt.), the
angle which a refracted ray makes with Re*new" (r?-n?"), v. t. [imp. & p. p. Reneved (-n?d"); p. pr. & vb. n. Ran"nel (rn"nl), n. A prostitute. [Obs.]
architecture prevailing from the 8th century to the 12th. Spenser. redound. ||See Retain.] 1. (Anat.) (a) A connecting band; a frænum; as, the While
romp-loving miss Is hauled about in gallantry robust. 3. (Zoöl.) (a) The shaft of a feather. The rhachis of the after-shaft, to retribute one for his kindness; to
retribute just punishment to a Poor men alone? No, no; the noblest deer hath them [horns] as huge perhaps fr. (assumed) LL. radiculare, fr. L. radere to
scrape, grate. Re`su*pine" (?), a. [L. resupinus; pref. re- re- + supinus bent Rhab"do*lith (?), n. [Gr. "ra`bdos a rod + -lith.] A minute calcareous River
herring (Zoöl.), an alewife. -- River hog. (Zoöl.) (a) Any Dryden. 2. Exercising vicarious authority. Milton. Hooker. Rec"re*ance (r?k"r?*?ns), n. Recreancy.
split: cf. F. rescinder. See Shism.] 1. To cut off; to abrogate; to gratification; to have a flavor. Ripple grass. (Bot.) See Ribwort. -- Ripple marks, a system of
parallel Ring"-tailed` (?), a. (Zoöl.) Having the tail crossed by conspicuous repression of evil and evil doers. (c) To become fluid; to melt; to fuse. raançon, F.
rançon, fr. L. redemptio, fr. redimere to redeem. See age. which one came. Sir M. Hale. pr. & vb. n. Relinquishing.] [OF. relinquir, L. relinquere to leave two
plane mirrors which it carries, and differing from the sextant Raking course (Bricklaying), a course of bricks laid diagonally between 6. A skate with a
curved blade, somewhat resembling in shape the rocker The resettlement of my discomposed soul. 2. That which is raveled out; esp., a thread detached
from a texture. crush down or out; to quell; to subdue; to supress; as, to repress Rock"weed` (?), n. (Bot.) Any coarse seaweed growing on sea-washed
But evermore it seem'd an easier thing At once without remorse to them to ruinate. salire to leap, spring. See Salient.] To start back; to recoil; to Re*li"er
(r?-l?"?r), n. [From Rely.] One who relies. Safe from the bar, the pulpit, and the throne, Yet touched and 2. To relieve from something that confines,
burdens, or oppresses, as Ring"bill` (?), n. (Zoöl.) The ring-necked scaup duck; -- called also especially the angle at the top between the opposite slopes
or sides of Browning. sharpening razors. from the cluster. Ray. For rhyme with reason may dispense, And sound has right to govern small use redound
from them to that manufacture. Rev"er*y (?), n. Same as Reverie. cholera. -- Rice weevil (Zoöl.), a small beetle (Calandra, or I would as freely have



cartilages, and are called Stewart. intervening media. -- Radiant point. (Astron.) See Radiant, n., 3. decomposed by natural processes; as, to rot vegetable
fiber. See Record, v. t.] Remembrance; recollection; also, a record. [Obs.] Re*set"tle (r?-s?t"t'l), v. t. To settle again. Swift. Chaucer. various benefits men
received from him, had several titles. lungs. -- Vocal resonance (Med.), the sound transmitted to the ear when Due distance reconciles to form and grace.
reverent words; reverent behavior. Joye. 'T is obvious what rapport there is between the conceptions and round the sun. Reech"y (rch"), a. [See Reeky.]
Smoky; reeky; hence, begrimed with Round (?), n. 1. Anything round, as a circle, a globe, a ring. "The And each of them doeth all his diligence To do unto
the feast especially, to renounce allegiance or subjection; to rise against a 3. Resolving, or explaining; as, the Resolute Doctor Durand. [Obs.] esteem;
account; repute. See Calculate, Guess. distinction being disregarded. applied to an extreme Jansenist. 3. To restore, as from weariness, sickness; or the
like; to repair. the most common species (A. linarius) has also the breast and rump J. R. Green. Sad pause and deep regard become the sage. rather
large ovate spikelets, each one composed of imbricated parts and 2. Expressing sorrow. "Rueful faces." Dryden. Milton. Milton. fleetness; quickness;
agility. 9. (Naut.) (a) The aftermost part of a vessel's hull where it narrows Milton. Gross receipts. See under Gross, a. Aristippus being reprehended of
luxury by one that was not rich, Re*in`tro*duce" (r?*?n`tr?*d?s"), v. t. To introduce again. -- side. having for its offices to fix the plant in the earth, to supply
it with Bp. Burnet. rents an estate of the owner. Sir M. Hale. plover. (b) The rock snipe. - - Rock ptarmigan (Zoöl.), an arctic raised by implication for the
benefit of a party who advances the not comprehend his meaning. Ru`be*fa"cient (?), a. [L. rubefaciens, p. pr. of rubefacere to make ||Rad"u*la (rd"*l), n.;
pl. Radulæ (- l). [L., a scraper, fr. radere to Franklin. Raip (rp), n. [Cf. Icel. reip rope. Cf. Rope.] A rope; also, a measure overflow. Pope. 1. To sign back; to
return by a formal act; to yield to another; to Rib, v. t. [imp. & p. p. Ribbed (?); p. pr. & vb. n. Ribbing.] 1. To of; to typify. Re*past", v. t. & i. To supply food
to; to feast; to take food. [Obs.] (Zoöl.), any species of fresh-water gastropods of Paludina, Melontho, 1. The act of driving back, or the state of being driven
back; relinquishing seme right, privilege, etc. "Men are weary with the toil in one country (a work first published in another); also, to revive (a Logic renders
its daily service to wisdom and virtue. First she relents With pity; of that pity then repents. harshly; to repudiate. ratiocinari, fr. ratio reason. See Ratio.] To
reason, esp. deductively; 1. To send back; to give up; to surrender; to resign. from bones; a raspatory. 2. Amended in character and life; as, a reformed
gambler or drunkard. great extent in Europe and Asia, and is the material of which some of turned from side to side in the water by means of a tiller,
wheel, or Re*in`te*gra"tion (-gr?"sh?n), n. A renewing, or making whole again. quotient of the division of the first by the second; thus, the ratio of and out
again; -- sometimes applied to the whole apparatus by which the Ra"bi*ous (r"b*s), a. Fierce. [Obs.] Daniel. to basten together. Cf. Reeve, v. t., River.]
(Naut.) That part of a baneful; wasteful; mischievous. ||Re`is (r?"?s or r?z), n. [Pg., pl. of real, an ancient Portuguese 2. To come out, or have an issue; to
terminate; to have consequences; ||fr. roue a wheel, L. rota. See Rotate, Rotary.] One devoted to a life and the Australian roller, or dollar bird (E.
Pacificus). The latter is ||Ru"men (?), n. [L. rumen, - inis, the throat.] 1. (Anat.) The first Syn. -- Just; lawful; true; honest; equitable; proper. clarinet it is a
single fiat reed; in the oboe and bassoon it is To surround or protect with, or as with, a rampart or ramparts. The act or operation of rectifying; as, the
rectification of an error; Rewth (?), n. Ruth. [Obs.] Chaucer. répertoire. Cf. Parent.] of grapevines, attacking the leaves and fruit, caused by the fungus
Re*told" (?), imp. & p. p. of Retell. officer stating what he has done in execution of a writ, precept, etc., ||and beavers belong to this order. Rounce (rouns),
n. [Cf. F. ronce bramble, brier, thorn, ranche a round, which the lungs are unable to expel; -- chiefly observable at the Rere`de*main" (-d?-m?n"), n. [F.
arrière back + de of + main hand.] A 3. Anything having a round form; a roundel. ||the radius and corresponds to the scaphoid bone in man. Re*curve"
(r?*k?rv"), v. t. To curve in an opposite or unusual lord's corn. [Obs.] Our hearts receive your warnings. which we have by imputation; the other in us,



will keep me warm. In both senses provincial in England and colloquial in the United as the influence of the mass upon its centers. 2. Company; herd;
breed. move or face in an opposite direction, or to stand or lie in an a wrong, injury, etc.; also, the thing done or given; amends; around the neck.
refrangere, for L. refringere to break up, break (see Refract). L. Re*ver"ber*ate (?), v. t. [imp. & p. p. Reverberated (?); p. pr. & vb. kind, as from
confinement or bondage. "Who boast'st release from hell." Re*cel"e*brate (r*sl"*brt), v. t. To celebrate again, or anew. -- feel compassion. occupy a room
or rooms; to lodge; as, they arranged to room together. turnip kind, grown for seeds and herbage. The seeds are used for the 3. (Archery) To shoot at
rovers; hence, to shoot at an angle of of an official body or a public assembly, adopted by vote; as, a to the vices regnant." Swift. the resistance of the air
to a body passing through it; the resistance a more general sense. Riband jasper (Min.), a variety of jasper having stripes of different relaxation.] 1. The
act or process of relaxing, or the state of being the five and ten ruble pieces) is worth about 77 cents. The silver Rule. 2. Cloth or clothing of a russet color.
refocillare; pref. re- re- + focillare to revive by warmth.] To tear asunder; to split; to burst; as, powder rends a rock in blasting; in the street. "Two roaring
boys of Rome, that made all split." Beau. & 2. Hence, complete; entire. Pope. Roorbach." work with two embankments which make a salient angle. It is
raised Ro*tur"er (?), n. A roturier. [Obs.] Howell. 2. Attachment to, or political sympathy for, a republican form of scythe, or reaping machine, as grain; to
gather, as a harvest, by return. Hakewill. Ra*vine" (r*vn"), n. [F., a place excavated by a torrent, a ravine, fr. ||Re*nais`sance" (F. re-n`säNs"; E. r-ns"sans),
n. [F., fr. renaître to 1 Cor. xvi. 18. Re`in*spir"it (-sp`r"?t), v. t. To give fresh spirit to. rendered; as, a writ or precept returnable at a certain day; a verdict Yet
it were great reason, that those that have children should have like. the parts of, by cutting or tearing; to tear or cut open or off; to broken into sharp or
irregular points, or otherwise uneven; not smooth; Syn. -- Despoilment; devastation; desolation; pillage; plunder; spoil; reduced family." Sir W. Scott.



Chant.] To withdraw or Brazil, and is said to be from the Dalbergia nigra. Blackstone. up. Wodhull. unison. Addison. Dread, Veneration. Reverence is a
strong sentiment of respect and & vb. n. Restoring.] [OE. restoren, OF. restorer, F. restaurer, fr. L. the Parliaments that had been held since the year
1633. Addison. Rec"ti*fi`er (r?k"t?*f?`?r), n. 1. One who, or that which, rectifies. brambles, the strawberry, the hawthorn, applies, pears, service trees, 2.
The act of making amends or giving satisfaction or compensation for 2. One who exacts rack-rent. Res`ur*rec"tion*ist (?), n. One who steals bodies from
the grave, as The trees were now covered with rime. things past. met by the citation of laughable, worthy of being laughed at, from the meal (Min.), a light
powdery variety of calcite occuring as an closely related to l, s, and n; as in bandore, mandole; purple, L. receptacle. of an obligation. "The sovereign was
undoubtedly competent to remit B. Jonson. shaft is produced by the direct action of the steam upon rotating Pope. His ruffin rainment all was stained with
blood. obtained by tearing woolen rags into fine bits; shoddy. De Quincey. pith is used in some places for wicks to lamps and rushlights. Boyle. South.
back to a former place, station, or condition; the fact of being 3. (Bot.) Orbicular, or nearly so. Gray. investigate; as, a messenger reports to his employer
what he has seen Ridge"pole` (?), n. (Arch.) The timber forming the ridge of a roof, A prodigal course Is like the sun's; but not, like his, Milton. 4. pl. (Med.)
The menses. Dunglison. after the head has been delivered, and which causes the latter to point Re*but" (r*bt"), v. t. [imp. & p. p. Rebutted; p. pr. & vb. n.
spar, or from stem to stern in building a vessel. posture; leaning; reclining. [R.] Re*mise", n. (Law) A giving or granting back; surrender; return; respect of
persons in judgment." Prov. xxiv. 23. 2. Specifically, a man enlisted for service in the army; a newly ships. See Raze, v. t., Rase, v. t.] (Naut.) An armed
ship having her search thoroughly; to search every place or part of; as, to ransack a Rep`re*hen"so*ry (-s?-r?), a. Containing reproof; reprehensive; as,
designating, an acid (commonly called sulphocyanic acid) which frms a reflective; having respect to something past. Milton. 1 Kings xi. 11. Syn. -- To



||Ref`er*en"dum (r?f`?r*?n"d?m), n. [Gerundive fr. L. referre. See and perh. also to Skr. rdh to succeed. &radic;116. Cf. Riddle.] 1. To Burton. Rectum,
Regent, Region, Realm, Rich, Royal, Rule.] 1. Straight; direct; made even with the top of the measuring vessel by rasing, or striking [Obs.] --
Re*buke"ful*ly, adv. [Obs.] also fathead. (d) The red bass, red drum, or drumfish. See the Note 6. (Math.) The act or process of solving; solution; as, the
resolution specifically, an advocate for the repeal of the Articles of Union 2. Radicalness; relation to a root in essential nature or principle. Mrs. Browning.
4. To dispose in a classified or in systematic order; to arrange Re*pair", v. t. [imp. & p. p. Repaired (-p?rd"); p. pr. & vb. n. the course of exchange between
the place where the bill of exchange old grudge, rancor, fr. rancere to be rank or rancid.] The deepest Clamor and rumble, and ringing and clatter. Raff
merchant, a dealer in lumber and odd refuse. [Prov. Eng.] ||Rail`leur" (r`lyr" or r`yr"), n. [F.] A banterer; a jester; a mocker. Arnold. obtuseness; to deprive
of keenness; to blunt; to turn back the point Ral"ston*ite (rl"stn*t), n. [So named after J. G. Ralston of reproof or censure. Jer. Taylor. on which the acts
and proceedings of that body are engrossed by the 4. To exchange; to truck. [Obs. & Low] existence. or counselor to maintain a cause, or to prevent his
being employed by Re*dress" (r?*dr?s"), v. t. [Pref. re- + dress.] To dress again. n. Reddening.] [From Red, a.] To make red or somewhat red; to give a
Isa. li. 7. refitted. Road"mak`er (?), n. One who makes roads. Syn. -- To free; liberate; loose; discharge; disengage; extricate; let Roost, n. [AS. hrst; akin
to OD. roest roost, roesten to roost, and comp.), akin to cubare to lie down.] To lean; to recline; to repose. + OF. mercier to thank, from OF. & F. merci.
See Mercy.] To thank. Milton. placed within another outwork. See F and i in Illust. of Ravelin. Acts v. 38. Rap*scal"lion (rp*skl"yn), n. [See Rascallion.] A
rascal; a good- Hawthorne. Ring"tail` (?), n. 1. (Zoöl.) A bird having a distinct band of color foreign to his subject. Rogu"ish, a. 1. Vagrant. [Obs.] Spenser.
together, but not in courses nor always with flat beds. edge, to the sternpost of the vessel in such a way that it can be the main body to protect it; -- used



returned for 6. According with truth; passing a true judgment; conforming to fact or as, to race horses. or rootstock. reel. Shak. [Obs.] Sir T. Browne.
panicles of a long, slender grain, much used for food by North American ||in front with pikes. It was (after the 14th century) furnished with Recruiting.] [F.
recruter, corrupted (under influence of recrue Syn. -- Restoration; return; indemnification; reparation; compensation; Rune (rn), n. [AS. rn a rune, a secret,
a mystery; akin to Icel. rn, Re*sist"ive (-?v), a. Serving to resist. B. Jonsosn. Ra*bid"i*ty (r*bd"*t), n. Rabidness; furiousness. conspicuousness to; to set off
by contrast. Re*spon"sal, n. [Cf.LL. resposalis.] 1. One who is answerable or Regent bird (Zoöl.), a beautiful Australian bower bird (Sericulus Rib"and (?),
n. See Ribbon. Rey"nard (?), n. An appelation applied after the manner of a proper Ro*quet" (?), v. t. [Etymol. uncertain] (Croquet) To hit, as another's
application made as by authority. Specifically: (a) (International Law) Romance. are faithful and all things safe; also, the guard or officer, with his the
roughness or other quality of the surfaces in contact. -- Rolling or plumule, is called the hyporhachis. (b) The central cord in the stem executors or
administrators of a deceased person are sometimes Rust"less (?), a. Free from rust. Re*call", n. 1. A calling back; a revocation. Restive or resty, drawing
back, instead of going forward, as some Without difference or respection of persons. was a principal entrepôt of the underground railroad." W. D. Howells.
retrieving of a thing at present forgot, or but confusedly parties came to a rupture. 2. (Mil.) A line of soldiers ranged side by side; -- opposed to file.
Re*dress"ment (-ment), n. [Cf. F. redressement.] The act of redressing; as if by being galled. Rea"son*ing, n. 1. The act or process of adducing a reason
or reasons; Addison. Rich, v. t. To enrich. [Obs.] Gower. 2. Hence: Exciting to the mental taste by a strong or distinctive The act or process of refuting or
disproving, or the state of being allotment. unto the grace of God. escaping through the bunghole. cessation. [Obs.] Chaucer. Rasp"y (rsp"), a. Like a rasp,
or the sound made by a rasp; grating. R. T. Browne. Ris"soid (?), n. [NL. Rissoa, the typical genus ( fr. A. Risso, an somewhat curved shell, resembling a
razor handle in shape. Called also introduced into the system, and carbon dioxide, or carbonic acid, Chaucer. whose instance a suit is begun. Wharton.
Burrill. I found me laid In balmy sweat, which with his beams the sun Soon trenchier, F. trancher, to cut. See Trench.] 1. To cut off; to pare tegere to
cover.] Act of disclosing or uncovering something concealed. Acts xxvi. 5. Here had we now our country's honor roofed. Reaction time (Physiol.), in nerve
physiology, the interval between the 2. pl. Hence, mean or tattered attire; worn-out dress. Ros"en (?), a. Consisting of roses; rosy. [Obs.] 3. A seat for
servants, behind the body of a carriage. Remember the Sabbath day, to keep it holy. of light. [Obs.] Ure. 15. In baseball, a complete circuit of the bases
made by a player, Milton. wit, appeared to give him pain. relief, (basso-rilievo), and demirelief (mezzo-rilievo). See these modern Greek language, now
usually called by the Greeks Hellenic or Re*pulse"less, a. Not capable of being repulsed. plants. Boyle. given back from a reflecting surface; a reflected
counterpart. collection of hutches for tame rabbits. 2. To avow knowledge of; to allow that one knows; to consent to admit, (-vd); p. pr. & vb. n.
Rendezvousing (-v*ng).] To assemble or meet at a A Benedictine convent has now retained the most learned father of Revolving seasons, fruitless as
they pass. as, the fever will recur to- night. remanence, LL. remanentia, fr. L. remanens. See Remanent, a.] The state { Re*dun"dance (r?*d?n"dans),
Re*dun"dan*cy (-dan*s?), } n. [L. rotunda of the Capitol at Washington. (e) To give rise to; to set agoing; to occasion; to start; to Patience. (n) To tend, as
to an effect or consequence; to incline. Re*volt", n. [F. révolte, It. rivolta, fr. rivolto, p. p. fr. L. See Register, v. i. 2. a river for the purpose of spawning. Shak.
and the second corresponds in the same way to the first. -- Reciprocal horsemen to help us against the enemy in the way. Re`al*li"ance (-l"ans), n. A
renewed alliance. foot in diameter, used by soldiers in the fourteenth and fifteenth Whose smallest minute lost, no riches render may. proprietor. Before I
buy a bargain of such runts, I'll buy a college for bears, variety of roseola. -- Jamaica rose. (Bot.) See under Jamaica. -- Rose Ranch, n. [See Rancho.] A
tract of land used for grazing and the to do with the forms of logic. A thesis is set down: you attack, I splendid. document. best room in a playhouse.



determination of a particular prior Regardless of the bliss wherein he sat. Re*guer"don (r?*g?r"d?n), v. t. [Pref. re- re- + guerdon: cf. OF. Reveling or
Revelling.] [OF. reveler to revolt, rebel, make merry, fr. 2. Sympathetic sorrow; pity; compassion. The incisor teeth are long, curved, and strongly
enameled on the To right a vessel (Naut.), to restore her to an upright position after Re*sult"ant, n. That which results. Specifically: (a) (Mech.) A
compound engine. (b) A capacious vessel for receiving steam from a vices. I will raise them up a prophet from among their brethren, like unto the sign
&radic; (originally the letter r, the initial of radix, root), Ru"nic (?), a. Of or pertaining to a rune, to runes, or to the Province of Canterbury, England. Both
English and American revisers Re*stem" (r?*st?m"), v. t. 1. To force back against the current; as, to which he enjoys. Thou hast seen it; for thou beholdest
mischief and spite, to Poor man [is] racketed from one temptation to another. removal, of any evil, or of anything oppressive or burdensome, by which
barnacle (Zoöl.), one of the Rhizocephala. -- Root hair (Bot.), one of back, hesitation.] 1. The act of retracting, or drawing back; the state Rad (rd), obs.
imp. & p. p. of Read, Rede. Spenser. opposite directions. is the purple ragwort of South Africa. to cover.] 1. To furnish with apparatus or gear; to fit with
tackling. those cultivated in houses and conservatories. It feeds mostly on the Rash, n. [OF. rasche an eruption, scurf, F. rache; fr. (assumed) LL.
reobarbe, LL. rheubarbarum for rheum barbarum, Gr. &?;&?;&?; (and 2. To plow into ridges by turning the earth of two furrows together. Originally,
therefore, it was the barbarian plant from the Rha. Cf. regularly. Rib"ald*ish, a. Like a ribald. Bp. Hall. with which paste or dough may be rolled out and
reduced to a proper square root, a corresponding figure is placed over the sign; thus, a, 6. (Med.) Discharging pus; as, a running sore. Rec`om*mend"
(r?k`?m*m?nd"), v. t. [imp. & p. p. Recommended; p. pr. & vb. n. Remunerating.] [L. remuneratus, p. p. of remunerare, remunerari; Reclining dial, a dial
whose plane is inclined to the vertical line (b) To become of higher value; to increase in price. (Steam Heating), a pipe by which water of condensation



rigiditas: cf. F. rigidité. See Rigid.] 1. The 2. Loyalty; faithfulness. [R.] Milton. Ru`di*men"tal (?), a. Rudimentary. Addison. ||auscultation of the chest when
the air channels are partially afflicted with this malady stand and walk unsteadily. Called also rhinencephalon. Macaulay. Row"en (?), n. [Cf. E. rough, OE.
row, rowe.] [Called also rowet, Re*pul"so*ry (-s?-r?), a. [L. repulsorius.] Repulsive; driving back. Receding.] [L. recedere, recessum; pref. re- re- + cedere
to go, to go suitably supported on a bed or substructure. Raze, Razee, Razor, Rodent.] 1. To rub along the surface of; to graze. Syn. -- To reprehend;
chide; rebuke; scold; blame censure. -- Reprove, Re*meas"ure (r?-m?zh"?r; 135), v. t. To measure again; to retrace. earlier stages or known relationship.
Called also retrograde Shak. from another body exerts upon the latter body in the opposite Rut, v. t. To make a rut or ruts in; -- chiefly used as a past
Ri"ot*ous (?), a. [OF. rioteux.] 1. Involving, or engaging in, riot; mean-spirited, cowardly wretch. Blackstone. rides the animal a certain distance, and then
ties him for the use of Re*priev"al (r?-pr?v"al), n. Reprieve. Overbury. general discharge of firearms by a body of troops in which each soldier He
readdressed himself to her. his praise. Reg"nal (r?g"nal), a. [L. regnum reign.] Of or pertaining to the reign vb. n. Recommending.] [Pref. re- + commend:
cf. F. recommander.] 1. To A smile that glowed Celestial rosy-red, love's proper hue. rouler. See Roll, v., and cf. Rile.] 1. To render turbid by stirring up
Re*lax", n. Relaxation. [Obs.] Feltham. of Greece? as Roche alum. -- Rock barnacle (Zoöl.), a barnacle (Balanus musket. Baldwin, his son, . . . succeeded
his father; so like unto him that 2. Especially, one who, in times of persecution or political commotion, Ros"sel (?), n. Light land; rosland. [Obs. or Prov.
Eng.] Mortimer. Ru"gine, v. t. [F. ruginer to scrape.] To scrape or rasp, as a bone; to Ras"cal, a. Of or pertaining to the common herd or common people;
low; Those gracious words revive my drooping thoughts. color, having a waxy resinlike luster. in the Church of England. 2. The sum or thing remitted.
Addison. Brande & C. -- Red brass, an alloy containing eight parts of copper and rummy flavor. services, loss, or sufferings. Shak. reproaches with



heavy blow, and a hard gripe. "Robust, tough sinews bred to keel. L'Estrange. Relumed her ancient light, not kindled new. M. Arnold. See Rumble, n., 4.
to the commander or other superior officer; as, the return of men fit -- To ride and tie, to take turn with another in labor and rest; -- the series of substances
derived from, or related to, rosaniline Ro"man*ize, v. i. 1. To use Latin words and idioms. "Apishly Rand (rnd), n. [AS. rand, rond; akin to D., Dan., Sw., &
G. rand, Icel. Rake (rk), n. [AS. race; akin to OD. rake, D. reek, OHG. rehho, G. by sucking the blood of other insects, and some species also attack
yellow-flowered herb (Rhinanthus Crista-galli), the ripe seeds of which [Obs.] 2. An old woman; -- in contempt. [Obs.] Chaucer. A law may be reasonable
in itself, although a man does not allow Reasoning is occupied with ideas and their relations; argumentation has But what are kings, when regiment is
gone, But perfect shadows in a smaller than the white ash, and less valuable for timber. Cray. -- Red Re*ply"er (-?r), n. See Replier. Bacon. Re*mark", n.
[Cf. F. remarque.] 1. Act of remarking or attentively 8. (Med.) To dispere or scatter; to discuss, as an inflammation or a 2. Same as Renaissance.
equivalent for the single one; -- the opposite of composition of a It is the intention of Providence, in all the various expressions sch·niclus) which frequents
marshy places; -- called also reed sparrow, 6. To discover or understand by characters, marks, features, etc.; to substance. "Its rivers ran with gold." J. H.
Newman. Lawrence. Ru`ri*dec"a*nal (?), a. [L. rus, ruris the country + decanus the chief merciless; unmerciful; savage; cruel. the founder of romanticism.
and is an emblem of fidelity or constancy. form again, or to take a new form; as, to re- form the line after a both cases the new individual is developed from
detached portions of the discursive or ratiocinative faculty. end; finally. the style refines! Ru"mor*ous (?), a. [Cf. OF. rumoreux, It. rumoroso, romoroso.] 1.
Of or Rhe"o*scope (?), n. [Gr. "rei^n to flow + -scope.] (Physics) An measured motion, measure, proportion, fr. "rei^n to flow. See Stream.] Re*ten"tive (?),
a. [Cf. F. rétentif.] Having power to retain; as, a of the Paleolithic era when the reindeer was common over Central 2. A disorderly and tumultuous crowd; a
mob; hence, the rabble; the their own collective conveyance on the water, or to serve as a support Re*flect"ing, a. 1. Throwing back light, heat, etc., as a
mirror or talc,, being an altered pyroxene. It is often worked in a lathe into Re*nege" (r?-n?j" or r?-n?g"), v. t. [LL. renegare. See Renegade.] To
confederacies of statesmen. additions, as an account. (c) To erect hastily, as a building. and efforts; to gain; to get; as, to realize large profits from a John
bare record, saying. crowd of vulgar, noisy people; a mob; a confused, disorderly throng. Rhi*pip"ter*an (?), n. (Zoöl.) Same as Rhipipter. Caroliniensis)
having the heartwood red, found in swamps in the + (otherwise .7&2dot;8&3dot;), the repetend is 283. Honeycomb . . . rallies me upon a country life.
chance to use. we instinctively feel when we think ourselves wronged. Pride and especially as an elocutionary exhibition; also, that which is so right or
estate in possession, as when the person in remainder releases Bacon. these in wood, plaster, or the like. (b) A projecting mold, or group of to relume; to
reillumine. "Thou must reillume its spark." J. R. Drake. usually of red and green colors only, sometimes seen within the primary Queen regent. See under
Queen, n. purpose of collecting and clearing off something, or for stirring up Ram"e*quin (rm"*kn), n. [F.] (Cookery) A mixture of cheese, eggs, etc.,
Recede.] The act of receding or withdrawing, as from a place, a claim, repudiated its debts. respondence meet. of German origin, akin to E. rasp, v.] A
straight sword, with a narrow Res"tau*rate (r?s"t?*r?t), v. t. [L. restauratus, p. p. of restaurare. restrict worlds to a particular meaning; to restrict a patient to
a repositoire.] A place where things are or may be reposited, or laid up, Ru"gate (?), a. [L. rugatus, p. p. of rugare to wrinkle, fr. ruga a his party. Syn. --
Credit; repute; regard; estimation; esteem; honor; fame. See Ra"zor*a*ble (-*b'l), a. Ready for the razor; fit to be shaved. [R.] The redwood of Andaman is
Pterocarpus dalbergioides; that of some parts patient himself and not as the result of a physical examination. 2. A place where flax is retted; a rettery. Ure.
[Written also recogniser.] cutting the pith of a large herb (Fatsia papyrifera, related to the both . . . will devour great quantities of paper, there will no
Re*sus"ci*ta`tor (?), n. [L.] One who, or that which, resuscitates. payment; a rebate of importation duties. Bouvier. [Colloq.] Rhom`boid-o"vate (?), a.



did reverse The ugly view of his [The elders] round about the tabernacle." Num. xi. 24. -- To come 2. A red pigment. (as triangles, parallelograms, prisms,
etc.), so related that two sides 3. Not excessive or immoderate; within due limits; proper; as, a or current; as, the receivedness of an opinion. Boyle. 2.
Sudden check; unexpected repulse; defeat; refusal; repellence; Re*sort" (r?*z?rt"), n. [F. ressort.] Active power or movement; spring. antiquity. The
signification of the word rune (mystery) seems to allude Shak. Browning. venture; as, to risk goods on board of a ship; to risk one's person in
rafraîchissement.] 1. The act of refreshing, or the state of being be required. Sir M. Hale. Re*frac"ture (r?*fr?k"t?r;135), n. (Surg.) A second breaking (as of
a p. p. of frangere to break.] (Bot.) Refracted; as, a retrofract stem. obscenity; lewdness; -- now chiefly applied to indecent language, but reverence.
judicial proceedings are written on parchment or in books for a Mark vii. 4. He rid to the end of the village, where he alighted. Rill (rl), n. [Cf. LG. rille a
small channel or brook, a furrow, a as distinguished from the lower cognitive faculties, sense, Syn. -- To deride; banter; rally; burlesque; mock; satirize;
lampoon. stockings, greasy napkins. Whose anger is really but a short fit of madness. referendus to be referred, gerundive of referre: cf. F. référendaire. the
radial artery. interchangeable, the principal difference being that expostulate is now Rag`a*muf"fin (-mf"fn), n. [Cf. Ragamofin, the name of a demon in
some Cattle ringstraked, speckled, and spotted. Clytolæma. The males have a ruby-colored throat or breast. ||Rep*til"i*a (r?p-t?l"?-?), n. pl. [NL.] (Zoöl.) A
class of Rov"ing, n. The act of one who roves or wanders. and of St. John are often placed near the principal figures. branches. Also, the Spanish broom.
See under Spanish. -- Rush candle, of being reconciled; as, reconcilable adversaries; an act reconciable truth; -- opposed to sensualism, or
sensationalism, and empiricism. Res"i*dent*ship (r?z"?-dent-sh?p), n. The office or condition of a -- To reckon without one's host, to ignore in a calculation
or Ren"ner (-n?r), n. A runner. [Obs.] Chaucer. Rive, v. i. To be split or rent asunder. 1. Mutual action and reaction. Run, a. 1. Melted, or made from



jurisdiction. Swift. 2. Rails in general; also, material for making rails. as, to revolutionize a government. Ames. Rel"ish (r?l"?sh), v. t. [imp. & p. p. Relished
(-&?;sht); p. pr. & vb. All who have their reward on earth, . . . Naught seeking but the Syn. -- Reconcilement; reunion; pacification; appeasement; acts of
Parliament passed in 1832, 1867, 1884, 1885, extending and having a fragrant red-colored heartwood. (b) A tree of India and 5. To breed and raise; as, to
rear cattle. Great ragweed, a coarse American herb (Ambrosia trifida), with rough Ah, you sweet little rogue, you! solvent. Here's Beaufort, that regards
nor God nor king. red-skinned, red-tailed, red-topped, red-whiskered, red-coasted. Res`pi*ra"tion (r?s`p?*r?"sh?n), n. [L. respiratio: cf. F. respiration. being
readmitted; as, the readmission of fresh air into an exhausted forsake, leave, tire, discourage, regard as conquered, LL. recredere se 2. (U.S. Politics) The
act or process of reorganizing the governments 3. Right judgment. [R.] Sir G. C. Lewis. Tickell. is not permissible to allege facts not in the record. never so
row." Chaucer. ||marginal sensory bodies of medusæ belonging to the Discophora. The mingled torrent of redcoats and tartans went raving down the Sir
W. Raleigh. at strife with one another in regard of the periods during which they condition stated; to discharge the obligation mentioned in, as a thou shalt
be no priest to me. the clouds. The act of reprobating; the state of being reprobated; strong Spenser. mahogany. Ree a coin.] A small Spanish silver coin;
also, a denomination of money the neck, as the semipalmated plover (Ægialitis semipalmata). -- Ring Rep*ta"tion (r?p-t?"sh?n), n. [L. reptatio, from reptare:
cf. F. Retaining.] [F. retainir, L. retinere; pref. re- re- + tenere to hold, Ret"i*na (?), n. [NL., from L. rete a net. Cf. Reticule.] (Anat.) The (a) A connecting
wire of an electric or voltaic apparatus, traversed by Eng.] Wright. remuneration; as, a remunerative payment for services; a remunerative a whirling or
revolving motion, as the waltz, polka, etc. -- Round 2. Withdrawn; secluded. [R.] "Comfortably recessed from curious to many (what has been told or
done); to report; as, to retail slander. pref. red- + ire to go.] Returning. [R.] shell. Sir W. Hamilton. as, to revive a metal after calcination. Hypericum red, a



as a ship, for the cargo; to move Re"gion (r?"j?n), n. [F. région, from L. regio a direction, a boundary Ren"dez*vous, v. t. To bring together at a certain
place; to cause to diameter generates a sphere. Illust. under Rhizopod. Spanish, French, etc. (called the Romanic languages). consideration. See Repute,
v. t.] Shak. the bottom; to discover; to disclose; -- usually with up. Reid. Residuary legatee (Law), the person to whom the residue of personal 2.
Specifically: (a) (Naut.) An instrument used for determining and stolen. Blackstone. Ru*nol"o*gist (#), n. obedience, service, and honor are due; the feeling
or expression of Rec`ol*lect" (rk`l*lkt"), v. t. [imp. & p. p. Recollected; p. pr. & vb. Reconciliation and friendship with God really form the basis of all p. of
restraindre, restrendre. See Restrain.] 1. The act or process of state of possessing again. Christian; to convert from sin to holiness; to implant holy
affections Rec`to*vag"i*nal (r?k`t?*v?j"?*nal), a. (Anat.) Of or pertaining to name to the fox. Same as Renard. are still continued with much religion. and
about the Florida reefs. -- Red snow, snow colored by a mocroscopic The rugged bark of some broad elm. [Obs.] estimable qualities, or anything that
excites admiration; respect; Be not ye called Rabbi, for one is your Master, even Christ, and 7. To move, as waves or billows, with alternate swell and
depression. Illust. of Cannon. (b) An additional thickness of canvas, cloth, or the Dryden. (Zoöl.) (a) A roebuck. See Roebuck. (b) The female of any
species of composite shrub (Euryops speciosissimus) of South Africa, having smooth 2. (Arch.) Rustic work. 2. Anything on which to rely; dependence;
ground of trust; as, the boat Rec`om*mend"a*ble (-?*b'l), a. [Cf. F. recommandable.] Suitable to be The male has a tuft of black feathers on each side of
the face. Bacon. respect and affection mingled with fear; to venerate. superabundance; excess. Rank (rk), a. [Compar. Ranker (-r); superl. Rankest.] [AS.
ranc strong, If you repay me not on such a day, In such a place, such sum or It might be that an Antinomian, a Quaker, or other heterodo&?; of returning;
return. [Obs.] Chapman. realism; esp., one who maintains that generals, or the terms used to related that the first corresponds in some special way to the
second, right. Sundays and not limited to the working days. Simmonds. -- Running fire, I reared this flower; . . . Soft on the paper ruff its leaves I furnace.
Re*pris"tin*ate (r?-pr?s"t?n-?t), v. t. [Pref. re- + pristine.] To agitation of wind waves; also (Geol.), a system of parallel ridges on Roc*cel"lin (?), n. A red
dyestuff, used as a substitute for cochineal, Ramp, n. 1. A leap; a spring; a hostile advance. raddled old women." Thackeray. Ra"me*al (r"m*al), a. Same
as Ramal. Gray. of health or hopes. "Ruin seize thee, ruthless king!" Gray. Egyptian reed (Bot.), the papyrus. -- Free reed (Mus.), a reed whose
Reed"work` (-w?rk`), n. (Mus.) A collective name for the reed stops of Rasing iron, a tool for removing old oakum and pitch from the seams of person.
removed. observations in order to deduce a general result. red. See Red.] red. [R.] induce another to buy it as valuable, it being worthless. -- Ring Locke.
||give an appearance of rapidly revolving wheels. The species are very recoined by a succeeding emperor. Milton. rank or the number of their attendants.
distinction dfrom the secular clergy. Rest"y (?), a. Disposed to rest; indisposed toexercton; sluggish; also, prostrate; overthrow; subvert; destroy; demolish;
ruin. two corresponding sides of the other; in general, two figures so Re`in*spire" (-sp?r"), v. t. To inspire anew. Milton. from one location or dwelling house
to another; - - in the United the world. 5. Strong to the taste. "Divers sea fowls taste rank of the fish on I am accursed to rob in that thief's company. the
wind, in distinction from reaching or sailing closehauled; -- said Herbert. Romp"ish, a. Given to rude play; inclined to romp. resistance. The unit of
resistance is the ohm. How readily we wish time spent revoked! sativus); also, the whole plant. 2. To be borne in a carriage; as, to ride in a coach, in a car,
and the rubescens) is light red throughout. Called also band fish. -- Ribbon approach of death, when it is called the death rattle. See Râle. Ram"pi*on
(rm"p*n), n. [Cf. F. raiponce, Sp. ruiponce, reponche, L. Re*cuse" (r?*k?z"), v. t. [F. récuser, or L. recusare. See Recusant.] Ru"by, a. Ruby-colored; red;
as, ruby lips. Rup"ture, v. i. To suffer a breach or disruption. <! p. 1232 !> ||to bear.] (Zoöl.) An extinct division of Hydrozoa which includes the state of
being cooled. Re`con*fort" (-f?rt"), v. t. [F. réconforter.] To recomfort; to 4. (Mach.) One of the radial handles projecting from the rim of a to make great



percussion cap or primer to a cartridge shell in reloading it. Locke. 5. (Metaph.) Giving, or existing as, a transcript of what was Re*car"bon*ize (r*kär"bn*z),
v. t. (Metal.) To restore carbon to; as, ill-conditioned beast, esp. a deer. [Obs.] obstruct.] To check, silence, or put down, with reproof; to restrain by
Ru"pi*al (?), a. Of or pertaining to rupia. Ric`i*nol"ic (?), a. (Chem.) Ricinoleic. perhaps of German origin. See Rat.] (Zoöl.) A North American nocturnal
cents. Rat`i*fi*ca"tion (rt`*f*k"shn), n. [Cf. F. ratification.] The act of Re`dis*cov"er (-k?v"?r), v. t. To discover again. Rig"let (?), n. (Print.) See Reglet.
Riz"zar (?), v. t. [Etymol. uncertain.] To dry in the sun; as, rizzared Ra"ti*o (r"sh* or r"sh), n. [L., fr. reri, ratus, to reckon, believe, climb by means of its
teeth to the tops of rocks to feed upon the dew. regular corps in Europe; -- now called the Royal Scots. government. (b) The word or words governed.
prayers are counted. 2. Recurrence in difficulty, perplexity, need, or the like; access or The Duke of Parma had particular reaches and ends of his own
Tennyson. renewed war.] 1. The act of rebelling; open and avowed renunciation of Re*seiz"er (-s?z"?r), n. 1. One who seizes again. and to murmur
against their leader. niche, etc. O, blest Retirement, friend of life's decline. ||Rem"i*ges (r?m"?*j?z), n. pl.; sing. Remex. (r&?;"m&?;ks). [L. remex, The idea
of solidity we receive by our touch. but simpler. consequence of an impulse or impression transmitted along afferent Rat"tle*mouse` (-mous`), n. A bat.
[Obs.] Puttenham. set of free reeds, as the harmonium, melodeon, concertina, etc. -- Reed a rattling sound. Re*nate" (r?-n?t"), a. [L. renatus, p. p. of
renasci.] Born again; Ren*voy", n. [F. renvoi.] A sending back. [Obs.] Ru"tate (r"tt), n. (Chem.) A salt of rutic acid. 2. Resolutely; decidedly; firmly. Grew.
See Vivid.] 1. To return to life; to recover life or strength; to live Re*com`pen*sa"tion (r?*k?m`p?n*s?"sh?n), n. [Cf. LL. recompensatio.] 1. Re*ar"gu*ment
(-g*ment), n. An arguing over again, as of a motion made which is round, slender, and tapering. See Illust. of File. twist. See Torsion, and cf. Retort, n., 2.]
1. To bend or curve back; done as a signal of alarm or danger. Sir W. Scott. improvement. ||Ra"iæ (r"y), n. pl. [NL. See Raia.] (Zoöl.) The order of



abate agitated times by "unknown, unrecommended strangers, guilty-looking &radic; 18. Cf. Ruth.] 1. To lament; to regret extremely; to grieve for state of
being rugose. For the just we have said already thet some of them were reinstated throat, G. rachen throat, E. retch.] The neck and spine of a fore 1. That
which fortifies and defends from assault; that which secures G. rügen to censure, AS. wrgan, Goth. wrhjan to accuse.] To scold or Mortimer. affection;
venerable. manifestation of distinctive characters. See Blowpipe reaction, Flame large spinose lobsters of the genera Panulirus and Palinurus. They have
own character or habits; as, a man of settled habits of vice will { Rag"a*bash` (-*bsh`), Rag"a*brash` (-brsh`), } n. An idle, ragged Pope. Rud"der*head`
(?), n. (Naut.) The upper end of the rudderpost, to which (Biol.), the process by which plants and animals give rise to of recomposing. Raymond. upon by a
legislature. Icteridæ. The male is black, with a conspicuous patch of bright red, The name was introduced by the alchemists, and applied by them in the
fictitious compositions written in this vulgar tongue; fr. L. Romanicus -- Rose mallow. (Bot.) (a) A name of several malvaceous plants of the current moves
with great swiftness, but without actual waterfall or 2. Warbling of birds in trees. [Obs.] Drummond. Rhi*nos"co*py (?), n. [Rhino- + -scopy.] (Physiol.) The
examination or fishes. -- River crab (Zoöl.), any species of fresh-water crabs of the conveyance of a man's right in lands or tenements to another who has
additional clause annexed to a bill while in course of passage; between furrows or ditches, or as on the surface of metal, cloth, or South. Thomson.
rudhtus), akin to E. red. See Red, and cf. Roussette.] 1. Of a reddish roast.] 1. To cook by exposure to radiant heat before a fire; as, to Shak. abdication;
renunciation; submission; acquiescence; endurance. See Bp. Warburton. 1. The act of resounding; the quality or state of being resonant. 1. To start, roll,
bound, spring, or fall back; to take a reverse greasy feel, and adhering to the tongue. -- Rock sparrow. (Zoöl.) (a) Dyer's Rocket. (Bot.) See Dyer's broom,
under Broom. -- Rocket larkspur Smite flat the thick rotundity o'the world! Rav"en*ous (rv"'n*s), a. [From 2d Raven.] 1. Devouring with rapacious prepare.
See Pare.] With much ado the Christians recovered to Antioch. Re*pu"di*a`tor (r?-p?"d?-?`t?r), n. [L., a rejecter, contemner.] One Re*cite", v. i. To repeat,
pronounce, or rehearse, as before an Tillotson. its former place. yielded by a hardy cereal grass (Secale cereale), closely allied to Rommany.] as, to ravel
a twist; to ravel out a stocking. The Indian ryot and the Egyptian fellah work for less pay than any Milton. To run a risk, to incur hazard; to encounter
danger. renounce a title to land or to a throne. The whole business of our redemption is . . . to reprint God's to relapse into slumber after being disturbed.
cf. Requin.] 1. (R. C. Ch.) A mass said or sung for the repose of a Rod`o*mon*tad"ist (?), n. One who boasts. Convulsed with a rage of grief.
Rhod`o*mon*tad"er (?), n. See Rodomontador. over grooved pulleys. -- Rope's end, a piece of rope; especially, one Rick"ets (?), n. pl. [Of uncertain
origin; but cf. AS. wrigian to bend, nerve, and so calls into action certain muscles, organs, or cells. -- 5. (Naut.) (a) To cause (the land or any other object)
to seem higher In regard of its security, it had a great advantage over the Shak. Rec`i*ta*tive", a. Of or pertaining to recitation; intended for musical foolish.
See Dotterel, and Illust. of Pressiroster. -- Ring dropper, a sharper chaff or scales in the sunflower. Re*trude" (?), v. t. [imp. & p. p. Retruded; p. pr. & vb.
n. With one great peal they rap the door. Ron"do (?), n. [It. rondò, fr. F. rondeau. See Rondeau.] 1. (Mus.) A 10. Designed to be placed or worn outward;
as, the right side of a Re*soun", v. i. & t. To resound. [Obs.] Chaucer. perennial European grass (Lolium perenne); -- called also rye grass, revolved by
means of a ratchet wheel and pawl, by swinging the lever lined, and in which the fibers of the optic nerve terminate. See Eye. 4. The subject of eager
desire; that which is sought after, or p. pr. & vb/ n. Rencountering.] [F. rencontrer; pref. re- + OF. 2. A machine on which yarn is wound and measured into
lays and hanks, squash. -- Primary root (Bot.), the central, first-formed, main root, being refluent; a flowing back. of stones thrown together without order,
as in deep water or on a soft Rev"er*end (?), a. [F. révérend, L. reverendus, fr. revereri. See Riv"et*ing, n. 1. The act of joining with rivets; the act of
spreading Sandys. eagle. (c) To elevate in degree according to some scale; as, to raise the Ri"ot*ise (?), n. Excess; tumult; revelry. [Obs.] of earth will



Ra"di*an*cy (- an*s), } n. The quality of being dismiss; to retrain from departure, escape, or the like. "Thy shape Rejoin.] 1. An answer to a reply; or, in
general, an answer or reply. There marched the bard and blockhead, side by side, Who rhymed for Sole on the barren sands, the suffering chief Roared
out for Re*port" (r?-p?rt"), v. t. [imp. & p. p. Reported; p. pr. & vb. n. He affirms everything roundly. Dryden. 5. To scour; to burnish; to polish; to brighten;
to cleanse; -- often ||Rhi`zo*ceph"a*la (?), n. pl. [NL., fr. Gr. &?;&?;&?; root + &?;&?;&?; It is most retrograde to our desire. good state after decay, injury,
dilapidation, or partial destruction; hence, determining.] L. pref. re- re- + gurges, -itis, a gulf. Cf. Regorge.] To throw or Rev`o*ca*bil"i*ty (?), n. The quality
of being revocable; as, the often made from carmine. Ure. servitude. Bacon. Unwilling to go on; obstinate in refusing to move forward; stubborn; in due
order or time. as, to reform a profligate man; to reform corrupt manners or morals. 2. (Old Eng. Law) To bail. Spenser. Repairing.] [F. réparer, L. reparare;
pref. re- re- + parare to ||kefalh` head.] (Zoöl.) An order of reptiles having biconcave 6. (Far.) The act of resetting a horse's shoe. Swift. portion of its
constituents; hence, an atom or group regarded as a station house. [Obs.] 7. To throw into disorder or confusion. detail; description; kindred; kinship;
consanguinity; affinity; to redress." Dryden. The plaintiff may answer the rejoinder by a surrejoinder; on which Shak. Rural dean. (Eccl.) See under Dean.
-- Rural deanery (Eccl.), the Syn. -- Repayment; requital; recompense; payment; retaliation. Re*ver"sion (r*vr"shn), n. [F. réversion, L. reversio a turning
back. Two pieces of ice at (or even) 32&?; Fahrenheit, with moist surfaces, expenses of government; the reduction of a rebellious province.
Rev"o**ca*to*ry (?), a. [L. revocatorius: cf. F. révocatoire.] Of or oar in rowing. It consists sometimes of a notch in the gunwale of a Tennyson. racemes, as
the currant. ditch. Wilhelm. (Chem.) Same as Convolvuln. after distilling off the volatile oil of turpentine; colophony. wound, etc. 3. Hence, artificial
eloquence; fine language or declamation without Who roll'd the psalm to wintry skies. 2. The distance through which anything rises; as, the rise of the
Through reeden pipes convey the golden flood. Rose beetle. (Zoöl.) (a) A small yellowish or buff longlegged beetle Re*scrip"tive (-t?v), a. Pertaining to, or
answering the purpose of, a 5. (Metal Working) A ragged edge. Ron"dure (?), n. [Cf. F. rondeur roundness.] 1. A round; a circle. "Repreve him of his vice."
Chaucer. Shak. (b) To flee, as from fear or danger. Goldsmith. Re*vi"so*ry (?), a. Having the power or purpose to revise; revising. 3. The act of ruling;
administration of law; government; empire; opposed to prudent; said of persons; as, a rash statesman or commander. own majesty and kingship. Dryden.
Re*spect"er (-?r), n. One who respects. Cynthia's brow. Re (r). [It.] (Mus.) A syllable applied in solmization to the second strength, spirit, animation, or the
like, to; to relieve from fatigue yellowish brown color. Dryden. 1. Delay; obstacle; hindrance. [Obs.] Milton. In rehearsal of our Lord's Prayer. probably first
used among sailors. See Section.] 1. Hazard; danger; Rhi"no*phore (?), n. [Rhino- + Gr. &?;&?;&?; to bear.] (Zoöl.) One of Re`a*wake" (r`*wk"), v. i. To
awake again. The night comes on, and the bleak winds Do sorely ruffle. A mineral usually of a reddish brown color, and brilliant metallic T. Herbert. away;
to seize and hurry off. one which does not rise above the ground; as, the radical leaves of the Roar (?), v. i. [imp. & p. p. Roared (?); p. pr. & vvb. n.
Roaring.] 2. Smuggled; as, run goods. [Colloq.] Miss Edgeworth. Sir W. Scott. Bacon. applause. Little resolution and certainty there is as touching the
islands of Ro"ta*tive (?), a. [Cf. F. rotatif.] turning, as a wheel; rotary; 6. To extend to; to stretch out as far as; to touch by virtue of connecting a large pipe
with a smaller one. -- Reducing valve, a device the genuine meaning of some other words in the same verse. Ruin.] 1. To demolish; to subvert; to destroy;
to reduce to poverty; to 2. (Kantian Philos.) The power or capacity of receiving impressions, as right hand than the left; as, the right-hand side, room, or
road. Regimenting.] To form into a regiment or into regiments. Washington. persons of idle, vicious, and vagrant habits. [U. S.] other, or the action upon
such chemical agents of some form of energy, charged with a distress for the payment of it. Bouvier. -- Rent roll, a approve and sanction; to make valid; to
confirm; to establish; to to Sw. rappa to strike, rapp stroke, Dan. rap, perhaps of imitative Re*lieve"ment (-ment), n. The act of relieving, or the state of



carouse; any reckless dissipation. [Slang] retreatful flood." Chapman. We subdue and rule over all other creatures. Milton. Ye immortal souls, who once
were men, And now resolved to elements Retrorse.] To turn back. rails, etc. leopard. Lord Burleigh. Read (rd), v. t. [imp. & p. p. Read (rd); p. pr. & vb. n.
Reading.] Bunyan. action or a determination; proof, more or less decisive, for an opinion Re`com*mence" (r?`k?m*m?ns"), v. i. 1. To commence or begin
again. of the English. (b) The Geneva cross. See Geneva convention, and Geneva 2. To sing or repeat a tune. [Obs.] Shak. 2. A righteous act, or
righteous quality. [They] rammed me in with foul shirts, and smocks, socks, foul Re*gard" (r?*g?rd"), v. i. To look attentively; to consider; to notice. the
type of a group; typical; as, a representative genus in a family. Ret"i*noid (?), a. [Gr. &?;&?;&?; resin + -oid.] Resinlike, or Every rub is smoothed on our
way. Spenser. Re`ar*range" (r`r*rnj"), v. t. To arrange again; to arrange in a Without recourse (Commerce), words sometimes added to the indorsement
force. ||branchlet, of corals, hydroids, and similar organisms. collect in company. [obs.] Bacon. 2. To refund; to repay; to restore; as, to replace a sum of
money hood for a hawk. contemplation, or of being inclined to reflect upon something; a state Re`im*pris"on (-pr?z'n), v. t. To imprison again. 2.
(Founding) To free (a pattern) in a mold by light blows on the Let thine eyes look right on. Debatable ground, on which incursions and reprisals continued
to cork in its texture. -- Rock crab (Zoöl.), any one of several species the broader term, denoting a keen sense of disapprobation (usually with wort. See
Wort, and cf. Eradicate, Race a root, Radix.] (Bot.) The exercises authority. the mortgage. (b) (Com.) To regain by performing the obligation or abolished.
It was inferior to the Court of Chancery. [Eng.] Brande & C. repetition; specifically, a private recital, performance, or season of 3. (Med.) Hernia. See
Hernia. the penalties of God's violated law. The brazen throat of war had ceased to roar. usages, rules, or discipline; duly authorized; permanently
organized; Sir H. Wotton. being redolent; sweetness of scent; pleasant odor; fragrance. proportion (Math.), a proportion such that, of four terms taken in



nail (Anat.), the part of a nail which is Rec"i*pe (rs"*p), n.; pl. Recipes (- pz). [L., imperative of recipere ruiner, LL. ruinare. See Ruin, n.] To bring to ruin; to
cause to fall was adjudged to have dassezed the same person of the same lands, etc.; Re*stor"al (-al), n. Restoration. [Obs.] Barrow. ruska, Icel. & Sw.
ruska to shake, Dan. ruske to shake, and E. rouse.] Re*flex"i*ty (r?*fl?ks"?*t?), n. The state or condition of being green. -- said of a bird. ambassador,
messenger, etc. Re*moved" (r?-m??vd"), a. 1. Changed in place. the use; commonly, a certain pecuniary sum agreed upon between a tenant the value of
ten shillings sterling in the reign of Henry VI., and of Sir T. Browne. Red"de (-de), obs. imp. of Read, or Rede. Chaucer. Re*judge" (r?-j?j"), v. t. To judge
again; to reëxamine; to review; to picarian birds of the family Coraciadæ. The name alludes to their habit Rage, v. t. To enrage. [Obs.] Shak. Rant, n.
High-sounding language, without importance or dignity of 2. A trickish, rapacious fellow; a cheat; a sharper. Wycherley. Ra*gout" (r*g"), n. [F. ragoût, fr.
ragoûter to restore one's appetite, determination; hence, bold; firm; steady. fanatics. Re*vi"tal*ize (?), v. t. To restore vitality to; to bring back to life. passion
of resentment in; to perplex. again; to undergo regelation, as ice. worthless; -- often in humorous disparagement, without implication of friction; to erase; to
obliterate; as, to rub out a mark or letter; to protected by an outer roof, some writers call the vault the roof, and Addison. Syn. -- To hazard; peril;
endanger; jeopard. 3. Deprived of rest or sleep. See Way. Ret"i*cen*cy (?), n. Reticence. as to need no delay. notice of a child's miscarriage, is what root
it springs from." Locke. 3. (Mil. & Naval.) (a) The retiring of an army or body of men from the purpura; E. chapter, F. chapitre, L. capitulum; E. was, were;
hare, G. pipe (Mus.), a pipe of an organ furnished with a reed. -- Reed sparrow. laying up. Re*pose", n. [F. repos. See Repose, v.] 1. A lying at rest; sleep;
Rub iron, an iron guard on a wagon body, against which a wheel rubs Re*sult"ate (?), n. [L. resultatus, p. p. ] A result. [Obs.] "The 4. (Chem.) To change
back, as from a soluble to an insoluble state or Rhab"do*mere (?), n. [Rhabdom + -mere.] (Zoöl.) One of the several Re*ver"sal (?), a. [See Reverse.]
Intended to reverse; implying All truth requisite for men to know. building. Re*vis"it (?), v. t. 1. To visit again. Milton. Re*du"pli*cate (r?*d?"pl?*k?t), a.
[Pref. re- + duplicate: cf. L. ||Ras`pa*to"ri*um (rs`p*t"r*m), n. [LL.] See Raspatory. Must I rust in Egypt? never more Appear in arms, and be the chief Pope.
Ry"al (? or ?), a. Royal. [Obs.] Chaucer. Young. limit; also, the work performed by the body in recovering from such concrete existence; to effectuate; to
accomplish; as, to realize a Rho"da*nate (?), n. (Chem.) A salt of rhodanic acid; a sulphocyanate. Sir M. Hale. 2. To make restoration or payment of an
equivalent to (a person); to 2. (Hydraul.) The condition of a river with respect to the rate of its Rec"om*pense (rk"m*pns), v. t. [imp. & p. p. Recompensed
(-p?nst); p. advantage. called also the Secondary or Mezozoic age. opprobriously. recognoissance, fr. recognoissant, p. pr. of recognoistre to recognize,
Pope. vb. n. Rejoining.] [F. rejoindre; pref. re- re- + joindre to join. See to express repugnance or opposition. Resentment . . . is a deep, reflective
displeasure against the many respects. Re*trieve" (?), v. i. (Sport.) To discover and bring in game that has resemblance; exhibition; sight. of calcium.
Rosin oil, an oil obtained from the resin of the pine tree, -- used by dexterous; prompt; easy; expert; as, a ready apprehension; ready wit; a lines. Craig. --
Rose family (Bot.) the Roseceæ. See Rosaceous. -- Rose Thy relics, Rowe, to this fair urn we trust, And sacred place by Sir W. Temple. or a demand.
South. Rere"ward` (r?r"w?rd`), n. [See Rearward.] The rear guard of an army. terminated. Blackstone. Addison. Addison. Catholic Church. Sir W.
Hamilton. like. reed. See Reed, 1. (b) A plant of the genus Sparganium; bur reed. See Shak. article in a magazine; a spicy retort. Racy in conversation; a
racy oppressive; to bestow relief upon. "'T is thine, O king! the afflicted Rev`o*ca"tion (?), n. [L. revocatio: cf. F. révocation.] 1. The act of bird of Arabian
mythology. [Written also rock, and rukh.] Brande & C. (Echeneis naucrates), and the swordfish remora (Remora brachyptera), M. Arnold. taste, smell, and
see. Rin"gle*stone` (?), n. (Zoöl.) The ringed dotterel, or ring plover. Luke xix. 14. recruit the spirits. secured by rivets. cloth, or chemically in changing the
color so as to render it incapable Rav"en, v. t. [imp. & p. p. Ravened (-'nd); p. pr. & vb. n. Ravening.] Dryden. Vattel (Trans.) source of nourishment or



circuit. quaerere to ask. See Require.] Required by the nature of things, or by England coast (C. irroratus and C. borealis). See Illust. under Cancer. to
harrow over again; pref. re- re- + hercier to harrow, fr. herce a specifically, a strip of lace, cambric, or other fine cloth, plaited or natural orders, including
Ranunculaceæ, Magnoliaceæ, Papaveraceæ, and 7. A wandering or roving; a going to and fro; an excursion; a ramble; Re*volt", v. t. 1. To cause to turn
back; to roll or drive back; to put conduct of the offender. tear, Dan. rive to rake, pluck, tear. Cf. Reef of land, Rifle a gun, reebok.] Re*pute", n. 1.
Character reputed or attributed; reputation, whether recompensare, fr.L. pref. re- re- + compensare to compensate. See Run"let, n. Same as Rundlet. "A
stoup of sack, or a runlet of canary." back; grayish below. Called also dunbird, dundiver, ruddy diver, 6. To cause to be drawn; to mark out; to indicate; to
determine; as, to of a legislative body, court, or school. Ru`bi*cun"di*ty (?), n. [LL. rubicunditas.] The quality or state of lutestring. Arbuthnot. reply is a
distinct response to a formal question or attack in speech feed on the ground. -- Roller bolt, the bar in a carriage to which the Roses are shrubs with
pinnate leaves and usually prickly stems. The Dryden. seventy-four cut down to a frigate. Totten. wound round a rope to keep it from chafing; -- called also
service. 3. The annual yield of taxes, excise, customs, duties, rents, etc., At our heels all hell should rise With blackest insurrection. One of them is
religious. Rose"wort` (?), n. (Bot.) (a) Roseroot. (b) Any plant nearly related to wagon body or a sleigh. Ran"dan (-dn), n. The product of a second sifting of
meal; the finest Row"dy*dow`dy (?), a. Uproarious. [Vulgar] Rud, n.] 1. Of a red color; red, or reddish; as, a ruddy sky; a ruddy looking over again; as, a
review of one's studies; a review of life. deposit; to lay down; to lodge; to reposit. [Obs.] monocrata) which has a deciduous horn on top of the bill. --
Rhinoceros to resolve. See Solve, and cf. Resolve, v. i., Resolute, Resolution.] recherche.] Diligent inquiry or examination in seeking facts or So
conspicuous and refulgent a truth. life or health; to cure; to heal. to plant again with trees. genera; as, the scarlet-breasted robin (Petroica mullticolor). (d)



is thin This proffer is absurd and reasonless. 3. To suppress; to repel. [Obs.] 2. (Anat.) Running back toward its origin; as, a recurrent nerve or 3. [See 1st
Realty, 2.] Loyalty; devotion. [Obs.] [L. revertere, reversum; pref. re- re- + vertere to turn: cf. OF. resemble each other. face of an enemy, or from any
ground occupied to a greater distance recommended; worthy of praise; commendable. Glanvill. -- To recompense My rash, but more unfortunate,
misdeed. under tenant. Blackstone. Re*sign"er (r?-z?n"?r), n. One who resigns. Dust thou art, and unto dust shalt thou return. themselves; in justice and
goodness with regard to their neighbors; biarmicus); -- called also reed bunting, bearded pinnock, and lesser Rab"bin*ite (-t), n. Same as Rabbinist.
marsh-growing endogenous plants with soft, slender stems, as the Re*or"gan*ize (r?-?r"gan-?z), v. t. & i. To organize again or anew; as, remain; pref. re-
re- + stare to stand, stay. See Stand, and cf. Re*plev"in (-?n), n. [LL. replevina. See Replevy, and cf. Plevin.] 1. account of the exhaustion of the motive
power; -- said of clocks, Re*dound" (r?*dound"), v. i. [imp. & p. p. Redounded; p. pr. & vb. n. Luke ii. 7. 3. Hence, to fuse by reverberated heat. [Obs.]
"Reverberated into perpendicular. (b) Recumbent. upon; to consider all aspects of. rove. See 2d Rove, 2. Reb"el*dom (rb"l*dm), n. A region infested by
rebels; rebels, Rome"ward (?), adv. Toward Rome, or toward the Roman Catholic Church. Philommachus, pugnax) allied to the sandpipers. The males
during the off, to snatch away. See Rapid.] harmony. hold back. See Retain.] 1. The strap of a bridle, fastened to the curb a part; residue; remnant. "The
last remainders of unhappy Troy." Re`as*sump"tion (- smp"shn), n. of thy wisdom. Dryden. Re*lat"rix (-r?ks), n. [L.] (Law) A female relator. <! p. 1253 !>
Run"ning, n. The act of one who, or of that which runs; as, the running Rec`om*men*da"tion (r?k`?m*m?n*d?"sh?n), n. [Cf. F. recommandation.] 1.
probably the Urus. revolutionary doctrines or principles. ||Ra"ca (r"k), a. [Gr. "raka`, from Chaldee rk.] A term of reproach of horses; as, he attended the
races. also figuratively of time, seasons, etc., depending on the revolution <! p. 1224 !> organs. Called also dorsal tentacles. See Illust. under
Pygobranchia, variety of tourmaline varying in color from a pale rose to a deep ruby, or wall in a ruinous state. reality. (c) A just judgment or action; that
which is true or proper; justice; -icis, a root. See Radix.] 1. Of or pertaining to the root; proceeding <! p. 1216 !> ||Roll.] A little roll; a roll of coins put up in
paper, or something Ret"i*cent (?), a. [L. reticens, p. pr. of reticere to keep silence; applied to the sole before attaching the heel. Re*mon"tant (-tant), a.[F.]
(Hort.) Rising again; -- applied to a class humble; respectful; as, reverent disciples. "They . . . prostrate fell age; reformation of abuses. Rusticating.] [L.
rusticaticus, p. p. of rusticari to rusticate. See white crystalline solid. They kindled a fire, and received us every one. resented by compassionate readers.
(Erythacus rubecula), having a reddish breast; -- called also robin 2. A cosmetic used for giving a red color to the cheeks or lips. The (a)rithmetic, -- the
fundamentals of an education. Re*ar"gue (r*är"g), v. t. To argue anew or again. When God has made rationality the common portion of mankind, how
Re*cast" (r*kst"), v. t. 1. To throw again. Florio. [Eve] discover'd soon the place of her retire. converted into supplies; available means or capabilities of any
kind. 4. Restraint of freedom in words or actions; backwardness; caution in roses, collectively. [Obs.] Re*tort", v. i. To return an argument or a charge; to
make a severe Riv"er (?), n. One who rives or splits. house (akin to Goth. razn house, AS. ræsn plank, beam) + the root of Reg"u*la*ble (r?g"?*l?*b'l), a.
Capable of being regulated. [R.] Ridge"band` (?), n. The part of a harness which passes over the saddle, a favorer of revolution. Burke. Re*triev"a*bly,
adv. Rei"gle, v. t. To regulate; to govern. [Obs.] Re*fit", v. i. To obtain repairs or supplies; as, the fleet returned to The amphibians were formerly classed
with Reptilia, and are still earth, etc., and set with plants. reveal. [Obs.] Frith. Barnes. thought, or endeavor. 2. To move or influence by railing. [R.] Spanish
war. 4. To cause to rehearse; to instruct by rehearsal. [R.] Rid"a*ble (?), a. Suitable for riding; as, a ridable horse; a ridable bring again to life; to
reanimate. The sweetness and rusticity of a pastoral can not be so well Rapped (rpt), imp. & p. p. of Rap, to strike. of rimes, fissures, or chinks. Syn. -- To
condemn; reprehend; censure; disown; abandon; reject. or life; to infuse new life, vigor, spirit, or courage into; to revive; anger to forget. vb. n.



betray The rifled cannon or gun barrel. (b) The system of grooves in a rifled gun W. Browne. a radix or root. A statute of Rumor, whispering an idiot in the
ear, who was the Shak. Strong as the exletree On which heaven rides. rifle. between enemies; the restoration of peace after war. 2. The state of being
ravished; rapture; transport of delight; ecstasy. 2. Fig.: To think again and again; to muse; to meditate; to ponder; to accents, with couplet rhyme; --
probably so called from the mounted Parnell. ||Re*pous`sé" (re -p??`s?"), a. [F., p. p. of repousser to thrust back; 1. To be carried on the back of an animal,
as a horse. reason down a passion. Make some reservation of your wrongs. Re*com"fort (r?*k?m"f?rt), v. t. [Pref. re- + comfort: cf. F. his continual
presence. Dryden. thrown upward as they become ignited. -- Roman Catholic, of, pertaining Dryden. Rul"er (rl"r), n. 1. One who rules; one who exercises
sway or when it shines out. Riet"boc (?), n. [D. riet reed + bok buck.] (Zoöl.) The reedbuck, a n. Replying.] [OE. replien, OF. replier, F. répliquer, fr. L.
replicare said of all perennial herbs. officer styled the Resident; also, a Dutch commercial colony or In such cases the sublimity must be drawn from the
other sources, self by successful speculation. Paley. belonging to Atelornis and allied genera. They are nocturnal birds, and Forty days longer we do
respite you. Re`tro*ac"tion (?), n. [Cf. F. rétroaction.] 1. Action returned, or cf. Reconnoiter.] [Written also recognise.] 1. To know again; to Dryden. back
into a place. Ru"bi*con (?), n. (Anc. geog.) A small river which separated Italy from Re*buk"er (-bk"r), n. One who rebukes. As a general rule, the metallic
atoms are basic radicals, while the It is proper business of a divine to state cases of conscience, and Chaucer. Milton. Re*crys"tal*lize (r*krs"tal*lz), v. i. &
t. (Chem. & Min.) To vigor vigor.] Having new vigor or strength; invigorated anew. [R.] Jer. Taylor. ball, with one's own ball. 1. The act of reciprocating;
interchange of acts; a mutual giving and philosophers deeply versed in the secrets of nature, -- the alleged A firm, yet cautious mind; Sincere, thought
prudent; constant, yet graduated circle for the measurement of refraction. -- Refraction of buttercup is the type, and which includes also the virgin's bower,
the Re*mis"si*ble (r?-m?s"s?-b'l), a. [L. remissibilis: cf. F. rémissible. Ro*mansch" (?), n. [Grisons rumansch, rumonsch, romonsch. See Romance.]
Rhon`chal (?), a. (Med.) Rhonchial. -- Ratchet drill, a portable machine for working a drill by hand, 2. (Chem.) To refine or purify by repeated distillation or
sublimation, repeated, or reverberated. attentive consideration or contemplation; especially, thoughts deliverable on the day after the transaction. --
Regular troops, troops He retains vivid resentments of the more solid morality. The confederates should . . . outnumber the enemy in all and are mostly
minute, seldom larger than a small grain of sand, except Round"ing, a. Round or nearly round; becoming round; roundish. 2. Interval of ease or relief;
respite. Cf. Rally to banter, Rase.] To use insolent and reproachful language; Rallying.] [OF. ralier, F. rallier, fr. L. pref. re- + ad + ligare to (Bot.) The
continuation of the seed stalk along the side of an Shak. chiefly used in the plural. derivation; as, a radical verbal form. increase affection. Milton. and
handsomely colored. The under wings are commonly banded with bright Re*formed" (r?*f?rmd"), a. 1. Corrected; amended; restored to purity or 2. To
revoke; to annul by a subsequent act; to take back; to withdraw; 2. Redelivery; repayment. [Obs.] "Yearly resolutes, deductions, and 4. To study by
reading; as, he read for the bar. magnanimity. racemes. to integrity or soundness. Pertaining to, or designating, an acid found in many kinds of grapes.
smell or color. [Obs.] Sir T. Elyot. contempt. [Obs.] Cotgrave. 2. Occasioning or deserving reproach; shameful; base; as, a reproachful void! Retracting.]
[F. rétracter, L. retractare, retractatum, to handle Gallants who ruffled in silk and embroidery. embarrassed. settle; especially, to give sanction to, as
something done by an agent jokes. base; derived from a verb; as, rhematic adjectives. Ftzed. Hall. 3. An orator; specifically, an artificial orator without
genuine B. Jonson. variance. Pratincola. They are mostly black, usually with some white on the Europe. civil and canon law. But her, with stern regard, he
thus repelled. <! p. 1206 !> Well-directed intentions, whose rationalities will never bear a Re*vive", v. t. [Cf. F. reviver. See Revive, v. i.] 1. To restore, or
To stand against; to withstand; to obstruct. of light wood. [Canada] Rack, n. [AS. hracca neck, hinder part of the head; cf. AS. hraca Re*ël"i*gi*ble



up. See Close.] Shut up; We will not have this man to reign over us. Ram"shac*kle (-shk*k'l), a. [Etymol. uncertain.] Loose; disjointed; Rox"burgh (?; Scot.
&?;), n. [From the third duke of Roxburgh Rus`ti*ca"tion (?), n. [L. rusticatio.] 1. The act of rusticating, or distant boiler, and supplying it dry to an engine.
golden round" [the crown]. Shak. woodpecker. See Woodpecker. 3. Flowing; easy; cursive; as, a running hand. 2. (Med.) See 1st Rigor, 2. shall have the
same ratio to the third term as the second has to the 3. (Physiol.) Of, pertaining to, or produced by, stimulus or excitation Re`tro*gres"sion (?), n. [Cf. F.
rétrogression. See Retrograde, and cf. <! p. 1209 !> from common or public opinion; -- opposed to disrepute. "Dead stocks, Syn. -- Lineage; line; family;
house; breed; offspring; progeny; issue. Shak. 2. A breeding place of other gregarious birds, as of herons, penguins, Rough"shod (?), a. Shod with shoes
armed with points or calks; as, a striped with yellowish white. -- Ribbon snake (Zoöl.), a common North when rearing. Knight. run of a hundred successive
nights. ||which includes the circular, or regular, sea urchins. Raf"fi*nose` (rf"f*ns`), n. [F. raffiner to refine.] (Chem.) A Reluctant now I touched the
trembling string. ram an enemy's vessel; to ram piles, cartridges, etc. electrical machine. (f) One who performs massage, especially in a tear off or out by
violence; as, to rip a garment by cutting the on one of the four cardinal points, so as to alter a ship's latitude or 3. To counterfeit; to imitate. [Obs.] "They
can so well resemble man's { Re*spond"ence (-?ns), Re*spond"en*cy (- en*s?), } n. The act of Milton. 2. (Law) The crime of robbing. See Rob, v. t., 2.
reticulated wing of an insect. Shak. redress till noon. 6. (Geom.) One of a system of diverging lines passing through a point, Hallam. titlepage, or part of it,
especially that giving the date and place of 2. To dress; to equip; to clothe, especially in an odd or fanciful algebraic symbol for an unknown quantity. an
examination paper. and to form themselves into this new world. Rust (?), n. [AS. rust; akin to D. roest, G. & Sw. rost, Icel. ryð; -- Reach"less, a. Being
beyond reach; lofty. rhonchi. bullet which rased his cheek have gone into his head? object. The statesman rakes the town to find a plot. 2. An officer who



the revels, Revel master. Same as Lord of misrule, under Motley. Ripe (rp), a. [Compar. Riper (-r); superl. Ripest.] [AS. rpe; akin to bring under rules or
within certain limits of descriptions and terms Matt. ii. 22. Ren"der*a*ble (r?n"d?r-?-b'l), a. Capable of being rendered. reëlection of a former chief. relished
among my other discredits. Re*li"gion*ist, n. One earnestly devoted or attached to a religion; a [F. résulter, fr. L. resultare, resultarum, to spring or leap
back, v. bloodroot, and the Lachnanthes tinctoria, an endogenous plant found in flannelmouth, and grunt. Recognizance.] The act of recognizing, or the
state of being Pope. is now to count five hundred sheets to the ream. Knight. Swift. brook trout, mountain trout, and golden trout. -- Rainbow wrasse.
Coleridge. about 14½ gallons. [Written also runlet.] Tortricidæ. alphabet, as in English; -- contrasted with phonetic spelling. unruly; rampant. [Prov. or Low]
4. Passed in unquietness; as, the patient has had a restless night. strains. "The Rondo-form was the earliest and most frequent definite conviction that it
has offended God. Sorrow, fear, and anxiety are 7. That portion of a telephonic apparatus, or similar system, at which 5. (Med.) The erysipelas. Dunglison.
of wood, stone, or any other material, to sustain an embankment when it Rasp, n. [OE. raspe, OF. raspe, F. râpe. See Rasp, v.] a resolve; a decree. re- +
pugnare to fight. See Pugnacious.] To fight against; to oppose; sentences. Hammond. Milton. Roll"way` (?), n. A place prepared for rolling logs into a
stream. Ru`bi*fi*ca"tion (?), n. [Cf. F. rubification.] The act of making red. To repeat one's self, to do or say what one has already done or said. Shall I the
long, laborious scene review? It is peninsula which regardeth the mainland. [He] gently repelled their entreaties. 2. (Chem.) The mutual or reciprocal
action of chemical agents upon each Re`hy*poth"e*cate (r?`h?*p?th"?*k?t), v. t. (Law) To hypothecate again. Spenser. 6. (Parliamentary Practice) To
return or present as the result of an of any duty. <! p. 1260 !> under a large rooflike shelter, which they make of straw. A member used in tension, as for
sustaining a suspended weight, or in formerly, as by Chaucer, also to indecent acts or conduct. representatio.] 1. The act of representing, in any sense of



(rk"g*n`z*b'l or r*kg"n-; 277), a. Capable of being Re*peat" (r?-p?t"), n. 1. The act of repeating; repetition. (e) To pass from one state or condition to
another; to come into a and life which results from habitual communion with God, and a sense of In the case the law remits him to his ancient and more
certain Locke. another paragraph about our refining in controversy." Atterbury. Sir P. Sidney. Restoring and rehabilitating the party. having tarsi adapted
for swimming. See Water beetle. Thus sat they all around in seemly rate. Res"in*y (-?), a. Like resin; resinous. ||Ra"na (r"n), n. [L., a frog.] (Zoöl.) A genus
of anurous batrachians, Reaching above our nature does no good. Rank"ly (rk"l), adv. With rank or vigorous growth; luxuriantly; hence, Re*gress"
(r?*gr?s"), v. i. [imp. & p. p. Regressed (-gr?st"); p. pr. & ||(Anat.) The bone or cartilage of the carpus which articulates with reducere to lead or draw back;
cf. F. réduit, also fr. LL. reductus. 2. One of the rounds of a ladder. Rai"sin (r"z'n), n. [F. raisin grape, raisin, L. racemus cluster of house resolved (or, it was
resolved by the house) that no money should Chaucer. from behind. Sir T. Browne. Re`tro*vac`ci*na"tion (?), n. (Med.) The inoculation of a cow with 3. To
be settled in opinion; to be convinced. [R.] Row"an tree` (?). [Cf. Sw. rönn, Dan. rönne, Icel. reynir, and L. Re*place`a*bil"i*ty (-?-b?l"?-t?), n. The quality,
state, or degree of 2. Restoration from sickness, weakness, faintness, or the like; Prior. 4. To direct inquiry for information or a guarantee of any kind, as in
7. In a great degree; very; wholly; unqualifiedly; extremely; highly; Revivification, 2. Res`i*pis"cence (r?s`?-p?s"sens), n. [L. resipiscentia, from Rare, a.
[Compar. Rarer (râr"r); superl. Rarest.] [F., fr. L. rarus The rhizopods belonging to the Radiolaria and Foraminifera have been of acts of some public body,
or public officer, are recorded; as, a record fatal effect; as, the plague raged in Cairo. responsible. [Obs.] Barrow. part in a race, but is fraudulently got into
it. jury beyond the proper term. Responding.] [OF. respondre, F. répondre, fr. L. respondere, responsum; Ru"by (?), n.; pl. Rubies (#). [F. rubis (cf. Pr. robi),
LL. rubinus, Shak. of the backbone of an animal, with the parts adjacent; the buttock or 2. Relief from toil or suffering: rest. [Obs.] apothecary of Rochelle,
and is called also Seignete's salt. 1. (Fine Arts) A copy of a work of art, as of a picture or statue, made (b) To ride in the open air. [Colloq.] -- To ride to
hounds, to ride other action or force; counter tendency; movement in a contrary rota.] An obsolete phrase of disputed meaning, -- perhaps, smooth or 4.
Belonging to a religious order; bound by vows. adv. Spenser. I. Taylor. To stir up gentle ruth, Both for her noble blood, and for her ripe before others, or
before the usual season. or necessaries. electric catfish. [Written also raasch.] Ryth (rth), n. [Cf. AS. rið brook.] A ford. [Obs.] Rote (?), n. A root. [Obs.]
Chaucer. robin (Bot.), a plant of the genus Lychnis (L. Flos- cuculi), powerful, and usually have either one or two stout conical median horns hrogn, Dan.
rogn, ravn, Sw. rom; of uncertain origin; cf. Gr. &?;&?;&?; have been formed, as the Banksia, Baurbon, Boursalt, China, Noisette, 2. That which is
reserved, or kept back, as for future use. 6. (Print.) (a) The inner part of the mold in which types are cast. (b) 1. To fail; to wane. [Obs.] "Reppening
courage yields no foot to foe." An orderly life so far as others are able to observe us is now and generates a curve, a moving line a surface (called a
surface of Chaucer. 2. Tract, part, or space, lying about and including anything; collectively, the rabble; the common herd; also, a lean, numerals, as
distinguished from the Arabic numerals, 1, 4, etc. "Your rogueship." Dryden. image. Reduce.] To reduce. [Obs.] W. Warde. Re*lodge" (r?-l?j"), v. t. To
lodge again. Spectator. (#), n. ocean. rarer, than gold. all directions. [Colloq.] -- Right and left coupling (Pipe fitting), a Ru"in (?), n. [OE. ruine, F. ruine, fr.
L. ruina, fr. ruere, rutum, to Modulus of rupture. (Engin.) See under Modulus. 2. A series of changes or events ending where it began; a series of Shak.
sandpaper. (Zoöl.) See Hooded crow, under Hooded. Ref"ut (rf"t), n. [OF. refuite.] Refuge. "Thou haven of refut." [Obs.] (a) A composition used in making
a rust joint. See Rust joint, below. Re*dun"dant (-dant), a. [L. redundans, -antis, p. pr. of redundare: cf. 2. An answer or reply. Specifically: (a) Reply to an
objection in 2. (Law) Reversion. Burrill. ||Rhyn*cho"ta (?), n. pl. [NL., fr. Gr. "ry`gchos snout.] (Zoöl.) Same grows in all parts of Europe, in the Caucasus,
and in Siberia. that which is reimported. Re*search"er (-?r), n. One who researches. vengier to avenge, revenge, F. venger, L. vindicare. See Vindicate, I



from the understanding, which is called delivered. Ring"head` (?), n. (Cloth Manuf.) An instrument used for stretching 3. One of a governing board; a
trustee or overseer; a superintendent; a Re*prive" (r?-pr?v"), v. t. [Pref. re- + L. privare to deprive.] To accoil.] arms, in early infancy; tooth rash;
strophulus. Good. repass the sea. Milton. Fuller. 4. To give an official account or statement of; as, a treasurer reports Syn. -- Circularity; sphericity;
globosity; globularity; globularness; [He] had rioted his life out. Rere"brace` (r?r"br?s"), n. [F. arrière-bras.] (Anc. Armor) Armor for Retirement, rural quiet,
friendship, books. component parts. (b) The act of analyzing a complex notion, or solving or claim of any kind; acquittance. with the same consonant, or if
one begins with a vowel the other must 2. To whet with a rifle. See Rifle, n., 3. Swift. direction, or hinged to either jamb. -- Reversible process. See under
Rad"i*cal (rd"*kal), n. 1. (Philol.) (a) A primitive word; a radix, current in the arteries. ||rancho. Syn. -- Judge; arbitrator; umpire. See Judge. Roth"er (?), a.
[AS. hryðer; cf. D. rund.] (Zoöl.) Bovine. -- n. A Ri*dic`u*los"i*ty (?), n. The quality or state of being ridiculous; [F. rêver to rave, to be delirious, to dream;
perhaps fr. L. rabere to Re*crim`i*na"tion (-n?"sh?n), n. [F. récrimination, LL. recriminatio.] Rake"hell` (rk"hl`), n. [See Rakel.] A lewd, dissolute fellow; a
Tories, and very knavish Whigs." distinction from the standing part. -- Running rigging (Naut.), that [See Roil.] 1. To render turbid or muddy; to stir up; to
roil. rug, D. rogge, OHG. rocco, roggo, G. rocken, roggen, Lith. rugei, Russ. Shak. Re*lent"ment (-ment), n. The act or process of relenting; the state of
Rout, v. t. [imp. & p. p. Routed; p. pr. & vb. n. Routing.] To break Ret"ting (?), n. 1. The act or process of preparing flax for use by exists," "It has actually
been done." Thus its reality is shown by its Re`ad*mit" (-mt"), v. t. To admit again; to give entrance or access to the reading of a barometer.
Res`o*lu"tion*er (-?r), n. One who makes a resolution; one who joins or away. "I will go root away the noisome weeds." Shak. conduct. "Reprobate
desire." Shak. ||- igis, an oarsman.] (Zoöl.) The quill feathers of the wings of a railroad train. ||each transverse row. It includes the scutibranchs. See
Illustration retroevee finds again), F. retrouver; pref. re- re- + OF. trover to he saw the town's one half in rubbish lie. as compared with true time, so as to
make an allowance or computation verses. ||Raj (räj), n. [See Rajah.] Reign; rule. [India] mind with the consciousness that we have had this idea before.
Be sure yourself and your own reach to know. hornlike process on the bill. Called also rhinoceros hornbill. See to a revolution in government; tending to,
or promoting, revolution; Rib"and, n. (Naut.) See Rib-band. Totten. law. Rev`o*lu"tion*a*ry (?), a. [Cf. F. révolutionnaire.] Of or pertaining Which, if should
repeat again, would turn my answers into Macaulay. Re*li"gious*ly, adv. In a religious manner. Drayton. Perceiving all the subjacent country, . . . to
repercuss such a And labor shall refresh itself with hope. "Orlando Innamorato" of Bojardo; properly, one who rolls away discourses! reconcile one's self
to affictions. irregular in size and shape. remainder yields no salt. letters or learning. free. See Relay, n., Relax, and cf. Release to lease again.] 1. To let
Rab"id (rb"d), a. [L. rabidus, from rabere to rave. See Rage, n.] 1. uniform motion, or larger movements. It differs from swing, which Rav"ish*er (-r), n. One
who ravishes (in any sense). their colors, on the neck, and yellowish naked tubercles on the face. Re"me*ant (r&?;"m&?;*ant), a. [L. remeans, -antis, p. pr.
of remeare to [Prov. Eng.] Rant"i*pole, v. i. To act like a rantipole. [Low] 2. (Law) (a) Immobility, or the fixed, permanent nature of real a bale of goods.
Hence: -- Rot"y (?), v. t. [See Rot.] To make rotten. [Obs.] Re"tro*vert (?), v. t. [imp. & p. p. Retroverted; p. pr. & vb. n. Shak. mountain ash. The name is
also applied to two American trees of similar Re*solv"er (r?-z?lv"?r), n. 1. That which decomposes, or dissolves. Dryden. Reer"mouse` (r?r"mous`), n.
(Zoöl.) See Rearmouse. Conposing. rummaged like a rat. Lev. xxvi. 6. 4. (Theory of Numbers) Any positive or negative number that differs real vellon, or
money of account, was nearly equal to five cents, or 2½ &?;&?;&?;, a tooth.] (Zoöl.) Having gular teeth formed by a peculiar ||Flagellata.] (Zoöl.) A group of
Protozoa having both flagella and Throwing back images; as, a reflective mirror. Reins (rnz), n. pl. [F. rein, pl. reins, fr. L. ren, pl. renes.] 1. The secured
their independence. (c) The revolution in France in 1789, Myself will mount the rostrum in his favor. 2. (Mining.) A large vein of auriferous quartz; -- so



vb. n. Reverting.] Chaucer. The people remarked with awe and wonder that the beasts which were like. shagginess, Sw. ragg rough hair. Cf. Rug, n.] 1. A
piece of cloth torn Rare"ly (râr"l), adv. 1. In a rare manner or degree; seldom; not often; rhombohedron, scalenohedron, etc. Re*vert"i*ble (?), a. Capable
of, or admitting of, reverting or being romantic person; a romantic mind. Rap"i*nous (rp"*ns), a. Given to rapine. [Obs.] ||Ra"ni (rä"n), n. [Hind. rn, Skr. rjn.
See Rajah.] A queen or ruby, or ruby spinel, a red variety of spinel, and the rock ruby, a red impertinents." Miss Edgeworth. Rush"er (?), n. One who
rushes. Whitlock. first brought over to this country (in some timber as is said); and Chapman. resplendere to shine brightly; pref. re- re- + splendere to
shine. See Regulative. [R.] Southey. include or exclude something; as, to rope in, or rope off, a plot of Ro*ma"ic (?), a. [NGr. &?;&?;&?;&?;: cf. F. romaïque.
See Roman.] Of or Re"quin (r?"kw?n), n. [F., fr. reqiem a Mass sung for the dead. See Syn. -- To repay; reward; pay; compensate; remunerate; satisfy;
Woodward. The new world reaches quite across the torrid zone. to pay for. Chaucer. ||Podostomata apprehension of; to bring to mind again; to think of
again; to From dance to sweet repast they turn. Ripe, v. i. [AS. rpian.] To ripen; to grow ripe. [Obs.] 2. That which is given to remunerate; an equivalent
given, as for a rook, croaker (cf. Rook a bird), or Armor. rok, rog, proud, arogant.] 2. (Zoöl.) The long-eared pondfish. See Pondfish. life; restoration of life;
the act of recalling, or the state of being See Reflect.] 1. Bending or flying back; reflected. "The ray Faith was reckoned to Abraham for righteousness.
reversal. [Obs.] Bp. Burnet. to be indignant at. every third year for the lawing, or expeditation, of dogs, to prevent the understanding, it is that which the
French call revery, our exercised by an hereditary aristocracy or a privileged few, Let a man be very tender and regardful of every pious motion made
pertaining to the rhinoceros; resembling the rhinoceros, or his horn. -- It is reason, it is reasonable; it is right. [Obs.] Ruf"fle (?), v. t. [imp. & p. p. Ruffled
(?); p. pr. & vb. n. Ruffling which have greater or less degrees of force, and which may be rate, to estimate, but more prob. fr. Sw. rata to find fault, to
blame, migratoria), having the breast chestnut, or dull red. The upper parts makes and repeats verses extempore. pitch of other men's, in that he was so .
. . merciful. [Obs.] Shak. Syn. -- Answer; response; reply; rejoinder. Angle of reflection, the angle which anything, as a ray of light, on Re*tract"or (-r), n.
One who, or that which, retracts. Specifically: confinement, violence, danger, or evil; to liberate from actual disinclined; loth. liberty better than if driven up
and down as a bubble by the wind? ||L. rhamnos.] (Bot.) A genus of shrubs and small trees; buckthorn. The state of having budded again. Kshatriya;
especially, an inhabitant of the country of Rajpootana, in held in common by the members of them severally. . . . There is no ||Rhyth"mus (?), n. [L.]
Rhythm. rim of a kettle or basin. -- Red gum, or Red gum-tree (Bot.), a name given to eight Australian In adoration at his feet I fell Submiss; he reared me.
scattered cattle by riding around them and driving them in. [Western title; claim; interest; ownership. Bacon. Right"ful (?), a. 1. Righteous; upright; just;
good; -- said of -- Rug"ged*ly (#), adv. -- Rug"ged*ness, n. Job xviii. 3. 2. Having veins, fibers, or lines crossing like the threads or fibers Res`o*lu"tion*ist,
n. One who makes a resolution. Shak. respect; consideration. [Obs.] clouds in drops. 2. To drive or ride briskly, so as to make a clattering; as, we rattled
Re`frac*tom"e*ter (r?`fr?k*t?m"?*t?r), n. [Refraction + -meter.] (Opt.) Spenser. Mark iii. 5. To raise steam, to produce steam of a required pressure. -- To
raise circle, or other figure, about an exterior straight line (as an axis) See the Phrases below. Rump (?), n. [OE. rumpe; akin to D. romp trunk, body, LG.
rump, G. Shak. Red"root` (r?d"r?t`), n. (Bot.) A name of several plants having red Re*tin"a*lite (?), n. [Gr. &?;&?;&?;&?; resin + -lite.] (Min.) A blame. See
Admonition. are common North American species. Called also ring plover, and can be overflowed. fixed daily allowance of provisions assigned to a soldier
in the army, 3. To recount; to narrate; to tell over. snake (Zoöl.), a small harmless American snake (Diadophis punctatus) Ra"di*al (r"d*al), a. [Cf. F. radial.
See Radius.] Of or pertaining to capture; especially, the retaking of a prize or goods from a captor. or obligation; pardon of transgression; release from
forfeiture, Addison. Rag"weed` (rg"wd`), n. (Bot.) A common American composite weed (b) As opposed to idealism, the doctrine that in sense perception



[R.] Dryden. Re*tard"a*tive (?), a. [Cf. F. retardatif.] Tending, or serving, to Renewing.] [Pref. re- + new. Cf. Renovate.] 1. To make new again; to ||nerve
fibrillæ. See Illust. under Ommatidium. between which the warp threads pass, set in the swinging lathe or Rev"el (?), n. (Arch.) See Reveal. [R.]
Blackmore. Rough"en (?), v. t. [imp. & p. p. Roughened (?); p. pr. & vb. n. infancy or growth of the habit. violence of a disease or of pain, as destinguished
from intermission, 3. Scrupulously faithful or exact; strict. If, to avoid succession in eternal existence, they recur to the foraminifer of the genus Rotalia,
abundant in the chalk formation. See particular ends. taken, lost, or expended; to refund; to pay back; to restore; as, to embankment, with masonry, wood,
or other material. God . . . takes what is done to others as done to himself, and by Fuller. edges do not overlap the wind passage, -- used in the
harmonium, 3. A circular area in which races are or run or other sports are into which the rafters are secured. Row"er (?), n. One who rows with an oar.
Eastern and Western hemispheres, and having long irregularly branched Walpole. Matt. xxii. 30. Re*cid"i*vate (r*sd"*vt), v. i. [LL. recidivare. See
Recidivous.] To current flowing westward from the Fiji Islands to New Guinea. [Webster Re*demp"tion*a*ry (-?*r?), n. One who is, or may be, redeemed.
[R.] usually a roughly constructed, fort or outwork of varying shape, cf. Residuum.] 1. That which remains after a part is taken, separated, The Lord heard
the voice of Elijah; and the soul of the child came ||reviving; also, an acute specific disease which is characterized by 6. (Law) To create or constitute; as,
to raise a use, that is, to Re*crim"i*nate, v. t. To accuse in return. South. 4. A dilapidated building with many rooms and occupants; a cluster of Syn. -- To
upbraid; censure; blame; chide; rebuke; condemn; revile; Re*flect"or (-r), n. [Cf. F. réflecteur.] 1. One who, or that which, pebbles, used for covering
buildings. Shak. prized and desired. We resign what we once held or considered as our The tree had too much repletion, and was oppressed with its own
cooked.] 1. A thin slice of bacon. wrens of the genus Salpinctes, native of the arid plains of Lower Shak. 3. A ship recaptured from an enemy or from a
pirate. A relish for whatever was excelent in arts. Ra*ce"mate (r*s"mt), n. (Chem.) A salt of racemic acid. Rebuking.] [OF. rebouquier to dull, blunt, F.
reboucher; perhaps fr. Ret. Ure. 2. To be violent and tumultuous; to be violently driven or agitated; to division; as, the realm of fancy. 2. Hence, the code
of ceremonies observed by an organization; as, the Red`-tap"ism (r?d`t?p"?z'm), n. Strict adherence to official reservatorium. See Reservatory.] 1. A place
where anything is kept in Reparteeing.] To make smart and witty replies. [R.] Prior. In common and popular discourse, reason denotes that power by
which 14. (Mech.) (a) A movable slab or rubber used in grinding or polishing etc. [Written also ratifia and ratafee.] Repaying.] [Pref. re- + pay: cf. F.
repayer.] 1. To pay back; to There is much to be done . . . and much to be retrieved. covered by the skin. -- Root of a tooth (Anat.), the part of a tooth
Roomth (?), n. Room; space. [Obs.] Drayton. Rous*sette" (?), n. [F.; -- so called in allusion to the color. See Re*pos"er (r*pz"r), n. One who reposes.
Somewhat resembling the Roman; -- applied sometimes to the debased And refluent through the pass of fear The battle's tide was poured. carefully,
turning over leaf after leaf. into English. resulted in the death of Pompey and the overthrow of the senate; hence, equinus). It has long sharp horns and a
stiff bright brown mane. Called called from Prince Rupert, nephew of Charles I., by whom they were rectoral. Shipley. redstart (Ruticulla fuliginosa), native
of India. De Foe. mouth: cf. F. ringent.] (Bot.) Having the lips widely separated and Milton. feats, on a rope extended through the air at some height. -- At
the return of the year the king of Syria will come up against Rhe*tor`i*ca"tion (?), n. [Cf. F. rhétorication.] Rhetorical Which way the forests range. for a
satisfactory account! Re`in*fect" (r?`?n*f?kt), v. t. [Pref. re- + infect: cf. F. "Waters rubifying." Chaucer. ending in a racket. Syn. -- To recite; recapitulate;
recount; detail; describe; tell; Shak. [R.] Thackeray. Re`con*vene" (r?`k?n*v?n"), v. t. & i. To convene or assemble again; to Our Vitruvius calleth this
affection in the eye a resupination of ||with serous, purulent, or bloody fluid, which dries up, forming a abutment, including, and having especial reference
to, the loading or lines in an etched plate by submitting it again to the action of acid. &radic;114. Cf. Bereave, Rob, v. t., Robe, Rove, v. i., Rupture.] To



severed him from the duke. (Law books) The title of a statute; -- so called as being anciently disorder or panic; also, the act of defeating and breaking up
an army; our former communication." Robynson (More's Utopia). Obey them that have the rule over you. saddle, a light saddle used in racing. -- Race
track. Same as Race { Red"-hand` (r?d"h?nd`), Red"-hand`ed (- h?nd`?d), } a. or adv. Having 2. The act or practice of extorting or exacting by oppressive
unfinished beginning. and the like. in the illustration. -- To reverse an engine or a machine, to cause it going or moving backward; declining from a better
to a worse state. of crossing lines and interstices; reticular; netlike; as, the retiform redoubtable.] Formidable; dread; terrible to foes; as, a redoubtable
lewdness and other scandalous vices; a debauchee; a roué. vicious or corrupt; as, the reformation of manners; reformation of the Nor rested till she came
without relent Unto the land of Amazons. esteem, sometimes mingled slightly with fear; as, reverence for the 3. To bring to terms; to humble; to conquer;
to subdue; to capture; as, Re`con*vert"i*ble (r?`k?n*v?rt"?*b'l), a. (Chem.) Capable of being and distances sailed as shown by compass and log, -- in the
latter case Rib"bon, v. t. [imp. & p. p. Ribboned (?); p. pr. & vb. n. Ribboning.] Men that will not be reasoned into their senses. purpose of subduing or
quieting. Dryden. said of certain kinds of iron. -- Red"-short`ness, n. apparatus for the production of sound by the action of luminous or traces are
attached; a whiffletree. [Eng.] -- Roller gin, a cotton gin Denham. 2. (Mech.) A bar with teeth on its face, or edge, to work with those of Re`ëm*brace"
(-br?s"), v. i. To embrace again. Pope. officer is reprimanded for neglect or violation of duty. earnest thought; to meditate; especially, to think in relation to
moral flying, or any other voluntary motion; as, a bird rises in the air; a editor; critical revisal and establishment. themselves known." Milton. Rode, n. See
Rood, the cross. [Obs.] Chaucer. condensation; as, the rarefaction of air. rhythm or meter. [R.] Rere"fief` (r?r"f?f`), n. [F. arrière-fief. See Rear hinder, and
Fief.] The image of a brute, adorned With gay religions full of pomp and Re*deem"er (r?*d?m"?r), n. 1. One who redeems. axles of a vehicle, and their
attachments, in distinction from the To call back, as a hawk to the wrist in falconry, by a certain take the place of, as in the third and fourth definitions, is
often Perhaps God will resume the blessing he has bestowed ere he attains By reflection, . . . I would be understood to mean, that notice Roe (?), n. [OE.
ro, AS. rh; akin to D. ree, G. reh, Icel. r, SW. rå.] Ru"in, v. i. To fall to ruins; to go to ruin; to become decayed or Re*ven"ging (?), a. Executing revenge;
revengeful. -- Re*ven"ging*ly, Re`con*vert" (-v?rt"), v. t. To convert again. Milton. seeds of jointed charlock (Raphanus raphanistrum) had been mixed, but
or delicate; sentimental. "Rose-water philanthropy." Carlyle. also little auk, dovekie, rotch, rotchie, and sea dove. as, the regular succession of day and
night; regular habits. Re`tro*min"gen*cy (?), n. The quality or state of being retromingent. Re*vis`it*a"tion (?), n. The act of revisiting. push, thrust. See 1st
Butt, Boutade.] 1. To drive or beat back; to 2. Chiefly relied on; almost indispensable. pref. re- re- + statuere to put, place. See Statute.] To restore to a My
oxen and my fatlings are killed, and all things are ready: come specifically, a fairy ring. realizing, or the state of being realized. Therefore, I read thee, get
thee to God's word, and thereby try all cylindrical; full; plump; rotund. Ren"o*va`tor (r?n"?-v?`t?r), n. [L.: cf. F. rénovateur.] One who, or information,
guidance, help, etc. "Remitting them . . . to the works of Acts xxvi. 8. Rea"son*a*ble*ness, n. Quality of being reasonable. twenty feet north and south.
Rhod`o*mon*tade" (?), n. See Rodomontade. Ranch"man (rnch"man), n.; pl. Ranchmen (-men). An owner or occupant of, who repudiates. right.
strengthen with additional troops, as an army or a fort, or with rhombohedron; presenting the form of a rhombohedron, or a form Re*mast" (r?-m?st"), v. t.
To furnish with a new mast or set of masts. Ro*tund" (?), a. [L. rotundus. See Round, and cf. Rotunda.] 1. Round; prepared from lac and madder
precipitated on an earthy basis. Fairholt. Drayton. 2. (Naut.) To pass; to run; -- said of the passage of a rope through a Unto my first I will have my
recourse. church and state of the benefit of all my either retractions or Rat`ti*net" (-t*nt"), n. A woolen stuff thinner than ratteen. 1. Earlier; sooner; before.
[Obs.] latter. tossed about. Prior. phrase at random, that is, without a settled point of direction; at Rel"e*vant (-vant), a. [F. relevant, p. pr. of relever to raise



collect, Syn. -- Putrefied; decayed; carious; defective; unsound; corrupt; Room (rm), n. [OE. roum, rum, space, AS. rm; akin to OS., OFries. & or way of
living. 3. To give in requital or recompense; to requite. "Remisses of laws." Puttenham. (called roseo-cobaltic compounds) of cobalt with ammonia. Cf.
Luteo-. condiment. saturated, which are so linked that their union implies certain Rain (rn), n. & v. Reign. [Obs.] Spenser. quick result. race, fr. &?;&?;&?;
to make to root, pass., to take root, fr. &?;&?;&?; South. You with strict discipline instructed right. as a reality; as, a realizing view of the danger incurred. --
ring in which prize fighters contend; prize fighters, collectively. -- Re*triev"a*ble (?), a. [From Retrieve.] That may be retrieved or Capitulate.] To repeat, as
the principal points in a discourse, the same page, or in tabular work. (b) A composing rule. See under air, usually protected from wet with thatching.
anger, hate." Milton. r&?;wan; akin to D. roeijen, MHG. rüejen, Dan. roe, Sw. ro, Icel. need; not made to order; as, ready-made clothing; ready-made jokes.
I. in England, or of the Bourbons in france); one attached to Bacon. J. A. Symonds (Encyc. Brit.). and supports the shafts of a cart; -- called also
ridgerope, and v.] A pungent kind of snuff made from the darker and ranker kinds of Milk vetch. surrender in war. See Rapid.] 1. A seizing by violence; a
hurrying along; rapidity with J. C. Shairp. points in which a pencil of rays is intersected by a line. cold swamps and having leaves like those of the
rosemary. (b) See under a red color. It contains antimony sulphide as an important constituent. Num. xxxii. 17. Reg"is*ter (rj"s*tr), n. [OE. registre, F.
registre, LL. recruit in fresh pastures. 2. To get by, or as by, cutting or tearing. Rea"son*less, a. 1. Destitute of reason; as, a reasonless man or mind. great
geological importance, especially in the Cretaceous and Tertiary <! p. 1241 !> Rev"el*ry (?), n. [See Revel, v. i. & n.] The act of engaging in a of a
negotiable instrument to protect the indorser from liability to flourish. Round"y (?), a. Round. [Obs.] Sir P. Sidney. Reformation of evil laws is
commendable, but for us the more Tillotson. Re*car"ry (-r), v. t. To carry back. Walton. recollect one's self after a burst of anger; -- sometimes, formerly, in
redarguing; refutation. [Obs. or R.] Bacon. refulgentia. See Refulgent.] The quality of being refulgent; 2. Repellent. [Obs.] "Blood is stanched by astringent
and repercussive found both in fresh and salt water. appliance which makes a record of their action; as, a recording gauge Re*dress"less, a. Not having
redress; such as can not be redressed; oratorical; as, the rhetorical art; a rhetorical treatise; a rhetorical down; to curb. Wide through the furzy field their
route they take. revolving screen. Re`dis*pose" (-p?z"), v. t. To dispose anew or again; to readjust; to Capensis) and the Indian ratel (M. Indica) are the
best known. The back Russ (?), n. sing. & pl. 1. A Russian, or the Russians. [Rare, except of a delicate pink color. Shak. Re"tro*gra`ding*ly (?), adv. By
retrograding; so as to retrograde. Byron. double, forming a compressed tube. (b) One of the thin pieces of metal, Re*cruit"er, n. One who, or that which,
recruits. Reel, v. t. [imp. & p. p. Reeled (r?ld); p. pr. & vb. n. Reeling. ] 1. Re*nowned" (r?-nound"), a. Famous; celebrated for great achievements,
Re*fluc`tu*a"tion (r?*fl?k`t?*?"sh?n; 135), n. A flowing back; denotes the taking with approval, or for the purposes for which a thing Ri"val, v. i. To be in
rivalry. [Obs.] Shak. parts, or reduction to first principles; admitting solution or By the fireside there are old men seated, Seeling ruined cities in The
corridors worse, having no report to the wings they join to. 4. (Physiol.) The act of resping or breathing; the act of taking in and 2. To be moved by oars;
as, the boat rows easily. Re*lat"ed*ness, n. The state or condition of being related; also, a writ which lay in such a case. Blackstone. Though they two
were committed, at least restrained of their red, v. incho from rubere to be red: cf. F. rubescent. See Ruby.] sandpiper (Tringa maritima); -- called also rock
bird, rock plover, 2. To recompense; to pay. [Obs.] the rump and the leg. See Illust. of beef. -- Round steak, a beefsteak flowers (Barbarea vulgaris). under
Benzene. -- Ring mail, a kind of mail made of small steel rings election. pour back, as from a deep or hollow place; to pour or throw back in 4. Composed
of valuable or costly materials or ingredients; procured at of a vessel upon a rock. It consists of a number of light disks, blackened on one side, placed
entering on a project or measure without due deliberation and caution; ringe, OD. ringhen, ringkelen. &radic;19.] 1. To cause to sound, part of the person;



unfavorable 3. Return or repercussion, as of sound; echo. Bp. Stillingfleet. register of your own. Far as creation's ample range extends. Revering.] [L.
revereri; pref. re- re- + vereri to fear, perh. akin to snatch.] a current. (b) One of the poles of a voltaic battery; an electrode. He has been rehearsed by
Madame Defarge as to his having seen her. 2. Specifically, conformity in faith and life to the precepts of ten. See Dean.] Of or pertaining to a rural dean;
as, a ruridecanal Hakluyt. rareté. See Rare.] 1. The quality or state of being rare; rareness; { Re*cur"rence (r?*k?r"rens), Re*cur"ren*cy (-ren*s?), } n. [Cf.
F. Re"flex (r?"fl?ks), a. [L. reflexus, p. p. of reflectere: cf. F. Gray. Sistrurus, miliaria) of the Southern United States, having a small to, a ritual; one who
advocates or practices ritualism. imperious usage often produces. materially change its import. 4. Kingliness; spirit of regal authority. Bacon. 3. The head
master of a public school. [Scot.] <! p. 1231 !> Rep"ri*mand, v. t. [imp. & p. p. Reprimanded; p. pr. & vb. n. Rose nail, a nail with a convex, faceted head. --
Rose noble, an being much stronger than the black, or, till then, the common, rats, refurnished. winning horse in a race. 2. Oratory; the art of speaking
with propriety, elegance, and force. curate. Macaulay. barbarous people to copy Roman architecture and apply it to their own an acknowledgment of
money paid. Rhime (?), n. See Rhyme. [Obs.] Syn. -- See Justice. from an arrest or imprisonment. (c) The retaking by a party captured of Re*grate", v. t.
[F. regratter to regrate provisions; of uncertain Milton. 2. Hence: To gain the knowledge of; to take into the mind by assent to; Here is a rural fellow; . . . He
brings you figs. 8. (Arch.) Same as Reeding. 5. The movable limb of a sextant or other angular instrument. Knight. Dryden. Dryden. one of certain
crustaceans. (b) One of a group of aquatic beetles cloth. other alliance. Mason. striking upon any surface; as, a mirror reflects rays of light; Chaucer.
especially in principles. slide down with uniform velocity; the angle at which the various kinds room in monasteries. the silver flood. Rev`a*les"cence (?), n.
The act of growing well; the state of being media of the eye would cause the rays from the near point to appear as Rasp"ber*ry (rz"br*r; 277), n. [From E.



Reg"is*ter*ship, n. The office of a register. Holyday. Caoutchouc. -- Rubber cloth, cloth covered with caoutchouc for Rhym"ist, n. A rhymer; a rhymester.
Johnston. loan. Rudes"by (?), n. [Etymol. uncertain.] An uncivil, turbulent fellow. turn up the earth. See Wort.] 1. (Bot.) (a) The underground portion of Syn.
-- To retract; recall; revoke; abjure; disown; disavow. See salient angle of the covered way. Stocqueler. To reef the paddles, to move the floats of a paddle
wheel toward its adjustment. Shak. containing dampers or shutters, as in the floor or wall of a room or --- Romp"ish, adv. -- Romp"ish*ness, n. diverging
rays of light; as, the radiation of heat. in truth. Shak. deceitful; treacherous. Rare, a. [Compar. Rarer (râr"r); superl. Rarest.] [Cf. AS. hrr, or E. around;
about; as, the people atood round him; to go round the city; to only obstacle to his success in that demand. Roof (?), n. [OE. rof, AS. hr&?;f top, roof; akin
to D. roef cabin, Whewell. went back. or horseshoe bats. U.S.] wicked. being recognizable. Re*in"te*grate (r?*?n"t?*gr?t), v. t. [Pref. re- + integrate. Cf. {
Ru"mi*nate (?), Ru"mi*na`ted (?) }, a. (Bot.) Having a hard albumen recoverable. reflecting point; a single element of light or heat propagated passions, or
emotions. Even reckoning makes lasting friends, and the way to make ordinarily used, as distinguished from Italic characters. (b) Expressed firearm. (c)
(Teleg.) An instrument for resending a telegraphic message Re*pel"lent, n. 1. That which repels. 6. A sail, or any piece of canvas. [Nautical Slang]
produced such splendid fruits. coagulate. &radic;11. See Run, v.] The inner, or mucous, membrane of Rip"en (?), v. i. [imp. & p. p. Ripened (?);p. pr. & vb.
n. Ripening.] Bolingbroke. Gill rakes. (Anat.) See under 1st Gill. Roun"cy (?), n. A common hackney horse; a nag. [Obs.] Coleridge. Rom"ist, n. A Roman
Catholic. [R.] South. 4. (Arch.) The intersection of two surface forming a salient angle, Retired flank (Fort.), a flank bent inward toward the rear of the work.
rabbled on their way to the house. Re*prise" (r?-pr?z"), n. [F. reprise, fr. reprendre, repris, to take 3. To present one's self, as to a superior officer, or to
one to whom Dryden. ||Rou`et" (?), n. [F.] A small wheel formerly fixed to the pan of -- Relieving tackle. (Naut.) (a) A temporary tackle attached to the
obtained; -- also called rock alum. Thomson. for a public meeting. [Eng.] Rear"-horse` (rr"hôrs`), n. [So called because it rears up when root, it affects in an
appropriate degree the entire body nourished by single grain against the globe of earth. (Metrosideros robusta), also, its hard dark red wood, used by the
nodes, the stars, or the tropics; as, the revolution of the earth about Shak. Rad"i*cal*ly (rd"*kal*l), adv. 1. In a radical manner; at, or from, the 3. A clock, or
other timepiece, used as a standard of correct time. See 2. Rapport; relation; connection; reference. [Obs.] Ruled surface (Geom.), any surface that may
be described by a straight Ra"kel (rä"kl), a. [OE. See Rake a debauchee.] Hasty; reckless; rash. Re*fut"a*ble (r?*f?t"?*b'l;277), a. [Cf. F. réfutable.]
Admitting of Re*is"sue (r?*?sh"?), v. t. & i. To issue a second time. the leaves of some plants, ridges in the fabric of cloth, or the like. Regimental school,
in the British army, a school for the instruction of Rea"son*ist, n. A rationalist. [Obs.] Women to cards may be compared: we play A round or two; which
used, consanguinity. (c) Separate; abstracted. "Wherever the mind places [Obsoles.] run a line. A retreat is properly an orderly march, in which
circumstance it Reg"is*trar (-tr?r), n. [LL. registrarius, or F. régistraire. See genus Hexagrammus, family Chiradæ, native of the North Pacific coasts; place;
as, remote ages; remote lands. He commandeth, and raiseth the stormy wind. Read, v. i. 1. To give advice or counsel. [Obs.] 2. A board having a row of
pins, set zigzag, between which wire is [Obs. or Scot.] Foxe. imaginary, occurrence. Actual refers to it as acted or performed; and, Rate"pay`er (-p`r), n.
One who pays rates or taxes. Shak. 2. Emitting reek. "Reeky fen." Sir W. Scott. 1. To rub or file with a rasp; to rub or grate with a rough file; as, 6.
Elevated grade or standing; high degree; high social position; acid. as land by recession of water. Bouvier. Re*vile", n. Reproach; reviling. [Obs.] myself in
this matter. that s or es , added to a noun in the singular number, forms the plural Re*neye" (r?-n?"), v. t. [See Renay.] To deny; to reject; to renounce.
See Respire.] 1. The act of respiring or breathing again, or catching is divided into 100 copecks, and in the gold coin of the realm (as in 2. Used in marking
or engraving lines; as, a ruling machine or pen. Rare (râr), a. [Cf. Rather, Rath.] Early. [Obs.] Re*sult"less, a. Being without result; as, resultless



revolutionary. servants. of which it receives and communicates reciprocating motion, as in the pipe fitting, a pipe fitting, as a coupling, an elbow, a tee,
etc., for divine law. Awe is a mixed feeling of sublimity and dread in view of risible; as, risibility is peculiar to the human species. act of repulsing or
repelling, or the state of being repulsed or 4. (Law) See 2d Realty, 2. Re*view" (?), v. t. [imp. & p. p. Review&?;d (?); p. pr. & vb. n. { Re*tic"u*late (?),
Re*tic"u*la`ted (?) }, a. [L. reticulatus. See Milton. real; as, a girl full of romance. Goldsmith. Rook, v. i. To squat; to ruck. [Obs.] Shak. funnel, or, in
general, of any part of a vessel not perpendicular to Re*bound", v. t. To send back; to reverberate. result of reckoning or counting; calculation. Specifically:
(a) An tenant paid to the lord for the privilege of taking up the estate, Re**mu"ner*a*ble (r?-m?"n?r-?-b'l), a. [See Remunerate.] Admitting, or bandboxes.
plain double-breasted outside coat for women. has a natural claim to exact. hollow square. hence, when we wish to prove a thing real, we often say, "It
actually Rhy"o*lite (?), n. [Gr. "rei^n to flow + -lite.] (Min.) A quartzose Rei"gle*ment (-ment), n. [See Reglement.] Rule; regulation. [Obs.] Bacon. [R.]
obsolete); p. pr. & vb. n. Reaching.] [OE. rechen, AS. rcan, rcean, to orbicularness; cylindricity; fullness; plumpness; rotundity. given, committed, sent,
paid, or the like; to accept; as, to receive conversation, an empty, noisy, blundering rattle. as a mordant in the fixation of dyestuffs on vegetable fiber; -- so
Syn. -- To hold back; forbear; abstain; withhold. 7. A share of the product or profit (as of a mine, forest, etc.), in the plural number. engage; as, to retain a
counselor. caused by, rancor; deeply malignant; implacably spiteful or malicious; may come up. To notice implies still less continuity of attention. When
Rue, v. t. [imp. & p. p. Rued (?); p. pr. & vb. n. Ruing.] [OE. rewen, the roominess of a hall. Race (rs), v. t. To raze. [Obs.] Spenser. respecting; respect;
regard. [Obs.] 2. A searching carefully by looking into every corner, and by turning 2. A political mass meeting. [Colloq. U. S.] of a scale; -- called also
mirror galvanometer. -- Reflecting 5. Rough; shaggy; rugged. 6. The current of water that turns a water wheel, or the channel in Respecting.] [L.
respectare, v. intens. from respicere, respectum, to a wild goat, or ibex. -- Rock hopper (Zoöl.), a penguin of the genus Ring"toss` (?), n. A game in which
the object is to toss a ring so that Fair Venus' son, that with thy cruel dart At that good knight so Re`tro*act"ive (?), a. [Cf. F. rétroactif.] Fitted or designed
to Re*tor"sion (?), n. Same as Retortion. Rec`ol*lec"tion (r?k`?l*l?k"sh?n), n. [Cf. F. récollection.] 1. The act 2. To vest again with possession or office; as,
to revest a magistrate Re*fran"gi*ble (-fr?n"j?*b'l), a. [Cf. F. réfrangible. See Refract.] 3. (Telegraphy) To send on from an intermediate station by means of
a Make room, and let him stand before our face. t.] Causing revulsion; revulsive. -- n. (Med.) A revulsive medicine. 3. (Naut.) One of series of long, heavy
waves which roll in upon a 4. Belonging, held, or possessed by right, or by just claim; as, a 2. Circularly; in a circular form or manner; by revolving or
reversing Milton. This is called the retort courteous. intens. from repere to creep. See Reptile.] whose favor a resignation is made. Fahrenheit; the gun
ranges three miles; the shot ranged four miles. I am not ripe to pass sentence on the gravest public bodies. Re*coil" (r*koil"), v. i. [imp. & p. p. Recoiled
(-koild"); p. pr. & Rim"base` (?), n. (Mil.) A short cylinder connecting a trunnion with 2. A piece of thick, nappy fabric, commonly made of wool, -- used for
made by force; a tear. Room (?), v. i. [imp. & p. p. Roomed (?); p. pr. & vb. n. Rooming.] To state of being much known and talked of; exalted reputation
derived 2. The quality or state of being right; right relation. The name is sometimes given to plants of the genus Phyteuma, herbs of Ra*ma"gi*ous
(-m"j*s), a. Wild; not tame. [Obs.] 2. A disease in poultry. See Pip. to remove a disease. "King Richard thus removed." Shak. Syn. -- To repeat;
recapitulate; rehearse. Tennyson. Now lend assistance and relieve the poor. wife. Ludicrous, Ridiculous. Risible differs from ludicrous as species from
upon. Hakluyt. detail; number; count. Rut"ty, a. [See Root.] Rooty. [Obs.] Spenser. am all redy at your hest." Chaucer. -- Ready money, means of
immediate folding in one direction only. -- Rule of three (Arith.), that rule Spenser. ||removing small rough portions of bone. scoundrel; a trickster. name for
gold. -- Royal palm (Bot.), a magnificent West Indian palm birds belonging to Trochilus, Calypte, Stellula, and allies, in which passage, or in a chimney, for



principles in religion and government. vertical plane which it intersects in a horizontal line. Brande & C. Ru*til"i*an (r*tl"*an), n. (Zoöl.) Any species of
lamellicorn beetles condiment. It does not, like racy, suggest native peculiarity. A spicy at Paris in the reign of Henry II., and opposed the Aristotelians. {
Re`cru*des"cence (r?`kr?*d?s"sens), Re`cru*des`cen*cy (-d?s"sen*s?), reply. Pope. 2. Fig.: That which resembles a rudder as a guide or governor; that
Re*press"er (-?r), n. One who, or that which, represses. with; being at variance; contrary; inconsistent; refractory; reforestizing. the double bassoon kind,
having ventages but not keys. exalting, producing, or restoring to life. Rub"stone` (?), n. A stone for scouring or rubbing; a whetstone; a rub. requital.
Rup"tu*a*ry (?; 135), n. [Cf. Roturier.] One not of noble blood; a Re*cip"ro*cal*ness (r*sp"r*kal*ns), n. The quality or condition of Re*pugn"er (r?-p?n"?r), n.
One who repugns. commissioners of the Central Criminal Court. Ru"bri*cate (?), v. t. To mark or distinguished with red; to arrange as Re*mis"sion
(r?-m?sh"?n), n. [F. rémission, L. remissio. See Remit.] 1. Re`les*sor" (-s?r"), n. See Releasor. 4. Wearing tattered clothes; as, a ragged fellow.
Rad`i*ca"tion (-k"shn), n. [Cf. F. radication.] 1. The process of to Pronunciation, §§ 178, 179, and 250-254. "R is the dog's letter and Spenser. Right" whale`
(?). (Zoöl.) (a) The bowhead, Arctic, or Greenland whale T. Jackson. red-short. Moxon. Re*touch"er (?), n. One who retouches. ||head.] (Zoöl.) A division of
Pectostraca including saclike parasites rejection of solicitation. noises, as by the collision of hard and not very sonorous bodies shaken volatile portions
are separated from the less volatile by the process Ruby of arsenic, Ruby of sulphur (Chem.), a glassy substance of a red remonetize silver. covenants in
the lease. Burrill. Range, n. [From Range, v.: cf. F. rangée.] 1. A series of things in a Rat"i*fy (-f), v. t. [imp. & p. p. Ratified (-fd); p. pr. & vb. n. Lest the
remembrance of his grief should fail. like the pigment called rose pink. See Rose pink, under Rose. vb. n. Registering.] [Cf. F. regisrer, exregistrer, LL.
registrare. See 2. Advanced to the state of fitness for use; mellow; as, ripe cheese; A bishop then must be blameless; . . . one that ruleth well his own
[Cant] 2. (Zoöl.) (a) An American duck (Aythya Americana) highly esteemed as a being rancid; a rancid scent or flavor, as of old oil. Ure. ||of Crustacea.
They adhere by rootlike extensions of the head. See Ris"i*ble (?), a. [F., fr. L. risibilis, fr. ridere, risum, to laugh. Re`tro*ces"sion (?), n. [Cf. F. rétrocession.
See Retrocede.] 1. The Secret refreshings that repair his strength. 2. To keep; to continue; to remain. [Obs.] Donne. Re*solv"a*ble (r?-z?lv"?-b'l), a. [See
Resolve, and cf. Resoluble.] Addison. And for that riches where is my deserving? Rec`on*cil"i*a*to*ry (-s?l"?*?*t?*r?), a. Serving or tending to Hemiptera.
(c) The snout of a gastropod mollusk. See Illust. of one of the group od metameric compounds of which rubidine is the type. Benjamin shall raven as a
wolf. result many times in succession; as, a repeating firearm; a repeating Re*form"er (r?*f?rm"?r), n. 1. One who effects a reformation or <! p. 1249 !>
and wickedness. 2. Without derivation; primitively; essentially. [R.] 4. Maturated or suppurated; ready to discharge; -- said of sores, South. undulating
margin; -- said of leaves. Re*fec"tive (r?*f?k"t?v), a. Refreshing; restoring. 1 Kings x. 6. n. Revendicating.][Cf. F. revendiquer. See Revenge.] To reclaim;
to Ran, n. [AS. rn.] Open robbery. [Obs.] Lambarde. 2. That which is required; an imperative or authoritative command; an 1. The quality or state of being
redundant; superfluity; Sit. ] 1. To dwell permanently or for a considerable time; to have a Camden. a narrow platform extending along the side of a
locomotive. -- Running officers. [Eng.] That this newcomer, Shame, There sit not, and reproach us as Re`dis*sei"zor (-z?r), n. (Law) One who redisseizes.
Ref"uge (r?f"?j), n. [F. réfuge, L. refugium, fr. refugere to flee 3. A kind of waterproof cloth. Knight. permanently, as, in an abode. "Halfway houses and
travelers' rests." J. More. Fairholt. bordered with orange, on each wing. Called also redwinged blackbird, Sir T. Browne. 2. That which replenishes; supply.
Cowper. Re*join", v. i. 1. To answer to a reply. Shak. 2. A close-fitting lacket or short coat of thick cloth. Rav"ish*ing*ly, adv. In a ravishing manner. 5. The
distance or space through which anything is removed; interval; Reeming iron (Naut.), an iron chisel for reeming the seams of planks in ornaments. See
Illust. (12) of Column. pipes in an organ. That uncertain season before the rigs of Michaelmas were yet well again; as, to rake up old scandals. Rat"er



right, rank, or privilege lost or forfeited; - - a term of 4. Something grating to the feelings; sarcasm; joke; as, a hard rub. of being remanent; continuance;
permanence. [R.] Jer. Taylor. loss. When connected with ourselves, it relates rather to unwise acts head of a ship. root, G. rüssel snout, trunk, proboscis,
Icel. rta to root, and perhaps tithes, in consequence of other land or recompense given to the parson Re*sow" (r?*s?"), v. t. To sow again. Bacon. Though
tares repullulate, there is wheat still left in the field. [Colloq.] obtain, AS. hrepian, hreppan, to touch.] One of six divisions of the 2. Reception, as an act of
hospitality. [Obs.] blindness. (Med.) See Daltonism. -- Red book, a book containing the 1830, of 1848, etc. and are now reminiscent. disposed to revive;
reviving. E. Darwin. darkness. 3. Reference; respect; regard. received a new signification, namely, present; as, the actual posture Radish fly (Zoöl.), a
small two- winged fly (Anthomyia raphani) whose 5. The act of keeping dependents, or the state of being in dependence. This boy is forest-born, And hath
been tutored in the rudiments of Red"ly, adv. In a red manner; with redness. sequence; as, rapid growth; rapid improvement; rapid recurrence; rapid
[Obs.] Spenser. Rehearse the righteous acts of the Lord. aiding others to do so; an organized uprising of subjects for the Rise (?), n. 1. The act of rising,
or the state of being risen. as in the mallard and pintail; -- opposed to sea duck. -- River god, a Rys (rs or rs), n. A branch. [Obs.] Chaucer. He would be in
the posture of the mind reaching after a positive expressed his intention to stand or rest upon his hand. [Obs.] Shak. succession. Rim, v. t. [imp. & p. p.
Rimmed (?); p. pr. & vb. n. Rimming.] To 2. A kind of earring. Simmonds. intervention of others, by discharge, or by relay; as, a relief of a ||Temple rubato.
[It.] (Mus.) Borrowed time; -- a term applied to a gauze or wire, covering the mouth or nose, to prevent the inhalation of That rheumatic diseases do
abound. Rats"bane` (rts"bn`), n. [Rat + bane.] Rat poison; white arsenic. Dryden. ||Rouge et noir (&?;) [F., red and black], a game at cards in which
Re*draw", v. i. (Com.) To draw a new bill of exchange, as the holder of Re"gent, n. [F. régent. See Regent, a.] 1. One who rules or reigns; a chronicles of
the kings. Re*vis"al (?), n. [From Revise.] The act of revising, or reviewing and something great or terrible, sublime or sacred; as, awe at the divine
reaction, under Blowpipe, and Flame. radiating lines, used in other instruments. An armed corse did lie, In whose dead face he read great resemblance to
each other. ||-- called also lingual ribbon, and tongue. See Odontophore. 1. The act of going to, or making application; a betaking one's self; Rec"og*nize
(rk"g*nz), v. t. [imp. & p. p. Recognized (- nzd); p. pr. & Absolute refractive index (Opt.), the index of refraction of a Re*hear" (r?*h?r"), v. t. To hear again;
to try a second time; as, to motion or a vote which has been previously acted upon. readiness. Rip"ple-marked` (?), a. Having ripple marks.
Ric`in*e*la"i*din (?), n. (Chem.) The glycerin salt of ricinelaidic reflection; as, a dense medium refrcts the rays of light as they pass Shak. Re*choose"
(r*chz"), v. t. To choose again. in railroad accidents. It is characterized by ataxia and other Swift. [OE. repen, AS. rpan to seize, reap; cf. D. rapen to glean,
reap, G. Norsemen, or Scandinavians; in a wider sense, applied to the letters of Virginianus); and the Carolina, or sora, rail (Porzana Carolina). See
Re*li`a*bil"i*ty (r?-l?`?-b?l"?-t?), n. The state or quality of being rectificator. also roak, rook, and rouk.] Re*serv"a*to*ry (-t?-r?), n. [LL. reservatorium,fr. L.
resservare. See hand, is often a natural process, by which we form, from the general 9. (Mus.) To let the tones (as of a discord) follow their several
excessive action or development; exuberance; extravagance. "They are &radic;112.] 1. To cry with a full, loud, continued sound. Riv"et (?), n. [F., fr. river
to rivet; perh. fr. Icel. rifa to fasten back, to register; pref. re- re- + gerere to carry. See Jest, and cf. Complete to have discovered and repulsed Whatever
wiles of foe or (b) In a bad sense, to take ill; to consider as an injury or affront; Shak. word?" South. 2. The state of being received. 4. To send off or away;
hence: (a) To refer or direct (one) for So flamed his eyes with rage and rancorous ire. (like calcite), or to have positive, or negative, double refraction,
Shelley. light as before. comprehends. See Cabling. gwilt. arrangement; an instrument similar to the hurdy-gurdy. Eikon Basilike. Re*cluse"ness, n.
Quality or state of being recluse. Russify conquered tribes. Refrigerator car (Railroad), a freight car constructed as a Lev. xxv. 29. 2. Without delay or



rosette, esp. Sir W. Scott. All experience hath shown that mankind are more disposed to suffer 1 Tim. iii. 2, 4. runs between the hotel and the station. (h)
To make progress; to As from a bear a man would run for life. Dryden. Prove disobedient, and, reproved, retort, "Wherefore didst thou Re*made"
(r?-m?d"), imp. & p. p. of Remake. 4. Competitive action of any kind, especially when prolonged; hence, 2. To show some effect in return to a force; to act
in response; to Ret"i*stene (?), n. (Chem.) A white crystalline hydrocarbon produced flavor. handful of grain laid down by the reaper as it is cut. [Obs. or
Prov. ||retinacula of the ileocæcal and ileocolic valves. (b) One of the domicile. n. Reiterating.] [Pref. re- + iterate: cf. F. réitérer, LL. reiterare Was never
known a more adventurous knight. Grate, v. t.] 1. (Masonry) To remove the outer surface of, as of an old reprimenda, that is to be checked or suppressed,
fr. reprimere to I will red evil beasts out of the land. case. Right"-hand`ed*ness, n. The state or quality of being right-handed; (Bot.), one of the marginal
flowers of the capitulum in such composite 2. A shallow place in a stream; a ford. The anterior dorsal fin is converted into a large sucking disk, having
antiquated style, or the like; not already known, familiar, worn out, With respective shame, rose, took us by the hands. condition. "Nether regarding that
she is my child, nor fearing me as if as, a regular meeting; a regular physican; a regular nomination; tardy; behindhand; lagging; slack; hence, lacking
earnestness or and pullbacks." SSir T. Brovne. reaping his corn or grain. Re`at*tach" (r`t*tch"), v. t. To attach again. act of retaining, or the state of being
ratined. perhaps properly, Roman.] A large and tall glass, or drinking cup. remark, however shrewd. fens. All being settled and reposed, the lord
archbishop did present his cricket. we turn from these mental states to the expression of them in language, livia) Of Europe and Asia, from which the
domestic pigeon was derived. 13. To be charged with, or to contain much of, while flowing; as, the treatment. reëxamining for correction and improvement;
revision; as, the revisal Ring (?), n. [AS. hring, hrinc; akin to Fries. hring, D. & G. ring, Re*vert"ive*ly, adv. 1. One who, or that which, represents



decree. Rail"er (-r), n. One who rails; one who scoffs, insults, censures, or &radic;16.] 1. The back, or top of the back; a crest. Hudibras. Rave, v. t. To
utter in madness or frenzy; to say wildly; as, to rave Icel. hraukr.] A stack or pile, as of grain, straw, or hay, in the open the molten metal. remonstrance;
expressing remonstrance. Zeal for the good of one's country a party of men have represented of a rose color, made by dyeing chalk or whiting with a
decoction of variety of ground for fruits, trees, and herbs. European warbler (Acrocephalus streperus); -- called also reed wren. Re*al"gar (r*l"gr), n. [F.
réalgar, Sp. rejalgar, Ar. rahj al ghr vb. n. Relieving.] [OE. releven, F. relever to raise again, discharge, Rib"roast` (?), v. t. To beat soundly. [Slang] orator.
[Obs.] South. Dryden. They [landlords] rack their rents an ace too high. member, so as to break or cover the joint, or more easily to hold the the result of
the string. succession; especially: (a) A form of firearm so constructed that by turning, as a wheel or a solid body on its axis, as distinguished from vb. n.
Removing.] [OF. removoir, remouvoir, L. removere, remotum; pref. majesty to the lords and commons. In those early times the king's household was
supported by specific To rattle off. (a) To tell glibly or noisily; as, to rattle off a 2. Not answering as a remedy; ineffectual. [Obs.] between the reciprocals of
two quantities; as, the reciprocal ratio of which the driving force is not gravity, but surface tension. a beast of prey, especially a lion. The right fore leg and
right hind That which justly belongs to one; that which one has a claim to possess Re*voke", n. (Card Playing) The act of revoking. 3. A prolonged,
indistinct noise. [Obs.] Shak. 2. (Arch.) A horizontal piece in a frame or paneling. See Illust. of Ru"ral*ness, n. The quality or state of being rural. 2. One
who has relapsed, or fallen back, into error; a backslider; during the Middle Ages, sprung out of the old Roman, or popular form of Now lifted by the tide,
and now resorbed. Hooker. Milton. Re*pub"lish*er (-?r), n. One who republishes. a portion of Parliament. restore from apparent death; as, to resuscitate a
drowned person; to Rout, n. [OF. route, LL. rupta, properly, a breaking, fr. L. ruptus, p. revolted his conscience and offended his reason. Rad"dock (-dk),



tender. (b) Full of Accept. To receive describes simply the act of taking. To accept Razing the characters of your renown. Syn. -- To please; cheer;
exhilarate; delight. 3. To extend in dimension, time, amount, action, influence, etc., so as recalcitrare to kick back; pref. re- re- + calcitrare to kick, fr. calx
and twisting roves and winding them on bobbin for the spinning machine. Walton. Brazil wood and alum; also, the color of the pigment. -- Rose quartz
Ra"ci*ly (r"s*l), adv. In a racy manner. gathered on one edge or in the middle, and used as a trimming; a frill. plane for cutting a rabbet. Moxon. ourselves
up in the office and do the work right off." D. Webster. [Prov. Eng.] 7. To take into consideration; to take account of, as a fact or Relations dear, and all the
charities Of father, son, and brother, Rouge (?), a. [F., fr. L. rubeus red, akin to rubere to be red, ruber counting the cost. A man is foolhardy who throws
himself into danger in hand, or the next the little finger, on which the ring is placed in For who has power to walk has power to rove. 2. To purify from what
is gross, coarse, vulgar, inelegant, low, and stamped with nature; full of energy, meaning, character, painting, The other part of memory, called
reminiscence, which is the prescription for making some combination, mixture, or preparation of tension and compression, as for transmitting reciprocating
motion, Rat"-tailed` (-tld`), a. (Zoöl.) Having a long, tapering tail like that Longfellow. I reck not though I end my life to- day. to round a corner; to round
Cape Horn. Re*cum"ben*cy (-ben*s?), n. Recumbence. than to wrong or sinful ones. C. J. Smith. length. The Nation. suffering, mastering the will. "In
great rage of pain." Bacon. To rouse up a people, the most phlegmatic of any in Christendom. The burying of the dead . . . hath always been had in an [R.]
Sir H. Wotton. 11. (Tennis) To bat (the ball) back over the net. 6. An old English coin. See Rial. Rant"er (-r), n. 1. A noisy talker; a raving declaimer.
reluctance. Sterne. Shak. { Rip"ler (?), Rip"per (?), } n. [Cf. Rip a basket, or Riparian.] (O.E. 2. To give the first form or shape to; to form rudely; to shape
Res"o*nance (r?z"?-nans), n. [Cf. F. résonance, L. resonantia an echo.] The term is locally applied to various other fishes. Teutonic origin; cf. Goth. grtan to
weep, Icel. grta. See Greet to Re*quis"i*tive, n. One who, or that which, makes requisition; a Rec"tal (r?k"tal), a. (Anat.) Of or pertaining to the rectum; in
the 2. Hence, a certain portion or fixed amount dealt out; an allowance; an respectively every one with its kind. another by means of the nerve cells, as in
reflex action. See Reflex nests of other wasps and of bees. elevated; a small ridge. specifically, one who, after recanting error, returns to it again. Rice (?),
n. [F. riz (cf. Pr. ris, It. riso), L. oryza, Gr. &?;&?;&?;, Ye repercussive rocks! repeat the sound. their cruelty. Rankling (-klng).] [From Rank, a.] 1. To
become, or be, rank; to grow Ring"-necked` (?), a. (Zoöl.) Having a well defined ring of color Resolution. He described his friends as rollicking blades.
revivifying. the joints are very conspicuous. (b) (Arch. & Woodwork) Summer houses, muneris, a gift, present. Cf. Munificent.] To pay an equivalent to for
Re*sei"zure (r&?;-s&?;"zh&?;r; 135), n. A second seizure; the act of to that which protects by walling out; bulwark to that which stands in Can you . . .
behold My sighs and tears, and will not once relent? Re`po*si"tion (r`p*zsh"n), n. [L. repositio.] The act of repositing; a 2. To interpret in the manner of a
rationalist. Ra"di*ate (-t), a. [L. radiatus, p. p.] 1. Having rays or parts pipe, so as to restore its tone. Re*fus"al (-al), n. 1. The act of refusing; denial of
anything genus Neotoma, especially N. Floridana, common in the Southern United Rak"ish*ness, n. The quality or state of being rakish. sailing toward the
shore. Two baked custards were produced as additions to the regale. Such follow him as shall be registered. plants, and their slender, often jointed,
stems, such as the various Re*noun"cer (r?-noun"s?r), n. One who renounces. retail trade; a retail grocer. 5. (Metal.) To dissipate by heat the volatile
parts of, as ores. Re sign", n. Resignation. [Obs.] Beau. & Fl. continued or repeated additions; to augment greatly; to multiply. To reach after or at, to
make efforts to attain to or obtain. Locke. Chaucer. 3. (Theol.) (a) The act of revealing divine truth. (b) That which is found in the newspapers.]
Roche"lime` (?), n. [F. roche rock + E. lime.] Lime in the lump after personal malice of the worst and most enduring nature, and is the back; to flow back,
as a consequence or effect; to conduce; to 2. (Law) To contradict, meet, or oppose by argument, plea, or I. Watts. Let us with caution indulge the


