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23 TOXICOLOGICAL CHEMISTRY

23.1 INTRODUCTION TO TOXICOLOGY AND
TOXICOLOGICAL CHEMISTRY

Ultimately, most pollutants and hazardous substances are of concern because of
their toxic effects. To understand toxicological chemistry, it is essentia to have some
understanding of biochemistry, the science that deals with chemical processes and
materialsin living systems. Biochemistry is summarized in Chapter 10.

Toxicology

A poison, or toxicant, is a substance that is harmful to living organisms because
of its detrimental effects on tissues, organs, or biological processes. Toxicology is
the science of poisons. Toxicants to which subjects are exposed in the environment
or occupationally may be in several different physical forms, such as vapors or dusts
that are inhaled, liquids that can be absorbed through the skin, or solids ingested
orally. A substance with which the toxicant may be associated (the solvent in which
it is dissolved or the solid medium in which it is dispersed) is called the matrix. The
matrix may have a strong effect upon the toxicity of the toxicant.

There are numerous variables related to the ways in which organisms are
exposed to toxic substances. One of the most crucial of these, dose, is discussed in
Section 23.2. Another important factor is the toxicant concentration, which may
range from the pure substance (100%) down to a very dilute solution of a highly
potent poison. Both the duration of exposure per incident and the frequency of
exposure are important. The rate of exposure and the total time period over which
the organism is exposed are both important situational variables. The exposure site
and route also affect toxicity.

It is possibleto classify exposures on the basis of four general categories. Acute
local exposure occurs at a specific location over a time period of a few seconds to a
few hours and may affect the exposure site, particularly the skin, eyes, or mucous
membranes. The same parts of the body can be affected by chronic local exposure,
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for which the time span may be as long as several years. Acute systemic exposure is
a brief exposure or exposure to a single dose and occurs with toxicants that can enter
the body and affect organs that are remote from the entry site. Chronic systemic
exposure differsin that the exposure occurs over a prolonged time period.

In discussing exposure sites for toxicantsit is useful to consider the major routes
and sites of exposure, distribution, and elimination of toxicants in the body, as
shown in Figure 23.1. The major routes of accidental or intentional exposure to
toxicants in humans and other animals are the skin (percutaneous route), the lungs
(inhaation, respiration, pulmonary route), and the mouth (oral route). The
pulmonary system is most likely to take in toxic gases or very fine, respirable solid
or liquid particles. In other than a respirable form, a solid usually enters the body
orally. Absorption through the skin is most likely for liquids, solutes in solution, and
semisolids, such as sludges.

Ingestion (entry site) ————————N Gagrointestinal tract

Feces

Inhaled air T (excretion)

(entry site) [ Bile |

5 Dermal exposure
Pulmonary system = Liver (entry site)
(lung and alveoli) E
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!l Skin
Exhaled air A4 —3 A T
(excretion) Blood and lymph system
Protein M etabolism Distribution of free,
binding bound, or metabolite
form
Cedl | membrane
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Receptor cells A4
P m— - Bladder
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Toxicant Urine
storage (excretion)

Figure 23.1 Magjor sites of exposure, metabolism, and storage, routes of distribution and
elimination of toxic substances in the body.

The defensive barriers that a toxicant may encounter vary with the route of
exposure. An interesting historical example of the importance of the route of
exposure to toxicants is provided by cancer caused by contact of coa tar with skin.
The permeability of skin is inversely proportional to the thickness of the skin's
stratum corneum layer, which varies by location on the body in the following
order: soles and palms > abdomen, back, legs, aams > genital (perineal) area
Evidence of the susceptibility of the genital area to absorption of toxic substances is
to be found in accounts of the high incidence of cancer of the scrotum among
chimney sweeps in London described by Sir Percival Pott, Surgeon General of
Britain during the reign of King George Il1. The cancer-causing agent was coal tar
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condensed in chimneys. This material was more readily absorbed through the skin in
the genital areas than elsewhere, leading to a high incidence of scrotal cancer. (The
chimney sweeps conditions were aggravated by their lack of appreciation of basic
hygienic practices, such as bathing and regular changes of underclothing.)

Organisms can serve as indicators of various kinds of pollutants, thus serving as
biomonitors. For example, higher plants, fungi, lichens, and mosses can be
important biomonitors for heavy-metal pollutants in the environment.

Synergism, Potentiation, and Antagonism

The biological effects of two or more toxic substances can be different in kind
and degree from those of one of the substances alone. Chemical interaction between
substances may affect their toxicities. Both substances may act upon the same
physiologic function, or two substances may compete for binding to the same
receptor (molecule or other entity acted upon by a toxicant). When both substances
have the same physiologic function, their effects may be ssimply additive or they
may be synergistic (the total effect is greater than the sum of the effects of each
separately). Potentiation occurs when an inactive substance enhances the action of
an active one, and antagonism when an active substance decreases the effect of
another active one.

23.2 DOSE-RESPONSE RELATIONSHIPS

Toxicants have widely varying effects upon organisms. Quantitatively, these
variations include minimum levels at which the onset of an effect is observed, the
sensitivity of the organism to small increments of toxicant, and levels at which the
ultimate effect (particularly death) occurs in most exposed organisms. Some
essential substances, such as nutrient minerals, have optimum ranges above and
below which detrimental effects are observed (see Section 23.5 and Figure 23.4).

Factors such as those just outlined are taken into account by the dose-response
relationship, which is one of the key concepts of toxicology. Dose is the amount,
usually per unit body mass, of atoxicant to which an organism is exposed. Response
isthe effect upon an organism resulting from exposure to a toxicant. To define a
dose-response relationship, it is necessary to specify a particular response, such as
death of the organism, as well as the conditions under which the response is
obtained, such as the length of time from administration of the dose. Consider a
specific response for a population of the same kinds of organisms. At relatively low
doses, none of the organisms exhibits the response (for example, al live), whereas at
higher doses all of the organisms exhibit the response (for example, al die). In
between, there isarange of doses over which some of the organisms respond in the
specified manner and others do not, thereby defining a dose-response curve. Dose-
response relationships differ among different kinds and strains of organisms, types of
tissues, and populations of cells.

Figure 23.2 shows a generalized dose-response curve. The dose corresponding to
the mid-point (inflection point) of the resulting S-shaped curve is the statistical esti-
mate of the dose that would kill 50 % of the subjects. It is designated as LDsp and is
commonly used to express toxicities.
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Figure 23.2 lllustration of a dose-response curve in which the response is the death of the
organism. The cumulative percentage of deaths of organismsis plotted onthe Y axis.

23.3 RELATIVE TOXICITIES

Table 23.1 illustrates standard toxicity ratings that are used to describe esti-
mated toxicities of various substancesto humans. In terms of fatal doses to an adult
human of average size, a“taste” of a supertoxic substance (just a few drops or less)
is fatal. A teaspoonful of a very toxic substance could have the same effect.
However, as much as a quart of a dightly toxic substance might be required to kill
an adult human.

When there is a substantial difference between LDsp values of two different
substances, the one with the lower value is said to be the more potent. Such a
comparison must assume that the dose-response curves for the two substances being
compared have similar slopes.

Nonlethal Effects

So far, toxicities have been described primarily in terms of the ultimate effect—
death of organisms, or lethality. This is obviously an irreversible consegquence of
exposure. In many, and perhaps most, cases, sublethal and reversible effects are of
greater importance. The margin of safety (Figure 23.3) is used in connection with
drugs to express the difference between the dose that gives a desired therapeutic
effect and a harmful, potentialy letha, effect. This term applies to other substances,
such as pesticides, for which it is desirable to have a large difference between the
dose that kills atarget species and that which harms a desirable species.

23.4 REVERSIBILITY AND SENSITIVITY

Sublethal doses of most toxic substances are eventualy eiminated from an
organism’s system. If there is no lasting effect from the exposure, it is said to be
reversible. In cases where the effect is permanent, it is termed irreversible.
Irreversible effects of exposure remain after the toxic substance is eliminated from
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Table23.1 Toxicity Scale with Example Substancest

Substance Approximate LDy,  Toxicity rating
-10° 1. Practically nontoxic
'[E)EHPZI > "1 >15" 10*mg/kg
thanol > _ . . Y A3
Sodium chloride ——— _ 2 S“ghtl,y to>:|c, > 10
Malathion - _10° to 1.5 10" mg/kg
Chlordane o 3. Moderately toxic,
B 500 to 5000 mg/kg
Heptachl > _10°
eprachior _10 4. Very toxic, 50 to
Parathion » _10 500 mg/kg
3 - 5. Extremely toxic,
TEPP » — 1 5to 50 mg/kg
Tetrodotoxin*———» _1g7!
-107 6. Supertoxic,
- <5 mg/kg
TCDD® » 1073
-10™

Botulinustoxin —————» _107®

1 Doses are in units of mg of toxicant per kg of body mass. Toxicity ratings on the
right are given as numbers ranging from 1 (practically nontoxic)
(supertoxic) along with estimated lethal ora doses for humans in mg/kg. Estimated

measured in test animals, usualy

LD,, vaues for substances on the left have been
rats, and apply to oral doses.

2 Bis(2-ethylhexyl)phthal ate
3 Tetraethyl pyrophosphate
4 Toxin from pufferfish

5 TCDD represents 2,3,7,8,-tetrachl orodibenzodioxin, commonly called “dioxin.”

Exposure to

toxicant Reversible

Sue?]l‘gtcfgal e—————Margin of safety

Irreversible X /—I—"
| Effect

Lethal
effect

<

Hypersensitivity

Hyposensitivity
«— Norma

Figure 23.3 Effects of and responses to toxic substances.
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the organism. Figure 23.3 illustrates these two kinds of effects. For various chem-
icals and different subjects, toxic effects can range from the totaly reversible to the
totally irreversible.

Hyper sensitivity and Hyposensitivity

Some subjects are very sensitive to a particular poison, whereas others are very
resistant to the same substance. These two kinds of responses illustrate hyper-
sensitivity and hyposensitivity, respectively; subjects in the mid-range of the dose-
response curve are termed normals. These variations in response tend to complicate
toxicology in that there is no specific dose guaranteed to yield a particular response,
even in a homogeneous popul ation.

In some cases, hypersensitivity is an induced response to exposure to a
substance. After one or more doses of a chemical, a subject may develop an extreme
reaction to it. This occurs with penicillin, for example, in cases where people
develop such a severe alergic response to the antibiotic that exposure is fatal if
countermeasures are not taken.

23.5 XENOBIOTIC AND ENDOGENOUS SUBSTANCES

Xenobiotic substances are those that are foreign to a living system, whereas
those that occur naturally in abiologic system are termed endogenous. The levels of
endogenous substances must usually fall within a particular concentration range for
metabolic processes to occur normally. Levels below a normal range may result in a
deficiency response or even death, and adverse effects may occur above the normal
range. Thiskind of responseisillustrated in Figure 23.4.

Normal
p|%r,g] ological Deficiency Excess, toxicity

gfet ) [€=~~"~"~""""73 ./ N\ [~~~ ~—~———- 2

Detrimental
effect

Potentially
lethal effec

Dose

Figure 23.4 Biological effect of an endogenous substancein an organism showing optimum level,
deficiency, and excess.

Examples of endogenous substances in organisms include various hormones,
glucose (blood sugar), and some essential metal ions, including Ca?*, K*, and Na'.
The optimum level of calcium in human blood serum occurs over a rather narrow
range of 9-9.5 milligrams per deciliter (mg/dL). Below these values, a deficiency
response known as hypocal cemia occurs, manifested by muscle cramping. At serum
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levels above about 10.5 mg/dL hypercalcemia occurs, the major effect of which is
kidney malfunction.

23.6 TOXICOLOGICAL CHEMISTRY
Toxicological Chemistry

Toxicological chemistry is the science that deals with the chemical nature and
reactions of toxic substances, including their origins, uses, and chemical aspects of
exposure, fates, and disposal.! Toxicological chemistry addresses the relationships
between the chemica properties and molecular structures of molecules and their
toxicological effects. Figure 23.5 outlines the terms discussed above and the rela-
tionships among them.

Toxicant |-+« +oe Organism »| Toxic

effect
_[ Toxicological chemistry l— Toxicology

Figure 23.5 Toxicology is the science of poisons. Toxicological chemistry relates toxicology to
the chemical nature of toxicants.

Toxicantsin the Body

The processes by which organisms metabolize xenobiotic species are enzyme-
catalyzed Phase | and Phase Il reactions, which are described briefly here.23

Phase | Reactions

Lipophilic xenobiotic speciesin the body tend to undergo Phase | reactions that
make them more water-soluble and reactive by the attachment of polar functional
groups, such as—OH (Figure 23.6). Most Phase | processes are “microsomal mixed-
function oxidase” reactions catalyzed by the cytochrome P-450 enzyme system that

Product that is more water -

Lipophilic, poorly water - soluble and reactive

soluble, unmetabolized

xenobiotic substance ) e}
Epoxide: /N
C——C-
Hydroxide. —OH
Cytochrome P-450 )' Sulthydryl: SH
enzyme system H

Hydroxylamine: I
yaredy —N-OH
Others

Figure 23.6 Illustration of Phase | reactions.
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is associated with the endoplasmic reticulum of the cell and occurring most
abundantly in the liver of vertebrates.4

Phase Il Reactions

A Phase 1l reaction occurs when an endogenous species is attached by enzyme
action to a polar functional group which often, though not always, isthe result of a
Phase | reaction on a xenobiotic species. Phase |l reactions, in which enzymes
attach conjugating agents to xenobiotics, their Phase | reaction products, and
nonxenobiotic compounds (Figure 23.7), are caled conjugation reactions. The
conjugation product of such a reaction is usually less toxic than the origina
xenobiotic compound, less lipid-soluble, more water-soluble, and more readily
eliminated from the body. The mgor conjugating agents and the enzymes that
catalyze their Phase Il reactions are glucuronide (UDP glucuronyltransferase
enzyme), glutathione (glutathionetransferase enzyme), sulfate (sulfotransferase
enzyme), and acetyl (acetylation by acetyltransferase enzymes). The most abundant
conjugation products are glucuronides. A glucuronide conjugate is illustrated in
Figure 23.8, where -X-R represents a xenaobiotic species conjugated to glucuronide,
and R isan organic moiety. For example, if the xenobiotic compound conjugated is
phenol, HXR isHOCgH;, X isthe O atom, and R represents the phenyl group, CgHs.

O

[
Carboxyl: +-C—OH
Xenobiotic | Hydroxyl: +-OH Endogenous
compound, - pajogen: 4 £ ClBrl 4+ | conjugating
often Phase agent
| reaction Epoxide _'_C\
product P ) ,O
4C Y
o ; v
Amino: 4N - -
H Conjugation
product
* Higher polarity
» Greater water
solubility
Functional groupsthat react » Moreeasily
with a conjugating agent eiminated
Figure 23.7 Illustration of Phase Il reactions.
T
OH X-R
HO Xenobiotic
NI
Glucuronide

Figure 23.8 Glucuronide conjugate formed from a xenobiotic, HX-R.
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23.7 KINETIC PHASE AND DYNAMIC PHASE
Kinetic Phase

The major routes and sites of absorption, metabolism, binding, and excretion of
toxic substances in the body areillustrated in Figure 23.1. Toxicants in the body are
metabolized, transported, and excreted; they have adverse biochemica effects; and
they cause manifestations of poisoning. It is convenient to divide these processes
into two major phases, a kinetic phase and a dynamic phase.

In the kinetic phase, a toxicant or its metabolic precursor (protoxicant) may
undergo absorption, metabolism, temporary storage, distribution, and excretion, as
illustrated in Figure 23.9. A toxicant that is absorbed may be passed through the
kinetic phase unchanged as an active parent compound, metabolized to a detox-
ified metabolite that is excreted, or converted to a toxic active metabolite. These
processes occur through Phase | and Phase |1 reactions discussed above.

Toxicant Protoxicant

o
4 -
e 1 o

AN
[Detoxified]* |Metabolized]
" .-

1 .

* 1 .
1
Unchanged
[Onchanged] Ve
converted to
toxic form

¢
1
1
1
1
1
1
1
1
1
1
1
1
1
1

-_-mememem mEmEmEmmmmd

! d

Excreted Active metaboliteto further
biochemical interaction

Active parent compound to
further biochemical interaction

Figure 23.9 Processes involving toxicants or protoxicants in the kinetic phase.
Dynamic Phase

In the dynamic phase (Figure 23.10) a toxicant or toxic metabolite interacts
with cells, tissues, or organs in the body to cause some toxic response. The three
major subdivisions of the dynamic phase are the following:

* Primary reaction with areceptor or target organ
* A biochemical response
* Observable effects
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Toxicant or toxic metabolite

Primary] reaction

v

Toxicant + Receptor ® Modified receptor

Biochemical | effect

Enzymeinhibition V¥
Cell membrane disruption

Malfunction of protein biosynthesis
Disruption of lipid metabolism
Disruption of carbohydrate metabolism
Inhibition of respiration (G, utilization)

Behavioral or| physiological response

Alteration of vital signs (temperature, pulse
rate, respiratory rate, blood pressure)

Central nervous system: hallucination,
convulsions, coma, ataxia, paralysis

Teratogenesis

Mutagenesis

Carcinogenesis

Effects on immune system

Figure 23.10 The dynamic phase of toxicant action.
Primary Reaction in the Dynamic Phase

A toxicant or an active metabolite reacts with a receptor. The process leading to
atoxic response is initiated when such a reaction occurs. A typical example is when
benzene epoxide, the initial product of the Phase | reaction of benzene (see Figure
23.16), forms an adduct with a nucleic acid unit in DNA (receptor) resulting in
dteration of the DNA. (Many species that cause a toxic response are reactive
intermediates, such as benzene epoxide, which have a brief lifetime but a strong
tendency to undergo reactions leading to a toxic response while they are around.?)
This reaction is an irreversible reaction between a toxicant and a receptor. A
reversible reaction that can result in a toxic response is illustrated by the binding
between carbon monoxide and oxygen-transporting hemoglobin (Hb) in blood to
form carboxyhemoglobin, COHb, a process that causes hemoglobin to lose its
capacity to transport oxygen, thus resulting in asphyxiation:

O,Hb + CO - ® COHb + O, (23.7.1)
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Biochemical Effectsin the Dynamic Phase

The binding of a toxicant to a receptor may result in some kind of biochemical
effect. The major ones are the following:

* Impairment of enzyme function by binding to the enzyme, coenzymes,
metal activators of enzymes, or enzyme substrates

« Alteration of cell membrane or carriersin cell membranes
« |nterference with carbohydrate metabolism

« |Interference with lipid metabolism resulting in excess lipid accumulation
(“fatty liver)

« Interference with respiration, the overall process by which electrons are
transferred to molecular oxygen in the hiological oxidation of energy-
yielding substrates

 Stopping or interfering with protein biosynthesis by their action on DNA

* Interference with regulatory processes mediated by hormones or enzymes
Responses to Toxicants

Among the more immediate and readily observed manifestations of poisoning
are alterationsin the vital signs of temperature, pulse rate, respiratory rate, and
blood pressure. Poisoning by some substances may cause an abnormal skin color
(jaundiced, yellow skin from CCl, poisoning) or excessively moist or dry skin.
Toxic levels of some materials or their metabolites cause the body to have unnatural
odors, such as the bitter-almond odor of HCN in tissues of victims of cyanide
poisoning. Symptoms of poisoning may be manifested by abnormal conditions of the
eye or mouth. Gastrointestinal tract effects including pain, vomiting, or paralytic
ileus (stoppage of the normal peristalsis movement of the intestines) occur as a result
of poisoning by a number of toxic substances. Central nervous system poisoning
may be manifested by convulsions, paralysis, hallucinations, and ataxia (lack of
coordination of voluntary movements of the body), as well as abnormal behavior,
including agitation, hyperactivity, disorientation, and delirium. Severe poisoning by
some substances, including organophosphates and carbamates, causes coma, the
term used to describe alowered level of consciousness.

Prominent among the more chronic responses to toxicant exposure are muta-
tions, cancer, and birth defects and effects on the immune system. Other observable
effects, some of which may occur soon after exposure, include gastrointestinal
illness, cardiovascular disease, hepatic (liver) disease, renal (kidney) malfunction,
neurologic symptoms (central and peripheral nervous systems), and skin abnorm-
alities (rash, dermatitis).

Often important effects of toxicant exposure are subclinical in nature and very
difficult to detect. The most common of these are some kinds of damage to the
immune system, chromosomal abnormalities, modification of functions of liver
enzymes, and slowing of conduction of nerve impulses.
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23.8 TERATOGENESIS MUTAGENESIS, CARCINOGENESIS,
AND EFFECTSON THE IMMUNE AND
REPRODUCTIVE SYSTEMS

Teratogenesis

Teratogens cause birth defects. These usually arise from damage to embryonic
or fetal cells. However, mutations in germ cells (egg or sperm cells) may cause birth
defects such as Down’'s syndrome. The biochemical mechanisms by which
teratogens act are varied. These include enzyme inhibition by xenobiotics;
deprivation of the fetus of essential substrates, such as vitamins; interference with
energy supply; or ateration of the permeability of the placental membrane.

Mutagenesis

Mutagens ater DNA to produce inheritable traits. Although mutation is a
natural process that occurs even in the absence of xenobiotic substances, most
mutations are harmful. The mechanisms of mutagenicity are similar to those of car-
cinogenicity, and mutagens often cause birth defects as well. Therefore, mutagenic
hazardous substances are of major toxicological concern.

Biochemistry of Mutagenesis

To understand the biochemistry of mutagenesis, it is important to recall from
Chapter 10 that DNA contains the nitrogenous bases adenine, guanine, cytosine, and
thymine. The order in which these bases occur in DNA determines the nature and
structure of newly produced RNA, a substance generated as a step in the synthesis of
new proteins and enzymes in cells. Exchange, addition, or deletion of any of the
nitrogenous bases in DNA alters the nature of RNA produced and can change vita
life processes, such as the synthesis of an important enzyme. This phenomenon,
which can be caused by xenobiotic compounds, is a mutation that can be passed on
to progeny, usually with detrimental results.

There are several ways in which xenobiotic species can cause mutations. It is
beyond the scope of this work to discuss these mechanisms in detail. For the most
part, however, mutations due to xenobictic substances are the result of chemical
alterations of DNA, such as those discussed in the two examples below.

Nitrous acid, HNO,, is an example of a chemical mutagen that is often used to
cause mutations in bacteria. To understand the mutagenic activity of nitrous acid it
should be noted that three of the nitrogenous bases—adenine, guanine, and
cytosine—contain the amino group —NH,. The action of nitrous acid is to replace
amino groups with a hydroxy group. When this occurs, the DNA may not functionin
the intended manner, causing a mutation to occur.

Alkylation, the attachment of asmall alkyl group, such as —CH; or —C,Hg, to an
N atom on one of the nitrogenous bases in DNA is one of the most common
mechanisms leading to mutation. The methylation of “7” nitrogen in guanine in
DNA to form N-Methylguanine is shown in Figure 23.11. O-akylation can aso
occur by attachment of a methyl or other alkyl group to the oxygen atom in guanine.
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Figure 23.11 Alkylation of guaninein DNA.

A number of mutagenic substances act as alkylating agents. Prominent among
these are the compounds shown in Figure 23.12.

o O . i
O=N-N Lhs N-N H,CO—S—CH,
cHy,  N=N-N{ H,C  CH, !
CH,

Dimethylnitros- 3,3-Dimethyl-1- 1,2-Dimethylhydra- M ethylmethane-
amine phenyltriazine zine sulfonate

Figure 23.12 Examples of simple alkylating agents capable of causing mutations.

Alkylation occurs by way of generation of positively charged electrophilic
species that bond to € ectron-rich nitrogen or oxygen atoms on the nitrogenous bases
in DNA. The generation of such species usually occurs by way of biochemical and
chemical processes. For example, dimethylnitrosamine (structure in Figure 23.12) is
activated by oxidation through cellular NADPH to produce the following highly
reactive intermediate:

o
HO—(IZ—I}I—N:O
H CH,
This product undergoes several nonenzymatic transitions, losing formaldehyde and

generating a methyl carbocation, *CH,, that can methylate nitrogenous bases on
DNA

H 2
H—C::—OH H-C—H H H
O=N-N_ O=N-N] —> HO*N-N{ (23.7.1)
CHs CHs CHg

Other products "CH,

One of the more notable mutagens is tris(2,3-dibromopropyl)phosphate, com-
monly called “tris,” which was used as a flame retardant in children’s sleepwear.
Tris was found to be mutagenic in experimental animals and metabolites of it were
found in children wearing the treated sleepwear. This strongly suggested that tris is
absorbed through the skin and its uses were discontinued.
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Carcinogenesis

Cancer is a condition characterized by the uncontrolled replication and growth of
the body’ s own (somatic) cells. Car cinogenic agents can be categorized as follows:

e Chemica agents, such as nitrosamines and polycyclic aromatic hydro-
carbons

« Biological agents, such as hepadnaviruses or retroviruses
* |lonizing radiation, such as X-rays
» Genetic factors, such as selective breeding.

Clearly, in some cases, cancer is the result of the action of synthetic and naturally
occurring chemicals. The role of xenobiotic chemicals in causing cancer is called
chemical carcinogenesis. It is often regarded as the single most important facet of
toxicology and is clearly the one that receives the most publicity.

Chemical carcinogenesis has a long history. As noted earlier in this chapter, in
1775 Sir Percival Pott, Surgeon General serving under King George |11 of England,
observed that chimney sweeps in London had a very high incidence of cancer of the
scrotum, which he related to their exposure to soot and tar from the burning of
bituminous coal. Around 1900 a German surgeon, Ludwig Rehn, reported elevated
incidences of bladder cancer in dye workers exposed to chemicals extracted from

coadl tar; 2-naphthylamine,

was shown to be largely responsible. Other historical examples of carcinogenesis
include observations of cancer from tobacco juice (1915), oral exposure to radium
from painting luminescent watch dials (1929), tobacco smoke (1939), and asbestos
(1960).

Biochemistry of Carcinogenesis

Large expenditures of effort and money on the subject in recent years have
yielded a much better understanding of the biochemical bases of chemical
carcinogenesis. The overall processes for the induction of cancer may be quite
complex, involving numerous steps.6 However, it is generally recognized that there
are two magjor steps in carcinogenesis. an initiation stage, followed by a pro-
motional stage. These steps are further subdivided as shown for the scheme of
carcinogenesis in Figure 23.13.

Initiation of carcinogenesis may occur by reaction of a DNA-reactive species
with DNA,” or by the action of an epigenetic carcinogen that does not react with
DNA and is carcinogenic by some other mechanism. Most DNA-reactive species are
genotoxic car cinogens because they are also mutagens. These substances react irre-
versibly with DNA. Cancer-causing substances that require metabolic activation are
called procarcinogens. The metabolic species actualy responsible for carcinogen-
esis is termed an ultimate carcinogen. Some species that are intermediate
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metabolites between precarcinogens and ultimate carcinogens are called proximate
car cinogens. Carcinogens that do not require biochemical activation are categorized
as primary or direct-acting carcinogens. Some procarcinogens and primary
carcinogens are shown in Figure 23.14.

Chemical carcinogen | \eapolic . | Ultimate | Binding to DNA or

(r?rro?:;?((::limg%ren) action | carcinogen | other (epigenetic) effect
Elimination of compound Detoxication
or its metabolite without (no effect)
adver se effect
DNA repaired, Altered
noadverseeffect €| DNA
Tumor < Promotion of Neoplastic Replication of
tissue tumor cell growth cells altered DNA
(expression)
Progression of tumor Malignant tumor Metastasis

tissue growth (neoplasm)

Figure 23.13 Outline of the process by which a carcinogen or procarcinogen may cause cancer.

Most substances classified as epigenetic carcinogens are promoter sthat act after
initiation. Manifestations of promotion include increased numbers of tumor cells and
decreased length of time for tumors to develop (shortened latency period). Promoters
do not initiate cancer, are not electrophilic, and do not bind with DNA. The classic
example of a promoter is a substance known chemically as decanoyl phorbol acetate
or phorbol myristate acetate, which is extracted from croton ail.

Alkylating Agentsin Carcinogenesis

Chemica carcinogens usually have the ability to form covalent bonds with
macromolecular life molecules, especially DNA.8 Prominent among the species that
bond to DNA in carcinogenesis are the akylating agents that attach alkyl groups—
methyl (CH,) or ethyl (C,H;)—to DNA. A similar type of compound, arylating
agents, act to attach aryl moieties, such as the phenyl group

@ Phenyl group

to DNA. As shown by the examples in Figure 23.15, the akyl and aryl groups
become attached to N and O atoms in the nitrogenous bases that compose DNA.
This alteration in DNA can trigger initiation of the sequence of events that results
in the growth and replication of neoplastic (cancerous) cells. The reactive species
that donate alkyl groupsin alkylation are usually formed by metabolic activation by
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the action of enzymes. This process was shown for conversion of dimethylnitros-

amine to a methylating metabolic intermediate in the discussion of mutagenesis
earlier in this section.

Naturally occurring carcinogens that requi re bioactivation

OCH; oocH3

] c—c_ 0
1 H
O < L CN=N
H,CO © &, H
HyC

3

Griseofulvin (produced by Saffrole (from N-methyl-N-for mylhydrazine
Penicillium griseofulvum )  sassafras (from edible false mor el mushroom)

Synthetic carcinogens that require bioactivation

@%QO teel OO

Benzo(a)pyrene Vinyl chloride 4-Dimethylaminoazobenzene

Primary carcinogens that do not require bioactivation

H L
¢ i oS

CI-C—0—C-Cl H,C-0—S-0—CH; H—,C/—\Q—H H-C——C—H
H H H H H H

Bis(chloromethyl)- Dimethyl sulfate  Ethyleneimine

[-Propioacetone
ether

Figure 23.14 Examples of the major classes of naturally occurring and synthetic carcinogens,
some of which require bioactivation, and others that act directly.

Methyl groups attached to
N (left) or O (right) in
OH CH3 guanine contained in DNA _>OCH3

Bes SO0

\
Attachment to the remainder of the DNA molecule

Figure 23.15 Alkylated (methylated) forms of the nitrogenous base guanine.
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Testing for Carcinogens

Only afew chemicals have definitely been established as human carcinogens. A
well documented example is vinyl chloride, CH,=CHCI, which is known to have
caused a rare form of liver cancer (angiosarcoma) in individuals who cleaned auto-
claves in the polyvinylchloride fabrication industry. In some cases, chemicals are
known to be carcinogens from epidemiological studies of exposed humans. Animals
areused to test for carcinogenicity, and the results can be extrapolated—although
with much uncertainty—to humans.

Mutagenicity used to infer carcinogenicity is the basis of the Bruce Ames test,
in which observations are made of the reversion of mutant histidine-requiring
Salmonella bacteria back to a form that can synthesize its own histidine.® The test
makes use of enzymes in homogenized liver tissue to convert potential procarcino-
gensto ultimate carcinogens. Histidine-requiring Salmonella bacteria are inoculated
onto amedium that does not contain histidine, and those that mutate back to a form
that can synthesize histidine establish visible colonies that are assayed to indicate
mutagenicity.

According to Bruce Ames, the pioneer developer of the test that bears his name,
animal tests for carcinogens that make use of massive doses of chemicals have a
misleading tendency to give results that cannot be accurately extrapolated to assess
cancer risks from smaller doses of chemicals.1% This is because the huge doses of
chemicals used kill large numbers of cells, which the organism’s body attempts to
replace with new cells. Rapidly dividing cells greatly increase the likelihood of
mutations that result in cancer simply as the result of rapid cell proliferation, not
genotoxicity.

Immune System Response

Theimmune system acts as the body’ s natural defense system to protect it from
xenobiotic chemicals; infectious agents, such as viruses or bacteria; and neoplastic
cells, which give rise to cancerous tissue. Adverse effects on the body’s immune
system are being increasingly recognized as important consequences of exposure to
hazardous substances. Toxicants can cause immunosuppression, which is the
impairment of the body’s natural defense mechanisms. Xenobiotics can also cause
the immune system to lose its ability to control cell proliferation, resulting in
leukemia or lymphoma.

Another major toxic response of the immune system is allergy or hyper-
sengitivity. Thiskind of condition results when the immune system overreacts to the
presence of a foreign agent or its metabolites in a self-destructive manner. Among
the xenobiotic materials that can cause such reactions are beryllium, chromium,
nickel, formaldehyde, some kinds of pesticides, resins, and plasticizers.

Estrogenic Substances

A number of xenobiotic substances called exogenous estrogens are thought to
have adverse effects on animal and human reproductive systems by mimicking or
interfering with the action of estrogens (such as those in female sex hormone) and
may cause disorders of the reproductive tract and effects such as reduced sperm
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counts and semen production.1? Another effect of some concern is the potential to
cause hormone-dependent cancers. A wide variety of synthetic compounds,
including phthalates, akylphenols, organochlorine compounds, and polycyclic
aromatic hydrocarbons, are suspected of being exoestrogens.

23.9 ATSDR TOXICOLOGICAL PROFILES

A very useful source of information about the toxicological chemistry of various
kinds of toxic substances is published by the U. S. Department of Health and Human
Services, Public Health Service Agency for Toxic Substances and Disease Registry
as ATSDR’s Toxicological Profiles. These detailed documents are available on CD-
ROM .12 The substances covered are given in Table 23.2.

23.10 TOXIC ELEMENTSAND ELEMENTAL FORMS

Ozone, O, has several toxic effects. At 1 ppm by volume in air, ozone causes
severe irritation and headache and irritates the eyes, upper respiratory system, and
lungs. Inhalation of ozone can sometimes cause fatal pulmonary edema (abnormal
accumulation of fluid in lung tissue). Ozone generates free radicals in tissue that can
cause lipid peroxidation, oxidation of sulfhydryl (—SH) groups, and other destructive
oxidation processes.

Elemental white phosphorus can enter the body by inhalation, by skin contact,
or oraly. It is a systemic poison, one that is transported through the body to sites
remote from its entry site. White phosphorus causes anemia, gastrointestinal system
dysfunction, bone brittleness, and eye damage. Exposure also causes phossy jaw, a
condition in which the jawbone deteriorates and becomes fractured.

The most toxic of the elemental halogens is fluorine (F,), a pale yellow, highly
reactive gasthat is astrong oxidant. It is a toxic irritant and attacks skin, eye tissue,
and the mucous membranes of the nose and respiratory tract. Chlorine (Cl,) gas
reacts in water to produce a strongly oxidizing solution. This reaction is responsible
for some of the damage caused to the moaist tissue lining the respiratory tract when
the tissue is exposed to chlorine. The respiratory tract israpidly irritated by exposure
to 10-20 ppm of chlorine gas in air, causing acute discomfort that warns of the
presence of the toxicant. Even brief exposure to 1000 ppm of Cl, can be fatal.
Bromine (Br,), avolatile, dark red liquid that is toxic when inhaled or ingested, is
strongly irritating to the mucous tissue of the respiratory tract and eyes and may
cause pulmonary edema. Although it isirritating to the lungs, elemental solid iodine
(1,) has avery low vapor pressure of iodine, which limits exposure to its vapor.

Heavy Metals

Heavy metals are toxic in their chemically combined forms and some, notably
mercury, are toxic in the elemental form. The toxic properties of some of the most
hazardous heavy metals and metalloids are discussed here.

Although not truly a heavy metal, beryllium (atomic mass 9.01) is one of the
more hazardous toxic elements. Its most serious toxic effect is berylliosis, a condi-
tion manifested by lung fibrosis and pneumonitis, which may develop after a latency
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Table23.2 MaterialsListed by ATSDR'3

Acetone

Acrolein

Acrylonitrile

Aldrin/Dieldrin

Alpha-,Beta-, Gamma-
and Delta-Hexachloro-
cyclohexane

Aluminum

Ammonia

Arsenic

Asbestos

Automotive Gasoline

Barium

Benzene

Benzidine

Beryllium

Bis(2-Chloroethyl) Ether

Boron

Bromomethane

1,3-Butadiene

2-Butanone

Cadmium

Carbon Disulfide

Carbon Tetrachloride

Chlordane

Chlorobenzene

Chlorodibenzofurans

Chloroethane

Chloroform

Chloromethane

Chlorpyrifos

Chromium

Coal Tar Pitch, and
Coad Tar Pitch Volatiles

Cobalt

Copper

Cresols: 0-Cresol, p-
Cresol, m-Cresol

Cyanide

4.4'-Ddt,4,4' -Dde,4,4' -Ddd

Di (2-Ethylhexyl) Phthalate

Di-N-Butylphthalate

Diazinon

1,2-Dibromo-
3-Chloropropane

1,2-Dibromoethane
1,4-Dichlorobenzene
3,3 -Dichlorobenzidine
1,1-Dichloroethane
1,2-Dichloroethane
1,1-Dichloroethene
1,2-Dichloroethene
1,3-Dichloropropene
Diethyl Phthalate
1,3-Dinitrobenzene/
1,3,5-Trinitrobenzene
Dinitrocresols
Dinitrophenols
2,4-Dinitrotoluene/
2,6-Dinitrotoluene
1,2-Diphenylhydrazine

Disulfoton

Endosulfan

Endrin

Ethylbenzene

Ethylene Glycol and
Propylene Glycol

Fluorides, Hydrogen
Fluoride, and Fluorine

Fuel Qils

Heptachlor/Heptachlor
Epoxide

Hexachlorobenzene

Hexachlorobutadiene

2-Hexanone

Hydraulic Fluids

I sophorone

Jet Fuels (Jp4 And Jp7)

Lead

Manganese

Mercury

Methoxychlor

Methyl Parathion

Methyl Tert-Butyl Ether

4, 4 -Methylenebis-(2-
Chloroaniline) (MBOCA)

Methylene Chloride

Mirex And chlordecone

Naphthalene

Nickel

Nitrobenzene

2-Nitrophenol/
4-Nitrophenol

Otto Fuels

Pentachlorophenol

Phenol

Plutonium

Polybrominated
Biphenyls

Polychlorinated
Biphenyls

Polycyclic Aromatic
Hydrocarbons (PAH’s)

Radon

RDX

Selenium

Silver

Stoddard Solvent

1,1,2,2-Tetrachloroethane

Tetrachloroethylene

Tetryl

Thallium

Thorium

Tin

Titanium Tetrachloride

Toluene

Toxaphene

1,1,1-Trichloroethane

1,1,2-Trichloroethane

Trichloroethylene

2,4,6-Trichlorophenol

2,4,6-Trinitrotoluene

Uranium

Used Mineral-Based
Crankcase Qil

Vanadium

Vinyl Acetate

Vinyl Chloride

White Phosphorus

Wood Creosote, Coa Tar
Creosote, Coal Tar

N-Nitrosodi-N-Propylamine Xylenes

N-Nitrosodiphenylamine

Zinc
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period of 5-20 years. Beryllium is a hypersensitizing agent and exposure to it causes
skin granulomas and ulcerated skin. Beryllium was used in the nuclear weapons
program in the U.S., and it is believed that 500 to 1000 cases of beryllium poisoning
have occurred or will occur in the future as a result of exposure to workers. In July
1999, the U.S. Department of Energy acknowledged these cases of beryllium
poisoning and announced proposed legislation to compensate the victims in a
program expected to cost up to $15 million per year at its peak.

Cadmium adversely affects several important enzymes; it can also cause painful
osteomal acia (bone disease) and kidney damage. Inhalation of cadmium oxide dusts
and fumes results in cadmium pneumonitis characterized by edema and pulmonary
epithelium necrosis (death of tissue lining lungs).

Lead, widely distributed as metallic lead, inorganic compounds, and organo-
metallic compounds, has a nhumber of toxic effects, including inhibition of the
synthesis of hemoglobin. It also adversely affects the central and peripheral nervous
systems and the kidneys. Its toxicological effects have been widely studied.

Arsenic is a metaloid that forms a number of toxic compounds. The toxic +3
oxide, As,Os, is absorbed through the lungs and intestines. Biochemically, arsenic
acts to coagulate proteins, forms complexes with coenzymes, and inhibits the
production of adenosine triphosphate (ATP), a key biochemica intermediate in
essential metabolic processes involving the utilization of energy.

Arsenic is the toxic agent in one of the great environmental catastrophes of the
last century, the result of its ingestion through well water in Bangladesh. Starting in
the 1970s, severa million wells were installed in Bangladesh to provide water free
of pathogens. In 1992, a problem with arsenic contamination of many of the wells
was shown to exist, and since that time tens of thousands of people have developed
symptoms of arsenic poisoning from drinking the well water.

Elemental mercury vapor can enter the body through inhalation and be carried
by the bloodstream to the brain, where it penetrates the blood-brain barrier. It
disrupts metabolic processes in the brain causing tremor and psychopathological
symptoms such as shyness, insomnia, depression, and irritability. Divalent ionic
mercury, Hg?*, damages the kidney.

23.11 TOXIC INORGANIC COMPOUNDS

Both hydrogen cyanide (HCN) and cyanide salts (which contain CN ion) are
rapidly acting poisons; a dose of only 60-90 mg is sufficient to kill a human.
Metabolically, cyanide bonds to iron(I11) in iron-containing ferricytochrome oxidase
enzyme (see enzymes in Chapter 10, Section 10.6), preventing its reduction to
iron(11) in the oxidative phosphorylation process by which the body utilizes O,. This
prevents utilization of oxygen in cells, so that metabolic processes cease.

Carbon monoxide, CO, isacommon cause of accidental poisonings. After it is
inhaled, carbon monoxide enters the blood stream in the alveoli of the lungs. In the
blood, it reacts with blood hemoglobin (Hb) to convert oxyhemoglobin (O,Hb) to
carboxyhemoglobin (COHDb):

OHb + CO ® COHb + O, (23.1.1)
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In this case, hemoglobin is the receptor (Section 23.7) acted on by the carbon
monoxide toxicant. Carboxyhemoglobin is much more stable than oxyhemoglobin,
so that its formation prevents hemoglobin from binding with oxygen and carrying it
to body tissues.

The two most common toxic oxides of nitrogen are NO and NO,. The more
toxic nitrogen dioxide causes severe irritation of the innermost parts of the lungs,
resulting in pulmonary edema. In cases of severe exposures, fatal bronchiolitis
fibrosa obliterans may develop approximately 3 weeks after exposure to NO.,.
Fatalities can result from even brief periods of inhalation of air containing 200—700
ppm of NO.,.

Nitrous oxide, N,O is used as an oxidant gas and in dental surgery as a general
anesthetic. This gas was once known as “laughing gas,” and was used in the late
1800s as a “recreational gas’ at parties held by some of our not-so-staid Victorian
ancestors. Nitrous oxide is a central nervous system depressant and can act as an
asphyxiant.

Hydrogen halides (general formulaHX, where X isF, CI, Br, or |) are relatively
toxic gases. The most widely used of these gases are HF and HCI; their toxicities are
discussed here.

Hydrogen fluoride, (HF, mp -83.1°C, bp 19.5°C) is used as a clear, colorless
liquid or gas or as a 30—60% aqueous solution of hydrofluoric acid, both referred to
here as HF. Both are extreme irritants to any part of the body that they contact,
causing ulcers in affected areas of the upper respiratory tract. Lesions caused by
contact with HF heal poorly, and tend to develop gangrene.

Fluorideion, F, istoxic in soluble fluoride salts, such as NaF, causing fluor osis,
a condition characterized by bone abnormalities and mottled, soft teeth. Livestock
are especially susceptible to poisoning from fluoride fallout on grazing land;
severely afflicted animals become lame and even die. Industrial pollution has been a
common source of toxic levels of fluoride. However, about 1 ppm of fluoride used in
some drinking water supplies prevents tooth decay.

Gaseous hydrogen chloride and its aqueous solution, called hydrochloric acid,
both denoted as HCI, are much less toxic than HF. Hydrochloric acid is a natural
physiological fluid present as a dilute solution in the stomachs of humans and other
animals. However, inhalation of HCI vapor can cause spasms of the larynx aswell as
pulmonary edema and even death at high levels. The high affinity of hydrogen
chloride vapor for water tends to dehydrate eye and respiratory tract tissue.

Silica (SiO,, quartz) occurs in a variety of types of rocks such as sand, sand-
stone, and diatomaceous earth. Silicosis, alung malady resulting from human expos-
ure to silica dust from construction materials, sandblasting, and other sources, has
been a common, disabling occupational disease.

Asbestosis the name given to a group of fibrous silicate minerals for which the
approximate chemical formula is Mg,(Si,Og)(OH),. Asbestos has been widely used
in structural materials, brake linings, insulation, and pipe manufacture. Inhalation of
ashestos may cause asbestosis (a pneumonia condition), mesothelioma (tumor of the
mesothelial tissue lining the chest cavity adjacent to the lungs), and bronchogenic
carcinoma (cancer originating with the air passages in the lungs) so that uses of
ashestos have been severely curtailed and widespread programs have been
undertaken to remove the material from buildings.
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Phosphine (PH,), a colorless gas that undergoes autoignition at 100°C, is a
potential hazard in industrial processes and in the laboratory. Symptoms of
poisoning from potentialy fatal phosphine gas include pulmonary tract irritation,
depression of the central nervous system, fatigue, vomiting, and difficult, painful
breathing.

Tetraphosphor us decoxide, P,0,, is produced as a fluffy white powder from
the combustion of elemental phosphorus, and reacts with water from air to form
syrupy orthophosphoric acid, H;PO,. Because of the formation of acid by this
reaction and its dehydrating action, P,O,, is a corrosive irritant to skin, eyes and
mucous membranes.

A colorless gas with a foul, rotten-egg odor, hydrogen sulfide is very toxic. In
some cases, inhalation of H,S kills faster than even hydrogen cyanide; rapid death
ensues from exposure to air containing more than about 1000 ppm H,S due to
asphyxiation from respiratory system paraysis. Lower doses cause symptoms that
include headache, dizziness, and excitement due to damage to the central nervous
system. General debility is one of the numerous effects of chronic H,S poisoning.

Sulfur dioxide, SO,, dissolves in water to produce sulfurous acid, H,SOs;
hydrogen sulfite ion, HSO3'; and sulfite ion, 8032'. Because of its water solubility,
sulfur dioxide islargely removed in the upper respiratory tract. It is an irritant to the
eyes, skin, mucous membranes, and respiratory tract.

Number-one in synthetic chemical production, sulfuric acid (H,SO,) is a
severely corrosive poison and dehydrating agent in the concentrated liquid form; it
readily penetrates skin to reach subcutaneous tissue, causing tissue necrosis with
effects resembling those of severe thermal burns. Sulfuric acid fumes and mists
irritate eye and respiratory tract tissue, and industrial exposure has even caused tooth
erosion in workers.

23.12 TOXIC ORGANOMETALLIC COMPOUNDS

Organometallic compounds are those in which metals are bound to carbon atoms
in hydrocarbon groups or, in the case of carbonyls, to CO molecules. Widely used
for a number of applications, organometallic compounds have a variety of toxic
effects. They often behave in the body in ways totally unlike the inorganic forms of
the metals that they contain, due in large part to the fact that, compared with
inorganic forms, organometallic compounds have an organic nature, higher lipid
solubility, and greater ability to penetrate cell membranes.

Perhaps the most notable toxic organometallic compound is tetraethyllead,
Pb(C,H5),, a colorless, oily liquid that was widely used as a gasoline additive to
boost octane rating. Tetraethyllead has a strong affinity for lipids and can enter the
body by all three common routes of inhaation, ingestion, and absorption through
the skin. Acting differently from inorganic compounds in the body, it affects the
central nervous system with symptoms such as fatigue, weakness, restlessness,
ataxia, psychosis, and convulsions.

The greatest number of organometallic compounds in commercia use are those
of tin—tributyltin chloride and related tributyltin (TBT) compounds. These com-
pounds have bactericidal, fungicidal, and insecticidal properties. They have particu-
lar environmental significance because of their widespread applications as industrial
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biocides, now increasingly limited because of their environmental and toxicological
effects. Organotin compounds are readily absorbed through the skin, sometimes
causing a skin rash. They probably bind with sulfur groups on proteins and appear to
interfere with mitochondria function.

Asdiscussed in Chapter 12, Section 12.3, methylated mercury species, CH3Hg+
and (CHj),Hg, are produced by anaerobic bacteria. They are extremely toxic.
Anaerobic bacteria al so produce methylated forms of arsenic.

Metal carbonyls, regarded as extremely hazardous because of their toxicities,
include nickel tetracarbonyl (Ni(CO),), cobalt carbonyl, and iron pentacarbonyl.
Some of the hazardous carbonyls are volatile and readily taken into the body through
the respiratory tract or through the skin. The carbonyls affect tissue directly and they
break down to toxic carbon monoxide and products of the metal, which have
additional toxic effects.

23.13 TOXICOLOGICAL CHEMISTRY OF
ORGANIC COMPOUNDS

Alkane Hydrocarbons

Gaseous methane, ethane, propane, n-butane, and isobutane (both C,H,,) are
regarded as simple asphyxiants that form mixtures with air that contains insufficient
oxygen to support respiration. The most common toxicological occupational
problem associated with the use of hydrocarbon liquids in the workplace is
dermatitis, caused by dissolution of the fat portions of the skin and characterized by
inflamed, dry, scaly skin. Inhalation of volatile liquid 5-8 carbon n-alkanes and
branched-chain alkanes may cause central nervous system depression, manifested by
dizziness and loss of coordination. Exposure to n-hexane and cyclohexane results in
loss of myelin (a fatty substance constituting a sheath around certain nerve fibers)
and degeneration of axons (part of a nerve cell through which nerve impulses are
transferred out of the cell). This has resulted in multiple disorders of the nervous
system (polyneur opathy) including muscle weakness and impaired sensory function
of the hands and feet. In the body, n-hexane is metabolized to 2,5-hexanedione:

H H O
H\ ’ I H
,C\C/(,.:\c':/c\ ! 2 5-hexanedione
H W H 1 H
HoH

This Phase | oxidation product can be observed in urine of exposed individuals and
isused as a biological monitor of exposure to n-hexane.

Alkene and Alkyne Hydrocar bons

Ethylene, a widely used colorless gas with a somewhat sweet odor, acts as a
simple asphyxiant and anesthetic to animals and is phytotoxic (toxic to plants). The
toxicological properties of propylene (H,C=CHCH,) are very similar to those of
ethylene. Colorless, odorless, gaseous 1,3-butadiene (H,C=CHCH=CH,) is an
irritant to eyes and respiratory system mucous membranes; at higher levels it can
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cause unconsciousness and even death. Acetylene, H-C° C-H, is a colorless gas with
a garlic odor that acts as an asphyxiant and narcotic, causing headache, dizziness,
and gastric disturbances.

Benzene and Aromatic Hydrocarbons

Inhaled benzene is readily absorbed by blood, from which it is strongly taken up
by fatty tissues. For the non-metabolized compound, the process is reversible and
benzene is excreted through the lungs. As shown in Figure 23.16, benzene is
converted to phenol by a Phase | oxidation reaction (see Section 23.6) in the liver.
The reactive and short-lived benzene epoxide intermediate known to occur in this
reaction is probably responsible for much of the unique toxicity of benzene, which
involves damage to bone marrow. In addition to phenol, severa other oxygenated
derivatives of benzene are produced when it is metabolized, as is trans,trans-
muconic acid, produced by cleavage of the benzene ring.

H
) . /%\
Q) Somae~ T Lo a—=[_p
\&

H
Benzene epoxide Benzene oxepin
H
= N _ OH
o onenzymatic
| rearrangement Phenol
H
Other metabolic productsincluding the following:
0]
H H @)
OH I I I
| | HO\C/C:C/C:C/C—OH
I I I
OH g O H H
Catechol p-benzoquinone trans, trans-muconic acid

Figure 23.16 Conversion of benzene to phenol in the body.

Benzene is a skin irritant, and progressively higher local exposures can cause
skin redness (erythema), burning sensations, fluid accumulation (edema), and
blistering. Inhalation of air containing about 7 g/m3 of benzene causes acute
poisoning within an hour because of a narcotic effect upon the central nervous
system manifested progressively by excitation, depression, respiratory system
failure, and death. Inhalation of air containing more than about 60 g/m3 of benzene
can be fatal within afew minutes.

Long-term exposures to lower levels of benzene cause nonspecific symptoms,
including fatigue, headache, and appetite loss. Chronic benzene poisoning produces
blood abnormalities, including a lowered white cell count, an abnormal increase in
blood lymphocytes (colorless corpuscles introduced to the blood from the lymph
glands), anemia, a decrease in the number of blood platelets required for clotting
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(thrombocytopenia), and damage to bone marrow. It is thought that preleukemia,
leukemia, or cancer may resullt.

Toluene, a colorless liquid boiling at 101.4°C, is classified as moderately toxic
through inhalation or ingestion; it has a low toxicity by dermal exposure. Because it
possesses an aliphatic -CH; side chain that can be oxidized enzymatically to
products that are readily excreted from the body (see the metabolic reaction scheme
in Figure 23.17), toluene is much less toxic than benzene.

H H
I + O
@C_H {O} Phasel @é_OH
|_|| oxidation |_,|
Benzyl acohol
; o |
@é—OH <+ 2{ O}, enzymatic oxidation

OHHO

‘ Phase Il conjugation @é—l\ll —C—C—OH
with glycine |—||
Hippuric acid

(N-benzoylglycine)

Figure 23.17 Metabolic oxidation of toluene with conjugation to hippuric acid, which is excreted
with urine.

Benzo[a]pyrene is the most studied of the polycyclic aromatic hydrocarbons
(PAHs). Some metabolites of PAH compounds, particularly the 7,8-diol-9,10-
epoxide of benzo[a]pyrene shown in Figure 23.18, are known to cause cancer. There
are two stereoisomers of this metabolite, both of which are known to be potent muta-
gens and presumably can cause cancer.

ccodiies s

HO
OH

Benzo(a)pyrene 7,8-Diol-9,10-epoxide
of benzo(a)pyrene

Figure 23.18 Benzo[a]pyrene and its carcinogenic metabolic product.
Oxygen-Containing Or ganic Compounds
Hydrocarbon oxides such as ethylene oxide and propylene oxide,
H

O_ _H H__O. H
,C:C\/ Ethylene oxide \,CQC—I&OHIene oxide
H H H H H
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which are characterized by an epoxide functional group bridging oxygen between
two adjacent C atoms, are significant for both their uses and their toxic effects.
Ethylene oxide, a gaseous, colorless, sweet-smelling, flammable, explosive gas used
asachemical intermediate, sterilant, and fumigant, has a moderate to high toxicity,
is a mutagen, and is carcinogenic to experimental animals. Inhalation of relatively
low levels of this gasresultsin respiratory tract irritation, headache, drowsiness, and
dyspnea, whereas exposure to higher levels causes cyanosis, pulmonary edema,
kidney damage, peripheral nerve damage, and even death. Propylene oxide is a
colorless, reactive, volatile liquid (bp 34°C) with uses similar to those of ethylene
oxide and similar, though less severe, toxic effects.

Human exposure to the three light alcohols shown in Figure 23.19. is common
because they are widely used industrially and in consumer products.

| ) o
H—CI:—OH H—Cl:—CI:—OH HO—(F—CI:—OH
H H H HH
Methanol Ethanol Ethylene glycol

Figure 23.19 Alcohols such as these three compounds are oxygenated compounds in which the
hydroxyl functional group is attached to an alkyl or alkenyl hydrocarbon skeleton.

M ethanol, which has caused many fatalities when ingested accidentally or con-
sumed as a substitute for beverage ethanol, is metabolically oxidized to formalde-
hyde and formic acid. In addition to causing acidosis, these products affect the
central nervous system and the optic nerve. Acute exposure to lethal doses causes an
initially mild inebriation, followed in about 10-20 hours by unconsciousness, cardiac
depression, and death. Sublethal exposures can cause blindness from deterioration of
the optic nerve and retinal ganglion cells.

Ethanol is usually ingested through the gastrointestinal tract, but can be
absorbed as vapor by the alveoli of the lungs. This alcohal is oxidized metabolically,
first to acetaldehyde (discussed later in this section), then to CO,. Ethanol has
numerous acute effects resulting from central nervous system depression. These
range from decreased inhibitions and slowed reaction times at 0.05% blood ethanol,
through intoxication, stupor, and—at more than 0.5% blood ethanol—death. Ethanol
also has a number of chronic effects, of which the addictive condition of acoholism
and cirrhosis of the liver are the most prominent.

Despite its widespread use in automobile cooling systems, exposure to ethylene
glycol is limited by its low vapor pressure. However, inhalation of droplets of
ethylene glycol can be very dangerous. In the body, ethylene glycol initialy
stimulates the central nervous system, then depresses it. Glycolic acid, chemical
formulaHOCH,CO,H, formed as an intermediate metabolite in the metabolism of
ethylene glycol, may cause acidemia, and oxalic acid produced by further oxidation
may precipitate in the kidneys as solid calcium oxalate, CaC,0,, causing clogging.

Although the first antiseptic used on wounds and in surgery, phenol is a
protoplasmic poison that damages al kinds of cells. The acute toxicological effects
of phenol are largely upon the central nervous system and death can occur as soon as
one-half hour after exposure. Acute poisoning by phenol can cause severe gastro-
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intestinal disturbances, kidney malfunction, circulatory system failure, lung edema,
and convulsions. Fatal doses of phenol can be absorbed through the skin. Key organs
damaged by chronic phenol exposure include the spleen, pancreas, and kidneys. The
toxic effects of other phenols resemble those of phenol.

@OH Phenol

Aldehydes and ketones, such as the following,

9 "9 e
H—C—H H—Cli—C—H H—CIZ—C—(I:—H
H H H
Formaldehyde Acetaldehyde Acetone

are compounds that contain the carbonyl (C=0) group. Formaldehyde is uniquely
important because of its widespread use and toxicity. In the pure form, formaldehyde
is a colorless gas with a pungent, suffocating odor. It is commonly encountered as
formalin, a 37-50% aqueous solution of formaldehyde containing some methanol.
Exposure to inhaled formaldehyde via the respiratory tract is usualy due to
molecular formaldehyde vapor, whereas exposure by other routes is usualy due to
formalin. Prolonged, continuous exposure to formaldehyde can cause hypersens-
itivity. A severeirritant to the mucous membrane linings of both the respiratory and
aimentary tracts, formaldehyde reacts strongly with functional groups in molecules.
Formaldehyde has been shown to be alung carcinogen in experimental animals. The
toxicity of formaldehyde is largely due to its metabolic oxidation product, formic
acid (see below). Colorless, liquid acetaldehyde acts as an irritant and systemically
as a narcotic to the central nervous system. The ketones, such as acetone are
relatively less toxic than the aldehydes. Pleasant-smelling acetone can act as a
narcotic; it causes dermatitis by dissolving fats from skin.
Formic acid,

@)
H—ICIZ— OH Formicacid

is arelatively strong acid that is corrosive to tissue. In Europe, decalcifier formu-
lations that contain about 75% formic acid are sold for removing mineral scale, and
children ingesting these solutions have suffered corrosive lesions to mouth and
esophageal tissue. Although acetic acid, CH;CO,H, as a 4-6% solution in vinegar is
an ingredient of many foods, pure acetic acid (glacial acetic acid) is extremely
corrosive to tissue that it contacts.

The common ether s, such as diethyl ether,

HH HH
H-C-C-0-C-C—H  Diethyl ether
| | | |
HH  HH

have relatively low toxicities because of the low reactivity of the C-O—C functional
group which has very strong carbon-oxygen bonds. Exposure to volatile diethyl ether
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is usualy by inhalation and about 80% of this compound that gets into the body is
eliminated unmetabolized as the vapor through the lungs. Diethyl ether depressesthe
central nervous system and is a depressant widely used as an anesthetic for surgery.
Low doses of diethyl ether cause drowsiness, intoxication, and stupor, whereas
higher exposures cause unconsciousness and even death.

Insofar as potential health effects are concerned, di-(2-ethylhexyl) phthalate
(DEHP)

CoHs
@) H
E-0-C-C-CHy
$ ,: Di-(2-ethylhexyl) phthalate
ﬁl— O- ?— C—-CyHy
@) H
CHsg

isarguably the ester of most concern. Thisis because of the use of this ester at levels
of around 30% as a plasticizer to impart flexibility to poly(vinyl chloride) (PVC)
plastic. As a consequence of the widespread use of DEHP-containing PV C plastics,
DEHP has become a ubiquitous contaminant found in water, sediment, food, and
biological samples. The most acute concern arises from its use in medical applica
tions, particularly bags used to hold intravenous solutions administered to medical
patients. As aresult of medical use, DEHP enters the blood of hemophiliacs, kidney
diaysis patients, and premature and high-risk infants. Although the acute toxic
effects of DEHP are low, such widespread direct exposure of humans is worrisome.

Organonitrogen Compounds

Organonitrogen compounds constitute a large group of compounds with diverse
toxicities. Examples of several of the kinds of organonitrogen compounds discussed
here are given in Figure 23.20.

The lower amines, such as the methylamines, are rapidly and easily taken into
the body by all common exposure routes. They are basic and react with water in
tissue,

RN + H,0 ® RNH' + OH" (23.13.1)

raising the pH of the tissue to harmful levels, acting as corrosive poisons (especialy
to sensitive eye tissue), and causing tissue necrosis at the point of contact. Among
the systemic effects of amines are necrosis (tissue death) of the liver and kidneys,
lung hemorrhage and edema, and sensitization of the immune system. The lower
amines are among the more toxic substances in routine, large-scale use.

Ethylenediamine is the most common of the alkyl polyamines, compounds in
which two or more amino groups are bonded to alkane moieties. Its toxicity rating is
only 3, but it isa strong skin sensitizer and can damage eye tissue.
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CH, H H

I | |
Hc-N~cH, HaN —|C_||:—C|_I|:—NH2 <ON

Trimethylamine Ethylenediamine Pyridine
NH M
@NHZ ‘c=C—C=N
H
Aniline 2-Naphthylamine Acrylonitrile
Benzidine Nitrobenzene

Figure 23.20 Some toxicologically significant organonitrogen compounds.

Aniline is awidely used industrial chemical and is the simplest of the carbo-
cyclic aromatic amines, a class of compounds in which at least one substituent
group is an aromatic hydrocarbon ring bonded directly to the amino group. There are
numerous compounds with many industrial usesin this class of amines. Some of the
carbocyclic aromatic amines have been shown to cause cancer in the human bladder,
ureter, and pelvis, and are suspected of being lung, liver, and prostate carcinogens. A
very toxic colorless liquid with an oily consistency and distinct odor, aniline readily
enters the body by inhalation, ingestion, and through the skin. Metabolically, aniline
convertsiron(l1) in hemoglobin to iron(l11). This causes a condition called methem-
oglobinemia, characterized by cyanosis and a brown-black color of the blood, in
which the hemoglobin can no longer transport oxygen in the body. This condition is
not reversed by oxygen therapy.

Both 1-naphthylamine (a-naphthylamine) and 2-naphthylamine (b-naphthyl-
amine) are proven human bladder carcinogens. In addition to being a proven human
carcinogen, benzidine, 4,4'-diaminobiphenyl, is highly toxic and has systemic
effects that include blood hemolysis, bone marrow depression, and kidney and liver
damage. It can be taken into the body orally, by inhalation into the lungs, and by
skin sorption.

Nitriles contain the -C°N functional group. Colorless liquid acetonitrile,
CH,CN, is widely used in the chemical industry. With a toxicity rating of 3-4,
acetonitrile is considered relatively safe, although it has caused human deaths,
perhaps by metabolic release of cyanide. Acrylonitrile, a colorless liquid with a
peach-seed (cyanide) odor, is highly reactive because it contains both nitrile and
C=C groups. Ingested, absorbed through the skin, or inhaled as vapor, acrylonitrile
metabolizes to release deadly HCN, which it resembles toxicologically.

The simplest of the nitro compounds, nitromethane H;CNO.,, is an oily liquid
that causes anorexia, diarrhea, nausea, and vomiting, and damages the kidneys and
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liver. Nitrobenzene, apale yellow, aily liquid with an odor of bitter almonds or shoe
polish, can enter the body by all routes. It has atoxic action much like that of aniline,
converting hemoglobin to methemoglobin, which cannot carry oxygen to body
tissue. Nitrobenzene poisoning is manifested by cyanosis.

N-nitr oso compounds (nitr osamines) contain the N—-N=O functiona group and
have been found in a variety of materias to which humans may be exposed,
including beer, whiskey, and cutting oils used in machining. Cancer may result from
exposure to a single large dose or from chronic exposure to relatively small doses of
some nitrosamines. Dimethylnitrosamine was once widely used as an industria
solvent and was known to cause liver damage and jaundice in exposed workers.
Studies initiated in the 1950s showed that dimethylnitrosamine is a carcinogenic
compound.

CH,

Dimethylnitrosamine
l\||—N =0 (N-nitrosodimethylamine)
CH,

| socyanates and Methyl | socyanate

Compounds with the general formula R—-N=C=0 (R is a hydrocarbon group) are
isocyanates, widely used industrial chemicals noted for the high chemical and
metabolic reactivity of their characteristic functional group. Methyl isocyanate,
H;C-N=C=0, was the toxic agent involved in the catastrophic industrial poisoning
in Bhopal, India, on December 2, 1984, the worst industrial accident in history. In
this incident several tons of methyl isocyanate were released, killing 2000 people
and affecting about 100,000. The lungs of victims were attacked; survivors suffered
long-term shortness of breath and weakness from lung damage, as well as numerous
other toxic effects including nausea and bodily pain.

Organohalide Compounds

The toxicities of alkyl halides, such as carbon tetrachloride, CCl,, vary a great
deal with the compound. Most of these compounds cause depression of the central
nervous system, and individual compounds exhibit specific toxic effects.

During its many years of use as a consumer product, carbon tetrachloride
compiled a grim record of toxic effects that led the U.S. Food and Drug
Administration (FDA) to prohibit its household use in 1970. It is a systemic poison
that affects the nervous system when inhaled, and the gastrointestinal tract, liver, and
kidneys when ingested. The biochemical mechanism of carbon tetrachloride toxicity
involves reactive radical species, including

CI,I CIII
CI—CIZ /°OO—CIZ—CI
Cl Cl

Unpaired electrons

that react with biomolecules, such as proteins and DNA. The most damaging such
reaction occurs in the liver as lipid peroxidation, consisting of the attack of free
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radicals on unsaturated lipid molecules, followed by oxidation of the lipids through a
free radical mechanism.

The most significant alkenyl or olefinic organohalides are the lighter chlorin-
ated compounds, such as vinyl chloride and tetrachloroethylene:

H H Cl Cl
c=C c=C
H’ Cl Cl Cl
Vinyl chloride Tetrachloroethylene

Because of their widespread use and disposal in the environment, the numerous
acute and chronic toxic effects of the alkenyl halides are of considerable concern.

The central nervous system, respiratory system, liver, and blood and lymph
systems are al affected by vinyl chloride exposure, which has been widespread
because of this compound’s use in poly(vinyl chloride) manufacture. Most notably,
vinyl chloride is carcinogenic, as discussed in Section 23.8. Tetrachloroethylene
damages the liver, kidneys, and central nervous system. It is a suspected human
carcinogen.

Individuals exposed to irritant monochlorobenzene by inhalation or skin contact
suffer symptoms to the respiratory system, liver, skin, and eyes. Ingestion of this
compound causes effects similar to those of toxic aniline, including incoordination,
palor, cyanosis, and eventual collapse.

Because of their once widespread use in electrical equipment, as hydraulic
fluids, and in many other applications, polychlorinated biphenyls (PCBs, see Chapter
12, Section 12.12, and the structures in Figure 12.10.) became widespread,
extremely persistent environmental pollutants. PCBs have a strong tendency to
undergo bioaccumulation in lipid tissue.

Organosulfur compounds

Not al organosulfur compounds are particularly toxic. Their hazards are often
reduced by their strong, offensive odors that warn of their presence.

Inhalation of even very low concentrations of the alkyl thiols, such as methane-
thiol, H;CSH, can cause nausea and headaches; higher levels can cause increased
pulse rate, cold hands and feet, and cyanosis. In extreme cases, UNCONSCioUSNESS,
coma, and death occur. Like H,S, the alkyl thiols are precursors to cytochrome
oxidase poisons.

An oily, water-soluble liquid, methylsulfuric acid is a strong irritant to skin,
eyes, and mucous tissue. Colorless, odorless dimethyl sulfate is highly toxic and is
a

@) @)

I I
H3C—O—§—OH H3C—O—§—OCH3
M ethylsulfuric acid Dimethylsulfate

primary carcinogen that does not require bioactivation to cause cancer. Skin or
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mucous membranes exposed to dimethyl sulfate develop conjunctivitis and
inflammation of nasal tissue and respiratory tract mucous membranes following an
initial latent period during which few symptoms are observed. Damage to the liver
and kidneys, pulmonary edema, cloudiness of the cornea, and death within 34 days
can result from heavier exposures.

Organophosphorus Compounds

Organophosphorus compounds have varying degrees of toxicity. Some of these
compounds, such as the “nerve gases’ produced as industrial poisons, are deadly in
minute quantities. The most toxicologicaly significant organophosphorous com-
pounds are the organophosphates, examples of which are shown in Figure 23.21.

e

T
1l 1l
(%Hg—o—?—o—{<:3>—N02 rgc—o—e—s—?—H

8 H Parathion Malathion E:)H CI%—O—CZH5

2% Lo 3 0

H-C—P-F
H
o
i H
H-C—C=CH

HHH
Figure 23.21 Some organophosphates.

Sarin

Organophosphate esters have been widely used as insecticides. Phosphate esters
containing the P=S (thiono) group, as in parathion and malathion shown in Figure
23.21, exhibit higher insect:mammal toxicity ratios than their nonsulfur analogs.
Environmentally, organophosphate insecticides are superior to many of the organo-
chlorine insecticides because the organophosphates readily undergo biodegradation
and do not bioaccumulate.

The first commercially successful organophosphate insecticide was parathion,
first licensed for use in 1944. Thisinsecticide has a toxicity rating of 6 (supertoxic).
Since its use began, severa hundred people have been killed by parathion. As little
as 120 mg of parathion has been known to kill an adult human, and a dose of 2 mg
has been fatal to a child. Most accidental poisonings have occurred by absorption
through the skin. Methylparathion (a closely related compound with methyl groups
instead of ethyl groups) is regarded as extremely toxic, and in August 1999 the U.S.
Environmental Protection Agency proposed severely curtailing its use.

Malathion isthe best known of the phosphoraodithioate insecticides, which have
2 sulfur atoms attached to phosphate. It has a relatively high insect:mammal toxicity
ratio because of its two carboxyester linkages that are hydrolyzable by carboxylase
enzymes (possessed by mammals, but not insects) to relatively nontoxic products.
For example, although malathion is a very effective insecticide, its LDy, for adult
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male rats is about 100 timesthat of parathion.

Powerful inhibitors of acetylcholinesterase enzyme, organophosphorus “nerve
gas’ military poisonsinclude Sarin (Figure 23.21) and VX. A systemic poison to the
central nervous system that is readily absorbed as a liquid through the skin, Sarin
may be lethal at doses as low as about 0.0l mg/kg; a single drop can kill a human.

CHAPTER SUMMARY

The chapter summary below is presented in a programmed format to review the
main points covered in this chapter. It is used most effectively by filling in the
blanks, referring back to the chapter as necessary. The correct answers are given at
the end of the summary.

A poison, or toxicant, is a substance that is*

Toxicology is defined as?
Based on duration and location, exposure can be divided into the four categories of

Organlsms that serve as indicators of various kinds of pollutants are called
. When two toxicants have greater phyS| ologic effects together than the

sum of the two separately, their effects are said to be®
occurs when an inactive substance enhances the action of an actlve one,

and’ when an active substance decreases the effect of another active
one. & is the amount to which an organism is exposed and the
observed effect, such as death of the organism is given the term °
. The dose at which half of test subjects are killed is denoted 1° . The
difference between the effective and lethal dose of a toxic substances employed for
useful purposes, such as pharmaceutical usesis called the 1
. If there is no lasting effect from a toxic

substance, the effect is said to be 2 , Whereas if the effect is
permanent, it is termed 3 . Very high susceptibility to a
poisoniscalled 4 Whereas very high resistance to the same
substanceis called substances are
those that are foreign to a living system, whereas those that occur naturaly in a
biologic system are termed / . Toxicological chemistry is
defined as
Phase | reactions convert potentially toxic substances to 1°
substances by %°

. Most Phase | processes are
catalyzed by % . Phase |1
reactions are called % in which enzymes attach 23

to xenobiotics, their Phase | reaction products, and
nonxenobiotic compounds. The most abundant conjugation products are 2*

.Inthe ® phase, a toxicant or protoxicant may
undergo absorption, metabolism, temporary storage, distribution, and excretion. In
the 26 phase, the major divisions of which are 2
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an actual toxic effect occurs and is manifested. Major biochemical effects of thé
binding of atoxicant to areceptor are 2

Among the more immediate and readily observed manifestations of poisoning aré

alterationsin %° . Central nervous system poisoning may be
manifested by °
. Teratogens cause 3! . Mutagens alter
DNA to produce % . This commonly occurs by attachment of
33 to nitrogenous bases in DNA. Four major
classes of carcinogenic agents are
LA
historically significant example of chemical carcinogenesis reported in England in

1775 is cancer of the caused by exposure to 36
. The two major steps in carcinogenesis are 3/

. A procarcinogen is a compound that is
38 to an ultimate carcinogen, whereas a chemical
species that does not require such a conversion is called a®
carcinogen. Carcinogens that act on DNA are usually 4°

agents. An organochlorine compound known to be
ahuman carcinogen is* . Mutagenicity to bacteria used to
infer carcinogenicity is the basis of the 2 test. Two major
responses of the immune system to toxicants are 43
. A class of toxic substances that are thought to adversely affect
animal and human reproductive systems by mimicking or interfering with the action

of hormones are the # . ATSDR is known for its publication
of very useful *° . A particularly toxic form of
elemental oxygen is*® and a toxic form of elemental phosphorus is
4 . Elemental fluorineis atoxic *
that attacks 4°
. Cadmium, lead, and

mercury are all examples of toxic >° . Exposure to
cyanide prevents the body from utilizing 5% whereas inhalation of
carbon monoxide prevents 52

. Nitrous oxideis a3 depressant
and can act as > . Asbestos consists of agroup of %

, inhalation of which can cause pneumonia-like asbestosis
aswell as*® . Foul smelling hydrogen sulfide can kill by
causing ®’

. The most notable toxic organometallic
compound is>8 formerly used as°

. The greatest number of organometallic
compounds in commercial use are those of & . Anaerobic bacteria can

produce methylated organometallic compounds of 6%
Nickel forms avery toxic compound with metal-carbon bonds belonging to the class
of 62 . Gaseous methane, ethane, propane, n-butane, and
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isobutane are regarded toxicologically as % . Exposure to n-

hexane and cyclohexane results in damage to % _ tissue that can result in a
condition known as . Benzene is metabolized to
produce a reactive and short-lived % intermediate, and
exposure to this aromatic hydrocarbon can damage %’ and
perhaps cause %8 . Toluene is much less toxic than benzene
because it possesses a % that is oxidized to make a product
that is conjugated to produce © . Benzo[a]pyrene can be
converted metabolically to the ' which is a
potent 72 and presumably can cause " A

sublethal, but devastating effect of methanol ingestion is 7
. Ingestion of ethylene glycol can cause clogging of 7
. A protoplasmic poison once widely used as an antiseptic is "

Prolonged continuous exposure to formal dehyde can cause 7/
An ester to which humans are exposed because of its use in plastics in medlcal

equipment is "8 . Exposure to aniline may
cause "° . Both 1-naphthy|amine and 2-naphthylamine are
proven & . Exposure to some N-nitroso
compounds (nitrosamines) can cause 8 . The biochemical mech-
anism of carbon tetrachloride toxicity involves species.
Toxicologicaly, vinyl chloride causes & . Toxicologically
dimethyl sulfateis® . The most toxicological

significant organophosphorous compounds are &

Answer s to Chapter Summary

1. harmful to living organisms because of its detrimental effects on tissues, organs,
or biological processes
2. the science of poisons
3. acute local, chronic local, acute systemic, and chronic systemic
4, biomonitors
5. synergistic
6. Potentiation
7. antagonism
8. Dose
9. response
10. LDso
11. margin of safety
12. reversible
13. irreversible
14. hypersensitivity
15. hyposensitivity
16. Xenobiotic
17. endogenous
18. the science that deals with the chemical nature and reactions of toxic substances,
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19.
20.
21.
22.
23.
24,
25.
26.
27.
28.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
. exoestrogens
45.
46.
47.
48.
49,
50.
51.
52.
53.
. an asphyxiant
55.
56.
57.
58.
59.
60.

including their origins, uses, and chemical aspects of exposure, fates, and
disposa

more water-soluble and reactive

the attachment of polar functional groups, such as—OH

the cytochrome P-450 enzyme system

conjugation reactions

conjugating agents

glucuronides

kinetic

dynamic

aprimary reaction, a biochemical response, and observable effects

impairment of enzyme function, alteration of cell membrane, interference with
carbohydrate metabolism, interference with lipid metabolism, interference with
respiration, stopping or interfering with protein biosynthesis, and interference
with regulatory processes

vital signs

convulsions, paralysis, hallucinations, ataxia, and coma

birth defects

inheritable traits

alkyl groups such as the methyl group

chemical agents, biological agents, ionizing radiation, and genetic factors
scrotum

cod tar and soot

an initiation stage followed by a promotional stage

converted metabolically

primary or direct-acting

alkylating or arylating

vinyl chloride

Bruce Ames

immunosuppression and hypersensitivity

Toxicological Profiles

ozone

white phosphorus

irritant

skin, eye tissue, and the mucous membranes of the nose and respiratory tract
heavy metals

oxygen

oxygen transport by hemoglobin in blood

central nervous system

fibrous silicate minerals

respiratory tract cancer

asphyxiation from respiratory system paralysis
tetraethyllead

a gasoline additive to boost octane rating

tin
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61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.

mercury and arsenic
carbonyls

simple asphyxiants

nerve

polyneuropathy

benzene epoxide

bone marrow

leukemia

methyl group

hippuric acid
7,8-diol-9,10-epoxide
mutagen

cancer

blindness caused by damage to the optic nerve
kidneys

phenol

hypersensitivity
di-(2-ethylhexyl) phthalate
methemoglobinemia
human bladder carcinogens
cancer

reactive radical

liver cancer

aprimary carcinogen

the organophosphates
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QUESTIONS AND PROBLEMS

1. How are conjugating agents and Phase | reactions involved with some toxicants?

2. What is the toxicol ogical importance of proteins, particularly as related to protein
structure?
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3. What is the toxicological importance of lipids? How are lipids related to hydro-
phobic pollutants and toxicants?

4. What are Phase | reactions? What enzyme system carries them out? Where is
this enzyme system located in the cell?

5. Name and describe the science that deals with the chemical nature and reactions
of toxic substances, including their origins, uses, and chemical aspects of
exposure, fates, and disposal.

6. What is a dose-response curve?
7. What is meant by atoxicity rating of 6?

8. What are the three magjor subdivisions of the dynamic phase of toxicity, and
what happens in each?

9. Characterize the toxic effect of carbon monoxide in the body. Isits effect revers-
ible or irreversible? Does it act on an enzyme system?

10. Of thefollowing, choose the one that is not a biochemical effect of a toxic sub-
stance: (a) impairment of enzyme function by binding to the enzyme, (b)
alteration of cell membrane or carriers in cell membranes, (¢) change in vital
signs, ( d) interference with lipid metabolism, (e) interference with respiration.

11. Distinguish among teratogenesis, mutagenesis, carcinogenesis, and immune
system effects. Are there ways in which they are related?

12. As far as environmental toxicants are concerned, compare the relative impor-
tance of acute and chronic toxic effects and discuss the difficulties and uncer-
tainties involved in studying each.
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