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PART 1

GENERAL

TOXICOLOGY
F—asn TESEF

CHAPTER 1

N\ INTRODUCTION TO TOXICOLOGY —

CHAPTER OUTLINE

DEFINITION OF TOXICOLOGY

SCOPE OF TOXICOLOGY

Three Main Specialized Areas
Descriptive Toxicology
Mechanistic Toxicology
Regulatory Toxicology

Other Specialized Areas of Toxicology

MULTIDISCIPLINARY NATURE OF
TOXICOLOGY

Relationship to Other Sciences

Toxicology Is Both a Science and an Art

HISTORICAL ASPECTS OF TOXICOLOGY
Antiquity and Middle Ages

Age of Enlightenment

Modern Age

METHODS AND TYPES OF TOXICOLOGY STUDIES
In Vivo Methods

In Vitro Methods

Epidemiological Studies

Clinical (Human) Exposure Studies

Accidental Acute Poisonings

CHALLENGES AND FUTURE PROSPECTS

Toxicogenomics: Today's New Technique Revolution in
Toxicology

Hormesis: A Key Concept in Toxicology

Three R’s of Humane Animal Use in Research and
Alternatives

Predictive Toxicology and QSAR

Health Effects of Chemical Mixtures and Technological
Advances

Chemical Risk Assessment

DEFINITION OF TOXICOLOGY

Toxicology is the study of the adverse
effects of chemicals on living organisms. It is a
multidisciplinary subject which comprises many
different areas. Regardless of the specialization

within toxicology, a toxicologist is trained to
perform 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
and (2) assess the probability of these hazards/
toxicities occurring under specific conditions of
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PART | GENERAL TOXICOLOGY

exposure. Ultimately, the goal and basic purpose
of toxicology is to provide a basis for appropriate
controlling measures so that these adverse effects
can be prevented.

In the world, more than 80 000 commercial
and industrial chemicals are now in use and
500-1000 new chemicals are added each year.
Because of this escalation in the numbers of
chemicals to which humans may potentially
expose, toxicology has become increasingly
important in the area of quantitative estimates
of the potential effects on human health and
environmental significance of various types
of chemical exposures (e.g., pesticide residues
on food, contaminants in drinking water, and
airborne dusts in the workplace ).

SCOPE OF TOXICOLOGY

Three Main Specialized Areas

The professional activities of all toxicologists
fall into three main areas: descriptive, mechanistic,
and regulatory.

Descriptive Toxicology

A descriptive toxicologist is concerned directly
with toxicity testing, which provides information
for safety evaluation and regulatory requirements.
The concern may be limited to effects on humans,
as in the case of drugs and food additives, or to
potential effects on fish, birds, and plants, as well
as other factors that might disturb the balance of
the ecosystem.

Mechanistic Toxicology

A mechanistic toxicologist is concerned with
identifying and understanding the mechanisms
by which chemicals exert toxic effects on living
organisms. In risk assessment, mechanistic data
may be very useful in demonstrating that an
adverse outcome observed in laboratory animals is

2

or is not directly relevant to humans. Mechanistic
data are also useful in the design and production
of safer alternative chemicals and in rational
therapy for chemical poisoning and treatment of
disease. An understanding of the mechanisms
of toxic action contributes to the knowledge of
basic physiology, pharmacology, cell biology, and
biochemistry.

Regulatory Toxicology

A regulatory toxicologist has the responsibility
for deciding, on the basis of data provided
by descriptive and mechanistic toxicologists,
whether a drug or another chemical poses a
sufficiently low risk to be marketed for a stated
purpose. Regulatory toxicologists also assist in
the establishment of standards for the amount
of chemicals permitted in ambient air, industrial
atmospheres, and drinking water, often integrating
scientific information from basic descriptive and
mechanistic toxicology studies with the principles
and approaches used for risk assessment.

Other Specialized Areas of Toxicology

In addition to the above categories, there
are other divisions of toxicology which may be
based on the classes of chemicals dealt with or
application of knowledge from toxicology for a
specific field:
® Forensic toxicology is concerned primarily
with the medicolegal aspects of the harmful
effects of chemicals on humans and animals, in
establishing causes of death, and in determining
their circumstances in a postmortem investigation.

® Clinical toxicology is concerned with disease
caused by or uniquély associated with toxic
substances. Efforts are directed at treating
patients poisoned with drugs or other chemicals
and at the development of new techniques to
treat those intoxications.

® Environmental toxicology focuses on the



impact of chemical pollutants in the environment
on biological organisms, most commonly on
nonhuman organisms such as fish, birds, and
terrestrial animals.

® Drug toxicology plays a major role in the
preclinical safety assessment of chemicals
intended for use as drugs, and studies potential
effects of drugs after high doses. Drug
toxicology also elucidates the mechanisms of
side effects observed during clinical application.

® Occupational toxicology is the subdiscipline
concerned with the chemical exposures and
diseases found in the workplace. Both acute
and chronic occupational poisonings have
exerted a major influence on the development
of toxicology in general. Occupational
toxicology also helps in the development of
safety procedures to prevent intoxications in
the workplace and assists in the definition of
exposure limits.

MULTIDISCIPLINARY NATURE OF
TOXICOLOGY

Relationship to Other Sciences

Although generally accepted as a specific
scientific field during last century, the practice of
toxicology is not a discipline in its own right but
comprises many different disciplines at present.
Toxicology is highly eclectic interdisciplinary
science with contribution from and to a broad
spectrum of other sciences. At one end of the
spectrum are those sciences that contribute their
methods and philosophical concepts to serve the
needs of toxicologists, either in research or in the
application of toxicology to human affairs. At the
other end of the spectrum are those sciences to
which toxicology contributes.

In the first group chemistry, biochemistry,
physiology, immunology, pathology, epidemiology,
biomathematics, and ecology have long been

CHAPTER 1 INTRODUCTION TO TOXICOLOGY

important while molecular biology has, in the
last two or three decades, contributed to dramatic
advances in toxicology.

In the group of sciences to which toxicology
contributes significantly are such aspects of
medicine as public health, occupational health,
internal medicine, forensic medicine, and pharmacy.
Toxicology also contributes in an important
way to veterinary medicine, and to such aspects
of agriculture as the development and safe use
of agricultural chemicals. The contributions of
toxicology to environmental studies have become
increasingly important in recent years.

The field most closely related to toxicology is
pharmacology. In many countries, toxicology as
a discipline has developed from pharmacology.
Pharmacology and toxicology both study the
effect of chemicals on living organisms and
have often used identical methods. However,
fundamental differences have developed with
advances in these sciences. Pharmacology
focused on chemicals with beneficial effects
(drugs) at lower doses whereas toxicology studied
the adverse health effects occurring with the same
chemicals at high doses. Today, the main interest
of research in toxicology has shifted to studies
on the long-term effects of chemicals after low-
dose exposure, such as cancer or other irreversible
diseases; moreover, most chemicals of interest to
toxicologists are not used as drugs.

Toxicology is a recognized scientific discipline
encompassing both basic and applied issues. Few
disciplines can point to both basic sciences and
direct applications at the same time. Toxicology
may be unique in this regard.

Toxicology Is Both a Science and
an Art

Toxicology, like medicine, is both a science
and an art. The science of toxicology is defined
as the observational and data-gathering phase,

3
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whereas the art of toxicology consists of the
utilization of the data to predict outcomes of
exposure in human and animal populations. In most
cases, these phases are linked because the facts
generated by the science of toxicology are used to
develop extrapolations and hypotheses to explain
the adverse effects of chemical agents in situations
where there is little or no information. For
example, the observation that the administration
of TCDD (2,3,7,8-tetrachlorodibenzo-p-
dioxin) to female Sprague-Dawley rats induces
hepatocellular carcinoma is a fact. However,
the conclusion that it will also do so in humans
is a prediction or hypothesis. It is important to
distinguish facts from predictions. When we
fail to distinguish the science form the art, we
confuse facts with predictions and argue that they
have equal validity, which they clearly do not. In
toxicology, as in all science theories have a higher
level of certainty than do hypotheses, which in
turn are more certain than speculations, opinions,
conjectures, and guesses.

HISTORICAL ASPECTS OF
TOXICOLOGY

Antiquity and Middle Ages

Toxicology dates back to the earliest humans,
who used animal venoms and plant extracts for
hunting, warfare, and assassination. Primitive
man was aware of natural poisons from animals
and plants and indeed used these on his weapons.
The word toxicology is derived from toxicon — a
poisonous substance into which arrow heads were
dipped and toxikos — a bow. The Ebers papyrus
(circa 1500 BC) contains information pertaining
to many recognized poisons. Hippocrates (circa
400 BC) in his writings showed that the ancient
Greeks had a professional awareness of poisons
and of the principles of toxicology, particularly
with regard to the treatment of poisoning by

4

influencing absorption. He also mentioned clinical
toxicology principles pertaining to bioavailability
in therapy and overdosage.

Using poisons for murder, suicide and political
assassination was quite common. It is well known
for example that Socrates (circa 470-399 BC)
committed suicide by taking hemlock as state
method of execution. King Mithridates VI (132-63
BC) of Pontus did numerous acute toxicity
experiments on unfortunate criminals to search for
antidotes to poisonous substances and regularly
protected himself with a mixture of 50 different
antidotes.

Dioscorides (40-90 AD), a Greek physician in
the court of the Roman emperor Nero, made the
first attempt at a classification of poisons, which
was accompanied by descriptions and drawings.
His classification into plant, animal, and mineral
poisons not only remained a standard for 16
centuries but is still a convenient classification.

In the Middle Ages, especially in Italy, the
art of poisoning for political ends developed into
a cult. The Borgias were infamous among the
families engaged in poisoning during the fifteenth
and sixteenth centuries.

Age of Enlightenment

A significant figure in the history of science
and medicine in the late Middle Ages was the
renaissance man Philippus Aureoles Theophrastus
Bombastus von Hohenheim-Paracelsus (1493-1541)
Paracelsus (Figure 1-1). Between the time of
Aristotle and the age of, there was little substantial
change in the biomedical sciences. A view initiated
by Paracelsus that became a lasting contribution held
as corollaries that (1) experimentation is essential
in the examination of responses to chemicals,
(2) one should make a distinction between the
therapeutic and toxic properties of chemicals,
(3) these properties are sometimes but not always
indistinguishable except by dose, and (4) one



Figure 1-1. P. A. Paracelsus (1493-1541).

This Swiss physician and scientist questioned and rejected
the irrational medicine of his time. He realized especially
the crucial importance of dose in relation to both the
adverse and the beneficial.

can ascertain a degree of specificity of chemicals
and their therapeutic or toxic effects. Paracelsus
summarized his views in the following famous
phrase: “All substances are poisons; there is none
that is not a poison. The right dose differentiates a
poison from a remedy. ” This statement is properly
regarded as a landmark in the development of the
science (Figure 1-2).

The development of the industrial revolution
stimulated a rise in many occupational diseases.
During this period of time, occupational toxicology
was established and advanced by the work of
Bernardino Ramazzini. His classic, published
in 1700 and entitled Discourse on the Diseases
of Workers, set the standard for occupational
medicine. Percival Pott’s (1795) recognition of the
role of soot in scrotal cancer among chimney sweeps
was the first reported example of polyaromatic
hydrocarbon carcinogenicity.

The nineteenth century dawned in a climate
of industrial and political revolution. Organic
chemistry was in its infancy in 1800, but by 1825
phosgene and mustard gas had been synthesized.
These two agents were used in the World War I as
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Figure 1-2. Effects of amount on response.

The greater the dose, the greater the effect. Fill three large
glasses with approximately 3/4 water. This represents the
approximate water content of an individual. Put one drop
of blue food color in the first glass, three in the second
glass, and then seven in the last glass. Stir with a pen and
look at the change in color as a response to increased dose
of food color in each glass. Think how some chemicals,
caffeine being one, distribute throughout total body water.

war gases.

Another significant figure in toxicology was
Mathieu Joseph Bonaventure Orfila (1787-1853),
a Spaniard working at the University of Paris in
the early nineteenth century, who is said to be
the father of modern toxicology (Figure 1-3). He
clearly identified toxicology as a separate science.

Figure 1-3. M. J. B. Orfila (1787-1853).

A Spanish chemist and physician, he can properly be
called “the father of modern toxicology.” His two-
volume work, published as an English translation in 1817,
was the first textbook of toxicology.
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He conducted numerous quantitative toxicological
studies on experimental animals, relating the
dose of a toxic agent to the biological effects that
ensued. Orfila also made major contributions
to the special area of forensic toxicology. He
applied the methods of analytical chemistry
to tissues from autopsy material and exhumed
bodies to detect the presence of poisons as proof
of poisoning. Orfila also critically examined
the procedures used at this time in the treatment
of poisoning, many of which were ineffective.
Many of his recommendations concerning the
elimination of poisons from the body and the use
of artificial respiration remain valid today.

Many German scientists contributed greatly
to the growth of toxicology in the late nineteenth
and early twentieth centuries. Among the giants
of the field are Oswald Schmiedeberg (1838-1921)
and Louis Lewin (1850-1929). Schmiedeberg’s
research focused on the synthesis of hippuric acid
in the liver and the detoxification mechanisms of
the liver in several animal species. Lewin made
contributions to the chronic toxicity of narcotics
and other alkaloids.

Modern Age

Toxicology has evolved rapidly during the
twentieth century. The exponential growth of
the discipline can be traced to the World War II
era with its marked increase in the production of
drugs, pesticides, munitions, synthetic fibers, and
industrial chemicals.

Prohibition of alcoholic beverages in the
United States opened the door for early studies of
neurotoxicology, with the discovery that triorthocresyl
phosphate (TOCP), methanol, are neurotoxicants.
Mueller’s discovery of DDT and several other
organohalides such as hexachlorobenzene and
hexachlorocyclohexane, during the late 1920s
resulted in wider use of insecticidal agents. The
tragic event of sulfanilamide in glycol solution led to

the passage of the Copeland bill in 1938, the major
bill involving the formation of the U.S. Food and
Drug Administration (FDA). The sulfanilamide
disaster played a critical role in the further
development of toxicology, resulting in work by
Eugene Maximillian Geiling in the University of
Chicago that elucidated the mechanism of toxicity
of both sulfanilamide and ethylene glycol. Studies
of the glycols were simultaneously carried out at
the U.S. FDA by a group led by Arnold Lehman.
The scientists associated with Lehman and
Geiling were to become the leaders of toxicology
over the next 40 years.

More recently, in 1945, Sir Rudolph Peters
studied the mechanism of action of arsenical war
gases and so was able to devise an effective antidote
known as British Anti-Lewisite. Another seminal
event in toxicology that occurred during the World
War [[ era was the discovery of organophosphate
cholinesterase inhibitors. The importance of the
early research on the organophosphates has taken
on special meaning in the years since 1960, when
these nonbioaccumulating insecticides were
destined to replace DDT and other organochlorine
insecticides. Toxicologists today owe a great deal
to the researchers of chemical carcinogenesis of
the 1940s. Much of today’s work can be traced to
Elizabeth and James Miller’s seminal research on
reactive intermediate of chemical carcinogenesis
and mixed-function oxidases at Wisconsin.

The 1960 were a tumultuous time for society,
and toxicology was swept up in the tide. Starting
with the tragic thalidomide incident and the
publication of Rachel Carson’s Silent Spring
(1962), the field of toxicology developed at a
feverish pitch. The end of the 1960s witnessed
the “discovery” of TCDD as a contaminant in the
herbicide Agent Orange. The discovery of a high-
affinity cellular binding protein designated the “Ah”
receptor and work on the genetics of the receptor
have revolutionized field of toxicology.



