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PREFACE

Purpose of This Book

Principles of Toxicology: Environmental and Industrial Applications presents compactly and effi-
ciently the scientific basis to toxicology as it applies to the workplace and the environment. The book
covers the diverse chemical hazards encountered in the modern work and natural environment and
provides a practical understanding of these hazards for those concerned with protecting the health of
humans and ecosystems.

Intended Audience

This book represents an update and expansion on a previous, very successful text entitled Industrial
Toxicology: Satety and Health Applications in the Workplace. It retains the emphasis on applied aspects
of toxicology, while extending its scope beyond the industrial setting to include environmental
toxicology. The book was written for those health professionals who need toxicological information
and assistance beyond that of an introductory text in general toxicology, yet more practical than that
in advanced scientific works on toxicology. In particular, we have in mind industrial hygienists,
occupational physicians, safety engineers, environmental health practitioners, occupational health
nurses, safety directors, and environmental scientists.

Organization of the Book

This volume consists of three parts. Part I establishes the scientific basis to toxicology, which is then
applied through the rest of the book. This part discusses concepts such as absorption, distribution, and
elimination of toxic agents from the body. Chapters 4—10 discuss the effects of toxic agents on specific
physiological organs or systems, including the blood, liver, kidneys, nerves, skin, lungs, and the
immune system.

Part IT addresses specific areas of concern in the occupational and environmental—both toxic agents
and their manifestations. Chapters 11-13 examine areas of great research interest—reproductive
toxicology, mutagenesis, and carcinogenesis. Chapters 14—17 examine toxic effects of metals, pesti-
cides, organic solvents, and natural toxins and venoms.

Part III is devoted to specific applications of the toxicological principles from both the environ-
mental and occupational settings. Chapters 18 and 19 cover risk assessment and provide specific case
studies that allow the reader to visualize the application of risk assessment process. Chapters 20 and
21 discuss occupational medicine and epidemiologic issues. The final chapter is devoted to hazard
control.

Features
The following features from Principles of Toxicology: Environmental and Industrial Applications will
be especially useful to our readers:

® The book is compact and practical, and the information is structured for easy use by the

health professional in both industry and government.

XV



xvi

PREFACE

The approach is scientific, but applied, rather than theoretical. In this it differs from more
general works in toxicology, which fail to emphasize the information pertinent to the
industrial environment.

The book consistently stresses evaluation and control of toxic hazards.

Numerous illustrations and figures clarify and summarize key points.

Case histories and examples demonstrate the application of toxicological principles.
Chapters include annotated bibliographies to provide the reader with additional useful
information.

A comprehensive glossary of toxicological terms is included.

Phillip L. Williams
Robert C. James
Stephen M. Roberts
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1 General Principles of Toxicology

ROBERT C. JAMES, STEPHEN M. ROBERTS, and PHILLIP L. WILLIAMS

The intent of this chapter is to provide a concise description of the basic principles of toxicology and
to illustrate how these principles are used to make reasonable judgments about the potential health
hazards and the risks associated with chemical exposures. This chapter explains

® Some basic definitions and terminology

What toxicologists study, the scientific disciplines they draw upon, and specialized areas of
interest within toxicology

® Descriptive toxicology and the use of animal studies as the primary basis for hazard
identification, the importance of dose, and the generation of dose—response relationships

How dose-response data might be used to assess safety or risk
Factors that might alter a chemical’s toxicity or the dose—response relationship

® The basic methods for extrapolating dose—response data when developing exposure guide-
lines of public health interest

1.1 BASIC DEFINITIONS AND TERMINOLOGY

The literal meaning of the term foxicology is “the study of poisons.” The root word toxic entered the
English language around 1655 from the Late Latin word foxicus (which meant poisonous), itself
derived from foxikon, an ancient Greek term for poisons into which arrows were dipped. The early
history of toxicology focused on the understanding and uses of different poisons, and even today most
people tend to think of poisons as a deadly potion that when ingested causes almost immediate harm
or death. As toxicology has evolved into a modern science, however, it has expanded to encompass all
forms of adverse health effects that substances might produce, not just acutely harmful or lethal effects.
The following definitions reflect this expanded scope of the science of toxicology:

Toxic—having the characteristic of producing an undesirable or adverse health effect.

Toxicity—any toxic (adverse) effect that a chemical or physical agent might produce within a living
organism.

Toxicology—the science that deals with the study of the adverse effects (toxicities) chemicals or
physical agents may produce in living organisms under specific conditions of exposure. It is
a science that attempts to qualitatively identify all the hazards (i.e., organ toxicities) associated
with a substance, as well as to quantitatively determine the exposure conditions under which
those hazards/toxicities are induced. Toxicology is the science that experimentally investigates
the occurrence, nature, incidence, mechanism, and risk factors for the adverse effects of toxic
substances.

Principles of Toxicology: Environmental and Industrial Applications, Second Edition, Edited by Phillip L. Williams, Robert C.
James, and Stephen M. Roberts.
ISBN 0-471-29321-0 © 2000 John Wiley & Sons, Inc.
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As these definitions indicate, the toxic responses that form the study of toxicology span a broad
biologic and physiologic spectrum. Effects of interest may range from something relatively minor such
as irritation or tearing, to a more serious response like acute and reversible liver or kidney damage, to
an even more serious and permanent disability such as cirrhosis of the liver or liver cancer. Given this
broad range of potentially adverse effects to consider, it is perhaps useful for those unfamiliar with
toxicology to define some additional terms, listed in order of relevance to topics that might be discussed
in Chapters 2-22 of this book.

Exposure—to cause an adverse effect, a toxicant must first come in contact with an organism. The
means by which an organism comes in contact with the substance is the route of exposure
(e.g., in the air, water, soil, food, medication) for that chemical.

Dose—the total amount of a toxicant administered to an organism at specific time intervals. The
quantity can be further defined in terms of quantity per unit body weight or per body surface
area.

Internal/absorbed dose—the actual quantity of a toxicant that is absorbed into the organism and
distributed systemically throughout the body.

Delivered/effective/target organ dose—the amount of toxicant reaching the organ (known as the
target organ) that is adversely affected by the toxicant.

Acute exposure—exposure over a brief period of time (generally less than 24 h). Often it is
considered to be a single exposure (or dose) but may consist of repeated exposures within a
short time period.

Subacute exposure—resembles acute exposure except that the exposure duration is greater, from
several days to one month.

Subchronic exposure—exposures repeated or spread over an intermediate time range. For animal
testing, this time range is generally considered to be 1-3 months.

Chronic exposure—exposures (either repeated or continuous) over a long (greater than 3 months)
period of time. With animal testing this exposure often continues for the majority of the
experimental animal’s life, and within occupational settings it is generally considered to be
for a number of years.

Acute toxicity—an adverse or undesirable effect that is manifested within a relatively short time
interval ranging from almost immediately to within several days following exposure (or
dosing). An example would be chemical asphyxiation from exposure to a high concentration
of carbon monoxide (CO).

Chronic toxicity—a permanent or lasting adverse effect that is manifested after exposure to a
toxicant. An example would be the development of silicosis following a long-term exposure
to silica in workplaces such as foundries.

Local toxicity—an adverse or undesirable effect that is manifested at the toxicant’s site of contact
with the organism. Examples include an acid’s ability to cause burning of the eyes, upper
respiratory tract irritation, and skin burns.

Systemic toxicity—an adverse or undesirable effect that can be seen throughout the organism or in
an organ with selective vulnerability distant from the point of entry of the toxicant (i.e.,
toxicant requires absorption and distribution within the organism to produce the toxic effect).
Examples would be adverse effects on the kidney or central nervous system resulting from
the chronic ingestion of mercury.

Reversible toxicity—an adverse or undesirable effect that can be reversed once exposure is stopped.
Reversibility of toxicity depends on a number of factors, including the extent of exposure
(time and amount of toxicant) and the ability of the affected tissue to repair or regenerate. An
example includes hepatic toxicity from acute acetaminophen exposure and liver regeneration.
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Delayed or latent toxicity—an adverse or undesirable effect appearing long after the initiation
and/or cessation of exposure to the toxicant. An example is cervical cancer during adulthood
resulting from in utero exposure to diethylstilbestrol (DES).

Allergic reaction—a reaction to a toxicant caused by an altered state of the normal immune
response. The outcome of the exposure can be immediate (anaphylaxis) or delayed
(cell-mediated).

Idiosyncratic reaction—aresponse to a toxicant occurring at exposure levels much lower than those
generally required to cause the same effect in most individuals within the population. This
response is genetically determined, and a good example would be sensitivity to nitrates due
to deficiency in NADH (reduced-form nicotinamide adenine dinucleotide phosphate)—
methemoglobin reductase.

Mechanism of toxicity—the necessary biologic interactions by which a toxicant exerts its toxic
effect on an organism. An example is carbon monoxide (CO) asphyxiation due to the binding
of CO to hemoglobin, thus preventing the transport of oxygen within the blood.

Toxicant—any substance that causes a harmful (or adverse) effect when in contact with a living
organism at a sufficiently high concentration.

Toxin—any toxicant produced by an organism (floral or faunal, including bacteria); that is, naturally
produced toxicants. An example would be the pyrethrins, which are natural pesticides
produced by pyrethrum flowers (i.e., certain chrysanthemums) that serve as the model for the
man made insecticide class pyrethroids.

Hazard—the qualitative nature of the adverse or undesirable effect (i.e., the type of adverse effect)
resulting from exposure to a particular toxicant or physical agent. For example, asphyxiation
is the hazard from acute exposures to carbon monoxide (CO).

Safety—the measure or mathematical probability that a specific exposure situation or dose will not
produce a toxic effect.

Risk—the measure or probability that a specific exposure situation or dose will produce a toxic
effect.

Risk assessment—the process by which the potential (or probability of) adverse health effects of
exposure are characterized.

1.2 WHAT TOXICOLOGISTS STUDY

Toxicology has become a science that builds on and uses knowledge developed in other related medical
sciences, such as physiology, biochemistry, pathology, pharmacology, medicine, and epidemiology, to
name only a few. Given its broad and diverse nature, toxicology is also a science where a number of
areas of specialization have evolved as a result of the different applications of toxicological information
that exist within society today. It might be argued, however, that the professional activities of all
toxicologists fall into three main areas of endeavor: descriptive toxicology, research/mechanistic
toxicology, and applied toxicology.

Descriptive toxicologists are scientists whose work focuses on the toxicity testing of chemicals.
This work is done primarily at commercial and governmental toxicity testing laboratories, and the
studies performed at these facilities are designed to generate basic toxicity information that can be
used to identify the various organ toxicities (hazards) that the test agent is capable of inducing under
a wide range of exposure conditions. A thorough “descriptive toxicological” analysis would identify
all possible acute and chronic toxicities, including the genotoxic, reproductive, teratogenic (develop-
mental), and carcinogenic potential of the test agent. It would also identify important metabolites of
the chemical that are generated as the body attempts to break down and eliminate the chemical, as well
as analyze the manner in which the chemical is absorbed into the body, distributed throughout the body
and accumulated by various tissues and organs, and then ultimately excreted from the body. Hopefully,
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appropriate dose-response test data are generated for those toxicities of greatest concern during the
completion of the descriptive studies so that the relative safety of any given exposure or dose level that
humans might typically encounter can be determined.

Basic research or mechanistic toxicologists are scientists who study the chemical or agent in depth
for the purpose of gaining an understanding of how the chemical or agent initiates those biochemical
or physiological changes within the cell or tissue that result in the toxicity (adverse effect). They
identify the critical biological processes within the organism that must be affected by the chemical to
produce the toxic properties that are ultimately observed. Or, to state it another way, the goal of
mechanistic studies is to understand the specific biological reactions (i.e., the adverse chain of events)
within the affected organism that ultimately result in the toxicity under investigation. These experi-
ments may be performed at the molecular, biochemical, cellular, or tissue level of the affected organism,
and thus incorporate and apply the knowledge of a number of many other related scientific disciplines
within the biological and medical sciences (e.g., physiology, biochemistry, genetics, molecular
biology). Mechanistic studies ultimately are the bridge of knowledge that connects functional obser-
vations made during descriptive toxicological studies to the extrapolations of dose—response informa-
tion that is used as the basis of risk assessment and exposure guideline development (e.g., occupational
health guidelines or governmental regulations) by applied toxicologists.

Applied toxicologists are scientists concerned with the use of chemicals in a “real world” or
nonlaboratory setting. For example, one goal of applied toxicologists is to control the use of the
chemical in a manner that limits the probable human exposure level to one in which the dose any
individual might receive is a safe one. Toxicologists who work in this area of toxicology, whether they
work for a state or federal agency, a company, or as consultants, use descriptive and mechanistic toxicity
studies to develop some identifiable measure of the safe dose of the chemical. The process whereby
this safe dose or level of exposure is derived is generally referred to as the area of risk assessment.
Within applied toxicology a number of subspecialties occur. These are: forensic toxicology, clinical
toxicology, environmental toxicology, and occupational toxicology. Forensic toxicology is that unique
combination of analytical chemistry, pharmacology, and toxicology concerned with the medical and
legal aspects of drugs and poisons; it is concerned with the determination of which chemicals are
present and responsible in exposure situations of abuse, overdose, poisoning, and death that become
of interest to the police, medical examiners, and coroners. Clinical toxicology specializes in ways to
treat poisoned individuals and focuses on determining and understanding the toxic effects of medicines
and simple over-the-counter (nonprescription) drugs. Environmental toxicology is the subdiscipline
concerned with those chemical exposure situations found in our general living environment. These
exposures may stem from the agricultural application of chemicals (e.g., pesticides, growth regulators,
fertilizers), the release of chemicals during modern-day living (e.g., chemicals released by household
products), regulated and unintentional industrial discharges into air or waterways (e.g., spills, stack
emissions, NPDES discharges, etc.), and various nonpoint emission sources (e.g., the combustion
byproducts of cars). This specialty largely focuses on those chemical exposures referred to as
environmental contamination or pollution. Within this area there may be even further subspecialization
(e.g., ecotoxicology, aquatic toxicology, mammalian toxicology, avian toxicology). Occupational
toxicology is the subdiscipline concerned with the chemical exposures and diseases found in the
workplace.

Regardless of the specialization within toxicology, or the types of toxicities of major interest
to the toxicologist, essentially every toxicologist performs one or both of the two basic functions
of toxicology, which are to (1) examine the nature of the adverse effects produced by a chemical
or physical agent (hazard identification function) and (2) assess the probability of these toxicities
occurring under specific conditions of exposure (risk assessment function). Ultimately, the goal
and basic purpose of toxicology is to understand the toxic properties of a chemical so that these
adverse effects can be prevented by the development of appropriate handling or exposure
guidelines.
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It is probably safe to say that among lay individuals there exists considerable confusion between the
terms poisonous and toxic. If asked, most lay individuals would probably define a toxic substance
using the same definition that one would apply to highly poisonous chemicals, that is, chemicals
capable of producing a serious injury or death quickly and at very low doses. However, this is not a
particularly useful definition because all chemicals may induce some type of adverse effect at some
dose, so all chemicals may be described as toxic. As we have defined toxicants (toxic chemicals) as
agents capable of producing an adverse effect in a biological system, a reasonable question for one to
ask becomes “Which group of chemicals do we consider to be toxic?” or “Which chemicals do we
consider safe?”” The short answer to both questions, of course, is all chemicals; for even relatively safe
chemicals can become toxic if the dose is high enough, and even potent, highly toxic chemicals may
be used safely if exposure is kept low enough. As toxicology evolved from the study of just those
substances or practices that were poisonous, dangerous, or unsafe, and instead became a more general
study of the adverse effects of all chemicals, the conditions under which chemicals express toxicity
became as important as, if not more important than, the kind of adverse effect produced. The importance
of understanding the dose at which a chemical becomes toxic (harmful) was recognized centuries ago
by Paracelsus (1493-1541), who essentially stated this concept as *“ All substances are poisons; there
is none which is not a poison. The right dose differentiates a poison and a remedy.” In a sense this
statement serves to emphasize the second function of toxicology, or risk assessment, as it indicates
that concern for a substance’s toxicity is a function of one’s exposure to it. Thus, the evaluation of
those circumstances and conditions under which an adverse effect can be produced is key to considering
whether the exposure is safe or hazardous. All chemicals are toxic at some dose and may produce harm
if the exposure is sufficient, but all chemicals produce their harm (toxicities) under prescribed
conditions of dose or usage. Consequently, another way of viewing all chemicals is that provided by
Emil Mrak, who said “There are no harmless substances, only harmless ways of using substances.”

These two statements serve to remind us that describing a chemical exposure as being either
harmless or hazardous is a function of the magnitude of the exposure (dose), not the types of toxicities
that a chemical might be capable of producing at some dose. For example, vitamins, which we
consciously take to improve our health and well-being, continue to rank as a major cause of accidental
poisoning among children, and essentially all the types of toxicities that we associate with the term
“hazardous chemicals” may be produced by many of the prescription medicines in use today. To help
illustrate this point, and to begin to emphasize the fact that the dose makes the poison, the reader is
invited to take the following pop quiz. First, cross-match the doses listed in column A of Table 1.1,
doses that produce lethality in 50 percent of the animals (LDs), to the correct chemical listed in column
B. The chemicals listed in column B are a collection of food additives, medicines, drugs of abuse,
poisons, pesticides, and hazardous substances for which the correct LD, is listed somewhere in column
A. To perform this cross-matching, first photocopy Table 1.1 and simply mark the ranking of the dose
(i.e., the number corresponding next to the dose in column A) you believe correctly corresponds to the
chemical it has been measured for in column B. [Note: The doses are listed in descending order, and
the chemicals have been listed alphabetically. So, the three chemicals you believe to be the safest,
should have the three largest doses (you should rank them as 1, 2, and 3), and the more unsafe or
dangerous you perceive the chemical to be, the higher the numerical ranking you should give it. After
testing yourself with the chemicals listed in Tables 1.1, review the correct answers in tables found at
the end of this chapter.]

According to the ranking scheme that you selected for these chemicals, were the least potent
chemicals common table salt, vitamin K (which is required for normal blood clotting times), the iron
supplement dosage added to vitamins for individuals that might be slightly anemic, or a common pain
relief medication you can buy at a local drugstore? What were the three most potently toxic chemicals
(most dangerous at the lowest single dose) in your opinion? Were they natural or synthetic (human-
made) chemicals? How toxic did you rate the nicotine that provides the stimulant properties of tobacco
products? How did the potency ranking of prescription medicines like the sedative phenobarbital or
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TABLE 1.1 Cross-Matching Exercise: Comparative Acutely Lethal Doses

The chemicals listed in this table are not correctly matched with their acute median lethal doses
(LDs0’s). Rearrange the list so that they correctly match. The correct order can be found in the
answer table at the end of the chapter.

A B
N LDso (mg/kg) Toxic Chemical Correct Order
1 15,000 Alcohol (ethanol)
2 10,000 Arrow poison (curare)
3 4,000 Dioxin or 2,3,7,8-TCDD
4 1,500 (PCBs)—an electrical insulation fluid
5 1,375 Food poison (botulinum toxin)
6 900 Iron supplement (ferrous sulfate)
7 150 Morphine
8 142 Nicotine
9 2 Insecticide (malathion)
10 1 Rat poison (strychnine)
11 0.5 Sedative/sleep aid (phenobarbital)
12 0.001 Tylenol (acetaminophen)
13 0.00001 Table salt (sodium chloride)

the pain killer morphine compare to the acutely lethal potency of a poison such as strychnine or the
pesticide malathion?

Now take the allowable workplace chronic exposure levels for the following chemicals—aspirin,
gasoline, iodine, several different organic solvents, and vegetable oil mists—and again rank these
substances going from the highest to lowest allowable workplace air concentration (listed in Table 1.2).
Remember that the lower (numerically) the allowable air concentration, the more potently toxic the
substance is per unit of exposure. Review the correct answers in the table found at the end of this
chapter.

Defining Dose and Response

Because all chemicals are toxic at some dose, what judgments determine their use? To answer this,
one must first understand the use of the dose-response relationship because this provides the basis for
estimating the safe exposure level for a chemical. A dose—response relationship is said to exist when
changes in dose produce consistent, nonrandom changes in effect, either in the magnitude of effect or
in the percent of individuals responding at a particular level of effect. For example, the number of
animals dying increases as the dose of strychnine is increased, or with therapeutic agents the number
of patients recovering from an infection increases as the dosage is increased. In other instances, the
severity of the response seen in each animal increases with an increase in dose once the threshold for
toxicity has been exceeded.

The Basic Components of Tests Generating Dose—Response Data

The design of any toxicity test essentially incorporates the following five basic components:

1. The selection of a test organism
2. The selection of a response to measure (and the method for measuring that response)

3. An exposure period
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TABLE 1.2 Cross-Matching Exercise: Occupational Exposure Limits—Aspirin and Vegetable Oil
Versus Industrial Solvents

The chemicals listed in this table are not correctly matched with their allowable workplace exposure levels.
Rearrange the list so that they correctly match. The correct order can be found in the answer table at the end of
the chapter.

Allowable Workplace Exposure Level

N (mg/m3) Chemical (use) Correct Order
1 0.1 Aspirin (pain reliever)
2 5 Gasoline (fuel)
3 10 Iodine (antiseptic)
4 55 Naphtha (rubber solvent)
5 170 Perchloroethylene (dry-cleaning fluid)
6 188 Tetrahydrofuran (organic solvent)
7 269 Trichloroethylene (solvent/degreaser)
8 590 1,1,1-Trichloroethane (solvent/degreaser)
9 890 1,1,2-Trichloroethane (solvent/degreaser)
10 1590 Toluene (organic solvent)
11 1910 Vegetable oil mists (cooking oil)

4. The test duration (observation period)
5. A series of doses to test

Possible test organisms range from isolated cellular material or selected strains of bacteria through
higher-order plants and animals. The response or biological endpoint can range from subtle changes in
organism physiology or behavior to death of the organism, and exposure periods may vary from a few hours
to several years. Clearly, tests are sought (1) for which the response is not subjective and can be consistently
determined, (2) that are conclusive even when the exposure period is relatively short, and (3) (for predicting
effects in humans) for which the test species responds in a manner that mimics or relates to the likely human
response. However, some tests are selected because they yield indirect measurements or special kinds of
responses that are useful because they correlate well with another response of interest; for example, the
determination of mutagenic potential is often used as one measure of a chemical’s carcinogenic potential.

Fortunately or unfortunately, each of the five basic components of a toxicity test protocol may
contribute to the uniqueness of the dose-response curve that is generated. In other words, as one
changes the species, dose, toxicity of interest, dosage rate, or duration of exposure, the dose—response
relationship may change significantly. So, the less comparable the animal test conditions are to the
exposure situation you wish to extrapolate to, the greater the potential uncertainty that will exist in the
extrapolation you are attempting to make. For example, as can be seen in Table 1.3, the organ toxicity
observed in the mouse and the severity of that toxic response change with the air concentration of
chloroform to which the animals are exposed. Both of these characteristics of the response—organ
type and severity—also change as one changes the species being tested from the mouse to the rat.

In the mouse the liver is apparently the most sensitive organ to chloroform-induced systemic
toxicity; therefore, selecting an air concentration of 3 ppm to prevent liver toxicity would also eliminate
the possibility of kidney or respiratory toxicity. If the concentration of chloroform being tested is
increased to 100 ppm, severe liver injury is observed, but still no injury occurs in the kidneys or
respiratory tract of the mouse. If test data existed only for the renal and respiratory systems, an exposure
level of 100 ppm might be selected as a no-effect level with the assumption that an exposure limit at
this concentration would provide complete safety for the mouse. In this case the assumption would be
incorrect, and this allowable exposure level would produce an adverse exposure condition for the
mouse in the form of severe liver injury.

Note also that a safe exposure level for kidney toxicity in the mouse, 100 ppm, would not prevent
kidney injury in a closely related species like the rat. This illustrates the problem in assuming that two
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TABLE 1.3 Chloroform Toxicity: Inhalation Studies

Exposure/Dose
Species Toxicity of Interest Duration of Exposure (ppm)
Mouse No effect—liver 6 h/day for 7 days 3
Mouse Mild liver damage 6 h/day for 7 days 10
Mouse Severe liver damage 6 h/day for 7 days 100
Mouse No effect—kidneys 6 h/day for 7 days 100
Mouse Mild kidney injury 6 h/day for 7 days 300
Mouse No effect—respiratory 6 h/day for 7 days 300
Rat No effect—respiratory 6 h/day for 7 days 3
Rat Nasal injury 6 h/day for 7 days 10
Rat No effect—kidneys 6 h/day for 7 days 10
Rat Mild kidney injury 6 h/day for 7 days 30
Rat No effect—liver 6 h/day for 7 days 100
Rat Mild liver damage 6 h/day for 7 days 300

Source: Adapted from ATSDR (1996), Toxicant Profile for Chloroform.

similar rodent species like the mouse and rat have very similar dose—response curves and the same
relative organ sensitivities to chloroform. For example, an investigator assuming both species have the
same dose-response relationships might, after identifying liver toxicity as the most sensitive target
organ in the mouse, use only clinical tests for liver toxicity as the biomarker for safe concentrations
in the rat. Following this logic, the investigator might erroneously conclude that chloroform concen-
trations of 100 ppm were completely protective for this species (because no liver toxicity was apparent),
although this level would be capable of producing nasal and kidney injury.

This simple illustration emphasizes two points. First, it emphasizes the fact that dose-response
relationships are sensitive to, and dependent on, the conditions under which the toxicity test was
performed. Second, given the variety of the test conditions that might be tested or considered and the
variety of dose-response curves that might ultimately be generated with each new test system, the
uncertainty inherent in any extrapolation of animal data for the purpose of setting safe exposure limits
for humans is clearly dependent on the breadth of toxicity studies performed and the number of different
species tested in those studies. This underscores the need for a toxicologist, when attempting to apply
animal data for risk assessment purposes, to seek test data where the response is not subjective, has
been consistently determined, and has been measured in a species that is known to, or can reasonably
be expected to, respond qualitatively and quantitatively the way humans do.

Because the dose-response relationship may vary depending on the components of the test, it is,
of course, best to rely on human data that have been generated for the same exposure conditions of
interest. Unfortunately, such data are rarely available. The human data that are most typically available
are generated from human populations in some occupational or clinical setting in which the exposure
was believed at least initially, to be safe. The exceptions, of course, are those infrequent, unintended
poisonings or environmental releases. This means that the toxicologist usually must attempt to
extrapolate data from as many as four or five different categories of toxicity testing (dose-response)
information for the safety evaluation of a particular chemical. These categories are: occupational
epidemiology (mortality and morbidity) studies, clinical exposure studies, accidental acute poisonings,
chronic environmental epidemiology studies, basic animal toxicology tests, and the less traditional
alternative testing data (e.g., invertebrates, in vitro data). Each type or category of toxicology study
has its own advantages and disadvantages when used to assess the potential human hazard or safety
of a particular chemical. These have been summarized in Table 1.4, which lists some of the advantages
and disadvantages of toxicity data by category:

Part a—occupational epidemiology (human) studies
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TABLE 1.4 Some Advantages and Disadvantages of Toxicity Data by Category

Advantages

Disadvantages

a. Occupational Epidemiology (Human) Studies

May have relevant exposure conditions for the
intended use of the chemical

As these exposure levels are usually far higher than
those found in the general environment, these
studies generally allow for a realistic extrapolation
of a safe level for environmental exposures

The chance to study the interactive effects of other
chemicals that might be present; again at high doses
relative to most environmental situations

Avoid uncertainties inherent in extrapolating toxicities
and dose—response relationships across species

The full range of human susceptibility (sensitivity)
may be measurable if sufficiently large and diverse
populations can be examined

May help identify gender, race, or genetically
controlled differences in responses

The potential to study human effects is inherent in
almost all industrial uses of chemicals; thus, a large
number of different possible exposure/chemical
regimens are available for study

Exposures (especially past exposures) may have been
poorly documented

Difficult to properly control; many potential
confounding influences (lifestyle, concurrent
diseases, genetic, etc.) are inherent in most work
populations; these potential confounders are often
difficult to identify

Post facto—not necessarily designed to be protective
of health

The increase in disease incidence may have to be large
or the measured response severe to be able to
demonstrate the existence of the effect being
monitored (e.g., cancer)

The full range of human sensitivity for the toxicity of
interest may not be measurable because some
potentially sensitive populations (young, elderly,
infirm) are not represented

Effects must be confirmed by multiple studies as
heterogeneous populations are examined, and
confounders cannot always be excluded

Often costly and time-consuming; cost/benefit may be
low if confounders or other factors limit the range of
exposures, toxicities, confounders, or population
variations that might occur with the chemical’s
toxicity

b. Clinical (Human) Exposure Studies

The toxicities identified and the dose-response
relationship measured are reported for the most
relevant species to study (humans)

Typically the components of these studies are better
defined and controlled than occupational
epidemiology studies

The chance to study the interactive effects of other
chemicals

The dose—response relationship is measured in
humans; exposure conditions may be altered during
the exposure interval in response to the presence or
lack of an effect making NOAELs or LOAELs
easier to obtain

The most sensitive group (e.g., young, elderly, infirm)
may often be inappropriate for study

May be costly to perform

Usually limited to shorter exposure intervals than
occupational epidemiologic studies

Only NOAEL:s are targeted for study; these studies are
primarily limited to examining safe exposure levels
or effects of minimal severity; more serious effects
caused by the chemical cannot intentionally be
examined by this type of study

Better than occupational studies for detecting relatively Chronic effects are generally not identifiable by this

subtle effects; greater chance to control for the
many confounding factors that might be found in
occupational studies

Allows the investigator to test for and identify possible
confounders or potential treatments

Allows one to test specific subpopulations of
interest

May help identify gender, race or genetically
controlled differences in responses

May be the best method for allowing initial human
exposure to the chemical, particularly if medical
monitoring is a prominent feature of the study

type of study

Requires study participant compliance
May require confirmation by another study

May raise ethical questions about intentionally
exposing humans to toxicants

(continued)
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TABLE 1.4 Continued

Advantages

Disadvantages

c.  Environmentally Exposed Epidemiologic Studies

The toxicities identified and the dose-response
relationship measured are reported for the most

Exposures to the chemical are typically low relative to

other types of human exposure to the chemical in

question, or to chemicals causing related toxicities
(e.g., exposure to other environmental carcinogens);
thus, attributing the effects observed in a large
population may be difficult if many confounding
risk factors are present and uncontrolled for in the
exposed population

The exposure of interest may be so low that it is
nontoxic and only acting as a surrogate indicator for
another risk factor that is present but not identified
by the study

The chance to study the effects of interactive chemicals The number of chemicals with interactive effects may
may be possible be numerous and their exposure heavy relative to
the chemical of interest; this will confound
interpretations of the data
The full range of human susceptibility may be present The full range of human susceptibility may not be
present, depending upon the study population
The full complement of relevant environmental
exposure associated with the population are not
necessarily identified or considered

relevant species to study (humans)

Exposure conditions are relevant to understanding or
preventing significant environmentally caused
health effects from occurring

May allow one to test specific subpopulations of
interest for differences in thresholds, response rates,
and other important features of the dose—response
relationship

May help identify gender, race or genetically
controlled differences in responses

Large populations may be so heterogeneous in their
makeup that when compared to control responses,
differences in confounders, gender, age, race. etc.,
may weaken the ability to discriminate real disease
associations with chemical exposure from other
causes of the disease

d. Acute Accidental Poisonings

Exposure conditions are realistic for this particular
safety extrapolation

If the exposure is accidental, or related to a suicide,
accurate exposure information may be lacking and
difficult to determine

The knowledge gained from these studies may be of
limited relevance to other human exposure situations

These studies often provide a temporal description
indicating how the disease will develop in an
exposed individual

Inexpensive relative to other types of human studies Confounding factors affecting the magnitude of the
response may be difficult to identify as exposure
conditions will not be recreated to identify
modifying factors

Acute toxicities may not mimic those seen with
chronic exposure; this may mislead efforts to
characterize the effects seen under chronic exposure
situations

Identifies the target organs affected by high, acute
exposures; these organs may become candidate
targets for chronic toxicity studies

Requires very few individuals to perform these studies These studies are typically case reports or
a small case series, and so measures of
individual variations in response may be
difficult to estimate

These chance observations develop without
warning, a feature that prevents the
development of a systematic study by interested
scientists who are knowledgeable about
the chemical

The clinical response requires no planning as the
information gathering typically consists of
responding to and treating the organ injuries present
as they develop

(continued)
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Advantages

Disadvantages

e. Animal Toxicity Tests

Easily manipulated and controlled

Best ability to measure subtle responses

Widest range of potential toxicities to study

Chance to identify and elucidate mechanisms of
toxicity that allow for more accurate risk
extrapolations to be made using all five categories
of toxicity test data

Cheaper to perform than full-scale epidemiology
studies

No risk of producing adverse human health effects
during the study

Test species response is of uncertain human relevance;
thus, the predictive value is lower than that of
human studies

Species responses may vary significantly both
qualitatively and quantitatively; thus, a number of
different species should be tested

Exposures levels may not be relevant to (they may far
exceed) the human exposure level

Selecting the best animal species to study, i.e., the
species with the most accurate surrogate responses,
is always unknown and is difficult to determine a
priori (without a certain amount of human test data);
thus, animal data poses somewhat of a catch-22
situation, i.e., you are testing animals to predict
human responses to the chemical but must know the
human response to that chemical to accurately select
the proper animal test species

May be a poor measure of the variability inherent to
human exposures because animal studies are so well
controlled for genetics, doses, observation periods,
etc.

The reproducibility of the animal response may create
a false sense of precision when attempting human
extrapolations

Source: Adapted from Beck et al. (1989).

[ Alternatives to Traditional Animal Testing

Type of Toxicity Test

Advantages

Disadvantages

Structure—activity

relationships (SARs) experimental animals

Quick to perform

In vitro testing
animals needed

Allows for better control of the toxicant
concentration at the target site

Allows for the study of isolated

Does not require the use of any

Reduces the number of experimental

Many toxicants with very similar
chemical properties have very
different toxicities

Cannot fully approximate the
complexities that take place in whole
organisms (i.e., absorption,
distribution, biotransformation, and
elimination)

functions such as nerve-muscle
interaction and release of

neurotransmitter

Easier to control for host factors such as
age dependency, nutritional status,

and concurrent disease

Possible to use human tissue

Alternative animal testing
(nonmammalian and

nonavian species) animals

Since a whole organisms is used allows

Less expensive and quicker (due to
shorter lifespans) than using higher

Since the animal is far removed from
humans, the effect of a toxicant can
be very different from that found with
higher animals

for absorption, distribution,
biotransformation, and elimination of

the toxicant
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Part b—clinical (human) exposure studies

Part c—environmentally exposed epidemiology studies
Part d—acute accidental poisonings

Part e—animal toxicity tests

Part f—alternative animal test systems

Frequency-Response and Cumulative-Response Graphs

Not only does response to a chemical vary among different species; response also varies within a group
of test subjects of the same species. Experience has shown that typically this intraspecies variation
follows a normal (Gaussian) distribution when a plot is made relating the frequency of response of the
organisms and the magnitude of the response for a given dose (see Figure 1.1a). Well-established
statistical techniques exist for this distribution and reveal that two-thirds of the test population will
exhibit a response within one standard deviation of the mean response, while approximately 95 and
99 percent, respectively, lie within two and three standard deviations of the mean. Thus, after testing
a relatively small number of animals at a specific dose, statistical techniques can be used to define the
most probable response (the mean) of that animal species to that dose and the likely range of responses
one would see if all animals were tested at that dose (about one or two standard deviations about the
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Figure 1.1 (a) When the response of test animals is plotted for a given dose, we see that some may show a minimal
effect while others are more affected by the same dose. Plotting the percent of animals showing a particular
magnitude of response gives a bell-shaped curve about the mean response. One standard deviation in either direction
from the mean should encompass the range of responses for about two-thirds (67 percent) of the animals. Two
standard deviations in both directions encompasses 95 percent of the animals. (b) The probable response for a test
animal can therefore be easily predicted by testing n animals at a dose. By plotting the average of the n values as
a point bracketed by one standard deviation, the probable response of an animal should fall within the area bracketed
about the mean at least two-thirds of the time. (¢) By plotting the cumulative dose-response (the probable responses
for various doses), we generate a curve that is representative of the probable response for any given dose. (d) By
plotting the cumulative dose-response curve, using the logarithm of the dose, we transform the hyperbolic shape
of the curve to a sigmoid curve. This curve is nearly linear over a large portion of the curve, and it is easier to see
or estimate values from this curve.
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mean). Typically, a frequency—response curve for each dose of interest is not used to illustrate the
dose-response relationship; instead, cumulative dose—response curves are generally used because they
depict the summation of several frequency—response curves over a range of different dosages.
Graphically, the separate results for each dose are depicted as a point (the average response) with bars
extending above and below it to exhibit one standard deviation greater and less than this average
response (see Figure 1.1b). A further refinement is then made by plotting the cumulative response in
relation to the logarithm of the dose, to yield plots that are typically linear for most responses between
0 and 100 percent, and it is from this curve that several basic features of the dose-response relationship
can be most readily identified (see Figures 1.1¢,d).

In Figure 1.2, a cumulative dose-response curve is featured with a dotted line falling through the
highest dose that produces no response in the test animals. Because this dose, and all doses lower than
it, fail to produce a toxic response, each of these doses might be referred to as no-observable-effect
levels (NOELSs), which are useful to identify because they represent safe doses of the chemical. The
highest of these NOELSs is commonly referred to as the *“ threshold” dose, which may be simply defined
as the dose below which no toxicity is observed (or occurs). For all doses that are larger than the
threshold dose, the response increases with an increase in the dose until the dose is high enough to
produce a 100 percent response rate (i.e., all subjects respond). All doses larger than the lowest dose
producing a 100 percent response will also produce a 100 percent response and so the curve becomes
flat as increasing dose no longer changes the response rate. For therapeutic effects, this region of the
dose-response curve is typically the region physicians seek when they prescribe medicines. Because
physicians are seeking a beneficial (therapeutic) effect, typically they would select a dose in this region
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Figure 1.2 The no effect region is the range of doses that falls below the threshold dose. The threshold is the
highest dose which elicits no effect (or the dose below which a response is not observed).
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Figure 1.3 (a) The dose-response curve can have a variety of shapes, including line 1, which is linear; line 2,
which is sublinear; and line 3, which is supralinear. (b) U-shaped curve representing a dose-response relationship
for a chemical with beneficial, as well as adverse effects. At very low doses, a beneficial effect occurs, which is
lost with increasing dose. Even higher doses produce a toxic effect. Other variations on the shape of the
dose-response curve are possible, depending upon how toxic and beneficial effects are portrayed.
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that is just large enough so that individual variations in response to the dose would still result in a 100
percent response, so as to ensure the efficacy of the drug. In contrast, a toxicologist is generally seeking
those doses that produce no response because the effect induced by the chemical is an undesirable one.
Thus, toxicologists seek the threshold dose and no effect region of the dose—response curve.

Before discussing other ways in which dose—response data can be used to assess safety, it will be
useful to briefly discuss the various shapes a dose-response curve might take. Although the schematic
shapes illustrated in the Figures 1.1 and 1.2 are the most common shapes, the dose-response curve
could have either a supralinear or sublinear shape to it (see Figure 1.3). In Figure 1.3, the normal
linear sigmoid curve is illustrated by line 1, line 2 is an example of a sublinear relationship, and line
3 depicts a supralinear relationship. In addition, some chemicals, while toxic at high doses, produce
beneficial effects at low doses. Graphical presentation of this somewhat more complicated dose-re-
sponse relationship results in a so-called U-shaped curve (Figure 1.3). The phenomenon of low dose
stimulation (e.g., of growth, reproduction, survival, or longevity) and high dose inhibition is termed
hormesis, and the most obvious examples of chemicals that exhibit this phenomenon are vitamins and
essential nutrients. There are other agents that display hormesis for which the benefit of low doses is
less intuitive. For example, a number of studies on animals and humans have suggested that low doses
of ionizing radiation decrease cancer incidence and mortality while high doses lead to increased cancer
risk. There is some evidence that hormesis may be applicable to a variety of types of chemical toxicants,
but a careful assessment of the extent to which this represents a generalized phenomenon has been
hampered by the limited availability of response data below the toxic range for most chemicals.

1.4 HOW DOSE-RESPONSE DATA CAN BE USED

Dosages are often described as lethal doses (LD), where the response being measured is mortality;
toxic doses (TD), where the response is a serious adverse effect other than lethality; and sentinel doses
(SD), where the response being measured is a non- or minimally-adverse effect. Sentinel effects (e.g.,
minor irritation, headaches, drowsiness) serve as a warning that greater exposure may result in more
serious effects. Construction of the cumulative dose—response curve enables one to identify doses that
affect a specific percent of the exposed population. For example, the LD, is the dosage lethal to 50
percent of the test organisms (see Figure 1.4), or one may choose to identify a less hazardous dose,
such as LD or LDyy,.

Dose-response data allow the toxicologist to make several useful comparisons or calculations. As
Figure 1.4 shows, comparisons of the LD, doses of toxicants A, B, and C indicate the potency (toxicity
relative to the dose used) of each chemical. Knowing this difference in potency may allow comparisons
among chemicals to determine which is the least toxic per unit of dose (least potent), and therefore the
safest of the chemicals for a given dose. This type of comparison may be particularly informative when
there is familiarity with at least one of the substances being compared. In this way, the relative human
risk or safety of a specific exposure may be approximated by comparing the relative potency of the
unknown chemical to the familiar one, and in this manner one may approximate a safe exposure level
for humans to the new chemical. For toxic effects, it is typically assumed that humans are as sensitive
to the toxicity as the test species. Given this assumption, the test dose producing the response of interest
[in units of milligrams per kilogram of body weight (mg/kg)], when multiplied by the average human
weight (about 70 kg for a man and 60 kg for a woman), will give an approximation of the toxic human
dose.

A relative ranking system developed years ago uses this approach to categorize the acute toxicity
of a chemical, and is shown in Table 1.5. Using this ranking system, an industrial hygienist might get
some idea of the acute danger posed by a workplace exposure. Similarly, if chronic toxicity is of greatest
concern, that is, if the toxicity occurring at the lowest average daily dose is chronic in nature, combining
a measure of this toxic dose (e.g., TD5,) and appropriate safety factors might generate an acceptable
workplace air concentration for the chemical. Often the dose-response curve for a relatively minor
acute toxicity such as odor, tearing, or irritation involves lower doses than more severe toxicities such



18 GENERAL PRINCIPLES OF TOXICOLOGY

Toxicant Toxicant Toxicant
A B C
100
z
[+
e
e S A ——
E-y ] !
[} i i
: : :
d i i
| 1
} |
10 R — {
i i |
L) | ! i

Wi A LDsos LDy  LDgeeo
LDSOA LD!OS
Logarithm of the Dose

Figure 1.4 By plotting the cumulative dose-response curves (log dose), one can identify those doses of a toxicant
or toxicants that affect a given percentage of the exposed population. Comparing the values of LDsoa to LDsoB or
LDsoc ranks the toxicants according to relative potency for the response monitored.

as coma or liver injury, and much lower doses than fatal exposures. This situation is shown in Figure
1.5, and it can be easily seen that understanding the relationship of the three dose—response curves
might allow the use of sentinel effects (represented in Figure 1.5 by the SD curve) to prevent
overexposure and the occurrence of more serious toxicities.

The difference in dose between the toxicity curve and a sentinel effect represents the margin of
safety. Typically, the margin of safety is calculated from data like that shown in Figure 1.5, by dividing
TDj, by the SDs. The higher the margin of safety, the safer the chemical is to use (i.e., greater room
for error). However, one may also want to use a more protective definition of the margin of safety (for
example, TD,/SDs, or TD,,;/SD, ;) depending on the circumstances of the substance’s use and the
ease of identifying and monitoring either the sentinel response or the seriousness of the toxicity
produced. Changing the definition to include a higher percentile of the sentinel dose-response curve
(e.g., the SD ) and correspondingly lower percentile of the toxic dose-response curve (e.g., the TD
or the TDy;,) forces the margin of safety to be protective for the vast majority of a population.

TABLE 1.5 A Relative Ranking System for Categorization of the Acute Toxicity of a Chemical
Probable Oral Lethal Dose for Humans

Toxicity Rating or Class Dose (mg/kg) For Average Adult

1. Practically nontoxic > 15,000 > 1 quart

2. Slightly toxic 5000-15,000 1 pint to 1 quart

3. Moderately toxic 50-5000 1 ounce to 1 pint

4. Very toxic 50-500 1 teaspoonful to 1 ounce
5. Extremely toxic 5-50 7 drops to 1 teaspoonful
6. Supertoxic <5 < 7 drops

Source: Reproduced with permission of the American Industrial Hygiene Association Journal.
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Figure 1.5 By plotting or comparing several dose-response curves for a toxicant, one can see the relationship
which exists for several responses the chemical might produce. For example, the sentinel response (SD curve) might
represent a relatively safe acute toxicity, such as odor or minor irritation to the eyes or nose. The toxic response
(TD curve) might represent a serious toxicity, such as organ injury or coma. The lethal response (LD curve), of
course, represents the doses producing death. Thus, finding symptoms of minor toxicity in a few people at sentinel
response (SD10) would be sufficient warning to prevent a serious or hazardous exposure from occurring.
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Finally, the use of dose-response curves allows for the estimation of the threshold dose or exposure
(see Figure 1.2). The threshold is the lowest point on the dose-response curve, or that dose below
which an effect by a given agent is not detectable. Thus, all doses, or exposures producing doses, less
than the threshold dose should represent safe doses and exposures. As explained in more detail later
in this chapter, the safety of extrapolating from the threshold dose is enhanced by dividing it by
uncertainty factors, a procedure that is equivalent to selecting a lower dose from the no-effect region
of the dose-response curve shown in Figure 1.2.

1.5 AVOIDING INCORRECT CONCLUSIONS FROM DOSE-RESPONSE DATA

While the dose—response relationship can be determined for each adverse health effect of a toxicant,
one must be cognizant of certain limitations when using these data:

1. If only single values from the dose—response curves are available, it must be kept in mind that
those values will not provide any information about the shape of the curve. So, while toxicant A in
Figure 1.6 would appear to be more toxic than toxicant B chemical at higher doses, this is not true at
lower doses. Toxicant B has a lower threshold and actually begins to cause adverse effects at lower
doses than toxicant A. Once someone is exposed to a toxicant, the shape of the dose—response curve
may be as important as the dose at which toxicity first begins (the threshold dose). Actually, in this
regard toxicant A is of greater concern, not necessarily because of its lower LDsp and LD but rather
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Figure 1.6 The shape of the dose—response curve is important. By finding the LDsq values for toxicants A and B
from a table, one would erroneously assume that A is (always) more toxic than B. The figure demonstrates that this
is not true at low doses.

because of its steeper dose—response curve. Once individuals become overexposed (exceed the
threshold dose), the increase in response occurs with much smaller increases in dose, and more persons
are affected with subsequent increases in dose. In other words, once the toxic level is reached, the
margin of error for substance A decreases more rapidly than for substance B, because each incremental
increase in exposure greatly increases the percent of individuals affected.

2. Acute toxicity, which is often generated in tests because of the savings in time and expense, may
not accurately reflect chronic toxicity dose-response relationships. The type of adverse response
generated by a substance may differ significantly as the exposure duration increases in time. Chronic
toxicities are often not the same as acute adverse responses. For example, both toluene and benzene
cause depression of the central nervous system, and for this acute effect toluene is the more potently
toxic of the two compounds. However, benzene is of greater concern to those with chronic, long-term
exposure, because it is carcinogenic while toluene is not.

3. There is usually little information for guidance in deciding what animal data will best mimic
the human response. For example, a question that often arises initially in the study of a chemical is the
following: Is the test species less sensitive or more sensitive than humans? As shown in Table 1.6, the
dose of chloroform that is lethal to 50 percent of the test animals (i.e., the LD50) varies depending on
the species and strain of animal tested. Estimation of the fatal human dose based on the animal results
shown in Table 1.6 would overstate the toxicity of chloroform when using the rabbit or CD-1 mouse
data, and underestimate the toxicity of chloroform if projecting lethality using data from the two
remaining mouse strains or the two rat strains tested.

Unfortunately, there are anatomical, physiological, and biochemical differences among animal species.
These differences may confound the animal to human extrapolation by increasing the uncertainty and
concern we have for the accuracy of the extrapolation being made. For example, some laboratory
animals possess certain anatomical features that humans lack, such as the Zymbal gland and a
forestomach. So, when a chemical produces organ toxicity or cancer within these structures, the
relevance to humans is unknown. Similarly, male rats produce a protein known as o.-2-microglobulin,
which has been shown to interact with the metabolites of certain chemicals in a manner that results in
repeated cellular injury within the kidney. This reaction is believed to be responsible for the kidney
tumors seen in the male rat after chronic exposure to these chemicals. Because this unique protein from
these animals does not occur to any appreciable extent in female rats or in mice, kidney tumors are not
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TABLE 1.6 Oral LDs¢ Data for Chloroform

Species LDso (mg/kg/day)
Rabbit (Dutch Belted) 100°

Mouse (CD-1) 250

Human 602

Rat (Sprague-Dawley) 908

Mouse (Swiss) 1100

Mouse (ICR-Swiss) 1400°

Rat (Wistar) 2180

Source: Adapted from ATSDR (1996), Toxicant Profile for Chloroform.
“Based on 13 days of dosing.
’Female mice.

seen in female rats or male and female mice. From these important sex and species differences,
regulatory agencies have concluded the male rat kidney tumors are of limited relevance to humans, a
species which is also deficient in o-2-microglobulin. Finally, certain animal strains are uniquely
sensitive to certain types of cancer. For example, a large proportion of B6C3F1 mice develop liver
tumors before they die, and this sensitivity appears to be due in part to the fact that the H-ras oncogene
in this mouse strain is hypomethylated, allowing this oncogene to be expressed more easily, especially
during recurrent hepatocellular injury. Similarly, 100 percent of strain A mice typically develop lung
tumors before these animals die, and so a chemical that promotes the early development of lung tumors
in this strain of mice may not produce any lung tumors in other strains. To summarize, then, there are
a number of important species differences that may cause changes in (1) basal metabolic rates; (2)
anatomy and structure; (3) physiology and cellular biochemistry; (4) the distribution of chemicals to
certain tissues and pharmacokinetics of the chemical in the animal; (5) the metabolism, bioactivation,
and detoxification of the chemical; and (6) ultimately the cellular, tissue, or organ response to actions
of the chemical at the biochemical, cellular, tissue, or organ level.

This problem of species-specific responses to chemicals creates somewhat of a paradox in
toxicological research. We use animals as models to study the toxicities of many chemicals; yet, the
proper selection of the animal to serve as the test system ideally requires prior knowledge of which
animal species most closely resembles humans with respect to the chemical interaction of interest.
Thus, the toxicologist is almost always faced with a dilemma. The goal of the toxicologist’s study is
the prediction of chemical effects on humans by using animal studies. However, selection of the right
animal for that study requires a prior knowledge of the fate and effects of the chemical in humans (the
goal), as well as its fate and effects in various animals. Thus, once data are generated in a test species,
there are always inherent limitations to extrapolating the observed effects to humans. This is especially
problematic when, as sometimes happens, one of the species tested is susceptible to a very undesirable
effect, such as cancer or birth defects, yet several other species show no such effects. In that situation,
determining or choosing which species represents the human response most accurately has, of course,
a great impact on the estimated risk.

1.6 FACTORS INFLUENCING DOSE-RESPONSE CURVES

Organism-Related Factors

Characteristics of the test species or the human population may alter the dose—response curve or limit
its usefulness. The following variables should be considered when extrapolating toxicity data:
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Route of Exposure The exposure pathway by which a substance comes in contact with the body
determines how much of it enters (rate and extent of absorption) and which organs are initially exposed
to the largest concentration of the substance. For example, the water and lipid solubility characteristics
of a chemical affect its absorption across the lungs (after inhalation), the skin (after dermal application),
or the gastrointestinal (GI) tract (after oral ingestion), and the effect differs for each organ. The rate
and site of absorption (organ) also may in turn determine the rate of metabolism and excretion of the
chemical. So, changing the route of exposure may alter the dose required to produce toxicity. It may
also alter the organ toxicity that is observed. For example, the organ with generally the greatest capacity
for the metabolism and breakdown of chemicals is the liver. Therefore, a chemical may be more or
less toxic per unit of dosage when the chemical is given orally or peritoneally, routes of administration
that ensure the chemical absorbed into the bloodstream passes through the liver before it perfuses other
organs within the animal. If the capacity of the liver to metabolize the chemical within the bloodstream
is great, this leads to what is referred to as a first-pass effect, in which the liver metabolizes a large
proportion of the chemical as it is absorbed and before it can be distributed to other tissues. If the
metabolism of this chemical is strictly a detoxification process, then the toxic potency of the chemical
(i.e., toxicity observed per unit of dose administered) may be reduced relative to its potency when
administered by other routes (e.g., intravenously). On the other hand, if the metabolism of that dose
generates toxic, reactive metabolites, then a greater toxic potency may be observed when the chemical
is given orally relative to inhalation, dermal, or intramuscular administrations of the chemical. (See
also discussion in Chapters 2 and 3.)

As an illustration that the route of exposure may or may not affect the toxic potency of the chemical,
Table 1.7 lists LDs data for various routes of exposure for three different chemicals. All of these
chemicals were administered to the same test species so that differences relating to the route of exposure
may be compared. As this table shows, in some instances the potency changes very little with a change
in the route of administration (e.g., potency is similar for the pesticide DFP for all routes except dermal),
in other instances—DDT, for example—the potency decreases 10-fold when changing the route of
administration from intravenous to oral, and another 10-fold when moving from oral to dermal.

Sex Gender characteristics may affect the toxicity of some substances. Women have a larger percent
of fat in their total body weight than men, and women also have different susceptibilities to reproduction
system disorders and teratogenic effects. Some cancers and disease states are sex-linked. Large
sex-linked differences are also present in animal data. One well-known pathway for sex-related
differences occurs in rodents where the male animals of many rodent strains have a significantly greater
capacity for the liver metabolism and breakdown of chemicals (they have more cytochrome P450; see
Chapter 3). This greater capacity for oxidative metabolism can cause the male animals of certain rodent
strains to be more or less susceptible to toxicity from a chemical depending on whether oxidative

TABLE 1.7 Effect of Route of Administration on Response (LDso)"

Route of Administration Methadone” Strychnineb DDT? DFP¢
Oral 90 16.2 420 4
Subcutaneous 48 3 1500 1
Intramuscular — 4 — 0.75
Intraperitoneal 33 14 100 1
Intravenous 10 1.1 40 0.3
Intraocular — — 1.15
Dermal — 3000 117

Source: Adapted from Handbook of Toxicology, 1956, Vol. 1.
“All doses are in units of mg/kg.
b
Rat.
“Rabbit.
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metabolism represents a bioactivation or detoxification pathway for the chemical at the dose it is
administered. For example, in the rat, strychnine is less toxic to male rats when administered orally
because their greater liver metabolism allows them to break down and clear more of this poison before
it reaches the systemic circulation. This allows them to survive a dose that is lethal to their female
counterparts. Alternatively, this greater capacity for oxidative metabolism renders male rodents more
susceptible to the liver toxicity and carcinogenicity of a number of chemicals that are bioactivated to
a toxic, reactive intermediate during oxidative metabolism.

Age Older people have differences in their musculature and metabolism, which change the disposi-
tion of chemicals within the body and therefore the levels required to induce toxicity. At the other end
of the spectrum, children have higher respiration rates and different organ susceptibilities [generally
they are less sensitive to central nervous system (CNS) stimulants and more sensitive to CNS
depressants], differences in the metabolism and elimination of chemicals, and many other biological
characteristics that distinguish them from adults in the consideration of risks or chemical hazards. For
example, the acute LDso dose of chloroform is 446 mg/kg in 14-day-old Sprague-Dawley rats, but
this dose increases to 1188 mg/kg in the adult animal.

Effects of Chemical Interaction (Synergism, Potentiation, and Antagonism) Mixtures represent a
challenge because the response of one chemical might be altered by the presence of another chemical
in the mixture. A synergistic reaction between two chemicals occurs when both chemicals produce the
toxicity of interest, and when combined, the presence of both chemicals causes a greater-than-additive
effect in the anticipated response. Potentiation describes that situation when a chemical that does not
produce a specific toxicity nevertheless increases the toxicity caused by another chemical when both
are present. Antagonists are chemicals that diminish another chemical’s measured effect. Table 1.8
provides simple mathematical illustrations of how the effect of one or two chemicals changes if their
combination causes synergism, potentiation, additivity or antagonism, and gives a well-known example
of a chemical combination that produces each type of interaction.

Modes of Chemical Interaction Chemical interactions can be increased or decreased in one of four
ways

1. Functional—both chemicals affect the same physiologic function.

2. Chemical—a chemical interaction between the two compounds affects the toxicity of one of
the chemicals.

3. Dispositional—the absorption, metabolism, distribution, or excretion of one of the chemicals
is altered by the second chemical.

4. Receptor-mediated—when two chemicals bind to the same tissue receptor, the second chemi-
cal, which differs in activity, competes for the receptor and thereby alters the effect produced
by the first chemical.

TABLE 1.8 Mathematical Representations of Chemical Interactions

Effect Relative Toxicity (hypothetical) Example
Additive 2+3=5 Organophosphate pesticides
Synergistic 2+3=20 Cigarette smoking + asbestos
Potentiation 2+0=10 Alcohol + carbon tetrachloride
Antagonism 6+6=8or Toluene + benzene or
5+(5)=0or caffeine + alcohol or

10+0=2 BAL + mercury
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TABLE 1.9 Chemical Interactions with Ethanol

Agent Toxic Interaction Mode: Mechanism

Aspirin Increased gastritis Functional—both agents irritate the GI
tract

Barbiturates Increased barbiturate toxicity Functional/Dispositional—both agents are

CNS depressants; altered
pharmacokinetics and
pharmacodynamics of the barbiturates

Benzene Increased benzene-induced hematotoxicity Dispositional—enhanced benzene
bioactivation to toxic metabolites
Caffeine Caffeine antagonizes the CNS depressant  Functional—both agents affect the CNS,
effects of ethanol but one is a stimulant and one is a
depressant
Carbon disulfide Enhanced CS; toxicity Dispositional—increased CS2
bioactivation and retention in critical
tissues
Chloral hydrate Increased CNS sedative effects of chloral ~Functional/dispositional—both agents are
hydrate CNS depressants; ethanol also alters the

metabolism of chloral hydrate, leading
to greater trichloroethanol accumulation

Ethylene glycol Decreased ethylene glycol toxicity Dispositional—ethanol inhibits the
metabolism of ethylene glycol to its
toxic metabolites

Nitrosamines Increase in formation of extrahepatic Dispositional—ethanol alters the tissue
tumors induced by nitrosamines distribution of nitrosamines by
inhibiting hepatic metabolism

Source: Adapted from Calabrese (1991).

To help illustrate the ways in which chemical interactions are increased (additive, potentiation,
synergism) or decreased (antagonism), Tables 1.9 and 1.10, adapted from a textbook on chemical
interactions by Edward Calabrese, are provided. Table 1.9 summarizes a few of the chemical
interactions identified for drinking alcohol (ethanol) and other chemical agents that might be found in
home or occupational environments.

Like alcohol, smoking may also alter the effects of other chemicals, and the incidence of some
minor drug-induced side effects have been reported to be lower in individuals who smoke. For example,

TABLE 1.10 Aquatic Toxicity Interactions between Ammonia and Other Chemicals

Chemicals Toxic Endpoint Ratio of Chemical ECsos  Interaction
Ammonia + cyanide 96-h LCso 1:1 Additive

Ammonia + sulfide 24-h LCso 1:22 Antagonism
Ammonia + copper 48-h LCs0 1:1 Additive

48-h LC25 1:1 Synergism

48-hr LCio 1:1 Synergism

Ammonia + phenol 24-h LCso 1:0.1 Antagonism
1:07 Additive
Ammonia + phenol + zinc ~ 48-h LCso 1:1:05 Additive

1:7:1 Synergism

1:1:6 Antagonism

Source: Adapted from Calabrese (1991).



1.6  FACTORS INFLUENCING DOSE-RESPONSE CURVES 25

smoking seems to diminish the effectiveness of propoxyphene (Darvon) to relieve pain, and it lowers
the CNS depressant effects of sedatives from the benzodiazepine and barbiturate families. Smoking
also increases certain metabolic pathways in the liver and so enhances the metabolism of a number of
drugs. Examples of drugs whose metabolism is increased by smoking include antipyrine, imipramine,
nicotine, pentazocine, and theophylline.

Table 1.10 summarizes a few of the chemical interactions that have been reported in aquatic toxicity
studies. Note that when the same chemicals are present but the ratio of components present in the
mixture is changed, the type of interaction observed may change.

Genetic Makeup We are not all born physiologically equal, and this provides both advantages
and disadvantages. For example, people deficient in glucose-6-phosphate dehydrogenase (G6PD
deficiency) are more susceptible than others to the hemolysis of blood by aspirin or certain
antibiotics, and people who are genetically slow acetylators are more susceptible to neuropathy
and hepatotoxicity from isoniazid. Table 1.11 lists some of the genetic differences that have been
identified in humans and some of the agents that may trigger an abnormal response in an affected
individual.

Health Status In addition to the genetic status, the general well-being of an individual, specifically,
their immunologic status, nutritional status, hormonal status, and the absence or presence of concurrent
diseases, are features that may alter the dose-response relationship.

Chemical-Specific Factors

We have seen that a number of factors inherent in the organism may affect the predicted response;
certain chemical and physical factors associated with the form of the chemical or the exposure
conditions also may influence toxic potency (i.e., toxicity per unit of dose) of a chemical.

Chemical Composition The physical (particle size, liquid or solid, etc.) and chemical (volatility,
solubility, etc.) properties of the toxic substance may affect its absorption or alter the probability of

TABLE 1.11 Pharmacogenetic Differences in Humans

Condition Enzyme Affected Some Chemicals Provoking Abnormal Responses

Acatalasia Catalase—red blood cells  Hydrogen peroxide

Atypical cholinesterase Plasma cholinesterase Succinyl choline

Acetylation deficiency Isoniazid acetylase Isoniazid, sulfamethazine, procainamide, dapsone,

hydralazine

Acetophenetidin-induced ~ Cytochrome P450 Acetophenetidin
methemaglobinemia

Polymorphic hydroxylation Cytochrome P450 Encainide, metoprolol, debrisoquine, perphenazine
of debrisoquine

Polymorphic hydroxylation CYP 2C19 Mephenytoin
of mephenytoin

Glucose-6-phosphate Glucose-6-phosphate Hemolytic anemia: aspirin, acetanilide,
dehydrogenase deficiency — dehydrogenase aminosalicylic acid, antipyrine, aminopyrine,

chloroquine, dapsone, dimercaprol, Gantrasin,
methylene blue, naphthalene, nitrofurantoin,
probenecid, pamaquin, primaquine, phenacetin,
phenylhydrazine, potassium perchlorate,
quinacrine, quinine, quinidine, sulfanilamide,
sulfapyridine, sulfacetamide, trinitrotoluene

Source: Adapted from Vesell (1987).
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exposure. For example, the lead pigments that were used in paints decades ago were not an inhalation
hazard when applied because they were encapsulated in the paints. However, as the paint aged, peeled,
and chipped, the lead became a hazard when the paint chips were ingested by small children. Similarly,
the hazards of certain dusts can be reduced in the workplace with the use of water to keep finely
granulated solids clumped together.

Exposure Conditions The conditions under which exposure occurs may affect the applied dose of
the toxicant, and as a result, the amount of chemical that becomes absorbed. For example, chemicals
bound to soils may be absorbed through the skin poorly compared to absorption when a neat solution
is applied because the chemical may have affinity for, and be bound by, the organic materials in soil.
Concentration, type of exposure (dermal, oral, inhalation, etc.), exposure medium (soil, water, air, food,
surfaces, etc.), and duration (acute or chronic) are all factors associated with the exposure conditions
that might alter the applied or absorbed dose.

1.7 DESCRIPTIVE TOXICOLOGY: TESTING ADVERSE EFFECTS OF CHEMICALS
AND GENERATING DOSE-RESPONSE DATA

Since the dose-response relationship aids both basic tasks of toxicologists—namely, identifying the
hazards associated with a toxicant and assessing the conditions of its usage—it is appropriate to
summarize toxicity testing, or descriptive toxicology. While a number of tests may be used to assess
toxic responses, each toxicity test rests on two assumptions:

1. The Hazard Is Qualitatively the Same. The effects produced by the toxicant in the laboratory
test are assumed to be the same effects that the chemical will produce in humans. Therefore,
the test species or organisms are useful surrogates for identifying the hazards (qualitative
toxicities) in humans.

2. The Hazard Is Quantitatively the Same. The dose producing toxicity in animal tests is
assumed to be the same as the dose required to produce toxicity in humans. Therefore, animal
dose-response data provide a reliable surrogate for evaluating the risks associated with
different doses or exposure levels in humans.

Which tests or testing scheme to follow depends on the use of the chemical and the likelihood of human
exposure. In general, part or all of the following scheme might be required in a descriptive toxicology
testing program.

Level 1: Testing for acute exposure
a. Plot dose—response curves for lethality and possible organ injuries.
b. Test eyes and skin for irritation.
c. Make a first screen for mutagenic activity.

Level 2: Testing for subchronic exposure

a. Plot dose-response curves (for 90-day exposure) in two species; the test should use the
expected human route of exposure.

b. Test organ toxicity; note mortality, body weight changes, hematology, and clinical chemis-
try; make microscopic examinations for tissue injury.

c. Conduct a second screen for mutagenic activity.
d. Test for reproductive problems and birth defects (teratology).

e. Examine the pharmacokinetics of the test species: the absorption, distribution, metabolism,
and elimination of chemicals from the body.

f. Conduct behavioral tests.
g. Test for synergism, potentiation, and antagonism.
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Level 3: Test for chronic exposure
a. Conduct mammalian mutagenicity tests.
b. Conduct a 2-year carcinogenesis test in rodents.
c. Examine pharmacokinetics in humans.
d. Conduct human clinical trials.
e. Compile the epidemiologic data of acute and chronic exposure.

Establishing the safety and hazard of a chemical is a costly and time-consuming effort. For example, the
rodent bioassay for carcinogenic potential requires 2—3 years to obtain results, at a cost of between
$3,000,000-$7,000,000 and when completed the results, if positive, may in the end severely limit or prohibit
the use of the chemical in question. Thus, this final test may entail additional costs if now a replacement
chemical must be sought that does not have significant carcinogenic activity. Figure 1.7 outlines the
approximate time required to test and develop the safety of chemicals assumed to have widespread
human impact.

Years
0
i | Dos, LCyo, dermal and eye irritant

14———— 18t stage mutagenic/carcinogenic tests
- I«——- Skin sensitivity

o | 60-day study-—rats, mice

i
. Metabolism/pharmacokinetics—animals

L | 4= Teratology

2nd stage 24
mutagenic/carcinogenic tests ——u- [T ]
i
1 / 90-180-day study— dogs or monkeys
3 e -

3.
e

Reproduction «—etgom

~— Chranic toxicity, carcinogenesis—rats, mice

E
B

3rd stage mutagenesis ——i»-

wm

e

»
L3

o

Figure 1.7 A timeline showing the approximate time that it might take to test a chemical having a broad exposure
to the human population. The bars represent the approximate time required to complete the tests and suggest when
testing might be initiated and completed.
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1.8 EXTRAPOLATION OF ANIMAL TEST DATA TO HUMAN EXPOSURE

Several models can be used to extrapolate the human risks from chemical exposure on the basis of
toxicity tests in animals. The model chosen is primarily determined by the health hazard of most
concern. In the past, however, two basic methods for extrapolation were used. The first type consisted
of extrapolating the human risk directly from either the threshold dose or some no-observable-effect-
level (NOEL) dose. This method was applied to most toxicities or health hazards (except cancer), since
thresholds were assumed to be present for all of these health hazards. The second type of model was
generally used to assess the risk associated with carcinogens. Since the regulatory approach to
carcinogens has been to assume that no identifiable threshold exists for this type of toxicity, any
exposure was assumed to involve some quantifiable amount of risk. This concept dictated that the
mathematical models used to extrapolate to exposures far below the dosages that induce observable
responses in the test animal population involve some form of linear extrapolation at low doses. For
noncancer-causing toxicants (those with threshold toxicity), the models for extrapolating risk are
relatively simple and similar to the methods that have been suggested or used by the National Academy
of Sciences (NAS) and various governmental agencies such as the Food and Drug Administration
(FDA) or the Environmental Protection Agency (USEPA). These models derive a safe dosage by
dividing the threshold (or NOEL/LOEL) by uncertainty factors. The purpose of adding these uncer-
tainty factors is to ensure that the allowable human dose is one that falls within the no-effect region of
the human dose—response curve. Basically, this type of calculation assumes that humans are as sensitive
as the test species used; so, the amount of a chemical ingested by the test animal that gives no toxic
response is considered the safe upper limit of exposure for humans (especially after inclusion of
appropriate safety factors).

Calculating Safety for Threshold Toxicities: The Safe Human Dose Approach

The calculation of a safe human dose essentially makes an extrapolation on the basis of the size
differential between humans and the test species. Usually this is a straightforward body-weight
extrapolation, but a surface area scalar for dose could also be used. The calculation is similar to the
following:

NOAEL = (mg/kg per day) X 70 kg
UF

SHD = = N mg/day

where ~ NOAEL = threshold dose or some other no-observable-adverse-effect-level selected

from the no-effect region of the dose-response curve

SHD = safe human dose
UF = the total uncertainty factor, which depends on the nature and reliability of the
animal data used for the extrapolation
N = number of milligrams consumed per day

(Note: In this example we are extrapolating for an average adult male, and so we have assumed a 70
kg body weight.)

Typically, the uncertainty factor used varies from 10 to 10,000 and is dependant on the confidence
placed in the animal database as well as whether there are human data to substantiate the reliability of
the animal no-effect levels that have been reported. Of course, the number calculated should use chronic
exposure data if chronic exposures are expected. This type of model calculates one value, the expected
safe human dosage, which regulatory agencies have referred to as either the acceptable daily intake
(ADI) or the reference dose (RfD). Exposures which produce human doses that are at or below these
safe human dosages (ADIs or RfDs) are considered safe.
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Routes of Exposure and the SHD (Safe Human Dose)

Once the safe human dose has been estimated, it may be necessary to convert the dose into a
concentration of the chemical in a specific environmental medium (air, water, food, soil, etc.) that
corresponds to a safe exposure level for that particular route of exposure. That is, while some dose (in
mg/day) may be the total safe daily intake for a chemical, the allowable exposure level of that chemical
will differ depending on the route of exposure and the environmental medium in which it is found.

Exposure by Inhalation Inhalation is usually a major route for occupational exposures and safe
levels are determined by the comparison of airborne concentrations to established standards. For
converting the safe daily dose into a safe air concentration, the following formula may be used:

_ (@BR)(O®) _
Dosage = BW =N mg/kg
where o = percent of the chemical absorbed by the lungs (if not known, considered to

be 100 percent)

BR = breathing rate of the individual (which, for a normal worker, can be esti-
mated as 2 h of heavy breathing at 1.47 m>/h or as 6 h of moderate breathing
at 0.98 m3/h), depending on the size and physical activity of the individual

C = concentration of the chemical in the air (mg/m3)
t = time of exposure in hours (usually considered to be 8 h)
BW = body weight in kilograms (usually considered to be 70 kg for men and 60 kg
for women)

Thus, using the animal data, the preceding formula can be converted to calculate the safe air
concentration if the SHD is known:

__SHD _ 3
€= omrp N mem

[Note: SHD = (threshold dosage divided by the uncertainty factor) X BW.]

This type of calculation can be used in two important ways:

® To predict a safe occupational airborne concentration for a chemical when there are no
established airborne standards

® To compare an established occupational airborne standard (such as the TLV®—the threshold
limit value established by the ACGIH—or an OSHA standard) to newly derived animal
toxicity data

For many environmental exposures it may be assumed that o = 100 percent, and for adults that daily
inhalation volume, equal to (BR)(?), is 20-30 m? for a 24-h period. To calculate an environmental air
concentration for a chemical, the safe human daily dose (in units of mg/day) is divided by this total
inhalation volume (in units of m3/day). So, the acceptable air concentration (C) mg/m3 = SHD + 20
m3/day (or 30 m3/day). Should it be desirable to express the safe air concentration in parts of toxicant
per million parts of air, the value of C [where the air concentration is in units of milligrams per cubic
meter of air (mg/m3)] may be converted to a ppm level by the following relationship:

L.C (mg/m’) X 24.5
ppm=""""p



30 GENERAL PRINCIPLES OF TOXICOLOGY

where MW is the molecular weight of the chemical (g/mol) and 24.5 is the amount (liters) of vapor
per mole of contaminant at 25 °C and 760 mm Hg.

Example Calculations—Pentachlorophenol

Occupational Exposure Guidelines Pentachlorophenol (PCP), a general-purpose biocide, will be
used as an example of how to derive various occupational and environmental exposure guideline
extrapolations from an estimate of the safe human dosage. A literature review of the noncarcinogenic
effects of PCP has shown that the toxicological effect of greatest concern is its teratogenic and fetotoxic
effects in test animals. The PCP NOAEL for these effects has been reported to be as great as 5.8 mg/kg
daily. Using the formulas shown above, an occupational exposure limit could be calculated as follows:

5.8 mg/kgdaily (60 kg)
B 100

~ 1.0[(0.98 m®/h) 6 h/day + (1.47 m®/h) 2 h/day]

OBL = 248 Me/day _ 39 1o
8.82 m’/day

where OEL = occupational exposure limit.

In this example, an uncertainty factor (UF) of 100 was chosen because there is extensive animal
testing data for PCP; a BW of 60 kg was chosen since this type of OEL would be used to protect
pregnant women; an o value of 100 percent was chosen because the amount of PCP that may be
absorbed through the lungs is not known so this assumption is the most conservative; and the BR value
is a standard estimate of the amount of air breathed daily by a worker performing moderately strenuous
activity. This calculated level could then become a guideline for evaluating the occupational exposure
of females to PCP. In using this approach, dermal exposure was not considered, but it is expected that
the proper precautions (e.g., personal protective equipment and strict personal hygiene) could be used
to limit these exposure pathways.

Another approach to the data would be to rearrange the formula to enable one to compare established
OELSs to animal toxicity data. Again, using PCP as an example, the ACGIH TLV® and OSHA PEL for
PCP is an 8-h time-weighted average (TWA) exposure of 0.5 mg/m3. This value can be compared to
the animal daily NOAEL of 5.8 mg/kg by solving the following:

[1.0(0.98 m>/h) 6 h/day+ (1.47 m>/h)2 h/day)]0.5 mg/m’
60 kg

Calculated daily dose =

=0.0735 mg/kg

The calculated daily dose of 0.0735 mg/kg can then be compared with the safe human dosage (SHD)
of 0.058 mg/kg per day, which was generated by dividing the NOEL dosage of 5.8 mg/kg by a total
uncertainty factor (UF) of 100. As one can see, if the present ACGIH TLV® and OSHA PEL are reached
or exceeded, an occupationally exposed female may receive a dosage rate that exceeds the calculated
or estimated SHD. Additionally, workers handling PCP would likely have some dermal exposure that
will add to the daily dose calculation presented here causing the total female worker dosage to be even
higher.

Environmental Exposure Guidelines

A similar approach can be used to set an acceptable ambient-air level (AAAL) or an environmental
exposure guideline for other sources of exposure, such as water consumption and ingestion of foodstuffs.
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Here again, it may be assumed that o = 100 percent, and that (BR) X (#) is 20 m? for a 24-h period (the
USEPA has recommended this value). Since environmental exposures include a more diverse popula-
tion than the workplace (e.g., the old, the sick, the young), one might choose to use a UF larger than
100, one possibly as high as 1000. Thus, for a constant daily exposure the formula reduces to

SHD

AAAL = —
20 m”/day

=Nmg/ m’
Again using PCP as an example, the following calculation can be made:

5.8 mg/kg per day
1000 60 kg

AAAL = 3
20 m”/day

where AAAL = 1.7 x 107 mg/m3 per day, or 17 ug/mS. This value could be used as an acceptable
24-h concentration of PCP in the ambient air.

Another approach to establishing an AAAL is to use the estimated permissible concentration (EPC).
This approach uses an established OEL and applies two factors: one to take into account the potential
increased exposure time for environmental exposures (i.e., 24 h per day for 7 days per week versus 8
h per day for 5 days per week); and an increased UF for the differences in populations between the
workplace and the general community. The EPC can be calculated as follows:

OEL OEL

EPC=——" =
¢ 1004.2) ~ 420

The value of 100 is used as an UF and the 4.2 value is used simply for the increased exposure time of
168 h per week (24 h per day for 7 days per week) versus a 40-h workweek (i.e., 168/40 =4.2). Using
the PCP example, the following can be calculated:

0.5 mg/m3

— —3 3 3
0 =1.19%x 10~ mg/m’, or 1.2 ug/m

AAAL =
Both of these approaches could be used for environmental exposures, but the first approach is
preferable, assuming that the NOEL data for the most significant adverse effect (in this c