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A
ll across the globe, companies are taking a new approach to the
problem of hazardous chemical wastes. For example, numerous
companies are finding ways to reduce the amount of hazardous


chemical wastes they produce. Others are finding ways to recycle haz-
ardous wastes, generating profit at the same time. This approach,
called pollution prevention, is like energy efficiency. It’s a preventive
action that is not only good for the environment, but also great for a
company’s bottom line. This encouraging shift has been stimulated
in part by costly regulations, but also by business leaders who realize
that industry is partly responsible for the deteriorating condition of the
planet and that they can play a significant role in solving the problems
we face. It has also been inspired by a realization that it costs less—much
less—to prevent pollution than to generate pollution and then try to
treat it to render it harmless. Despite progress, American industries still
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Life is a perpetual instruction in cause and effect.
—Ralph Waldo Emerson
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CRITICAL THINKING


Exercise
You are an environmental manager for a major
corporation. Your boss tells you that the com-
pany needs to cut back on toxic pollutants
emitted into the air and water. If you don’t,
the company could face heavy fines. You turn
to your staff and ask them to come up with a
plan to reduce pollution. In a week, they come
back with a proposal that calls for the addition
of a $20 million pollution control device. You
present the proposal to your boss, who says
that the company can’t afford it. He argues
that it would be cheaper to continue releasing
toxic pollutants and be fined than to comply
with the law. What would you do? Would criti-
cal thinking help you out of this mess?


release 4.3 billion pounds of hazardous materials
into the air and water and onto land each year. 


This chapter deals with toxic substances, lay-
ing the groundwork for the rest of Part V, on pol-
lution. It examines principles of toxicology, the
study of toxic chemicals or toxicants, chemicals
that adversely affect living organisms. It discusses
the effects of toxic chemicals and several means of
reducing exposure of people and the environment
to these substances. It concludes with an intro-
duction to a growing field, risk assessment, which
helps us analyze the risks that various activities,
technologies, and toxic substances have on us and
the environment.


Principles of Toxicology
Nearly 85,000 chemical substances are sold commercially in
the United States. These chemicals are used to produce a long
list of products, including cosmetics, food additives, and pes-
ticides to which humans are routinely exposed. In the United
States, chemical production and use skyrocketed after World
War II. Of the commercially important chemicals, how-
ever, only a small number—
perhaps 2%—are known to
be harmful. Nonetheless, this
small percentage amounts to
hundreds of potentially dan-
gerous chemicals that pose a
threat to workers and to the
general public.


18.1


Perhaps the biggest problem with toxic substances is
our lack of knowledge about their effects. The National
Academy of Sciences notes that fewer than 10% of U.S. agri-
cultural chemicals (mostly pesticides) and 5% of food ad-
ditives have been fully tested to assess long-term health
effects. Testing potentially harmful substances is a costly
and time-consuming task, made more difficult by the 700 to
1000 new chemicals entering the marketplace each year.


KEY CONCEPTS


The Biological Effects of Toxicants
People are exposed to toxic substances at home (Table 18-1),
at work, or in the out-of-doors. Toxicants are present in the
food we eat, the water we drink, the air we breathe, the fur-
niture we buy, and even in the clothes we wear. These sub-
stances come from natural and human sources. Toxic
substances also affect a wide range of plants and animals.
(Many effects are discussed in subsequent chapters.) This
chapter deals primarily with effects on humans, although
the principles you will learn apply to all living things.


In many cases, people have little control over exposure. Pol-
luted air from nearby power plants or highways, for instance,
exposes them to dozens of potentially harmful substances. In
other cases, however, we intentionally expose ourselves to
harmful substances, such as toxic fumes from cleaning agents.


Bear in mind, though, that exposure to a toxic substance
does not necessarily mean that one will be adversely affected.
The effect a toxic substance has on us, if any, depends on many
factors. Before we examine those factors, let’s study some
key characteristics of toxic effects.


KEY CONCEPTS


Immediate and Delayed Toxicity Toxicants produce a
wide variety of effects. Some stimulate immediate effects.
Some immediate effects are subtle, such as a slight cough


Humans are exposed to potentially toxic substances in virtually
every aspect of our lives, but exposure does not necessarily
mean that we will be adversely affected.


Many thousands of chemicals are produced each year in industri-
alized nations, but only a small percentage pose a risk to hu-
mans. Vast gaps exist in our knowledge of the effects of toxic
substances, in large part because of the sheer number of chemi-
cals that need to be tested and the expense of thorough testing.


GO GREEN


Use environmentally friendly
cleaning agents to reduce your
exposure to toxic chemicals and
to reduce water pollution.


Table 18-1
Common Toxicants Around the Home


Ibuprofen and Tylenol
Gasoline
Rubbing alcohol
Bleach
Mineral spirits
Many cleaning agents
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or headache from urban air pollution. Others can be pro-
nounced, such as the violent convulsions induced by expo-
sure to certain insecticides. As a rule, immediate effects
disappear shortly after the exposure ends; they are generally
caused by fairly high concentrations of chemicals that result
from short-term exposures.


Other toxic substances produce delayed effects such as
cancer or birth defects. They may occur months to years af-
ter exposure and usually persist for years, as in the case of
emphysema caused by cigarette smoke and air pollution.
Delayed effects often result from low-level exposure over
long periods (chronic exposures). It is important to note,
though, that short-term exposures may also have delayed
effects. A one-time exposure to certain cancer-causing agents,
for example, may actually cause the disease that appears
many years later.


KEY CONCEPTS


Local and Systemic Toxic Effects Still another important
distinction regarding toxic chemicals is their site of action.
Some toxicants exert local effects, most often at the site of
contact. Certain industrial chemicals, for instance, cause
skin rashes. Other toxic substances get into the body and cir-
culate to many different sites, where they exert their effects,
often on entire organ systems, such as the brain and spinal
cord (central nervous system). These effects are described as
systemic and are the most common type. But how do toxi-
cants cause their effects?


KEY CONCEPTS


How Toxicants Work
Toxic substances exert their effects at the cellular level in
three major ways: First, some toxicants bind to enzymes,
the cellular proteins that regulate many biochemical reactions.
A disturbance of enzymatic activity can seriously alter the
functioning of an organ or tissue. As examples, mercury and
arsenic both bind to certain enzymes and block their activ-
ity. Second, some toxic chemical substances bind directly
to nonenzyme molecules in the body, upsetting the chemi-
cal balance. Carbon monoxide, a pollutant from automo-
biles and other sources, for example, binds to hemoglobin
in the red blood cells, blocking their ability to bind to oxy-
gen. This decreases the transport of oxygen throughout the
body and can lead to death if levels are high enough (Chap-
ter 19). Third, some toxicants interact with the genetic ma-
terial of cells, causing mutations, potentially harmful changes
in the structure of the DNA (described shortly). As you will


Toxic substances can exert their effects locally, often at the site
of exposure, or systemically—that is, in an organ system or
even throughout much of the body.


Toxic substances may produce immediate effects, ranging from
slight to severe, or delayed effects, with a similar range of
severity.


learn in a later section, mutations can lead to cell death, can-
cer, and birth defects.


KEY CONCEPTS


Factors That Affect the Toxicity 
of Chemicals
Predicting the harmful effects of chemicals is no easy task.
Age, sex, health, and a variety of other factors contribute to
the final outcome. Consider the case of a family of six liv-
ing near a Canadian lead and zinc smelter that released large
amounts of lead. Although each member was exposed to
high levels of lead, the symptoms varied. For example, the
father and a 4-year-old boy suffered from acute abdominal
pain and pancreatitis. The mother developed a neural dis-
order. Two other children experienced convulsions, and
the last developed diabetes. Differences in age, sex, and ge-
netic composition lead to such variations in toxic effect.
They also make studies of the health effects of toxic agents
very difficult to perform and can make the results difficult
to interpret.


Complicating matters
further, individuals can de-
velop tolerance to certain
toxicants. In other cases, they
can become hypersensitized
to them—that is, extremely
sensitive to tiny doses. Peo-
ple exposed to formaldehyde, a chemical released from fur-
niture, plywood, and other products, are often tolerant of the
chemical at high levels at first, but over time, they become
sensitive to extremely low levels.


Numerous factors influence the effects of a given chem-
ical, the four most important being (1) dose, (2) duration of
exposure, (3) biological reactivity of the chemical in ques-
tion, and (4) route of exposure.


KEY CONCEPTS


Chemical Reactivity, Dose, and Duration of Exposure
Chemicals vary considerably in their reactivity—how read-
ily they react with biological molecules. Highly reactive
chemicals generally have a greater effect on the body than
those that are less reactive. In addition, the effect is also de-
termined by the dose, the amount to which an individual or
animal or plant is exposed. In general, the greater the dose,
the greater the effect.


To study the effect of dosage, toxicologists often expose
laboratory animals to varying amounts of a substance, de-
termining the response at each level. The resulting graph is


The toxicity of a chemical (how toxic it is) is determined by a
variety of factors, such as the route of entry, dose, length of ex-
posure, age of the individual, sex, and genetic makeup.


Toxic substances may bind to enzymes and other important mol-
ecules, including the genetic material, DNA. Binding to these
chemicals alters cellular function, sometimes in profound ways.


GO GREEN


Avoid products containing
formaldehyde like particle board
used to make book shelves and
other types of furniture.








FIGURE 18-1 Dose-response graph
for two chemicals with differing
toxicities. The LD50 is the amount of
chemical that kills one-half of the
experimental animals within a given
time. The higher the LD50 value, the
less toxic the chemical is. See the
chart at right.
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called a dose-response curve (FIGURE 18-1). To compare one
chemical with another, toxicologists often determine the
dose that kills half of the test animals—that is, the lethal
dose for 50% of the test animals or LD50. By comparing LD50
values, scientists can judge the relative toxicity of two chem-
icals. For example, a chemical with an LD50 of 200 milli-
grams per kilogram of body weight is half as toxic as one with
an LD50 of 100 milligrams. Thus, the lower the LD50, the
more toxic a chemical.


The duration of exposure is the amount of time an in-
dividual or laboratory animal is exposed to a toxic substance.
Exposures generally fall into two categories: acute, or short-
term exposures, generally last less than 24 hours; chronic,
or long-term exposures, last more than 3 months. Obviously,
these are very broad categories, and many intermediate ex-
posure possibilities exist. Studies show that for many toxi-
cants, acute exposures result in very different effects than
those resulting from repeated (chronic) exposure. An acute
exposure to benzene, for instance, may result in a transient
bout of depression. Repeated, chronic exposure may result
in leukemia, a cancer of the white blood cells.


KEY CONCEPTS


Routes of Exposure The toxicity of a chemical is also de-
pendent on the route of exposure—that is, how it enters our
bodies—or the bodies of any animals. Three routes of ex-
posure are most common: inhalation, ingestion, and der-
mal exposure (FIGURE 18-2).


Inhalation exposure, as the name implies, results from
breathing a chemical vapor—that is, a chemical that is sus-
pended in the air we breathe. Smokers inhale many poten-
tially toxic substances, as do workers in chemical factories
or commuters in heavy traffic. Toxic substances that are in-
haled enter the bloodstream via the lungs and quickly become
dispersed throughout the body. Inhalation is the most rapid
route for chemicals to enter the body.


Ingestion, the next major route of exposure, occurs
when toxic substances enter our bodies or the bodies of
other animals in the food we eat and the water or liquids we


The effect a chemical has on the body is determined by its re-
activity and the duration of exposure.


drink. Ingestion is the next most rapid form of exposure.
Toxicants, however, can be neutralized by acids in the stom-
ach and enzymes in the small intestine. Those that survive
this harsh environment can be absorbed into the blood ves-
sels in the lining of the intestinal tract and may be distrib-
uted throughout the body.


The slowest and least effective route of exposure is the
skin. Toxic substances spilled on the skin may penetrate this
rather thick layer and enter the blood vessels. As a general
rule, the more readily a toxic substance is absorbed, the more
effect it has.


KEY CONCEPTS
Chemicals enter the body via three major routes: inhalation, in-
gestion, and dermal absorption. Inhalation is the fastest route
and dermal (skin) absorption the slowest.
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FIGURE 18-2 Three routes of exposure. This illustration shows
the three major ways that toxic chemicals can enter the human
body.
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Age and Health Although we think of youngsters of all
species as resilient, young, growing organisms are generally
more susceptible to toxic chemicals than are adults. For ex-
ample, two common air pollutants, ozone and sulfur diox-
ide, affect young laboratory animals two to three times more
severely than they affect adults. Among humans, infants and
children are more susceptible to lead and mercury poison-
ing than adults because their nervous systems are still de-
veloping (FIGURE 18-3).


Health is determined by many factors, among them one’s
nutrition, level of stress, and personal habits such as smok-
ing. As a rule, the poorer a person’s health is, the more sus-
ceptible he or she is to a toxicant.


KEY CONCEPTS


Chemical Interactions Modern society is dependent on
thousands of chemicals, and most of us are exposed to many
different substances in many different ways. Predicting the
effect of these chemicals is therefore very difficult. Further
adding to the difficulty of this task is the fact that chemical
substances interact in a variety of ways. Some chemical 
substances, for example, team up to produce an additive 
response—an effect that is the sum of the individual responses
(for example, 2 � 2 � 4). Others may produce a super-
additive effect, also known as a synergistic response—that
is, a response that is greater than the sum of the individual ones
(2 � 2 � 6). One of the most familiar examples of synergism
is the combination of barbiturate tranquilizers and alcohol;
although neither taken alone in small amounts is dangerous,
the combination can be deadly. Pollutants can also synergize.
For instance, sulfur dioxide gas and particulates (minute
airborne particles) inhaled together can reduce airflow
through the lung’s tiny passages. The combined response is


The age and health status of an individual are also instrumen-
tal in determining the effect of a chemical.


much greater than the sum of the individual responses. The
synergistic effect of smoking and asbestos is discussed later.


Another fascinating interaction is potentiation, which oc-
curs when a chemical with no toxic effect combines with a
toxic chemical and makes the toxicant even more harmful.
This response can be represented by the equation 0 � 2 � 6.
Isopropyl alcohol (rubbing alcohol), for instance, has no ef-
fect on the liver, but when combined with carbon tetrachlo-
ride, it greatly boosts the toxicity of the latter.


Certain chemicals can also negate each other’s effects,
a phenomenon called antagonism. In these cases, a harm-
ful effect is reduced by certain combinations of potentially
toxic chemicals. This can be represented by the equation
2 � 4 � 3. In mice exposed to nitrous oxide gas, mortal-
ity is greatly reduced when particulates are present. Sci-
entists are uncertain of the reasons for this phenomenon.


The many variables mentioned in the previous sec-
tions—such as age, nutrition, personal habits, and chemical
interactions—often make it difficult to study the effects of
pollutants on people. Epidemiologists, scientists who study
the effects of chemicals and other disease-causing agents on
people, must be careful to eliminate as many of these vari-
ables as possible so that they don’t cloud the interpretation
of the results (see Chapter 1 for a review of epidemiology).


KEY CONCEPTS


Bioaccumulation and Biological Magnification Two addi-
tional factors that profoundly influence toxicity are bio-
accumulation and biological magnification. Bioaccumulation
is the buildup of chemicals within the tissues and organs of
the body. It results from at least three factors: (1) selective up-
take, (2) a resistance to chemical breakdown, and (3) long-
term storage. Consider each one, beginning with selective
update.


Iodine is actively absorbed from the bloodstream by
the thyroid gland of humans. This is called selective uptake.
What’s the problem? Radioactive iodine, present in the milk
of cows who feed on grass contaminated by an accident at
a nuclear power plant, is selectively concentrated in the
thyroids of people who consume the milk (FIGURE 18-4). The
radioactive iodine remains in the gland and subsequently 
irradiates the cells, sometimes producing tumors.


Heavy metals bioaccumulate because they resist chem-
ical breakdown in the body. Further aiding the bioaccumu-
lation of heavy metals, some of them bind strongly to proteins.
Chlorinated hydrocarbons such as DDT are also resistant to
breakdown and, because they are fat soluble, tend to con-
centrate in body fat. Here, they remain for many years.


The accumulation of toxic substances within an organ-
ism can have serious effects on the organism, as in the case
of radioactive iodine. They may also have adverse effects on
the organisms that eat them. Consider an example. Scallops
and other molluscs feed on material suspended in water.
They also selectively take up certain toxic elements (heavy
metals) from seawater, such as zinc, copper, cadmium, and


Humans are exposed to many different toxic chemicals at different
doses and for different lengths of time.


FIGURE 18-3 Children are more susceptible to poisoning.
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chromium. The level of cadmium in scallops in polluted wa-
ters may be 2.3 million times higher than that of seawater.
While such concentrations may not always cause problems
to the organism, they can be toxic to organisms that eat them.


Biological magnification refers to the progressive in-
crease in the concentration of a chemical substance in the or-
ganisms of a food chain. As shown in FIGURE 18-5, the
pesticide DDT is present in water and is taken up by zoo-
plankton, single-celled organisms that live in water. Small
fish ingest the fat-soluble DDT when they feed on zoo-
plankton, and the persistent insecticide is then concentrated
in their body fat. DDT also accumulates in the fat of fish-
eating birds such as the osprey. As illustrated, tissue concen-
trations increase substantially at each level of the food chain.


Biological magnification occurs because DDT is a fat-
soluble chemical that is stored in body fat; it is not readily


broken down and is not excreted. Because of this, the more
fish an osprey eats, the higher its DDT levels become. The
concentration of DDT, in fact, may be several million times
greater in fish-eating birds than it is in water (Figure 18-5).
(Chapter 22, on pesticides, describes the effects DDT has
had on several bird species.) For humans, magnification
that occurs in our food chain may be as much as 75,000 to
150,000 times. Synthetic chemicals such as DDT, some lead
and mercury compounds, and even some radioactive sub-
stances are all biomagnified. 


Biological magnification exposes organisms high on the
food chain to potentially dangerous levels of persistent tox-
icants. Therefore, the presence of this phenomenon is im-
portant to keep in mind when judging the risk that a chemical
poses to people and to the many species that live among us.
Levels that may appear safe can actually be quite dangerous.


Radioactive
iodine released
into atmosphere
during accidents


Deposited on grass
and eaten by cows


May lead to
thyroid cancer


Passed to humans in milk


FIGURE 18-4 Bioaccumulation. Radioactive iodine 
released from accidents at nuclear power plants is taken
up by cows and passed to humans in cow’s milk. In hu-
mans, it accumulates in the thyroid gland in the neck.
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KEY CONCEPTS
Toxic substances may accumulate in certain tissues and organs,
causing local effects. Some may also increase in concentration
in the food chain, being the highest in top-level consumers.
Because of these phenomena, ambient concentrations of a tox-
icant may be an insufficient means of predicting its toxic effects.


Mutations, Cancer, 
and Birth Defects


Much of the concern about toxic chemicals today stems
from their effects on the genetic material and from two likely
offshoots of these effects: cancer and birth defects.


Mutations
The hereditary material of the cell is contained in a molecule
called DNA, short for deoxyribonucleic acid. This material
is housed in chromosomes found in each cell in the body. The
DNA not only passes on traits from parents to offspring, it
also controls how cells grow and develop and how they func-
tion. DNA can be a target for various chemical and physical
agents. Those agents that cause changes, or mutations, in the
hereditary material are known as mutagens. The term mu-
tation actually refers to three possible alterations in the he-
reditary material: (1) changes in the DNA molecule itself, 
(2) alterations of chromosomes that are visible by micro-
scope (for example, deletion or rearrangement of parts of
the chromosome), and (3) missing or extra chromosomes.


Mutations can be caused by chemical substances, such
as benzene, or by physical agents, such as ultraviolet radia-
tion and other high-energy radiation. In humans, mutations
can occur in normal body cells, or somatic cells, such as
skin and bone. Such mutations occur quite frequently, but
they are usually repaired by cellular enzymes. If a mutation
is not repaired, and if it affects important genes, the cell may
die or become cancerous (described shortly).


The reproductive cells, or germ cells, in the male and
female gonads are also susceptible to mutagens. Unrepaired
germ cell mutations may be passed to offspring. If an ovum
with a genetic mutation, for example, is fertilized by a nor-
mal sperm, the mutation may be passed on to the embryo.
The defective gene may prove lethal, killing the embryo, or
it may manifest itself as a birth defect (described shortly), a
metabolic disease (a biochemical disorder), or childhood
cancer. Some germ cell mutations may not be expressed in
the first generation but may appear in the second and third
generations. This delayed effect makes it hard for scientists
to pinpoint the causes of some diseases.


Genetic mutations are present in about 2 of every 
100 newborns. The causes of mutations in humans are not well
understood. Abnormal chromosome numbers, responsible for
some diseases such as Down syndrome, are related to ma-
ternal age (FIGURE 18-6). Broken and rearranged chromo-
somes are also related to maternal age. As women enter their
30s, their chances of having a baby with an abnormal num-
ber of chromosomes increase; after age 40, the chances sky-
rocket. Geneticists once hypothesized that the older a woman
is, the greater the chance that she has been exposed to mu-
tagens; hence, the greater the chance that her child will have
a mutation. New research suggests that the increased incidence
of birth defects in babies of older women may result from
the fact that older mothers are, for unknown reasons, more


18.2


DDT in fish-eating
birds (ospreys)
25 ppm


DDT in large
fish (pike)
2 ppm


DDT in small
fish (minnows)
0.5 ppm


DDT in water
0.000003 ppm,
or .003 ppb


DDT in
zooplankton
0.04 ppm


FIGURE 18-5 Biological magnification. Concentrations of some
toxic metals and fat-soluble organic compounds such as the pesti-
cide DDT increase at higher levels in a food chain. This phenomenon
is known as biological magnification and results from the fact that
fat-soluble molecules tend to be stored in the fat of organisms,
rather than being broken down. As a result, they are passed with
nearly 100% efficiency from one level of the food chain to the next.








FIGURE 18-6 Down syndrome.
The incidence of Down syndrome
and several other abnormalities
caused by abnormal chromosome
numbers is related to the mother’s
age. The incidence of Down syndrome
is about 5 in 1000 at age 35, but 40
in 1000 by age 45—about the time
of menopause, when women stop
ovulating (releasing ova).
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likely to carry a defective fetus to
term than younger women.


Other diseases, associated
with structural defects in the
DNA molecule itself, seem to in-
crease in incidence as the father gets older and are not related
to the mother’s age (FIGURE 18-7). These defects may be caused
by mutagens.


KEY CONCEPTS


Cancer
One of the most serious consequences of mutations in cells
is cancer (defined shortly). In the United States, recent sta-
tistics indicate that one of every two men and one of every
three women will develop some form of cancer. In the United
States, cancer kills about 569,000 people a year, according
to the American Cancer Society. Worldwide, the number of
deaths is estimated to be about 6 million per year, according
to the World Health Organization.


According to two Oxford University scientists, 8,000 Amer-
icans die each year of cancer caused by environmental factors
such as air pollution. Another 8,000 cancer deaths are attrib-
uted to food additives and industrial products, such as pesti-
cides used around the house; 16,000 deaths result each year from
occupational exposure to harmful substances. The researchers
note, by comparison, that tobacco causes about 87% of the
lung cancer deaths in the United States each year, or at least
136,000 deaths.


What is cancer, and how does it form? Cancer is a dis-
ease produced when a single cell or a group of cells somehow
“escape” from mechanisms that control their growth. The
unchecked division of these cells results in the formation of
a tumor or neoplasm. In some instances, the tumor is limited
to a single expanding mass of cells. This is referred to as a be-
nign tumor. Benign tumors can create problems, for exam-
ple, by compressing nerves or other vital tissues. If a tumor
continues to grow, spreading into tissues and organs sur-


Chemical and physical agents can alter the hereditary material
creating mutations that can occur in body cells or in reproduc-
tive cells. Those occurring in body cells may kill the cells or
lead to uncontrolled growth, a cancer. Nonlethal changes in re-
productive cells can be passed on to one’s offspring.


rounding it, it is called a malignant tumor. Cells may break
off from the site of formation, the primary tumor, and travel
in the blood and other body fluids to other sites. The spread
of cancerous cells is called metastasis (meh-TASS-tah-siss).
In distant sites the cancerous cells may form secondary tu-
mors. Certain types of cancers spread (metastasize) in char-
acteristic ways. Breast cancer, for example, tends to spread to
the bones. Lung cancer typically spreads to the brain.


Malignant tumors are dangerous because they continue
to enlarge, demanding huge amounts of nutrients. They also
often invade neighboring areas and destroy vital tissues and
organs.
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FIGURE 18-7 The incidence of three diseases in newborns:
myositis ossificans, affecting bone; hemophilia, affecting blood;
and achondroplasia, affecting cartilage. All are caused by DNA
damage related to the father’s age.
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Cancers occur most commonly in the rapidly dividing
cells of the body, such as those of the skin, bone marrow, lungs,
and lining of the intestines. As a rule, nondividing cells such
as nerve cells and muscle cells rarely become cancerous.
Nonetheless, many different types of cells can form tumors;
there are over 100 different types of cancer. Not only are there
different types, but many types behave differently, a fact that
has complicated efforts to find a cure for this disease. The
most likely scenario is that we will discover numerous cures,
many of them specific to a particular type of cancer.


KEY CONCEPTS


What Causes Cancer? Cancer can be caused by a variety
of factors—chemicals in the food we eat, physical agents
such as X-rays, and biological agents such as viruses. Of
these carcinogenic (cancer-causing) agents, the ones of great-
est concern to most people are toxic chemicals. Chemicals
that increase the chances of getting cancer are called car-
cinogens (car-SIN-oh-gins).


Carcinogens usually require repeated exposures for many
years to stimulate tumor production. Thus, smoking a single
cigarette (or even a whole pack) will not increase your chances
of contracting lung cancer very much. However, smoking a
pack a day for several years will greatly increase the likelihood
that you will develop lung cancer. Moreover, the longer and more
you smoke, the greater your chances are of getting cancer.


KEY CONCEPTS


DNA-Reactive and Non–DNA-Reactive Carcinogens
Chemicals that induce cancer by altering the DNA of cells
are called DNA-reactive, or genotoxic (jean-oh-TOX-ick)
carcinogens. A growing body of evidence, however, indi-
cates that some chemical carcinogens may cause cancer with-
out altering DNA directly. Such substances are referred to as
epigenetic (ep-eh-gin-ET-ick) carcinogens.


Some of the epigenetic carcinogens, for instance, are
thought to cause hormonal imbalances that lead to rapid
cell proliferation. For example, toxicologists have discovered
natural chemicals (certain plant-derived substances) and
synthetic chemicals (for example, the pesticide DDT) that
mimic the actions of the sex hormone estrogen. Estrogen
stimulates cell division in the
breasts and wombs (uteri) of
women. It is widely believed
to play an important role in
the development of some
types of cancer in women,
particularly cancer of the


Cancers can be caused by chemical, physical, and biological
agents. Chemicals that cause cancer, called carcinogens, gener-
ally require repeated exposures over many years.


Cancer is the uncontrolled proliferation of cells of the body. Tu-
mor cells typically develop in rapidly dividing cells such as those
of the skin and often spread to other parts of the body. Over 100
different types of cancer exist, and many behave differently, a
fact that has complicated efforts to find a cure for the disease.


breast and uterus. Toxicologists speculate that exposure to
estrogen-like chemicals in our diet and the environment
may also increase cancer risk.


Epigenetic carcinogens may act in other ways, too. For
example, some chemicals may alter the function of the im-
mune system, severely impairing its ability to recognize
and destroy precancerous cells. Other epigenetic carcino-
gens result in persistent tissue injury. Asbestos fibers, for
instance, may end up in cells, where they slice dividing
chromosomes.


In recent years, growing evidence has shown that genes
can be influenced by chemical modifications of proteins as-
sociated with DNA and by chemical modification of the
DNA itself—specifically the addition of methyl groups on the
DNA. Both of these epigenetic mechanisms can have pro-
found effects on heredity but could also adversely alter cell
function, causing disease, perhaps even cancer. Only addi-
tional research will tell us how significant these modifications
will be.


KEY CONCEPTS


Biotransformation, Emotions, and Intrinsic Factors In-
terestingly, many cancer-causing chemicals must be chem-
ically modified by enzymes in the body in order to be able
to react with the DNA. Nitrites, for example, are found in
processed meats such as bologna (as a preservative) and are
fairly benign chemicals. However, the liver converts nitrites
into carcinogenic nitrosamines. Although the liver usually
detoxifies chemical substances and protects us from harm,
in this instance it converts a relatively harmless substance into
a carcinogen with potentially lethal consequences. This
process is called biotransformation.


New studies indicate that emotions may also play an
important role in the development of cancer (and other dis-
eases), possibly by acting through the immune system. Re-
searchers at the Johns Hopkins University, for example,
studied the incidence of cancer in medical students who
took a personality test between 1948 and 1964. The research
showed that students who suppressed emotions were 16 times
more likely to develop cancer later in life than students who
vented their emotions. More research is needed to deter-
mine if the cause-and-effect relationship between mental
health and cancer is real.


Other factors may also influence one’s susceptibility to can-
cer. For example, nutritional deficiencies may promote can-
cer of the liver and esophagus. Excessive alcohol intake may
promote cancer of the larynx, especially in heavy smokers.


Not every individual who is exposed to a potentially
carcinogenic agent develops cancer. Scientists think that the
reason for this is that certain intrinsic factors—for exam-
ple, one’s genetic makeup, immune system, and sex—may
influence one’s susceptibility to carcinogens.


Most carcinogens react with the growth control genes of cells,
causing mutations that lead to cancer. Evidence suggests that
some other chemical carcinogens cause cancer through mech-
anisms that don’t directly involve the DNA.


GO GREEN


Whenever possible, avoid bev-
erages in plastic bottles. Se-
lect drinks in glass bottles to
avoid exposure to plasticizers.








FIGURE 18-8 Embryonic development and terato-
genesis. Schematic representation of human develop-
ment, showing when some organ systems develop.
Sensitive periods are early in development, indicated
by the blue part of the bar. Exposure to teratogens
during these times will almost certainly cause birth
defects. Exposure to potentially harmful chemicals af-
ter organogenesis may result in physiological defects,
minor anatomical changes, or death, if levels are suffi-
ciently high.
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KEY CONCEPTS


Birth Defects
A birth defect is a physical (structural), biochemical, or
functional abnormality. The most obvious defects are the
physical abnormalities such as cleft palate, lack of limbs, or
spina bifida (incomplete development of the spinal cord, of-
ten resulting in paralysis). According to some estimates,
about 7% of all U.S. newborns have a birth defect. Others be-
lieve that the incidence of birth defects may actually be
higher, about 10 to 12%. The reason for this discrepancy is
that many minor defects escape detection at birth, among
them mental retardation and certain enzyme deficiencies.


Agents that cause birth defects are called teratogens
(tear-ah-toe-gens); the study of birth defects is teratology
(from teratos, Greek for “monster”). Teratogenic agents
include drugs, physical agents such as radiation, or bio-
logical agents such as the rubella virus, which causes Ger-
man measles (Table 18-2). No one knows for sure what
percentage of birth defects are caused by chemicals in the
environment.


KEY CONCEPTS


Timing of Exposure Embryonic development can be di-
vided into three parts: (1) a period of early de-
velopment immediately after fertilization, the
pre-embryonic period; (2) a period when the organs
are developing, (the embryonic period); and (3) a
growth phase, a period during which the organs
have formed and the fetus primarily increases in
size, the fetal period (1) (FIGURE 18-8). Teratogens
exert their effects during organogenesis. As Fig-
ure 18-8 shows, organs are most sensitive early in
organogenesis, and it is during this period that the
most noticeable effects occur. Thus, the effects of
a teratogen are related to the time of exposure.


Teratogenic effects are also determined by the
type of chemical involved. Certain chemicals affect


Birth defects include structural and functional defects in new-
borns, which may be caused by chemical, physical, and biolog-
ical agents called teratogens.


Most chemical carcinogens are not directly mutagenic; they
must be chemically altered by enzymes in the body to be able
to react with DNA. This process is called biotransformation.


certain organs; for example, methyl mercury damages the
developing brains of embryos. Other chemicals such as ethyl
alcohol can affect several systems; children born to alcoholic
mothers exhibit numerous defects, including growth failure,
facial disfigurement, heart defects, and skeletal defects. Like
most toxicants, teratogens usually exhibit a dose-response re-
lationship: the greater the dose, the greater the effect.


Table 18-2
Some Known and Suspected Teratogens in Humans


Known Agents Possible or Suspected Agents


Progesterone Aspirin
Thalidomide Certain antibiotics
Rubella Insulin 
(German measles) Antitubercular drugs
Alcohol Antihistamines
Radiation Barbiturates


Iron
Tobacco
Antacids
Excess vitamins A and D
Certain antitumor drugs
Certain insecticides
Certain fungicides
Certain herbicides
Dioxin
Cortisone
Lead


Pre-embryonic
period


Embryonic period (in weeks) Fetal period (in weeks)


1 2 3 4 5 6 7 8 12 16 20–36 38


Period of
dividing
zygote,
implantation,
and bilaminar
embryo


Usually not
susceptible
to teratogens


Prenatal
death


Major structural abnormalities
Physiologic defects and minor
structural abnormalities


Central nervous system


Heart


Arms


Eyes


Legs


Teeth


Palate


External genitalia


Ear
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Fetal development, occurring after organogenesis, may
also be affected by physical and chemical agents in our homes
and places of work. Some toxic chemicals, for instance, stunt
fetal growth and in higher quantities may even kill fetuses,
resulting in a stillbirth or spontaneous abortion.


Humans are not the only species whose offspring are
altered by environmental chemicals. Numerous studies have
shown that environmental pollutants such as selenium and
polychlorinated biphenyls (PCBs) alter development in
bird embryos (Chapter 11). Chapters 19 through 23 de-
scribe many examples of the effects of chemical pollutants
on plants and wildlife.


KEY CONCEPTS


Reproductive Toxicity
The effects of environmental chemicals on reproduction in
humans and other species have become a major concern in
recent years. Studies have shown that male factory workers
become sterile when exposed on the job to DBCP (1,2-
dibromo-3-chloropropane), some permanently. Men who
routinely handle various organic solvents often have ab-
normal sperm, unusually low sperm counts, and varying
levels of infertility. A wide number of chemicals such as
boron, cadmium, diethylstilbestrol (DES), methyl mercury,
and many cancer drugs are
toxic to the reproductive sys-
tems of men and women.


Reproductive toxi-
cants may exert their effects
long after exposure. Two re-
searchers from Laval Uni-
versity in Quebec, for example, examined the records of 386
children who had died of cancer before the age of 5. Their
study showed that at the time the children were conceived,
many of the children’s fathers had been working in occupa-
tions that exposed them to high levels of hydrocarbons.
Some were painters exposed to paint thinners; others were
mechanics exposed to car exhaust. This study suggests that
hydrocarbons had entered the bloodstream of the fathers at
work and may have traveled to the testes, where they dam-
aged the germ cell DNA. The resulting mutations were passed
to the offspring.


In 1970, seven women (ages 15 to 22) were diagnosed
with clear-cell adenocarcinoma (a type of cancer) of the
vagina and cervix, a disease never seen before in women
below the age of 30 and usually only seen in women over
50. A study of these women showed a correlation between
their cancer and maternal ingestion of a drug known as
DES. DES was widely used from the mid-1940s to 1970 in
the United States and was administered to women who 
either had a history of miscarriages or had begun to bleed
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Birth defects may occur when an embryo is exposed to a teratogen
during the critical period of organ development, organogenesis.
Chemicals vary in their effects. Some affect specific organ sys-
tems. Others affect a number of systems.


during pregnancy. Because bleeding is an early symptom
of miscarriage, DES was given in hopes of preventing it. (It
is now known that DES cannot prevent miscarriage.) Years
later, vaginal cancers and other abnormalities began to ap-
pear in the daughters of DES-treated women. Additional
research has uncovered reproductive abnormalities in ap-
proximately one-fourth of male offspring exposed to DES
through their mothers. Problems include small testes, cysts,
and low ejaculate volume. No evidence of testicular tumors
has been uncovered.


KEY CONCEPTS


Environmental Hormones
Hormones are chemicals produced by certain cells in the
body. They travel in the bloodstream to other parts and reg-
ulate numerous body functions, from reproduction to body
temperature to growth. Hormones also help maintain in-
ternal constancy, or homeostasis.


The secretion of various hormones can be influenced by
certain pollutants such as dioxins. Dioxins are a group of
structurally similar chemicals found in some herbicides
(chemicals used to control weeds) and in paper products. At
high levels, dioxins are thought to be carcinogenic. At low
levels, however, dioxins may suppress the immune system
by binding to hormone receptors in the plasma membranes
of body cells. As a result, some researchers are calling diox-
ins environmental hormones. Environmental hormones in-
clude a growing list of chemical toxicants. They can alter a
variety of hormonal systems, creating a wide range of ef-
fects. For example, studies suggest that a number of common
herbicides (the thiocarbamates) may produce thyroid tu-
mors by altering normal hormonal balance. The result is a
goiter-like condition and even cancer.


Environmental hormones alter reproduction and other
functions in nonhuman animals, too. Nonylphenols or chem-
icals that break down to form them, for example, alter the en-
docrine (hormonal) systems of salmon. Nonylphenols are
present in dishwashing detergent, pesticides, and even some
contraceptives (spermicides) and end up in waterways. New
studies suggest that they can evaporate and travel long dis-
tances in the atmosphere, depositing via rain in other areas.
Nonylphenols alter fish reproduction and cause other ab-
normalities. One major problem is that they appear to impair
internal hormonal changes that are required by salmon as
they migrate from freshwater to saltwater. Unable to adapt to
the high concentrations of salt, many of these fish weaken and
die. Some ecologists suspect that hundreds of environmen-
tal hormones may be responsible, in part, for the decline in
numerous species of wildlife—fish, birds, and mammals. Ef-
fects may be subtle and difficult to demonstrate.


Another environmental hormone is a group of chemi-
cals called phthalates (pronounced thall-lates). These chem-
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Reproduction is a complex process, involving many steps. Chem-
ical and physical agents may interrupt any of these complex
processes, interfering with reproduction.


GO GREEN


When painting, select low, or
better yet no, VOC paints,
stains, and finishes.
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icals are softening agents added to plastics—IV bags, beach
balls, plastic milk jugs, and pop bottles, among others. 
Phthalates act as estrogens and may be partly responsible for
the earlier onset of sexual maturity, including early breast de-
velopment in girls. Exposure of embryos to moderate-to-high
levels of four common plasticizers and other chemicals have
recently been shown to cause abnormalities in the reproduc-
tive organs of newborn boys. Newborns of mothers who had
moderate-to-high levels in their blood were more likely to ex-
hibit reproductive organ abnormalities, including smaller
penisies and undescended testes—testes that fail to enter the
scrotum during fetal development. Signs of demasculiniza-
tion such as these have been observed in laboratory animals
exposed to phthalates under controlled conditions. 


Scientists believe that phthalates in the bloodstream of
mothers may reduce the production of the male sex hor-
mone such as testosterone by human fetal testes. This, in
turn, leads to abnormal development of the sex organs. The
effects, they postulate, could lead to further detrimental ef-
fects later in life, including lower sperm production in adult-
hood and an increased risk of testicular cancer.


Scientists in Spain have recently discovered that a plas-
ticizer known as bisphenol-A may be responsible for rising
levels of late-onset diabetes in developed countries like
the United States. This chemical is added to polycarbonate
plastic. This plastic is used to line aluminum and steel cans
and is used to make many other products like hard plastic
water bottles, certain microwavable containers, and baby
bottles.


Earlier studies have demonstrated clearly that bisphe-
nol-A leaches from the walls of food containers and is ingested
by adults and children. Bisphenol-A is also commonly de-
tected in the human blood where it has the same effects as
the female sex hormone estrogen. Early exposure to bisphe-
nol-A could also be at the root of the rising epidemic of obe-
sity and may contribute to diabetes that occurs during
pregnancy in some women.


Many species of wildlife could also be affected by these
chemicals—even species that live far from human civiliza-
tion. In a recent study, researchers found that male codfish
that live in the open ocean far from sources of human pol-
lution produce an egg-yolk protein normally found only in
females. Their research suggests that the stimulation of the
production of this female protein in males was the result of
exposure to estrogen-like plasticizers. Exposure to such pol-
lutants, researchers fear, may ultimately interrupt male sperm
production.


The presence of the protein in fish isolated from pollu-
tion sources suggests, according to researchers, that the pol-
lutants may be working their way through the food chain.
Because of problems such as this, the EPA now requires com-
panies to screen all new chemicals for potential hormonal
effects.


KEY CONCEPTS
Certain pollutants in the environment enter the bodies of or-
ganisms and can alter the normal release of hormones, upset-
ting reproduction and other vital functions.


Case Studies: A Closer Look
A look at two case studies illustrates how complex human health
and pollution issues are and the importance of good science.


Asbestos: How Great a Danger?
Asbestos is the generic name for several naturally occurring
silicate mineral fibers. Asbestos is useful because of its flexi-
bility, its great tensile strength, and its resistance to heat, fric-
tion, and acid. In the United States and other industrial
countries, asbestos was once added to cement to make it more
resistant to weather. Asbestos was also applied as a heat in-
sulator on ceilings and pipes in factories, schools, and other
buildings. In addition, asbestos was sprayed on walls and
ceilings to make them more soundproof and fireproof. It was
also once used in the manufacture of acoustic ceiling tiles, vinyl
wallpaper, vinyl flooring, brake pads, brake linings, hair
driers, patching plaster, and a multitude of other products.


Asbestos fibers can be easily dislodged. Floating in the
air, these fine particles may be inhaled into the lungs, where
they are neither broken down nor expelled. Remaining in the
lungs for life, they produce three disorders: pulmonary fi-
brosis, lung cancer, and mesothelioma.


Pulmonary fibrosis, or asbestosis, is a buildup of scar
tissue in the lungs that occurs in people who inhale asbestos
on the job or in buildings with exposed asbestos insulation.
This disease makes breathing nearly impossible and takes 10
to 20 years to develop.


Exposures to asbestos at low levels, even for short pe-
riods, can cause lung cancer. The death rate from lung can-
cer among asbestos insulation workers is four times the
expected rate (FIGURE 18-9). Interestingly, the incidence of
lung cancer in asbestos workers who smoke is 92 times
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FIGURE 18-9 Incidence of cancer in asbestos workers in the
United States and Canada. (Ratio of the number of observed to
the number of expected deaths times 100.) Asbestos workers are
much more likely to develop cancer than the general public.
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greater than in asbestos workers who don’t, providing a strik-
ing example of synergism.


Asbestos is the only known cause of mesothelioma
(mez-oh-theel-ee-OH-ma), a cancer that develops in the lin-
ing of the lungs. This highly malignant cancer spreads rap-
idly and kills victims within a year from the time of diagnosis.
Although the incidence of other asbestos-related diseases is
clearly related to dose, mesotheliomas have been observed
in individuals with only brief exposure.


Scientists have long wondered how asbestos causes can-
cer. Studies have shown measurable amounts of DNA in tis-
sue fluids surrounding cells of the body. Research suggests
that asbestos fibers may attach to this DNA and then pierce
the cell membrane, carrying the DNA inside. Inside the cell
this DNA may disrupt or turn off the genes that control a cell’s
growth. With the control mechanism altered or completely
shut down, the cell begins to duplicate wildly. Another pos-
sibility is that the DNA may carry cancer-causing genes into
the cell. Once inside, the genes become activated, triggering
the cell to divide. Still other research suggests that asbestos
fibers inside cells may damage chromosomes during cell di-
vision. This, in turn, may cause harmful mutations.


An estimated 8 to 11 million American workers have
been exposed to asbestos since World War II. Studies of
these workers show that over a third had lung cancer,
mesothelioma, or gastrointestinal cancer. Between 1990
and 2020, some health experts expect about 2 million peo-
ple, mostly workers, to die from exposure to asbestos.


Based on these and other statistics, the use of asbestos
in the United States for insulation, fireproofing, and deco-
rative purposes was banned in 1974. In 1979, the EPA began
to help states and local school districts identify asbestos
crumbling from pipes and ceilings. In 1989, the EPA ordered
bans on almost all other applications, which went into effect
in 1997 and will, with the previous ban, eliminate almost 95%
of all asbestos use in the United States.


Companies that produce asbestos argue that removing
asbestos from school buildings will not protect public health.
Workers, they point out, have been the main victims of 
asbestos-related diseases. Furthermore, workers who smoke
are at a much higher risk. Because young children do not
smoke, their risk is very small. A far more economical way
of dealing with the problem would be to stabilize the asbestos
layer around pipes and in ceilings—say, by painting it.


KEY CONCEPTS


Electromagnetic Radiation: 
A Hazard to Our Health?
In 1979, two researchers from the University of Colorado re-
ported a link between high-current electric power lines and
the incidence of childhood leukemia. Their study suggested


Asbestos is a naturally occurring silicate mineral fiber with many
practical uses. Unfortunately, it produces three disorders: pul-
monary fibrosis (buildup of scar tissue), lung cancer, and
mesothelioma. It is especially dangerous to asbestos workers and
to individuals who also smoke.


that extremely low-frequency (ELF) magnetic fields pro-
duced when electricity flows through wires may be the cause
of the increased incidence of cancer in children living nearby.
The researchers found that the death rate from cancer in these
children was twice what was expected in the general public.


ELF magnetic fields are virtually everywhere. Moreover,
they easily penetrate building walls and the human body.
Magnetic fields are also found around power stations, weld-
ing equipment, subways, and movie projectors.


In 1986, researchers from the University of North Car-
olina announced the results of a study that supported the Col-
orado research. The study showed a fivefold increase in
childhood cancer (particularly leukemia) in residents liv-
ing near the highest magnetic fields, 7 to 15 meters (25 to 
50 feet) from wires carrying electricity from power substa-
tions to neighborhood transformers. Adding to the concern,
a researcher from Texas recently found that magnetic fields
increase the growth rate of cancer cells. In addition, cancer
cells exposed to magnetic fields are 60 to 70% more resist-
ant to the body’s naturally occurring killer cells.


In 1986, another group of scientists reported that magnetic
fields from electric waterbed heaters and electric blankets in-
creased the likelihood of miscarriage. In the group that used
electric heaters in their waterbeds, 61% of the miscarriages oc-
curred from September to the end of January. By comparison,
women using neither a waterbed heater nor an electric blan-
ket had a 44% miscarriage rate during this same period.


ELF magnetic fields may also be a cause of birth defects
in humans. Scientists know that magnetic fields affect fetal
development in pigs, chickens, and rabbits.


Many scientists and industry representatives are skepti-
cal about the link between cancer and magnetic fields. Eleanor
Adair, environmental physiologist and senior research sci-
entist at Yale University, notes that of the more than 30 epi-
demiological studies, about half show a weak correlation
between magnetic fields—and the other half do not. She finds
many serious problems with the design of virtually all epi-
demiological studies, further shedding doubt on their valid-
ity. In most studies, she notes, scientists did not measure the
strength of the magnetic fields. Instead, they relied on mea-
sures of the proximity of homes to power lines or other sources
and measured the size of the wires carrying electric current
to homes. She also notes the failure of such studies to take into
account other variables, such as exposure to smoking and
pollution, that might be responsible for reported cancers.
Other scientists, including David Carpenter from the Uni-
versity of Albany School of Public Health, disagree and feel
that the studies probably underestimate the risk of cancer. An
analysis of over 500 studies on the subject led the prestigious
National Research Council to conclude that the bulk of the
evidence suggests that exposure to ELF magnetic fields does
not cause cancer, neurological or behavioral problems, or
damage to reproductive cells or the developing fetus. They and
others point out that electromagnetic radiation is not an ion-
izing radiation, like that emitted from radioactive materials,
and thus probably can’t cause cancer. Still others say that al-
though ELF magnetic fields may not cause cancer, they may
accelerate the growth of cancer cells.
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KEY CONCEPTS
Some studies suggest that ELF magnetic fields produced when
electricity flows through wires may increase the incidence of can-
cer in children living nearby. To date, however, results of stud-
ies on the effects of ELF magnetic fields have yielded inconclusive
results.


Controlling Toxic Substances:
Toward a Sustainable Solution


The United States produces over 38 million tons of haz-
ardous wastes each year. Many laws have been passed to reg-
ulate chemical pollutants and toxic chemicals; however,
most have called for end-of-pipe controls (Table 18-3).
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Table 18-3
Federal Laws and Agencies Regulating Toxic Chemicals


Statute Year Enacted Responsible Agency Sources Covered


Toxic Substances Control Act 


Clean Air Act 


Federal Water Pollution Control Act 


Safe Drinking Water Act
Federal Insecticide, Fungicide, and 
Rodenticide Act
Act of July 22, 1954 (codified as § 346(a) 
of the Food, Drug, and Cosmetic Act)
Resource Conservation and Recovery Act
Marine Protection, Research, and 
Sanctuaries Act
Food, Drug, and Cosmetic Act


Food additives amendment
Color additive amendments
New drug amendments
New animal drug amendments
Medical device amendments
Wholesome Meat Act 


Occupational Safety and Health Act
Federal Hazardous Substances Act
Consumer Product Safety Act
Poison Prevention Packaging Act


Lead-Based Paint Poison Prevention Act


Hazardous Materials Transportation Act


Federal Railroad Safety Act 


Ports and Waterways Safety Act
Dangerous Cargo Act


NOTE: CPSC � Consumer Product Safety Commission
DOT � U.S. Department of Transportation
EPA � U.S. Environmental Protection Agency


Source: Council on Environmental Quality.


1976 


1963, 1967, 1970, amended
1977, 1990, 1997
1972, amended 1977,
1978, 1987
1974, amended 1977, 1996
1948, amended 1972,
1973, 1988
1954, amended 1972 


1976 
1972 


1938


1958
1960
1962
1968
1976
1967 


1970
1966
1972
1970


1973, amended 1976


1970 


1970 


1972
1952


EPA 


EPA 


EPA 


EPA
EPA 


EPA 


EPA 
EPA 


FDA


FDA
FDA
FDA
FDA
FDA
USDA 


OSHA
CPSC
CPSC
CPSC


CPSC 


DOT (Materials Trans-
portation Bureau)
DOT (Federal Rail-
road Administration)
DOT (Coast Guard)
DOT (Coast Guard)


All new chemicals (other than food
additives, drugs, pesticides, alco-
hol, tobacco); existing chemical
hazards not covered by other laws
Hazardous air pollutants 


Toxic water pollutants 


Drinking water contaminants
Pesticides 


Tolerances for pesticide residues in
food 
Hazardous wastes 
Ocean dumping 


Basic coverage of food, drugs, and
cosmetics
Food additives
Color additives
Drugs
Animal drugs and feed additives
Medical devices
Food, feed, and color additives;
pesticide residues in meat, poultry
Workplace toxic chemicals
Household products
Dangerous consumer products
Packaging of dangerous children’s
products
Use of lead paint in federally as-
sisted housing 
Transportation of toxic substances
generally 
Railroad safety 


Shipment of toxic materials by water
Shipment of toxic materials by water


FDA � Food and Drug Administration
OSHA � Occupational Safety and Health Administration
USDA � U.S. Department of Agriculture
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Although important, many experts realize that we also need
long-term approaches, for example, efforts to prevent haz-
ardous waste production in the first place. This section will
look at both stop-gap and long-term, sustainable solutions.
See Spotlight on Sustainable Development 18-1 for a dis-
cussion of efforts to reduce exposure to lead.


KEY CONCEPTS
Many laws have been passed in the United States and other
countries to reduce the release of toxic chemicals into the en-
vironment, but most of these relied on end-of-pipe controls.
More recent efforts are aimed at preventing pollution—that is,
eliminating hazardous waste production in the first place.


SPOTLIGHT ON SUSTAINABLE DEVELOPMENT


18-1 Getting the Lead Out: Steps to Reduce Lead Exposure in the United States


Lead is one of the most useful metals in modern industrial
societies. It is found in ceramic glazes, batteries, fishing
sinkers, solder, and old pipe. Lead was once added to gaso-
line to help reduce engine knocking.


Unfortunately, lead is also a highly toxic poison, en-
tering the body primarily through inhalation and inges-
tion. Although it affects many organs, lead has a special
affinity for bone, brain, and kidneys.


High-level exposure in certain factory workers has
been linked to neurological symptoms: fatigue, headache,
muscular tremor, clumsiness, and loss of memory. If ex-
posure is discontinued, patients may slowly recover, but
residual damage such as epilepsy, idiocy, and hydrocephalus
(fluid accumulation in the brain) often lingers. Continued
high exposure may lead to convulsions, coma, and death.
Some scientists believe that lead drinking vessels and
lead pipes in water systems may have caused a decline in
birth rates and increased psychosis in ancient Rome’s rul-
ing class, contributing to the fall of the Roman Empire.


Organic lead (alkyl lead in gasoline, for example) has
been linked to a number of psychological disorders—
including hallucinations, delusions, and excitement—and
may lead to death.


Lead also damages the kidneys, causing a disturbance
in the mechanisms that help us conserve valuable nutrients
(such as glucose and amino acids) that might otherwise be
lost in the urine. Prolonged, high-level exposure causes a
progressive degeneration of the filtering mechanism that re-
moves wastes from the bloodstream.


Lead has a profound effect on reproduction. Numer-
ous reports show that the rate of spontaneous abortion is
much higher in couples when one or both has been exposed
to high levels of lead in the workplace. Recent studies show
decreased fertility and damaged sperm in male workers with
high-to-medium levels of lead in their blood. According to
one study, exposure of a pregnant woman to high levels of
lead in household drinking water nearly doubles her risk of
having a retarded child.


Today, because of better controls on lead in the work-
place and in commercial products, acute lead poisoning is


rare in most countries. Nonetheless, many people through-
out the world are regularly exposed to low levels of lead, with
potentially serious consequences. Blood levels in humans
in industrial nations today are about 100 times greater
than before the advent of lead pollution. However, even
residents of Nepal, a nonindustrialized country, have levels
10 times higher than those estimated to be present before
the widespread use of lead—attesting to the global distri-
bution of lead in the atmosphere.


Recently, scientists have begun to learn about the ef-
fects of low-level exposure, especially on the central ner-
vous system. Herbert Needleman and his colleagues studied
over 3000 first-and second-grade children with different
levels of lead in their bodies. Children with high lead lev-
els (caused by exposure to low levels of lead over time)
had significantly lower IQ scores than those with low lev-
els. Attention span and classroom behavior were also sig-
nificantly impaired. Several other studies have shown similar
results. A recent study in England showed that at an early
age even marginally elevated levels of lead may have last-
ing adverse effects on intelligence and behavior.


In 1990, Needleman reported that childhood exposure
to lead levels once considered moderate or low can seriously
and permanently alter the intelligence of adults. Studies show
that elevated lead levels in the blood of men cause hyper-
tension and increase the risk of heart disease.


Lead is found in our food, water, air, and soils. For
most Americans, food is the number one source of lead ex-
posure. Lead emitted by power plants, smelters, and boil-
ers that burn used motor oil is frequently deposited in the
soil, where it is taken up by crops.


Although food is the major source of lead, most of the con-
cern for lead exposure in humans has focused on automobile
exhausts. Regulations to eliminate lead from gasoline have
markedly decreased concentrations in and around our cities.


In 1986, a major study by the EPA revealed that lead
levels in drinking water in many cities exceeded federal
standards, potentially threatening the health of millions
of Americans. Lead in drinking water comes from lead-based
solder and from lead pipes often found in older homes.
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Toxic Substances Control Act
In 1976, the U.S. Congress passed the Toxic Substances
Control Act (TSCA). The TSCA consists of three parts. The
first is premanufacture notification, which requires all com-
panies to inform the EPA 90 days before they import or man-
ufacture a chemical substance not currently in commercial
use. The agency then has 90 days to approve the chemical


or, if necessary, place restrictions on its use to reduce expo-
sure to people and the environment. To do this, EPA scien-
tists review existing toxicity data on the chemical or data
on chemicals with a similar structure. If the new chemical
is believed to pose insignificant risk, it is approved. If it could
be hazardous, the agency usually asks the manufacturer to
test its toxicity and report back. At this point, many


Lead victims are primarily children and, among them,
mostly children of poor, black families who tend to live in
regions where pollution from automobile exhaust is preva-
lent (FIGURE 1). Children may also eat dirt contaminated with
lead from vehicles in previous years (before lead was removed
from gasoline). Children living in old, neglected buildings
often ingest flakes of lead-based paint, which was applied
before a ban was enacted in the 1940s.


Children are more susceptible to lead in part because they
absorb more in the intestines. Adults absorb about 8% to 10%
of the lead they ingest, whereas the absorption rate in chil-
dren may be as high as 40%. In addition, children are more
sensitive to lead than adults. The developing brain seems to
be the most sensitive organ. Furthermore, the toxicity of
lead is increased in malnourished and iron-deficient children,
who often come from poor, urban families.


A new study suggests that lead poisoning may be re-
sponsible for the higher incidence of cavities in children in
economically depressed areas. A slight increase in lead con-


centrations in the blood (of just 5 micrograms per deciliter
of blood) was attributed to an 80% increase in cavities.


Alarmed by the mounting evidence regarding the effects
of lead on children, the U.S. EPA in 1973 began a progres-
sive restriction of the lead content of gasoline. Today, it has
declined to nearly zero (there’s a nearly undetectable amount
in unleaded gas). Blood lead levels have fallen as well.
Other countries have also taken an active role in reducing
lead emissions.


Cities in less developed nations are farther behind. In
these countries, the lead content of the gasoline is, on the
average, twice that of the more developed countries. Mal-
nutrition and high lead levels in the air will almost cer-
tainly have serious effects on the children.


As noted previously, food is the major source of lead in
the United States. In 1979, the Food and Drug Administra-
tion took steps to reduce the intake of lead from lead-soldered
cans. Lead has been virtually eliminated in this application.


In 1986, Congress also banned the use of lead solder
in pipes. Because drinking water accounts for about 20%
of the lead exposure to Americans, the EPA adopted regu-
lations that will reduce lead
in public drinking water
supplies, which could lower
lead exposure in drinking
water for about 138 mil-
lion people. One regulation
requires public water sup-
pliers to treat their water with alkaline additives if lead is
a problem or if the water is slightly acidic. This measure is
expected to reduce lead leaching from pipes. The new EPA
regulations also lower allowable levels of lead in the drink-
ing water to about 5 parts per billion (ppb), down from 
50 ppb. This measure is in all likelihood not going to result
in a 10-fold decrease because the current limit of 50 ppb
is for water measured at the tap, whereas the new standards
measure lead levels in water leaving treatment plants. Be-
cause most lead enters water after it leaves the treatment
plant, the new ruling may not lower public exposure very
much. Only time will tell.
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FIGURE 1 High lead levels in U.S. children from 6 months to 
5 years old, according to parents’ income and race (1976–1980).


GO GREEN


Be sure to test drinking water
for lead and other potentially
toxic chemicals. Filter water if
it contains these chemicals.
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manufacturers drop the candidate because of the cost in-
volved in toxicity testing.


The second part of the TSCA requires the EPA to ex-
amine chemicals that were in commercial use before the law
passed. Those the agency deems potentially hazardous are
required to undergo toxicity testing. If they prove too risky,
they can be banned from use or restricted.


Finally, the act calls for controls on chemicals believed
to be hazardous to humans and the environment. The most
radical controls were placed on polychlorinated biphenyls
(PCBs), an insulating fluid used in electrical transformers.
PCBs are stable in the environment because they resist
biodegradation. They are also widely dispersed in the envi-
ronment, can biomagnify, and are fairly toxic to laboratory
animals. Because of these factors, in May 1979, Congress
banned their manufacture and distribution except in a few
limited cases.


KEY CONCEPTS


Market Incentives to Control 
Toxic Chemicals
In 1988, one of the most controversial environmental laws in
the United States went into effect. The state of California’s Safe
Drinking Water and Toxics Enforcement Act set in motion a
market strategy to reduce dramatically the exposure to toxic
chemicals in foods and consumer products. Created as a result
of a citizen-sponsored initiative, Proposition 65, which was
passed overwhelmingly by voters in 1986, this law directs the
state to set standards (acceptable levels) for potential toxicants
in a variety of consumer products and foods. The law requires
that manufacturers who violate these standards print warn-
ings on their products, noting that the amount of the chemi-
cal in the product exceeds the state’s safe level. Manufacturers
are not required to meet standards, only to print the fact on the
packages. The proponents of this law believe that consumers
will shun products such as these, which will encourage man-
ufacturers to reduce levels of toxicants in their products.


Numerous other market-based incentives for control-
ling toxic pollution are also available. Two of the more prom-
ising are pollution taxes and tradable permits. Basically,
pollution taxes, or green taxes, are fees levied on environ-
mentally unsound activities—for example, the combustion
of fossil fuels or the use of toxic chemicals or the production
of hazardous wastes. Taxes make it more costly to do things
wrong and thus provide an incentive to switch to more en-
vironmentally sustainable practices.


Tradable permits are discussed in Chapter 19. For now,
suffice it to say that each company is given permits to release
certain amounts of pollution. If a company can find a way to
reduce emissions economically, it can sell its permit to pol-
lute to others, making a profit on the transaction. This sys-
tem encourages innovation and cost-effective means of


The Toxic Substances Control Act seeks both to prevent the in-
troduction of chemicals that will be harmful to people and the
environment and to eliminate those already in use that pose an
unacceptable risk.


reducing or even eliminating the production and release of
toxic substances.


Other market-based measures will be discussed in Chap-
ters 19 through 23 and Chapter 25. In summary, market-
based policies are designed to produce monetary incentives
for companies to reduce pollution and regulatory burden.
They also provide more freedom of choice for businesses to
select methods that suit their unique situations. Accordingly,
market-based actions are gaining popularity among busi-
nesses, government regulators, and environmentalists, but they
are still a long way from reaching their full potential.


KEY CONCEPTS


The Multimedia Approach to Pollution
Control: An Integrated Approach
The EPA has historically regulated toxic chemicals by con-
trolling the emissions into various media (air, water, and
soil). In addition, each medium has been monitored and
regulated by a separate branch of the agency. Wastewater
inspectors looked only at the pollutants in the wastewater.
The air pollution inspectors examined what goes out of the
smokestacks. So long as a company was obeying the neces-
sary regulations, the inspectors were happy.


The shortsightedness of this method became evident in
the early 1990s when EPA officials found that companies
often disposed of wastes in the medium with the weakest reg-
ulations. Refinery wastes that would normally be shipped out
in barrels and thus were subject to hazardous waste rules, for
instance, might end up in the wastewater stream, which is
less strictly regulated.


In 1991, William Reilly, then administrator of the EPA,
called for a multimedia approach to prevent this environ-
mentally costly toxic shell game. In the regional offices of the
EPA, Reilly set up multimedia branches that trained in-
spectors in several media—for example, air and water re-
leases. Their job is to determine if companies are in
compliance with all pertinent
environmental regulations,
not just regulations in a spe-
cific medium—hence, the
term multimedia (not to be
confused with modern au-
diovisual productions).


The EPA hopes that
multimedia inspections will
help the agency identify com-
panies that are illegally or improperly disposing of wastes.
Such a tightening in the regulatory approach could promote
pollution prevention (preventive actions) and reduce emis-
sions to the environment. Why? Increased agency aware-
ness of the activities in a facility decreases a company’s ability


Many efforts are under way to harness market forces, rather than
impose regulations on companies, to encourage the use of non-
toxic or less toxic products. These mechanisms promote inno-
vation, freedom of choice, and cost-saving solutions that many
businesses view as an acceptable way to reduce pollution.


GO GREEN


One of the most important
things we can all do to reduce
toxic pollution is to curb con-
sumption as the production of
virtually all products results in
the production of hazardous
wastes. 
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to hide pollution and avoid regulation by transferring pol-
lution from one medium to another.


Controlling toxic substances also requires individual
actions.


KEY CONCEPTS


Risk and Risk Assessment
Ralph Waldo Emerson once wrote, “As soon as there is life
there is danger.” Every day of our lives we face many 
dangers—some obvious, some hidden. The assessment of the
risks (potential harm) of modern technological societies has
become important in policymaking and is clearly vital to ef-
forts to build a sustainable society. This section looks at risk
and how it is assessed.


KEY CONCEPTS


Risks and Hazards: 
Overlapping Boundaries
Two types of hazard are broadly defined by risk assessors: an-
thropogenic and natural. Anthropogenic (an-throw-poe-
GEN-ick) hazards are those created by human beings.


Understanding and quantifying the risks posed in modern soci-
ety is essential to creating socially, economically, and environ-
mentally acceptable policies.


18.7


Pollutants from factories exit via one of several avenues, such as
wastewater or air pollution. For years, each medium has been reg-
ulated separately. Efforts are now under way to regulate and mon-
itor several media simultaneously to keep companies from dumping
potentially toxic substances in the least regulated medium.


Natural hazards include events such as tornadoes, hurri-
canes, floods, droughts, volcanoes, and landslides. Inter-
estingly, events that are typically classified as natural hazards
may actually be caused or worsened by human actions. Take
flooding as an example. Although most of us think of floods
as natural phenomena, the severity and frequency of flood-
ing is often the result of such actions as channelizing
streambeds or deforestation, as described in Chapter 13.


KEY CONCEPTS


Three Steps in Risk Assessment
Hazards befalling human society exact an enormous price.
They may kill people or destroy property. They may cause a
deterioration in our health or lead to the extinction of plants
and animals. How do we go about assessing the hazards and
creating policies that minimize or eliminate them in socially
and economically acceptable ways?


In the mid-1970s, a new science called risk assessment
began to take root. Its goal was to help people understand and
quantify risks posed by technology, our lifestyles, and our per-
sonal habits (smoking, drinking, and diet).


Risk assessment involves two interlocked steps: hazard
identification and estimation of risk. Hazard identification in-
volves steps to identify potential and real dangers. Estima-
tion of risk generally involves two processes (FIGURE 18-10).
The first determines the probability of an event or occurrence.
This process answers the question, “How likely is the event?”
The second stage determines the severity of an event, an-
swering the question, “How much damage could be caused?”


Risk arises from natural events as well as human activities. Hu-
man activities also profoundly influence natural hazards.


FOUNDATION TOOL
Risk


statement


Expressed preferences
Acceptable if people
expressly accept
the risks


Revealed preferences
Acceptable if risk is
not greater than those
currently tolerated


Cost–benefit
Acceptable if benefits
outweigh costs


Natural standards
Acceptable if risk is
not greater than
those created by
natural hazard


Is the risk
acceptable?
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FIGURE 18-10 Determining
the acceptability of a risk. Af-
ter the probability and severity
of a risk are determined, the
next step is to determine its ac-
ceptability. Cost–benefit analy-
sis is the most common method
of determining risk acceptabil-
ity, but three other methods can
also be used, as shown here.








FIGURE 18-11 Threshold or not? (a) Hypotheti-
cal dose-response curves indicating the absence of
a threshold level, a level below which no effect oc-
curs. Some responses are linear: For every increase
in dose, there is a corresponding increase in the re-
sponse. In others, the response is nonlinear; that
is, there is not a 1:1 correlation between dose and
response, although the response does increase with
increasing dose. (b) A hypothetical dose-response
curve showing a threshold level.


402 PART V. Learning to Live with the Earth’s Carrying Capacity


To assess the risk of a toxic chemical, we must estimate the
number of people (or other organisms) exposed, the levels
and duration of exposure, and other complicating factors such
as age, sex, health status, personal habits, and chemical in-
teractions (described earlier). This information helps us de-
termine what the impact might be—that is, how severe the
effects might be.


KEY CONCEPTS


Why Assessing the Risk of Toxic Substances Is So Difficult
Estimating risk is fraught with uncertainty, especially in the
area of toxic substances. Several factors contribute to the
difficulties. First, our knowledge of the effects of toxic sub-
stances on humans is incomplete. As noted earlier in the
chapter, modern societies use thousands of potentially toxic
chemicals. Testing each one is expensive and time consum-
ing. In addition, our knowledge of the toxic effects of pol-
lution on humans is limited because it is neither practical nor
ethical to test toxic chemicals on human beings. As a result,
toxicologists must often rely on tests on laboratory animals
(rats, mice, and rabbits) to estimate human toxicity. The re-
sults of experiments on laboratory animals cannot always be
extrapolated to humans, though. As my graduate advisor
once noted, “Contrary to popular belief, the human is not a
large rat.” Lab animals often react differently to chemicals than
humans do; they may be able to break them down better, or
they may not be able to break them down as well. Physio-
logical differences between humans and lab animals there-
fore make it difficult to predict if a chemical harmful to an
animal will be injurious to us.


Second, our lack of knowledge about toxic effects also
stems from the fact that we humans are often exposed to many
potentially harmful chemicals. For practical reasons, most
toxicity tests are performed on one substance at a time. Because
of chemical interactions described earlier, extrapolating the re-
sults from these tests to the real world can be misleading.


A third problem is that most animal tests of toxicity, es-
pecially those for cancer, are performed at high exposure
levels. It is assumed that if a chemical is harmful at high lev-
els, it will also be harmful at the lower levels. However, the


Risk assessment is a technique that helps us identify risks, de-
termine the probability or likelihood of their occurrence, and as-
sess the potential severity of the effects—that is, the potential
economic, health, social, and environmental costs.


fact that a large dose of a chemical induces cancer in a lab an-
imal does not necessarily mean that the chemical will cause
cancer at the low doses to which humans are typically ex-
posed. Most toxicants have a threshold level—that is, a level
below which no effects occur (FIGURE 18-11). Thus, ex-
tremely low levels of certain chemicals may be completely
safe. The reason for this may be that at low levels, protective
mechanisms in the body can cope with the chemical—either
inactivating it or excreting it fast enough to prevent damage.
Tissues may also be able to repair damage at low levels. At
levels above the threshold, these mechanisms may not be
able to keep up, and noticeable effects may then appear.


Although thresholds may exist for most toxicants, there
are some exceptions, among them asbestos and radiation, dis-
cussed in Chapter 14. Many scientists believe that even the
smallest exposure has an effect and that damage caused by
repeated low-level exposures accumulates over time.


If scientists can’t make accurate extrapolations from
high doses to low doses, why do they perform their ex-
periments that way? Researchers use high doses to speed
up their experiments. As a general rule, the entire process
from exposure to manifestation takes about one-eighth of
the life span of an animal. In humans, the time required to
develop a noticeable cancer is 5 to 30 years after exposure.
Any measure that speeds up the process, such as a high
dose, helps cut costs. To test for low-level effects, scientists
would need very large numbers of experimental animals to
generate statistically valid results. High-dose studies, there-
fore, reduce the number of lab animals needed and can cut
time and costs—a significant factor because cancer stud-
ies can cost $500,000 to $1 million per chemical. (For a de-
bate on the validity of testing animals for cancer, see the
Point/Counterpoint essays in this chapter.)


KEY CONCEPTS


Risk Acceptability
No matter what we do—whether it is screwing in a light bulb
or flying cross-country in a jet—we put ourselves (and pos-
sibly our environment) at risk. Nothing is safe—that is, en-


Assessing the risk of a toxic substance is difficult because so lit-
tle is known about the thousands of chemicals and because
much of the work is done on laboratory animals, the results of
which may not be applicable to humans.
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tirely free from harm. The science of risk assessment recog-
nizes that human life is haunted by hazards. Therefore, rather
than speaking in terms of safety, which is absolute, the risk
assessor speaks in terms of risk, which is relative. Activities
that we commonly consider safe are referred to as low-risk
functions. “Unsafe” activities are better labeled high-risk
functions.


Knowing the relative risk of a technology is one thing.
Knowing whether the risk is acceptable to the general pub-
lic is another story. Risk acceptability, in fact, is one of the
trickiest issues facing modern society. Why? One reason is
that our awareness and perception change from time to time.
Thus, what appears safe one day becomes suspect the next,
after a widely publicized accident. Irrational fears crop up and
frighten us away from relatively low-risk activities. Jet crashes,
for example, are widely publicized and may give the im-
pression that this form of travel is quite risky. The fact of
the matter is, you have a 1 in 5,000 chance of being killed in
an automobile accident in a given year and only a 1 in 7 mil-
lion chance of being killed in a jet crash.


The perceived harm, the damage people think will occur,
heavily influences our assessment of risk acceptability. In 
general, the more harmful a technology and its byproduct are
perceived to be, the less acceptable they are to society.


The acceptability of risks is also influenced by perceived
benefit—how much benefit people think they will get from
something. In general, the higher the perceived benefit, the
greater the risk acceptability (FIGURE 18-12). As an example,
the risks of a new steel mill might be acceptable to a com-
munity with high unemployment. Automobile travel provides
the most telling example of the way in which perceived ben-
efits affect our decisions. The risk of dying in an automobile
accident in the United States is 1 in 5,000 in any given year.
Over your lifetime, the risk of dying in a car accident is


higher if you don’t wear seat belts, about 2 in 100, than if you
do, 1 in 100. Meanwhile, substances believed to be far less
hazardous than driving are banned from public use because
their benefit is not so highly valued. Chemical substances that
pose a risk of one cancer death in a million people, for ex-
ample, are banned.


KEY CONCEPTS


How Do We Decide If a Risk 
Is Acceptable?
Decisions on modern sources of risk—technologies, per-
sonal habits, and pollution—are becoming more and more
commonplace. One of the most commonly used techniques
is cost–benefit analysis, a process in which one analyzes
the many costs and benefits and weighs one against the other
(Figure 18-10).


One of the most important benefits of a sustainable
strategy—including efforts such as energy efficiency, pol-
lution prevention, recycling, and use of renewable 
resources—is that it offers many ways of having both a
clean, healthy environment and economic vitality. It makes
the environment and economy complementary, not an-
tagonistic, forces. For now, however, many decisions must
be made about risk acceptability. In this technique, one enu-
merates costs and benefits and then tries to determine if
the benefits outweigh the costs. Although that may sound
simple, it isn’t. As a rule, benefits are generally easily mea-
sured: financial gain, business opportunities, jobs, and
other tangible items. Many of the costs, however, are less
tangible. External costs, costs incurred to society by pol-
lution and other forms of environmental damage, are
among the most difficult to quantify. In addition, re-
searchers find it difficult to assign a dollar value to 
human health effects, environmental damage, and lost
species. Moreover, the costs may be long term and borne
by future generations.


Another problem with cost–benefit analysis is that the
benefits, most importantly economic gain, often accrue to a
select few who have inordinate power to influence the po-
litical system and sway people’s opinions. American com-
panies that design and build hazardous-waste incinerators,
for instance, spend extraordinary sums of money trying to
convince people in rural areas of the benefits of siting an in-
cinerator near them.


In sum, cost–benefit analysis suffers because many
costs are poorly documented, spread out, and unquantifi-
able, whereas the benefits are often obvious and readily
quantifiable. Recent efforts by economists to assign a dol-
lar value to environmental and health costs may help improve
the process. In addition, the efforts of scientists to measure
the impacts of technologies and their byproducts on wild-
life, the environment, recreation, health, and society in gen-
eral may also help.


The acceptability of different forms of risk is determined by
many factors, especially perceptions.
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FIGURE 18-12 The acceptability of a risk increases as the per-
ceived benefit rises. Voluntary risks—that is, ones people agree
to—are generally more acceptable than risk imposed upon us
without consent.
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POINT


The principal method of determining potential carcino-
genicity of substances is based on studies of daily ad-
ministration of huge doses of chemicals to inbred rodents
for a lifetime. Then by questionable models, which include
large safety factors, the results are extrapolated to ef-
fects of minuscule doses in humans. Resultant stringent
regulations and attendant frightening publicity have led
to public anxiety and chemophobia. If current ill-based reg-
ulatory levels continue to be imposed, the cost of clean-
ing up phantom hazards will be in the hundreds of billions
of dollars with minimal benefit to human health. In 
the meantime, real hazards are not receiving adequate 
attention.


The current procedures for gauging carcinogenicity are
coming under increasing scrutiny and criticism. A leader in
the examination is Bruce Ames, who with others has amassed
an impressive body of evidence and arguments. Ames and Gold
summarized some of their recent data and conclusions in
Science (31 August 1990, p. 970). Three articles in the Pro-
ceedings of the National Academy of Sciences provide an
elaboration of the information with extensive bibliogra-
phies. The articles also provide data about other pathologic
effects of natural chemicals.


A limited number of chemicals tested, both natural and
synthetic, react with DNA to cause mutations. Most chemi-
cals are not mutagens, but when the maximum tolerated
dose (MTD) is administered daily to rodents over a lifetime,
about half of the chemicals give rise to excess cancer, usu-
ally late in the normal life span of the animals. Experiments
in which synthetic industrial chemicals were administered in
the MTD to both rats and mice resulted in 212 of 350 chem-
icals being labeled as carcinogens. Similar experiments with
chemicals naturally present in food resulted in 27 of 52 tested


being designated as carcinogens. These 27 rodent carcino-
gens have been found in 57 different foods, including ap-
ples, bananas, carrots, celery, coffee, lettuce, orange juice,
peas, potatoes, and tomatoes. They are commonly present
in quantities thousands of times as great as are the syn-
thetic pesticides.


The plant chemicals that have been tested represent
only a tiny fraction of the natural pesticides. As a defense
against predators and parasites, plants have evolved a large
number of chemicals that have pathologic effects on their
attackers and consumers. Ames and Gold estimate that plant
foods contain 5,000 to 10,000 natural pesticides and break-
down products. In cabbage alone some 49 natural pesti-
cides have been found. The typical plant contains a total of
1% or more of such substances. Compared with the amount
of synthetic pesticides we consume, we eat about 10,000
times more of the plant pesticides.


It has long been known that virtually all chemicals are
toxic if ingested in sufficiently high doses. Common table salt
can cause stomach cancer. Ames and others have pointed out
that high levels of chemicals cause large-scale cell death and
replacement by division. Dividing cells are much more sub-
ject to mutations than quiescent cells. Much of the activity
of cells involves oxidation, including formation of highly
reactive free radicals that can react with and damage DNA.
Repair mechanisms exist, but they are not perfect. Ames
has stated that oxidative DNA damage is a major contribu-
tor to aging and to cancer. He points out that any agent caus-
ing chronic cell division can be indirectly mutagenic because
it increases the probability of DNA damage being converted
to mutations. If chemicals are administered at doses sub-
stantially lower than MTD, they are not likely to cause ele-
vated rates of cell death and cell division and hence would
not increase mutations. Thus, a chemical that produces cell
death and cancer at the MTD could be harmless at lower
dose levels.


Diets rich in fruits and vegetables tend to reduce human
cancer. The rodent MTD test that labels plant chemicals as
cancer causing in humans is misleading. The test is likewise
of limited value for synthetic chemicals. The standard car-
cinogen tests that use rodents are an obsolescent relic of the
ignorance of past decades. At that time, extreme caution
made sense, but now tremendous improvements of analyti-
cal and other procedures make possible a new toxicology
and far more realistic evaluation of the dose levels at which
pathological effects occur.


Animal Testing for
Cancer Is Flawed
Philip H. Abelson 
Philip H. Abelson was the Deputy Editor
of Science. This article is copyright 
(© 1990) by the American Association
for the Advancement of Science.


Are Current Procedures for Determining Carcinogens Valid?
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COUNTERPOINT


The vast majority of the scientific community endorses the
conduct of experimental studies in order to try to identify
those materials that could cause disease and prevent harm-
ful exposures. In the typical toxicologic study of 50 rodents,
each animal is a stand-in for 50,000 people. Because ro-
dents live about 2 years on average, they are usually ex-
posed to amounts of the suspect agent that approximate
what a human would encounter in an average lifetime of
70 years.


Some have argued that the use of the maximum toler-
ated dose (MTD) in these studies produces tissue damage and
cell proliferation, which in turn lead to cancer. This is bio-
logical nonsense that ignores a fundamental characteristic
of cancer biology that has been known for more than 
50 years: Cancer is a multistage disease, with multiple causes,
which arises by a stepwise evolution that involves progres-
sive genetic changes, cell proliferation, and clonal expan-
sion. Thus, swamping of tissues with high doses alone may
well kill an animal or damage its tissues, but high doses
alone are not sufficient to cause cancer.


A 2-year study at the National Institute of Environ-
mental Health Sciences (NIEHS) by David Hoel and col-
leagues provides good evidence on this point. They looked
for signs of damage in tissues taken from rats and mice used
in cancer studies. Cancers occurred in organs that did not
show apparent damage, and some damaged organs were
completely free of tumors.


In addition, most compounds tested do not cause can-
cer only in the highest dose group tested but typically pro-
duce a dose-response relationship, where the amount of
cancer developed is proportional to the dose administered.
Some chemicals cause toxicity only; others cause only can-
cer. Not all those that cause cancer do so through organ
toxicity. In fact, almost 90% of the substances shown to
cause cancer in the National Toxicology Program do so with-
out producing any increased cellular toxicity, and they also
cause cancer at both lower and higher doses.


Animal studies are evolving and being further refined,
as is our understanding of differences between species that
need to be taken into account in conducting these studies.
Every compound known to cause cancer in humans also pro-
duces cancer in animals, when adequately tested. For 8 of
the 54 known human cancer-causing agents, evidence of
carcinogenicity was first obtained in laboratory animals; in
many cases, the same target organs and doses have been in-
volved in producing cancer in both animals and humans.


The NIEHS has carried out nearly 400 long-term rodent
studies, which have been published following public peer re-
view by specialists in the field. Chemicals nominated for
testing usually represent a sample of potentially “problem-
atic” materials. About 40% of the “suspect” pesticides eval-


uated to date have been found to cause cancer. As to the role
of so-called natural pesticides, rodent diets are also loaded
with many of these materials. Nevertheless, a number of
test compounds added to these diets markedly increase the
amount of tumors produced. Thus, animals are more sensi-
tive to certain synthetic compounds than to the background
level of natural materials. Humans are also likely to have
acquired some resistance to these persisting, natural mate-
rials throughout our evolution.


To date, only about 20% of all synthetic organic chem-
icals have been adequately tested for their potential human
toxicity. Those who must set public policy on the use of
chemicals need a rational basis on which to stake their ac-
tions. Continued advances in animal testing provide an im-
portant contribution to environmental health sciences and
to public health efforts to predict, and then prevent, the de-
velopment of environmentally caused disease.


In summary, the current system should be used until it
can be replaced by a demonstrably better one. There is no
scientific basis for rejecting the MTD as capable of inducing
cancer.


Critical Thinking Questions
1. Summarize each author’s main points and supporting


data. Do you see any inconsistencies or examples of
faulty logic in either essay? Where?


2. Why is it that two scientists can disagree on an issue
such as this?


3. Given the disagreement, what course of action would
you recommend?


Current Methods of
Testing Cancer Are
Valid
Devra Davis 
Devra Davis is the author of National
Book Award Finalist, When Smoke Ran
Like Water (http://www.whensmokeran
likewater.com), and Director, Center for
Environmental Oncology, University of
Pittsburgh Cancer Institute, and Profes-
sor of Epidemiology, Graduate School of
Public Health.


You can link to websites that represent both 
sides through Point/Counterpoint: Furthering 
the Debate at this book’s internet site, 
http://environment.jbpub.com/9e/. Evaluate 
each side’s argument more fully and clarify 
your own opinion.
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KEY CONCEPTS


Actual Versus Perceived Risk The main purpose of risk as-
sessment is to help policymakers formulate laws and regu-
lations that protect human health, the environment, and
other organisms. Ideally, good lawmaking requires that the
actual risk, or the amount of risk a hazard really poses, be
equal to the perceived risk, the risk perceived by the pub-
lic. When actual and perceived risk are equal, public policy
yields cost-effective protection.


When the perceived risk is much larger than the actual
risk, costly overprotection occurs. In contrast, when the
perceived risk is much smaller than the actual risk, under-
protection occurs (FIGURE 18-13). It, too, can be costly to pres-
ent and future generations.


KEY CONCEPTS


The Final Filter: Ethics and Sustainability We hear over
and over again that if it doesn’t make economic sense, peo-
ple won’t do it. This is not always the case. Many decisions
we make are based on our ethics, the values we hold—or,
more simply, what we view as right and wrong. Values that
affect our decisions come from our parents, relatives, friends,
enemies, teachers, religious leaders, and politicians. These
values shift over time, sometimes subtly, sometimes dra-
matically. They often change as we become older and as our
priorities shift. Although our ethics are often never explic-
itly stated, they play an important role in our lives. They de-
termine how we think, how we vote, how we treat one
another, how we carry on business affairs, how we treat the
Earth, and how we treat future generations.


Because values influence the way we think and the de-
cisions we make, they often play an important role in deci-
sions regarding risk acceptability. Most of us, however, assign
different ethical priorities to different things. Some people
care more about the environment than about the economic
health of their community. Others care more about eco-
nomics than the environment. In sustainability, the goal is
to place economics, the environment, and society on an
equal level and to make decisions that serve all three. This
requires creative thinking, but the options are many.


Risk assessment is designed to facilitate decision making by
ensuring that the risk we perceive to be posed by any factor is
equal to the actual risk.


Several techniques are used to determine if the risk(s) posed by
a technology or activity are acceptable. The most common is
cost–benefit analysis, which weighs the costs against the ben-
efits. Sustainable development strategies minimize social, eco-
nomic, and environmental costs and maximize the benefits.


KEY CONCEPTS


Space-Time Values and Sustainability Sustainable devel-
opment requires a long-term perspective. Unfortunately,
most of us are rather narrow in our outlook. FIGURE 18-14 is
a hypothetical graph of where our values lie. One axis plots
our concern in space, the other in time. Space refers to self,
family, friends, community, state, and so on, expanding out-
ward. Time, obviously, ranges from the present to the long-
term future.


As the scatter diagram shows, individual interest can
be identified by a single point that denotes one’s space and
time concerns. These are called space-time values. Most
people’s interests lie toward the lower end of the scales, tend-
ing toward self-interest and immediate concerns. Some peo-
ple call this selfishness, but it can also be considered a natural
biological tendency to be concerned with the self. Among an-
imals, awareness of the needs of others is a feature only of
social creatures such as monkeys and lions; however, con-
cern for the uppermost end of the space-time graph is a dis-
tinguishing feature of the human animal. The unique human
ability to ponder the consequences of actions is fortunate be-
cause humans have reached a position of unprecedented
power as molders of the biosphere. Our power to change
the world to our liking has never been greater, nor has our
power to destroy ever attained such heights.


Our values, what we perceive as right or wrong, come from many
sources and often affect our decisions.


Actual risk


Perceived risk


Optimum
protection


Optimum
scenario


public policy


Perceived risk


Underprotection


Suboptimum
scenario


public policy


Perceived risk


Overprotection


Suboptimum
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public policy


FIGURE 18-13 Matching risk. Matching the actual risk and the risk that a society perceives
is essential to the formulation of good public policy. Perceived risk and actual risk do not al-
ways match, however, as shown. Policy decisions may result in overprotection or underpro-
tection when the actual and perceived risk do not match. Optimal protection occurs when
actual and perceived risk are equal.








CRITICAL THINKING


Exercise Analysis
Pollution control devices cost money, and they usually remove pollutants from a waste stream and create a
concentrated waste that must be disposed of elsewhere. Pollution prevention, on the other hand, involves
adjustments to the production system that reduce or even eliminate hazardous emissions. Several options
are available under the pollution prevention strategy: modifying production processes, finding substitutes
for toxic chemicals, recycling wastes, and a number of other cost-effective measures. Not only will these
help you comply with the emissions standards and save your company huge sums of money, but you may
actually exceed the standards—that is, reduce pollution emissions below those stipulated by state and
federal laws and regulations.


Pollution has been dealt with after the fact for many years. In this exercise, all it took was a look at
the bigger picture (alternatives to pollution control) and a little digging into the various options to find
some viable solutions. This exercise is a good reminder to you to beware of conventional strategies for
solving problems—not just in the environmental arena, but in all areas. Often, solutions that people pro-
pose reflect old ways of thinking—and therefore overlook creative and cost-effective measures that could
help save money and build a sustainable society.


FIGURE 18-14 Space-time values. Graph of peo-
ple’s hypothetical spatial and temporal interests, in-
dicated by the points. Most individuals tend toward
the lower end of the scales, being concerned prima-
rily with self and the present. This is a natural ten-
dency, but the rapid pace of global environmental
change makes it necessary to shift space-time val-
ues to reflect long-term needs and to stimulate
actions needed to build a sustainable society. Unfor-
tunately, most political leaders are mired in the
immediate—given their human nature, the short
terms of office, and reelection concerns.
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One of the things you have learned about sustainable de-
velopment is that it takes a long-range view. It requires us to
push the limits in space and time.


KEY CONCEPTS
People’s values tend to be somewhat narrow with respect to
time and space. A long-range view that encompasses the entire
planet is essential for sustainability.


Chance fights ever on the side of the
prudent.


—Euripides
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Connect to this book's website:
http://environment.jbpub.com/9e/
The site features eLearning, an online review
area that provides quizzes, chapter outlines,
and other tools to help you study for your
class. You can also follow useful links for 
in-depth information, research the differing
views in the Point/Counterpoints, or keep 
up on the latest environmental news.


REFERENCES AND FURTHER READING
To save on paper and allow for updates, additional reading
recommendations and the list of sources for the information
discussed in this chapter are available at http://environment
.jbpub.com/9e/.
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CRITICAL THINKING AND CONCEPT REVIEW
1. Define the terms toxicant, carcinogen, teratogen, and


mutagen.
2. Using your critical thinking skills and your knowledge of


toxicology, analyze the following statement: “All sub-
stances are toxic. It’s the dose that makes the poison.”


3. Describe how toxicants affect the cells of our bodies.
4. What is cancer? Discuss the steps in its formation.
5. Using your critical thinking skills, analyze the follow-


ing statement: “If a chemical is found to be carcino-
genic in a laboratory animal, it is likely to be
carcinogenic in humans.”


6. List some of the possible consequences of somatic and
germ cell mutations in humans.


7. What is teratology? Do teratogenic chemicals always
create birth defects when given during pregnancy? Why
or why not?


8. Make a list of factors that influence the toxicity of a
chemical in a given individual.


9. Define the terms synergism, antagonism, and potentia-
tion. What is the difference between synergism and an
additive effect?


10. A research study shows that a certain chemical is toxic
to laboratory mice. The researchers believe that it may
also be harmful to humans. What information would
you need to support controls on human exposure?


11. Define the terms bioaccumulation and biological magni-
fication. Based on your knowledge gained in this chap-
ter, what factor(s) can be used to predict whether a
chemical will be biologically magnified?


12. What is meant by a threshold level? Explain the reasons
why threshold levels exist for many toxicants.


13. Describe the major provisions of the Toxic Substances
Control Act.


14. What are the two major types of risk? Give examples.
15. Describe the steps involved in determining the level of


risk posed by technology.
16. What factors determine whether a risk is acceptable to


a population? What is the difference between volun-
tary and involuntary risks? What is the difference be-
tween actual and perceived risks?


17. Many more people die in Montana and Wyoming from
falls while hiking than are killed by grizzly bears. Why,
then, are people so concerned about being killed by a
bear when their chances of being killed in a fall are
much greater?


18. What are space-time values? In general, where do your
concerns lie in space and time?


19. Critically analyze the market-based incentives for con-
trolling toxic substances that were discussed in this
chapter.


20. The following statement was made at a public hearing
regarding the contamination of a lake by effluents con-
taining hazardous wastes generated by a chemical
manufacturing plant. Using your critical thinking skills
and your knowledge of toxicology, analyze the state-
ment: “Our facility will produce hazardous substances,
but because we are using state-of-the-art pollution
control devices, releases of mercury and other toxicants
will be minimal. Levels in the lake receiving our
treated wastewater will be rather small and should
pose no threat to people drinking the water.”
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KEY TERMS 
actual risk
acute
additive response
antagonism
anthropogenic hazards
asbestosis
benign tumor
bioaccumulation
biological magnification
biotransformation
birth defect
cancer
carcinogens
chromosomes
chronic
cost–benefit analysis
deoxyribonucleic acid (DNA)
DNA-reactive carcinogens
dose
dose-response curve
duration of exposure
environmental hormones
epidemiologists


epigenetic carcinogens
estimation of risk
genotoxic carcinogens
germ cells
hazard identification
hypersensitized
LD50
malignant tumor
mesothelioma
metastasis
multimedia approach
mutagens
mutations
natural hazards
neoplasm
perceived benefit
perceived harm
perceived risk
pollution prevention
polychlorinated biphenyls (PCBs)
pollution (green) taxes
potentiation
premanufacture notification


primary tumor
pulmonary fibrosis
risk acceptability
risk assessment
Safe Drinking Water and Toxics


Enforcement Act
secondary tumors
somatic cells
space-time values
spontaneous abortion
stillbirth 
synergistic response
systemic
teratogens
teratology
threshold level
Toxic Substances Control Act (TSCA)
toxicants
toxicology
tradable permits
tumor
zooplankton
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