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I CHAPTER 3

Exposure Classes, Toxicants in Air,
Water, Soil, Domestic, and
Occupational Settings

W. GREGORY COPE

3.1 AIR POLLUTANTS

3.1.1 History

Air pollution probably occurred as soon as humans started to use wood fires for
heat and cooking. For centuries, fire was used in such a way that living areas were
filled with smoke. After the invention of the chimney, combustion products and
cooking odors were removed from living quarters and vented outside. Later, when
soft coal was discovered and used for fuel, coal smoke became a problem in the
cities. By the thirteenth century, records show that coal smoke had become a nui-
sance in London, and in 1273, Edward I made the first antipollution law, one that
prohibited the burning of coal while Parliament was in session: “Be it known to all
within the sound of my voice, whosoever shall be found guilty of burning coal shall
suffer the loss of his head.” Despite this and various other royal edicts, however,
smoke pollution continued in London.

Increasing domestic and industrial combustion of coal caused air pollution to
get steadily worse, particularly in large cities. During the twentieth century, the
most significant change was the rapid increase in the number of automobiles, from
almost none at the turn of the century to millions within only a few decades.
During this time, few attempts were made to control air pollution in any of the
industrialized countries until after World War II. Action was then prompted, in
part, by two acute pollution episodes in which human deaths were caused directly
by high levels of pollutants. One incident occurred in 1948 in Donora, a small steel
mill town in western Pennsylvania. In late October, heavy smog settled in the area,
and a weather inversion prevented the movement of pollutants out of the valley.
Twenty-one deaths were attributed directly to the effects of the smog. The “Donora
episode” helped focus attention on air pollution in the United States.
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In London in December 1952, the now infamous killer smog occurred. A dense
fog at ground level coupled with smoke from coal fireplaces caused severe smog
lasting more than a week. The smog was so heavy that daylight visibility was only
a few meters, and bus conductors had to walk in front of the buses to guide the
drivers through the streets. Two days after the smog began, the death rate began
to climb, and between December 5 and December 9, there were an estimated 4000
deaths above the normal daily count. The chief causes of death were bronchitis,
pneumonia, and associated respiratory complaints. This disaster resulted in the
passage in Britain of the Clean Air Act in 1956.

In the United States, the smog problem began to occur in large cities across the
country, becoming especially severe in Los Angeles. In 1955, federal air pollution
legislation was enacted, providing federal support for air pollution research, train-
ing, and technical assistance. Responsibility for the administration of the federal
program now lies with the U.S. Environmental Protection Agency (EPA).
Technological interest since the mid-1950s has centered on automobile air pollution,
pollution by oxides of sulfur and nitrogen, and the control of these emissions.
Attention is also being directed toward the problems that are being caused by the
greenhouse effect resulting from increased concentrations of carbon dioxide (CO,)
in the atmosphere, depletion of the stratospheric ozone layer, long-range transport
of pollution, and acid deposition.

3.1.2 Types of Air Pollutants

What is clean air? Unpolluted air is a concept of what the air would be if humans
and their works were not on earth, and if the air were not polluted by natural
sources such as volcanoes and forest fires. The true composition of “unpolluted”
air is unknown because humans have been polluting the air for thousands of years.
In addition, there are many natural pollutants such as terpenes from plants, smoke
from forest fires, fumes and smoke from volcanoes. Table 3.1 lists the components
that, in the absence of such pollution, are thought to constitute clean air.

TABLE 3.1 Gaseous Components of Normal Dry Air

Compound Percent by Volume Concentration (ppm)
Nitrogen 78.09 780,900
Oxygen 20.94 209,400
Argon 0.93 9,300
Carbon dioxide 0.0325 325
Neon 0.0018 18
Helium 0.0005 5.2
Methane 0.0001 1.1
Krypton 0.0001 1.0
Nitrous oxide 0.5
Hydrogen 0.5
Xenon 0.008
Nitrogen dioxide 0.02

Ozone 0.01-0.04
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Gaseous Pollutants These substances are gases at normal temperature and pres-
sure as well as vapors evaporated from substances that are liquid or solid. Among
pollutants of greatest concern are carbon monoxide (CO), hydrocarbons, hydrogen
sulfide (H.S), nitrogen oxides (N,Oy), ozone (Os), and other oxidants, sulfur oxides
(510,), and CO,. Pollutant concentrations are usually expressed as micrograms per
cubic meter (ug/m?) or for gaseous pollutants as parts per million (ppm) by volume
in which 1ppm = 1 part pollutant per million parts (10°) of air.

Particulate Pollutants Fine solids or liquid droplets can be suspended in air.
Some of the different types of particulates are defined as follows:

1. Dust. Relatively large particles about 100pum in diameter that come directly
from substances being used (e.g., coal dust, ash, sawdust, cement dust, grain
dust).

2. Fumes. Suspended solids less than 1um in diameter usually released from
metallurgical or chemical processes (e.g., zinc and lead oxides).

3. Mist. Liquid droplets suspended in air with a diameter less than 2.0um (e.g.,
sulfuric acid mist).

4. Smoke. Solid particles (0.05-1.0 um) resulting from incomplete combustion of
fossil fuels.

5. Aerosol. Liquid or solid particles (<1.0um) suspended in air or in another
gas.

3.1.3 Sources of Air Pollutants

Natural Pollutants Many pollutants are formed and emitted through natural
processes. An erupting volcano emits particulate matter as well as gases such as
sulfur dioxide, hydrogen sulfide, and methane; such clouds may remain airborne for
long periods of time. Forest and prairie fires produce large quantities of pollutants
in the form of smoke, unburned hydrocarbons, CO, nitrogen oxides, and ash. Dust
storms are a common source of particulate matter in many parts of the world, and
oceans produce aerosols in the form of salt particles. Plants and trees are a major
source of hydrocarbons on the planet, and the blue haze that is so familiar over
forested mountain areas is mainly from atmospheric reactions with volatile organics
produced by the trees. Plants also produce pollen and spores, which cause respira-
tory problems and allergic reactions.

Anthropogenic Pollutants These substances come primarily from three sources:
(1) combustion sources that burn fossil fuel for heating and power, or exhaust emis-
sions from transportation vehicles that use gasoline or diesel fuels; (2) industrial
processes; and (3) mining and drilling.

The principal pollutants from combustion are fly ash, smoke, sulfur, and nitrogen
oxides, as well as CO and CO,. Combustion of coal and oil, both of which contain
significant amounts of sulfur, yields large quantities of sulfur oxides. One effect of
the production of sulfur oxides is the formation of acidic deposition, including acid
rain. Nitrogen oxides are formed by thermal oxidation of atmospheric nitrogen
at high temperatures; thus, almost any combustion process will produce nitrogen
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oxides. Carbon monoxide is a product of incomplete combustion; the more efficient
the combustion, the higher is the ratio of CO, to CO.

Transportation sources, particularly automobiles, are a major source of air pol-
lution and include smoke, lead particles from tetraethyl lead additives, CO, nitrogen
oxides, hydrocarbons, and more recently, the platinum group metals, which are used
in automobile catalytic converters. Since the mid-1960s, there has been significant
progress in reducing exhaust emissions, particularly with the use of low-lead or no-
lead gasoline as well as the use of oxygenated fuels—for example, fuels containing
ethanol or methyl #-butyl ether (MTBE).

Industries may emit various pollutants relating to their manufacturing pro-
cesses—acids (sulfuric, acetic, nitric, and phosphoric); solvents and resins; gases
(chlorine and ammonia); and metals (cadmium, copper, lead, and zinc).

Indoor Pollutants In general, the term indoor air pollution refers to home and
nonfactory public buildings such as office buildings and hospitals, and results in a
contamination often referred to as “sick building syndrome.” The pollution can
come from heating and cooking, pesticides, tobacco smoking, radon, gases, and
most commonly, microbes such as bacteria and fungi (molds) that grow in the
structure or the heating and cooling systems due to excessive moisture.

Although indoor air pollution has increased in developed nations because of
tighter building construction and the use of building materials that may give off
gaseous chemicals, indoor air pollution is a particular problem in developing coun-
tries. Wood, crop residues, animal dung, and other forms of biomass are used
extensively for cooking and heating—often in poorly ventilated rooms. For women
and children in particular, this leads to high exposures of air pollutants such as CO
and polycyclic aromatic hydrocarbons.

3.1.4 Examples of Air Pollutants

Most of the information on the effects of air pollution on humans comes from acute
pollution episodes such as the ones in Donora and London. Illnesses may result
from chemical irritation of the respiratory tract, with certain sensitive subpopula-
tions being more affected: (1) very young children, whose respiratory and circula-
tory systems are poorly developed; (2) the elderly, whose cardiorespiratory systems
function poorly; and (3) people with cardiorespiratory diseases such as asthma,
emphysema, and heart disease. Heavy smokers are also affected more adversely by
air pollutants. In most cases, the health problems are attributed to the combined
action of particulates and sulfur dioxides (SO,); no one pollutant appears to be
responsible. Table 3.2 summarizes some of the major air pollutants and their sources
and effects.

Carbon Monoxide Carbon monoxide combines readily with hemoglobin (Hb) to
form carboxyhemoglobin (COHD), thus preventing the transfer of oxygen to tissues.
The affinity of hemoglobin for CO is approximately 210 times its affinity for oxygen.
A blood concentration of 5% COHb, equivalent to equilibration at approximately
45 ppm CQO, is associated with cardiovascular effects. Concentrations of 100 ppm can
cause headaches, dizziness, nausea, and breathing difficulties. An acute concentra-
tion of 1000ppm is invariably fatal. Carbon monoxide levels during acute traffic
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TABLE 3.2 Principal Air Pollutants, Sources, and Effects

Pollutant

Sources

Significance

Sulfur oxides,
particulates

Nitrogen oxides

Carbon monoxide

Carbon dioxide
Ozone (O;)
Hydrocarbons, C,H,
Radon

Asbestos

Allergens

Arsenic

Coal and oil power plants
Oil refineries, smelters
Kerosene heaters
Automobile emissions
Fossil fuel power plants

Motor vehicle emissions
Burning fossil fuels
Incomplete combustion
Product of complete
combustion
Automobile emissions
Photochemical smog
Smoke, gasoline fumes
Cigarette smoke, industry
Natural sources
Natural sources
Asbestos mines
Building materials
Insulation
Pollen, house dust
Animal dander
Copper smelters

Main component of acid deposition

Damage to vegetation, materials

Irritating to lungs, chronic bronchitis

Pulmonary edema, impairs lung
defenses

Important component of
photochemical smog and acid
deposition

Combines with hemoglobin to form
carboxyhemoglobin, poisonous

Asphyxia and death

May cause “greenhouse effect”

Damage to vegetation

Lung irritant

Contributes to photochemical smog

Polycyclic aromatic hydrocarbons;
lung cancer

Lung cancer

Asbestosis

Lung cancer, mesothelioma

Asthma, rhinitis

Lung cancer

congestion have been known to be as high as 400 ppm; in addition, people who
smoke elevate their total body burden of CO as compared with nonsmokers. The
effects of low concentrations of CO over a long period are not known, but it is pos-
sible that heart and respiratory disorders are exacerbated.

Sulfur Oxides Sulfur dioxide is a common component of polluted air that results
primarily from the industrial combustion of coal, with soft coal containing the
highest levels of sulfur. The sulfur oxides tend to adhere to air particles and enter
the inner respiratory tract, where they are not effectively removed. In the respira-
tory tract, SO, combines readily with water to form sulfurous acid, resulting in
irritation of mucous membranes and bronchial constriction. This irritation in turn
increases the sensitivity of the airway to other airborne toxicants.

Nitrogen Oxides Nitrogen dioxide (NO,), a gas found in photochemical smog,
is also a pulmonary irritant and is known to lead to pulmonary edema and
hemorrhage. The main issue of concern is its contribution to the formation of
photochemical smog and ozone, although nitrogen oxides also contribute to acid
deposition.
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Ozone A highly irritating and oxidizing gas is formed by photochemical action of
ultraviolet (UV) light on nitrogen dioxide in smog. The resulting ozone can produce
pulmonary congestion, edema, and hemorrhage.

NO, + UV light - NO+ O
O +0, -0,

At this point, it is worth distinguishing between “good” and “bad” ozone. Tropo-
spheric ozone occurs from 0 to 10mi above the earth’s surface, and is harmful.
Stratospheric ozone, located about 30mi above the earth’s surface, is responsible
for filtering out incoming UV radiation and thus is beneficial. It is the decrease in
the stratospheric ozone layer that has been of much concern recently. It is esti-
mated that a 1% decrease in stratospheric ozone will increase the amount of UV
radiation reaching the earth’s surface by 2% and will cause a 10% increase in skin
cancer. Major contributors to damage to stratospheric ozone are thought to be the
chlorofluorocarbons (CFCs). Chlorine is removed from the CFC compounds in the
upper atmosphere by reaction with UV light and is then able to destroy the strato-
spheric ozone through self-perpetuating free radical reactions.

Cl+0; - CIO+0,
ClIO+0 - Cl+0,

Before being inactivated by nitrogen dioxide or methane, each chlorine atom can
destroy up to 10,000 molecules of ozone. The use of CFC compounds is now being
phased out and banned by international agreements.

Hydrocarbons or Volatile Organic Compounds (VOCs) These are derived
primarily from two sources: approximately 50% are derived from trees as a result
of the respiration process (biogenic); the other 45-50% comes from the combustion
of fuel and from vapor from gasoline. Many gasoline pumps now have VOC recov-
ery devices to reduce pollution.

Lead One of the most familiar of the particulates in air pollutants is lead, with
young children and fetuses being the most susceptible. Lead can impair renal
function, interfere with the development of red blood cells, and impair the nervous
system, leading to mental retardation and even blindness. The two most common
routes of exposure to lead are inhalation and ingestion. It is estimated that approxi-
mately 20% of the total body burden of lead comes from inhalation.

Solid Particles Dust and fibers from coal, clay, glass, asbestos, and minerals, can
lead to scarring or fibrosis of the lung lining. Pneumoconiosis, a condition common
among coal miners that breathe coal dust, silicosis caused by breathing silica-
containing dusts, and asbestosis from asbestos fibers are all well-known industrial
pollution diseases.
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TABLE 3.3 Examples of Air Pollution Injury to Vegetation

Pollutant Symptoms

Sulfur dioxide Bleached spots, interveinal bleaching

Ozone Flecking, stippling, bleached spotting

Peroxyacetylnitrate (PAN) Glazing, silvering, or bronzing on lower leaf
surfaces

Nitrogen dioxide White or brown collapsed lesion near leaf margins

Hydrogen fluoride Tip and margin burns, dwarfing

3.1.5 Environmental Effects

Vegetation Pollutants may visibly injure vegetation by bleaching, other color
changes, and necrosis, or by more subtle changes such as alterations in growth or
reproduction. Table 3.3 lists some of the more common visual effects of air pollut-
ants on vegetation. Air pollution can also result in measurable effects on forest
ecosystems, such as reduction in forest growth, change in forest species, and
increased susceptibility to forest pests. High-dose exposure to pollutants, which is
associated with point source emissions such as smelters, frequently results in com-
plete destruction of trees and shrubs in the surrounding area.

Domestic Animals Although domestic animals can be affected directly by air
pollutants, the main concern is chronic poisoning as a result of ingestion of forage
that has been contaminated by airborne pollutants. Pollutants important in this con-
nection are arsenic, lead, and molybdenum. Fluoride emissions from industries
producing phosphate fertilizers and derivatives have damaged cattle throughout the
world. The raw material, phosphate rock, can contain up to 4% fluoride, some of
which is released into the air and water. Farm animals, particularly cattle, sheep, and
swine, are susceptible to fluoride toxicity (fluorosis), which is characterized by
mottled and soft teeth, and osterofluoritic bone lesions, which lead to lameness and,
eventually, death.

Materials and Structures Building materials have become soiled and blackened
by smoke, and damage by chemical attack from acid gases in the air has led to the
deterioration of many marble statues in western Europe. Metals are also affected
by air pollution; for example, SO, causes many metals to corrode at a faster rate.
Ozone is known to oxidize rubber products, and one of the effects of Los Angeles
smog is cracking of rubber tires. Fabrics, leather, and paper are also affected by SO,
and sulfuric acid, causing them to crack, become brittle, and tear more easily.

Atmospheric Effects The presence of fine particles (0.1-1.0mm in diameter) or
NO; in the atmosphere can result in atmospheric haze or reduced visibility due to
light scattering by the particles. The major effect of atmospheric haze has been
degradation in visual air quality and is of particular concern in areas of scenic
beauty, including most of the major national parks such as Great Smoky Mountain,
Grand Canyon, Yosemite, and Zion Parks.
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There is also concern over the increase in CO, in the atmosphere because CO,
absorbs heat energy strongly and retards the cooling of the earth. This is often
referred to as the greenhouse effect; theoretically, an increase in CO, levels would
result in a global increase in air temperatures. In addition to CO,, other gases con-
tributing to the greenhouse effect include methane, CFCs, nitrous oxide, and ozone.

Acidic Deposition Acidic deposition is the combined total of wet and dry deposi-
tion, with wet acidic deposition being commonly referred to as acid rain. Normal
uncontaminated rain has a pH of about 5.6, but acid rain usually has a pH of less
than 4.0. In the eastern United States, the acids in acid rain are approximately 65%
sulfuric, 30% nitric, and 5% other; whereas in the western states, 80% of the acidity
is due to nitric acid.

Many lakes in northeastern North America and Scandinavia have become so
acidic that fish are no longer able to live in them. The low pH not only directly affects
fish, but also contributes to the release of potentially toxic metals, such as aluminum,
from the soil. The maximum effect occurs when there is little buffering of the acid
by soils or rock components. Maximum fish kills occur in early spring due to the
“acid shock” from the melting of winter snows. Much of the acidity in rain may be
neutralized by dissolving minerals in the soil, such as aluminum, calcium, magnesium,
sodium, and potassium, which are leached from the soil into surface waters. The
ability of the soil to neutralize or buffer the acid rain is very dependent on the
alkalinity of the soil. Much of the area in eastern Canada and the northeastern
United States is covered by thin soils with low acid neutralizing capacity. In such
areas, the lakes are more susceptible to the effects of acid deposition leading to a
low pH and high levels of aluminum, a combination toxic to many species of fish.

A second area of concern is that of reduced tree growth in forests. The leaching
of nutrients from the soil by acid deposition may cause a reduction in future growth
rates or changes in the type of trees to those able to survive in the altered environ-
ment. In addition to the change in soil composition, there are the direct effects on
the trees from sulfur and nitrogen oxides as well as ozone.

3.2 WATER AND SOIL POLLUTANTS

With three quarters of the earth’s surface covered by water and much of the remain-
der covered by soil, it is not surprising that water and soil serve as the ultimate sinks
for most anthropogenic chemicals. Until recently, the primary concern with water
pollution was that of health effects due to pathogens and, in fact, this is still the case
in most developing countries. In the United States and other developed countries,
however, treatment methods have largely eliminated bacterial disease organisms
from the water supply, and attention has been turned to chemical contaminants.

3.2.1 Sources of Water and Soil Pollutants

Surface water can be contaminated by point or nonpoint sources. An effluent pipe
from an industrial plant or a sewage-treatment plant is an example of a point source;
a field from which pesticides and fertilizers are carried by rainwater into a river is
an example of a nonpoint source. Industrial wastes probably constitute the greatest
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single pollution problem in soil and water. These contaminants include organic
wastes such as solvents, inorganic wastes, such as chromium, and many unknown
chemicals. Contamination of soil and water results when by-product chemicals are
not properly disposed of or conserved. In addition, industrial accidents may lead to
severe local contamination. For a more in-depth discussion of sources and move-
ments of water pollutants, see Chapter 26.

Domestic and municipal wastes, both from sewage and from disposal of chemi-
cals, are another major source of chemical pollutants. At the turn of the twentieth
century, municipal wastes received no treatment and were discharged directly into
rivers or oceans. Even today, many older treatment plants do not provide sufficient
treatment, especially plants in which both storm water and sewage are combined.
In addition to organic matter, pesticides, fertilizers, detergents, and metals are
significant pollutants discharged from urban areas.

Contamination of soil and water also results from the use of pesticides and fertil-
izers. Persistent pesticides applied directly to the soil have the potential to move
from the soil into the water and thus enter the food chain from both soil and water.
In a similar way, fertilizers leach out of the soil or runoff during rain events and
flow into the natural water systems.

Pollution from petroleum compounds has been a major concern since the mid-
1960s. In 1967, the first major accident involving an oil tanker occurred. The Torrey
Canyon ran onto rocks in the English Channel, spilling oil that washed onto the
shores of England and France. It is estimated that at least 10,000 serious oil spills
occur in the United States each year. In addition, flushing of oil tankers plays a
major role in marine pollution. Other sources, such as improper disposal of used
oil by private car owners and small garages, also contribute to oil pollution.

3.2.2 Examples of Pollutants

Metals that are of environmental concern fall into three classes: (1) metals that are
suspected carcinogens, (2) metals that move readily in soil, and (3) metals that move
through the food chain.

Lead The heavy metals of greatest concern for health with regard to drinking
water exposure are lead and arsenic. The sources of lead in drinking water that are
most important are from lead pipes and lead solder. Also of concern is the seepage
of lead from soil contaminated with the fallout from leaded gasoline and seepage
of lead from hazardous waste sites. Lead poisoning has been common in children,
particularly in older housing units and inner city dwellings, in which children may
consume chips of lead contaminated paint. Lead and associated toxic effects are
discussed more fully in Chapter 4.

Arsenic Drinking water is at risk for contamination by arsenic from the leaching
of inorganic arsenic compounds formerly used in pesticide sprays, from the combus-
tion of arsenic-containing fossil fuels, and from the leaching of mine tailings and
smelter runoff. Chronic high-level exposures can cause abnormal skin pigmentation,
hyperkeratosis, nasal congestion, and abdominal pain. At lower levels of chronic
exposure, cancer is the major concern. Epidemologic studies have linked chronic
arsenic exposure to various cancers, including skin, lungs, and lymph glands.
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Cadmium One of the most significant effects of metal pollution is that aquatic
organisms can accumulate metals in their tissues, leading to increased concentra-
tions in the food chain. Concern about long-term exposure to cadmium intensified
after recognition of the disease Itai-Itai (painful-painful) in certain areas of Japan.
The disease is a combination of severe kidney damage and painful bone and joint
disease and occurs in areas where rice is contaminated with high levels of cadmium.
This contamination resulted from irrigation of the soil with water containing
cadmium released from industrial sources. Cadmium toxicity in Japan has also
resulted from consumption of cadmium-contaminated fish taken from rivers near
smelting plants.

Mercury InJapanin the 1950s and 1960s, wastes from a chemical and plastics plant
containing mercury were discharged into Minamata Bay. The mercury was con-
verted to the readily absorbed methylmercury by bacteria in the aquatic sediments.
Consumption of fish and shellfish by the local population resulted in numerous cases
of mercury poisoning, or Minamata disease. By 1970, at least 107 deaths had been
attributed to mercury poisoning, and 800 cases of Minamata disease were confirmed.
Even though the mothers appeared healthy, many infants born to these mothers
who had eaten contaminated fish developed cerebral palsy-like symptoms and
mental deficiency.

Pesticides are also a major source of concern as water and soil pollutants. Because
of their stability and persistence, the most hazardous pesticides are the organochlo-
rine compounds such as DDT (1,1,1-trichloro-2,2-di(4-chlorophenyl)ethane), aldrin,
dieldrin, and chlordane. Persistent pesticides can accumulate in food chains; for
example, shrimp and fish can concentrate some pesticides as much as 1000-10,000-
fold. This bioaccumulation has been well documented with the pesticide DDT, which
is now banned in many parts of the world. In contrast to the persistent insecticides,
the organophosphorus (OP) pesticides, such as malathion, and the carbamates, such
as carbaryl, are short-lived and generally persist for only a few weeks to a few months.
Thus, these compounds do not usually present as serious a problem as the earlier
insecticides. Herbicides, because of the large quantity used, are also of concern as
potential toxic pollutants. Pesticides are discussed in more detail in Chapter 4.

Nitrates and phosphates are two important nutrients that have been increasing
markedly in natural waters since the mid-1960s. Sources of nitrate contamination
include fertilizers, discharge from sewage treatment plants, and leachate from septic
systems and manure. Nitrates from fertilizers leach readily from soils, and it has
been estimated that up to 40% of applied nitrates enter water sources as runoff and
leachate. Fertilizer phosphates, however, tend to be absorbed or bound to soil par-
ticles, so that only 20-25% of applied phosphates are leached into water. Phosphate
detergents are another source of phosphate, one that has received much media
attention in recent years.

The increase in these nutrients, particularly phosphates, is of environmental
concern because excess nutrients can lead to “algal blooms” or eutrophication,
as it is known, in lakes, ponds, estuaries, and very slow moving rivers. The algal
bloom reduces light penetration and restricts atmospheric reoxygenation of the
water. When the dense algal growth dies, the subsequent biodegradation results in
anaerobic conditions and the death of many aquatic organisms. High phosphate
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concentrations and algal blooms are generally not a problem in moving streams,
because such streams are continually flushed out and algae do not accumulate.

There are two potential adverse health effects from nitrates in drinking water:
(1) nitrosamine formation and (2) methemoglobinemia. Ingested nitrates can be
converted to nitrites by intestinal bacteria. After entering the circulatory system,
nitrite ions combine with hemoglobin to form methemoglobin, thus decreasing the
oxygen-carrying capacity of the blood and resulting in anemia or blue baby disease.
It is particularly severe in young babies who consume water and milk formula
prepared with nitrate-rich water. Older children and adults are able to detoxify the
methemoglobin as a result of the enzyme methemoglobin reductase, which reverses
the formation of methemoglobin. In infants, however, the enzyme is not fully func-
tional. Certain nitrosamines are known carcinogens.

Oils and petroleum are ever-present pollutants in the modern environment,
whether from the used oil of private motorists or spillage from oil tankers. At sea,
oil slicks are responsible for the deaths of many birds. Very few birds that are badly
contaminated recover, even after de-oiling and hand feeding. Oil is deposited on
rocks and sand as well, thus preventing the beaches from being used for recreation
until after costly clean up. Shore animals such as crabs, shrimp, mussels, and bar-
nacles are also affected by the toxic hydrocarbons they ingest. The subtle and
perhaps potentially more harmful long-term effects on aquatic life are not yet fully
understood.

VOCs are common groundwater contaminants. They include halogenated
solvents and petroleum products, collectively referred to as VOCs. Both groups of
compounds are used in large quantities by a variety of industries, such as degreasing,
dry cleaning, paint, and the military. Historically, petroleum products were stored in
underground tanks that would erode, or were spilled onto soil surfaces. The EPA’s
National Priority List includes 11 VOC:s: trichloroethylene; toluene; benzene; chlo-
roform; tetrachloroethylene; 1,1,1-trichloroethane; ethylbenzene; trans-1,2-dichlo-
roethane; xylene; dichloromethane; and vinyl chloride.

The physical and chemical properties of VOCs permit them to move rapidly into
groundwater, and almost all of the previously mentioned chemicals have been
detected in groundwater near contaminant sites. High levels of exposure can cause
headache, impaired cognition, and kidney toxicities. At levels of exposure most
frequently encountered, cancer and reproductive effects are of utmost concern,
particularly childhood leukemia.

Low molecular weight chlorinated hydrocarbons are a by-product of the chlori-
nation of municipal water. Chlorine reacts with organic substances commonly
found in water to generate trihalomethanes (THMs), such as chloroform. The
main organics that have been detected are chloroform, bromodichloromethane,
dibromochloromethane, bromoform, carbon tetrachloride, and 1,2-dichloroethane.
These compounds are associated with an increased risk of cancer. Studies in New
Orleans in the mid-1970s showed that tap water in New Orleans contained more
chlorinated hydrocarbons than did untreated Mississippi River water or well water.
In addition, chlorinated hydrocarbons, including carbon tetrachloride, were detected
in blood plasma from volunteers who drank treated tap water. Epidemiologic
studies indicated that the cancer death rate was higher among white males who
drank tap water than among those who drank well water.



42 TOXICANTS IN AIR, WATER, SOIL, DOMESTIC, AND OCCUPATIONAL SETTINGS

Radioactive contamination as background radiation from natural sources, such
as radon, occurs in some regions of the world, but there is particular concern over
the contamination of surface water and groundwater by radioactive compounds
generated by the production of nuclear weapons and by the processing of nuclear
fuel. Many of these areas have remained unrecognized because of government
secrecy.

Acids present in rain or drainage from mines are major pollutants in many fresh-
water rivers and lakes. Because of their ability to lower the pH of the water to toxic
levels and release toxic metals into solution, acids are considered particularly haz-
ardous (see Chapter 4).

The number of organic compounds found as soil and water contaminants con-
tinue to grow each year. They include polychlorinated biphenyls (PCBs), phenols,
cyanides, plasticizers, solvents, and numerous industrial chemicals. PCBs were his-
torically used as coolants in electrical transformers and are also known by-products
of the plastic, lubricant, rubber, and paper industries. They are stable, lipophilic,
and break down only slowly in tissues. Because of these properties, they accumulate
to high concentrations in fish and waterfowl; in 1969, PCBs were responsible for the
death of thousands of birds in the Irish Sea.

Dioxins have contaminated large areas of water and soil, most notably with the
extremely toxic TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) through industrial
accidents and through widespread use of the herbicide 2,4,5-T. Small amounts of
TCDD were contained as contaminants in herbicide manufacturing. The U.S. Army
used this herbicide, known as Agent Orange, extensively as a defoliant in Vietnam.
TCDD is one of the most toxic synthetic substances known for laboratory animals:
lethal dose 50 (LDy) for male rats, 0.022 mg/kg; LDs, for female rats, 0.045 mg/kg;
LDs, for female guinea pigs (the most sensitive species tested), 0.0006 mg/kg. In addi-
tion, it is fetotoxic to pregnant rats at a dose of only 1/400 of the LDs, and has been
shown to cause birth defects at levels of 1-3ng/kg. TCDD is a proven carcinogen in
both mice and rats, with the liver being the primary target. Although TCDD does not
appear to be particularly acutely toxic to humans, chronic low-level exposure is sus-
pected of contributing to reproductive abnormalities and carcinogenicity.

3.3 OCCUPATIONAL TOXICANTS

Assessment of hazards in the workplace is a concern of occupational/industrial
toxicology and has a history that dates back to ancient civilizations. The Greek
historian Strabo, who lived in the first century AD, gave a graphic description of
the arsenic mines in Pantus: “The air in mines is both deadly and hard to endure
on account of the grievous odor of the ore, so that the workmen are doomed to a
quick death.” With the coming of the industrial revolution in the nineteenth century,
industrial diseases increased, and new ones, such as chronic mercurialism caused
by exposure to mercuric nitrate used in “felting” animal furs, were identified.
Hatmakers, who were especially at risk, frequently developed characteristic tremors
known as “hatters’ shakes,” and the expression “mad as a hatter” was coined.
In recent years, concern has developed over the carcinogenic potential of many
workplace chemicals.
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3.3.1 Regulation of Exposure Levels

The goal of occupational toxicology is to ensure work practices that do not entail
any unnecessary health risks. To do this, it is necessary to define suitable permissible
levels of exposure to industrial chemicals, using the results of animal studies and
epidemiological studies. These levels can be expressed by the following terms for
allowable concentrations.

Threshold limit values (TLVs) refer to airborne concentrations of substances and
represent conditions under which it is believed that nearly all workers may be
repeatedly exposed day after day without adverse effect. Because of wide variation
in individual susceptibility, a small percentage of workers may experience discom-
fort from some substances at or below the threshold limit; a smaller percentage may
be affected more seriously by aggravation of a preexisting condition or by develop-
ment of an occupational illness. Threshold limits are based on the best available
information from industrial experience, from experimental human and animal
studies and, when possible, from a combination of the three. The basis on which
the values are established may differ from substance to substance; protection against
impairment of health may be a guiding factor for some, whereas reasonable freedom
from irritation, narcosis, nuisance, or other forms of stress may form the basis for
others. Three categories of TLVs follow.

Threshold limit value—time-weighted average (TLV-TWA) is the TWA concentra-
tion for a normal 8-h workday or 40-h workweek to which nearly all workers may
be repeatedly exposed, day after day, without adverse effect. TWAs allow certain
permissible excursions above the limit provided they are compensated by equiva-
lent excursions below the limit during the workday. In some instances, the average
concentration is calculated for a workweek rather than for a workday.

Threshold limit value—short-term exposure limit (TLV-STEL) is the maximal
concentration to which workers can be exposed for a period up to 15min continu-
ously without suffering from (1) irritation, (2) chronic or irreversible tissue change,
or (3) narcosis of sufficient degree that would increase accident proneness, impair
self-rescue, or materially work efficiency, provided that no more than four excur-
sions per day are permitted, with at least 60min between exposure periods, and
provided that the daily TLV-TWA is not exceeded.

Threshold limit value-ceiling (TLV-C) is the concentration that should not be
exceeded even instantaneously. For some substances—for instance, irritant gases—
only one category, the TLV-C, may be relevant. For other substances, two or three
categories may be relevant.

Biologic limit values (BLVs) represent limits of amounts of substances (or their
affects) to which the worker may be exposed without hazard to health or well-being
as determined by measuring the worker’s tissues, fluids, or exhaled breath. The
biologic measurements on which the BLVs are based can furnish two kinds of
information useful in the control of worker exposure: (1) measure of the worker’s
overall exposure, and (2) measure of the worker’s individual and characteristic
response. Measurements of response furnish a superior estimate of the physiological
status of the worker, and may consist of (1) changes in amount of some critical
biochemical constituent, (2) changes in activity or a critical enzyme, and (3) changes
in some physiological function. Measurement of exposure may be made by (1)
determining in blood, urine, hair, nails, or body tissues and fluids the amount of
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substance to which the worker was exposed; (2) determining the amount of the
metabolite(s) of the substance in tissues and fluids; and (3) determining the amount
of the substance in the exhaled breath. The biologic limits may be used as an adjunct
to the TLVs for air, or in place of them.

Immediately dangerous to life or health (IDLH) conditions pose a threat of
severe exposure to contaminants, such as radioactive materials, that are likely to
have adverse cumulative or delayed effects on health. Two factors are considered
when establishing IDLH concentrations. The worker must be able to escape (1)
without loss of life or without suffering permanent health damage within 30 min and
(2) without severe eye or respiratory irritation or other reactions that could inhibit
escape. If the concentration is above the IDLH, only highly reliable breathing
apparatus is allowed.

3.3.2 Routes of Exposure

The principal routes of industrial exposure are dermal and inhalation. Occasionally,
toxic agents may be ingested, if food or drinking water is contaminated. Exposure
to the skin often leads to localized effects known as “occupation dermatosis” caused
by either irritating chemicals or allergenic chemicals. Such effects include scaling,
eczema, acne, pigmentation changes, ulcers, and neoplasia. Some chemicals may
also pass through the skin; these include aromatic amines such as aniline, and
solvents such as carbon tetrachloride and benzene.

Toxic or potentially toxic agents may be inhaled into the respiratory tract
where they may cause localized effects such as irritation (e.g., ammonia, chlorine
gas), inflammation, necrosis, and cancer. Chemicals may also be absorbed by the
lungs into the circulatory system, thereby, leading to systemic toxicity (e.g., CO,
lead).

3.3.3 Examples of Industrial Toxicants

Carcinogen exposure is largely due to lifestyle, such as cigarette smoking, but
occupation is an important source of exposure to carcinogens. Table 3.4 lists
some occupational chemical hazards and the cancers associated with them.

Cadmium is a cumulative toxicant with a biologic half-life of up to 30 years in
humans. More than 70% of the cadmium in the blood is bound to red blood cells;
accumulation occurs mainly in the kidney and the liver, where cadmium is bound
to metallothionein. In humans, the critical target organ after long-term exposure to
cadmium is the kidney, with the first detectable symptom of kidney toxicity being
an increased excretion of specific proteins.

Chromium toxicity results from compounds of hexavalent chromium that can be
readily absorbed by the lung and gastrointestinal (GI) tract and, to a lesser extent,
by the skin. Occupational exposure to chromium (Cr®") causes dermatitis, ulcers on
the hands and arms, perforation of the nasal septum (probably caused by chromic
acid), inflammation of the larynx and liver, and bronchitis. Chromate is a carcinogen
causing bronchogenic carcinoma; the risk to chromate plant workers for lung cancer
is 20 times grater than that for the general population. Compounds of trivalent
chromium are poorly absorbed. Chromium is not a cumulative chemical, and once
absorbed, it is rapidly excreted into the urine.
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TABLE 3.4 Some Occupational Hazards and Associated Cancers

Agent Tumor Sites Occupation

Asbestos Lung, pleura, peritoneum Miners, manufacturers, users

Arsenic Skin, lung, liver Miners and smelters, oil
refinery, pesticide workers

Benzene Hemopoietic tissue Process workers, textile
workers

Cadmium Lung, kidney, prostate Battery workers, smelters

Chloroethers Lung Chemical plant workers,
process workers

Chromium Lung, nasal cavity, sinuses Process and production

Mustard gas

Bronchi, lung, larynx

workers, pigment workers
Production workers

Naphthylamines Bladder Dyestuff makers and workers,
chemical workers, printers
Nickel Lung, nasal sinuses Smelters and process workers
Polycyclic aromatic Respiratory system, bladder Furnace, foundry, shale, and
hydrocarbons gas workers; chimney

Radon, radium, uranium

UV radiation
X-rays

Skin, lung, bone tissue,
bone marrow

Skin

Bone marrow, skin

sweeps

Medical and industrial
chemists, miners

Outdoor exposure

Medical and industrial

workers

Lead is a ubiquitous toxicant in the environment, and consequently, the normal
body concentration of lead is dependent on environmental exposure conditions.
Approximately 50% of lead deposited in the lung is absorbed, whereas usually
less than 10% of ingested lead passes into the circulation. Lead is not a major
occupational problem today, but environmental pollution is still widespread. Lead
interferes in the biosynthesis of porphyrins and heme, and several screening tests
for lead poisoning make use of this interaction by monitoring either inhibition of
the enzyme d-aminolevulinic acid dehydratase (ALAD) or appearance in the urine
of aminolevulinic acid (ALA) and coproporphorin (UCP). The metabolism of
inorganic lead is closely related to that of calcium, and excess lead can be deposited
in the bone where it remains for years. Inorganic lead poisoning can produce
fatigue, sleep disturbances, anemia, colic, and neuritis. Severe exposure, mainly of
children who have ingested lead, may cause encephalopathy, mental retardation,
and occasionally, impaired vision.

Organic lead has an affinity for brain tissue; mild poisoning may cause insomnia,
restlessness, and GI symptoms, whereas severe poisoning results in delirium,
hallucinations, convulsions, coma, and even death.

Mercury is widely used in scientific and electrical apparatus, with the largest
industrial use of mercury being in the chlorine-alkali industry for electrolytic
production of chlorine and sodium hydroxide. Worldwide, this industry has been a
major source of mercury contaminations. Most mercury poisoning, however, has
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been due to methylmercury, particularly as a result of eating contaminated fish.
Inorganic and organic mercury differ in their routes of entry and absorption.
Inhalation is the principal route of uptake of metallic mercury in industry, with
approximately 80% of the mercury inhaled as vapor being absorbed; metallic
mercury is less readily absorbed by the GI route. The principal sites of deposition
are the kidney and brain after exposure to inorganic mercury salts. Organic mercury
compounds are readily absorbed by all routes. Industrial mercurialism produces
features such as inflammation of the mouth, muscular tremors (hatters’ shakes),
psychic irritation, and a nephritic syndrome characterized by proteinuria. Overall,
however, occupational mercurialism is not a significant problem today.

Benzene was used extensively in the rubber industry as a solvent for rubber latex
in the latter half of the nineteenth century. The volatility of benzene, which made
it so attractive to the industry, also caused high atmospheric levels of the solvent.
Benzene-based rubber cements were used in the canning industry and in the shoe
manufacturing industry. Although cases of benzene poisoning had been reported
as early as 1897 and additional reports and warnings were issued in the 1920s, the
excellent solvent properties of benzene resulted in its continued extensive use. In
the 1930s, cases of benzene toxicity occurred in the printing industry in which
benzene was used as an ink solvent. Today, benzene use exceeds 11 billion gallons
per year.

Benzene affects the hematopoietic tissue in the bone marrow and also appears
to be an immunosuppressant. There is a gradual decrease in white blood cells, red
blood cells, and platelets, and any combination of these signs may be seen. Continued
exposure to benzene results in severe bone marrow damage and aplastic anemia.
Benzene exposure has also been associated with leukemia.

Asbestos and other fibers of naturally occurring silicates will separate into flex-
ible fibers. Asbestos is the general name for this group of fibers. Chrysotile is the
most important commercially and represents about 90% of the total used. The use
of asbestos has been extensive, especially in roofing and insulation, asbestos cements,
brake linings, electrical appliances, and coating materials. Asbestosis, a respiratory
disease, is characterized by fibrosis, calcification, and lung cancer. In humans, not
only is there a long latency period between exposure and development of tumors,
but other factors also influence the development of lung cancer. Cigarette smoking,
for example, enhances tumor formation. Recent studies have shown that stomach
and bowel cancers occur in excess in workers (such as insulation workers) exposed
to asbestos. Other fibers have been shown to cause a similar disease spectrum, for
instance, zeolite fibers.
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SAMPLE QUESTIONS

1. Of the current criteria, air pollutants that were discussed, name the one that is
a colorless gas composed of three atoms of oxygen, and briefly describe how and
why it is formed in the lower part of the atmosphere such that it results in a
human health concern.

2. Describe the condition termed sick building syndrome and name the most
common groups of organisms responsible for this problem.

3. Define and explain the distinction between point source pollution and nonpoint
source pollution, and provide an example of each.

4. Describe the health condition (name of disease) and sensitive subpopulation of
humans that occurs when excessive nitrate contaminates groundwater supplies.






I CHAPTER 4

Classes of Toxicants: Use Classes

W. GREGORY COPE and ERNEST HODGSON

4.1 INTRODUCTION

As indicated earlier, organisms are not exposed to one chemical at a time, but rather
they are exposed to mixtures of chemicals, the composition of which changes over
time. The information contained in this chapter is, because of its largely descriptive
nature, closely similar to that in the corresponding chapter in the 3rd edition. It is
nevertheless essential for understanding which toxicants are in use commercially,
which have been in use so recently as to still be in the environment, and which are
naturally occurring.

As discussed in Chapter 1, use classes include not only chemicals currently in
use but also the toxicological aspects of the development of new chemicals for
commercial use, chemicals produced as by-products of industrial processes, and
chemicals resulting from the use and/or disposal of chemicals. Because any use
class may include chemicals from several different chemical classes, this classifica-
tion is not sufficient for mechanistic considerations. It is, however, essential for an
understanding of the scope of toxicology and, in particular, is essential for many
applied branches of toxicology such as exposure assessment, industrial hygiene,
public health toxicology and regulatory toxicology. It also provides the information
necessary for understanding why certain chemicals have greater priority for
research, which have greater priority for the toxicity testing required for human
and environmental risk analysis and which are likely to be components of the
mixture of toxicants characteristic of particular exposure scenarios.

4.2 METALS

4.2.1 History

Although most metals occur in nature in rocks, ores, soil, water, and air, levels are
usually low and widely dispersed. In terms of human exposure and toxicological
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significance, it is anthropogenic activities that are most important because they
increase the levels of metals at the site of human activities.

Metals have been used throughout much of human history to make utensils,
machinery, and so on, and mining and smelting supplied metals for these uses. These
activities increased environmental levels of metals. More recently, metals have
found a number of uses in industry, agriculture, and medicine. These activities have
increased exposure not only to metal-related occupational workers but also to con-
sumers of the various products.

Despite the wide range of metal toxicity and toxic properties, there are a number
of toxicological features that are common to many metals. Some of the more
important aspects are discussed briefly in the following sections. For a metal to
exert its toxicity, it must cross the membrane and enter the cell. If the metal is in a
lipid-soluble form such as methylmercury, it readily penetrates the membrane;
when bound to proteins such as cadmium-metallothionein, the metal is taken
into the cell by endocytosis; other metals (e.g., lead) may be absorbed by passive
diffusion. The toxic effects of metals usually involve interaction between the free
metal and the cellular target. These targets tend to be specific biochemical processes
and/or cellular and subcellular membranes.

4.2.2 Common Toxic Mechanisms and Sites of Action

Enzyme Inhibition/Activation A major site of toxic action for metals is interac-
tion with enzymes, resulting in either enzyme inhibition or activation. Two mecha-
nisms are of particular importance: inhibition may occur as a result of interaction
between the metal and sulfhydryl (SH) groups on the enzyme, or the metal may
displace an essential metal cofactor of the enzyme. For example, lead may displace
zinc in the zinc-dependent enzyme §-aminolevulinic acid dehydratase (ALAD),
thereby inhibiting the synthesis of heme, an important component of hemoglobin
and heme-containing enzymes, such as the various cytochromes.

Subcellular Organelles Toxic metals may disrupt the structure and function of
a number of organelles. For example, enzymes associated with the endoplasmic
reticulum may be inhibited, metals may be accumulated in the lysosomes, respira-
tory enzymes in the mitochondria may be inhibited, and metal inclusion bodies may
be formed in the nucleus.

Carcinogenicity A number of metals have been shown to be carcinogenic
in humans or in animals. Arsenic, certain chromium compounds, and nickel are
known human carcinogens; beryllium, cadmium, and cisplatin are probable human
carcinogens. The carcinogenic action, in some cases, is thought to result from the
interaction of the metallic ions with DNA (see Chapter 11 for a detailed discussion
of carcinogenesis).

Kidney Because the kidney is the main excretory organ of the body, it is a
common target organ for metal toxicity. Cadmium and mercury, in particular, are
potent nephrotoxicants and are discussed more fully in the following sections on
cadmium and mercury and in Part V on organ toxicity (Chapter 14).
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Nervous System The nervous system is also a common target of toxic metals,
particularly organic metal compounds (see Chapter 15). For example, methylmer-
cury, because it is lipid soluble, readily crosses the blood-brain barrier and enters
the nervous system. By contrast, inorganic mercury compounds, which are more
water soluble, are less likely to enter the nervous system and are primarily nephro-
toxicants. Likewise, organic lead compounds are mainly neurotoxicants, whereas
the first site of inorganic lead is enzyme inhibition (e.g., enzymes involved in heme
synthesis).

Endocrine and Reproductive Effects Because the male and female reproduc-
tive organs are under complex neuroendocrine and hormonal control, any toxicant
that alters any of these processes can affect the reproductive system (see Chapter
16). In addition, metals can act directly on the sex organs. Cadmium is known to
produce testicular injury after acute exposure, and lead accumulation in the testes
is associated with testicular degeneration, inhibition of spermatogenesis, and Leydig
cell atrophy.

Respiratory System Occupational exposure to metals in the form of metal dust
makes the respiratory system a likely target. Acute exposure may cause irritations
and inflammation of the respiratory tract, whereas chronic exposure may result in
fibrosis (aluminum) or carcinogenesis (arsenic, chromium, nickel). Respiratory toxi-
cants are discussed more fully in Chapter 18.

Metal-Binding Proteins The toxicity of many metals such as cadmium, lead, and
mercury depends on their transport and intracellular bioavailabiltiy. This availa-
bility is regulated to a degree by high-affinity binding to certain cytosolic proteins.
Such ligands usually possess numerous SH binding sites that can outcompete other
intracellular proteins and thus mediate intracellular metal bioavailability and toxic-
ity. These intracellular “sinks” are capable of partially sequestering toxic metals
away from sensitive organelles or proteins until their binding capacity is exceeded
by the dose of the metal. Metallothionein (MT) is a low molecular weight metal-
binding protein (approximately 7000 Da) that is particularly important in regulating
the intracellular bioavailability of cadmium, copper, mercury, silver, and zinc. For
example, in vivo exposure to cadmium results in the transport of cadmium in the
blood by various high molecular weight proteins and uptake by the liver, followed
by hepatic induction of MT. Subsequently, cadmium can be found in the circulatory
system bound to MT as the cadmium-metallothionein complex (CAMT).

423 Lead

Because of the long-term and widespread use of lead, it is one of the most ubi-
quitous of the toxic metals. Exposure may be through air, water, or food sources.
In the United States, the major industrial uses, such as in fuel additives and lead
pigments in paints, have been phased out, but other uses, such as in batteries, have
not been reduced. Other sources of lead include lead from pipes and glazed ceramic
food containers.

Inorganic lead may be absorbed through the gastrointestinal (GI) tract,
the respiratory system, and the skin. Ingested inorganic lead is absorbed more
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efficiently from the GI tract of children than that of adults, readily crosses the
placenta, and in children penetrates the blood-brain barrier. Initially, lead is
distributed in the blood, liver, and kidney; after prolonged exposure, as much as
95% of the body burden of lead is found in bone tissue.

The main targets of lead toxicity are the hematopoietic system and the nervous
system. Several of the enzymes involved in the synthesis of heme are sensitive to
inhibition by lead, the two most susceptible enzymes being ALAD and heme
synthetase (HS). Although clinical anemia occurs only after moderate exposure to
lead, biochemical effects can be observed at lower levels. For this reason, inhibition
of ALAD or appearance in the urine of aminolevulinic acid (ALA) can be used as
an indication of lead exposure.

The nervous system is another important target tissue for lead toxicity, especially
in infants and young children in whom the nervous system is still developing
(Chapter 15). Even at low levels of exposure, children may show hyperactivity,
decreased attention span, mental deficiencies, and impaired vision. At higher levels,
encephalopathy may occur in both children and adults. Lead damages the arterioles
and capillaries, resulting in cerebral edema and neuronal degeneration. Clinically,
this damage manifests itself as ataxia, stupor, coma, and convulsions.

Another system affected by lead is the reproductive system (Chapter 16). Lead
exposure can cause male and female reproductive toxicity, miscarriages, and degen-
erate offspring.

4.2.4 Mercury

Mercury exists in the environment in three main chemical forms: elemental (Hg"),
inorganic mercurous (Hg") and mercuric (Hg2*) salts, and organic methylmercury
(CH;Hg) and dimethylmercury (CH;HgCH;) compounds. Elemental mercury, in
the form of mercury vapor, is almost completely absorbed by the respiratory system,
whereas ingested elemental mercury is not readily absorbed and is relatively harm-
less. Once absorbed, elemental mercury can cross the blood-brain barrier into the
nervous system. Most exposure to elemental mercury tends to be from occupational
sources.

Of more concern from environmental contamination is exposure to organic
mercury compounds. Inorganic mercury may be converted to organic mercury
through the action of sulfate-reducing bacteria, to produce methylmercury, a highly
toxic form readily absorbed across membranes. Several large episodes of mercury
poisoning have resulted from consuming seed grain treated with mercury fungicides
or from eating fish contaminated with methylmercury. In Japan in the 1950s and
1960s, wastes from a chemical and plastics plant containing mercury were drained
into Minamata Bay. The mercury was converted to the readily absorbed methyl-
mercury by bacteria in the aquatic sediments. Consumption of fish and shellfish by
the local population resulted in numerous cases of mercury poisoning or Minamata
disease. By 1970, at least 107 deaths had been attributed to mercury poisoning, and
800 cases of Minamata disease were confirmed. Even though the mothers appeared
healthy, many infants born to mothers who had eaten contaminated fish developed
cerebral palsy-like symptoms and mental deficiency. Organic mercury primarily
affects the nervous system, with the fetal brain being more sensitive to the toxic
effects of mercury than that of adults.
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Inorganic mercury salts, however, are primarily nephrotoxicants, with the site of
action being the proximal tubular cells. Mercury binds to SH groups of membrane
proteins, affecting the integrity of the membrane and resulting in aliguria, anuria,
and uremia.

4.2.5 Cadmium

Cadmium occurs in nature primarily in association with lead and zinc ores and
is released near mines and smelters processing these ores. Industrially, cadmium
is used as a pigment in paints and plastics, in electroplating, and in making
alloys and alkali storage batteries (e.g., nickel-cadmium batteries). Environmental
exposure to cadmium is mainly from contamination of groundwater from smelting
and industrial uses as well as the use of sewage sludge as a food crop fertilizer.
Grains, cereal products, and leafy vegetables usually constitute the main source
of cadmium in food. Reference has already been made to the disease Itai-Itai
resulting from consumption of cadmium-contaminated rice in Japan (see Chapter
3, Section 3.2.2).

Acute effects of exposure to cadmium result primarily from local irritation. After
ingestion, the main effects are nausea, vomiting, and abdominal pain. Inhalation
exposure may result in pulmonary edema and chemical pneumonitis.

Chronic effects are of particular concern because cadmium is very slowly
excreted from the body, with a half-life of about 30 years. Thus, low levels of expo-
sure can result in considerable accumulation of cadmium. The main organ damaged
following long-term exposure is the kidney, with the proximal tubules being the
primary site of action. Cadmium is present in the circulatory system bound primar-
ily to the metal-binding protein, MT, produced in the liver. Following glomerular
filtration in the kidney, CAMT is reabsorbed efficiently by the proximal tubule
cells, where it accumulates within the lysosomes. Subsequent degradation of the
CdAMT complex releases Cd*™, which inhibits lysosomal function, resulting in cell
injury.

4.2.6 Chromium

Because chromium occurs in ores, environmental levels are increased by mining,
smelting, and industrial uses. Chromium is used in making stainless steel, various
alloys, and pigments. The levels of this metal are generally very low in air, water,
and food, and the major source of human exposure is occupational. Chromium
occurs in a number of oxidation states from Cr* to Cr*’, but only the trivalent
(Cr*’) and hexavalent (Cr*®) forms are of biologic significance. Although the triva-
lent compound is the most common form found in nature, the hexavlent form is of
greater industrial importance. In addition, hexavalent chromium, which is not
water soluble, is more readily absorbed across cell membranes than is trivalent
chromium. /n vivo, the hexavalent form is reduced to the trivalent form, which can
complex with intracellular macromolecules, resulting in toxicity. Chromium is a
known human carcinogen and induces lung cancers among exposed workers. The
mechanism of chromium (Cr*®) carcinogenicity in the lung is believed to be its
reduction to Cr*’ and generation of reactive intermediates, leading to broncho-
genic carcinoma.
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4.2.7 Arsenic

In general, the levels of arsenic in air and water are low, and the major source of
human exposure is food. In certain parts of Taiwan and South America, however,
the water contains high levels of this metalloid, and the inhabitants often suffer
from dermal hyperkeratosis and hyperpigmentation. Higher levels of exposure
result in a more serious condition: gangrene of the lower extremities or “blackfoot
disease.” Cancer of the skin also occurs in these areas.

Approximately 80% of arsenic compounds are used in pesticides. Other uses
include glassware, paints, and pigments. Arsine gas is used in the semiconductor
industry. Arsenic compounds occur in three forms: (1) pentavalent, As™, organic
or arsenate compounds (e.g., alkyl arsenates); (2) trivalent, As™, inorganic or arse-
nate compounds (e.g., sodium arsenate, arsenic trioxide); and (3) arsine gas, AsHs,
a colorless gas formed by the action of acids on arsenic. The most toxic form is arsine
gas with the threshold limit value-time-weighted average (TLV-TWA) of 0.05 ppm.
Microorganisms in the environment convert arsenic to dimethylarsenate, which can
accumulate in fish and shellfish, providing a source for human exposure. Arsenic
compounds can also be present as contaminants in well water. Arsenite (As*™) com-
pounds are lipid soluble and can be absorbed following ingestion, inhalation, or skin
contact. Within 24 h of absorption, arsenic distributes over the body, where it binds
to SH groups of tissue proteins. Only a small amount crosses the blood-brain
barrier. Arsenic may also replace phosphorus in bone tissue and be stored for years.

After acute poisoning, severe GI symptoms occur within 30min to 2h. These
include vomiting, watery and bloody diarrhea, severe abdominal pain, and burning
esophageal pain. Vasodilatation, myocardial depression, cerebral edema, and distal
peripheral neuropathy may also follow. Later stages of poisoning include jaundice
and renal failure. Death usually results from circulatory failure within 24 h to 4 days.

Chronic exposure results in nonspecific symptoms such as diarrhea, abdominal
pain, hyperpigmentation, and hyperkeratosis. A symmetrical sensory neuropathy
often follows. Late changes include gangrene of the extremities, anemia, and cancer
of the skin, lung, and nasal tissue.

4.2.8 Treatment of Metal Poisoning

Treatment of metal exposure to prevent or reverse toxicity is done with chelating
agents or antagonists. Chelation is the formation of a metal ion complex, in which
the metal ion is associated with an electron donor ligand. Metals may react with O-,
S-, and N-containing ligands (e.g., -OH, -COOH, -S-S-, and —-NH,). Chelating
agents need to be able to reach sites of storage, form nontoxic complexes, not readily
bind essential metals (e.g., calcium, zinc), and be easily excreted.

One of the first clinically useful chelating drugs was British anti-lewisite (BAL
[2,3-dimercaptopropanol]), which was developed during World War II as an antago-
nist to arsenical war gases. BAL is a dithiol compound with two sulfur atoms on
adjacent carbon atoms that compete with critical binding sites involved in arsenic
toxicity. Although BAL will bind a number of toxic metals, it is also a potentially
toxic drug with multiple side effects. In response to BAL'’s toxicity, several analogs
have now been developed. Table 4.1 lists some of the more common chelating drugs
in therapeutic use.
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TABLE 4.1 Examples of Chelating Drugs Used to Treat Metal Toxicity

British anti-lewisite (BAL[2,3-dimercaptopropanol]), dimercaprol
DMPS (2,3-dimercapto-1-propanesulfonic acid)

DMSA (meso-2,3-dimercaptosuccinic acid)

EDTA (ethylenediaminetetraacetic acid, calcium salt)

DTPA (diethylenetriaminepentaacetic acid, calcium salt)

DTC (dithiocarbamate)

Penicillamine (B-B-dimethylcysteine), hydrolytic product of penicillin

4.3 AGRICULTURAL CHEMICALS (PESTICIDES)

4.3.1 Introduction

Chemicals have been used to kill or control pests for centuries. The Chinese used
arsenic to control insects, the early Romans used common salt to control weeds and
sulfur to control insects. In the 1800s, pyrethrin (i.e., compounds present in the
flowers of the chrysanthemum, Pyrethrum cinerariaefolium) was found to have
insecticidal properties. The roots of certain Derris species (Derris species, D. ellip-
tica and Lonchocarpus spp.) were used by the Chinese and by South American
natives as a fish poison. The active ingredient (Al), rotenone, was isolated in 1895
and was used for insect control. Another material developed for insect control in
the 1800s was Paris Green, a mixture of copper and arsenic salts. Fungi were con-
trolled with Bordeaux Mixture, a combination of lime and copper sulfate.

However, it was not until the 1900s that the compounds we identify today as
having pesticidal properties came into being. Petroleum oils, distilled from crude
mineral oils, were introduced in the 1920s to control scale insects and red spider
mites. The 1940s saw the introduction of the chlorinated hydrocarbon insecticides
such as DDT and the phenoxy acid herbicides such as 2,4-D). Natural compounds
such as Red Squill, derived from the bulbs of red squill, Urginea (Scilla) maritima
were effective in controlling rodents. Triazine herbicides, such as atrazine, intro-
duced in the late 1950s, dominated the world herbicide market for years. Synthetic
pyrethrins or pyrethroid insecticides (e.g., resmethrin) became and continue to be
widely used insecticides due to their low toxicity, enhanced persistence compared
to the pyrethrins, and low application rates. New families of fungicides, herbicides,
and insecticides continue to be introduced into world markets as older compounds
lose their popularity due to pest resistance or adverse health effects.

Pesticides are unusual among environmental pollutants in that they are used
deliberately for the purpose of killing some form of life. Ideally, pesticides should
be highly selective, destroying target organisms while leaving nontarget organisms
unharmed. In reality, most pesticides are not so selective. In considering the use of
pesticides, the benefits must be weighed against the risk to human health and envi-
ronmental quality. Among the benefits of pesticides are control of vector-borne
diseases, increased agricultural productivity, and control of urban pests. A major
risk is environmental contamination, especially translocation within the environ-
ment where pesticides might enter both food chains and natural water systems.
Factors to be considered in this regard are persistence in the environment and
potential for bioaccumulation.
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4.3.2 Definitions and Terms

The term, agricultural chemicals, has largely been replaced by the term pesticides
or the two terms are used synonymously. It should be borne in mind, however, that
all agricultural chemicals are not pesticides, for example, plant growth regulators
and fertilizers. Pesticides are defined as economic poisons, regulated by federal and
state laws that are used to control, kill, or repel pests. Depending upon what a
compound is designed to do, pesticides have been subclassified into a number of
categories (Table 4.2). The primary classes of pesticides in use today are fumigants,

TABLE 4.2 Classification of Pesticides, with Examples

Class Principal Chemical Type Example, Common Name
Algicide Organotin Brestar
Fungicide Dicarboximide Captan

Chlorinated aromatic Pentchlorophenol

Dithiocarbamate Maneb

Mercurial Phenylmercuric acetate
Herbicide Amides, acetamides Propanil

Bipyridyl Paraquat

Carbamates, thiocarbamates Barban

Phenoxy 2,4-D

Dinitrophenol DNOC

Dinitroaniline Trifluralin

Substitute urea Monuron

Triazine Atrazine
Nematocide Halogenated alkane Ethylene dibromide (EDB)
Molluscicide Chlorinated hydrocarbon Bayluscide
Insecticide Chlorinated hydrocarbons

DDT analogs
Chlorinated alicyclic
Cyclodiene
Chlorinated terpenes
Organophosphorus
Carbamate
Thiocyanate
Dinitrophenols
Fluoacetate
Botanicals
Nicotinoids
Rotenoids
Pyrethroids
Synthetic pyrethroids
Synthetic nicotinoids
Fiproles
Juvenile hormone analogs
Growth regulators
Inorganics
Arsenicals
Fluorides
Microbials

DDT

BHC

Aldrin
Toxaphene
Chlorpyriphos
Carbaryl
Lethane
DNOC

Nissol

Nicotine
Rotenone
Pyrethrin
Fenvalerate
Imidacloprid
Fipronil
Methroprene
Dimilin

Lead arsenate
Sodium fluoride
Thuricide, avermectin
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TABLE 4.2 Continued

Class Principal Chemical Type Example, Common Name
Insecticide synergists Methylenedioxyphenyl Piperonyl butoxide
Dicarboximides MGK-264
Acaricides Organosulfur Ovex
Formamidine Chlordimeform
Dinitrophenols Dinex
DDT analogs Chlorbenzilate
Rodenticides Anticoagulants Warfarin
Botanicals
Alkaloids Strychine sulfate
Glycosides Scillaren A and B
Fluorides Fluoroacetate
Inorganics Thallium sulfate
Thioureas ANTU

TABLE 4.3 Use Patterns of Pesticides Used in the
United States*

Class Percentage of Total Pesticide Use
Herbicides 47
Insecticides 19
Fungicides 13
Others” 21

“Most recent data: for 1997, published by U.S. EPA in 2001.
’Includes fumigants and wood preservatives.

fungicides, herbicides, and insecticides, with total U.S. production of 1.2 billion
pounds (1997: United States Environmental Protection Agency’s [U.S. EPA’s] latest
figures) and production of some 665 million pounds of wood preservatives. Table
4.3 describes the relative use of different classes of pesticides in the United States.

Generally, it takes some 5-7 years to bring a pesticide to market once its pesti-
cidal properties have been verified. Many tests must be conducted to determine
such things as the compound’s chemical and physical properties and its efficacy. In
addition, in order for registration for use by the U.S. EPA, numerous toxicity tests
are undertaken, including those for acute toxicity, those for chronic effects such as
reproductive anomalies, carcinogenesis, and neurological effects, and those for
environmental effects; see Chapter 20).

The mandated pesticide label contains a number of specified items, including the
concentration and/or percentage of both the Al and inert ingredients; proper mixing
of the formulation with water to obtain the application rate of Al, what the Al will
control, and how and when to apply. In addition, the label describes environmental
hazards, proper storage of the material, reentry intervals (REIs) for application
sites, and the personal protective equipment (PPE) that must be worn during appli-
cation or harvesting.
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Depending upon the toxicity, formulation concentration, and use patterns, pes-
ticides can be classified as “general” or “restricted” use. A general use pesticide
will cause no unreasonable, adverse effects when used according to the label
and can be purchase and applied by anyone. A restricted use pesticide, defined
as generally causing undesirable effects on the environment, applicator, or workers
can only be purchased and applied by an individual who is licensed by the
state.

The U.S. EPA has developed “category use” definitions based upon toxicity.
Category I pesticides are highly hazardous, are classified as restricted use, and have
an oral lethal dose 50 (LDs)) less than or equal to 1.0mg/kg of body weight;
Category II pesticides are moderately toxic and have an oral LDs, less than or equal
to 500mg/kg; Category III pesticides are generally nontoxic and have an oral LDs,
less than or equal to 15,000mg/kg. In addition, the U.S. EPA has developed a
“Carcinogenicity Categorization” to classify pesticides for carcinogenicity.
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Figure 4.1 Some examples of chemical structures of common pesticides.
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4.3.3 Organochlorine Insecticides

The chlorinated hydrocarbon insecticides were introduced in the 1940s and
1950s and include familiar insecticides such as DDT (1,1,1-trichloro-2,2-di(4-
chlorophenyl)ethane, methoxychlor, chlordane, heptachlor, aldrin, dieldrin, endrin,
toxaphene, mirex, and lindane. The structures of two of the more familiar ones, DDT
and dieldrin, are shown in Figure 4.1. The chlorinated hydrocarbons are neurotoxi-
cants and cause acute effects by interfering with the transmission of nerve impulses.
Although DDT was synthesized in 1874, its insecticidal properties were not noted
until 1939, when Dr. Paul Mueller, a Swiss chemist, discovered its effectiveness as
an insecticide and was awarded a Nobel Prize for his work. During World War II,
the United States used large quantities of DDT to control vector-borne diseases,
such as typhus and malaria, to which U.S. troops were exposed. After the war, DDT
use became widespread in agriculture, public health, and households. Its persistence,
initially considered a desirable attribute, later became the basis for public concern.
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Figure 4.1 Continued
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The publication of Rachel Carson’s book Silent Spring in 1962 stimulated this
concern and eventually led to the ban of DDT and other chlorinated insecticides
in the United States in 1972.

DDT, as well as other organochlorines, were used extensively from the 1940s
through the 1960s in agriculture and mosquito control, particularly in the World
Health Organization (WHO) malaria control programs. The cyclodiene insecti-
cides, such as chlordane [4,7-methanolH-indene-1,2,3,4,5,6,7,7a,8,8-octachloro-
2,3,3a,4,7,7a-hexahydro-(CAS9CI) were used extensively as termiticides into
the 1980s but were removed from the market due to measurable residue levels
penetrating into interiors and allegedly causing health problems. Residue levels
of chlorinated insecticides continue to be found in the environment and, although
the concentrations are now so low as to approach the limit of delectability, there
continues to be concern.

4.3.4 Organophosphorus (OP) Insecticides

OPs are phosphoric acid esters or thiophosphoric acid esters (Figure 4.1) and are
among the most widely used pesticides for insect control. During the 1930s and
1940s, Gerhard Schrader and coworkers began investigating OP compounds. They
realized the insecticidal properties of these compounds and by the end of World
War II had made many of the insecticidal OPs in use today, such as ethyl parathion
[0,0-diethyl O-(4-nitrophenyl)phosphorothioate]. The first OP insecticide to find
widespread use was tetraethylpyrophosphate (TEPP), approved in Germany in
1944 and marketed as a substitute for nicotine to control aphids. Because of its high
mammalian toxicity and rapid hydrolysis in water, TEPP was replaced by other OP
insecticides.

Chlorpyrifos [0,0-diethyl O-(3,5,6-trichloro-2-pyridinyl) phosphorothioate]
became one of the largest selling insecticides in the world and had both agri-
cultural and urban uses. The insecticide could be purchased for indoor use by
homeowners, but health-related concerns caused U.S. EPA to cancel home indoor
and lawn application uses in 2001. The only exception is its continued use as a
termiticide.

Parathion was another widely used insecticide due to its stability in aqueous
solutions and its broad range of insecticidal activity. However, its high mammalian
toxicity through all routes of exposure led to the development of less hazardous
compounds. Malathion [diethyl (dimethoxythiophosphorylthio) succinate], in par-
ticular, has low mammalian toxicity because mammals possess certain enzymes, the
carboxylesterases, which readily hydrolyze the carboxyester link, detoxifying the
compound. Insects, by contrast, do not readily hydrolyze this ester, and the result
is its selective insecticidal action.

OPs are toxic because of their inhibition of the enzyme acetylcholinesterase. This
enzyme inhibition results in the accumulation of acetylcholine in nerve tissue and
effector organs, with the principal site of action being the peripheral nervous system
(PNS) (see Chapter 15). In addition to acute effects, some OP compounds have been
associated with delayed neurotoxicity, known as organophosphorus-induced delayed
neuropathy (OPIDN). The characteristic clinical sign is bilateral paralysis of
the distal muscles, predominantly of the lower extremities, occurring from 7 to 10
days following ingestion (see Chapter 15). Not all OP compounds cause delayed
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neuropathy. Among the pesticides associated with OPIDN are leptophos, mipafox,
EPN, DEF (tribufos), and trichlorofon. Testing is now required for OP substances
prior to their use as insecticides.

The OP and carbamate insecticides are relatively nonpersistent in the environ-
ment. They are applied to the crop or directly to the soil as systemic insecticides,
and they generally persist from only a few hours to several months. Thus, these
compounds, in contrast to the organochlorine insecticides, do not represent a serious
problem as contaminants of soil and water and rarely enter the human food chain.
Being esters, the compounds are susceptible to hydrolysis, and their breakdown
products are generally nontoxic. Direct contamination of food by concentrated
compounds has been the cause of poisoning episodes in several countries.

4.3.5 Carbamate Insecticides

The carbamate insecticides are esters of N-methyl (or occasionally N,N-dimethyl)
carbamic acid (H,NCOOH). The toxicity of the compound varies according to the
phenol or alcohol group. One of the most widely used carbamate insecticides is
carbaryl (1-napthyl methylcarbamate), a broad spectrum insecticide (Figure 4.1). It
is used widely in agriculture, including home gardens where it generally is applied
as a dust. Carbaryl is not considered to be a persistent compound because it is
readily hydrolyzed. Based upon its formulation, it carries a toxicity classification of
II or IIT with an oral LDs, of 250 mg/kg (rat) and a dermal lethal concentration 50
(LCsp) of >2,000mg/ke.

An example of an extremely toxic carbamate is aldicarb [2-methyl-2-(methylthio)
proprionaldehyde]. Both oral and dermal routes are the primary portals of
entry, and it has an oral LDs, of 1.0mg/kg (rat) and a dermal LDs, of 20mg/kg
(rabbit). For this reason, it is recommended for application to soils on crops
such as cotton, citrus, and sweet potatoes. This compound moves readily through
soil profiles and has contaminated groundwater supplies. Like the OP insecticides,
the mode of action of the carbamates is acetylcholinesterase inhibition, with the
important difference that the inhibition is more rapidly reversed than with OP
compounds.

4.3.6 Botanical Insecticides

Extracts from plants have been used for centuries to control insects. Nicotine [(S)-
3-(1-methyl-2-pyrrolidyl)pyridine] (Figure 4.1) is an alkaloid occurring in a number
of plants and was first used as an insecticide in 1763. Nicotine is quite toxic orally
as well as dermally. The acute oral LDs, of nicotine sulfate for rats is 83 mg/kg and
the dermal LDs, is 285 mg/kg. Symptoms of acute nicotine poisoning occur rapidly,
and death may occur with a few minutes. In serious poisoning cases, death results
from respiratory failure due to paralysis of respiratory muscles. In therapy, attention
is focused primarily on support of respiration.

Pyrethrin is an extract from several types of chrysanthemum, and is one of the
oldest insecticides used by humans. There are six esters and acids associated with
this botanical insecticide. Pyrethrin is applied at low doses and is considered to be
nonpersistent.
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Mammalian toxicity to pyrethrins is quite low, apparently due to its rapid break-
down by liver microsomal enzymes and esterases. The acute LDs, to rats is about
1500mg/kg. The most frequent reaction to pyrethrins is contact dermatitis and
allergic respiratory reactions, probably as a result of other constituents in the for-
mulation. Synthetic mimics of pyrethrins, known as the pyrethroids, were developed
to overcome the lack of persistence.

4.3.7 Pyrethroid Insecticides

As stated, pyrethrins are not persistent, which led pesticide chemists to develop com-
pounds of similar structure having insecticidal activity but being more persistent.
This class of insecticides, known as pyrethroids, have greater insecticidal activity and
are more photostable than pyrethrins. There are two broad classes of pyrethroids
depending upon whether the structure contains a cyclopropane ring [e.g., cyperme-
thrin {(£)-o-cyano-3-phenoxybenzyl (*)-cis,trans-3-(2,2-dichlorovinyl_2.2-dimethyl
cyclopropanecarboxylate)}] or whether this ring is absent in the molecule [e.g.,
fenvalerate{(RS)-a-cyano-3-phenoxybenzyl(RS)-2-(4-chlorophenyl)-3-
methylbutyrate}]. They are generally applied at low doses (e.g., 30g/Ha) and have
low mammalian toxicities [e.g., cypermethrin, oral (aqueous suspension) LDs, of
4,123 mg/kg (rat) and dermal LDs, of >2,000 mg/kg (rabbit)]. Pyrethroids are used in
both agricultural and urban settings (e.g., termiticide) (Figure 4.1).

Pyrethrins affect nerve membranes by modifying the sodium and potassium
channels, resulting in depolarization of the membranes. Formulations of these
insecticides frequently contain the insecticide synergist piperonyl butoxide
[5-{2-(2-butoxyethoxy) ethoxymethyl}-6-propyl-1,3-benzodioxole], which acts to
increase the efficacy of the insecticide by inhibiting the cytochrome P450 enzymes
responsible for the breakdown of the insecticide.

4.3.8 New Insecticide Classes

There are new classes of insecticides that are applied at low dosages and are
extremely effective but are relatively nontoxic to humans. One such class is the
fiproles, and one of these receiving major attention is fipronil [(5-amino-1-(2,6-
dichloro-4-(trifluoromethyl)phenyl)-4-((1,R,S)-(trifluoromethyl)su-1-H-pyrasole-3-
carbonitrile)]. Although it is used on corn, it is becoming a popular termiticide
because of its low application rate (ca 0.01%) and long-term effectiveness. Another
class of insecticides, the chloronicotinoids,isrepresented by imidacloprid [1-(6-chloro-
3-pyridin-3-ylmethyl)-N-nitroimidazolidin-2-ylidenamine] (Figure 4.1) that also is
applied at low dose rates to soil and effectively controls a number of insect species,
including termites.

4.3.9 Herbicides

Herbicides control weeds and are the most widely used class of pesticides. The latest
U.S. EPA data show that some 578 million pounds of herbicides were used in the
United States in 1997 and accounts for some 47% of pesticides used. This class of
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pesticide can be applied to crops using many strategies to eliminate or reduce weed
populations. These include preplant incorporation, preemergent applications, and
postemergent applications. New families of herbicides continue to be developed,
and are applied at low doses, are relatively nonphytotoxic to beneficial plants, and
are environmentally friendly. Some of the newer families such as the imidazolinones
inhibit the action of acetohydroxyacid synthase that produces branched-chain
amino acids in plants. Because this enzyme is produced only in plants, these herbi-
cides have low acute toxicities to mammals, fish, insects, and birds.

The potential for environmental contamination continues to come from families
of herbicides that have been used for years. The chlorophenoxy herbicides such
as 2,4-D (2,4-dichlorophenoxy acetic acid) and 2,4,5-T (2,4,5-trichlorophenoxy-
acetic acid) (Figure 4.1) are systemic acting compounds to control broadleaf plants
and have been in use since the 1940s. The oral toxicities of these compounds
are low.

A mixture of 2,4-D and 2,4,5-T, known as Agent Orange, was used by the U.S.
military as a defoliant during the Vietnam conflict, and much controversy has arisen
over claims by military personnel of long-term health effects. The chemical of
major toxicological concern was identified as a contaminant, TCDD (2,3,7,8-
tetrachlorodibenzo-p-dioxin), which was formed during the manufacturing process.
TCDD is one of the most toxic synthetic substances known in laboratory animals.
The LDs, for male rats is 0.022mg/kg, and for female guinea pigs (the most sensi-
tive species tested) the LDs, is 0.0006 mg/kg. In addition, it is toxic to developing
embryos in pregnant rats at a dose of only 1/400 of the LDs,, and has been shown
to cause birth defects at levels of 1-3ng/kg of body weight. TCDD is a proven
carcinogen in both mice and rats, with the liver being the primary target. This
chemical has also been shown to alter the immune system and enhance susceptibil-
ity in exposed animals.

Another family of herbicides, the triazines, continues to cause concern to
environmentalists and toxicologists because of the contamination of surface and
groundwater supplies that become public drinking water. The herbicide, atrazine
[6-chloro-N-ethyl-N-(1-methylethyl)-1,2,5-triazine-2,4-diamine (Figure 4.1) is used
primarily on corn and has an MCL (maximum contaminant level) of 3.0ug/L.
This herbicide has been found in surface and groundwaters worldwide with
widely varying concentrations (e.g., from 1 to >130ug/L). Atrazine, along with
two other triazines, cyanazine [2-{{4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl}amino}-
2-methylpropanenitrile] and simazine (6-chloro-N,N-diethyl-1,3,5-triazine-2,4-
diamine) (MCL of 4.0pg/L). The uses of cyanazine were canceled in 2001, and no
further have been permitted after 2002. Although relatively nontoxic (e.g., atrazine,
oral LDs, of 3,100mg/kg [rat]), the major concern with these types of compounds is
their carcinogenic effects, and U.S. EPA considers these three triazines as possible
human carcinogens (Category C).

A member of the bipyridylium family of herbicides is the compound paraquat
(1,1-dimethyl-4,4-bipyridinium ion as the chloride salt) (Figure 4.1), a very water-
soluble contact herbicide that is active against a broad range of plants and is used
as a defoliant on many crops. The compound binds tightly to soil particles following
application and becomes inactivated. However, this compound is classified as a
Class I toxicant with an oral LDs, of 150mg/kg (rat). Most poisoning cases, which
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are often fatal, are due to accidental or deliberate ingestion of paraquat. Toxicity
results from lung injury resulting from both the preferential uptake of paraquat by
the lungs and the redox cycling mechanism.

4.3.10 Fungicides

Annually, fungi cause crop losses in the United States amounting to millions of
dollars. In addition, recent studies have shown that toxins and other airborne
organic compounds, released from fungi inhabiting the interior of dwellings,
probably are responsible for a number of adverse health effects. Compounds pro-
duced to combat these losses and adverse health effects are called fungicides, and
a number of these families have been around for years.

The fungicide, chlorothalonil (tetrachloroisophthalonitrile), is a broad-spectrum
fungicide that is used widely in urban environments. It is relatively cheap and con-
trols some 140 species of organisms. As a result of the popularity of this compound,
it is found routinely in surface waters entering public drinking water supplies.
In the formulation that can be purchased by the general public, it is relatively
nontoxic.

One family of fungicides that is of concern are the dithiocarbamates, sulfur
derivatives of dithiocarbamic acid and include the metallic dimethydithiocarba-
mates. The latter group includes mancozeb (a coordination product of zinc ion and
manganese ethylene bisdithiocarbamate), maneb (manganese ethylenebisdithiocar-
bamate) (Figure 4.1), and zineb (zinc ethylenebisdithiocarbamate). All are effective
fungicides and are used on a variety of crops including grapes, sugar beets, and
ornamental plants. Although relatively nontoxic, they do hydrolyze producing
known carcinogens such as ethylenethiourea (ETU).

4.3.11 Rodenticides

This class of compounds is used to control rodents that cause yearly losses of 20—
30% in grain and other food storage facilities. These pests harbor diseases in the
form of fleas that carry bacteria and other organisms. A number of rodenticides
have been used for years and include warfarin [3-(o-acetonylbenzyl)-4-
hydroxycoumarin] (Figure 4.1), an anticoagulant. This is a potent toxicant with an
oral LDs, of 3.0mg/kg (rat). As the rats navigate through narrow passages, they
bruise themselves, developing small hemorrhages. Anticoagulants prevent the
blood from clotting, and the animals bleed to death in about a week. Humans who
are exposed to this class of compounds are given vitamin K and, if the poisoning is
severe, blood transfusions as a treatment. Other rodenticides poison the animal and
many times are applied along with an attractant such as peanut butter to overcome
bait shyness. Fluoroacetamide is a fast acting poison with an oral LDs, (rat) of 15 mg/
kg. This material is supplied as bait pellets or grains. ANTU (a-naphthylthiourea),
strychnine, and thallium salts are other fast acting poisons, and have been on the
market for many years. Most of the rodenticides are classified as restricted use
and are applied only by licensed pest control operators. Human poisonings associ-
ated with rodenticides usually result from accidental or suicidal ingestion of the
compounds.
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4.3.12 Fumigants

Fumigants are extremely toxic gases used to protect stored products, especially
grains, and to Kkill soil nematodes. These materials are applied to storage ware-
houses, to freight cars, and to houses infested with insects such as powder post
beetles. They present a special hazard due to inhalation exposure and rapid diffu-
sion into pulmonary blood; thus, extreme care must be taken when handling and
applying this class of pesticides. All fumigants are classified as restricted use com-
pounds and require licensed applicators to handle them.

One of the most effective fumigants is methyl bromide. It essentially sterilizes
soil when applied under a ground covering, because it not only kills insects, nema-
todes, and weed seed but is also used to fumigate warehouses. Overexposure to this
compound causes respiratory distress, cardiac arrest, and central nervous effects.
The inhalation LCs; is 0.06 mg/L (15min) of air (rat) and 7900 ppm (1.5h) (human).
Methyl bromide has been classified as an ozone depleter under the Clean Air Act
and is due to be phased out of use.

Chloropicrin (trichloronitromethane) is another soil/space fumigant that has
been used for many years. It has an inhalation LCs, of 150ppm (15min). Thus,
it is highly toxic by inhalation, can injure the heart, and cause severe eye
damage.

4.3.13 Conclusions

This section has covered only a few of the pesticides available today in the United
States and world markets. An understanding of the basic chemical processes affected
by pesticides has led to the discovery and production of new families of chemicals.
Today’s modern pesticide is generally safe to use if the directions on the label are
followed. Advances in instrumentation and an understanding of how adverse health
effects are produced have resulted in the production of many environmentally
friendly but effective pesticides.

4.4 FOOD ADDITIVES AND CONTAMINANTS

Chemicals are added to food for a number of reasons: as preservatives, either anti-
bacterial, antifungal, or antioxidants; to change physical characteristics, particu-
larly for processing; to change taste; to change color; and to change odor. In
general, food additives have proved to be safe and without chronic toxicity. Many
were introduced when toxicity testing was relatively unsophisticated, however, and
some of these have been subsequently shown to be toxic. Table 4.4 gives examples
of different types of organic food additives. Inorganics, the most important of
which are nitrate and nitrite, are discussed later. Certainly, hundreds, and possibly
thousands, of food additives are in use worldwide, many with inadequate testing.
The question of synergistic interactions between these compounds has not been
explored adequately. Not all toxicants in food are synthetic; many examples of
naturally occurring toxicants in the human diet are known, including carcinogens
and mutagens.



66 CLASSES OF TOXICANTS: USE CLASSES

TABLE 4.4 Examples of Organic Chemicals Used as Food Additives

Function

Class

Example

Preservatives

Processing aids

Flavor and taste
Modification

Color modification

Nutritional supplements

Antioxidants
Fungistatic agents

Bactericides
Anticaking agents

Emulsifiers
Chelating agents
Stabilizers

Humectants

Synthetic sweeteners

Synthetic flavors
Synthetic dyes
Vitamins
Amino acids

Inorganics

Butylatedhydroxyanisole
Ascorbic acid

Methyl p-benzoic acid
Propionates

Sodium nitrite

Calcium silicate
Sodium aluminosilicate
Propylene glycol
Monoglycerides
EDTA

Sodium tartrate

Gum ghatti

Sodium alginate
Propylene glycol
Glycerol

Saccharin
Mannitol
Aspartame
Piperonal

Vanillin
Tartrazine (FD&C yellow5)
Sunset yellow
Thiamin

Vitamin D3
Alanine

Aspartic acid
Manganese sulfate
Zinc sulfate

4.5 TOXINS

4.5.1 History

A discussion of toxins first necessitates the understanding and distinction between
the toxicological terms toxicant and toxin. A toxicant is any chemical, of natural or
synthetic origin, capable of causing a deleterious effect on a living organism. A toxin
is a toxicant that is produced by a living organism and is not used as a synonym for
toxicant—all toxins are toxicants, but not all toxicants are toxins. Toxins, whether
produced by animals, plants, insects, or microbes are generally metabolic products
that have evolved as defense mechanisms for the purpose of repelling or killing
predators or pathogens. The action of natural toxins has long been recognized and
understood throughout human history. For example, ancient civilizations used
natural toxins for both medicinal (therapeutic) and criminal purposes. Even today,
we continue to discover and understand the toxicity of natural products, some for



TOXINS 67

beneficial pharmaceutical or therapeutic purposes whose safety and efficacy are
tested, and some for other less laudable purposes like biological or chemical warfare.
Toxins may be classified in various ways depending on interest and need, such as
by target organ toxicity or mode of action, but are commonly classified according
to source.

4.5.2 Microbial Toxins

The term “microbial toxin” is usually reserved by microbiologists for toxic sub-
stances produced by microorganisms that are of high molecular weight and have
antigenic properties; toxic compounds produced by bacteria that do not fit these
criteria are referred to simply as poisons. Many of the former are proteins or muco-
proteins and may have a variety of enzymatic properties. They include some of the
most toxic substances known, such as tetanus toxin, botulinus toxin, and diphtheria
toxin. Bacterial toxins may be extremely toxic to mammals and may affect a variety
of organ systems, including the nervous system and the cardiovascular system. A
detailed account of their chemical nature and mode of action is beyond the scope
of this volume.

The range of poisonous chemicals produced by bacteria is also large. Again, such
compounds may also be used for beneficial purposes; for example, the insecticidal
properties of Bacillus thuringiensis, due to a toxin, have been utilized in agriculture
for some time.

4.5.3 Mycotoxins

The range of chemical structures and biologic activity among the broad class
of fungal metabolites is large and cannot be summarized briefly. Mycotoxins do
not constitute a separate chemical category, and they lack common molecular
features.

Mycotoxins of most interest are those found in human food or in the feed of
domestic animals. They include the ergot alkaloids produced by Claviceps sp., afla-
toxins, and related compounds produced by Aspergillus sp., and the tricothecenes
produced by several genera of fungi imperfecti, primarily Fusarium sp.

The ergot alkaloids are known to affect the nervous system and to be vasocon-
strictors. Historically, they have been implicated in epidemics of both gangrenous
and convulsive ergotism (St. Anthony’s fire), although such epidemics no longer
occur in humans due to increased knowledge of the cause and to more varied
modern diets. Outbreaks of ergotism in livestock do still occur frequently, however.
These compounds have also been used as abortifacients. The ergot alkaloids
are derivatives of ergotine, the most active being, more specifically, amides of
lysergic acid.

Aflatoxins are products of species of the genus Aspergillus, particularly A. flavus,
a common fungus found as a contaminant of grain, maize, peanuts, and so on. First
implicated in poultry diseases such as Turkey-X disease, they were subsequently
shown to cause cancer in experimental animals and, from epidemiological studies,
in humans. Aflatoxin B1, the most toxic of the aflatoxins, must be activated enzy-
matically to exert its carcinogenic effect.
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Tricothecenes are a large class of sesquiterpenoid fungal metabolites produced
particularly by members of the genera Fusarium and Tricoderma. They are fre-
quently acutely toxic, displaying bactericidal, fungicidal, and insecticidal activity, as
well as causing various clinical symptoms in mammals, including diarrhea, anorexia,
and ataxia. They have been implicated in natural intoxications in both humans and
animals, such as Abakabi disease in Japan and Stachybotryotoxicosis in the former
USSR, and are at the center of a continuing controversy concerning their possible
use as chemical warfare agents.

Mycotoxins may also be used for beneficial purposes. The mycotoxin avermectin
is currently generating considerable interest both as an insecticide and for the
control of nematode parasites of domestic animals.

4.5.4 Algal Toxins

Algal toxins are broadly defined to represent the array chemicals derived from
many species of cyanobacteria (blue-green bacteria), dinoflagellates, and diatoms.
The toxins produced by these freshwater and marine organisms often accumulate
in fish and shellfish inhabiting the surrounding waters, causing both human and
animal poisonings, as well as overt fish kills. Unlike many of the microbial toxins,
algal toxins are generally heat stable and, therefore, not altered by cooking methods,
which increases the likelihood of human exposures and toxicity. Many of the more
common algal toxins responsible for human poisonings worldwide are summarized
herein.

Ammnesic shellfish poisoning (ASP) was first identified in 1987 from Prince Edward
Island, Canada after four people died from eating contaminated mussels. It is
caused by domoic acid produced by several species of Pseudonitzschia diatoms. The
main contamination problems include mussels, clams, and crabs of the Pacific
Northwest of the United States and Canada.

Paralytic shellfish poisoning (PSP) was first determined to be a problem in 1942
after three people and many seabirds died from eating shellfish on the west coast
of the United States, near the Columbia River. It is caused by the saxitoxin family
(saxitoxin + 18 related compounds) produced by several species of Alexandrium
dinoflagellates. The main contamination problems include mussels, clams, crabs,
and fish of the Pacific Northwest and Northeast Atlantic.

Neurotoxic shellfish poisoning (NSP) is caused by a red tide producer that was
first identified in 1880 from Florida, with earlier historical references. It causes sick-
ness in humans lasting several days. NSP is not fatal to humans; however, it is known
to kill fish, invertebrates, seabirds, and marine mammals (e.g., manatees). It is
caused by the brevetoxin family (brevetoxin + 10 related compounds) produced by
the dinoflagellate Karenia brevis a.k.a. Gymnodinium breve. The main contamina-
tion problems include oysters, clams, and other filter feeders of the Gulf of Mexico
and southeast Atlantic, including North Carolina.

Diarrheic shellfish poisoning (DSP) was first identified from human poisonings
in the 1960s. It causes sickness in humans lasting several days, but is not fatal.
It is caused by chemicals of the okadaic acid family (okadaic acid + four related
compounds) produced by several species of Dinophysis dinoflagellates. The main
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contamination problems include mussels, clams, and other bivalves of the cold
and warm temperate areas of the Atlantic and Pacific Oceans, mainly in Japan and
Europe. Only two cases of DSP have been documented in North America.

Ciguatera fish poisoning (CFP) was first identified in 1511. CFP is a tropical-
subtropical seafood poisoning that affects up to 50,000 people each year and is the
most often reported foodborne disease of a chemical origin in the United States.
Caused by consumption of reef fishes (e.g., grouper, snapper), sickness in humans
lasts several days to weeks, but the human fatality rate is low. It is caused by the
ciguatoxin family (ciguatoxin + three or more related compounds) and is produced
by several species of dinoflagellates including Gambierdiscus, Prorocentrum, and
Ostreopsis. The main contamination problems include herbivorous tropical reef fish
worldwide.

Cyanobacterial (blue-green bacteria) toxin poisonings were first recognized in the
late 1800s. Human poisonings are rare; however, kills of livestock, other mammals,
birds, fish, and aquatic invertebrates are common. It is caused by a variety of bio-
toxins and cytotoxins, including anatoxin, microcystin, and nodularin produced by
several species of cyanobacteria including, Anabaena, Aphanizomenon, Nodularia,
Oscillatoria, and Microcystis. The main contamination problems include all eutro-
phic freshwater rivers, lakes, and streams.

Ambush predator (Pfiesteria piscicida and toxic Pfiesteria complex) toxins come
from members belonging to this group of organisms that were first identified in 1991
from estuaries in North Carolina. They were believed to produce a toxin that has
been implicated in several large fish kills and is suspect in causing adverse human
health effects. However, the toxin or toxins are not yet identified and toxicity tests
are not universally conclusive. These toxins are produced by several dinoflagellate
species including Pfiesteria piscicida, Pfiesteria shumwayae, and perhaps several
other unidentified, unnamed dinoflagellates belonging to the potentially toxic
Pfiesteria complex. The main problems include major fish kills in North Carolina
and Maryland and potential human health effects. The range may extend from the
Gulf of Mexico to the Atlantic estuarine waters, including Florida, North Carolina,
Maryland, and Delaware, and possibly outward to Europe.

4.5.5 Plant Toxins

The large array of toxic chemicals produced by plants (phytotoxins), usually referred
to as secondary plant compounds, are often held to have evolved as defense mecha-
nisms against herbivorous animals, particularly insects and mammals. These com-
pounds may be repellent, but not particularly toxic, or they may be acutely toxic to
a wide range of organisms. They include sulfur compounds, lipids, phenols, alka-
loids, glycosides, and many other types of chemicals. Many of the common drugs
of abuse such as cocaine, caffeine, nicotine, morphine, and the cannabinoids are
plant toxins. Many chemicals that have been shown to be toxic are constituents
of plants that form part of the human diet. For example, the carcinogen safrole
and related compounds are found in black pepper. Solanine and chaconine, which
are cholinesterase inhibitors and possible teratogens, are found in potatoes, and
quinines and phenols are widespread in food. Livestock poisoning by plants is still
an important veterinary problem in some areas.
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4.5.6 Animal Toxins

Some species from practically all phyla of animals produce toxins for either
offensive or defensive purposes. Some are passively venomous, often following
inadvertent ingestion, whereas others are actively venomous, injecting poisons
through specially adapted stings or mouthparts. It may be more appropriate to
refer to the latter group only as venomous and to refer to the former simply as
poisonous. The chemistry of animal toxins extends from enzymes and neurotoxic
and cardiotoxic peptides and proteins to many small molecules such as biogenic
amines, alkaloids, glycosides, terpenes, and others. In many cases, the venoms
are complex mixtures that include both proteins and small molecules and depend
on the interaction of the components for the full expression of their toxic effect.
For example, bee venom contains a biogenic amine, histamine, three peptides,
and two enzymes (Table 4.5). The venoms and defensive secretions of insects may
also contain many relatively simple toxicants or irritants such as formic acid,
benzoquinone, and other quinines, or terpenes such as citronellal. Bites and
stings from the hymenoptera (ants, bees, wasps, and hornets) result in 5-60 fatal
anaphylactic reactions each year in the United States. According to experts, about
0.3-3.0% of the U.S. population experiences anaphylactic reactions from insect
stings and bites.

Snake venoms have been studied extensively; their effects are due, in general, to
toxins that are peptides with 60-70 amino acids. These toxins are cardiotoxic or
neurotoxic, and their effects are usually accentuated by the phospholipases, pepti-
dases, proteases, and other enzymes present in venoms. These enzymes may affect
the blood-clotting mechanisms and damage blood vessels. Snake bites are respon-
sible for less than 10 deaths per year in the United States, but many thousands
worldwide.

Many fish species, over 700 species worldwide, are either directly toxic, or upon
ingestion, are poisonous to humans. A classic example is the toxin produced by the
puffer fishes (Sphaeroides spp.) called tetrodotoxin (TTX). TTX is concentrated in
the gonads, liver, intestine, and skin, and poisonings occur most frequently in Japan
and other Asian countries where the flesh, considered a delicacy, is eaten as “fugu.”
Death occurs within 5-30 min and the fatality rate is about 60%.TTX is an inhibitor
of the voltage-sensitive Na channel (like saxitoxin); it may also be found in some
salamanders and may be bacterial in origin.

TABLE 4.5 Some Components of Bee Venom

Compound Effect
Biogenic amine
Histamine Pain, vasodilation, increased capillary permeability
Peptides
Apamine CNS effects
Melittin Hemolytic, serotonin release, cardiotoxic
Mast cell degranulating peptide Histamine release from mast cells
Enzymes
Phospholipase A Increased spreading and penetration of tissues

Hyaluronidase
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Toxins and other natural products generally provide great benefit to society. For
example, some of the most widely used drugs and therapeutics like streptomycin,
the aminoglycoside antibiotic from soil bacteria, and acetylsalicylic acid (aspirin),
the nonsteroidal anti-inflammatory from willow tree bark, are used by millions of
people everyday to improve health and well-being. On the other hand, adverse
encounters with natural toxins like fish and shellfish toxins, plant, and insect toxins
do result in harm to humans.

4.6 SOLVENTS

Although solvents are more a feature of the workplace, they are also found in the
home. In addition to cutaneous effects, such as defatting and local irritation, many
have systemic toxic effects, including effects on the nervous system or, as with
benzene, on the blood-forming elements. Commercial solvents are frequently
complex mixtures and may include nitrogen- or sulfur-containing organics—
gasoline and other oil-based products are examples of this. The common solvents
fall into the following classes:

1. Aliphatic hydrocarbons, such as hexane. These may be straight or branched
chain compounds and are often present in mixtures.

2. Halogenated aliphatic hydrocarbons. The best-known examples are methylene
dichloride, chloroform, and carbon tetrachloride, although chlorinated ethyl-
enes are also widely used.

3. Aliphatic alcohols, such as methanol and ethanol.

4. Glycols and glycol ethers such as ethylene and propylene glycols. Use in anti-
freeze gives rise to considerable exposure of the general public. The glycol
ethers, such as methyl cellosolve, are also widely used.

5. Aromatic hydrocarbons. Benzene is probably the one of greatest concern, but
others, such as toluene, are also used.

4.7 THERAPEUTIC DRUGS

Although the study of the therapeutic properties of chemicals falls within the prov-
ince of pharmacology, essentially all therapeutic drugs can be toxic, producing
deleterious effects at some dose. The danger to the individual depends on several
factors, including the nature of the toxic response, the dose necessary to produce
the toxic response, and the relationship between the therapeutic dose and the toxic
dose. Drug toxicity is affected by all of the factors that affect the toxicity of other
xenobiotics, including individual (genetic) variation, diet, age, and the presence of
other exogenous chemicals.

Even when the risk of toxic side effects from a particular drug has been evalu-
ated, it must be weighed against the expected benefits. The use of a very dangerous
drug with only a narrow tolerance between the therapeutic and toxic doses may
still be justified if it is the sole treatment for an otherwise fatal disease. However,
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a relatively safe drug may be inappropriate if safer compounds are available or if
the condition being treated is trivial.

The three principal classes of cytotoxic agents used in the treatment of cancer all
contain carcinogens, for example, melphalan, a nitrogen mustard, adriamycin, an
antitumor antibiotic, and methotrexate, an antimetabolite. Diethylstilbestrol (DES),
a drug formerly widely used, has been associated with cancer of the cervix and
vagina in the offspring of treated women.

Other toxic effects of drugs can be associated with almost every organ system.
The stiffness of the joints accompanied by damage to the optic nerve (subacute
myelo-optic neuropathy [SMON]) that was common in Japan in the 1960s was
apparently a toxic side effect of chloroquinol, an antidiarrhea drug. Teratogenosis
can also be caused by drugs, with thalidomide being the most alarming example.
Skin effects (dermatitis) are common side effects of drugs, an example being
topically applied corticosteroids.

A number of toxic effects on the blood have been documented, including agranu-
locytosis caused by chlorpromazine, hemolytic anemia caused by methyldopa, and
megaloblastic anemia caused by methotrexate. Toxic effects on the eye have been
noted and range from retinotoxicity caused by thioridazine to glaucoma caused by
systemic corticosteroids.

4.8 DRUGS OF ABUSE

All drugs are toxic at some dose. Drugs of abuse, however, either have no medicinal
function or are taken at dose levels higher than would be required for therapy.
Although some drugs of abuse may affect only higher nervous functions—mood,
reaction time, and coordination—many produce physical dependence and have
serious physical effects, with fatal overdoses being a frequent occurrence.

The drugs of abuse include central nervous system depressants such as ethanol,
methaqualone and secobarbital; central nervous system stimulants, such as cocaine,
methamphetamine (speed), caffeine and, nicotine; opioids such as heroin, and
mependine (demerol); and hallucinogens such as lysergic acid diethylamide (LSD),
phencyclidine (PCP), and tetrahydrocannabinol, the most active principal of mari-
juana. A further complication of toxicological significance is that many drugs of
abuse are synthesized in illegal and poorly equipped laboratories with little or no
quality control. The resultant products are therefore often contaminated with com-
pounds of unknown, but conceivably dangerous, toxicity. The structures of some of
these chemicals are shown in Figure 4.2.

4.9 COMBUSTION PRODUCTS

While many air pollutants (see Chapter 3) are the products of natural or anthro-
pomorphic combustion, some of the most important from the point of view of
human health are polycyclic aromatic hydrocarbons. Although also found in natural
products such as coal and crude oil, they are generally associated with incomplete
combustion of organic materials and are found in smoke from wood, coal, oil,
tobacco, and so on, as well as in broiled foods. Because some of them are car-
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Figure 42 Some common drugs of abuse.

cinogens, they have been studied intensively from the point of view of metabolic
activation, interactions with DNA, and other aspects of chemical carcinogenesis.
Some are heterocyclic, containing nitrogen in at least one of the rings. Some
representative structures of the most studied polycyclic aromatic hydrocarbons
are shown in Figure 4.3.
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Pyrene Benzo(a)pyrene 3-Methylcholanthrene

Benzo(e)pyrene Dibenz(ah)anthracene Dibenz(a,h)acridine

Figure 4.3 Some common polycyclic aromatic hydrocarbons.

4.10 COSMETICS

The most common deleterious effects of modern cosmetics are occasional allergic
reactions and contact dermatitis. The highly toxic and/or carcinogenic azo or aro-
matic amine dyes are no longer in use, nor are the organometallics, used in even
earlier times. Bromates, used in some cold wave neutralizers, may be acutely toxic if
ingested,as may the ethanol used asasolventin hair dyes and perfumes.Thioglycolates
and thioglycerol used in cold wave lotion and depilatories and sodium hydroxide
used in hair straighteners are also toxic on ingestion. Used as directed, cosmetics
appear to present little risk of systemic poisoning, due in part to the deletion of
ingredients now known to be toxic and in part to the small quantities absorbed.

BIBLIOGRAPHY AND SUGGESTED READING

General

Hodgson, E., R. B. Mailman, and J. E. Chambers. Dictionary of Toxicology,2nd ed. Norwalk,
CT: Appleton & Lange, 1994.

Klaassen, C. D., ed. Casarett and Doull’s Toxicology: The Basic Science of Poisons, 6th ed.
New York: McGraw-Hill, 2001.

Metals

Goyer, R. A. and T. W. Clarkson. Toxic effects of metals. In Casarett and Doull’s Toxicology:
The Basic Science of Poisons, 6th ed., ed. C. D. Klaassen, pp. 811-867. New York:
McGraw-Hill, 2001.



SAMPLE QUESTIONS 75

Pesticides

Ecobichon, D. J. Toxic effects of pesticides. In Casarett and Doull’s Toxicology: The Basic
Science of Poisons, 6th ed., ed. C. D. Klaassen, pp. 763-810. New York: McGraw-Hill,
2001.

Krieger, R. Handbook of Pesticide Toxicology. San Diego, CA: Academic Press, 2001.

Toxins

Burkholder, J. M. and H. B. Glasgow. Pfiesteria piscicida and other Pfiesteria-like dinoflagel-
lates: Behavior, impacts, and environmental controls. Limnol. Oceanogr. 42:1052-1075,
1997.

Falconer, 1., ed. Algal Toxins in Seafood and Drinking Water. New York: Academic, 1993.

Kotsonis, F. N., G. A. Burdock, and W. G. Flamm. Food toxicology. In Casarett and Doull’s
Toxicology: The Basic Science of Poisons, 6th ed., ed. C. D. Klaassen, pp. 1049-1088. New
York: McGraw-Hill, 2001.

Norton, S. Toxic effects of plants. In Casarett and Doull’s Toxicology: The Basic Science of
Poisons, 6th ed., ed. C. D. Klaassen, pp. 965-976. New York: McGraw-Hill, 2001.

Russell, F. E. Toxic effects of terrestrial animal venoms and poisons. In Casarett and Doull’s
Toxicology: The Basic Science of Poisons, 6th ed., ed. C. D. Klaassen, pp. 945-964.
New York: McGraw-Hill, 2001.

Solvents

Bruckner, J. V. and A. Warren. Toxic effects of solvents and vapors. In Casarett and Doull’s
Toxicology: The Basic Science of Poisons, 6th ed., ed. C. D. Klaassen, pp. 945-964. New
York: McGraw-Hill, 2001.

Therapeutic Drugs

Hardman, J. G., P. B. Limbird, R. W. Molinoff, eds. Goodman and Gilman’s The Pharma-
cological Basis of Therapeutics, 9th ed. New York: McGraw-Hill, 1996.

SAMPLE QUESTIONS

1. Describe the process by which a toxic metal causes enzyme inhibition or enzyme
activation.

2. Of the three forms or species of mercury, which one is the most toxicologically
significant for the general population and state its primary route or source of
exposure to humans.

3. Describe the primary site and mode of action for the organophosphorus insecti-
cides in insect (and human) systems.

4. Name the most widely used class of pesticide that is designed to control weed
species of plants.

5. Define and explain the distinction between the terms toxicant and toxin.

6. Would the puffer fish from which tetrodotoxin is isolated (consumed by humans
as fugu) be considered as a poisonous animal or a venomous animal? Explain
your choice.






