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For
Anna, Becky, and Cathy
“... and she had never forgotten that, if you drink much from
a bottle marked ‘poison,” it is almost certain to disagree with
you, sooner or later.”
From Alice’s Adventures in Wonderland, by Lewis Carroll






Preface

This fourth and probably final edition of Principles of Biochemical Toxicology has, like the
previous editions, evolved against the background of my involvement with the teaching of
toxicology on various courses at various levels and in various places.

The objective of the book has always been to form a sound introduction to the basic
principles of the subject from a biochemical and mechanistic viewpoint. It is a testament to the
vitality and progression of toxicology that the increasing sophistication, complexity, and
expansion of the subject mean that revision of at least parts of this book is essential every few
years. However, a book of this size cannot realistically cover all of the diverse aspects of
toxicology in equal depth and detail and include all the new developments that are occurring,
hence the extensive bibliography, which should be used to complement this text where more
detail or other examples are wanted.

This is probably the most extensive revision, because I changed to a part-time teaching
contract in order to do it. I hope that readers feel it has been worthwhile!

As previously, I have taken into account comments that have been made to me since the
third edition was published. I have added new examples to broaden the scope as well as
updated existing ones. I have also redone, and I hope improved, many of the diagrams as well
as adding many new ones.

Special thanks to Anna for all her help with the diagrams.

Again, special thanks to Cathy, particularly this time for her critical comments and
advice, the diagrams she has drawn or helped with, and, as always, for her patience, support,
and, indeed, forebearance when I could not see the light at the end of the tunnel.

John A. Timbrell
April 2008
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71 | Introduction

1.1 BACKGROUND

Toxicology is the subject concerned with the study of the noxious effects of chemical
substances on living systems. It is a multidisciplinary subject, as it embraces areas of
pharmacology, biochemistry, chemistry, physiology, and pathology; although it has sometimes
been considered as a subdivision of some of these other subjects, it is truly a scientific
discipline in itself.

Toxicology may be regarded as the science of poisons; in this context, it has been studied
and practiced since antiquity, and a large body of knowledge has been amassed. The ancient
Greeks used hemlock and various other poisons, and Dioscorides attempted a classification of
poisons. However, the scientific foundations of toxicology were laid by Paracelsus (1493-1541),
and this approach was continued by Orfila (1787-1853). Orfila, a Spanish toxicologist working
in Paris, wrote a seminal work, Trait des Poisons, in 1814 in which he said toxicology should be
founded on pathology and chemical analysis.

Today, highly sensitive and specific analytical methods are used and together with the
new methods of molecular biology have a major impact on the development of the science.

Interactions between chemicals and living systems occur in particular phases. The first is
the exposure phase where the living organism is exposed in some way to the chemical and
which may or may not be followed by uptake or absorption of the chemical into the organism.
This precedes the next phase in which the chemical is distributed throughout the organism.
Both these phases may require transport systems. After delivery of the chemical to various
parts of the organism, the next phase is metabolism, where chemical changes may or may not
occur, mediated by enzymes. These phases are sometimes termed “toxicokinetics,” whereas
the next phase is the toxicodynamic phase in which the chemical and its metabolites interact
with constituents of the organism. The metabolic phase may or may not be a prerequisite for
the final phase, which is excretion.

This sequence may then be followed by a phase in which pathological or functional
changes occur.

Ability to detect exposure and early adverse effects is crucial to the assessment of risk as
will be apparent later in this book. Furthermore, understanding the role of metabolites rather
than the parent chemical and the importance of concentration in toxic effects are essential in
this process.

Therefore, toxicology has of necessity become very much a multidisciplinary science.

There are difficulties in reconciling the often-conflicting demands of public and
regulatory authorities to demonstrate safety with pressure from animal rights organizations
against the use of animals for this purpose.

Nevertheless, development of toxicology as a separate science has been slow, particularly
in comparison with subjects such as pharmacology and biochemistry, and toxicology has a
much more limited academic base. This may in part reflect the nature of the subject, which has
evolved as a practical art, and also the fact that many practitioners were mainly interested in
descriptive studies for screening purposes or to satisfy legislation.

Another reason may be that funding is limited because of the fact that toxicology does
not generate novel drugs and chemicals for commercial use, rather it restricts them.
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1.2 SCOPE

The interest in and scope of toxicology continue to grow rapidly, and the subject is of profound
importance to human and animal health.

The increasing numbers (at least 100,000) of foreign chemicals (xenobiotics) to which
humans and other organisms in the environment are exposed underlies this growth.

These include drugs, pesticides, environmental pollutants, industrial chemicals, and food
additives about which we need to know much, particularly concerning their safety. Of
particular importance, therefore, is the ability to predict, understand, and treat toxicity as
shown by examples such as paracetamol hepatotoxicity (see chap. 7).

This requires a sound mechanistic base to be successful. It is this mechanistic base that
comes within the scope of biochemical toxicology, which forms the basis for almost all the
various branches of toxicology.

The development of toxicology has been hampered by the requirements of regulatory
agencies, which have encouraged the “black box” approach of empiricism as discussed by
Goldberg (see Bibliography). However, the black box has now been opened, and we are
beginning to understand what is inside. But will it prove, especially in relation to risk
assessment, to be Pandora’s box? The routine gathering of data on toxicology, preferably of a
negative nature, required by the various regulatory bodies of the industrial nations, has tended
to constrain and regulate toxicology.

Furthermore, to paraphrase Zbinden (see Bibliography), misuse of toxicological data and
adverse regulatory action in this climate of opinion have discouraged innovative approaches to
toxicological research and have become an obstacle to the application of basic concepts in
toxicology. However, the emphasis on and content of basic science at recent toxicology
congresses is testimony to the progress that has taken place in the period since Goldberg and
Zbinden wrote their articles (see Bibliography).

Ideally, basic studies of a biochemical nature should be carried out if possible before, but at
least simultaneously with, toxicity testing, and a bridge between the biochemical and morpho-
logical aspects of the toxicology of a compound should be built. It is apparent that there are many
gaps in our knowledge concerning this connection between biochemical events and subsequent
gross pathological changes. Without an understanding of these connections, which will require a
much greater commitment to basic toxicological research, our ability to predict toxicity and assess
risk from the measurement of various biological responses will remain inadequate.

Thus, any foreign compound, which comes into contact with a biological system, will
cause certain perturbations in that system. These biological responses, such as the inhibition of
enzymes and interaction with receptors, macromolecules, or organelles, may not necessarily be
toxicologically relevant. This point is particularly important when assessing in vitro data, and it
involves the concept of a dose threshold or the lack of such a threshold, in the “one molecule,
one hit” theory of toxicity.

1.3 BIOCHEMICAL ASPECTS OF TOXICOLOGY

Biochemical toxicology is concerned with the mechanisms underlying toxicity, particularly the
events at the molecular level and the factors, which determine and affect toxicity.

The interaction of a foreign compound with a biological system is twofold: there is the
effect of the organism on the compound and the effect of the compound on the organism.

It is necessary to appreciate both for a mechanistic view of toxicology. The first of these
includes the absorption, distribution, metabolism, and excretion of xenobiotics, which are all
factors of importance in the toxic process and which have a biochemical basis in many
instances. The mode of action of toxic compounds in the interaction with cellular components,
and at the molecular level with structural proteins and other macromolecules, enzymes, and
receptors, and the types of toxic response produced are included in the second category of
interaction. However, a biological system is a dynamic one, and therefore a series of events
may follow the initial response. For instance, a toxic compound may cause liver or kidney
damage and thereby limit its own metabolism or excretion.

The anatomy and physiology of the organism affect all the types of interaction given
above, as can the site of exposure and entry of the foreign compound into the organism. Thus,
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Figure 1.1 The bacterial metabolism of cycasin.

the gut bacteria and conditions in the gastrointestinal tract convert the naturally occurring
compound cycasin, methylazoxymethanol glycoside, into the potent carcinogen methylazox-
ymethanol (Fig. 1.1). When administered by other routes, cycasin is not carcinogenic.

The distribution of a foreign compound and its rate of entry determine the concentration
at a particular site and the number and types of cells exposed. The plasma concentration
depends on many factors, not least of which is the metabolic activity of the particular
organism. This metabolism may be a major factor in determining toxicity, as the compound
may be more or less toxic than its metabolites.

The excretion of a foreign substance can also be a major factor in its toxicity and a
determinant of the plasma and tissue levels. All these considerations are modified by species
differences, genetic effects, and other factors. The response of the organism to the toxic insult is
influenced by similar factors. The route of administration of a foreign compound may
determine whether the effect is systemic or local.

For example, paraquat causes a local irritant effect on the skin after contact but a serious
and often fatal lung fibrosis if it gains entry into the body and bloodstream. Normally, only the
tissues exposed to a toxic substance are affected unless there is an indirect effect involving a
physiological mechanism such as an immune response. The distribution and metabolism of a
toxic compound may determine the target organ damaged, as does the susceptibility of the
particular tissue and its constituent cells. Therefore, the effect of a foreign compound on a
biological system depends on numerous factors, and an understanding and appreciation of
them is a necessary part of toxicology.

The concept of toxicity is an important one: it involves a damaging, noxious, or
deleterious effect on the whole or part of a living system, which may or may not be reversible.
The toxic response may be a transient biochemical or pharmacological change or a permanent
pathological lesion. The effect of a toxic substance on an organism may be immediate, as with a
pharmacodynamic response such as a hypotensive effect, or delayed, as in the development of
a tumor.

It has been said that there are “no harmless drugs only harmless ways of using them.” It
could equally be said, “There are no harmless substances, only harmless ways of using them,”
which underscores the concept of toxicity as a relative phenomenon. It depends on the dose and
type of substance, the frequency of exposure, and the organism in question. There is no absolute
value for toxicity, although it is clear that botulinum toxin has a much greater relative toxicity or
potency than DDT(p,p’-dichlorodiphenyltrichloroethane) on a weight-for-weight basis (Table 1.1).

Table 1.1 Approximate Acute LDso Values for a Variety of Chemical Agents

Agents Species LDso (mg/kg body weight)
Ethanol Mouse 10,000
Sodium chloride Mouse 4,000
Morphine sulfate Rat 900
Phenobarbital, sodium Rat 150
DDT Rat 100
Strychnine sulfate Rat 2
Nicotine Rat 1
Tetrodotoxin Rat 0.1
Dioxin (TCDD) Guinea pig 0.001
Botulinum toxin Rat 0.00001

Abbreviations: LD, lethal dose; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin. Source: Data from Loomis TA,
Hayes AW. Loomis’s Essentials of Toxicology. 4th ed. San Diego: Academic Press, 1996.
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(|3H
H—C—H
H—C—SH Cl—CH=CH—AsCl,

H_?_SH Chlorovinyl dichloroarsine
H (Lewisite)
Dimercaprol Fig.ure 12 The structures of Lewisite and dimercaprol or British
(BAL) anti-Lewisite.

The derivation and meaning of LDs, will be discussed in detail in Chapter 2. However, the LDs is
now seldom regarded as a useful parameter of toxicity except in particular circumstances such as
the design of pesticides.

There are many different types of toxic compounds producing the various types of
toxicity detailed in chapter 6. One compound may cause several toxic responses. For instance,
vinyl chloride is carcinogenic after low doses with a long latent period for the appearance of
tumors, but it is narcotic and hepatotoxic after single large exposures (see chap. 7).

Investigation of the sites and modes of action of toxic agents and the factors affecting
their toxicity as briefly summarized here is fundamental for an understanding of toxicity and
also for its prediction and treatment.

For example, the elucidation of the mechanism of action of the war gas Lewisite (Fig. 1.2),
which involves interaction with cellular sulfhydryl groups, allowed the antidote, British anti-
Lewisite or dimercaprol (Fig. 1.2), to be devised. Without the basic studies performed by Sir
Rudolph Peters and his colleagues, an antidote would almost certainly not have been available
for the victims of chemical warfare.

Likewise, empirical studies with chemical carcinogens may have provided much
interesting data but would have been unlikely to explain why such a diverse range of
compounds causes cancer, until basic biochemical studies provided some of the answers.

SUMMARY

Toxicology, also called the science of poisons, is a multidisciplinary subject dealing with the
noxious effects of chemicals on living systems. It has a long history in relation to the art of
poisoning but has now become more scientifically based. The scientific foundations of
toxicology were laid by Paracelsus and later by Orfila. Toxicology is interrelated with the
activities of regulatory authorities, and its importance is a reflection of the large numbers of
chemicals to which man and the environment are exposed. It relies on an understanding of the
basic biochemistry and physiology of living systems and the relevant chemistry of toxic
molecules. Thus, the interaction of a chemical with a living system occurs in phases and
involves both an effect of the chemical on the biological system and of the biological system on
the chemical. These interactions are affected by numerous factors.

The science of toxicology requires an appreciation of the fact that not all effects observed
are toxicologically relevant. Toxicity is a damaging effect on whole or part of a living system.

An understanding of the mechanism of toxicity of a chemical is essential for a proper
assessment of risk and can lead to the development of antidotes. There are no harmless
chemicals, only harmless ways of using them.

REVIEW QUESTIONS

1. Which 16th century scientist was important in the development of toxicology and
why?

2. Why is cycasin only carcinogenic when ingested by mouth?

3. How many times more toxic is botulinum toxin than nicotine in the rat?

4. What was the contribution of Orfila to the development of toxicology?
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2 | Fundamentals of Toxicology and
Dose-Response Relationships

2.1 INTRODUCTION

The relationship between the dose of a compound and its toxicity is central in toxicology.
Paracelsus (1493-1541), who was the first to put toxicology on a scientific basis, clearly
recognized this relationship. His well-known statement: “All substances are poisons; there is none
that is not a poison. The right dose differentiates a poison and a remedy” has immortalized the
concept. Implicit in this statement is the premise that there is a dose of a compound, which has
no observable effect and another, higher dose, which causes the maximal response. The dose-
response relationship involves quantifying the toxic effect or response and showing a
correlation with exposure. The relationship underlies the whole of toxicology, and an
understanding of it is crucial. Parameters gained from it have various uses in both
investigational and regulatory toxicology. It should be appreciated, however, that toxicity is
a relative phenomenon and that the ways of measuring it are many and various.

2.2 BIOMARKERS

To discuss the dose-response relationship, it is necessary to consider the dose of a chemical, the
nature of the response to it, and what factors affect the response to the chemical. These
considerations are also important in the process of risk assessment for any chemical.

Determination of the true exposure to a chemical substance and of the response of the
organism to that chemical and its potential susceptibility to toxic effects are all crucial
parameters in toxicology. Biomarkers are tools, which enable us to measure these things.

There are thus three types of biomarkers: biomarkers of exposure of the organism to the
toxic substance, biomarkers of response of the organism to that exposure, and biomarkers of
susceptibility of the organism to the chemical.

2.2.1 Biomarkers of Exposure

At its simplest, measurement of the dose is determination of the amount of chemical
administered or the amount to which the animal or human is exposed (such as in air or water).
However, it cannot be assumed that all of the dose will be absorbed, even in the case of a drug
given to a patient (see chap. 3). Therefore, a more precise estimate of exposure is often needed.
This is usually the blood level of the chemical. The level of a chemical in the blood
approximates to the concentration in organs and tissues, which are perfused by that blood (see
chap. 3), and so this is a true biomarker of exposure. It is assumed that the target for toxicity
will be located in one or more of these organs or tissues. However, a metabolic breakdown
product (see chap. 4) may be responsible for the toxicity, and therefore, measuring the parent
chemical may not always be an appropriate biomarker of exposure. A more appropriate
marker of exposure would be the metabolite itself, and this is termed a “biomarker of internal
dose.” Metabolites, especially if they are reactive, may interact with macromolecules such as
proteins and nucleic acids (see chap. 6), often resulting in conjugates or adducts. These can also
be measured. If the conjugate is part of the process of toxicity, measurement of such a
conjugate in blood or other body fluid is a valuable biomarker of effective dose.

However, quantitative environmental exposure data for humans or other animals are
often sadly lacking because studies are usually retrospective, and so, samples of body fluids
will not have been taken. Biomarkers of exposure are relatively transient and even conjugate
with hemoglobin in blood, which are the most persistent, and are generally only detectable for
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about three months after exposure. So unless a prospective study is being carried out or there
is continuous or continual repeated exposure, measurement of biomarkers of exposure may
not be possible. Biomarkers of effective dose were found to be extremely valuable in the study
of aflatoxin-induced liver cancer in humans (see chap. 5).

For environmental exposure, therefore, the dose may have to be estimated from the
amount in soil or water or air or food. If there is industrial exposure, workers in well-regulated
industries are monitored such that their urine or blood may be sampled regularly and
analyzed for biomarkers of exposure.

2.2.2 Biomarkers of Response

Living organisms can show many kinds of toxic or adverse response to a chemical exposure,
ranging from biochemical or physiological to pathological. Consequently there are many
biomarkers of response, which can be measured. These include markers such as enzymes,
which appear in the blood when an organ is damaged, increases in enzymes or stress proteins
resulting from induction (see chap. 5), changes in urinary constituents resulting from damage
or metabolic dysfunction, increases or decreases in enzyme activity, and pathological changes
detected at the gross, microscopic, and subcellular level. Indeed, a biomarker of response could
be almost any indication of altered structure or function. The search for novel biomarkers now
uses techniques in molecular biology, such as the study of changes in genes (genomics or
transcriptomics), changes in the proteins produced from them (proteomics), and changes in the
metabolites resulting from these proteins (metabonomics). However, although these new
technologies have and certainly will have an increasingly important role, interpretation of the
often large amount of data generated is a significant task requiring bioinformatic techniques
such as pattern recognition. Furthermore, all biomarkers of response must be validated in
relation to certain criteria. It cannot be assumed, because a gene is switched on or off, a protein
is increased or decreased, or a metabolic pathway is influenced by a chemical, that the
measurement is a usable biomarker, which reflects toxicity. Some changes are coincidental
rather than causal, some reflect changes, which are inconsequential to the function of the
organism, and some changes are transient and irrelevant.

2.2.3 Biomarkers of Susceptibility

Finally, biomarkers, which indicate variation in the susceptibility of the organism, can be
determined, and again, these cover a range of types from deficiency in metabolic enzymes to
variation in repair systems. These would typically be measured in individual members of a
population. An example could be a genetic deficiency in a particular enzyme involved in
detoxication or xenobiotic metabolism such as cyp 2D6 or N-acetyltransferase (see chap. 5). A
less common type of susceptibility marker is that reflecting increased responsiveness of a
receptor or resulting from a metabolic disorder, such as glucose 6-phosphate dehydrogenase
deficiency, leading to increased susceptibility to toxicity. The interrelationships between these
three types of biomarkers are indicated in Figure 2.1.

2.2.4 The Use of Biomarkers in Risk Assessment
Biomarkers are used at several stages in the risk assessment process. Biomarkers of exposure
are important in risk assessment, as an indication of the internal dose is necessary for the
proper description of the dose-response relationship. Similarly, biomarkers of response are
necessary for determination of the no observed adverse effect level (NOAEL) and the dose-
response relationship (see below). Biomarkers of susceptibility may be important for
identifying especially sensitive groups to estimate an uncertainty factor.

Thus, biomarkers allow the crucial link between the response and exposure to be
established (see the sect. 2.5).

2.3 CRITERIA OF TOXICITY

Clearly there are many different kinds of toxic effect as will be discussed in chapter 6 and also
many different ways of detecting and measuring them. However, it is necessary at this stage to
consider in general terms what is meant by the term “toxic response” or “toxic effect.” This
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Figure 2.1 Types of biomarker and their relationship to the exposure-disease model of toxicity. Source: From Ref. 1.

may depend on the nature of the system being evaluated and the circumstances of exposure.
Some biological effects of chemicals may be trivial, others serious and lethal.

Toxic effects or responses can be divided into those that are graded and those that are
“all or none.” Graded effects are those such as the inhibition of an enzyme, or a change in
blood pressure, which can show some effect between zero and maximal, that is, an increase in
severity will be seen. All-or-none responses are those that are only present or absent (on or off),
such as death or the presence of a tumor. Both types of effect/response can be used to
construct a dose-effect/dose-response curve, but there is a difference between them. With a
graded effect, this is measured in each individual organism at a particular level of exposure to
the chemical. Then usually the average effect for the organisms at a particular dose is plotted
against the dose. If different doses have been investigated, then a dose-effect curve can be
constructed. With an all-or-none response, the percentage of organisms responding to a
particular dose is plotted, which might be 0% at a low dose and 100% at a high dose. This
reflects an underlying frequency distribution as will be discussed later.

First, it is important to distinguish between toxic effects occurring at the point or site of
exposure (e.g., the stomach), so-called local effects, and those toxic effects occurring at a site
distant from the site of exposure, known as systemic effects. Local effects are usually limited to
irritancy and corrosive damage such as from strong acids, which occur immediately but can be
reversible. The one exception is sensitization, which involves the immune system but is often
manifested at the site of the exposure (e.g., skin) although may be delayed.

It is also important at this point to identify that some effects may be reversible, whereas
others are irreversible and that this can be for a number of reasons. Reversibility may be due to
replacement of an inhibited enzyme, for example, or repair of damaged tissue. Irreversibility
could be due to inability to repair a damaged organ or tissue. If this organ has a crucial
function, then the organism may die.

In contrast to local irritants and corrosive acids and alkalis, other chemicals, such as the
drug paracetamol (see chap. 7), cause systemic toxicity, damaging the liver, possibly
irreversibly and with some delay after an oral overdose. Penicillin can also cause systemic
toxicity as a result of an immune reaction, which may be immediate and serious, if it is
anaphylaxis (see chap. 7). However, this effect, if not fatal, is reversible.

Some toxic chemicals cause both local and systemic effects. For example, cadmium
fumes, which may occur in industrial environments, can cause lung damage when inhaled, but
the cadmium absorbed will damage the kidneys.
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Cancer caused by chemicals can occur at the site of action or systemically depending on
the carcinogen. Thus, carcinogenic cigarette smoke constituents such as benzola]pyrene lead to
cancer of the lung when inhaled but benzola]pyrene will also cause cancer of the skin if this is
exposed to it.

Cancer is usually a delayed response, sometimes very much delayed, and is also often
irreversible.

Later chapters will explore some of these examples and points in more detail.

Lethality has already been mentioned in the previous chapter, and at one time, this was
considered the important measure of toxicity in experimental animals and was quantified as
the LDs (see below). However, it is an unnecessary and crude measure of the all-or-none type,
which is dependent upon and can be influenced by many factors and so will show
considerable variability. Lethality, therefore, is no longer an endpoint, which is used except in
specific circumstances such as pesticide development.

As already discussed, information on toxicity is normally derived from experimental
animals, starting with preliminary acute toxicity studies covering a range of doses, and these
may be all that is necessary to classify a chemical [as described by van den Heuvel et al. (2)]. In
such studies, careful observation of clinical signs and symptoms and their time course can be
very important and could suggest underlying mechanisms. For example, a chemical, which
caused a variety of symptoms such as constricted pupils, labored breathing, hind limb
weakness, and diarrhea, might be acting by interfering with the cholinergic system as
organophosphates do (see chap. 7). If the effects occur very rapidly, this might suggest that a
major biochemical or physiological system is affected. For example, cyanide is rapidly lethal
because the target is cytochrome aaz in the mitochondrial electron transport chain, which is
vital to all cells (see chap. 7). The blockade of this enzyme will therefore stop cellular
respiration in many different tissues.

At the end of toxicity studies during the postmortem, observations such as the
occurrence of pathological change, for example, liver damage can be detected. In later, longer-
term studies, a specific biochemical change, such as inhibition of an enzyme or a physiological
change, might be detected in blood samples or specific physiological measurements. Some
pathological damage can be detected from biomarkers in blood such as leakage of enzymes or
changes in metabolites.

Simple changes can also be useful, and important indicators such as changes in body
weight, which is quite a sensitive marker of dysfunction, or organ weight, which can be a
sensitive indicator of pathological change. Generally, in studies of the toxicity of a chemical, a
variety of biomarkers of effect or response will be measured, particularly biochemical markers,
which are quantitative indicators of dysfunction.

The selection of a measurable index of toxicity in the absence of an obvious pathological
lesion can be difficult, but information derived from preliminary toxicity studies may indicate
possible targets.

Biomarkers, which are closely connected to the mechanism of toxicity, are preferable.
This may, of course, require an underlying knowledge of the target site, which may be a
receptor, enzyme, or other macromolecule.

For example, the industrial chemical hydrazine not only causes death, as a result of
effects on the central nervous system, but also causes dysfunction in the liver, leading to the
accumulation of fat. This effect is not related to the lethality, but it shows a clear relationship
with dose. The response, that is, fatty liver, is a graded effect rather than an all-or-none
response and can be quantitated either as an increase in liver weight (as percent of body
weight) or by specific measurement of the triglycerides. Both measurements show a similar
dose-effect curve (Fig. 2.2).

In contrast, the lung damage and edema (water accumulation) caused by ipomeanol,
discussed in greater detail in chapter 7, is directly related to the lethality. This can be seen from
the dose-response curve (chap. 7, Fig. 39) and can also be seen when the time course of death
and lung edema, measured as the wet weight/ dry weight ratio, are compared (chap. 7, Fig. 38),
strongly suggesting a causal relationship between them.

When information is derived from human epidemiological studies, it will normally be
incidence of a particular disease or morbidity such as cancer or maybe the appearance of a
novel disease, that is, all-or-none responses.

Toxicity studies can also be carried out in vitro and dose-response curves constructed.
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In in vitro systems, criteria of toxicity will generally be measurements of either specific
biochemical changes, such as ATP level or protein synthesis, or general indicators such as cell
metabolic activity, viability, or membrane damage as indicated by dye uptake or enzyme
leakage.

2.4 NEW TECHNOLOGIES

New techniques are being employed in toxicology in various ways, such as the development of
new biomarkers. Thus, mechanisms underlying toxic effects are being unraveled using
molecular biological techniques such as genomics and transcriptomics. Sophisticated separation
techniques and mass spectrometry are being applied to identify protein targets and measure
changes in them using proteomics. Separation and identification of metabolites using techniques
such as high-pressure liquid chromatography and high-resolution nuclear magnetic resonance
spectroscopy (NMR) are being used in metabonomics. When used together, these three
techniques (genomics, proteomics, and metabonomics) show how chemicals cause metabolic
alteration or dysfunction, starting in some cases with a change in gene expression and
transcription or a mutation. The use of highly sensitive accelerator mass spectrometry (AMS)
allows extremely small doses of a potential drug to be given to human volunteers and the drug
and metabolites to be detected, so that some indication of potential metabolism is possible.

2.5 EVALUATION OF TOXICITY
The toxicity of a chemical can be determined in one of three ways:

1. By observing human, animal, or plant populations exposed to a chemical
(epidemiology)

2. By administering the chemical to animals or plants under controlled conditions and
observing the effects (in vivo)

3. By exposing cells, subcellular fractions, or single-celled organisms to the chemical
(in vitro)

2.5.1 Human Toxicity Data

The exposure of humans to chemicals may occur accidentally through the environment, as part
of their occupation or intentionally, as with drugs and food additives. Thus chemical accidents,
if thoroughly documented, may provide important information about the toxicity of a chemical
in humans. Similarly, monitoring of humans exposed to chemicals at work may, if well
documented, provide useful evidence of toxicity. Thus, monitoring biochemical indices of
pathological change may be carried out in humans during potential exposure (see the sect. 2.2).
An example is the monitoring of agricultural workers for exposure to organophosphorus
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insecticides by measuring the degree of inhibition of the enzyme acetylcholinesterase in blood
samples (see chap. 7). However, acquiring such human data is often difficult and is rarely
complete or of a good-enough standard to be more than additional to animal studies. One
problem is the lack of adequate exposure information. However, epidemiological data may at
least indicate that a causal relationship exists between exposure to the chemical and an effect in
humans. Studying particular populations of predatory birds and measuring certain
parameters, such as eggshell thickness and pesticide level, is an ecotoxicological example of
testing for toxicity in the field.

For a drug, detecting toxic effects is more straightforward. Experimental animals are
given various doses of the new drug, and any toxic effects are evaluated. Then, before
marketing, drugs are first given to a small number of human volunteers (5-10) in phase I
clinical trials and then later to a relatively small number of patients (100-500) in phase II
clinical trials, then to a larger number of patients (2000-3000) in phase III clinical trials. If it is
licensed by the authorities, it is made available to the general public (phase IV clinical trials).
Both during the early clinical trials and the eventual use by the general public, adverse
reactions can be detected.

Data obtained from human exposure or clinical trials is analyzed by epidemiological
techniques. Typically, effects observed will be compared with those in control subjects with the
objective of determining if there is an association between exposure to the chemical and a
disease or adverse effect.

There are four types of epidemiological study:

1. Cohort studies in which individuals exposed to the chemical of interest are followed
overtime prospectively. This design is used in clinical trials of drugs. Controls are
subjects selected out of the patient population and have the disease for which the
drug is prescribed. The controls receive an inactive “placebo.”

2. Case-control studies in which individuals who have been exposed and may have
developed a disease are compared retrospectively with similar control subjects who
have no disease.

3. Cross-sectional studies are those in which the prevalence of a disease in an exposed
group is studied.

4. Ecological studies are those in which the incidence of a disease in one geographical
area (where there may be hazardous chemical exposure) is compared with the
incidence in another area without the hazardous chemical.

Epidemiological data can be analyzed in various ways to give measures of effect. The
data can be represented as an odds ratio, which is the ratio of the risk of disease in an exposed
group compared with a control group. Odds ratio can be calculated as

A xB/C xD,

where A = no. of cases of disease in exposed population; B = no. of unexposed controls without
disease; C = no. of exposed subjects without disease; D = no. of unexposed controls with disease.
The relative risk is determined as the ratio of the occurrence of the disease in the exposed to the
unexposed population. The absolute excess risk is an alternative quantitative measure. Relative risk
is calculated as A/B, where A = no. of cases of disease in total exposed group per unit of
population; B = no. of cases of disease in total nonexposed control group per unit of population.

Absolute excess risk calculated as number of cases of disease per unit of exposed
population minus number of cases of disease per unit of unexposed population.

When setting up epidemiological studies and when assessing their significance, it is
important to be aware of confounding factors such as bias and the need for proper controls.

For further details on epidemiology, the reader is referred to the bibliography.

2.5.2 Animal Toxicity Data

Although human data from epidemiological studies are useful, the majority of data on the
toxicity of chemicals are gained from experimental studies in animals. Some of these studies
will be carried out to understand the mechanism behind the toxicity of a particular chemical,
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other studies will be carried for regulatory reasons. This data will be generated by toxicity
studies, which are controlled and which generate histopathological, clinical, and biochemical
data.

The data so acquired is used for the risk assessment and safety evaluation of drugs prior
to human exposure, for food additives before use, and for industrial and environmental
chemicals. In the case of drugs, this information is essential before the drug can be
administered to patients in clinical trials, and similarly, for food additives and other chemicals,
it is required to set a NOAEL (see below).

Because animal tests can be carefully controlled with the doses known exactly, the
quality of the data is generally good. The number of animals used should be enough to allow
statistical significance to be demonstrated. Humane conditions and proper treatment of
animals are essential for scientific as well as ethical reasons, as this helps to ensure that the
data is reliable and robust.

The problem of extrapolation between animal species and humans always has to be
considered, but past data as well as theoretical considerations indicate that in the majority of
cases, (but not all) toxic effects occurring in animals will also occur in humans.

The most common species used are rats and mice for reasons of size, the accumulated
knowledge of these species, and cost. Normally, young adult animals of both sexes will be
used. The exposure level of the chemical chosen will ideally span both nontoxic and maximally
toxic doses.

Currently, mice have the advantage in being available as genetically modified varieties.
They can, therefore, be engineered to express human enzymes, for example. Consequently,
they can be used to evaluate the mechanism underlying a toxic effect or to simulate a human in
terms of metabolism, for example.

To show and evaluate some types of toxic effect, a particular species might be required.

For veterinary drugs or environmental pollutants, the target species will normally
be used.

2.5.3 In Vitro Toxicity Studies

It has become necessary to question the use of in vivo safety evaluation studies in animals
because of the pressure from society to reduce the use of live animals in medical research.
Consequently, there has been an increase in the exploration and use of various in vitro systems
in toxicity testing. The current philosophy is embodied in the concept of the three R’s:
replacement, reduction, and refinement. Thus if possible, live animals should be replaced with
alternatives. If this is not possible, then measures should be adopted to reduce the numbers
used. Finally, research workers should also refine the methods used to ensure greater animal
welfare and reduction in distress and improve the quality of the data derived, if possible.

In some areas, the use of in vitro systems has been successful. For example, the use of
in vitro tests for the detection of genotoxicity is now well established. These tests include the
well-known Ames test, which relies on detecting mutations in bacteria (such as Salmonella
typhimurium). These are useful early screens for detecting potential genotoxicity.

Other microorganisms such as yeast may also be used. Mammalian cells can similarly be
employed for tests for genotoxicity, typically mouse lymphoma or Chinese hamster ovary cell
lines. Human lymphocytes can be used for the detection of chromosomal damage. Fruit flies
are sometimes used for specific tests such as the detection of sex-linked recessive lethal
mutations. However, there is only partial correlation between a positive result for
mutagenicity in tests such as the bacterial test and carcinogenicity in an animal. That is,
known animal carcinogens are not universally mutagenic in the bacterial tests and vice versa,
some mutagenic chemicals are not carcinogenic in animals (see chap. 6 for more discussion).
Therefore, although in vitro bacterial tests may be used to screen out potential genotoxic
carcinogens, those compounds, which are not apparently mutagenic, may still have to be
tested for carcinogencity in vivo at a later stage.

Unfortunately, there are a number of problems with many of the in vitro systems
currently in use, which make the use of such systems for prediction and risk assessment
difficult.

Thus primary cells (i.e., obtained freshly from a human or animal organ) may show poor
viability in medium- to long-term experiments, and this can limit their usefulness to short-term
exposures. There are also major biochemical changes, which occur with time in primary cells,
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starting from almost the moment of preparation of the tissue. Changes, such as in the level and
proportions of isozymes of cytochrome P-450, for instance, which occur over the first 24 hours
after isolation will influence the toxicity of chemicals in those cells if metabolic activation is a
factor (see chaps. 4, 5, and 7).

An alternative in vitro system is the use of cell lines, immortal cells, which will continue
to grow and can be frozen and used when needed. However, these cells, usually derived from
tumors, are not the same as those in normal tissue.

Where comparisons have been made with in vivo data, in many cases, the in vitro system
reacts differently to the tissue in the animal in vivo. This difference may be qualitative or
quantitative.

Therefore, the data generated from them have to be viewed with caution. This is
particularly the case if the data are being used as part of a risk assessment. Such in vitro data
may underestimate the toxicity in vivo.

Thus, it is not yet possible to replace all animal experiments with in vitro systems even
though considerable progress has been made. In vitro systems are particularly useful, however,
for screening out toxic compounds, which might otherwise be developed, for mechanistic studies
and for comparing different compounds within a group of analogues, for example.

2.6 INTERACTIONS

It is appropriate at this point to mention, in general terms, interactions, which may affect toxic
responses. However, many specific factors will be discussed in detail later in this book and
especially in chapter 5.

Although under experimental conditions, animals and humans are mostly exposed to
only one chemical, in the environment, organisms of all kinds are potentially exposed to
mixtures of chemicals. This is clearly the case with the administration of drugs, patients with
some conditions receiving several drugs simultaneously. Also patients receiving only one drug
may also be exposed to other chemicals in food or at their place of work. Similarly, pesticides
may be mixtures, and wild organisms can be exposed to several different pesticides as they
move through their environment.

Therefore, knowledge and understanding of interactive effects of chemicals are crucial
for a number of reasons. For example

The design of antidotes to poisoning
The use of pesticides

The toxicity of drugs

The toxicity of environmental chemicals
The interaction of diet and drugs

AR e

In toxicology, we must be aware of this and the various possible consequences, which
have a number of underlying mechanisms. The simplest situation is for a mixture of two
chemicals.

When two chemicals (or more), which have the same toxic effect, are given to an animal,
the resulting toxic response could simply be the sum of the individual responses. This
situation, where there is no interaction, is known as an additive effect. Conversely, if the
overall toxic response following exposure to two chemicals is more than the sum of the
individual responses, the effect is called “synergism.” There are a number of possible reasons
for this. For example, both chemicals could interact with the same system differently, so as to
enhance the effect such as by one increasing the sensitivity of the receptor for the other. An
example of synergy is a combination of ethanol and carbon tetrachloride. Both are toxic to the
liver, but together they are much more toxic than either separately. Another example is the
combined effect of asbestos and cigarette smoking in humans, which both cause lung cancer.
Asbestos, increases the incidence by fivefold, and smoking increases the incidence by 11-fold,
but the combination of the two as in a smoker who works with asbestos, is a 55-fold increase in
the incidence of cancer.

Potentiation is similar to synergism except that the two substances in question have
different toxic effects, or perhaps, only one is toxic. For instance, when the drug disulphiram is
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given to alcoholics, subsequent intake of ethanol causes toxic effects to occur because of the
interference in the metabolism of ethanol by disulphiram. However, disulphiram has no toxic
effect at the doses administered. There are many other examples of potentiation and a number
of them are covered in this book (see sects. 7.2.4, 7.2.5, and 7.2.1, chap. 7).

It should be noted that synergism and potentiation may be defined in the reverse way in
some texts, and the term “insecticide synergists,” as defined here, usually reflects potentiation.
The definition used here is the same as that used in pharmacology.

It is also conceivable that the administration of two substances to an animal may lead to a
toxic response, which is entirely different from that of either of the compounds.

This would be a “coalitive” effect. Alternatively, “antagonism” may occur in which one
substance decreases the toxic effect of another toxic agent. Thus, the overall toxic effect of the
two compounds together maybe less than additive.

2.6.1 Mechanisms
There are four basic mechanisms underlying interactions: functional, chemical, dispositional,
and receptor.

Functional interactions are those in which both of the two chemicals affect a bodily system
perhaps by different mechanisms, and either increase or decrease the combined effect. For
example, both atropine and pralidoxime decrease the toxic effects of organophosphate
compounds by different means, a combination of the two antidotes leads to a large increase in
effectiveness (synergism).

Chemical interactions are those in which one chemical combines with another to become
more or less toxic. For example, the chelating agent EDTA combines with toxic metals such as
lead and decreases its toxicity (antagonism).

Dispositional interactions are those in which one chemical affects the disposition of the
other, usually metabolism. Thus, one chemical may increase or inhibit the metabolism of
another to change its toxicity. For example, 2,3-methylenedioxynaphthalene inhibits
cytochrome P-450 and so markedly increases the toxicity of the insecticide carbaryl to flies
(potentiation) (see chap. 5). Another example, which results in synergy, is the increased toxicity
of the organophosphorus insecticide malathion (see chap. 5) when in combination with
another organophosphorus insecticide, EPN. EPN blocks the detoxication of malathion. Many
chemicals are either enzyme inhibitors or inducers and so can increase or decrease the toxicity
of other chemicals either by synergism or potentiation (see chap. 5).

Receptor interactions are those where two chemicals both interact with the same receptor
to change (usually decrease) the toxic effect of the combination. For example, naloxone binds
to the same receptor as morphine and other opiates and so can be used as an antidote to excessive
doses of opiates (antagonism). In other cases, such as when two organophosphates are
used together, both acting on acetylcholinesterase, the combined effect would be as expected
(additive).

These interactive effects may be visualized graphically as isoboles (Fig. 2.3) or
alternatively, there are simple formulae, which may be used for detecting them:

__expected EDs; of (A + B)
- observed EDs of (A + B)

If V < 0.7, there is antagonism; if V = 0.7 — 1.3, an additive effect occurs; if V=13 - 1.8,
the effect is more than additive; if V > 1.8, there is synergism or potentiation. For further
discussion, see Brown (4) and references therein. Note that these interactive effects may occur
with single acute doses or repeat dosing, and may depend on the timing of the doses relative to
each other.

The response of an organism to a toxic compound may become modified after repeated
exposure. For example, tolerance or reduced responsiveness can develop when a compound is
repeatedly administered. This may be the result of increasing or decreasing the concentration
of a particular enzyme involved or by altering the number of receptors. For example, repeated
dosing of animals with phenobarbital leads to tolerance to the pharmacological response as a
result of enzyme induction (see chap. 5). Conversely, tolerance to the hepatotoxic effect of a
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large dose of carbon tetrachloride results from the destruction of particular enzymes after
small doses of the compound have been administered (for more details see chap. 7).

After repeated dosing of animals with B-agonist drugs such as clenbuterol, there is a
decrease in both the density of B-receptors in muscle tissue and the stimulation of protein
synthesis caused by this drug.

2.7 DOSE RESPONSE

It is clear from the earlier discussion that the measurable endpoint of toxicity may be a
pharmacological, biochemical, or a pathological change, which shows percentage or propor-
tional change. Alternatively, the endpoint of toxicity may be an all-or-none or quantal type of
effect such as death or loss of consciousness. In either case, however, there will be a dose-
response relationship. The basic form of this relationship is shown in Figure 2.4.

However, the dose response relationship is constructed, using either graded or all-or-
none data, it is based on certain assumptions. Although not all toxic reactions can be ascribed
to interactions with receptors with certainty, those due to pharmacological effects mostly can.
Thus drugs show toxic reactions, which are commonly exaggerated pharmacological effects,
which may represent effectively the top part of the dose-effect curve for therapeutic action. For
example, if a drug causes lowering of blood pressure (via a receptor interaction), a high dose of
the drug may lower this to a dangerous level, and this then is a toxic reaction. Alternatively,
the drug may interact with another receptor, and this can lead to unwanted, adverse effects. It
should be realized, however, that receptors are not the only structures specifically present in
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cells, which can elicit a particular physiological or cellular response when a toxic chemical
binds. Enzymes and other macromolecules such as DNA can also be considered as “receptors,”
binding to which may cause a particular response. However, for many toxic chemicals, the
identity of the receptor or cellular target(s) is unknown.

Two examples of toxicity, where the target is known, are carbon monoxide, which
interacts specifically with hemoglobin, and cyanide, which interacts specifically with the
enzyme cytochrome az of the electron transport chain (see chap. 7). The toxic effects of these
two compounds are a direct result of these interactions and, it is assumed, depend on the
number of molecules of the toxic compound bound to the receptors. However, the final toxic
effects involve cellular damage and death and also depend on other factors. Other examples
where specific receptors are known to be involved in the mediation of toxic effects are
microsomal enzyme inducers, organophosphorus compounds, and peroxisomal proliferators
(see chaps. 5-7).

The study of receptors has not featured as prominently in toxicology as in pharmacology.
However, with some toxic effects such as the production of liver necrosis caused by paracetamol,
for instance, although a dose-response relation can be demonstrated (see chap. 7), it currently
seems that there may be no simple toxicant-receptor interaction in the classical sense. It may be
that a specific receptor-xenobiotic interaction is not always a prerequisite for a toxic effect. Thus,
the pharmacological action of volatile general anesthetics does not seem to involve a receptor, but
instead the activity is well correlated with the oil-water partition coefficient. However, future
detailed studies of mechanisms of toxicity will, it is hoped, reveal the existence of receptors or
other types of specific targets where these are involved in toxic effects.

The dose-response relationship is predicated on certain assumptions, however:

1. That the toxic response is a function of the concentration of the compound at the site
of action

2. That the concentration at the site of action is related to the dose

3. That the response is causally related to the compound given

Examination of these assumptions indicates that there are various factors that may affect
the relationship. Furthermore, it is also assumed that there is a method for measuring and
quantifying the toxic effect in question. As already indicated, there are many possible
endpoints or criteria of toxicity, but not all are appropriate.

2.7.1 Toxic Response Is a Function of the Concentration at the Site of Action

The site of action may be an enzyme, a pharmacological receptor, another type of
macromolecule, or a cell organelle or structure. The interaction of the toxic compounds at
the site of action may be reversible or irreversible. The interaction is, however, assumed to
initiate a proportional response. If the interaction is reversible, it may be described as follows:

ki
R+ T=RT (1)

ko
where R = receptor; T = toxic compound, RT = receptor-compound complex, k; and k, = rate
constants for formation and dissociation of the complex, then

R][T] _ ki _
W = k_2 =Kr (2)

where KT = dissociation constant of the complex. If [Rt] is the total concentration of receptors and
[Rt] = [R] + [RT], then
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If the response of effect (e) is proportional to the concentration of RT, then
€ = k3 [RT}

and the maximum response (E,,.x.) occurs when all the receptors are occupied:

Emax. = ks [Rt}
then:
RT
€ = Emax. u
R
This may be transformed into
Emax. [T]
€= 4
Ky + [T] @

Thus, when [T] = 0, e = 0 and when e = Y2E,,,«, Kt = [T]. Thus, Eq. 4 is analogous to the
Michaelis-Menten equation describing the interaction of enzyme and substrate.

Thus, the more the molecules of the receptor that are occupied by the toxic compound,
the greater the toxic effect. Theoretically, there will be a concentration of the toxic compound at
which all of the molecules of receptor (r) are occupied, and hence, there will be no further
increase in the toxic effect

[RT]

ie., ——— =1 or 100% occupancy

]

The relationship described above gives rise to the classical dose-response curve (Fig. 2.4).

For more detail and the mathematical basis and treatment of the relationship between the
receptor-ligand interaction and dose-response relationship, the reader is recommended to
consult one of the texts indicated at the end of this chapter (5-7).

However, the mathematics describes an idealized situation, and the real situation in vivo
may not be so straightforward. For example, with carbon monoxide, as already indicated, the
toxicity involves a reversible interaction with a receptor, the protein molecule hemoglobin (see
chap. 7 for further details of this example). This interaction will certainly be proportional to the
concentration of carbon monoxide in the red blood cell. However, in vivo about 50% occupancy
or 50% carboxyhemoglobin may be sufficient for the final toxic effect, which is cellular hypoxia
and lethality. Duration of exposure is also a factor here because hypoxic cell death is not an
instantaneous response. This time-exposure index is also very important in considerations of
chemical carcinogenesis.

Therefore, in vivo toxic responses often involve several steps or sequelae, which may
complicate an understanding of the dose-response relationship in terms of simple receptor
interactions. Clearly, it will depend on the nature of response measured. Thus, although an
initial biochemical response may be easily measurable and explainable in terms of receptor
theory, when the toxic response of interest and relevance is a pathological change, which
occurs over a period of time, this becomes more difficult.

The number of receptor sites and the position of the equilibrium (Eq. 1) as reflected in
KT, will clearly influence the nature of the dose response, although the curve will always be of
the familiar sigmoid type (Fig. 2.4). If the equilibrium lies far to the right (Eq. 1), the initial part
of the curve may be short and steep. Thus, the shape of the dose-response curve depends on the
type of toxic effect measured and the mechanism underlying it. For example, as already
mentioned, cyanide binds very strongly to cytochrome az and curtails the function of the
electron transport chain in the mitochondria and hence stops cellular respiration. As this is a
function vital to the life of the cell, the dose-response curve for lethality is very steep for
cyanide. The intensity of the response may also depend on the number of receptors available.
In some cases, a proportion of receptors may have to be occupied before a response occurs.
Thus, there is a threshold for toxicity. With carbon monoxide, for example, there are no toxic
effects below a carboxyhemoglobin concentration of about 20%, although there may be
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measurable physiological effects. A threshold might also occur when the receptor is fully
occupied or saturated. For example, an enzyme involved in the biotransformation of the toxic
compound may become saturated, allowing another metabolic pathway to occur, which is
responsible for toxicity. Alternatively, a receptor involved in active excretion may become
saturated, hence causing a disproportionate increase in the level of the toxic compound in the
body when the dose is increased. Such saturable processes may determine the shape and slope
of the dose-response curve.

However, when the interaction is irreversible, although the response may be propor-
tional to the concentration at the site of action, other factors will also be important.

If the interaction is described as

R+ T =RT (5)
RT — 7,

the fate of the complex RT in Eq. 5 is clearly important. The repair or removal of the toxin-
receptor complex RT may therefore be a determinant of the response and its duration.

From this discussion, it is clear that the reversible and irreversible interactions may give
rise to different types of response. With reversible interactions, it is clear that at low
concentrations, occupancy of receptors may be negligible with no apparent response, and there
may, therefore, be a threshold below which there is a “no-effect level.” The response may also
be very short, as it depends on the concentration at the site of action, which may only be
transient. Also, repeated or continuous low-dose exposure will have no measurable effect.

With irreversible interactions, however, a single interaction will theoretically be sufficient.
Furthermore, continuous or repeated exposure allows a cumulative effect dependent on the
turnover of the toxin-receptor complex. An example of this is afforded by the organophosphorus
compounds, which inhibit cholinesterase enzymes (see Aldridge (7) and chap. 7).

This inhibition involves reaction with the active site of the enzyme, which is often
irreversible. Resynthesis of the enzyme is therefore a major factor governing the toxicity.
Toxicity only occurs after a certain level of inhibition is achieved (around 50%). The
irreversibility of the inhibition allows cumulative toxicity to occur after repeated exposures
over an appropriate period of time relative to the enzyme resynthesis rate.

With chemical carcinogens, the interaction with DNA after a single exposure could be
sufficient to initiate eventual tumor production with relatively few molecules of carcinogen
involved, depending on the repair processes in the particular tissue. Consequently, chemical
carcinogens may not show a measurable threshold, indicating that there may not be a no-effect
level as far as the concentration at the site of action is concerned. Although the DNA molecule
may be the target site or receptor for a carcinogen, it now seems as though there are many
subsequent events or necessary steps involved in the development of a tumor. There may,
therefore, be more than one receptor-carcinogen interaction, which will clearly complicate the
dose-response relationship.

Also access to the target may be a factor. For example, DNA repair seems to be very
important in some cases of chemical carcinogenesis and will contribute to the presence of a
dose threshold.

The existence of “no-effect doses” for toxic compounds is a controversial point, but it is
clear that to measure the exposure sufficiently accurately and to detect the response reliably
are major problems (see below for further discussion). Suffice it to say that certain carcinogens
are carcinogenic after exposure to concentrations measured in parts per million, and the dose-
response curves for some nitrosamines and for ionizing radiation appear to pass through zero
when the linear portion is extrapolated. At present, therefore, in some cases no-effect levels
cannot be demonstrated for certain types of toxic effect.

With chemical carcinogens, time is also an important factor, both for the appearance of
the effect, which may be measured in years, and for the length of exposure. It appears that
some carcinogens do not induce tumors after single exposures or after low doses but others do.
In some cases, there seems to be a relationship between exposure and dose, that is, low doses
require longer exposure times to induce tumors than high doses, which is as would be
expected for irreversible reactions with nucleic acids. For a further discussion of this topic, the
reader is referred to the articles by Aldridge (7, chap. 6) and Zbinden (8).
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2.7.2 Concentration at the Site of Action Is Related to the Dose

Although the concentration in tissues is generally related to the dose of the foreign compound,
there are various factors, which affect this concentration. Thus, the absorption from the site of
exposure, distribution in the tissues, metabolism, and excretion all determine the concentration
at the target site. However, the concentration of the compound may not be directly
proportional to the dose, so the dose-response relationship may not be straightforward, or
marked thresholds may occur. For instance, if one or more of the processes mentioned is
saturable or changed by dose, disproportionate changes in response may occur. For example,
saturation of plasmaprotein binding sites may lead to a marked increase in the plasma and
tissue levels of the free compound in question. Similarly, saturation of the processes of
metabolism and excretion, or accumulation of the compound, will have a disproportionate
effect. This may occur with acute dose-response studies and also with chronic dosing as, for
example, with the drug chlorphentermine (chap. 3, Fig 19), which accumulates in the adrenals
but not in the liver after chronic dosing.

The result of this is accumulation of phospholipids, or phospholipidosis, in the tissues
where accumulation of the drug occurs. Active uptake of a toxic compound into the target
tissue may also occur. For example, the herbicide paraquat is actively accumulated in the lung,
reaches toxic concentrations in certain cells, and then tissue damage occurs (see chap. 7).

The relationship between the dose and the concentration of a compound at its site of
action is also a factor in the consideration of the magnitude of the response and no-effect level.

The processes of distribution, metabolism, and excretion may determine that none of the
compounds in question reaches the site of action after a low dose, or only does so transiently.
For both irreversible and reversible interactions, but particularly for the latter, this may be the
major factor determining the threshold and the magnitude and duration of the response. For
example, the dose required for a barbiturate to induce sleep in an experimental animal and the
length of time that that animal remains unconscious can be drastically altered by altering the
activity of the enzymes responsible for metabolizing the drug. Changes in the level of a toxic
compound in the target tissue may occur because of changes in the pH of the blood or urine,
causing changes in distribution and excretion of the compound. This phenomenon is used in
the treatment of poisoning to reduce the level of drug in the central nervous system after
overdoses of barbiturates and salicylates (see chap. 7). Both of these examples involve
alteration of the concentration of drug at the site of action.

2.7.3 Response Is Causally Related to the Compound

Although this may seem straightforward, in some cases, the response is only indirectly related
and is therefore not a useful parameter of toxicity to use in a dose-response study. This may
apply to situations where enzyme inhibition is a basic parameter but where it may not relate to
the overall toxic effect. For example, inhibition by lead of aminolaevulinic acid dehydrase, an
enzyme, which is involved in heme synthesis, can be readily demonstrated to be dose related,
but is clearly not an appropriate indicator of lead-induced renal toxicity in vivo.

When more information has been gained about the toxicity or when the underlying
mechanism of toxicity is understood, then more precise indicators of toxicity can be measured.
Similarly, this criterion must be rigorously applied to epidemiological studies where a causal
relationship may not be apparent or indeed may not even exist.

2.8 MEASUREMENT OF DOSE-RESPONSE RELATIONSHIPS

It should be clear from the earlier discussion that the measurable endpoint of toxicity could be
a biochemical, physiological, or pathological change. This toxic effect will show a “graded”
increase as the dose of toxicant increases. Alternatively, the toxic effect may be an all-or-none
effect such as death or the presence or absence of a tumor (which can be considered in such a
way). These are also called quantal effects. In this case, an increase in the dose will result in an
increase in the proportion of individuals showing the response rather than an increase in the
magnitude of the effect.

Therefore, we can identify two types of relationship with the dose of the toxicant: a dose-
effect relationship (graded effect) and a dose-response relationship (all-or-none effect).
However, the term “dose-response relationship” is often used to describe both types.
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With graded effects, as the dose increases, the effect, such as inhibition of an enzyme,
increases from zero to maximum. This results in a sigmoid curve when plotted (Fig. 2.4). There
is, therefore, a threshold dose below which there is no effect but above which an effect is
detectable. Clearly, there will also be maximal effect above which no further change is possible;
it is impossible to inhibit an enzyme more than 100%, for instance.

However, the quantal type of relationship with dose will also show a sigmoid curve
when appropriately plotted. In this case, the curve derives from a frequency distribution (Fig. 2.5),
which is the familiar Gaussian curve.

Those animals or patients responding at the lowest doses (Fig. 2.5) are more sensitive
(hypersensitive) and those responding at the highest doses are less sensitive than the average
(hyposensitive). The median point of the distribution is the dose where 50% of the population
has responded and is the midpoint of the dose-response curve (Fig. 2.6). If the frequency
distribution of the response is plotted cumulatively, this translates into a sigmoid curve. The
more perfect the Gaussian curve, the closer to a true sigmoid curve will the dose-response
curve be.

A threshold also exists for quantal dose responses as well as graded, i.e., there will be a
dose below which no individuals respond. However, the concept of a threshold also has to be
considered in relation to the variation in sensitivity in the population, especially a human
population with great variability. Thus, although there will be a dose at which the greatest
number of individuals show a response (see point B in Fig. 2.5), there will be those individuals
who are very much more sensitive (point A in Fig. 2.5) or those who are much less sensitive
(point C in Fig. 2.5). This consideration is incorporated into risk assessment of chemicals such
as food additives, contaminants, and industrial chemicals (see below).
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For a drug, it may be that the therapeutic dose causes unacceptable side effects in such
hypersensitive individuals and cannot be used.

The portion of the dose-response curve between 16% and 84% is the most linear and may be
used to determine parameters such as EDsy, TDsp, or LDs. These are the doses, which, from the
dose-response curve, are estimated to cause a 50% response (either pharmacological, toxicological,
or lethal) in 50% of the animals or a 50% inhibition of an enzyme, for example. The linearity of the
dose-response curve may often be improved by plotting the logo of the dose, although this is an
empirical transformation. In some cases, dose-response curves may be linearized by applying
other transformations. Thus, for the conversion of the whole sigmoid dose-response curve into a
linear relationship, probit analysis may be used, which depends upon the use of standard
deviation units. The sigmoid dose-response curve may be divided into multiples of the standard
deviation from the median dose, this being the point at which 50% of the animals being used
respond. Within one standard deviation either side of the median, the curve is linear and includes
68% of the individuals; within two standard deviations, fall 95.4% of the individuals.

Probit units define the median as probit five, and then each standard deviation unit is
one probit unit above or below. The dose-response curve so produced is linear, when the
logarithm of the dose is used (Fig. 2.7).

As well as mortality, other types of response can be plotted against dose. Similarly, a
median effective dose can be determined from these dose-response curves such as the EDs,
where a pharmacological, biochemical, or physiological response is measured or the TDs
where a toxic response is measured. These parameters are analogous to the LDs, (Fig. 2.8). The
effective dose for 50% of the animals is used because the range of values encompassed is
narrowest at this point compared with points at the extremities of the dose-response curve. A
variation of the LDsq is the LCsg, which is the concentration of a substance, which is lethal to

i - 99
0 B
E 6 o)
3 @
= gt
=}
S 5 S
2 - 50 &
2 B
=l =l
c 4 =
2 g
e =
] c
T 3 =
2 2

2 | | I | 1

10 20 50 100 200 600 Figure 2.7 Dose-response rela-
Dosage (mg.kg~") (logyp) tionship expressed as probit units.

100
80
% EDs0 TDyy
g 60+ /
o oemerntenysl BAGH o oy
g 40 i Figure 2.8 Dose-response curves
| for pharmacological effect and toxic
i effect, illustrating the EDso and
20 i TDso. The proximity of the curves
i for efficacy and toxicity indicates the
— b | margin of safety for the compound
0 b4 L S ) : and the likelihood of toxicity occur-
0.1 1 10 100 1000 10000

ring in certain individuals after doses
Dosage (mg.kg~ ") (Logyo) necessary for the desired effect.



Fundamentals of Toxicology and Dose-Response Relationships 23

50% of the organisms, when exposed. This parameter is used in situations where an organism
is exposed to a particular concentration of a substance in air or water, but the dose is unknown.
Clearly, the exposure time in this case as well as the concentration must be indicated. The slope
of the dose-response curve depends on many factors, such as the variability of measurement of
the response and the variables contributing to the response. The greater the number of animals
or individual measurements and the more precise the measurement of the effect, the more
accurate are the parameters determined from the dose-response curve. The slope of the curve
also reflects the type of response. Thus, when the response reflects a potent single effect, such
as avid binding to an enzyme or interference with a vital metabolic function, as is the case with
cyanide or fluoroacetate, for example, the dose-response curve will be steep and the value of
the slope will be large. Conversely, a less specific toxic effect with more inherent variables
results in a shallower curve with a greater standard deviation around the TDs, or LDs,. The
slope therefore may give some indication of the mechanism underlying the toxic effect.
Sometimes, two dose-response curves may be parallel. Although they may have the same
mechanism of toxicity, this does not necessarily follow. The slope of the curve is also essential
information for a comparison of the toxicity of two or more compounds and for a proper
appreciation of the toxicity. The LDsy or TDs, value alone is not sufficient for this as can be
seen from Figure 2.9.

The type of measurement made, and hence the type of data treatment, depends on the
requirements of the test. Thus, measurement of the percent response at the molecular level
may be important mechanistically and more precisely measured. However, for the assessment
of toxicity, measurement of the population response may be more appropriate.

Apart from possibly giving an indication of the underlying mechanism of toxicity, one
particular value of quantitation of toxicity in the dose-response relationship is that it allows
comparison. Thus, for example, comparisons may be made between different responses,
between different substances, and between different animal species.

Comparison of different responses underlies the useful parameter, therapeutic index,
defined as follows:

TDsp LDso

or
EDsy  EDsg

Therapeutic Index (TI) =

It relates the pharmacologically effective dose to the toxic or lethal dose (Fig. 2.8). The
therapeutic index gives some indication of the safety of the compound in use, as the larger the
ratio, the greater the relative safety. However, as already indicated, simple comparison of
parameters derived from the dose-response curve such as the LDsy and TDs, may be
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misleading without some knowledge of the shape and slope of the curve. A more critical index
is the margin of safety:

TD LD
Margin of Safety = D L oor E)#l
99 99

Similarly, comparison of two toxic compounds can be made using the LDs, (TDs) (Fig. 2.9)
and the dose-response curves, and this may also give information on possible mechanisms of
toxicity. Thus, apart from the slope, which may be useful in a comparative sense, examination
of EDs;, TDsp, and LDsy may also provide useful information regarding mechanisms.
Comparison of the LDsy or TDs( values of a compound after various modes of administration
(Table 1) may reveal differences in toxicity, which might indicate the factors, which affect the
toxicity of that particular compound. Thus with the antitubercular drug isoniazid, there is little
difference in toxicity after dosing by different routes of administration, whereas with the local
anesthetic procaine, there is an 18-fold difference in the LDs, between intravenous and
subcutaneous administration of the drug (Table 2.1). Shifts in the dose-response curve or
parameters derived from it caused by various factors may give valuable insight into the
mechanisms underlying toxic effects (Table 2.2). The dosage of the compound to which the
animal is exposed is usually expressed as mg/kg body weight, or sometimes mg/m? of surface
area. However, because of the variability of the absorption and distribution of compounds, it is
preferable to relate the response to the plasma concentration or concentration at the target site.

This may be particularly important with drugs used clinically, which have a narrow
therapeutic index or which show wide variation in absorption or where exposure is unknown
(e.g., with industrial chemicals).

It will be clear from the discussion in the preceding pages, and should be noted, that the
LDs value is not an absolute biological constant as it depends on a large number of factors.
Therefore, despite standardization of test species and conditions for measurement, the value
for a particular compound may vary considerably between different determinations in
different laboratories. Comparison of LDs, values must therefore be undertaken with caution
and regard for these limitations.

Table 2.1 Effect of Route of Administration on the Toxicity of Various Compounds

Phenobarbital® Isoniazid® Procaine?® DFP®
Route of LDsq Ratio LDsg Ratio LDsg Ratio LDsq Ratio
administration (mg/kg) to i.v. (mg/kg) to i.v. (mg/kg) to i.v. (mg/kg) to i.v.
Oral 280 3.5 142 0.9 500 11 4.0 11.7
Subcutaneous 130 1.6 160 1.0 800 18 1.0 2.9
Intramuscular 124 15 140 0.9 630 14 0.85 25
Intraperitoneal 130 1.6 132 0.9 230 5 1.0 2.9
Intravenous 80 1.0 153 1.0 45 1 0.34 1.0

aMouse toxicity data.

PRabbit toxicity data on di-isopropylfluorophosphate.
Abbreviation: i.v., intravenous.

Source: From Ref. 9.

Table 2.2 Effect of BDL on the Toxicity of Certain Compounds

LDso (mg/kg)

Compound Sham operation BDL Sham-BDL ratio
Amitryptaline 100 100 1
Diethylstilboestrol 100 0.75 130
Digoxin 11 2.6 4.2
Indocyanine green 700 130 5.4
Pentobarbital 110 130 0.8

Abbreviation: BDL, bile duct ligation.
Source: From Ref. 10.
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The value of the LDs test and the problems associated with it have been reviewed (11).

Although the straightforward threshold model of the dose-response relationship as
described here is the one originally conceived and the one for which there is clear mechanistic
justification, other dose-response relationships have been suggested. The other dose-response
relationships are substantially different and lead to different predictions in relation to toxicity.
This becomes particularly important in risk assessment (see below).

2.9 LINEAR DOSE RESPONSE

When the effect of exposure to a chemical is the production of a cancer, it is sometimes
assumed, for instance, by regulatory agencies such as the U.S. Environmental Protection
Agency (EPA) that the dose-response curve passes through zero. Thus, it is not like the dose-
response curve we have been discussing above where there is a threshold. The zero threshold
dose response is predicated on the belief that the causation of cancer by a genotoxic
mechanism is a stochastic (chance) event, in which a reactive chemical binds to and damages
or alters DNA (see chap. 6).

Therefore, it is argued, there is no safe dose of such a chemical because one molecule
could theoretically interact with the DNA in one cell, which could then become a tumor.

Therefore, the curve is not an S shape but the lowest portion is linearized and
extrapolated to the origin (Fig. 2.10).

Now in practice it seems very likely that this is not the case and that an “effective”
threshold exists. This can be justified on the following grounds:

First, the chemical must gain access to a cell. This requires, at the least, crossing biological
membranes and entering an aqueous environment in which substances such as glutathione
and vitamin C are present, which can detoxify reactive chemicals.

Furthermore, most carcinogenic chemicals of concern need to be metabolized to reactive
intermediates. This requires interaction with an enzyme, which may only be present in certain
types of cell. Therefore, the chemical may need to traverse several cells and the bloodstream to
enter a metabolically competent cell such as those in the liver. As already discussed, by the
laws of mass action, just as a single molecule is unlikely to interact with and affect a receptor, a
single molecule is also unlikely to interact with the necessary enzyme and be converted into a
reactive metabolite. Even if it did, protective systems such as gluthione exist to remove such
reactive metabolites. In the event that a reactive metabolite formed reached the nucleus,
entered and reacted with DNA, further protective systems exist. One is DNA repair, which
removes and repairs damaged and altered DNA bases. Another is programmed cell death or
apoptosis, which removes damaged cells. Finally, the cell with damaged DNA may not divide,
an essential step in the production of a tumor. If these modifying factors were not significant,
we would probably all get cancer early in life.
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For these reasons, a threshold will exist for genotoxic carcinogens in practice. However,
one problem of demonstrating this experimentally is the absence of sufficiently sensitive
biomarkers, which can detect effects at very low doses. Using the appearance of tumors as the
endpoint is too insensitive, and therefore, the true nature of the dose-response curve at low
doses is unknown. Thus, the bottom of the dose-response curve is an area of uncertainty,
effectively a “black box” (Fig. 2.10). New and more sensitive biomarkers will help in this.

Furthermore, other types of toxic effect may also be stochastic events, if a reactive
metabolite interacts with a critical protein or affects a gene involved with development of the
embryo, for example.

2.10 HORMESIS

A third type of dose response relationship has been proposed, which is increasingly gaining
acceptance, and this is the hormetic kind. This kind of dose response, for which there
is experimental evidence, involves opposite effects at low doses, giving rise to a U-shaped or
J-shaped curve (Fig. 2.11). That is, there may be positive or stimulatory beneficial effects at
low doses. For example, some data indicate that at low doses of dioxin, the incidence of
certain cancers in animals exposed is less than occurs in controls. Another example is alcohol
(ethanol), for which there is evidence from a number of studies that low to moderate intake in
man leads to lower levels of cardiovascular disease. Of course, high levels of intake of alcohol
are well established to cause liver cirrhosis, various cancers, and also damage to the
cardiovascular system.

However, it must be ascertained if the positive effect is directly related to the toxic effect
and whether the same positive effect is observed using a variety of markers.

Mechanisms, which have been proposed to account for hormesis, are based on the
premise that low doses stimulate repair or protective measures and that this is followed by
overcompensation. Hence, there is a reduced level of pathological change. As the dose
increases, the damage and dysfunction are less easily repaired or there is less reserve capacity,
and as doses increase further, these processes are overwhelmed. This gives rise to a threshold
for toxicity. Changes stimulated by low doses include increased DNA repair following a
genotoxic insult, induction of stress proteins, and other endogenous protective substances such
as metallothionein and glutathione and induction of enzymes such as cytochrome P-450 (see
chaps. 5 and 6). However, these mechanisms can require exposure to more than one dose and
thus may have a temporal component.

Because the positive effects will occur at low doses, showing these experimentally is difficult
and it adds a layer of complexity to determining a dose-response relationship for a chemical.

Such effects may be confused or obscured by normal biological variation, as they are
typically only 30% to 60% above the control. Furthermore, if the background level of tumor
incidence (or other effect being measured) is low, it may be impossible to assess hormesis.
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Many toxicity studies, especially long-term bioassays carried out to determine potential
carcinogenicity, use high-dose levels (e.g., maximum tolerated dose), and consequently, any
hormetic response would be missed. To be properly evaluated, more doses and a wider dose
response would have to be investigated.

Even if hormesis occurs, there could still be a threshold for a toxic or adverse effect,
below which positive effects may occur. Therefore, the significance in toxicological risk
assessment and even in toxicology is not entirely clear (12).

However, it does mean that extrapolation of a dose response in a linear fashion to zero
could be too simplistic for some chemicals at least. Thus, mechanisms occurring after high-
dose exposure may not be relevant to low-dose risk assessment.

It is currently uncertain if this phenomenon occurs across all chemical types, species of
animal or cell, and type of toxic response.

This seems to be an area, which requires much further research using low doses and
sensitive biomarkers to detect effects at these doses.

2.11 HAZARD AND RISK ASSESSMENT

2.11.1 Risk Assessment
An important role for the dose-response relationship and biomarkers is in risk assessment.
Risk is a mathematical concept, which refers to the likelihood of undesirable effects
resulting from exposure to a chemical.
Risk is defined as the probability that a hazard will cause an adverse effect under specific
exposure conditions and may also be defined in the following way:

Risk = hazard x exposure

Hazard is defined as the capability of a substance to cause an adverse effect.

Conversely, safety may be defined as “the practical certainty that adverse effects will not
occur when the substance is used in the manner and quantity proposed for its use.”

As exposure increases so does the probability of harm, and therefore a reduction in
exposure reduces the risk.

Risk assessment is carried out on chemicals for the following reasons:

1. The likelihood of being a hazard to humans in the environment

2. The likelihood of persistence of the chemical in the environment and bioaccumulation

3. The likelihood that sensitive human and ecological populations may be exposed to
significant levels

4. An indication of hazard to human health

5. The likelihood of exposure via use or production

Risk assessment is the process whereby hazard, exposure, and risk are determined.

An underlying concept in risk assessment relies on the statement by Paracelsus (see
above) and the fact that for most types of effect, there will be a dose-response relationship.
Therefore, the corollary is that there should be a safe dose. Consequently, it should be possible
to determine a level of exposure, which is without appreciable risk to human health or the
ecosystem.

Risk assessment is a scientific process. The next stages are risk benefit analysis and risk
management, which require a different type of approach.

Risk assessment is the process whereby the nature and magnitude of the risk is
determined. It requires four steps:

1. Hazard identification. This is the evaluation of the toxic effects of the chemical in
question.

2. Demonstration of a dose-response or dose-effect relationship. Evaluation of the
causal relationship between the exposure to the hazard and an adverse effect in
individuals or populations, respectively.
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3. Exposure assessment. Determination of the level, frequency, and duration of
exposure of human or other organisms to the hazardous substance.

4. Risk characterization. Estimation of the incidence of adverse effects under the various
conditions of exposure.

Consider each of these in turn:

2.11.2 Hazard Identification
This is the evaluation of the potential of a chemical to cause toxicity and has been discussed
earlier in this chapter. As indicated, the data used are normally derived from

1. human epidemiology,
2. animal toxicity studies, and
3. in vivo and in vitro mechanistic or other studies.

A chemical may constitute a number of hazards of different severity. However, the
primary hazard (or critical effect) will be the one used for the subsequent stages of the risk
assessment process. For example, a chemical may cause reversible liver toxicity at high doses
but cause tumors in the skin at lower doses. The carcinogenicity is clearly the hazard of
concern.

Therefore in practice, normally, animal toxicity data is required (see above). Of course,
the differences between humans and other species must always be recognized and taken into
account (see below). It may be possible to use in vitro data both from human cells and tissues as
well as those from other animals to supplement the epidemiological and animal in vivo toxicity
data. However, at present such data cannot replace experimental animal or human
epidemiological data. The predictive use of structure-activity relationships is also possible,
and it is an approach, which is becoming increasingly important.

For example, the Threshold of Toxicological Concern concept has been proposed, which
reduces the amount of toxicological data necessary and therefore reduces the number of
animals used in the assessment of hazard. This uses a tiered approach and excludes certain
kinds of chemicals such as dioxins and organophosphates. It also makes use of structural alerts
and chemical classes to select out chemicals, which are likely to be of little toxicological
concern (13).

2.11.3 Dose Response Assessment

This stage quantitates the hazards already identified and estimates the relationship between
the dose and the adverse effect in humans. However, this requires extrapolation from possibly
high, experimental doses used in animals to levels likely to be encountered by humans.

The extrapolation from high to low doses will depend on the type of primary toxic effect.
If this is a carcinogenic effect, then a threshold normally cannot be assumed, and a
mathematical model is used to estimate the risk at low doses (see above). If the primary toxic
effect is noncarcinogenic, then it will normally be assumed that a threshold exists.

Risk assessment of carcinogens is a two-step process involving first, a qualitative
assessment of the data from the hazard identification stage (see above) and second, a
quantitation of the risk for definite or probable human carcinogens.

There are several models, which can be used and which range from ultraconservative to
least conservative:

1. The “one-hit” model. This is ultraconservative as it assumes that cancer involves only
one stage, and a single molecular event is sufficient to induce a cellular transfor-
mation.

2. The linearized multistage model (used by the EPA). This determines the cancer slope
factor, which can be used to predict cancer risk at a specific dose. It assumes a linear
extrapolation to a zero-dose threshold (Fig. 2.10). This factor is an estimate (expressed
in mg/kg/day) of the probability that an individual will develop cancer if exposed to
the chemical for 70 years.
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3. The multihit model, which assumes several interactions are necessary for transfor-
mation of a normal to a cancerous cell.

4. Probit model. This assumes a lognormal distribution for tolerance in the exposed
population.

Another model, which is increasingly being used, is the physiologically based
pharmacokinetic model. This uses data on the absorption, distribution, metabolism, tissue
sequestration, kinetics, elimination, and mechanism to determine the target dose used for the
extrapolation, but it requires extensive data.

The cancer risk values, which these models generate, are of course very different. For
example, for the chemical chlordane, the lifetime risk for one cancer death in one million
people ranges from exposures of 0.03 pg/L of drinking water for the one-hit model, 0.07 pg/L
from the linearized multistage model to 50 pug/L for the probit model.

This problem of risk assessment of chemicals, which are mutagenic and potentially
carcinogenic, relates to whether there is a threshold or not (see above). Although theoretically a
single molecule of a genotoxic chemical could reach the DNA in a cell, the chances of this
happening and causing a mutagenic change, which leads to a cancer, is extremely small. This is
because there are many barriers, which stand in the way of such an event, and further factors,
which modify the result even if it happens. As already discussed and will become clear in later
chapters, the chemical has to pass many hurdles or barriers before it can initiate a potentially
carcinogenic change.

For noncarcinogens, in which the dose response is believed to show a threshold, a dose
can be determined at which there is no adverse effect, the NOAEL (Fig. 2.12). The effect will be
one that is likely to occur in humans and which is the most sensitive toxic effect observed. If a
NOAEL cannot be determined (if the data is insufficiently robust), then the “lowest adverse
effect level (LOAEL)” is determined (Fig. 2.12).

2.11.4 Exposure Assessment
Exposure to a chemical converts it from being a hazard into a risk. Thus, determination of
exposure is crucial to the whole process of risk assessment. This involves evaluation of the
source of the exposure, the routes by which humans are exposed, and the level of exposure.
Of course in some situations of exposure to chemicals, such as around waste disposal
areas or chemical factories, exposure is to a mixture of possibly many different chemicals.
These may interact in a variety of ways (e.g., additivity, synergism, antagonism, potentiation,
see above).
Exposure may be by more than one route (inhalation, skin contact, ingestion), and different
types of organism may be exposed (human, animal, adult, infant). Therefore, the real-life situation
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of exposure to chemicals in the workplace or environment can be immensely complex when these
factors are taken into account. Risk assessment requires a consideration of these.

Actual exposure levels may not always be known, and therefore, such models may have
to be used, which use knowledge of air dispersion or ground water movements.

The physicochemical characteristics of the chemical in question (i.e., lipid solubility,
water solubility, vapor pressure, etc.) also will be important information.

However, the risk assessment process is more reliable if there is an indication of actual
exposures for both the experimental animals and humans, which have provided the data on
which it is based. As described, the exposure assessment may use biomarkers to improve the
process.

2.11.5 Risk Characterization

The final stage involves integration of the results of the preceding stages to derive a probability
of the occurrence of the adverse effect in humans exposed to the chemical. The biological,
statistical, and other uncertainties will have to be taken into account.

For carcinogens, the risk is expressed in terms of increased risk of developing a cancer
(e.g., 1 in 10°). This is calculated from the cancer slope factor and the 70-year average daily
intake in mg/kg/day.

From the NOAEL (or LOAEL if there is no reliable NOAEL), various parameters can be
determined.

For food additives, this is normally the acceptable daily intake (ADI). The ADI is the
amount of chemical to which a person can be exposed for a lifetime without suffering harmful
effects. The determination of these intake values requires the use of a safety or uncertainty factor.

For food contaminants, the parameter is the tolerable daily intake (TDI). The tolerable
daily intake (TDI) is an estimate of the daily intake of the chemical, which can occur over a
lifetime without appreciable health risk.

Food may also contain veterinary drug residues and pesticide residues for which ADIs
may be calculated.

Chemicals in water and air also have to be assessed for risk and guidance values set. As
for ADI and TDJ, the guidance values are determined from the NOAEL (or LOAEL).

For example, the guidance value for water is determined from the TDI and known daily
intake of water by a standard adult of 60-kg weight drinking the water for 70 years.

For occupational exposure to chemicals as opposed to environmental exposure, other
parameters such as threshold limit values (or maximum exposure limits) are determined in a
similar way and are based on exposure for an eight-hour working day.

Exposure to multiple chemicals will be assumed to be additive.

The modifying or safety factors are as follows:

10x for human variability (intraspecies); this factor takes into account the variability
in the human population, allowing for the most sensitive individuals (see 2.5 A)

10x for extrapolation from animals to humans (interspecies variability);

10x, if less than chronic doses have been used; and

10x, if the LOAEL rather than the NOAEL is used.

These uncertainty factors are combined and divided into the NOAEL (or LOAEL) to give
the ADI or TDI. The modifying factor allows for judgment on the quality of the scientific data.

Thus
AEL
TDI = N.O
Uncertainty factor(s)
NOAEL
ADI

~ Uncertainty factor(s)

Carcinogenic, non-threshold chemicals will be considered differently from noncarcino-
genic chemicals, which is considered to have no threshold. In the case of carcinogens, a
virtually safe dose (VSD) may be determined.
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2.12 DURATION AND FREQUENCY OF EXPOSURE AND EFFECT

It is necessary to appreciate that exposures to chemicals vary in both duration and frequency,
and therefore, the toxicities resulting from such exposures can also vary.

In the safety evaluation of chemicals, acute toxicity tests are those that evaluate effects
occurring within about 7 days of a single dose, and sub-chronic toxicity tests evaluate toxicity
resulting from short-term repeated dosing or exposure, often 28 days up to 90 days. Chronic
toxicity tests are those that evaluate effects occurring after much longer exposures, at least six
months and possibly up to the lifetime in experimental animals.

So exposure to a chemical can be an acute event, which is one dose, or repeated for a
particular period of time, in which case it is either termed “chronic” or “sub-chronic”
exposure, depending on the length of time. The effects of these types of exposure can be
different although not necessarily so. For example, single, acute exposures usually lead to
acute toxic effects, which occur within a few hours or days but then subside. For example, a
reversible physiological change, such as bronchoconstriction, for example, caused by
organophosphorus insecticides is due to interaction of the chemical at a receptor. This
would be an acute effect. In contrast, sub-chronic or chronic exposures tend to cause chronic
effects, that is, the effects persist at least for the length of the exposure and possibly longer
(cigarette smoke-induced cancer, for example). However, sometimes single, acute exposures
can lead to chronic effects, which may be delayed such as the peripheral neuropathy caused by
tri-ortho-cresylphosphate (TOCP) (Fig. 2.13 and see chap. 7). Conversely, sub-chronic and
chronic exposures can cause acute toxic effects, for example, due to the accumulation of the
chemical or due to the accumulation of the effect. Such is the case with some organo-
phosphorus compounds where one or both may occur.

Thus, the frequency of exposure is also an important factor because the concentration to
which the organism, and more particularly the target site, is exposed can remain relatively
constant or increase. As illustrated above, this is because repeated exposure may lead to
accumulation of the chemical, depending on its half-life (see chap. 3), such that intake exceeds
elimination. Thus the chemical can accumulate in the organism because of saturation of
metabolism or elimination or because its physicochemical properties determine that the
chemical becomes sequestered in tissues such as fat. Another factor in toxicity from chronic
exposure can be the ability to repair damage or replace macromolecules and the speed with
which this is done. If damage is not repaired or macromolecules are not replaced before the
next exposure, then accumulation of damage or effect can also occur.

With humans and animals in the wild, environmental exposure can be discontinuous or
erratic, making it difficult to predict the outcome in terms of toxicity.

Chronic toxicity may be quantitated in a similar manner to acute toxicity, using the TDs
concept. Measurement of chronic toxicity in comparison with acute toxicity measurements
may reveal that the compound is accumulating in vivo and may therefore give a rough
approximation of the probable whole-body half-life of the compound.

For chronic toxicity, the TDs( is measured for a specific period of time, such as 90 days of
chronic dosing. The dose response is plotted as the percent response against the dose in (mg/
kg)/day. If the TDsy values for acute and chronic toxicity are different, it may indicate that
accumulation is taking place. This may be quantitated as the chronicity factor, defined as TD5
1 dose/TDsp 90 doses, where the TDsj 90 dose is expressed as (mg/kg)/day. If this value is 90,
the compound in question is absolutely cumulative, if more than 2, relatively cumulative, and
if less than 2, relatively noncumulative.
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Figure 2.13 The structure of tri-o-cresyl phosphate (TOCP).
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The chronicity factor could of course use dosing periods other than 90 days. The
chronicity factor, however, should be viewed only as a crude indication of accumulation of the
response. It does not indicate accumulation of the substance, and because it is based on
the TDs value, it takes no account of the shape and slope of the dose-response curve. Also the
conditions for determination of the acute and chronic TDsy may be different, and this may
introduce factors, which make comparison uncertain.

An example of absolutely cumulative toxicity is afforded by tri-o-cresyl phosphate or
TOCP (Fig. 2.13). This compound is a cholinesterase inhibitor and neurotoxin. In chickens, an
acute dose of 30 mg/kg has a severe toxic effect, which is produced to the same extent by a
dose of 1 (mg/kg)/day given for 30 days. This effect may of course be produced by
accumulation of the compound in vivo to a threshold toxic level, or it may result from the
accumulation of the effect, as it probably does in the case of TOCP.

Thus, the inhibition of cholinesterase enzymes by organophosphorus compounds may
last for several days or weeks, and repeated dosing at shorter intervals than the half-life of
regeneration of the enzyme leads to accumulation of the inhibition until the toxic threshold of
around 50% is reached.

SUMMARY

Exposure to toxic chemicals and the effect or response need to be quantitated to define the dose
response relationship. These use what are called biomarkers, and new technology is constantly
expanding the range of possible measurements. Susceptibility, important in risk assessment,
can also be quantitated with biomarkers.

The dose-response relationship, which reflects the fact that toxicity is a relative
phenomenon, was recognized by Paracelsus and is central to toxicology.

Toxic effects may be delayed or immediate, direct or indirect, local or systemic, and
reversible or irreversible.

They may be described as graded or all or none (quantal).

Mixtures of toxic chemicals may give rise to the same toxicity, which is the sum of the
components (additive) or it may be greater than the sum (potentiation; synergism) or less
(antagonism). Alternatively, the toxicity may be different (coalitive).

Repeated exposure may lead to diminution of the toxic effect (tolerance).

Toxicity shows a dose-response relationship and may range from subtle biochemical changes
to lethality and may involve receptor interactions. The dose-response relation depends on certain
assumptions: the toxic response is a function of the concentration at the target site, the concentration
at the target site is a function of dose, the toxic response is causally related to the compound.

Depending on the dose-response relationship, there may be a dose threshold.

As well as the traditional dose-response relationship, those based on hormesis may also
occur. In this case, the dose response ranges from positive (helpful) effects to negative
(harmful) effects. From the dose-response curve, it is possible to determine the LDsy, EDs,
TDsp, and NOEL. From a comparison of LDsy or TDsy and EDs, the therapeutic index and
margin of safety can be determined.

REVIEW QUESTIONS

1. Tllustrate what is meant by the terms “therapeutic index” and “margin of safety.”

2. Give an example of tolerance.

3. If the toxicity of two toxic chemicals together is greater than the sum of their
individual toxicities, is this

. an additive effect,

. synergism,

. potentiation,

. a coalitive effect,

. antagonism, or

. an isobole?

4. On what assumptions is the dose-response relationship predicated?

0 & n T o
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Give an example of a quantal type of effect.

Define the term “LCsy.”

Explain how the terms “NOEL” and “ADI” are derived.

Tri-o-cresyl phosphate shows absolutely cumulative toxicity. Explain this and its
implications.

What are biomarkers used for?

10. What is hormesis?

PN

0

REFERENCES

1. Waterfield CJ, Timbrell JA. Biomarkers-an overview. In: Ballantyne B, Marrs T, Syversen T eds.
General and Applied Toxicology. Vol. 3. London: Macmillan, 2000.

2. Van Den Heuvel M]J, Dayan AD, Shillaker RO. Evaluation of the BTS approach to the testing of
substances and preparations for their acute toxicity. Hum Toxicol 1987; 6:279.

3. Timbrell JA, Scales MDC, Streeter AJ. Studies on hydrazine hepatotoxicity.2. Biochemical findings.
J Toxicol Environ Health 1982; 10:955.

4. Brown VK. Acute and Sub-acute Toxicology. London: Edward Arnold, 1988.

5. Hathway DE. Molecular Aspects of Toxicology. London: The Royal Society of Chemistry, 1984.

6. Pratt WB, Tayler P, eds. Principles of Drug Action: The Basis of Pharmacology. New York: Churchill

Livingstone, 1990.

. Aldridge WN. Mechanisms and Concepts in Toxicology. London: Taylor and Francis, 1996.

. Zbinden G. The no-effect level, an old bone contention in toxicology. Arch Toxicol 1979; 43:3.

. Loomis TA, Hayes AW. Loomis’s Essentials of Toxicology. 4th ed. San Diego: Academic Press, 1996.

. Klaassen CD. Comparison of the toxicity of chemicals in newborn rats to bile-duct ligated and sham

operated rats and mice. Toxicol Appl Pharmacol 1974; 24:37.
11. Zbinden G, Flury-Roversi M. Significance of the LDs test for the toxicological evaluation of chemical
substances. Arch Toxicol 1981; 47:77.
12. Rodricks JV. Hormesis and toxicological risk assessment. Toxicol Sci 2003; 71:134-136.
13. Kroes R, Kleiner J, Renwick A. The threshold for toxicological concern concept in risk assessment.
Toxicol Sci 2005; 86:226-230.

BIBLIOGRAPHY

Abdel-Rahman S, Kauffman RE. The integration of pharmacokinetics and pharmacodynamics: under-
standing dose response. Annu Rev Pharmacol Toxicol 2004; 44:111-136.

Ballantyne B, Marrs TC, Syversen T, eds. General and Applied Toxicology, Vol. 1. Part II , Techniques.
This part has several chapters on the methods used in and design of toxicological studies. London:
Macmillan, 2000.

Beck BD, Calabrese EJ, Slayton TM, et al. The use of toxicology in the regulatory process. In: Hayes AW,
ed. Principles and Methods of Toxicology. 5th ed. Florida: CRC Press, 2007.

Calabrese EJ, Baldwin LA. Hormesis: the dose-response revolution. Annu Rev Pharmacol Toxicol 2003;
43:175-197.

DeCaprio AP. ed. Toxicologic Biomarkers. New York: Taylor and Francis, 2006.

Deichmann WB, Henschler D, Holmstedt B, et al. What is there that is not a poison: a study of the third
defense by paracelsus. Arch Toxicol 1986; 58:207.

Eaton DL, Klaassen CD. Principles of toxicology. In: Klaassen CD, ed. Cassarett and Doull’s Toxicology,
The Basic Science of Toxicology. 6th ed. New York: McGraw Hill, 2001.

Faustman EM, Omenn GS. Risk assessment. In: Klaassen CD, ed. Cassarett and Doull’s Toxicology, The
Basic Science of Toxicology. 6th ed. New York: McGraw Hill, 2001.

Hellman B. General Toxicology. In: Mulder G, Dencker L, eds. Pharmaceutical Toxicology. London:
Pharmaceutical Press, 2006.

Hengstler JG, Bogdanffy MS, Bolt HM, et al. Challenging dogma: thresholds for genotoxic carcinogens?
The case of vinyl acetate. Annu Rev Pharmacol Toxicol 2003; 43:485-520.

Mailman RB, Lawler CP. Toxicant receptor interactions: fundamental principles. In: Hodgson E, Smart
RC, eds. Introduction to Biochemical Toxicology. 3rd ed. New York: Wiley, 2001.

Musch A. Exposure: qualitative and quantitative aspects; and dose-time-effect relationships. In: Niesink
RJM, de Vries ], Hollinger MA, eds. Toxicology: Principles and Practice. CRC Press and Open
University of the Netherlands, 1996.

Olson H, Betton G, Robinson D, et al. Concordance of the toxicity of pharmaceuticals in humans and
animals. Regul Toxicol Pharmacol 2000; 32:56-67.

Rhodes C. Principles of testing for acute effects. In: Ballantyne B, Marrs TC, Syversen T, eds. General and
Applied Toxicology. Chapter 2, Vol. 1. London. Macmillan, 2000.






3 | Factors Affecting Toxic
Responses: Disposition

3.1 INTRODUCTION

The disposition of a toxic compound in a biological system may be conveniently divided into
four interrelated phases:

Absorption ——— Distribution «<——— Metabolism

Excretion

In this and the next chapter, each of these phases will be considered in turn.

3.2 ABSORPTION

It is clear that to exert a toxic effect a compound must come into contact with the biological
system under consideration. It may exert a local effect at the site of administration on initial
exposure, but it must penetrate the organism in order to have a systemic effect. The most
common means of entry for toxic compounds are via the gastrointestinal tract and the lungs,
although in certain circumstances, absorption through the skin may be an important route.
Therapeutic agents may also enter the body by other routes such as injection.

The route and site(s) of exposure will be determined by the circumstances of exposure to
a toxic chemical. Thus, most drugs are administered by mouth, a few topically to the skin, and
a few by inhalation. Industrial chemicals in contrast are more likely to be inhaled or absorbed
into and through the skin. With environmental chemicals, all the three routes of exposure will
occur depending on the chemicals and the circumstances.

3.2.1 Transport Across Membranes

Although there are several sites of first contact between a foreign compound and a biological
system, the absorption phase (and also distribution and excretion) necessarily involves the passage
across cell membranes whichever site is involved. Therefore, it is important first to consider
membrane structure and transport in order to understand the absorption of toxic compounds.

Membranes are basically composed of phospholipids and proteins with the lipids
arranged as a bilayer interspersed with proteins as shown simply in Figure 3.1. A more detailed
illustration is to be found in Figure 3.2, which shows that the membrane, on average about 70-A
(7 nm) thick, is not symmetrical and that there are different types of phospholipids and proteins
as indicated in the figure. Furthermore, carbohydrates, attached to proteins (glycoproteins)
and lipids (glycolipids), and cholesterol esters may also be constituents of the membrane. The
presence of cholesterol is important as it contributes to the structural integrity of the
membrane, affecting the fluidity, increasing the rigidity, and decreasing the permeability. It
does this by interspersing with the phospholipids and interacting with them, and in the plasma
membrane of liver cells and red blood cells, it constitutes 17% and 23%, respectively. However,
some membranes have low levels of cholesterol, such as the mitochondrial membranes.

The particular proteins and phospholipids incorporated into the membrane, the
proportions, and their arrangement vary depending on the cell type in which the membrane
is located and also the part of the membrane. For example, the ratio of protein to lipid varies
from 0.25:1 in the myelin membrane to 4.6:1 in the intestinal epithelial cell. Furthermore, the



36 Chapter 3

6),

Figure 3.1 Three-dimensional
structure of the animal cell mem-
brane. Proteins (A) are interspersed
in the phospholipid bilayer (B).

Figure 3.2 The molecular arrangement of the cell membrane: (A) integral proteins; (B) glycoprotein; (C) pore
formed from integral protein; (D) various phospholipids with saturated fatty acid chains; (E) phospholipids with
unsaturated fatty acid chains; (F) network proteins; (G) cholesterol; (H) glycolipid; (I) peripheral protein. There are
four different phospholipids: phosphatidyl serine; phosphatidyl choline; phosphatidyl ethanolamine; and
sphingomyelin represented as e, o. The stippled area of the protein represents the hydrophobic portion. Source:
From Ref. 1.

particular proteins and phospholipids on the inside may be different from those on the outside
of the membrane and in different parts of the cell reflecting differences in function of these
molecules. This leads to differences in charge between outside and inside. For example,
the liver cell membrane with a protein-to-lipid ratio of about 1:1.4 has more phosphatidylcho-
line (neutral) in the exterior lipid layer than the interior layer, where there is more
phosphatidylserine (negatively charged). Therefore, the external and internal surfaces of a
membrane may have a different charge or one may be uncharged and so more hydrophobic
and the other surface hydrophilic. Glycolipids are found only on the outer surface.
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Although the sinusoidal and canalicular surfaces of the liver cell are similar, having
phosphatidyl ethanolamine and sphingomyelin in the exterior surface, on the contiguous
surface of the liver cell, the exterior layer is almost entirely composed of phosphatidylcholine.

As well as the four basic types of phospholipids (Fig. 3.2), there are also variations in the
fatty acid content, which are very significant. The most common fatty acids in the
phospholipids have 16 to 18 carbon atoms although C12 to C22 fatty acids may occur.
However, not only does the chain length vary but so also does the extent of saturation. Thus,
one or more double bonds may occur in the fatty acid chain, and the greater the unsaturation
the greater will be the fluidity of the membrane. The character of the membrane may change
between different tissues and cells and even within the same cell so that fluidity and function
will vary. The presence of double bonds in the membrane phospholipids is also significant
from a toxicological point of view, as these bonds are susceptible to peroxidation.
Consequently, peroxidation of membrane phospholipids may occur following exposure to
toxic chemicals such as carbon tetrachloride (see chaps. 6 and 7). The membranes of cells found
in the nervous system may contain a high proportion of lipid (type 1 membranes) and thereby
allow the ready passage and accumulation of lipophilic substances. Membranes or regions of
membranes, which have a specific role in transport other than passive diffusion (type 2 and
type 3 membranes), contain specific carriers. Membranes containing many pores such as those
in the kidney glomerulus and liver parenchymal cells are known as type 4.

The membrane proteins will have different characteristics and functions: structural,
receptor, or enzymatic. For example, some proteins, which have a transport function, may also
have ATPase activity. For example, the sodium-potassium pump, which maintains the osmotic
balance of the cell, is an ATP-requiring system with ATPase activity. The transporter proteins
known as ATP-binding cassette (ABC) [or also multidrug resistance (MDR)] are a family of
proteins located in the plasma membrane and serve to pump drugs and other foreign
chemicals out of cells in organs involved with absorption, metabolism, and elimination or
those organs and tissues needing special protection. They are therefore extremely important in
toxicology and will be discussed later in this chapter.

The different surfaces of the membrane of a cell may contain proteins that reflect the
function at that surface. For example, the sinusoidal surface of the liver cell will have proteins
such as transferases, which are involved in the transport of carbohydrates and amino acids,
and receptors for hormones such as insulin, whereas the bile canalicular membrane surface will
have specialized proteins for the transport of bile salts. Pores in the membrane will involve
integral proteins, which span the entire membrane and may be hydrophobic, having outer
hydrophilic regions and inner hydrophobic regions. Pores that can allow the passage of ions
and charged compounds will have the hydrophilic side of the protein and the polar head
groups of phospholipids exposed inside the pore. These pores will vary in both frequency and
diameter ranging from 4 to perhaps 45 A in the glomerulus of the kidney. The network
proteins, such as spectrin, are involved in the cytoskeleton, which may also be a target for toxic
substances (see chap. 6). The proteins of the outer surface are often associated with
carbohydrates as glycoproteins, which may be involved in cell-cell interactions and may help
to maintain the orientation of the proteins in the membrane. Membrane proteins may also be
receptors and involved in cell signaling. For example, a particular transmembrane receptor
protein when appropriately stimulated can interact with phosphoinositol kinase (PI 3 kinase)
on the cytosolic side of the membrane, which phosphorylates a lipid, which then recruits
particular proteins to the membrane as part of a signaling cascade.

For more details of plasma membrane structure, see the section “Bibliography.”

Perhaps the most important feature of the plasma membrane is that it is selectively
permeable. Overall permeability of the membrane to a chemical depends on the nature of the
membrane, its surface charge and rigidity, and the chemical in question. Therefore, only certain
substances are able to pass through the membrane, depending on particular physicochemical
characteristics. It will be apparent throughout this book that the physicochemical characteristics of
molecules are major determinants of their disposition and often of their toxicity.

Thus, with regard to the passage of foreign, potentially toxic molecules through
membranes, the following physicochemical characteristics are important:

1. Size/shape
2. Lipid solubility /hydrophobicity
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3. Structural similarity to endogenous molecules
4. Charge/polarity

It has been found that there will be poor absorption of a chemical if

The chemical has more than five hydrogen bond donor groups (e.g., NH or OH),
A molecular weight of more than 800,

A log P of more than 5, and

More than 10 hydrogen bond acceptor groups.

LN =

The role and importance of these characteristics will become apparent with the following
discussion of the different ways in which foreign compounds may pass across membranes:

1. Filtration

2. Passive diffusion

3. Active transport

4. Facilitated diffusion

5. Phagocytosis/pinocytosis.
Filtration

This process relies on diffusion through pores in the membrane down a concentration
gradient. Only small, hydrophilic molecules with a molecular weight of 100 or less, such as
ethanol or urea, will normally cross membranes by filtration. Ionized compounds and even
small ions such as sodium will not pass through pores, however; the latter will in fact be
hydrated in aqueous environments and therefore too large for normal pores. Pore sizes vary
between cells and tissues, and in the kidney, pores may be large enough (up to 45 A) to allow
passage of molecules with molecular weights of several thousand. The sinusoidal membrane in
the liver is a specialized, discontinuous membrane, which also has large pores, allowing the
ready passage of materials into and out of the bloodstream (see chap. 6).

Passive Diffusion

This is probably the most important mechanism of transport for foreign and toxic compounds.
It does not show substrate specificity but relies on diffusion through the lipid bilayer. Passive
diffusion requires certain conditions:

1. There must be a concentration gradient across the membrane.
2. The foreign compound must be lipid soluble.
3. The compound must be nonionized.

These conditions are embodied in the pH-partition theory: only nonionized lipid-soluble
compounds will be absorbed by passive diffusion down a concentration gradient. Let us
examine the three conditions in turn.

The concentration gradient. This is normally in the direction external to internal relative to
the cell or organism. The rate of diffusion is affected by certain factors: it is proportional to the
concentration gradient across the membrane; the area and thickness of the membrane; and a
diffusion constant, which depends on the physicochemical characteristics of the compound in
question. This relationship is known as Fick’s Law:

KA(C, — Cy)
— (1)

where A is the surface area, C, is the concentration of compound outside and C; the concentration
on the inside of the membrane, d is the thickness of the membrane, and K is a constant, the
diffusion coefficient. The concentration gradient is represented by C,-C;, and for the above
relationship, it is assumed that the temperature is constant. In practice, the diffusion coefficient K
for a particular compound will incorporate physicochemical characteristics such as lipophilicity,

Rate of diffusion =
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size, and shape. From this relationship, it is clear that passive diffusion is a first-order rate process,
as the rate is directly proportional to the concentration of the compound at the membrane surface.
This means that it is not a saturable process in contrast to active transport (see below) (Fig. 3.3).

As biological systems are dynamic, the concentration gradient will normally be maintained
and an equilibrium will not be reached. Thus, the concentration on the inside of the membrane
will be continuously decreasing as a result of ionization (see below), metabolism (see chap. 4), and
removal by distribution into other compartments such as via blood flow (Fig. 3.4). It follows
from Fick’s Law that because A the surface area is an important term in the equation, the surface
area of the site of exposure will have a major effect on the absorption of chemicals.

It is clear from this discussion that tissues such as the lungs, which have a large surface
area, are served by an extensive vascular system, and with few cell membranes to cross, will
allow rapid passage of suitable foreign compounds.

A factor of general importance is the ability of a chemical to interact with and bind to
proteins in the blood, interstitial fluid, or other fluids. This binding maintains a concentration
gradient similar to the way ionization of the chemical in the blood will maintain a gradient.

Lymph may also be of importance as a vehicle for facilitating absorption and transport of
lipid-soluble substances but also of particles by specialized cells (M cells) in the gut-associated
lymphoid tissue (GALT).
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Figure 3.4 Role of blood flow and ionization in the absorption of foreign compounds. Both blood flow and
ionization create a gradient across the membrane.
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Table 3.1 Comparison Between Intestinal Absorption and Lipid: Water
Partition of the Nonionized Forms of Organic Acids and Bases

Percentage Partition coefficient
DI"Ug absorbed (KChIoroform)
Thiopental 67 100
Aniline 54 26.4
Acetanilide 43 7.6
Acetylsalicylic acid 21 2.0
Barbituric acid 5 0.008
Mannitol <2 <0.002

Kchiorotorm 1S the partition coefficient determined between chloroform and
an aqueous phase, the pH of which was such that the drug was largely
in the nonionized form.

Source: From Ref. 2.

Lipid solubility. Passive diffusion relies on dissolution of the compound in the lipid
component of the membrane, and therefore only lipid-soluble (lipophilic) compounds will
pass through the membrane. This is illustrated in Table 3.1, which shows the absorption of
various compounds through the intestinal wall in relation to their partition coefficient.
Although there is often a good correlation between lipid solubility and ability to diffuse
through membranes, very lipophilic compounds may become trapped in the membrane.
Diffusion through the membrane will also depend on other factors such as the nature of the
particular membrane or part of the membrane, especially the proportion of lipid and the
presence of hydrophilic areas on integral proteins. Thus, a lipid-soluble foreign compound,
which also has a polar but nonionized group, may diffuse through some membranes more
efficiently than a highly lipophilic molecule. Also, some degree of water solubility may assist
the passage through membranes, and in absorption from the gastrointestinal tract, especially,
may indeed be an important factor (see below). The lipid solubility of a compound is an
intrinsic property of that compound, dependent on the structure and usually denoted by the
partition coefficient P (or log P). The larger the partition coefficient the greater is the
lipophilicity of the compound.

Compounds of similar structure and ionization may have very different partition coefficients.
For example, thiopental and pentobarbital are very similar in structure and acidity but have very
different lipophilicity (Fig. 3.5), and hence their disposition in vivo is different (see below).

Solvents such as carbon tetrachloride, which are very lipid soluble, are rapidly and
completely absorbed from most sites of application, whereas more polar compounds such as
the sugar mannitol (Fig. 3.6) are very poorly absorbed as a consequence of limited lipid
solubility (Table 1). For certain compounds, the lipid solubility as indicated by the log P
(octanol-water) has been found to correlate well with the acute toxicity, for example, in some
aquatic single-celled organisms.

0] 0]
CH,CHj5 CH,CHj5
HN HN
CHCH,CH,CH, CHCH,CH,CH4
J\ CH, )\ CH,
H H
Thiopental Pentobarbital
pK, 7.6 8.1
Fraction 0.81 0.83
nonionised
atpH 7.4
Partition 3.3 0.05
coefficient
(heptane/water)

Figure 3.5 Comparison of the structures and physicochemical characteristics of pentobarbital and thiopental.
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(A) (B) Figure 3.6 Structures of (A) 5-fluorouracil and (B) mannitol.

The degree of ionization. This determines the extent of absorption, as only the nonionized
form will be able to pass through the lipid bilayer by passive diffusion. As already indicated,
the lipid and water solubility of this nonionized form is also a major factor.
The degree of ionization of a compound can be calculated from the Henderson-Hasselbach
equation:
Log[A7]

pH = pK, + “THA] (2)

where pK, is the dissociation constant for an acid HA and where:

HA =H"+ A~
For a base A,
Log[A]
H = pK
p pPK, + [HA+}
where
H" + A=HA"

The pK, of a compound, the pH at which it is 50% ionized, is a physicochemical
characteristic of that compound.

Normally, only HA in the case of an acid or A in the case of a base will be absorbed
(Fig. 3.14). Therefore, knowing the pH of the environment at the site of absorption and the
pK, of the compound, it is possible to calculate the amount of the compound, which will be in
the nonionized form, and therefore estimate the likely absorption by passive diffusion.

For example, an acid with a pK, of 4 can be calculated to be mainly nonionized in acidic
conditionsat pH 1. Rearranging the Henderson-Hasselbach equation (Eq. 2),

Log[A™]
H-pK,=————
anti-log pH — pK, = E
© [HA]
For an acid with a pK, 4 in an environment of pH 1,
A
anti-log 1 — 4 = ﬁ
ie.,
A
anti-log —3 = ﬁ = 0.001

ie., A7/HA =1/1000 or the acid is 99.9% nonionized.
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Conversely, for a base pK, 5 at pH 1,

H_ ok — oglAl
p p a [HA+]
| _ 5 Log[A]
[HAT]
, (A
-log — 4 = ——=0.0001
anti-log [HA'] 0.000

i.e., A/HA" = 1/10,000 or the base is 99.99% ionized.

The same calculations may be applied to calculate the degree of ionization of acids and
bases under alkaline conditions. It can be easily seen that weak acids will be mainly
nonionized and will therefore, if lipid soluble, be absorbed from an acidic environment,
whereas bases will not, being mainly ionized under acidic conditions. Conversely, under
alkaline conditions, acids will be mainly ionized, whereas bases will be mainly nonionized and
will therefore be absorbed.

Because the situation in vivo is normally dynamic, continual removal of the nonionized
form of the compound from the inside of the membrane causes continued ionization rather
than the attainment of an equilibrium:

HY + A~ = HA 2™ HA removal

If HA is continuously removed from the inside of the membrane, most of the compound
will be absorbed from the site, provided its concentration at the site is not reduced by other
factors.

Active Transport
This mechanism of membrane transport has several important features:

Specific membrane carrier system is required.

Metabolic energy is necessary to operate the system.
Transport occurs against a concentration gradient.

Metabolic poisons may inhibit the process.

The process may be saturated at high substrate concentration.
Substrates may compete for uptake.

AR

As active transport uses a carrier system, it is normally specific for a particular substance
or group of substances. Thus, the chemical structure of the compound and possibly even the
spatial orientation are important. This type of transport is normally reserved for endogenous
molecules such as amino acids, required nutrients, precursors, or analogues. For example, the
anticancer drug 5-fluorouracil (Fig. 3.6), an analogue of uracil, is carried by the pyrimidine
transport system. The toxic metal lead is actively absorbed from the gut via the calcium
transport system. Active uptake of the toxic herbicide paraquat into the lung is a crucial part of
its toxicity to that organ (see chap. 7). Polar and nonionized molecules as well as lipophilic
molecules may be transported. As active transport may be saturated, it is a zero-order rate
process in contrast to passive diffusion (Fig. 3.3).

There are, however, various types of active transport systems, involving protein carriers
and known as uniports, symports, and antiports as indicated in Figure 3.7. Thus, symports
and antiports involve the transport of two different molecules in either the same or a different
direction. Uniports are carrier proteins, which actively or passively (see section “Facilitated
Diffusion”) transport one molecule through the membrane. Active transport requires a source
of energy, usually ATP, which is hydrolyzed by the carrier protein, or the cotransport of ions
such as Na™ or H" down their electrochemical gradients. The transport proteins usually seem
to traverse the lipid bilayer and appear to function like membrane-bound enzymes. Thus, the
protein carrier has a specific binding site for the solute or solutes to be transferred. For
example, with the Na™/K"™ ATPase antiport, the solute (Na™) binds to the carrier on one side of
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Figure 3.7 Membrane transporters involved in active transport. (A) a uniport, (B) a symport, and (C) an antiport.

the membrane, an energy-mediated conformational change occurs involving phosphorylation of
the protein via ATP, and this allows the solute to be released on the other side of the membrane
(Fig. 3.7). The second solute (K™) then binds to the carrier protein, and this then undergoes a
conformational change following release of the phosphate moiety, allowing the substance to be
released to the other side of the membrane. Glucose is transported into intestinal cells via a
symport along with Na™, which enters the cell along its electrochemical gradient. The Na™ is
then transported out in the manner described above. Carrier-mediated transport can also
involve gated channels, which may require the binding of a ligand to open the channel for
instance.

Facilitated Diffusion
This type of membrane transport has some similar features to active transport:

1. It involves a specific carrier protein molecule.
2. The process may be saturated or competitively inhibited.
However:
3. Movement of the compound is only down a concentration gradient.
4. There is no requirement for metabolic energy.

Thus, a specific carrier molecule is involved, but the process relies on a concentration
gradient, as does passive diffusion. The transport of glucose out of intestinal cells into the
bloodstream occurs via facilitated diffusion and uses a uniport.

Phagocytosis/Pinocytosis

These processes are both forms of endocytosis and involve the invagination of the membrane to
enclose a particle or droplet, respectively. The process requires metabolic energy and may be
induced by the presence of certain molecules, such as ions, in the surrounding medium. The result
is the production of a vesicle, which may fuse with a primary lysosome to become a secondary
lysosome in which the enzymes may digest the macromolecule. In some cases, a particular part of
the plasma membrane with specific receptors binds the macromolecule and then invaginates.
Certain types of cells such as macrophages are especially important in the phagocytic process.
Thus, large molecules such as carrageenens with a molecular weight of about 40,000 may be
absorbed from the gut by this type of process. Insoluble particles such as those of uranium dioxide
and asbestos are known to be absorbed by phagocytosis in the lungs (see below).

3.3 SITES OF ABSORPTION
The following are the major routes of entry for foreign compounds:

Skin
Gastrointestinal tract
Lungs/gills
Intraperitoneal (i.p.)
Intramuscular (i.m.)
Subcutaneous (s.c.)
Intravenous (i.v.)

NG W=
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Figure 3.8 Blood flow and resulting distribution of a foreign compound from the three major sites of absorption or
routes of injection. Abbreviations: i.v., intravenous injection; s.c., subcutaneous injection; i.m., intramuscular
injection; i.p., intraperitoneal injection.

Routes 4 to 7, known as parenteral routes, are normally confined to the administration of
therapeutic agents or used in experimental studies. The site of entry of a foreign, toxic
compound may be important in the final toxic effect. Thus, the acid conditions of the stomach
may hydrolyze a foreign compound, or the gut bacteria may change the nature of the
compound by metabolism and thereby affect the toxic effect. The site of entry may also be
important to the final disposition of the compound. Thus, absorption through the skin may
be slow and will result in initial absorption into the peripheral circulation (Fig. 3.8). Absorption
from the lungs, in contrast, is generally rapid and exposes major organs very quickly (Fig. 3.8).
The compounds absorbed from the gastrointestinal tract first pass through the liver, which
may mean that extensive metabolism takes place (Fig. 3.8). The toxicity of compounds after
oral administration is therefore often less than that after i.v. administration (chap. 2, Table 1).

3.3.1 Skin

The skin is constantly exposed to foreign compounds such as gases, solvents, and substances in
solution, and so absorption through the skin is potentially an important route. However,
although the skin has a large surface area, some 18,000 cm? in humans, fortunately, it
represents an almost continuous barrier to foreign compounds as it is not highly permeable.
The outer layer of the nonvascularized epidermis, the stratum corneum, consists mainly of
cells packed with keratin, which limits the absorption of compounds, and a few hair follicles
and sebaceous glands (Fig. 3.9).

The underlying dermis is more permeable and vascularized, but to reach the systemic
circulation through the skin, the toxic compound would have to traverse several layers of cells,
in contrast to the situation in, for example, the gastrointestinal tract, where only two cells may
separate the compound from the bloodstream.

Absorption through the skin is by passive diffusion mainly through the epidermis.
Consequently, compounds that are well absorbed percutaneously are generally lipophilic,
such as solvents like carbon tetrachloride, which may cause systemic toxicity (liver damage)
following absorption by this route. Indeed, insecticides such as parathion have been known to
cause death in agricultural workers following skin contact and absorption. However,
lipophilicity as indicated by a large partition coefficient is not always a prerequisite for
extensive absorption, and there is not necessarily a good correlation (Table 3.2). Thus, polar
compounds, such as the small, water-soluble compound hydrazine, may also be absorbed
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Figure 3.9 The structure of mamma-
lian skin: (A) epidermis, (B) dermis,
(C) sebaceous gland, (D) capillary,
(E) nerve fibers, (F) sweat gland,
(G) adipose tissue, (H) hair.

Table 3.2 Physicochemical Properties of Various Pesticides and Their Oral Absorption and Skin Penetration in Mice

Penetration half-life Penetrated (%)

Water solubility

Compound Partition coefficient (ppm) Skin Oral Skin Oral
DDT 1775 0.001 105 62 34 55
Parathion 1738 24 66 33 32 57
Chloropyrifos 1044 2 20 78 69 47
Permethrin 360 0.07 6 178 80 39
Nicotine 0.02 Miscible 18 23 71 83

Source: From Refs. 3-5.

through the skin sufficiently to cause a systemic toxic effect as well as a local reaction. The
absorption of this compound may reflect its small molecular size (Fig. 5.31). Damage to
the outer, horny layer of the epidermis increases absorption, and a toxic compound might
facilitate its own absorption in this way. Absorption through the skin will, however, vary
depending on the site, and hence nature, of the skin and thickness of the stratum corneum.
Thus, penetration through the skin of the foot is at least an order of magnitude less than that
through the skin of the scalp. It should also be noted that the epidermis has significant
metabolic activity and so may metabolize substances, as they are absorbed.

3.3.2 Lungs

Exposure to and absorption of toxic compounds via the lungs is toxicologically important and
more significant than skin absorption. The ambient air in the environment, whether it is
industrial, urban, or household, may contain many foreign substances such as toxic gases,
solvent vapors, and particles. The lungs have a large surface area, around 50 to 100 m? in
humans; they have an excellent blood supply, and the barrier between the air in the alveolus
and the bloodstream may be as little as two cell membranes thick (Fig. 3.10). Consequently,
absorption from the lungs is usually rapid and efficient. The main process of absorption is
passive diffusion through the membrane for lipophilic compounds (solvents such as
chloroform), small molecules (gases such as carbon monoxide), and also solutions dispersed
as aerosols. The substance will generally dissolve in the blood and may also react with plasma
proteins or some other constituent. Therefore, as the blood flow is rapid, there will be a
continuous removal of the substance and consequently a constant concentration gradient.
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Figure 3.10 The structure of the mammalian respiratory system: (A) trachea, (B) bronchiole, (C) alveolar sac
with blood supply, (D) arrangement of blood vessels around alveoli, (E) arrangement of cells and airspaces in
alveoli showing the large surface area available for absorption, (F) cellular structure of alveolus showing the close
association between (G) the endothelial cell of the capillary (H) with erythrocytes and (1) the epithelial cell of the
alveolar sac. The luminal side of the epithelial cell is bathed in fluid, which also facilitates absorption and gaseous
exchange. Source: From Ref. 1.

However, the solubility in the blood is a major factor in determining the rate of absorption. For
compounds with low solubility, the rate of transfer from alveolus to blood will be mainly
dependent on blood flow (perfusion limited), whereas if there is high solubility in the blood, the
rate of transfer will be mainly dependent on respiration rate (ventilation limited).

As well as gases, vapors and aerosols, particles of toxic compounds may also be taken into
the lungs. However, the fate of these particles will depend on a number of factors, but especially
the size (Fig. 3.11). Thus, the larger particles will be retained in the respiratory tract initially to a
greater extent than smaller particles because of rapid sedimentation under the influence of gravity,
whereas small particles will be exhaled more easily. Overall, approximately 25% of particles will
be exhaled, 50% retained in the upper respiratory tract, and 25% deposited in the lower respiratory
tract. It can be seen from Figure 3.11 that the larger particles (20 um) tend to be retained in the
upper parts of the respiratory system, whereas the smaller particles (<6 pm) are confined to the
alveolar ducts and terminal bronchioles. The optimum size for retention in the alveolar sacs is
around 6 pm. Particles trapped by the mucus on the walls of the bronchi will be removed by the
ciliary escalator, whereas those of around 1 pm or less, which penetrate the alveolus, may be
absorbed by phagocytosis, and hence may remain in the respiratory system for a long time. For
example, asbestos fibers are phagocytosed in the lungs, remain there, and eventually cause
fibrosis and possibly lung tumors. It is known that uranium dioxide particles of less than 3-um
diameter can enter the bloodstream and cause kidney damage after inhalation. Similarly, particles
of lead of about 0.25-pum diameter enter the bloodstream and cause biochemical effects following
absorption via the lungs (see chap. 7). The lymphatic system also seems to be involved in the
movement of phagocytosed particles.

3.3.3 Gastrointestinal Tract

Many foreign substances are ingested orally, either in the diet or as drugs, and poisonous
substances taken either accidentally or intentionally. Most suicidal poisonings involve oral
intake of the toxic agent. Consequently, the gastrointestinal tract is a very important site and
perhaps the major route of absorption for foreign compounds.
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Figure 3.11 The retention of inhaled particles in various regions of the human respiratory tract in relation to size.
Source: From Ref. 6.

Figure 3.12 The mammalian gastrointestinal tract showing important features of the small intestine, the major
site of absorption for orally administered compounds: (A) liver; (B) stomach; (C) duodenum; (D) ileum; (E) colon;
(F) longitudinal section of the ileum showing folding, which increases surface area; (G) detail of fold showing villi
with circular and longitudinal muscles, (H) and (1) respectively, bounded by (J) the serosal membrane; (K) detail of
villi showing network of (L) epithelial cells, (M) capillaries, and (N) lacteals; (O) detail of epithelial cells showing
brush border or (P) microvilli. The folding, vascularization, and microvilli all facilitate absorption of substances from

the lumen. Source: From Ref. 1.

The internal environment of the gastrointestinal tract varies throughout its length,
particularly with regard to the pH. Substances taken orally first come into contact with the
lining of the mouth (buccal cavity), where the pH is normally around 7 in human, but more
alkaline in some other species such as the rat. The next region of importance is the stomach,
where the pH is around 2 in human and certain other mammals.

The substance may remain in the stomach for some time, particularly if it is taken in with
food. In the small intestine, where the pH is around 6, there is a good blood supply and a large
surface area because of the folding of the lining and the presence of villi (Fig. 3.12). The lining
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of the gastrointestinal tract essentially presents a continuous lipoidal barrier, passage through
which is governed by the principles discussed above. Because of the change in pH in the
gastrointestinal tract, different substances may be absorbed in different areas depending on
their physicochemical characteristics, although absorption may occur along the whole length
of the tract. Lipid-soluble, nonionized compounds may be absorbed anywhere in the tract, but
ionizable substances will generally only be absorbed by passive diffusion if they are
nonionized at the pH of the particular site and are also lipid soluble. However, despite the fact
that the gastrointestinal tract is well adapted for the absorption of compounds and lipophilic
substances should be readily and rapidly absorbed by passive diffusion, this is perhaps
simplistic and not always the case as illustrated by comparative data from mice (Table 3.2).

Thus, in the acidic areas of the tract such as the stomach (pH 1-3), compounds that are
lipid soluble in the nonionized form, such as weak acids, are absorbed, whereas in the more
alkaline (pH 6) small intestine, weak bases are more likely to be absorbed. The fact that in
practice weak acids are also absorbed in the small intestine despite being ionized (Fig. 3.15) is
due to the following:

1. The large surface area of the intestine (Fig. 3.12)
2. Removal of compound by blood flow (Fig. 3.4)
3. Ionization of the compound in blood at pH 7.4 (Fig. 3.15).

These factors ensure that the concentration gradient is maintained, and so weak acids are
often absorbed to a significant extent in the small intestine if they have not been fully absorbed
in the stomach. Using the Henderson-Hasselbach equation, the degree of ionization can be
calculated and the site and likelihood of absorption may be indicated.

Let us consider the situation in the gastrointestinal tract, using benzoic acid and aniline
as examples.

The pH of gastric juice is 1 to 3. The pK, of benzoic acid, a weak acid, is 4. Taking the pH
in the stomach as 2, and using the Henderson-Hasselbach equation as described above, it can
be calculated that benzoic acid is almost completely nonionized at this pH (Fig. 3.13):

A
anti-log pH — pK, = [[HA]] = anti-log2 — 4
(ATl _ 1
[HA] 100

or 99% nonionized.
Benzoic acid should therefore be absorbed under these conditions and passed across the cell
membranes into the plasma. Here, the pH is 7.4, which favors more ionization of benzoic acid.

COOH COO~
5-&..
Benzoic Acid
100 1
NH, NH3*
+ HY
Aniline

1 1000 Figure 3.13 lonization of benzoic acid and aniline at pH 2.
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Figure 3.14 Disposition of benzoic acid and aniline in gastric juice and plasma. Figures represent proportions of
ionized and nonionized forms.

Using the same calculation, at pH 7.4:
[A7] 1000

HA] ~ 1

or 99.9% ionized.

Therefore, the overall situation is as shown in Figure 3.14.

The nonionized form of the benzoic acid crosses the membrane, but the continual
removal by ionization in the plasma ensures that no equilibrium is reached. Therefore, the
ionization in the plasma facilitates the absorption by removing the transported form.

Considering the situation for aniline in the same way (Fig. 3.13), for a base in the gastric
juice of pH 2:

. [A]
anti-log2 — 5 = [HA'] = 0.001
Al _ 1
[HA'] 1000

or 99.9% ionized.

Aniline is therefore not absorbed under these conditions (Fig. 3.14). Furthermore, the
ionization in the plasma does not facilitate diffusion across the membrane, and with some
bases, secretion from the plasma back into the stomach may take place. The situation in
the small intestine, where the pH is around 6, is the reverse, as shown in Figure 3.15.

Therefore, it is clear that a weak base will be absorbed from the small intestine (Fig. 3.15)
and, although the ionization in the plasma does not favor removal of the nonionized form,
other means of redistribution ensure removal from the plasma side of the membrane.

With the weak acid, however, it can be appreciated that although most is in the ionized
form in the small intestine, ionization in the plasma facilitates removal of the transported form,
maintaining the concentration gradient across the gastrointestinal membrane (Fig. 3.15).
Consequently, weak acids are generally fairly well absorbed from the small intestine.

In contrast, strong acids and bases are not usually appreciably absorbed from the
gastrointestinal tract by passive diffusion. However, some highly ionized compounds are
absorbed from the gastrointestinal tract, such as the quaternary ammonium compound
pralidoxime, an antidote (Fig. 3.16), which is almost entirely absorbed from the gut, and
paraquat, a highly toxic herbicide (Fig. 3.16). Sufficient paraquat is absorbed from
the gastrointestinal tract after oral ingestion for fatal poisoning to occur, but the nature
of the transport systems for both of these compounds is currently unknown, although
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Figure 3.15 Disposition of benzoic acid and aniline in the small intestine and plasma. Figures represent
proportions of ionized and nonionized forms.
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carrier-mediated transport is perhaps the most likely (see chap. 7). Carrier-mediated transport
systems, important for foreign, toxic compounds, are known to operate in the gastrointestinal
tract. For example, cobalt is absorbed via the system that transports iron and lead by the
calcium uptake system.

Large molecules and particles such as carrageenen and polystyrene particles of 22-um
diameter may also be absorbed from the gut, presumably by phagocytosis. The bacterial
product botulinum toxin, a large molecule (molecular weight 200,000-400,000), is sufficiently
well absorbed after oral ingestion to be responsible for toxic and often fatal effects.

There are a number of factors that affect the absorption of foreign compounds from the
gut or their disposition; one factor, which is of particular importance, is the aqueous solubility
of the compound in the nonionized form. With very lipid-soluble compounds, water solubility
may be so low that the compound is not well absorbed (Table 2), because it is not dispersed in
the aqueous environment of the gastrointestinal tract. In relation to this, a factor of particular
importance in absorption of chemicals from the gut is the presence of bile, which is produced
in the liver and secreted into the small intestine. This contains detergent-like substances, which
will facilitate the dispersal of lipid-soluble chemicals in the aqueous medium of the intestine.

The gut also produces significant amounts of other secretions, including mucus, which
coats the lining of both the stomach and intestine, thereby changing the charge of the gut
surface. Therefore, the pH of the bulk of the site (e.g., stomach or intestine) may not be the
same as at the surface. There will also be variations in the pH of the gastrointestinal tract
between individual humans or animals. However, it must be appreciated that absorption is a
dynamic process as is the ionization of the remaining drug.

Also, when drugs and other foreign compounds are administered, the vehicle used to
suspend or dissolve the compound may have a major effect on the eventual toxicity by affecting
the rate of absorption. Furthermore, the physical form of the substance may be important, for
example, large particle size may decrease absorption. Similarly, when large masses of tablets are
suicidally ingested, even those with reasonable water solubility, such as aspirin (acetylsalicylic
acid), the bolus of tablets may remain in the gut for many hours after ingestion. Another factor,
which may affect absorption from the gastrointestinal tract, is the presence of food. This may
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facilitate absorption if the substance in question dissolves in any fat present in the foodstuff.
Alternatively, food may delay absorption if the compound binds to food or constituents, or if it is
only absorbed in the small intestine, as food prolongs gastric-emptying time. Allied to this is gut
motility, which may be altered by disease, infection, or other chemical substances present and
hence change the absorption of a compound from the gut.

Apart from influencing the absorption of foreign compounds, the environment of the
gastrointestinal tract may also affect the compound itself, making it more or less toxic. For
example, gut bacteria may enzymically alter the compound, and the pH of the tract may affect
its chemical structure.

The natural-occurring carcinogen cycasin, which is a glycoside of methylazoxymethanol
(Fig. 1.1), is hydrolyzed by the gut bacteria after oral administration. The product of the
hydrolysis is methylazoxymethanol, which is absorbed from the gut and which is the
compound responsible for the carcinogenicity. Given by other routes, cycasin is not
carcinogenic, as it is not hydrolyzed.

The gut bacteria may also reduce nitrates to nitrites, which can cause methemoglobi-
nemia or may react with secondary amines in the acidic environment of the gut, giving rise to
carcinogenic nitrosamines.

Conversely, the acidic conditions of the gut may inactivate some toxins, such as snake
venom, which is hydrolyzed by the acidic conditions.

The absorption from the gastrointestinal tract is of particular importance, because
compounds so absorbed are transported directly to the liver via the hepatic-portal vascular
system (Fig. 3.8). Extensive metabolism in the liver may alter the structure of the compound,
making it more or less toxic. Little of the parent compound reaches the systemic circulation in
these circumstances. This “first-pass” effect is very important if hepatic metabolism can be
saturated; it may lead to markedly different toxicity after administration by different routes.
Highly cytotoxic compounds given orally may consequently selectively damage the liver by
exposing it to high concentrations, whereas other organs are not exposed to such high
concentrations, as the compound is distributed throughout body tissues after leaving the liver.

The gastrointestinal tract itself has significant metabolic activity and can metabolize
foreign compounds en route to the liver and systemic circulation giving rise to a first-pass
effect. For example, the drug isoprenaline undergoes significant metabolism in the gut after
oral exposure, which effectively inactivates the drug. Therefore, administration by aerosol into
the lungs, the target site, is the preferred route.

3.3.4 Specific Drug Transporter Proteins (ABC Proteins; MDR Proteins)

As indicated earlier in this chapter, these transporter proteins are found in a variety of cell
types but especially in those organs exposed to chemicals from the environment (e.g.,
gastrointestinal tract), excretory organs (e.g., kidney), and sensitive organs (e.g., brain). The
proteins are usually found on the luminal side of epithelial cells in organs of exposure, such as
the small intestine, which allows the cells to pump out the potentially hazardous chemical. In
sensitive organs such as the brain, the transporters are on that side of cells that will allow
chemicals to be pumped back into the blood or interstitial fluid. In organs of excretion, such as
the kidney, the transporters are located on the apical side of cells such as the proximal
convoluted tubular cells.

Although there are at least 49 known ABC transporter proteins in humans, the most
important in relation to foreign chemicals are ABCB1, ABCC1, ABCC2, and ABCG2. They
require ATP and contain transmembrane domains and one or two nucleotide-binding domains
for the binding/hydrolysis of ATP. These transport proteins are found in various mammalian
species, and there is some homology between those in rodents, for example, and those found in
human. However, they show different substrate specificity.

The level/expression of the transporters may be increased (upregulated) by chemicals or
by disease and varies with age and during pregnancy. Other chemicals are known to inhibit
certain transporter proteins. This may be due to competition between substrates (e.g.,
verapamil) or an effect on ATP binding (e.g., vanadate) or hydrolysis (e.g., cyclosporine). Other
known inhibitors are flavonoids and organophosphate insecticides.

Cerivastatin, a drug used to reduce blood cholesterol, is known to be exported by the
MDR1 transporter at the canalicular membrane in the liver cells, which functions to eliminate the
drug into the bile. If there is competition with another drug, this elimination is decreased, and
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consequently, the blood level of the statin will be higher. It has been suggested that this may be
part of the reason that unacceptable toxicity occurred with this drug (damage to muscle), which
led to its withdrawal. The other reason may be the competition for metabolism by CYP3A4,
which will also lead to higher blood levels (see chap. 5). Genetic polymorphisms in the genes
coding for the transporters are known to occur.

The first transporter to be discovered was p-glycoprotein (now known as ABCB1 but
also abbreviated as pGp or MDR1). This was found in tumor cells resistant to a wide range of
structurally unrelated cytotoxic anticancer drugs, in which the transporter functions to pump
the cytotoxic agent out of the cell, thus protecting it. It is also found in normal cells, especially
in organs of elimination or absorption, and it functions as a route of detoxication in tissues and
organs that are vulnerable such as brain and testis.

This transporter is particularly important in the small intestine, in the gut wall
enterocytes, where its activity in humans is sevenfold higher than liver tissue. In the gut, pGp,
acting in concert with cytochrome P-450 (CYP3A4) (see chap. 4), functions to keep chemicals,
which may be potential toxicants, out of the body by pumping them back into the lumen of the
gut. The CYP3A4 converts them into more polar compounds, which are less readily absorbed
or further metabolized into water-soluble conjugates.

The chemical is removed before it can properly reach the cytoplasm or important
organelles. The substrates for this transporter are structurally diverse but tend to be organic,
weakly basic (cationic), or uncharged hydrophobic or amphipathic substances. Thus, the
chemical diffuses into the cell and is then pumped out. Substrates include anions conjugated with
glutathione (GSH), glucuronic acid, and sulfate.

MRP1 (ABCC1) transports cytotoxic drugs such as doxorubicin (see page 344). It also pumps
out conjugates with glutathione, glucuronic acid, and sulfate. Nonconjugated chemicals are
cotransported with GSH. Although there are a variety of substrates, it is still specific for these
substrates. It is expressed in cells in many tissues on the basolateral membrane (in cells with
polarity) of epithelial cells, allowing secretion into the interstitial space, so protecting the cell. MRP1
may interact with phase II conjugating enzymes to give increased resistance (synergy). In contrast
to MRDY], it transports large organic anions. Other substrates are the GSH conjugates of aflatoxin
and arsenic; as transport by this protein system is GSH dependent, depletion of GSH is possible.

MRP2 (MDR2; ABCC2) transports similar substrates (e.g., conjugates of anions) to MRP1
but has a more limited distribution in the body in excretory tissues and is involved in biliary
excretion. Hence, it is also known as the canalicular multiorganic anion transporter (CMOAT).
Acyl glucuronide conjugates, such as the conjugate of the drug benoxaprofen (see below) are
transported into bile by this transporter. Concentrations of such compounds in bile may reach
several thousand times those in the blood with potential toxic consequences, as with
benoxaprofen. The food contaminant PhIP is transported back into the gut, and its conjugates
are transported by this protein from the liver into the bile also.

BCRP (ABCG?2) is similar to pGp but has only one ATP-binding domain. It is found in
stem cells, where it may function to protect them against toxicants, and also in placenta and the
canalicular membrane in hepatocytes. It is upregulated by low oxygen levels.

The location of the transporters is shown in Table 3.3.

Table 3.3 Distribution and Tissue Location of ABC Transporters in Human Tissues

Transporter

ABCB1

(p-glycoprotein, ABCC2 ABCG2
Tissue MDR?1) ABCC1 (MRP1) (MRP2, MDR2) (BCRP)
Lung Apical Basolateral n.d. Apical
Intestine Apical Basolateral Apical Apical
Liver Apical Basolateral Apical Apical
Kidney Apical Basolateral Apical n.d
Brain Apical Apical Apical Apical
Testis Apical Basolateral n.d. n.d.
Placenta Apical Basolateral Apical Apical

Alternate designation is given in brackets.
Abbreviations: ABC, ATP-binding cassette; n.d., not detected.
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These protein transporters are clearly important in the absorption, distribution, and
excretion of xenobiotics. There are many other transporters, which may play a role at times in
xenobiotic toxicity and detoxication.

3.4 DISTRIBUTION

Following absorption by one of the routes described, foreign compounds will enter the
bloodstream. The part of the vascular system into which the compound is absorbed will
depend on the site of absorption (Fig. 3.8). Absorption through the skin leads to the
peripheral blood supply, whereas the major pulmonary circulation will be involved if the
compound is absorbed from the air via the lungs. For most compounds, oral absorption will
be followed by entry of the compound into the portal vein supplying the liver with blood
from the gastrointestinal tract. Once in the bloodstream, the substance will distribute
around the body and be diluted by the blood. Although only a small proportion of a
compound in the body may be in contact with the receptor or target site, it is the
distribution of the bulk of the compound that governs the concentration and disposition of
that critical proportion. The plasma concentration of the compound is therefore very
important, because it often directly relates to the concentration at the site of action. Blood
circulates through virtually all tissues, and some equilibration between blood and tissues is
therefore expected. The distribution of foreign toxic compounds throughout the body is
affected by the factors already discussed in connection with absorption. This distribution
involves the passage of foreign compounds across cell membranes. The passive diffusion
of foreign compounds across membranes is restricted to the nonionized form, and the
proportion of a compound in this form is determined by its pK, and the pH of the
particular tissue.

The passage of compounds out of the plasma through capillary membranes into the
extravascular water occurs fairly readily, the major barrier being molecular size. Even charged
molecules may therefore pass out of capillaries by movement through pores or epithelial cell
junctions and driven by a concentration gradient. The passage of substances through pores in
arterial capillaries may also be assisted by hydrostatic pressure. For lipid-soluble compounds, a
major determinant of the rate of movement across capillaries will be the partition coefficient.
Therefore, most small molecules, whether ionized or nonionized, pass readily out of the plasma,
either through pores in the capillary membranes or by dissolving in the lipid of the membrane.

Large molecules pass out very slowly, possibly by pinocytosis. The pores in the capillary
membranes vary considerably in size, and therefore some capillaries are more permeable than
others. Pore sizes of about 30 A correspond to a molecular weight of 60,000. The exceptions to
this are the capillaries of the brain, which are relatively impermeable. Passage across cell
membranes from extravascular or interstitial water into cells is, however, much more
restrictive. Again, the physicochemical characteristics of the compound will be a crucial
determinant of its disposition in conjunction with the particular environment. A particularly
important interaction in the bloodstream, which the foreign compound may undergo, is
reaction with plasma proteins. In some cases, such as with compounds of low water solubility,
this interaction may be essential for the transport of the compound in the blood and may
facilitate transport to the tissues, although usually it will restrict distribution. There are many
different types of proteins, but the most abundant and important regarding binding of foreign
compounds is albumin (Table 3.4). However, other plasma proteins may be important in
binding foreign compounds, for example, the lipoproteins, which bind lipophilic compounds
such as DDT. In general, the interactions are noncovalent, although some drugs, such as
captopril, are known to bind covalently to plasma proteins and even to cause immune
responses as a result of this interaction (see chap. 6). There may be a specific interaction in the
plasma between particular foreign molecules and antibodies.

The noncovalent binding to plasma proteins may involve four types of interaction (Fig. 3.17):

1. Ionic binding, in which there is bonding between charged groups or atoms, such as
metal ions and the opposite charge on the protein.

2. Hydrophobic interaction occurs when two nonpolar hydrophilic groups associate
and mutually repel water.
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Table 3.4 The Major Proteins Present in Human Plasma

g 100 g~ plasma

Protein protein (% total) Function

Albumin 50-65 Colloid osmotic pressure, binds drugs,
fatty acids, hormones

A-acid glycoprotein 0.5-1.5 Tissue breakdown product

A-antitrypsin 1.94.0 Trypsin inhibitor

a-lipoprotein 4.5-8.0 Lipid transport

B-lipoprotein 0.5-1.5 Lipid transport

Transferrin 3-6.5 Iron transport

Fibrinogen 2.5-5.0 Blood clotting

Source: From Ref. 7.
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Figure 3.17 Types of bondings to
plasma proteins that foreign compounds
can undergo: (A) ionic bonding, (B) hydro-
(A) (B) phobic bonding, (C) hydrogen bonding,
and (D) van der Waals forces. (A) lonic
binding, in which there is bonding between
charged groups or atoms such as metal
ions and the opposite charge on the
c—0 protein. (B) Hydrophobic interactions
H_|“ R occur when two nonpolar, hydrophilic
o- (llH OH groups associate and mutually repel
i B water. (C) Hydrogen bonding, where a
CH,0H CH,OH hydrogen atom attached to an electro-
| [ negative atom (e.g., O) is shared with
another electronegative atom (e.g., N). (D)
Van der Waals forces are weak, acting
between the nucleus of one atom and the

(C) (D) electrons of another.

3. Hydrogen bonding, where a hydrogen atom attached to an electronegative atom
(e.g., O) is shared with another electronegative atom (e.g., N).

4. Van der Waals forces are weak, acting between the nucleus of one atom and the
electrons of another.

The nature and strength of the binding will depend on the physicochemical character-
istics of the foreign compound. For example, lipophilic substances such as DDT will bind to
proteins that have hydrophobic regions such as lipoproteins and albumin. Ionized compounds
may bind to a protein with available charged groups, such as albumin, by forming ionic bonds.
The albumin molecule has approximately 100 positive and a similar number of negative
charges at its isoelectric point (pH 5) and has a net negative charge at the pH of normal plasma
(pH 7.4).

The noncovalent binding to plasma proteins is a reversible reaction, which may be
simply represented as:

ki
T+P= TP
2
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where T is the foreign compound and P is the protein and k; and1 k; are the rate constants for
association and dissociation.

The overall dissociation constant Ky is derived from

1 [TP]
Kd = [T][P} or Kd = kz/kl
When Ky is small, then binding is tight.

Plotting 1/[TP] versus 1/[T] may give some indication of the specificity of binding. Thus,
if the plot passes through the origin, as is the case with DDT, then “infinite,” nonsaturable
binding is implied. If the concentration of bound/free compound is plotted against the
concentration of bound compound, a straight line with a negative gradient may result. From
this Scatchard plot, the affinity constant and the number of binding sites may be gained from
the slope (1/k,) and intercept on the x axis (N), respectively. Binding can be described as (i)
either specific and of low capacity and high affinity or (ii) nonspecific and of low affinity and
high capacity. When there is a specific binding site, mathematical treatments derived from the
above relationship may be applied to determine the nature of the site. Usually, however,
binding to plasma proteins will involve several different binding sites on one protein and
maybe several different proteins.

The binding of foreign compounds to plasma proteins has several important
implications.

1. The concentration of the free compound in the plasma will be reduced. Indeed this
removal of a portion of the compound from free solution will contribute to a
concentration gradient.

2. Distribution to the tissues may be restricted. Although an equilibrium exists between
the nonbound, free portion of the compound in the plasma and the bound portion,
only the free compound will distribute into tissues.

3. Similarly, excretion by filtration and passive diffusion will be restricted to the free
portion, and hence the half-life may be extended by protein binding. However, when
a compound is excreted by an active process, then protein binding may have no
significant effect. For example, p-aminohippuric acid (Fig. 3.18) is more than 90%
bound to plasma proteins, yet it is cleared from the blood by a single pass through
the kidney, being excreted by the organic acid transport system.

4. Saturation may occur. When a specific binding site is involved, there will be a limited
number of sites. As the dose or exposure to the compound increases and the plasma
level rises, these may become fully saturated. When this occurs, the concentration of
the nonbound, free portion of the compound will rise. This may be the cause of a
toxic dose threshold. The importance of this will depend partly on the extent of
binding. Thus, with highly bound compounds, saturation will lead to a dramatic
increase in the free concentration. For example, if a compound is 99% bound to
plasma proteins, at a total concentration of say 100 mgL ', the free concentration of
compound in the bloodstream will be only 1 mgL . If all the plasma protein-binding
sites are saturated at this concentration, then any increase in dosage can dramatically
increase the free plasma concentration. Thus, doubling the dosage could increase the
free concentration to 101 mgL ", if all other factors remained the same. Clearly, such
a massive increase in the free concentration could result in the appearance of toxic
effects.

1
CNHCH,COOH

NH, Figure 3.18 The structure of p-aminohippuric acid.
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5. Displacement of one compound by another may occur. This may apply between two
foreign compounds and between a foreign and an endogenous compound. For
example, when some sulfonamide drugs bind to plasma proteins, they displace
others such as tolbutamide, a hypoglycemic drug. The resultant increased plasma
concentration of free drug can give rise to an excessive reduction in blood sugar.
Some metals may compete for the binding sites on the protein metallothionein.
Displacement of bilirubin in premature infants by sulfisoxazole competing for the
same plasma protein-binding sites may lead to toxic levels of bilirubin entering the
brain. The binding affinity will influence the consequences of this. Thus, if a toxic
compound has relatively low binding (e.g., 30%), and 10% is displaced by another,
the increase in free compound is only 3% (from 70% to 73%). If, however, the
compound is 98% bound, then a similar displacement would cause a more dramatic
increase in the free concentration (2-12%).

It is clear that the physicochemical characteristics of the compound and hence the extent
and avidity of binding will determine the importance of plasma protein binding in the
disposition of the compound.

3.4.1 Tissue Localization

The localization of a chemical in a particular tissue is an important factor in determining the
toxicity of that chemical. The distribution of a foreign compound out of the bloodstream into
tissues is, as already discussed, determined by its physicochemical characteristics. Thus, unless
specific transport systems are available, such as for analogues of endogenous compounds, only
nonionized, lipid-soluble compounds or small molecules will readily pass out of the
bloodstream into cells throughout body tissues. The pores and spaces in the capillary
membranes of certain tissues can be quite large, however, allowing much larger molecules to
pass out of the bloodstream. For example, the sinusoids of the liver have a discontinuous
basement membrane giving rise to large pores or fenestrations of about 2 pm in diameter. The
Kupffer cells lining these sinusoids may also be involved in removal of foreign substances
from the bloodstream by phagocytosis. The compounds that have some water solubility will
distribute throughout body water, whereas highly lipophilic substances may become
preferentially localized in fat tissue. For example, the drug chlorphentermine (Fig. 3.19) is
found to accumulate in fatty tissues. Thus, although the blood: tissue ratio is 1:1 for the liver
after both single and multiple doses, in the heart, lungs, and especially adrenal gland, the ratio
becomes much greater than 1:1 after several doses. The accumulation of chlorphentermine
results in a disturbance of lipid metabolism and a dramatic accumulation of phospholipids,
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Figure 3.19 Tissue distribution of chlorphentermine on chronic dosing. Source: From Ref. 8.
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Br Br Br Br Figure 3.20 Structure of decabromobiphenyl.

especially in the adrenals. This toxic response, phospholipidosis, is due to the amphiphilic
nature of the molecule. This is the possession of both lipophilic and hydrophilic groups in the
same molecule. This characteristic is responsible for the disruption of lipid metabolism. Thus,
it is believed that the hydrophobic portion of the chlorphentermine molecule associates with
lipid droplets in target cells. The hydrophilic portion of the chlorphentermine molecule alters
the surface charge of lipid droplets and so decreases their breakdown by lipases, giving rise to
accumulation.

Many other drugs are now known to cause phospholipidosis, such as chloroquine
and amiodarone (see chap. 6). Another, more dramatic, example of extensive tissue
accumulation is the case of the polybrominated biphenyls (PBBs) (Fig. 3.20). These are
industrial chemicals, which accidentally became added to animal feed in Michigan in 1973.
Because of high lipophilicity, the PBBs became localized in the body fat of all the livestock
primarily exposed and the humans subsequently exposed. There was little, if any,
elimination of these compounds from the body, and so, the humans unfortunately exposed
will be so for long, perhaps indefinite, periods of time. Sequestration of foreign compounds
in particular tissues may in some cases be protective if the tissue is not the target site for
toxicity. For example, highly lipophilic compounds such as DDT become localized in
adipose tissue where they seem to exert little effect. Although this sequestration into
adipose tissue reduces exposure of other tissues, mobilization of the fat in the adipose
tissue may cause a sudden release of compound into the bloodstream with a dramatic rise
in concentration and toxic consequences.

Lead is another example of a toxic compound that is localized in a particular tissue, bone,
which is not the major target tissue (see chap. 7).

Some compounds accumulate in a specific tissue because of their affinity for a particular
macromolecule. For instance, carbon monoxide specifically binds to hemoglobin in red cells, this
being the target site (see chap. 7), whereas when cadmium binds to metallothionein in the liver
and kidney, this is initially a detoxication process (see chap. 7). Sequestration into tissues may
occur because of the action of an endogenous substance such as the protein ligandin (now
identified as glutathione transferase B) (see chap. 4), which binds and transports both
endogenous and exogenous compounds, such as carcinogenic azo dyes, into the liver.

Specific uptake systems may account for selective localization in tissues, and this may be
the explanation for toxic effects in those particular tissues. For example, the herbicide paraquat
(Fig. 3.16) is taken up by the polyamine transport system into the lungs and thereby reaches a
toxic concentration (see chap. 7 for a detailed description of this system).

Therefore, foreign compounds may be distributed throughout all the tissues of the body,
or they may be restricted to certain tissues. Two areas for special consideration are the fetus
and the brain. Because of the organization of the placenta, the blood in the embryo and fetus is
in intimate contact with the maternal bloodstream, especially at the later stages of pregnancy
where the tissue layers between the two blood supplies may be only 2-um thick (see chap. 6)
(Fig. 3.21). Consequently, movement of nonionized lipophilic substances from the maternal
bloodstream into the embryonic circulation by passive diffusion or filtration of small molecules
through pores is facilitated. Specialized transport systems also exist for endogenous
compounds and ions. ABC transporters, however, are located in the placenta and protect
the embryo and fetus by pumping xenobiotics back in the bloodstream.

The placenta, through which the drugs will pass to the embryo or fetus, will vary in
structure at different times in gestation and between species. For example, there may be six
layers of cells between maternal and fetal blood in some species (e.g., pig), but in humans,
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Figure 3.21 The blood supply to the mammalian embryo and placenta.

there are only three fetal layers. In other species there is only one layer (rat) at the end of
gestation. However, there are also transporter proteins present in the placenta, which eject
drugs and other foreign chemicals back into the maternal bloodstream. The placenta may also
have metabolic activity and so be able to detoxify drugs.

The protein level in the embryonic or fetal bloodstream is also lower and different from
that in the maternal circulation, and so the effect on the concentration gradient may well be
less. So the concentration of drug in the embryonic or fetal blood may be lower than that in the
maternal blood.

Consequently, many foreign compounds achieve the same concentration in fetal as in
maternal plasma. However, if metabolism in utero converts the compound into a more polar
metabolite, accumulation may occur in the fetus. Despite extensive blood flow (16% cardiac
output; 0.5 mLmin 'g ™' of tissue), entry of foreign compounds into the brain takes place much
less readily than passage into other tissues. Hence, the term “blood-brain barrier.” Ionized
compounds will not penetrate the brain in appreciable quantities unless they are carried by
active transport systems. The reasons for this are as follows:

1. The capillaries feeding the brain with blood are covered with the processes of brain
cells called glial cells or astrocytes. This reduces the permeability of the basement
membrane of the capillary because there are more layers of membranes to pass
through.

2. There are tight junctions between the endothelial cells in the capillaries leaving few,
if any, pores.

3. The endothelial cells of the capillaries in the brain have transporter proteins (ABC or
MDR protein transporters such as p-glycoprotein), which export foreign substances
(e.g., drugs) back into the blood.

4. There is a low-protein concentration in the interstitial fluid in the brain. This means
that protein binding, which would contribute to a concentration gradient and also
assist the transport of non-water-soluble drugs (paracellular), does not occur.

5. Endocytosis does not commonly occur.

The crucial role of this export system in protecting the brain can be illustrated by the use
of specially bred mice in which the gene for p-glycoprotein is knocked out. When normal and
knockout mice are exposed to the antihelminthic drug ivermectin, the null mice experience
neurotoxic effects at doses 100 times less than the normal animals and also have levels of the
drug in the brain almost 100 times those in the normal (wild type) mice.
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Lipid-soluble compounds, such as methyl mercury, which is toxic to the central nervous
system (see chap. 7), can enter the brain readily, the facility being reflected by the partition
coefficient. Another example, which illustrates the importance of the lipophilicity in the tissue
distribution and duration of action of a foreign compound, is afforded by a comparison of the
drugs thiopental and pentobarbital (Fig. 3.5). These drugs are very similar in structure, only
differing by one atom. Their pK, values are similar, and consequently, the proportion ionized
in plasma will also be similar (Fig. 3.5). The partition coefficients, however, are very different,
and this accounts for the different rates of anesthesia due to each compound. Thiopental being
much more lipophilic enters the brain very rapidly and thereby causes its pharmacological
effect, anesthesia. The duration of this, however, is short, as redistribution into other tissues,
including body fat, causes a loss from the plasma, and hence by equilibration, the central
nervous system also. Pentobarbital, conversely, distributes more slowly and so, although the
concentration in the brain does not reach the same level as thiopental, it is maintained for a
longer period.

Changes in plasma pH may also affect the distribution of toxic compounds by altering
the proportion of the substance in the nonionized form, which will cause movement of the
compound into or out of tissues. This may be of particular importance in the treatment of
salicylate poisoning (see chap. 7) and barbiturate poisoning, for instance. Thus, the distribution
of phenobarbital, a weak acid (pK, 7.2), shifts between the brain and other tissues and the
plasma, with changes in plasma pH (Fig. 3.22). Consequently, the depth of anesthesia varies
depending on the amount of phenobarbital in the brain. Alkalosis, which increases plasma pH,
causes plasma phenobarbital to become more ionized, alters the equilibrium between plasma
and brain, and causes phenobarbital to diffuse back into the plasma (Fig. 3.22). Acidosis will
cause the opposite shift in distribution. Administration of bicarbonate is therefore used to treat
overdoses of phenobarbital. This treatment will also cause alkaline diuresis and therefore
facilitate excretion of phenobarbital into the urine (see below).

3.4.2 Plasma Level

The plasma level of a toxic compound is a particularly important parameter, as (i) it reflects
and is affected by the absorption, distribution, metabolism, and excretion (ADME) of the
compound; (ii) it often reflects the concentration of compound at the target site more closely
than the dose; it should be noted that this may not always be the case such as when
sequestration in a particular tissue occurs which may or may not be the target tissue, for
example, chlorphentermine (see Fig. 3.19), lead and, polybrominated biphenyls (Fig. 3.20);
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(iif) it may be used to derive other parameters; (iv) it may give some indication of tissue
exposure and hence expected toxicity in situations of intentional or accidental overdosage;
(v) it may indicate accumulation is occurring on chronic exposure; and (vi) it is central to any
kinetic study of the disposition of a foreign compound.

Therefore, the pharmacokinetic parameters, which can be derived from blood level
measurements, are important aids to the interpretation of data from toxicological dose-
response studies. The plasma level profile for a drug or other foreign compound is therefore a
composite picture of the disposition of the compound, being the result of various dynamic
processes. The processes of disposition can be considered in terms of “compartments.” Thus,
absorption of the foreign compound into the central compartment will be followed by
distribution, possibly into one or more peripheral compartments, and removal from the central
compartment by excretion and possibly metabolism (Fig. 3.23). A very simple situation might
only consist of one, central compartment. Alternatively, there may be many compartments. For
such multicompartmental analysis and more details of pharmacokinetics and toxicokinetics,
see references in the section “Bibliography.” The central compartment may be, but is not
necessarily, identical with the blood. It is really the compartment with which the compound is
in rapid equilibrium. The distribution to peripheral compartments is reversible, whereas the
removal from the central compartment by metabolism and excretion is irreversible.

The rates of movement of foreign compound into and out of the central compartment are
characterized by rate constants k,, and kg (Fig. 3.23). When a compound is administered
intravenously, the absorption is effectively instantaneous and is not a factor. The situation after
a single, intravenous dose, with distribution into one compartment, is the most simple to
analyze kinetically, as only distribution and elimination are involved. With a rapidly
distributed compound then, this may be simplified further to a consideration of just
elimination. When the plasma (blood) concentration is plotted against time, the profile
normally encountered is an exponential decline (Fig. 3.24). This is because the rate of removal
is proportional to the concentration remaining; it is a first-order process, and so a constant
fraction of the compound is excreted at any given time. When the plasma concentration is
plotted on a logo scale, the profile will be a straight line for this simple, one compartment
model (Fig. 3.25). The equation for this line is

key X t
2.303

where C is plasma concentration, ¢ is time, Cy is the intercept on the y axis, and the gradient or
slope is —k;/2.303. The unit of k is hr ' or min~".

The elimination process is represented by the elimination rate constant k., which may
be determined from the gradient of the plasma profile (Fig. 3.25). The reasons for the overall
process of elimination being first order are that the processes governing it (excretion by various

log;o C =log,,Co —



Factors Affecting Toxic Responses: Disposition 61

90
80
70

Figure 3.24 Profile of the decline in
the plasma concentration of a foreign
compound with time after intravenous
administration. The AUC may be
determined by dividing the curve into
a series of trapezoids as shown and
calculating the area of each. Thus, the
= AUCcgo_.c1 is (C’ X t1—fo). The

30 4

Plasma concentration (mg.l™ ")
B
o
1

0 % * 1 AUCp_ ¢ is then the sum of all the
6 7 8 individual areas. Abbreviation: AUC,
Time (hours) area under the curve.

Slope = —kg/2.303

i Figure 3.25 Logso plasma concentra-
105 4o LA PR tion time profile for a foreign compound

i after intravenous administration. The
T f T T 1 T plasma half-life (t,) and the elimination
rate constant (k) of the compound can
Time (hours) be determined from the graph as shown.

Plasma drug level (mg.I™") (Log scale)

routes, and metabolism) are irreversible processes and are also first order. When the latter is
not the case, then this model does not apply.

3.4.3 Volume of Distribution

The total water in the body of an animal can be conveniently divided into three compartments:
the plasma water, the interstitial water, and the intracellular water. The way a foreign
compound distributes into these compartments will profoundly affect the plasma concentra-
tion. If a compound is only distributed in the plasma water (which is ~3 L in man), the plasma
concentration will obviously be much higher than if it is distributed in all extracellular water
(~14 L) or the total body water ~40 L). This may be quantified as a parameter known as the
volume of distribution (Vp), which can be calculated as follows:

dose(mg)

~ Plasma conc.(mg L")

and is expressed in liters. This is the same principle as determining the volume of water in a jar
by adding a known amount of dye, mixing, and then measuring the concentration of dye. The
volume of distribution of a foreign compound is the volume of body fluids into which the
compound is apparently distributed. It does not necessarily correspond to the actual body
water compartments, as it is a mathematical parameter and does not have absolute
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physiological meaning. However, the Vi, may yield important information about a compound.
For example, a very high apparent Vp, perhaps higher than the total body water, indicates that
the compound is localized or sequestered in a storage site such as fat or bone. If the value is
low and similar to plasma water, it indicates that the compound is retained in the plasma. A
compound with a high Vp will tend to be excreted more slowly than a compound with a low
Vp. From the Vp and plasma concentration, the total amount of foreign compound in the body
or the total body burden may be estimated:

Total body burden(mg) + Plasma concentration(mg L") x Vp (3)

The determination of Vi will depend on the type of model that describes the distribution
of the particular compound. Thus, if the compound is given intravenously and is distributed
into a one-compartment system, the Vp can be determined from the starting plasma
concentration Cy. This may be determined from the graph of plasma concentration against time
by extrapolation (Fig. 3.25). Thus,

Dose;y
Co

For compounds whose distribution fits more complex models, a more rigorous method
uses the area under the plasma concentration versus time curve (AUC). Thus,

Vb =

Dose;y

Vp=—o
DT AUC) — 0o x kg

The AUC is determined by plotting the plasma concentration versus time on normal
rectilinear graph paper, dividing the area up into trapezoids, and calculating the area of each
trapezoid (Fig. 3.24). The total area is then the sum of the individual areas. Although the curve
theoretically will never meet the x axis, the area from the last plasma level point to infinity may
be determined from C,/k.. The units are mgL_lhr.

When a compound is administered by a route other than intravenously, the plasma level
profile will be different, as there will be an absorption phase, and so the profile will be a
composite picture of absorption in addition to distribution and elimination (Fig. 3.26). Just as
first-order elimination is defined by a rate constant, so also is absorption k.. This can be
determined from the profile by the method of residuals. Thus, the straight portion of the
semilog plot of plasma level against time is extrapolated to the y axis. Then each of the actual
plasma level points, which deviate from this during the absorptive phase, are subtracted from
the equivalent time point on the extrapolated line. The differences are then plotted, and a
straight line should result. The slope of this line can be used to calculate the absorption rate
constant k,;, (Fig. 3.26). The volume of distribution should not really be determined from the
plasma level after oral administration (or other routes except intravenous) as the administered
dose may not be the same as the absorbed dose. This may be because of first-pass metabolism
(see above), or incomplete absorption, and will be apparent from a comparison of the plasma
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level profile of the compound after oral and intravenous administration (Fig. 3.27). First-pass
metabolism may occur at the site of absorption such as in the gastrointestinal tract after oral
administration, or it may occur in the liver during the passage of the substance through the
portal circulation and the liver before it reaches the systemic circulation. The extent of this first-
pass metabolism may be as high as 70% as with the drug propranolol, when given orally. This
means that the systemic circulation is only exposed to 30% of the original dose as parent drug.
The dose actually absorbed may be quantified as bioavailability:

AUCoral

Aol 00
AUG,, |

Bioavailability =
3.4.4 Plasma Half-Life
The plasma half-life is another important parameter of a foreign compound, which can be
determined from the plasma level. It is defined as the time taken for the concentration of the
compound in the plasma to decrease by half from a given point. It reflects the rates at which
the various dynamic processes, distribution, excretion and metabolism, are taking place in vivo.
The value of the half-life can be determined from the semilog plot of plasma level against time
(Fig. 3.25), or it may be calculated:

0.693
kel

The half-life will be independent of the dose, provided that the elimination is first order
and therefore should remain constant. Changes in the half-life, therefore, may indicate
alteration of elimination processes due to toxic effects because the half-life of a compound
reflects the ability of the animal to metabolize and excrete that compound. When this ability is
impaired, for example, by saturation of enzymic or active transport processes, or if the liver or
kidneys are damaged, the half-life may be prolonged. For example, after overdoses of
paracetamol, the plasma half-life increases severalfold as the liver damage reduces the
metabolic capacity, and in some cases, kidney damage may reduce excretion (see chap. 7).

Another indication of the ability of an animal to metabolize and excrete, and therefore of
the elimination of a foreign compound that can be gained from the plasma level data, is total
body clearance. This may be calculated from the parameters already described:

Half-life (1) =

Total body clearance = Vp X k¢
or, a better calculation is

Dose mg

Total body clearance = ———————
AUC mg L™ hr
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as it may be applied to multi- as well as single-compartment models. This is provided the
absorbed dose is known or the drug is given i.v. The unit is L hr .

If the semilog plot of the plasma level against time after an intravenous dose is not a
straight line, then the compound may be distributing in accordance with a two-compartment or
multicompartment model (Figs. 3.23 and 3.28). If a two-compartment model is appropriate, then
the semilog plot can be resolved into two straight lines using the method of residuals
(“feathering”) already described. The first part of the plasma level profile is the a-phase and
the second is the B-phase. The straight line that describes the a-phase is the difference between
the observed points and the back-extrapolated B-phase line. The a-phase represents the initial,
rapid distribution into the peripheral compartment, and the second, slower -phase represents
elimination from the central compartment.

The individual rate constants o and P can be determined from the graph. The rate
constants for movement into the peripheral compartment ki, and ky; (Fig. 3.23) and the overall
ke can be determined as follows:

af + fa
Ky = ———
A+B
af
ke = —
el k21

kip =a+ 38—k — ke

Knowledge of these rate constants allows an assessment of the contribution of
distribution and elimination.

For a further discussion of multicompartmental analysis, which is beyond the scope of
this book, the reader is referred to the section “Bibliography.”

The kinetics described so far have been based on first-order processes, yet often in
toxicology, the situation after large doses are administered has to be considered when such
processes do not apply. This situation may arise when excretion or metabolism is saturated,
and hence the rate of elimination decreases.

This is known as Michaelis—-Menten or saturation kinetics. The processes that involve
specific interactions between chemicals and proteins such as plasma protein binding, active
excretion from the kidney or liver via transporters, and metabolism catalyzed by enzymes can
be saturated. This is because there are a specific number of binding sites that can be fully
occupied at higher doses. In some cases, cofactors are required, and their concentration may be
limiting (see chap. 7 for salicylate, paracetamol toxicity). These all lead to an increase in the free
concentration of the chemical. Some drugs, such as phenytoin, exhibit saturation of
metabolism and therefore nonlinear kinetics at therapeutic doses. Alcohol metabolism is
also saturated at even normal levels of intake. Under these circumstances, the rate of
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metabolism is maximal, and so a constant amount of drug is removed by this process. Thus,
the maximum rate of alcohol metabolism in humans is about 12 mL hr ™', approximately the
amount in one unit or standard measure of spirits, wine, or beer. As we will see in chapter 5,
rates of metabolism vary with the individual. If metabolism is crucial to or an important factor
in elimination from the body, repeat doses of a drug inevitably lead to accumulation. This is
borne out by the experience of many “binge” drinkers.

When the concentration of foreign compound in the relevant tissue is lower than the ky,,
then linear, first-order kinetics will apply, but when the concentration is greater, nonlinear,
zero-order kinetics are observed. There are a number of consequences:there is an increase in
half-life, the AUC is not proportional to the dose, a threshold for toxic effects may become
apparent, a constant amount of compound is excreted (independent of the dose), and
proportions of metabolites may change. When an arithmetic, as opposed to a semilog, plot of
plasma concentration against time is drawn, this is linear. As the elimination changes with
dose, a true half-life and k¢, cannot be calculated. However, the consequences may not be easily
predictable, as saturation of one process may lead to changes in others. For example, saturation
of renal excretion would lead to a higher blood level of the chemical that could saturate plasma
proteins. The resulting higher concentration of free chemical would be available for
distribution, glomerular filtration into urine, and metabolism. The metabolism could lead to
metabolites, which are excreted into bile. So, a number of processes might be changed as a
result.

Saturation kinetics are important in toxicology because they may herald the point at
which toxicity occurs.

The plasma level and half-life are also important parameters if a compound is to be
administered chronically or there is repeated exposure. Thus, if the dosing interval is shorter
than the half-life, the compound accumulates, whereas if the half-life is very short compared
with the dosing interval, the compound does not accumulate. The effects on the plasma
concentration of the compound of these two situations are shown in Figure 3.29.

This situation may also arise as a result of reduced excretion because of renal impairment
due to age or disease. For example, following regular dosing with it, the drug gentamycin has
been found to accumulate in patients with renal disease (see chap. 5). Similarly, the drug
Opren accumulated with fatal consequences in some elderly patients with reduced renal
function on repeated dosing because of the long half-life and the carrier-mediated transport
into bile (see below and chap. 5).

In order to rapidly achieve a steady-state level of the compound in the plasma so that the
organism is exposed to a fairly constant level, the dosage interval and half-life should be
similar (Fig. 3.30). For steady-state conditions, the half-life determines the plasma level. That is,
substrates with a long half-life attain a higher steady-state plasma level than compounds with
shorter half-lives. It is obviously important to measure this plasma concentration for an
assessment of chronic toxicity (Fig. 3.30).
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Figure 3.30 Average plasma concen-
trations of two foreign compounds after
multiple dosing. Compound A, half-life
24 hours; compound B, half-life 12
hours; and dosage interval in each
case is 8 hours. The accumulation
0 plateau is directly proportional to the
' T ! ! ! ! ' half-life, while the rate of accumulation is

0 1 2 3 " 5 6 ¥ inversely proportional to the half-life.

Time (days) Source: From Ref. 9.
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The average plateau concentration after repeated oral administration can be calculated:

fxD

Cow=—T "2
v Vb X ke X t

where f is the fraction absorbed, D is the oral dose, and ¢ is the dosing interval. From this value
of C,y, the average body burden can be calculated:

Average body burden = Vp x C,y
3.5 EXCRETION

The elimination of toxic substances from the body is clearly a very important determinant of
their biological effects. Rapid elimination will reduce both the likelihood of toxic effects
occurring and their duration. Removal of a toxic compound may help to reduce the extent of
damage. The elimination of foreign compounds is reflected in the parameters plasma half-life
(t¥5), elimination rate constant (ke;), and total body clearance. The plasma half-life also reflects
other processes as well as excretion; the whole-body half-life is the time required for half of the
compound to be eliminated from the body and therefore reflects the excretion of the
compound. It can be readily measured by administering a radiolabeled compound and
determining amount excreted over time. The most important route of excretion for most
nongaseous or nonvolatile compounds is through the kidneys into the urine. Other routes are
secretion into the bile, expiration via the lungs for volatile and gaseous substances, and secretion
into the gastrointestinal tract, or into fluids such as milk, saliva, sweat, tears, and semen.

3.5.1 Urinary Excretion

Many toxic substances and other foreign compounds are removed from the blood as it passes
through the kidneys. The kidneys receive around 25% of the cardiac output of blood, and so
they are exposed to and filter out a significant proportion of foreign compounds. However,
excretion into the urine from the bloodstream applies to relatively small, water-soluble
molecules; large molecules such as proteins do not normally pass out through the intact
glomerulus, and lipid-soluble molecules such as bilirubin are reabsorbed from the kidney
tubules (Fig. 3.31).

Excretion into the urine involves one of three mechanisms: filtration from the blood
through the pores in the glomerulus, diffusion from the bloodstream into the tubules, and
active transport into the tubular fluid. The principles governing these processes are essentially
the same as already described and depend on the physicochemical properties of the compound
in question. The structure of the kidney facilitates the elimination of compounds from the
bloodstream (Fig. 3.31). The basic unit of the kidney, the nephron, allows most small molecules
to pass out of the blood in the glomerulus into the tubular ultrafiltrate aided by large pores in
the capillaries and the hydrostatic pressure of the blood. The pores in the glomerulus are
relatively large (40 A) and will allow molecules with a molecular weight of less than 60,000 to
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Figure 3.31 Schematic representation of the disposition of foreign compounds in the kidney.

pass through. This filtration therefore only applies to the nonprotein-bound form of the
compound, and so the concentration of the compound in the glomerular filtrate will
approximate to the free concentration in the plasma. Lipid-soluble molecules will passively
diffuse out of the blood, provided there is a concentration gradient. However, such
compounds, if they are not ionized at the pH of the tubular fluid, may be reabsorbed from
the tubule by passive diffusion back into the blood, which flows through the vessels
surrounding the tubule, because there will be a concentration gradient in the direction
tubule — blood. Water-soluble molecules, which are ionized at the pH of the tubular fluid, will
not be reabsorbed by passive diffusion and will pass out into the urine.

Certain molecules, such as p-aminohippuric acid (Fig. 3.18), a metabolite of
p-aminobenzoic acid are actively transported from the bloodstream into the tubules by a
specific anion transport system. Organic anions and cations appear to be transported by
separate transport systems located on the proximal convoluted tubule. Active transport is an
energy-requiring process and therefore may be inhibited by metabolic inhibitors, and there
may be competitive inhibition between endogenous and foreign compounds. For example, the
competitive inhibition of the active excretion of uric acid by compounds such as probenecid
may precipitate gout.

All four kinds of ABC transporters are found in the kidney and may be involved in the
export of some xenobiotics. Also, organic cations can be eliminated by transporters such as the
organic cation transporter 2 (OCT2).

These transporters can be responsible for the toxicity of some xenobiotics. For example,
the drug cephaloridine is toxic to the kidney as a result of accumulation in the proximal
tubular cells, which form the cortex of the kidney. The drug is a substrate for OAT-1 on the
basolateral surface and hence is transported into the proximal tubular cells. However, the
transport out of these cells from the apical surface into the lumen of the tubule is restricted,
probably because of the cationic group on the molecule (Fig. 7.34). The toxicity of
cephaloridine is modulated by chemicals that inhibit the OAT-1 and cation transporters. The
similar drug cephalothin is not concentrated in the cells and is not nephrotoxic (Table 3.5). See
chapter 7 for more details.

Passive diffusion of compounds into the tubules is proportional to the concentration in
the bloodstream, so the greater the amount in the blood, the greater will be the rate of
elimination. However, when excretion is mediated via active transport or facilitated diffusion,
which involves the use of specific carriers, the rate of elimination is constant, and the carrier
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Table 3.5 Accumulation of Cephalosporins in the Kidney and Relation to Nephrotoxicity

Concentration in Concentration Nephrotoxic
Drug kidney cortex in serum Cortex/serum dose (mg kg™ ")
Cephaloridine 2576 167 15 90
Cephalothin 431 127 3 >1000

Source: From Ref. 10.

molecules may become saturated by large amounts of compound. This may have important
toxicological consequences. As the dose of a compound is increased, the plasma level will
increase. If excretion is via passive diffusion, the rate of excretion will increase, as this is
proportional to the plasma concentration. If excretion is via active transport, however,
increasing the dose may lead to saturation of renal elimination, and a toxic level of compound
in the plasma and tissues may be reached. Another factor that may affect excretion is binding
to plasma proteins. This may reduce excretion via passive diffusion, especially if binding is
tight and extensive, as only the free portion will be filtered or will passively diffuse into the
tubule. Protein binding does not affect active transport, however, and a compound such as p-
aminohippuric acid (Fig. 3.18), which is 90% bound to plasma proteins, is cleared in the first
pass of blood through the kidney.

One of the factors that affects excretion is the urinary pH. If the compound that is filtered
or diffused into the tubular fluid is ionized at the pH of that fluid, it will not be reabsorbed into
the bloodstream by passive diffusion. For example, an acidic drug such as phenobarbital is
ionized at alkaline urinary pH, and a basic drug such as amphetamine is ionized at an acidic
urinary pH. This factor is used in the treatment of poisoning with barbiturates and salicylic
acid for example (see chap. 7). Thus, by giving sodium bicarbonate to the patient, the urine
becomes more alkaline, and excretion of acidic metabolites is increased. The pH of urine may
be affected by diet; high-protein diet, for instance, causes urine to become more acid. The rate
of urine flow from the kidney into the bladder is also a factor in the excretion of foreign
compounds; high-fluid intake and therefore production of copious urine will tend to facilitate
excretion. Factors such as age and disease that affect kidney function will influence urinary
excretion and may therefore increase toxicity by reducing elimination from the body. For
example, sale of the nonsteroidal anti-inflammatory drug Opren (benoxaprofen) was stopped
because of serious liver toxicity (cholestatic jaundice) and other adverse effects. The drug, used
to treat arthritis has a very long half-life (>100 hours). The toxicity was probably partly caused
by accumulation in the body following repeated administration to elderly patients in whom
kidney function was reduced. An additional factor is the biliary secretion of the acyl
glucuronide conjugate of the drug and resulting high concentrations in the biliary system (see
below and chap. 5).

3.5.2 Biliary Excretion

Excretion into the bile is an important route for certain foreign compounds, especially large
polar and amphipathic substances and may indeed be the predominant route of elimination
for such compounds.

Bile production occurs in the liver, where it is secreted by the hepatocytes into the
canaliculi, flows into the bile duct, and eventually into the intestine after storage in the gall
bladder (Fig. 3.32). Consequently, compounds that are excreted into the bile are usually
eliminated in the feces. The factors that affect biliary excretion are molecular weight, charge,
and the species of animal (Table 6) (chap. 5, Table 8). Consequently, for polar compounds with
a molecular weight of 300 or so, such as glutathione conjugates (see chap. 4), secretion into the
bile can be a major route of excretion. Excretion into the bile is usually, although not
exclusively, an active process, and there are three specific transport systems, one for neutral
compounds, one for anions, and one for cations. For example, the biliary system also includes
one of the ABC transporters, MRP2 or CMOAT. This is responsible for the transport of the acyl
glucuronide conjugate of the drug benoxaprofen (Opren) into bile, which probably contributes
to the hepatic toxicity of the drug. As a result of the specific transport process, such conjugates
can accumulate to high concentrations in the lumen of the bile canaliculus and ducts. The
relatively insoluble benoxaprofen acyl glucuronide may precipitate at this site. Furthermore,
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Table 3.6 Effect of Molecular Weight on the Route of Excretion of Biphenyls by the Rat

Percentage of total excretion

Compound Molecular weight Urine Feces
Biphenyl 154 80 20
4-Monochlorobiphenyl 188 50 50
4,4'-Dichlorophenyl 223 34 66
2,4,5, 2'5'-Pentachlorobiphenyl 326 11 89
2,3, 6, 2',3',6’-Hexachlorobiphenyl 361 1 99

Source: From Ref. 11.

because of the alkaline conditions in the bile, the benoxaprofen conjugate could degrade and in
the process interact with critical proteins in the bile duct, a process for which there is
experimental evidence.

Quaternary ammonium compounds may be actively secreted into the bile by a separate
process. Compounds that undergo biliary excretion have been divided into classes A, B, and C.
Class A compounds are excreted by diffusion and have a bile-to-plasma ratio of around 1; class
B compounds are actively secreted into bile and have a bile-to-plasma ratio of greater than 1;
and class C compounds are not excreted into bile and have a bile-to-plasma ratio of less than 1.
The latter type of compound is usually macromolecules such as proteins or phospholipids.

Clearly, large ionic molecules would be poorly absorbed from the lumen of the
gastrointestinal tract if ionized at the prevailing pH. If such compounds are extensively
secreted into the bile during the first pass through the liver, little may reach the systematic
circulation after an oral dose. As with renal excretion via active transport, biliary excretion may
be saturated, and this may lead to an increasing concentration of compounds in the liver. For
example, the diuretic drug furosemide (Fig. 3.33) was found to cause hepatic damage in mice
after doses of about 400 mg/kg. The toxicity shows a marked dose threshold, which is partly
due to saturation of the biliary excretion and partly to saturation of plasma protein-binding
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COOH Figure 3.33 Structure of furosemide.
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Figure 3.34 Changes in the tissue distribution of furosemide after toxic and nontoxic doses were administered to
mice. Toxic dose (400 mg kg™ "), nontoxic dose (80 mg kg~'). Source: From Ref. 12.

sites. The result is a disproportionate increase in the concentration of the drug in the liver
(Fig. 3.34). As well as saturation of transporters, drug interactions can occur as a result of
competition for, or inhibition of, specific transporters involved in excretion in the kidney and
the biliary system. For example, the drugs cyclosporine and rifampicin may inhibit transport of
drugs via OAT transporters and cephalosporins, and probenecids have the potential to inhibit
OATP transport.

Another consequence of biliary excretion is that the compound comes into contact with
the gut microflora. The bacteria may metabolize the compound and convert it into a more
lipid-soluble substance, which can be reabsorbed from the intestine into the portal venous
blood supply and so return to the liver. This may lead to a cycling of the compound known as
enterohepatic recirculation, which may increase the toxicity (Fig. 3.32). If this situation occurs,
the plasma level profile may show peaks at various times corresponding to reabsorption rather
than the smooth decline expected. If the compound is taken orally, and therefore is transported
directly to the liver and is extensively excreted into the bile, it may be that none of the parent
compound ever reaches the systemic circulation. Alternatively, the gut microflora may
metabolize the compound to a more toxic metabolite, which could be reabsorbed and cause a
systemic toxic effect. An example of this is afforded by the hepatocarcinogen 2,4-dinitrotoluene
discussed in more detail in chapter 5. Compounds taken orally may also come directly into
contact with the gut bacteria. For example, the naturally occurring glycoside cycasin is
hydrolyzed to the potent carcinogen methylazoxymethanol by the gut bacteria when it is
ingested orally. Biliary excretion may therefore (i) increase the half-life of the compound when
followed by reabsorption from the gut, (ii) lead to the production of toxic metabolites in the
gastrointestinal tract, (iii) increase hepatic exposure via the enterohepatic recirculation, and
(iv) be saturated and lead to hepatic damage. The importance of biliary excretion in the toxicity
of compounds can be seen from chapter 2, Table 2, which shows that ligation of the bile duct
increases the toxicity of certain chemicals many times.

3.5.3 Excretion Via the Lungs

The lungs are an important route of excretion for volatile compounds and gaseous and volatile
metabolites of foreign compounds. For example, about 50% to 60% of a dose of the aromatic
hydrocarbon benzene is eliminated in the expired air. Excretion is by passive diffusion from
the blood into the alveolus assisted by the concentration gradient. This is a very efficient,
usually rapid, route of excretion for lipid-soluble compounds, as the capillary and alveolar
membranes are thin and in very close proximity to allow for the normal gaseous exchange
involved in breathing. There will be a continuous concentration gradient between the blood
and air in the alveolus because of the rapid removal of the gas or vapor from the lungs and the
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rapid blood flow to the lungs. The rate of elimination also depends on the blood: gas solubility
ratio. The effect of these factors on the rate of elimination may be crucial in the treatment of
poisoning by such gases as the highly toxic carbon monoxide. Compounds may also be
metabolized to gaseous toxic metabolites, for example, methylene chloride, which is
metabolized to carbon monoxide and has been the cause of serious poisoning (see chap. 7).

3.5.4 Gastrointestinal Tract

Passive diffusion into the Iumen of the gut may occur for compounds, such as weak bases,
which are nonionized in the plasma but ionized in the stomach. This route may be of particular
significance for highly lipid-soluble compounds.

3.5.5 Milk

Excretion into breast milk can be a very important route for certain types of foreign
compounds, especially lipid-soluble substances, because of the high lipid content in milk.
Clearly, newborn animals will be specifically at risk from toxic compounds excreted into milk.
For example, nursing mothers exposed to DDT secrete it into their milk, and the infant may
receive a greater dose, on a body-weight basis, than the mother. Also, because the pH of milk
(6.5) is lower than the plasma, basic compounds may be concentrated in the fluid.

3.5.6 Other Routes

Foreign compounds may be excreted into other body fluids such as sweat, tears, semen, or
saliva by passive diffusion, depending on the lipophilicity of the compound. Although these
routes are generally of minor importance quantitatively, they may have a toxicological
significance such as the production of dermatitis by compounds secreted into the sweat, for
example.

SUMMARY

The disposition of toxic compounds in biological systems can be divided into four interrelated
phases: ADME.

Absorption is necessary for the chemical to exert a systemic biological/toxic effect and
involves crossing membranes. Membranes are semipermeable phospholipid/protein bilayers.
The phospholipids and proteins are of variable structure, and the membrane is selectively
permeable. The physicochemical characteristics of foreign molecules that are important
include size/shape, lipid solubility, structure, and charge/polarity.

There are five types of transport (with their important features):

1. Filtration (small, water-soluble molecules)

2. Passive diffusion (lipid-soluble, noncharged molecules; concentration gradient; first
order; pH partition theory)

3. Active transport (specific membrane carrier; energy required; operates against
concentration gradient; inhibitable; saturable; possible competition; zero order)

4. Facilitated diffusion (specific carrier; saturable; possible competition; operates with
concentration gradient; no energy required)

5. Endocytosis (phagocytosis/pinocytosis; requires energy; large, insoluble molecules).

There are three main sites of absorption: skin (large surface area; poorly vascularized; not
readily permeable); gastrointestinal tract (major site; well vascularized; variable pH; large
surface area; transport processes; food; gut bacteria); lungs (very large surface area; well
vascularized; readily permeable). Compounds may be administered by direct injection
(.p., im, s.c., i.v.).

The end result of the absorptive phase is that the compound may pass through tissues
and enter the blood.

Distribution is the phase in which the compound is carried to tissues by the bloodstream
or lymphatic system. Compounds are usually first absorbed into the portal venous system after
oral administration, directing them to the liver where they may be removed (extracted/
metabolized) (first-pass effect). The blood (plasma) level reflects the concentration at the
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target/receptor and is governed by distribution. Distribution depends on passage through
membranes (passive diffusion, carrier-mediated transport, etc.) and may be limited by binding
to blood proteins. Protein binding may involve ionic, hydrophobic, hydrogen, or Van Der
Waals bonding. It may show saturation, competitive inhibition, and displacement, therefore
threshold effects may occur.

Chemicals may be sequestered and accumulated in tissues (compartments) depending
on certain factors (e.g., lipid solubility; pK,); distribution can change with pH of blood or
tissue. Some tissues are poorly accessible (brain).

Blood level may be used to derive kinetic parameters such as half-life, elimination rate
constant, AUC, and volume of distribution. Comparison of blood levels after oral and iv may be
used to calculate bioavailability. Half-life can be used to predict the effect of repeated dosing.

Excretion is the elimination of the molecule from the organism by one of several routes.
The urine is the major route, but expired air and bile may also be used. Urinary excretion
involves filtration, passive diffusion, and active transport. Biliary excretion involves active
transport, and there is a molecular weight threshold for compounds, above which excretion by
this route becomes more important. Biliary excretion may lead to enterohepatic recirculation.
Excretion by these routes can be saturated, leading to accumulation.

Volatile chemicals are transported by passive diffusion from the blood into the lungs
prior to exhalation.

Excretion into milk is important for exposure of the newborn animal.

The concentration and physicochemical properties (ionization/charge, lipid solubility,
size) of the molecule have a major impact on each of the phases of its disposition.

Membrane transporter proteins (MDR or ABC transporter proteins) such as p-
glycoprotein are crucially important in the process of excretion and also in absorption and
distribution and elimination of chemicals from cells. These transport organic anions or cations
and neutral compounds across membranes, pump unwanted chemicals out of cells such as in
gut, placenta, and brain, transport chemicals into bile from liver cells, and facilitate excretion
from the kidney.

REVIEW QUESTIONS

1. Write short notes on three of the following:
a. The pH partition theory
b. Active transport
c. Plasma protein binding
d. Enterohepatic recirculation.
Explain the abbreviation ADME.
List five mechanisms for the transport of chemicals through biological membranes.
4. What physicochemical characteristics determine the absorption, distribution, and
excretion of chemicals in biological systems?
How does the size of particles influence their absorption from the lungs?
Passive diffusion is a first-order rate process. Is this statement true or false?
What is the difference between the drugs thiopental and pentobarbital and how
would it affect their absorption and distribution?
What is log P?
The three main sites of absorption for chemicals are the gastrointestinal tract, skin,
and lungs. List the similarities and differences between these sites relevant to the
absorptive process.
10. Explain the first-pass effect.
11. From which site would you expect a weak acid to be absorbed?
® The mouth
¢ The stomach
¢ The small intestine
12. Which is the plasma protein most often involved in binding chemicals?
13. Explain why administration of sodium bicarbonate is used in the treatment of
barbiturate poisoning.
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14. Give two reasons why the plasma level of a chemical is an important piece of
information for a toxicity study.

15. How is the volume of distribution determined?

16. How would you determine that a drug undergoes first-pass metabolism?

17. What factors influence the biliary excretion of chemicals?

18. What is the importance of ABC transporter proteins?
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4 | Factors Affecting Toxic
Responses: Metabolism

4.1 INTRODUCTION

As discussed in the preceding chapter, foreign and potentially toxic compounds absorbed into
biological systems are generally lipophilic substances. They are therefore not ideally suited to
excretion, as they will be reabsorbed in the kidney or from the gastrointestinal tract after biliary
excretion. For example, highly lipophilic substances such as polybrominated biphenyls and
DDT are poorly excreted and therefore may remain in the animal’s body for years.

In the biotransformation of foreign compounds, the body attempts to convert such
lipophilic substances into more polar, and consequently, more readily excreted metabolites.

The exposure of the body to the compound is hence reduced and potential toxicity
decreased. This process of biotransformation is therefore a crucial aspect of the disposition of a
toxic compound in vivo. Furthermore, as will become apparent later in the book,
biotransformation may also underlie the toxicity of a compound.

The metabolic fate of a compound can therefore have an important bearing on its toxic
potential, disposition in the body, and eventual excretion.

The primary results of biotransformation are therefore as follows:

1. The parent molecule is transformed into a more polar metabolite, often by the
addition of ionizable groups.

2. Molecular weight and size are often increased.

3. The excretion is facilitated, and hence elimination of the compound from the tissues,
and the body is increased.

The consequences of metabolism are as follows:

The biological half-life is decreased.

The duration of exposure is reduced.

Accumulation of the compound in the body is avoided.
The biological activity may be changed.

The duration of the biological activity may be affected.

ARl

For example, the analgesic drug paracetamol (see chap. 7) has a renal clearance value of
12 mL min ', whereas one of its major metabolites, the sulfate conjugate, is cleared at the rate
of 170 mL min'. However, biotransformation may not always increase water solubility. For
example, many sulfonamide drugs are acetylated in vivo, but the acetylated metabolites can be
less water soluble (Table 4.1), precipitate in the kidney tubules, and cause toxicity. As the
chemical structure is changed from that of the parent compound, there may be consequential
changes to the pharmacological and toxicological activity of the compound. For some drugs,
the pharmacological activity resides in the metabolite rather than the parent compound. A
classic example of this is the antibacterial drug sulfanilamide, which is released from the
parent compound, prontosil, by bacterial metabolism in the gut (Fig. 4.39). For other drugs, it
is the parent compound that is active, as is the case with the muscle-relaxant drug succinylcholine
(suxamethonium). The action of this drug normally only lasts a few minutes because
metabolism rapidly cleaves the molecule to yield inactive products (chap. 7, Fig. 55). The
duration of action is therefore determined by metabolism in this case. Although
biotransformation is usually regarded as a detoxication process, this is not always so. Thus
the pharmacological or toxicological activity of the metabolite may be greater or different from
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Table 4.1 Solubility Data for Two Sulfonamides and Their Acetylated Metabolites

Solubility in urine Drug (mg mL™" at 37°C) Urinary pH
Sulfisomidine 254 5.0
282 6.8
Acetylsulfisomidine 9 5.0
10 7.5
Sulfisoxazole 150 5.5
1200 6.5
Acetylsulfisoxazole 55 5.5
450 6.5

Source: From Ref. 2.

that of the parent compound. Later in the chapter, and especially in the final chapter, we will
examine ways and consider examples in which toxicity is increased by metabolism.
Metabolism is therefore an important determinant of the activity of a compound, the
duration of that activity, and the half-life of the compound in the body.
The metabolism of foreign compounds is catalyzed by enzymes, some of which are
specific for the metabolism of xenobiotics. The metabolic pathways involved may be many and
various but the major determinants of which transformations take place are

1. the structure and physicochemical properties of the compound in question and
2. the enzymes available in the exposed tissue.

Thus the partition coefficient, the stereochemistry, and the functional groups present on a
molecule may all influence the particular metabolic transformation, which takes place, and
these factors are discussed in more detail later.

The enzymes specifically involved in the metabolism of foreign compounds are
necessarily often flexible, and the substrate specificity is generally broad. However, it follows
from the above two conditions that if the structure of a foreign compound is similar to a
normal endogenous molecule, then the foreign compound may be a suitable substrate for an
enzyme primarily involved in intermediary metabolic pathways if the enzyme is present in the
exposed tissue. Thus, foreign compounds are not exclusively metabolized by specific enzymes.

The organ most commonly involved in the biotransformation of foreign compounds is
the liver because of its position, blood supply, and function (chap. 6, Fig. 2). Most foreign
compounds are taken into the organism via the gastrointestinal tract, and the blood that drains
the tract flows through the portal vein directly to the liver. Therefore, the liver represents a
portal to the tissues of the body and is exposed to foreign compounds at higher concentrations
than most other tissues. Detoxication in this organ and possible removal by excretion into the
bile are therefore protective measures. The role of the liver in endogenous metabolism and its
structure (see chap. 6) make it an ideal site for the biotransformation of xenobiotics. As already
mentioned in the previous chapter, metabolism in the liver may be so extensive during the
“first pass” of the compound through the organ that little or none of the parent compound
reaches the systemic circulation. However, most other organs and tissues possess some
metabolic activity with regard to foreign compounds and in some cases may be quantitatively
more important than the liver.

The enzymes involved in biotransformation also have a particular subcellular localization:
many are found in the smooth endoplasmic reticulum (SER). Some are located in the cytosol,
and a few are found in other organelles such as the mitochrondria. These subcellular localizations
may have important implications for the mechanism of toxicity of compounds in some cases.

4.2 TYPES OF METABOLIC CHANGE

Metabolism can be simply and conveniently divided into two phases: phase 1 and phase 2.
Phase 1 is the alteration of the original foreign molecule so as to add on a functional group,
which can then be conjugated in phase 2. This can best be understood by examining the
example in Figure 7.1. The foreign molecule is benzene, a highly lipophilic molecule, which is
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Figure 4.1 Metabolism of benzene to phenyl
Benzene Phenol Phenyl Sulphate  Sulfate.

Table 4.2 The Major Biotransformation Reactions

Phase1 Phase 2 Phase 3
Oxidation Sulfation Further metabolism of
glutathione conjugates
Reduction Glucuronidation
Hydrolysis Hydration
Hydration Acetylation
Dehalogenation Amino acid conjugation
Methylation

not readily excreted from the animal except in the expired air, as it is volatile. Phase 1
metabolism converts benzene into a variety of metabolites, but the major one is phenol. The
insertion of a hydroxyl group allows a phase 2 conjugation reaction to take place with the polar
sulfate group being added. Phenyl sulfate, the final metabolite is very water soluble and is
readily excreted in the urine. Most biotransformations can be divided into phase 1 and phase 2
reactions, although the products of phase 2 biotransformations may be further metabolized in
what is sometimes termed “phase 3 reactions.”

If the foreign molecule already possesses a functional group suitable for a phase 2
reaction, a phase 1 reaction will be unnecessary. Thus, if phenol is administered to an animal,
then it may immediately undergo a phase 2 reaction, such as conjugation with sulfate.
Alternatively it may undergo another phase 1 type of reaction. The major types of reactions are
shown in Table 4.2.

Generally, therefore, the function of phase 1 reactions is to modify the structure of a
xenobiotic so as to introduce a functional group suitable for conjugation with glucuronic acid,
sulfate, or some other highly polar moiety, so making the entire molecule water soluble.

4.3 PHASE 1 REACTIONS
The major phase 1 reactions are oxidation, reduction, and hydrolysis.

4.3.1 Oxidation

For foreign compounds, the majority of oxidation reactions are catalyzed by monooxygenase
enzymes, which are part of the mixed function oxidase (MFO) system and are found in the
SER (and also known as microsomal enzymes). Other enzymes involved in the oxidation of
xenobiotics are found in other organelles such as the mitochondria and the cytosol. Thus,
amine oxidases located in the mitochondria, xanthine oxidase, alcohol dehydrogenase in the
cytosol, the prostaglandin synthetase system, and various other peroxidases may all be
involved in the oxidation of foreign compounds.

Microsomal oxidations may be subdivided into aromatic hydroxylation; aliphatic
hydroxylation; alicyclic hydroxylation; heterocyclic hydroxylation; N-, S-, and O-dealkylation;
N-oxidation; N-hydroxylation; S-oxidation; desulfuration; deamination; and dehalogenation.

Non-microsomal oxidations may be subdivided into amine oxidation, alcohol and
aldehyde oxidation, dehalogenation, purine oxidation, and aromatization.

Microsomal Oxidations
Cytochromes P-450 MFO system. The majority of these reactions are catalyzed by one-
enzyme system, the cytochromes P-450 monooxygenase system, which is located particularly
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in the SER of the cell. The enzyme system is isolated in the so-called microsomal fraction,
which is formed from the endoplasmic reticulum when the cell is homogenized and
fractionated by differential ultracentrifugation. Microsomal vesicles are thus fragments of the
endoplasmic reticulum in which most of the enzyme activity is retained.

The endoplasmic reticulum is composed of a convoluted network of channels and so has
a large surface area. Apart from cytochromes P-450, the endoplasmic reticulum has many
enzymes and functions, besides the metabolism of foreign compounds. These include the
synthesis of proteins and triglycerides and other aspects of lipid metabolism and fatty acid
metabolism. Specific enzymes present on the endoplasmic reticulum include cholesterol
esterase, azo reductase, glucuronosyl transferase, NADPH cytochromes P-450 reductase and
NADH cytochrome bs reductase and cytochrome bs. A FAD-containing monooxygenase is also
found in the endoplasmic reticulum, and this is discussed later in this chapter.

The cytochromes P-450 monooxygenase system is actually a collection of isoenzymes, all
of which possess an iron protoporphyrin IX as the prosthetic group. The monomer of the
enzyme has a molecular weight of 45,000 to 55,000. The enzyme is membrane bound within the
endoplasmic reticulum. Cytochromes P-450 are closely associated with another vital compo-
nent of the system, NADPH cytochrome P-450 reductase. This is a flavoprotein, which has
1 mol of FAD and 1 mol of FMN per mol of apoprotein. The monomeric molecular weight of the
enzyme is 78,000. The enzyme transfers two electrons to cytochromes P-450, but one at a time.
There only seems to be one reductase, which serves a group of isoenzymes of cytochromes
P-450, and consequently, its concentration is 1/10 to 1/30 that of cytochromes P-450.

It is known that there is a binding site for NADPH cytochrome P-450 reductase and
cytochrome bs and several substrate-binding sites. The heme-binding segment, which involves
a cysteinyl residue, is common to cytochromes P-450 in many species.

Phospholipid is also required in the enzyme complex; seemingly this is important for the
integrity of the overall complex and the interrelationship between the cytochromes P-450 and
the reductase. The individual components can be separated, and reconstitution of these
components results in a functional enzyme.

The overall reaction is

SH + 0, + NADPH+H" — SOH + H,0 + NADP"

where S is the substrate. The reaction therefore also requires NADPH and molecular oxygen.
The mechanism of action of cytochrome P-450 involves oxygen activation followed by
abstraction of a hydrogen atom or an electron from the substrate and oxygen rebound (radical
recombination). The overall result therefore is that a single atom of oxygen is inserted into the
xenobiotic molecule.

The sequence of reactions is shown in Figure 7.2. It should be noted, however, that a
number of different representations will be found in different texts and reviews. This can be
extremely confusing for the student. Therefore, this figure has been kept relatively simple.
More detail can be found in references in the Bibliography (3).

The catalytic cycle involves at least four distinct steps:

Addition of substrate to the enzyme

Donation of an electron

Addition of oxygen and rearrangement
Donation of a second electron and loss of water

LN =

Now let us look at these steps in more detail.

Step 1. Binding of the substrate to the cytochromes P-450. This takes place when the iron
is in the oxidized, ferric state. There are three types of binding: type I, II, and reverse type I (or
modified type II), which give rise to particular spectra. These are now known to be the result of
perturbations in the spin equilibrium of cytochromes P-450. Thus, ethylmorphine gives rise to
a type I spectrum, aniline, a type II, and phenacetin, a modified type II. There are two spin
states: low spin, hexa coordinated or high spin, penta coordinated (Fig. 7.2). Most P-450s are in
the low-spin state. When certain substrates bind (type I), they bind to a hydrophobic site on the
protein close enough to the heme to interact with oxygen and cause a perturbation and a
conformational change. The change results in a high-spin configuration. This change from low
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Product ROH
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Figure 4.2 The catalytic cycle of the cytochrome(s) P-450 monooxygenase (MFO) system. #For explanation of
step 4, see text. Abbreviation: Cyp, cytochromes P-450; MFO, mixed function oxidase. Source: From Ref. 1.

to high spin gives rise to spectral change with an increase in absorbance at 390 nm and a
decrease at 420 nm. The difference spectrum, therefore, has a peak at 390 nm and a trough
around 420 nm. The change in the spin state to high spin changes the redox potential such that
the enzyme is now more easily reduced. This is therefore important as the next step is a one-
electron reduction.

Type Il substrates are compounds such as nitrogenous bases, with sp2 or sp3 nonbonded
electrons. These bind to iron and give rise to a 6-coordinated, low-spin hemoprotein. Such
compounds may also be inhibitors of cytochromes P-450. The spectrum shows a peak at 420 to
435 nm and a trough at 390 to 410 nm in the difference spectrum.

Step 2. First electron reduction of the substrate-enzyme complex. The iron atom is
reduced from the ferric to the ferrous state. The reducing equivalents are transferred from
NADPH via the reductase. The equilibrium between the high-spin and low-spin states may be
important in this step, but it is not yet clear.

Thus the reaction is:

NADPH + H" — FAD NADPH cytochrome FMN P-450 reductase — Cytochrome P-450

Both FAD and FMN are involved in the electron transfer in this and step 5.

In the reduced state, cytochromes P-450 may also bind certain ligands to give particular
difference spectra. The most well known is that which occurs when carbon monoxide binds
giving an absorption maximum at 450 nm. A type III spectrum gives two peaks at 430 and 455
nm after binding of certain compounds such as ethyl isocyanide or methylenedioxyphenyl
compounds to the reduced enzyme. The latter form stable complexes with the enzyme and are
also inhibitors.

Step 3. Addition of molecular oxygen and rearrangement of the ternary ferrous
oxygenated cytochromes P-450-substrate complex. The reduced cytochromes P-450-substrate
complex binds oxygen and undergoes a rearrangement. The oxidation state of the oxygen and
the iron in the ternary complex is not entirely clear, but the oxygen may exist as hydroperoxide
or superoxide. It has been shown by experiments using '°O, that the oxygen bound is
molecular oxygen and is not derived from water.

Step 4. Addition of the second electron from NADPH via P-450 reductase. Step 4'.
Alternatively, the electron may be donated by NADH via cytochrome bs reductase and
cytochrome bs. This alternative source of the second electron step is still controversial.
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Step 5. The complex then rearranges with loss of water and insertion of one atom of
oxygen into the substrate. The mechanism is obscure but seems to involve oxygen in an
activated form. The other atom of oxygen is reduced to water, the other product.

Step 6. The final step is loss of the oxidized substrate.

It has been suggested that the hydroxylation of hydrocarbons by cytochromes P-450 may
be a two-step mechanism involving a radical intermediate formed by removal of a hydrogen
atom from the substrate and then transference to the oxygen bound to the iron. The hydroxyl
may then react with the substrate radical to produce hydroxylated substrate. Under certain
circumstances, cytochromes P-450 produces hydrogen peroxide. This seems to be when the
cycle becomes uncoupled and the oxygenated P-450 complex breaks down differently to give
the oxidized cytochrome-substrate complex and hydrogen peroxide. In some cases, with
certain substrates, the catalytic cycle can become uncoupled or dissociated such that hydrogen
peroxide is produced probably from the dissociation of the oxygen cytochrome P-450 complex.
This hydrogen peroxide can potentially cause damage if it leaks out of the enzyme.

Cytochromes P-450 may be found in other organelles as well as the SER including the
rough endoplasmic reticulum and nuclear membrane. In the adrenal gland, it is also found in
the mitochondria, although here adrenodoxin and adrenodoxin reductase are additional
requirements in the overall system. Although the liver has the highest concentration of the
enzyme, cytochromes P-450 are found in most, if not all, tissues.

The cytochrome P-450 system is a remarkable enzyme system because it consists of so
many (iso)enzymes or isoforms (probably at least 50 in man) and results from a gene family
represented in all phyla and very many diverse species. More than 300 cDNAs have been
cloned and more than 60 different types of chemical reaction are catalyzed. This multiplicity of
isoforms accounts for the diversity of the reactions catalyzed and the substrates accommo-
dated. The forms or isoenzymes can be separated using chromatographic and electrophoretic
techniques and the DNA sequences determined using sophisticated molecular biological
techniques. These isoenzymes may vary in distribution both within the cell and in the tissues
of the whole organism. The proportions of the isoenzymes in any given tissue may change as a
result of treatment with various compounds as described in the next chapter.

There are now a considerable number of isoenzymes, which have been identified, and
some indication of the particular substrates and their characteristics is emerging. Those
involved in the metabolism of xenobiotics can be seen in Table 4.3. The different isoenzymes
are coded for by distinct genes, and the nomenclature used in this table is the current
internationally accepted standard. This groups enzymes into gene families on the basis of
primary amino acid sequence, resulting from sequencing of cytochromes P-450 proteins,
cDNAs, and genes (5). Prior to the introduction of this nomenclature, a confusing array of
names was in use based on substrates or inducers, and this may still be encountered.

Thus the cytochromes P-450 gene superfamily currently consists of 27 gene families. The
various proteins and the genes coding for them are designated by CYP with the families indicated
by Arabic numerals. There are three main gene families important in xenobiotic metabolism:
CYP1, CYP2, and CYP3, and CYP4 is involved in fatty acid metabolism. However, the latter may
be important for some xenobiotics, which have suitable carboxylic acids as part of the structure.
The genes in these four families code for primarily hepatic, microsomal enzymes.

Within these families, there is one subfamily, i.e., CYP1A, CYP3A, CYP4A, except CYP2,
which has five subfamilies A, B, C, D, and E. These may be further divided into genes coding
for single distinct enzyme proteins such as CYP1A1 and CYP1A2. Subfamilies are designated
by capital letters and proteins and genes within those by Arabic numerals. Thus there are
multiple forms derived from distinct genes. CYP3A4 means the 4th gene to be sequenced in the
CYP3A subfamily.

There may also be allelic variants giving rise to different proteins.

The four families CYP17, CYP19, CYP20, and CYP22 code for P-450s involved in steroid
biosynthesis and found mainly in extrahepatic tissues. The mitochondrial P-450 is CYP11. The
enzyme proteins CYP1A1, CYP1A2, and CYP2EI seem to be highly conserved and similar in all
species. Humans have at least 40 different cytochrome P-450 enzymes. There are also other
forms of P-450 to be found in insects, yeast, and bacteria. For further details on this topic, the
reader is referred to the Bibliography.

As already indicated, however, there is overlap between some of the P-450s in terms of
substrates and types of reaction catalyzed. These different isoenzymes may be separated on the
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Table 4.3 Characteristics of Cytochromes P-450 Families 14

Isozyme Substrate examples Reactions
CYP1A1 benzo[a]pyrene hydroxylation
7-ethoxyresorufin O-de-ethylation
CYP1A2 acetylaminofluorene N-hydroxylation
Phenacetin O-de-ethylation
CYP2A1 testosterone 7-a-hydroxylation
CYP2A2 testosterone 15-a-hydroxylation
CYP2A3
CYP2B1 hexobarbital hydroxylation
7-pentoxyresorufin O-de-ethylation
CYP2B2 7-pentoxyresorufin O-de-ethylation
7,12-dimethylbenzanthracene 12-methyl hydroxylation
CYP2C S-mephenytoin hydroxylation
CYP2D debrisoquine alicyclic hydroxylation
CYP2E1 p-nitrophenol hydroxylation
Aniline hydroxylation
CYP3A ethylmorphine N-demethylation
aminopyrine N-demethylation
CYP4A1 lauric acid ¢@-hydroxylation
lauric acid ¢-1-hydroxylation

It should be noted that this is not an exhaustive list and that in different species,

different numbers of isozymes exist. It serves solely to illustrate the multiplicity of
the forms of cytochrome P-450 generally involved with xenobiotic metabolism and
the differences and similarities between them.

For a more detailed discussion see Ref. 4, or other references in the Bibliography.

Abbreviation: CYP, cytochrome P-450.

Table 4.4 The Relative Proportions of the Various Isozymes of

Cytochrome P-450 with Representative Substrates

Proportion Representative
Human CYPs in human liver substrates
3A4/5/7 30% Nifedipine, erythromycin
2C8/9/18 20% Warfarin, phenytoin
1A2 15% Caffeine, theophylline
2E1 10% Chlorzoxazone
2D6 5% Debrisoquine, sparteine
2C19 5% Mephenytoin, omeprazole
2A6 5% Coumarin
1A1 Low level
2B6 Low level

Source: From Ref. 6.
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basis of certain criteria. Thus, they may have different monomeric molecular weights, the
carbon monoxide difference spectra may show different maxima, the amino acid composition
and terminal sequences may be different, substrate specificities may be different, and they may
be distinguished by specific antibodies.

The importance of these different isoenzymes is that they may catalyze different
biotransformations, and this may be crucial to the toxicity of the compound in question. The
isoforms found in human liver and their proportions are shown in Table 4.4. The most
important subfamily is CYP3A, but there is variation in the expression of this and the other
CYPs. For example, CYP3A5 is only found in 50% of human livers, and CYP3A?7 is only found
in the fetal liver and is switched off after birth. Even CYP3A4 shows significant interindividual
variation (see also chap. 5).

There is considerable variation in CYP3A4 expression between individual humans;
indeed, as much as one or two orders of magnitude. In part this may be due to the influence of
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factors such as exposure to chemicals, which may induce or inhibit the enzyme. However,
there is also genetic variation resulting from mutations (see chap. 5). Other forms of
cytochrome P-450 also show genetic variation as a result of mutations such as CYP2D6.

Variations in the proportions and presence of particular isoenzymes may underly
differences in metabolism due to species, sex, age, nutritional status, and interindividual
variability. However, the comparison and identification of particular forms (orthologues) of
cytochrome P-450 between species have proved to be difficult in some cases. The presence or
absence of a particular isoenzyme may be the cause of toxicity in one organ or tissue. The change
in the proportion of isoenzymes, caused by exposure to substances in the environment, or drugs
may explain changes in toxicity or other biological activity attributed to the compound of interest.
These questions will be considered in greater detail in the following chapter.

One important feature of the cytochrome P-450 enzyme system is its broad and overlapping
substrate specificity, which reflects the enormous variety of chemicals, which may be potential
substrates. Furthermore, one substrate may be metabolized to more than one product by different
forms of cytochrome P-450. For example, the drug propranolol can be metabolized by CYP2D6
and CYP2C19 to 4-hydroxypropranolol and naphthoxylacetic acid, respectively. Sometimes
the same form of cytochrome P-450 may metabolize one drug to more than one product.
For example, the drug methoxyphenamine can be metabolized by CYP2D6 either by
O-demethylation or hydroxylation on the 5 position on the benzene ring. Despite this lack of
substrate specificity, however, the enzyme may display significant stereoselectivity with chiral
substrates (see below). There is an enormous variety of substrates for cytochromes P-450, and the
only seemingly common factor is a degree of lipophilicity. Indeed there is a correlation between
the metabolism of xenobiotics by microsomes and the lipophilicity of the compound. This is not
surprising in that if the purpose of metabolism is to increase the water solubility of a foreign
compound and hence its excretion, the compounds most needing this biotransformation are the
lipophilic compounds. Furthermore, the lack of substrate specificity requires some control if
many vital endogenous molecules are not to be wastefully metabolized. This control is exercised
by the lipoidal character of the enzyme complex, which effectively excludes many endogenous
molecules. Cytochromes P-450 may also be involved in the metabolism of endogenous
compounds, particularly in some tissues where the appropriate isoenzyme is located, but these
substrates again tend to be lipophilic. For example, in the kidney, fatty acidsare substrates,
undergoing ®-1 hydroxylation, and prostaglandins also undergo this type of hydroxylation. In
the adrenal cortex, steroids are hydroxylated by a mitochondrial cytochrome P-450.

Although in the majority of cases the MFO system catalyzes oxidation reactions, under
certain circumstances the enzyme may catalyze other types of reaction such as reduction.

For example, carbon tetrachloride and halothane are both reduced in this way (see chap. 7).

Although in the majority of cases, cytochromes P-450 catalyze oxidation.

Microsomal flavin-containing monooxygenases. As well as the cytochromes P-450 MFO
system, there is also a system, which uses FAD. This flavin-containing monooxygenase or
FMO enzyme system is found particularly in the microsomal fraction of the liver, and the
monomer has a molecular weight of around 65,000. Each monomer has one molecule of FAD
associated with it. The enzyme may accept electrons from either NADPH or NADH although
the former is the preferred cofactor. It also requires molecular oxygen, and the overall reaction
is as written for cytochromes P-450:

NADPH + H' + 0, + S — NADP™ — NADP" + H,0 + SO,

which includes the following steps:

Enzyme—FAD + NADPHH" — NADP' —Enzyme—FADH, (1)
NADP* —Enzyme—FADH, + O, — NADP' —Enzyme—FADH,—0, (2)
NADP' —Enzyme—FADH,;—0, — NADP" —Enzyme—FAD—OOH (3)
NADP " —Enzyme—FADH,—OOH + S — NADP' —Enzyme—FAD—OOH—S 4)
NADP" —Enzyme—FADH, —OOH—-S — SO -+ NADP" —Enzyme—FAD + H,O (5)
NADP* —Enzyme—FAD — Enzyme—FAD (6)
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Thus, step 1 involves addition of NADPH and reduction of the flavin, step 2 the addition
of oxygen. At step 3, an internal rearrangement results in the formation of a peroxy complex,
which then binds the substrate at step 4. The substrate is oxygenated and released at step 5.

Step 6 regenerates the enzyme.

In the absence of a suitable substrate, the complex at step 3 may degrade to produce
hydrogen peroxide.

This enzyme system catalyzes the oxidation of various nitrogen-, sulfur -, and phosphorus-
containing compounds, which tend to be nucleophilic, although compounds with an anionic
group are not substrates. For example, the N-oxidation of trimethylamine (Fig. 4.19) is catalyzed
by this enzyme, but also the hydroxylation of secondary amines, imines, and arylamines and the
oxidation of hydroxylamines and hydrazines:

NAD(P)H + O, + R;RyX-N — R R,X-NO + H,0 + NAD(P)

Various sulfur-containing compounds, including thioamides, thioureas, thiols, thioethers
and disulfides, are oxidized by this enzyme system. However, unlike cytochromes P-450, it
cannot catalyze hydroxylation reactions at carbon atoms. It is clear that this enzyme system has an
important role in the metabolism of xenobiotics, and examples will appear in the following pages.
Just as with the cytochromes P-450 system, there appear to be a number of isoenzymes, which
exist in different tissues, which have overlapping substrate specificities.

The FMO system is a multigene family, with five families (FMO1-5). The major form in
human liver is FMO3, which is involved in the detoxication of drugs and other chemicals but
may also be involved in activation to toxic products.

FMO is not inducible but can be affected by hormonal and dietary components. For
example, 3-carbinol, found in certain vegetables, has been shown to switch off FMOL1 in rats.

There is also a genetic deficiency in FMO3 in humans leading to Fish Odor syndrome,
which results from the inability of the afflicted individuals to metabolism trimethylamine,
which has a strong fishy smell, to the N-oxide, which has no smell.

Let us look at the major types of oxidation reaction catalyzed by the cytochromes P-450
system.

Aromatic hydroxylation. Aromatic hydroxylation such as that depicted in Figure 4.3 for the
simplest aromatic system, benzene, is an extremely important biotransformation. The major
products of aromatic hydroxylation are phenols, but catechols and quinols may also be
formed, arising by further metabolism. One of the toxic effects of benzene is to cause aplastic

Benzene
OH OH
<j OH
OH | Catechol
Quinol OH
OH Phenol OH
(major product) OH
OH
OH Figure 4.3 Aromatic products of the enzymatic

Resorcinol 1,2,3-trihydroxybenzene  oxidation of benzene. Phenol is the major metabolite.
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anemia, which is believed to be due to an intermediate metabolite, possibly hydroquinone. As
a result of further metabolism of epoxide intermediates (see below), other metabolites such as
diols and glutathione conjugates can also be produced. Because epoxides exist in one of two
enantiomeric forms, various isomeric metabolites can result. These may have significance in
the toxicity of compounds such as the pulmonary damage caused by naphthalene and the
carcinogenicity and the carcinogenicity of benzolalpyrene (see below and chap. 7 for more
details). Consequently, a number of hydroxylated metabolites may be produced from the

aromatic hydroxylation of a single compound (Figs. 4.4 and 4.5).

OH
OH

1-Naphthol 2-Naphthol

OH H OH
OH H
+ OH

1,2-Dihydroxynaphthalene  1,2-Dihydro-1,2-dihydroxynaphthalene

Naphthalene

Figure 4.4 Hydroxylated products of naphthalene metabolism.

Naphthalene Naphthalene-1, 2-oxide

24
2H
£
—_—

OH HH)
H
OH
H
H
Figure 4.5 Metabolism of deuterium-labeled naphthalene

via the 1, 2-oxide (epoxide) intermediate, illustrating the

1-Naphthol 2-Naphthol NIH shift.
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Aromatic hydroxylation generally proceeds via the formation of an epoxide intermediate.

This is illustrated by the metabolism of naphthalene, labeled in the 1 position with
deuterium (®H), via the 1,2-oxide as shown in Figure 4.5. The shift in the deuterium atom that
occurs during metabolism is the so-called NIH shift. This indicates that formation of an epoxide
intermediate has occurred, and is one method of determining whether such an epoxide
intermediate is involved. The phenolic products, 1- and 2-naphthols, retain various proportions of
deuterium, however. The proposed mechanism involves the formation of an epoxide interme-
diate, which may break open chemically in two ways, leading to phenolic products (Fig. 4.5).

Each naphthol product may have deuterium or hydrogen in the adjacent position. The
hydrogen and deuterium atoms (in a and b of Fig. 4.5) are equivalent, as the carbon atom to which
they are attached is tetrahedral. Consequently, either hydrogen or deuterium may be lost,
theoretically resulting in 50% retention of deuterium. However, in practice this may not be the case,
as an isotope effect may occur. This effect results from the strength of the carbon-deuterium bond
being greater than that of a carbon-hydrogen bond. Therefore, more energy is required to break the
C-’H bond than C-'H bond, with a consequent effect on the rate-limiting chemical reactions
involving bond breakage. Also, the direction of the opening of the epoxide ring is affected by the
substituents, and the proportions of products therefore reflect this. The production of phenols
occurs via a chemical rearrangement and depends on the stability of the particular epoxide.

The further metabolism of suitably stable epoxides may occur, with the formation of
dihydrodiols as discussed later. Dihydrodiols may also be further metabolized to catechols.
Other products of aromatic hydroxylation via epoxidation are glutathione conjugates. These
may be formed by enzymic or nonenzymic means or both, depending on the reactivity of the
epoxide in question.

The products of epoxidation in vivo depend on the reactivity of the particular epoxide.
Stabilized epoxides react with nucleophiles and undergo further enzymic reactions, whereas
destabilized ones undergo spontaneous isomerization to phenols. Epoxides are generally
reactive intermediates, however, and in a number of cases are known to be responsible for
toxicity by reaction with cellular constituents.

With carcinogenic polycyclic hydrocarbons, dihydrodiols are further metabolized to
epoxides as shown in chapter 7, Figure 2. This epoxide-diol may then react with weak
nucleophiles such as nucleic acids.

Unsaturated aliphatic compounds and heterocyclic compounds may also be metabolized
via epoxide intermediates as shown in Figure 4.6 and chapter 5, Figure 14. Note that when the
epoxide ring opens, the chlorine atom shifts to the adjacent carbon atom (Fig. 4.6). In the case of
the furan ipomeanol and vinyl chloride, the epoxide intermediate is thought to be responsible
for the toxicity (see below and chap. 7). Other examples of unsaturated aliphatic compounds,
which may be toxic and are metabolized via epoxides, are diethylstilboestrol, allylisopropyl
acetamide, which destroys cytochrome P-450, sedormid, and secobarbital.

Aromatic hydroxylation may also take place by a mechanism other than epoxidation.
Thus, the m-hydroxylation of chlorobenzene is thought to proceed via a direct insertion
mechanism (Fig. 4.7).

The nature of the substituent in a substituted aromatic compound influences the position
of hydroxylation. Thus, o-p-directing substituents, such as amino groups, result in o0-and

@ " cl 0
Cl_ _cl N Y
C=C —_— c—C — > Cl—C—C

-~ T
cl H o N | H
H Cl
Trichloroethylene Trichoroacetaldehyde
0]
[N —— [V
(0] 0]
Furan Furan 2,3-oxide

Figure 4.6 Metabolism of unsaturated aliphatic and heterocyclic compounds via epoxides.
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5,

Chlorobenzene m-chlorophenol Figure 4.7 m-hydroxylation of chlorobenzene.
NH, NH, NH,
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R — +
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NO, NO, NO,
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OH Figure 4.8 Hydroxylation of aniline and nitroben-
Nitrobenzene m-Nitrophenol p-Nitrophenol zene.
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Hexane
OH
l Y
CH3CHCH,CH,CH,CH4
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CH30HCH20H2(|:HCH3
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Hexan-2,5-diol
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CHsccHchzﬁCHs
o
Hexane-2,5-dione Figure 4.9 The aliphatic oxidation of hexane.

p-hydroxylated metabolites such as the o-and p-aminophenols from aniline (Fig. 4.8). Meta-
directing substituents such as nitro groups lead to m-and p-hydroxylated products; for
example, nitrobenzene is hydroxylated to m-and p-nitrophenols (Fig. 4.8).

Aliphatic hydroxylation. As well as unsaturated aliphatic compounds such as vinyl chloride
mentioned above, which are metabolized by epoxidation, saturated aliphatic compounds also
undergo oxidation. The initial products will be primary and secondary alcohols. For example, the
solvent n-hexane is known to be metabolized to the secondary alcohol hexan-2-ol and then further
to hexane-2,5-dione (Fig. 4.9) in occupationally exposed humans. The latter metabolite is believed to
be responsible for the neuropathy caused by the solvent. Other toxicologically important examples
are the nephrotoxic petrol constituents, 2,2,4- and 2,3,4-trimethylpentane, which are hydroxylated to
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yield primary and tertiary alcohols. However, aliphatic hydrocarbon chains are more readily
metabolized if they are side chains on aromatic structures. Thus, n-propylbenzene may be
hydroxylated in three positions, giving the primary alcohol 3-phenylpropan-1-ol and two
secondary alcohols (Fig. 4.10). Further oxidation of the primary alcohol may take place to give
the corresponding acid phenylpropionic acid, which may be further metabolized to benzoic acid,
probably by oxidation of the carbon B to the carboxylic acid.

Alicyclic hydroxylation. Hydroxylation of saturated rings yields monohydric and dihydric
alcohols. For instance, cyclohexane is metabolized to cyclohexanol, which is further
hydroxylated to trans-cyclohexane-1,2-diol (Fig. 4.11). With mixed alicyclic/aromatic,
saturated and unsaturated systems, alicyclic hydroxylation appears to predominate, as
shown for the compound tetralin (Fig. 4.12).

n-Propylbenzene

w-oxidation /, — 1 —oxidation «-oxidation
OH OH
CH,CH,CH,0H CHZCHCHS CHCHQCHQ
3-Phenylpropan-1-ol 1-Phenylpropan-2-ol 1-Phenylpropan-1-ol

Figure 4.10 Aliphatic oxidation of n-propylbenzene.

OH OH
OH
O~©%©
Figure 4.11 Hydroxylation of

Cyclohexane Cyclohexanol trans-cyclohexane 1,2-diol ~ cyclohexane.

MaJor route
1-Tetrol 2-Tetrol

Tetralin Woute

OH

5,6,7,8-Tetrahydro-2-naphthol

Figure 4.12 Hydroxylation of tetralin.
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Heterocyclic hydroxylation. Nitrogen heterocycles such as pyridine and quinoline (Fig. 4.13)
undergo microsomal hydroxylation at the 3 position. In quinoline, the aromatic ring is also
hydroxylated in positions o and p to the nitrogen atom.

Aldehyde oxidase, a non-microsomal enzyme discussed in more detail below, may also
be involved in the oxidation of quinoline to give 2-hydroxyquinoline (Fig. 4.14). The
heterocyclic phthalazine ring in the drug hydralazine is oxidized by the microsomal enzymes
to phthalazinone. The mechanism, which may involve nitrogen oxidation, is possibly involved
in the toxicity of this drug (see chap. 7). Again, other enzymes may also be involved (Fig. 4.15).

N-dealkylation. Dealkylation is the removal of alkyl groups from nitrogen, sulfur and oxygen
atoms, and is catalyzed by the microsomal enzymes. Alkyl groups attached to ring nitrogen

atoms or those in amines, carbamates, or amides are removed oxidatively by conversion to the
corresponding aldehyde as indicated in Figure 4.16. The reaction proceeds via a hydroxyalkyl
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Quinoline Pyridine Figure 4.13 Structures of pyridine and quinoline.
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Figure 4.16 Microsomal enzyme-mediated N-, O-,
R— S— CH; ———> RSH 4+ HCHO and S-dealkylation.
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intermediate, which is usually unstable and spontaneously rearranges with loss of the
corresponding aldehyde. However, in some cases, the hydroxyalkyl intermediate is more stable
and may be isolated, as for example, with the solvent dimethylformamide (Fig. 4.17).
N-dealkylation is a commonly encountered metabolic reaction for foreign compounds,
which may have important toxicological consequences, as in the metabolism of the carcinogen
dimethylnitrosamine (Fig. 7.5).

S-dealkylation. A microsomal enzyme system catalyzes S-dealkylation with oxidative
removal of the alkyl group to yield the corresponding aldehyde, as with N-dealkylation
(Fig. 4.16). However, as there are certain differences from the N-dealkylation reaction, it has
been suggested that another enzyme system, such as the microsomal FAD-containing
monooxygenase system may be involved. Figure 4.18 shows the S-demethylation of
6-methylthiopurine to 6-mercaptopurine.

O-dealkylation. Aromatic methyl and ethyl ethers may be metabolized to give the phenol
and corresponding aldehyde (Fig. 4.16), as illustrated by the de-ethylation of phenacetin
(Fig. 4.20). Ethers with longer alkyl chains are less readily O-dealkylated, the preferred route
being w-1-hydroxylation.

N-oxidation. The oxidation of nitrogen in tertiary amines, amides, imines, hydrazines, and
heterocyclic rings may be catalyzed by microsomal enzymes or by other enzymes (see below).
Thus the oxidation of trimethylamine to an N-oxide (Fig. 4.19) is catalyzed by the microsomal
FAD-containing monooxygenase. The N-oxide so formed may undergo enzyme-catalyzed
decomposition to a secondary amine and aldehyde. This N to C transoxygenation is mediated
by cytochromes P-450. The N-oxidation of 3-methylpyridine, however, is catalyzed by
cytochromes P-450. This reaction may be involved in the toxicity of the analogue,

N,N-Dimethylformamide
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o) CH 0o Figure 4.17 Metabolism of dimethyl-
CHi"\ I N I formamide. The hydroxymethyl deriva-
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trifluoromethyl pyridine, which is toxic to the nasal tissues. It is believed to be metabolized to
the N-oxide by cytochromes P-450 present in the olfactory epithelium (Fig. 4.20).

N-hydroxylation N-hydroxylation of primary arylamines, arylamides, and hydrazines is also
catalyzed by a microsomal mixed-function oxidase, involving cytochromes P-450 and
requiring NADPH and molecular oxygen. Thus, the N-hydroxylation of aniline is as shown
in Figure 4.21. The N-hydroxylated product, phenylhydroxylamine, is thought to be
responsible for the production of methemoglobinemia after aniline administration to
experimental animals. This may occur by further oxidation of phenylhydroxylamine to
nitrosobenzene, which may then be reduced back to phenylhydroxylamine. This reaction
lowers the reduced glutathione concentration in the red blood cell, removing the protection of
hemoglobin against oxidative damage.

N-hydroxylated products may be chemically unstable and dehydrate, as does phenyl-
hydroxylamine, thereby producing a reactive electrophile such as an imine or iminoquinone
(chap. 7, Fig. 7.19).

An important example toxicologically is the N-hydroxylation of 2-acetylaminofluorene
(Fig. 4.22). N-hydroxylation is one of the reactions responsible for converting the compound
into a potent carcinogen. A second example is the N-hydroxylation of isopropylhydrazine,
thought to be involved in the production of a hepatotoxic intermediate (chap. 7, Fig. 7.25).

S-oxidation. Aromatic and aliphatic sulfides, thioethers, thiols, thioamides, and thiocarba-
mates may undergo oxidation to form sulfoxides and then, after further oxidation, sulfones
(Fig. 4.23).
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pyridine pyridine N-oxide Figure 4.20 N-oxidation of trifluoromethylpyridine.
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Figure 4.22 N-hydroxylation of 2-acetylaminofluorene.

Sulphoxide Sulphone Figure 4.23 S-oxidation to form a sulfoxide and sulfone.



Factors Affecting Toxic Responses: Metabolism 91

This is catalyzed by a microsomal monooxygenase requiring NADPH and cytochromes
P-450. The FAD-containing monooxygenases will also catalyze S-oxidation reactions. A
number of foreign compounds, for example, drugs like chlorpromazine and various pesticides
such as temik undergo this reaction. An important toxicological example is the oxidation of the
hepatotoxin thioacetamide (Fig. 4.24).

P-oxidation. In an analogous manner to nitrogen and sulfur, phosphorus may also be oxidized
to an oxide, as in the compound diphenylmethylphosphine. This is catalyzed by microsomal
monooxygenases, both cytochromes P-450 and the FAD-requiring enzyme.

Desulfuration. Replacement of sulfur by oxygen is known to occur in a number of cases, and
the oxygenation of the insecticide parathion to give the more toxic paraoxon is a good example
of this (Fig. 4.25). This reaction is also important for other phosphorothionate insecticides.

The toxicity depends upon inhibition of cholinesterases, and the oxidized product is
much more potent in this respect. The reaction appears to be catalyzed by either cytochromes
P-450 or the FAD-containing monooxygenases and therefore requires NADPH and oxygen.
The mechanism of desulfuration seems to involve formation of a phospho-oxithirane ring,
which rearranges with loss of “active atomic sulfur.” This is highly reactive and is believed to
bind to the enzyme and also to be involved in toxicity. Oxidative desulfuration at the C-S bond
may also occur, such as in the barbiturate thiopental (Fig. 3.5), which is metabolized to
pentobarbital. The solvent carbon disulfide, which is also hepatotoxic, undergoes oxidative
metabolism catalyzed by cytochromes P-450 and giving rise to carbonyl sulfide, thiocarbonate,
and again atomic sulfur, which is thought to be involved in the toxicity (Fig. 4.26).
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Figure 4.28 Oxidative metabolism of halothane.

Deamination. Amine groups can be removed oxidatively via a deamination reaction, which
may be catalyzed by cytochromes P-450. Other enzymes, such as monoamine oxidases, may
also be involved in deamination reactions (see below). The product of deamination of a
primary amine is the corresponding ketone. For example, amphetamine is metabolized in the
rabbit to phenylacetone (Fig. 4.27). The mechanism probably involves oxidation of the carbon
atom to yield a carbinolamine, which can rearrange to the ketone with loss of ammonia.
Alternatively, the reaction may proceed via phenylacetoneoxime, which has been isolated as a
metabolite and for which there are several possible routes of formation. The phenyl-
acetoneoxime is hydrolyzed to phenylacetone. Also N-hydroxylation of amphetamine may
take place and give rise to phenylacetone as a metabolite. This illustrates that there may be
several routes to a particular metabolite.

Oxidative dehalogenation. Halogen atoms may be removed from xenobiotics in an oxidative
reaction catalyzed by cytochromes P-450. For example, the anesthetic halothane is metabolized
to trifluoroacetic acid via several steps, which involves the insertion of an oxygen atom and the
loss of chlorine and bromine (Fig. 4.28). This is the major metabolic pathway in man and is
believed to be involved in the hepatotoxicity of the drug. Trifluoroacetyl chloride is thought to
be the reactive intermediate (see chap. 7).

Oxidation of ethanol. Although the major metabolic pathway for alcohols such as ethanol is
oxidation catalyzed by alcohol dehydrogenase (see below), ethanol can also be metabolized by
cytochrome P-450. The product, ethanal, is the same as produced by alcohol dehydrogenase.
The isoform of cytochrome P-450 is CYP2E1. The mechanism may involve a hydroxylation to
an unstable intermediate, which loses water to yield ethanal. Alternatively, a radical
mechanism could be responsible. The importance of this route of metabolism for ethanol is
that it is inducible (see chap. 5), assuming more importance after repeated exposure to ethanol
such as in alcoholics and regular drinkers.

Desaturation of alkyl groups. This novel reaction, which converts a saturated alkyl compound
into a substituted alkene and is catalyzed by cytochromes P-450, has been described for the
antiepileptic drug, valproic acid (VPA) (2-n-propyl-4-pentanoic acid) (Fig. 4.29). The mechanism
proposed involves formation of a carbon-centered free radical, which may form either a
hydroxylated product (alcohol) or dehydrogenate to the unsaturated compound. The
cytochrome P-450-mediated metabolism yields 4-ene-VPA (2-n-propyl-4pentenoic acid),
which is oxidized by the mitochondrial B-oxidation enzymes to 2,4-diene-VPA (2-n-propyl-2,
4-pentadienoic acid). This metabolite or its CoA ester irreversibly inhibits enzymes of the B-
oxidation system, destroys cytochrome P-450, and may be involved in the hepatotoxicity of the
drug. Further metabolism may occur to give 3-keto-4-ene-VPA (2-n-propyl-3-oxo-4-pentenoic
acid), which inhibits the enzyme 3-ketoacyl-CoA thiolase, the terminal enzyme of the fatty acid
oxidation system.
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Non-Microsomal Oxidation

Amine oxidation. As well as the microsomal enzymes involved in the oxidation of amines,
there are a number of other amine oxidase enzymes, which have a different subcellular
distribution. The most important are the monoamine oxidases and the diamine oxidases. The
monoamine oxidases are located in the mitochondria within the cell and are found in the liver
and also other organs such as the heart and central nervous system and in vascular tissue.
They are a group of flavoprotein enzymes with overlapping substrate specificities. Although
primarily of importance in the metabolism of endogenous compounds such as 5-hydroxytrypt-
amine, they may be involved in the metabolism of foreign compounds.

The enzyme found in the liver will deaminate secondary and tertiary aliphatic amines as
well as primary amines, although the latter are the preferred substrates and are deaminated
faster. Secondary and tertiary amines are preferentially dealkylated to primary amines. For
aromatic amines, such as benzylamine, electron-withdrawing substituents on the ring will
increase the reaction rate. The product of the reaction is an aldehyde (Fig. 4.30). Amines such as
amphetamine are not substrates, seemingly due to the presence of a methyl group on the a-
carbon atom (Fig. 4.27). Monoamine oxidase is important in the metabolic activation and
subsequent toxicity of allylamine (Fig. 4.31), which is highly toxic to the heart. The presence of
the amine oxidase in heart tissue allows metabolism to the toxic metabolite, allyl aldehyde
(Fig. 4.31). Another example is the metabolism of MPTP to a toxic metabolite by monoamine
oxidase in the central nervous system, which is discussed in more detail in chapter 7.

Diamine oxidase, a soluble enzyme found in liver and other tissues, is mainly involved in the
metabolism of endogenous compounds such as the aliphatic diamine putrescine (chap. 7, Fig. 40).

This enzyme, which requires pyridoxal phosphate, does not metabolize secondary or
tertiary amines or those with more than nine carbon atoms. The products of the reaction are
aldehydes.

Alcohol and aldehyde oxidation. Although a microsomal enzyme system has been
demonstrated, which oxidizes ethanol (see above), probably the more important enzyme
in vivo is alcohol dehydrogenase, which is a cytosolic enzyme (soluble fraction) and is found in
the liver and also in the kidney and the lung.

The coenzyme is normally NAD, and although NADP may be used, the rate of the
reaction is slower. The enzyme is relatively nonspecific and so accepts a wide variety of
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substrates including exogenous primary and secondary alcohols. Secondary alcohols are
metabolized at a slower rate than primary alcohols, and tertiary alcohols are not readily
oxidized at all.

The product of the oxidation is the corresponding aldehyde if the substrate is a primary
alcohol (Fig. 4.32) or a ketone if a secondary alcohol is oxidized. However, secondary alcohols
are oxidized much more slowly than primary alcohols. The aldehyde produced by this
oxidation may be further oxidized by aldehyde dehydrogenase to the corresponding acid. This
enzyme also requires NAD and is found in the soluble fraction. Alcohol dehydrogenase may
have a role in the hepatotoxicity of allyl alcohol. This alcohol causes periportal necrosis (see
Chap. 6) in experimental animals; this is thought to be due to metabolism to allyl aldehyde
(acrolein) (Fig. 4.33) in an analogous manner to allylamine (see above). The use of deuterium-
labeled allyl alcohol showed that oxidation was necessary for toxicity: the replacement of the
hydrogen atoms of the CH, group on the C1 with deuterium reduced the toxicity. This was
proposed to be due to an isotope effect as breakage of a carbon-deuterium bond is more difficult
than breakage of a carbon-hydrogen bond. If this bond breakage is a rate-limiting step in the
oxidation to allyl aldehyde, metabolism will be reduced.

Other enzymes may also be involved in the oxidation of aldehydes, particularly aldehyde
oxidase and xanthine oxidase, which belong to the molybdenum hydroxylases. These
enzymes are primarily cytosolic, although microsomal aldehyde oxidase activity has been
detected. They are flavoproteins, containing FAD and also molybdenum, and the oxygen
incorporated is derived from water rather than molecular oxygen. Aldehyde oxidase and
xanthine oxidase in fact oxidize a wide variety of substrates, both aldehydes and nitrogen-
containing heterocycles such as caffeine and purines (see below). Aldehyde oxidase is found in
highest concentrations in the liver, but xanthine oxidase is found in the small intestine, milk,
and the mammary gland.

Purine oxidation. The oxidation of purines and purine derivatives is catalyzed by xanthine
oxidase. For example, the enzyme oxidizes hypoxanthine to xanthine and thence uric acid
(Fig. 4.34). Xanthine oxidase also catalyzes the oxidation of foreign compounds, such as the nitrogen
heterocycle phthalazine (Fig. 4.35). This compound is also a substrate for aldehyde oxidase, giving
the same product.
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Figure 4.36 Aromatization of cyclohexane carboxylic acid.

Aromatization of alicyclic compounds. Cyclohexane carboxylic acids may be metabolized by
a mitochondrial enzyme system to an aromatic acid such as benzoic acid. This enzyme system
requires CoA, ATP, and oxygen and is thought to involve three sequential dehydrogenation
steps after the initial formation of the cyclohexanoyl CoA (Fig. 4.36). The aromatase enzyme
also requires the cofactor FAD.

Peroxidases. Another group of enzymes, which is involved in the oxidation of xenobiotics, is
the peroxidase. There are a number of these enzymes in mammalian tissues: prostaglandin
synthase found in many tissues, but especially seminal vesicles and also the kidney, the lung, the
intestine spleen, and blood vessels; lactoperoxidase found in mammary glands; myeloperox-
idase found in neutrophils, macrophages, liver Kupffer cells, and bone marrow cells.

The overall peroxidase-catalyzed reaction may be summarized as follows:

Peroxidase + H,O, — Compound I
Compound I+ RH, — Compound II + e RH;
Compound II + RH, — Peroxidase + e RH;

The heme iron in the peroxidase is oxidized by the peroxide from III* to V" in compound L.
The compound I is reduced by two sequential one-electron transfer processes giving rise to the
original enzyme. A substrate-free radical is in turn generated. This may have toxicological
implications. Thus the myeloperoxidase in the bone marrow may catalyze the metabolic
activation of phenol or other metabolites of benzene. This may underlie the toxicity of benzene
to the bone marrow, which causes aplastic anemia (see below and chap. 6). The
myeloperoxidase found in neutrophils and monocytes may be involved in the metabolism
and activation of a number of drugs such as isoniazid, clozapine, procainamide, and
hydralazine (see below). In in vitro systems, the products of the activation were found to be
cytotoxic in vitro.

Similarly, uterine peroxidase has been suggested as being involved in the metabolic
activation and toxicity of diethylstilboestrol (see page 247, Fig. 6.28). Probably the most
important peroxidase enzyme system is prostaglandin synthase. This enzyme is found in most
species and is located in many tissues, including the kidney and seminal vesicles. It is a
glycoprotein, which is located in the endoplasmic reticulum. This enzyme system is involved
in the oxygenation of polyunsaturated fatty acids and the biosynthesis of prostaglandins. The
oxidation of arachidonic acid to prostaglandin H2 is an important step in the latter (Fig. 4.37).
The enzyme catalyzes two steps, first the formation of a hydroperoxy endoperoxide,
prostaglandin G2, then metabolism to a hydroxy metabolite, prostaglandin H2. In the second
step, xenobiotics may be co-oxidized. There are a number of examples of xenobiotic
metabolism catalyzed by this system, such as the oxidation of p-phenetidine, a metabolite of
the drug phenacetin (see chap. 5) (chap. 5, Fig. 24), a process, which may be involved in the
nephrotoxicity of the drug. The prostaglandin synthase—catalyzed oxidation of this compound
gives rise to free radicals, which may be responsible for binding to DNA. Horseradish
peroxidase will also catalyze the oxidation of p-phenetidine. Paracetamol can also be oxidized
by prostaglandin synthase to a free radical intermediate, a semiquinone, which may be
involved in the toxicity and yields a glutathione conjugate, which is the same as that produced
via the cytochromes P-450-mediated pathway (for more details see chap. 7). Other examples of
metabolic pathways catalyzed by this pathway are N-demethylation of aminopyrine,
formation of an aromatic epoxide of 7,8-dihydroxy, 7,8-dihydrobenzolalpyrene, and
sulfoxidation of methyl phenyl sulfide. The exact mechanism of the co-oxidation is unclear
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at present, but may involve formation of free radicals via one-electron oxidation/hydrogen
abstraction as with paracetamol (chap. 7, Fig. 20) or the direct insertion of oxygen as with
benzo[a]pyrene. It is not yet clear how significant prostaglandin synthase—catalyzed routes of
metabolism are in comparison with microsomal monooxygenase-mediated pathways, but they
may be very important in tissues where the latter enzymes are not abundant.

The possible role of peroxidases in metabolic activation and cytotoxicity has only
relatively recently attracted attention, but may prove to be of particular importance in
underlying mechanisms of toxicity.

For example, it has been suggested that the adverse reactions caused by a number of
drugs such as isoniazid, procainamide, hydralazine could be due to metabolic activation by
myeloperoxidase in neutrophils. Thus neutrophils will metabolize procainamide (Fig. 4.38) to a
hydroxylamine metabolite. In the presence of chloride ion, myeloperoxidase will produce
hypochlorous acid, a strong oxidizing agent, which may be responsible for metabolic
activation and toxicity. One of the products is N-chloroprocainamide (see also sect.
“Hydralazine,” chap. 7).

For more details, the reader is directed to the review by Uetrecht in the Bibliography.

4.3.2 Reduction
The enzymes responsible for reduction may be located in both the microsomal fraction and the
soluble cell fraction. Reductases in the microflora present in the gastrointestinal tract may also
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have an important role in the reduction of xenobiotics. There are a number of different
reductases, which can catalyze the reduction of azo and nitro compounds. Thus, as well as gut
bacterial azo- and nitro-reductase enzymes, cytochrome P-450 and cytochrome P-450 NADPH
reductase in the liver and other tissues can reduce nitro and azo groups in conditions of low
oxygen concentration. However, oxygen will inhibit these reactions.

FAD alone may also catalyze reduction by acting as an electron donor.

Reduction of the azo dye prontosil to produce the antibacterial drug sulfanilamide (Fig. 4.38)
is a well-known example of azo reduction. This reaction is catalyzed by cytochromes P-450 and is
also carried out by the reductases in the gut bacteria. The reduction of azo groups in food coloring
dyes such as amaranth is catalyzed by several enzymes, including cytochromes P-450, NADPH
cytochrome P-450 reductase, and DT-diaphorase, a cytosolic enzyme.

The reduction of nitro groups may also be catalyzed by microsomal reductases and gut
bacterial enzymes. The reduction passes through several stages to yield the fully reduced
primary amine, as illustrated for nitrobenzene (Fig. 4.39). The intermediates are nitrosobenzene
and phenylhydroxylamine, which are also reduced in the microsomal system. These
intermediates, which may also be produced by the oxidation of aromatic amines (Fig. 4.21),
are involved in the toxicity of nitrobenzene to red blood cells after oral administration to rats.
The importance of the gut bacterial reductases in this process is illustrated by the drastic
reduction in nitrobenzene toxicity in animals devoid of gut bacteria, or when nitrobenzene is
given by the intraperitoneal route.

Arylhydroxylamines, whether derived from nitro compounds by reduction or amines by
N-hydroxylation, have been shown to be involved in the toxicity of a number of compounds.
The possibility of reduction followed by oxidation in a cyclical fashion with the continual
production of toxic metabolites has important toxicological implications.

Tertiary amine oxides and hydroxylamines are also reduced by cytochromes P-450.
Hydroxylamines, as well as being reduced by cytochromes P-450, are also reduced by a
flavoprotein, which is part of a system, which requires NADH and includes NADH cytochrome
bs reductase and cytochrome bs. Quinones, such as the anticancer drug adriamycin (doxorubicin)
and menadione, can undergo one-electron reduction catalyzed by NADPH cytochrome P-450
reductase. The semiquinone product may be oxidized back to the quinone with the concomitant
production of superoxide anion radical, giving rise to redox cycling and potential cytotoxicity.
This underlies the cardiac toxicity of adriamycin (see chap. 6).

An alternative route of reduction is catalyzed by the enzyme DT diaphorase. This is a
two-electron reduction, which produces a hydroquinone. These tend to be less toxic than
semiquinones, as they do not tend to undergo redox cycling.

Thus, one-electron reduction catalyzed by cytochrome P-450 NADPH reductase tends to
cause the toxicity of quinones via oxidative stress, whereas two-electron reduction produces
the less toxic hydroquinones and so is a detoxication.
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Figure 4.39 (A) Reduction of the azo group in prontosil. (B) Reduction of the nitro group in nitrobenzene.
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Other chemicals, which are toxic as a result of one-electron reduction, are paraquat,
6-hydroxydopamine (see chap. 7) and benzene (see chap. 6).

The one-electron reduction of a chemical to cytotoxic products is the basis of certain
anticancer drugs. This is because tumor cells tend to be anaerobic, and so reduction is favored.
However, anaerobic conditions can induce DT diaphorase, which carries out two-electron
reduction reactions. For example, the anticancer drug tirapazamine is activated by a one-
electron reduction catalyzed by NADPH cytochrome P-450 reductase in anaerobic conditions
to a nitroxide radical, which is toxic to tumor cells. It is detoxified however, by DT diaphorase,
to another product.

An important example is the reduction of nitroquinoline N-oxide. This proceeds via the
hydroxylamine, which is an extremely carcinogenic metabolite, probably the ultimate
carcinogen (Fig. 4.40).

A similar example is 2,6 dinitrotoluene where reduction in rats of a nitro group to a
hydroxylamine occurs, which yields a liver carcinogen (see chap. 5).

Other types of reduction catalyzed by non-microsomal enzymes have also been
described for xenobiotics. Thus, reduction of aldehydes and ketones may be carried out
either by alcohol dehydrogenase or NADPH-dependent cytosolic reductases present in the
liver. Sulfoxides and sulfides may be reduced by cytosolic enzymes, in the latter case involving
glutathione and glutathione reductase. Double bonds in unsaturated compounds and epoxides
may also be reduced. Metals, such as pentavalent arsenic, can also be reduced.

Reductive Dehalogenation

The microsomal enzyme-mediated removal of a halogen atom from a foreign compound may
be either reductive or oxidative. The latter has already been discussed with regard to the
volatile anesthetic halothane, which undergoes both oxidative and reductive dehalogenation
and which may be involved in the hepatotoxicity (Fig. 4.28) (chap. 7, Fig. 77). Reductive
dehalogenation of halothane is catalyzed by cytochromes P-450 under anaerobic conditions
and may lead to reactive radical metabolites (Fig. 4.41) (chap. 7, Fig. 77). Another example of
reductive dehalogenation of toxicological importance, also catalyzed by cytochromes P-450, is
the metabolic activation of carbon tetrachloride by dechlorination to yield a free radical
(chap. 7, Fig. 77). In both these examples, the substrate binds to the cytochromes P-450 and
then receives an electron from NADPH cytochrome P-450 reductase. The enzyme-substrate
complex then loses a halogen ion, and a free radical intermediate is generated. Alternatively,
the enzyme-substrate complex may be further reduced by another electron from NADH via

NO, NHOH
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(0] 0 Figure 4.40 Reduction of nitroquinoline
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Figure 4.41 Reductive dehalogenation of halothane.
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NADH cytochrome bs reductase and cytochrome bs. The carbanion or carbene intermediates
may rearrange with loss of a halogen ion (chap. 7, Fig. 77).

Dehalogenation of the insecticide DDT is catalyzed by a soluble enzyme and requires
glutathione. The overall reaction is a dehydrohalogenation and yields DDE (Fig. 4.42).

4.3.3 Hydrolysis
Esters, amides, hydrazides, and carbamates can all be metabolized by hydrolysis. The
enzymes, which catalyze these hydrolytic reactions, carboxylesterases and amidases, are
usually found in the cytosol, but microsomal esterases and amidases have been described and
some are also found in the plasma. The various enzymes have different substrate specificities,
but carboxylesterases have amidase activity and amidases have esterase activity. The two
apparently different activities may therefore be part of the same overall activity.

Peptidases such as trypsin are also hydrolytic enzymes and are important considerations
for the new generation of peptide and protein drugs (see below).

Hydrolysis of Esters

Although esterase activity is found in blood, this is nonspecific; esterase activity, which is
specific for a particular type of chemical structure, tends to be located in tissues, such as the
liver.

Various esterases exist in mammalian tissues, hydrolyzing different types of esters.
They have been classified as type A, B, or C on the basis of activity toward phosphate triesters.
A-esterases, which include arylesterases, are not inhibited by phosphotriesters and
will metabolize them by hydrolysis. Paraoxonase is a type A esterase (an organophosphatase).
B-esterases are inhibited by paraoxon and have a serine group in the active site (see chap. 7).
Within this group are carboxylesterases, cholinesterases, and arylamidases. C-esterases are
also not inhibited by paraoxon, and the preferred substrates are acetyl esters, hence these are
acetylesterases. Carboxythioesters are also hydrolyzed by esterases. Other enzymes such as
trypsin and chymotrypsin may also hydrolyze certain carboxyl esters.

Metabolism of the local anesthetic procaine provides an example of esterase action, as
shown in Figure 4.43. This hydrolysis may be carried out by both a plasma esterase and a
microsomal enzyme.

Esterase activity is important in both the detoxication of organophosphates and the
toxicity caused by them. Thus brain acetylcholinesterase is inhibited by organophosphates
such as paraoxon and malaoxon, their oxidized metabolites (see above). This leads to toxic
effects. Malathion, a widely used insecticide, is metabolized mostly by carboxylesterase in
mammals, and this is a route of detoxication. However, an isomer, isomalathion, formed from
malathion when solutions are inappropriately stored, is a potent inhibitor of the
carboxylesterase. The consequence is that such contaminated malathion becomes highly
toxic to humans because detoxication is inhibited and oxidation becomes important. This led to
the poisoning of 2800 workers in Pakistan and the death of 5 (see chap. 5 for metabolism and
chap. 7 for more details).

Hydrolysis of Amides

The hydrolysis of amides can also be catalyzed by nonspecific plasma esterases but is slower
than that of esters. However, hydrolysis of amides is more likely to be catalyzed by the
amidases in the liver.
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Figure 4.43 (A) Hydrolysis of the ester procaine. (B) Hydrolysis of the amide procainamide.
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Thus, unlike procaine, the analogue procainamide is not hydrolyzed in the plasma at all,
the hydrolysis in vivo being carried out by enzymes in other tissues (Fig. 4.43).

The hydrolysis of some amides may be catalyzed by a liver microsomal carboxyl esterase,
as is the case with phenacetin (Fig. 4.44). Hydrolysis of the acetylamino group, resulting in
deacetylation, is known to be important in the toxicity of a number of compounds. For
example, the deacetylated metabolites of phenacetin are thought to be responsible for its
toxicity, the oxidation of hemoglobin to methemoglobin. This toxic effect occasionally occurs in
subjects taking therapeutic doses of the drug and who have a deficiency in the normal pathway
of metabolism of phenacetin to paracetamol. Consequently, more phenacetin is metabolized by
deacetylation and subsequent oxidation to toxic metabolites (chap. 5, Fig. 24).

Hydrolysis of Hydrazides
The drug isoniazid (isonicotinic acid hydrazide) is hydrolyzed in vivo to the corresponding
acid and hydrazine, as shown in Figure 4.45. Hydrazine is toxic and could be responsible for
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some of the adverse effects of isoniazid (see chap. 7). However, in man, in vivo, hydrolysis of
the acetylated metabolite acetylisoniazid is quantitatively more important and may be
toxicologically more significant. (Fig. 4.46) (see chap. 7). This hydrolysis reaction accounts for
about 45% of the acetylisoniazid produced. These hydrolysis reactions are probably catalyzed
by amidases and are inhibited by organophosphorus compounds such as bis-pnitrophenyl
phosphate (chap. 5, Fig. 38).

Hydrolysis of Carbamates
The insecticide carbaryl is hydrolyzed by liver enzymes to 1-naphthol (Fig. 4.47). This compound
also undergoes extensive metabolism by other routes.

Hydrolysis of Peptides

As some of the newer drugs such as hormones, growth factors, and cytokines now being
produced are peptides and certain toxins are also peptides or proteins, the role of peptidases
may be important. Peptidases are especially active in the lumen of the gut, and consequently
many such drugs are administered intravenously. Also some natural protein toxins may
bypass the gut by via bites or stings into tissue. However, peptidase activity is also found in
blood and other tissues. Peptidases are also important in the further metabolism of glutathione
conjugates (see below).

Hydration of Epoxides

Epoxides, three-membered oxirane rings containing an oxygen atom, may be metabolized by
the enzyme epoxide hydrolase. This occurs by a similar mechanism to that involved with the
hydrolysis of esters and amides. This enzyme adds water to the epoxide, probably by
nucleophilic attack by OH on one of the carbon atoms of the oxirane ring, which may be
regarded as electron deficient, to yield a dihydrodiol, which is predominantly trans (Fig. 4.48),
although the degree of stereospecificity is variable. Epoxides are often intermediates produced
by the oxidation of unsaturated double bonds, aromatic, aliphatic, or heterocyclic, as, for
example, takes place during the hydroxylation of bromobenzene, the hepatotoxic solvent
(chap. 7, Fig. 22).

There are five forms of the enzyme, but only two, the microsomal and soluble forms
are important in xenobiotic metabolism. These two forms have different substrate specificities.
The microsomal form is located in the endoplasmic reticulum in close proximity to
cytochromes P-450, and like the latter is also present in greater amounts in the centrilobular

CONHNHCOCH;, COOH

S S
s +  NH,NHCOCH,
= =
N N
Acetylisoniazid Isonicotinic acid ~ Acetylhydrazine ~ Figure 4.46  Hydrolysis of acetylisoniazid.
OCONHCH;, OH
\\
—_—
/
Carbaryl 1-Naphthol Figure 4.47 Hydrolysis of carbaryl.

Figure 4.48 Hydration of benzene-1, 2-oxide by
Benzene-1,2-oxide Benzene trans-1,2-dihydrodiol ~ €Poxide hydrolase.
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areas of the liver. Epoxide hydrolase is therefore well placed to carry out its important role in
detoxifying the chemically unstable and often-toxic epoxide intermediates produced by
cytochromes P-450-mediated hydroxylation. Soluble epoxide hydrolases have also been
described, and the enzyme has been detected in the nuclear membrane.

The epoxide of bromobenzene is one such toxic intermediate, and this example is
discussed in more detail in chapter 7. In the case of some carcinogenic poly cyclic hydrocarbons
such as benzolalpyrene, however, it seems that the dihydrodiol products are in turn further
metabolized to epoxide-diols, the ultimate carcinogens (see chap. 7, Figs. 7.2 and 7.3).

4.4 PHASE 2 REACTIONS

4.4.1 Conjugation

Conjugation reactions involve the addition to foreign compounds of endogenous groups,
which are generally polar and readily available in vivo. These groups are added to a suitable
functional group present on the foreign molecule or introduced by phase 1 metabolism. With
the exception of acetylation and methylation, conjugation renders the whole molecule more
polar and hydrophilic (less lipid soluble). This facilitates excretion and reduces the likelihood
of toxicity. Furthermore, phase 2 reactions are generally faster than phase 1 reactions.

The endogenous groups donated in conjugation reactions include carbohydrate
derivatives, amino acids, glutathione, and sulfate. The mechanism commonly involves
formation of a high-energy intermediate, where either the endogenous metabolite or the
foreign compound is activated (type 1 and type 2, respectively). The groups donated in
conjugation reactions are often involved in intermediary metabolism.

Glucuronide Formation
This is a major, type 1, conjugation reaction occurring in most species with a wide variety of
substrates, including endogenous substances. It involves the transfer of glucuronic acid in an
activated form as uridine diphosphate glucuronic acid (UDPGA) to hydroxyl, carboxyl,
nitrogen sulfur, and occasionally carbon atoms. The UDPGA is formed in the cytosol from
glucose-1-phosphate in a two-step reaction (Fig. 4.49). The first step, addition of the UDP, is
catalyzed by UDP glucose pyrophosphorylase, the second step by UDP glucose dehydrogenase.
The enzyme catalyzing the conjugation reaction is UDP-glucuronosyl transferase (UGT).
This is known to exist in multiple forms each with different preferred substrate specificities,
although these may overlap. For example, simple phenols may be substrates for UGT1A8 but
also UGT1A1 and UGT1A6. Carboxylic acids are substrates for UGT1A8 and UGT1A3 and
primary amines for UGT1A6, UGT1AS, and, UGT1A4.

0]
CH,OH CH,0OH NH
OH Hw OH + utP —> K oH H\ o N
OH Q—ﬁ—oH O—®—O—®—OCH2 + Pyrophosphate
H OH 0
Glucose-1-phosphate H HH
OH OH
COOH UDPaD-glucose UDPG
H /I H
UDPG H
UDPG + 2NAD* + H,0 —m8M \1
Dehydrogenase OH
oHY 0 UDP + 2NADH'

UDPaD-glucuronic acid

Figure 4.49 Formation of UDPGA. Abbreviation: UDPGA, uridine diphosphate glucuronic acid.
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There are at least 50 different mammalian functional isoforms with at least 16 in humans
and two main families, UGT1 and UGT2.

For further information, the reader is recommended to consult the texts in the
Bibliography.

The enzymes are located in the endoplasmic reticulum and are found in many tissues
including the liver, kidney, and intestine.

Conjugation with glucuronic acid involves nucleophilic attack by the electron-rich oxygen,
sulfur or nitrogen atom in the xenobiotic at the C-1 carbon atom of the glucuronic acid moiety.
Glucuronides are therefore generally B in configuration. Conjugation with hydroxyl groups gives
ether glucuronides and with carboxylic acids, ester glucuronides (Fig. 4.50). Amino groups may
be conjugated directly, as in the case of aniline (Fig. 4.51), or through an oxygen atom as in the case
of N-hydroxy compounds such as the carcinogen N-hydroxyacetylaminofluorene (Fig. 4.52).

COOH /_\ i
H 0. o
H O  H o Glucuronosyl H \ @
H Hw transferase OH H _~4 + UDP
OH OHH
H OH

UDP-glucuronic Acid Phenol Ether glucuronide

COOH (@]
GR0H /\ O H O I
H O _H Il Glucuronosyl H \O_C
H HO—C _ OH H |
OH H transferase N\ / H + UDFP
\|—|/o—UDP o

UDP-glucuronic Acid Benzoic Acid Ester glucuronide

Figure 4.50 Formation of ether and ester glucuronides of phenol and benzoic acid, respectively.

NH, NH—~Glucuronic acid
Glucuronosyl
—_—
transferase
Aniline Aniline N-glucuronide
(|20CH3 COCH;4
|
N—OH N—O—~Glucuronic acid
Glucuronosyl
—_—
transferase
Figure 4.51 Gilucuronidation of aniline and
N-Hydroxyacetanilide N-Hydroxyacetanilide glucuronide  N-hydroxyacetanilide.
Cl)H (I3C)CH3
N—COCH;4 N—O—Gilucuronic acid
Glucuronosyl
—_—
transferase
N-Hydroxyacetylaminofluorene N-Hydroxyacetylaminofluorene glucuronide

Figure 4.52 Formation of N-hydroxyacetylaminofluorene glucuronide.
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However, although normally beneficial, glucuronide conjugation can be the cause of
toxicity. For example, N-glucuronide conjugation of the aromatic amine N-hydroxy-2-
naphthylamine is followed by excretion into the urine. However, once in the bladder, the
acidity in the urine cleaves the conjugate, resulting in the formation of a reactive nitrenium ion
(Fig. 4.53). This reacts with DNA, which subsequently leads to bladder tumors. A similar
mechanism may explain the colon tumors caused by the chemical, resulting from biliary
excretion and cleavage of the conjugate in the gut by bacteria.

Some other aromatic amines such as benzidine and 4-aminobiphenyl are also carcino-
genic to the bladder by the same mechanism. These amines have industrial uses and have been
implicated in bladder cancer in exposed humans.

Another example of glucuronidation being an important step in the toxic process results
in the production of protein conjugates. This is of more general importance and is relevant for
the toxicity of a number of drugs, especially non-steroidal anti-inflammatory drugs (NSAIDS)
containing a carboxylic acid group. As indicated above, carboxylic acid groups can be
conjugated with glucuronic acid to give acyl glucuronides. However, in the case of some
NSAID drugs, such as diclofenac, the acyl glucuronide is reactive and binds covalently to
protein. There are two possible mechanisms for this as shown in Figure 4.54. The resulting
protein conjugates might be responsible for rare but serious immune reactions such as immune

OH ?H
N—H N—Glucuronic acid
Glucuronosyl
transferase
N-Hydroxy-2-naphthylamine N-Hydroxy-2-naphthylamine glucuronide

Acidic urinary pH

N—rl_/
DNA adducts €<———

Nitrenium ion

Figure 4.53 Formation of an N-hydroxy glucuronide conjugation of N-hydroxy-2-napthylamine and formation of a
reactive nitrenium ion.
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Cl
NH—Protein Figure 4.54 Interaction of the acyl glucuronide of

diclofenac with protein. The small arrow indicates the
o} reactive carbonyl carbon atom.
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hepatitis, which can occur with diclofenac, for example. Because the acyl glucuronide is a
reasonably large molecule, a proportion is excreted from the liver where it is synthesized into
the bile via the organic anion transporter. This leads to relatively high concentrations in the
bile, in fact several orders of magnitude higher than blood. Thus the chances of reaction of the
acyl glucuronide with proteins in the bile canaliculus are increased. Indeed in rats, protein
adducts with canalicular membrane proteins have been detected in liver. Biliary excretion also
leads to enterohepatic recirculation following cleavage by gut bacteria and reabsorption. This
will also prolong exposure of the animal or patient to the diclofenac.

Certain thiols may be conjugated directly through the sulfur atom (Fig. 4.55). Glucuronic
acid conjugated directly to carbon atoms has been reported such as with the drug phenylbutazone.

Glucuronide conjugates are ionized at urinary pH and being water soluble can be readily
eliminated. They are also substrates for the organic anion transporter.

As glucuronide conjugation significantly increases the molecular weight of a chemical,
the conjugate may be excreted into the bile via the organic anion transporter in the liver. When
presented to the small intestine via the bile, such conjugates can be cleaved by the action of the
enzyme B-glucuronidase in gut bacteria. The product (usually the original phase 1 metabolite,
know as the aglycone) can then be reabsorbed and transported back into the liver where it
may undergo further metabolism. This can possibly lead to toxicity, as is the case with 2,4-
dinitro-toluene (see below and chap. 5).

Glucose conjugates (glucosides) may sometimes be formed, especially in insects, and the
mechanism is analogous to that involved in the formation of glucuronides. Xylose and ribose
are also sometimes used, for example, 2-hydroxynicotinic acid has been shown to form an N-
ribose conjugate. Analogues of purines and pyrimidines may be conjugated with ribose or
ribose phosphates to give ribonucleotides and ribonucleosides.

Sulfate Conjugation

The formation of sulfate esters is a major route of conjugation for various types of hydroxyl
group, and may also occur with amino groups. Thus, substrates include aliphatic alcohols,
phenols, aromatic amines, and also endogenous compounds such as steroids and
carbohydrates (Figs. 4.56 and 4.57).

N
Glucuronosyl
SH S — Glucuronic acid
transferase
S

2-Mercaptobenzothiazole 2—Mercaptobenzotmazole—S—gIucuromde

Figure 4.55 Formation of 2-mercaptobenzothiazole-S-glucuronide.

OH OSOzH

Sulphotransferase .
+ PAPS > + 3'-Phosphoadenosine

-5'-phosphate

Phenol Phenyl sulphate

PAPS
CyHsOH ——— > C;H;0SO3H  +  3'-Phosphoadenosyl-5'-phosphosulphate

Ethyl alcohol Ethyl sulphate

Figure 4.56 Formation of ethereal sulfates of phenol and ethyl alcohol.

NH, NHSO,H

Sulphotransferase
+ PAPS >

Aniline Phenyl sulphamate Figure 4.57 Sulfate conjugation of aniline.
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The sulfate donor for this type 1 reaction is in an activated form, as 3'-phosphoadenosyl-
5'-phosphosulfate (PAPS) (Fig. 4.58), formed from inorganic sulfate and ATP:

The conjugation is catalyzed by a sulfotransferase enzyme, which is located in the
cytosol and is found particularly in the liver, gastrointestinal mucosa, and kidney. There are at
least five gene families for sulfotransferases, these being divided into subfamilies resulting in
almost 50 isoforms for the enzyme. Different isoforms catalyze the sulfation of different
substrates, for example, phenols (SULT1As), alcohols (SULT2As/SULT2Bs), arylamines
(SULT3A1). There are other isoforms for bile salts and steroids. For further information, the
reader is recommended to consult the texts in the Bibliography.

The source of sulfate may be dietary or generated by oxidative metabolism of cysteine.
PAPS can become depleted when large amounts of a foreign compound conjugated with
sulfate, such as paracetamol, are administered.

Sulfate conjugation can increase the toxicity of chemicals in some cases [e.g.,
acetylaminofluorene, (see chap. 7), safrole, and the drug tamoxifen (see chap. 5)]. This is
due to the fact that the sulfate group is described in chemical terms as “a good leaving group.”
Thus with some conjugates, cleavage of the sulfate ester yields a chemically reactive nitrenium
ion or carbocation (chap. 7, Fig. 1), which is electrophilic and can react with biological
macromolecules such as DNA.

Glutathione Conjugation

Glutathione is one of the most important molecules in the cellular defense against toxic
compounds. This protective function is due in part to its involvement in conjugation reactions,
and a number of toxicological examples of this such as bromobenzene and paracetamol
hepatotoxicity are discussed later (see chap. 7). The other protective functions of glutathione
are discussed in chapter 6. Glutathione is a tripeptide (Fig. 4.59), composed of glutamic acid,
cysteine, and glycine (glu-cys-gly).

The glutathione molecule is significant for several reasons:

1. It has a reactive SH group.

2. ltis protected from protease digestion because of the nature of the bond between the
cysteine and glutamate.

3. It is present in relatively high concentrations.

Adenosine i
triphosphate  + OH—TCI'»—OH —> Adenosine-5'-

(ATP) o phosphosulphate
NH,
N
N/
k | cl) ATP
XN N CH,—0—P—0S0;
H H I
o]
Figure 4.58 Formation of PAPS.
Abbreviation: 3'-phosphoadenosyl-5'-
Phosphoadenosinephosphosulphate phosphosulfate.
i
HS—CH,CHCNHCH,COOH

NHﬁCHchztllHCOOH
0 NH,

Glutathione (y-glutamylcysteinylglycine) Figure 4.59 Structure of glutathione.
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There are three pools of glutathione: in the cytosol, in the mitochondria, and also in the
nucleus. It is found in most cells, but is especially abundant in the liver where it reaches a
concentration of 5 mM or more in mammals. The presence of cysteine provides a sulfydryl
group, which is nucleophilic and so glutathione will react, probably as the thiolate ion, GS~,
with electrophiles. These electrophiles may be chemically reactive, metabolic products of a
phase 1 reaction, or they may be more stable foreign compounds, which have been ingested.
Thus, glutathione protects cells by removing reactive metabolites. Unlike glucuronic acid or
sulfate conjugation, however (type 1 conjugation reactions), the conjugating moiety
(glutathione) is not activated in some high-energy form. Rather the substrate is often in an
activated form. Glutathione conjugation may be an enzyme-catalyzed reaction or simply a
chemical reaction. The glutathione conjugate produced by the reaction may then either be
excreted, usually into the bile rather than the urine, or the conjugate may be further
metabolized. This involves several steps: removal of the glutamyl and glycinyl groups and
acetylation of the cysteine amino group to yield a mercapturic acid or nacetylcysteine
conjugate. This is illustrated for the compound naphthalene, which is metabolized by
cytochromes P-450 to a reactive epoxide intermediate, then conjugated with glutathione, and
eventually excreted as an N-acetylcysteine conjugate (Fig. 4.60). This sequence of further
catabolic steps has been termed “phase 3 metabolism.” Naphthalene is toxic to the lung, and
these metabolic pathways are important in this toxicity (see below).

There are many types of substrates for glutathione conjugation, including aromatic,
aliphatic, heterocyclic, and alicyclic epoxides, halogenated aliphatic and aromatic compounds,
aromatic nitro compounds, unsaturated hydrocarbon benzolalpyrene (see chap. 7), and
aliphatic compounds and alkyl halides (Figs. 4.614.63). In each case, the glutathione reacts
with an electrophilic carbon atom in an addition or substitution reaction. With the reactive
epoxides, the two carbon atoms of the oxirane ring will be electrophilic and suitable for
reaction with glutathione; such that reaction occurs with bromombenzene and the polycyclic
hydrocarbon benzol[alpyrene (see chap. 7). With aromatic and aliphatic halogen compounds
and aromatic nitro compounds, the nucleophilic sulfydryl group of the glutathione attacks the
electrophilic carbon atom to which the electron-withdrawing halogen or group is attached,
and the latter is replaced by glutathione (Fig. 4.62). With unsaturated compounds such as
diethylmaleate, the electron-withdrawing substituents allow nucleophilic attack on one of the
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Glutathione OH
_.’ ___________’
(GSH)
Napthalene I\
Glutamyl

NHCOCH, NH
| Glycinyl
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o S—CH,—CHCOOH
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Figure 4.60 Conjugation of naphthalene-1, 2-oxide with glutathione and formation of naphthalene mercapturic acid.
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Figure 4.61 Conjugation of various epoxides with glutathione.
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unsaturated carbon atoms and addition of proton to the other, leading to an addition reaction
(Fig. 4.63).

Diethylmaleate reacts readily with glutathione in vivo and has been used to deplete
tissue levels of the tripeptide. The reaction may be catalyzed by one of the glutathione-S-
transferases (GSTs). These are cytosolic enzymes although some distinct isoforms are
detectable in the endoplasmic reticulum and are found in many tissues, especially the liver,
kidney, gut, testis, and adrenal gland. There are eight families of GSTs, o (A), p (M), © (P), o (S),
0 (1), ® (O), ¢, and x. The enzyme exists as hetero- or homodimers of subunits arranged to give
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rise to various isoforms with particular preferred substrates. Some chemicals, such as 1-chloro-24-
dinitrobenzene, are substrates for conjugation with a number of the isoforms from different
families, whereas other chemicals and reaction types are more specific for a particular isoform.
More than 20 different isoforms are expressed in humans representing the A, M, P, T, and O
families.

Although a wide variety of substrates may be accepted, there is absolute specificity for
glutathione. However, the substrates have certain characteristics; namely, they are hydro-
phobic, contain an electrophilic carbon atom and react nonenzymatically with glutathione to
some extent. It appears that as well as catalyzing conjugation reactions, some of the
transferases have a binding, transport, or storage function. Thus GSTA1 and GSTA2 are also
known as ligandin. This binding facility is associated with one particular subunit but is not
directly related to catalytic activity.

Thus some of the compounds bound to ligandin are not substrates for the transferase
activity (GSTA1, GSTA2).

Substances bound include endogenous compounds—bilirubin, estradiol, cortisol, and
also drugs such as tetracycline, penicillin, and ethacrynic acid.

Thus, the enzyme also has a transport or storage function.

There are polymorphisms in the GSTs, including complete absence of some isoforms,
which vary with ethnic groups, and the GSTs can also be induced by a variety of chemicals and
physiological conditions. These will be considered in the next chapter.

After the conjugation reaction, the first catabolic step, removal of the glutamyl residue, is
catalyzed by the enzyme y-glutamyltranspeptidase (glutamyltransferase).

This is a membrane-bound enzyme found in high concentrations in the kidney. In the
second step, the glycine moiety is removed by the action of a peptidase, cysteinyl glycinase.
The final step is acetylation of the amino group of cysteine by an N-acetyl transferase, which
uses acetyl CoA and is a microsomal enzyme found in the liver and kidney, but is different
from the cytosolic enzyme described below. The resultant N-acetylcysteine conjugate, also
known as a mercapturic acid, is then excreted. With aromatic epoxides, as in the example of
naphthalene shown in Fig. 4.60, the N-acetylcysteine conjugate may lose water and regain the
aromatic ring structure. This will generally not occur in other types of glutathione conjugation
reaction. Also the intermediate such as the cysteinyl-glycine and cysteine conjugates may be
excreted as well as being metabolized to the N-acetylcysteine derivative. It should be noted,
however, that there are now examples of glutathione conjugates being involved in toxicity.
For example, the vicinal dihaloalkane 1,2-dibromoethane forms a glutathione conjugate by
displacement of one bromine atom and catalyzed by GST. The conjugate then rearranges with
loss of the second bromine to form a highly reactive episulfonium ion, which can interact with
DNA (Fig. 4.64). This gives rise to adducts, in particular with guanine. These are believed to be

Br _CHQ_ CHE_BT
1,2-Dibromoethane
GSH

HBr
GS _CHE_ CH2_8r

Br-
GS /cH2
Figure 4.64 Glutathione-mediated activation of 1, 2-dibromoethane. The addition
l of glutathione is catalyzed by glutathione transferase. Loss of bromide from the
glutathione conjugate gives rise to an episulfonium ion. This can react with bases

DNA adducts such as guanine in DNA.
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responsible for the mutagenicity and tumourigenicity of the compound. This compound is
used in industry for synthesis of dyes and as a fumigant.

Another example of a glutathione conjugate responsible for toxicity is the industrial
chemical hexachlorobutadiene discussed in chapter 7. The diglutathione conjugate of
bromobenzene is believed to be involved in the nephrotoxicity after further metabolic
activation (chap. 7, Fig. 7.31).

Mono-, di-, tri- and tetra-glutathione conjugates of benzohydroquinone are all formed
when it is oxidized to benzoquinone. The di- and especially the tri-glutathione conjugates
[2,3,5-(triglutathionyl-S-yl) hydroquinone] are believed to be responsible for the nephrotoxicity
of that compound. The conjugates have a high-enough molecular weight to be excreted into
bile, and then reabsorption occurs, which presents them to the kidney tubular epithelial cells.
Here the y-glutamyltransferase and cysteinylglycinase cleave the glutamate and glycine
residues, leaving a conjugate with one or more cysteine groups. These conjugates are taken up
into the proximal tubule, and the hydroquinone moiety is oxidized to benzoquinone. Despite
the presence of the cysteine groups, this is a reactive electrophilic compound, which causes
oxidative stress and can covalently bind to protein. (Fig. 4.65). The cysteine conjugation lowers
the redox potential of the hydroquinone and facilitates the oxidation to a quinone, which is
toxic.

The nephrotoxicity of bromobenzene (see chap. 7) and possibly 4-aminophenol is also
believed to be due to the cysteine conjugates of the quinone or quinoneimine, respectively.
Biliary excretion and reabsorption from the gut and delivery to the kidney is a crucial part of
this process as it is with hexachlorobutadiene (chap. 7).

Cysteine Conjugate p-Lyase

Cysteine conjugates resulting from initial glutathione conjugation as described above may
undergo further catabolism to give the thiol compound, pyruvate and ammonia (Fig. 4.66). The
enzyme, which catalyzes this reaction, cysteine conjugate B-lyase (or C-S lyase), requires
pyridoxal phosphate, is cytosolic, and will not accept the acetylated cysteine derivative. The
thiol conjugate produced as a result of the action of B-lyase may be further metabolized by
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Figure 4.65 Oxidation of hydroquinone to quinone and multiple conjugation with glutathione. Biliary excretion of

the conjugate and reabsorption allow further metabolism (phase 3) in the gut and kidney to the cysteine conjugate,
which is nephrotoxic.
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Figure 4.66 Metabolism of a cysteine conjugate by CS lyase ( B-lyase). The cysteine conjugate is shown arising
from a glutathione conjugate after biliary excretion. The thiol product, which may be toxic (see text) can also be
methylated and further oxidized as shown.

methylation and then S-oxidation (see below). The cleavage of cysteine conjugates can occur in
the gut, catalyzed by bacteria or the kidney, where the enzyme is found in all three segments of
the proximal tubules. The thiol products of the enzyme can in some cases be further
metabolized by methylation followed by oxidation as shown in the figure (Fig. 4.66).

These subsequent metabolic transformations are known to be involved in the nephrotoxi-
city of a number of compounds such as S-(1,2-dichlorovinyl)-L cysteine and hexachlorobu-
tadiene (see chap. 7). Thus, although the initial glutathione conjugation may be a detoxication
step, the final product of this phase 3 reaction may prove to be toxic.

Acetylation

Acetylation is an important route of metabolism for aromatic amines, sulfonamides,
hydrazines, and hydrazides, and there is a wide variety of substrates. This metabolic reaction
is one of two types of acylation reaction and involves an activated conjugating agent, acetyl
CoA. It is hence a type 1 reaction. Acetylation is notable in that the product may be less water
soluble than the parent compound. This fact gave rise to problems with sulfonamides when
these were administered in high doses. The acetylated metabolites, being less soluble in urine,
crystallized out in the kidney tubules, causing tubular necrosis (Table 7.1). However,
acetylation does reduce the reactivity of amines and hydrazines and reduces the possibility of
oxidation by cytochrome P-450, which can lead to reactive intermediates. The enzymes, which
catalyze acetylation reactions are N-acetyltransferases, and there are two distinct forms, NAT1
and NAT2, in humans and some other species such as rabbit and hamster. These cytosolic
enzymes, with 87% homology between them, have different preferred substrates and different
distribution. NAT1 is widely distributed in many organs and tissues, including red blood cells,
whereas NAT?2 is primarily found in the Kupffer cells in the liver, and there is some activity in
the reticuloendothelial cells in the spleen, gut, and lung.

The mechanism of action of N-acetyltransferase has been extensively studied and is well
understood.

This involves first acetylation of the enzyme by acetyl CoA (Fig. 4.67), followed by
addition of substrate, and then transfer of the acetyl group to the substrate. With loss of the
acetylated product, the enzyme is regenerated.

Although the two forms of the enzyme have preferred substrates, there is overlap
between them such that no substrate seems to be exclusively acetylated by one or the other.
Some preferred NAT1 substrates are p-aminobenzoic acid and p-aminosalicylic acid and
sulfanilamide, whereas preferred substrates for NAT2 include isoniazid, hydralazine,
procainamide, and dapsone.

Some chemicals, such as 2-aminofluorene, are acetylated to a similar extent by both
NAT1 and NAT2.

The acetylation of sulfanilamide is illustrated in Figure 4.68, and it can be seen that either
the N* amino nitrogen or the N' sulfonamido nitrogen can be acetylated, or indeed both.
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R—NH, + Acetyl—S—CoA —— > RNHCOCH; + CoASH

CH;COSCoA  CoASH CH3C(£ RNH, RNHCOCH,
Enzyme Acetylated enzyme Enzyme
(Acetyltransferase)

Figure 4.67 Reaction sequence for N-acetyltransferase.

NHCOCH,
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SO,NH,
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SO2”” SO,NHCOCH,
Sulphanilamide
Figure 4.68 Acetylation of sulfanilamide

on the N1-sulfonamido or N4-amino nitro-
gen to give the N1- and N4-acetyl and N1,
SO,NHCOCH, N4-diacetyl derivatives.

It has been found, however, that the acetylation of certain compounds in man and in the
rabbit shows wide interindividual variation. This variation in acetylation is a genetic
polymorphism in NAT2 and shows a bimodal distribution with two phenotypes, known as
rapid and slow acetylators. The slow acetylator has a mutation, which gives rise to a less active
form of the enzyme. This is discussed in more detail in the next chapter.

The acetylation polymorphism has a number of toxicological consequences, which will
be discussed more fully in chapters 5 and 7.

Only certain substrates such as isoniazid, procainamide, and hydralazine (NAT2
substrates) are polymorphically acetylated. Others, sulfanilamide, p-aminobenzoic acid, and
p-amino salicylic acid (NAT1 substrates), do not show the clear bimodal variation in acetylation,
leading to the suggestion that NAT1 does not show any genetic polymorphisms. However, there
is now evidence that this isoform does also show some genetic polymorphisms, although there is
less variation than there is in NAT2.

As with sulfate conjugation, acetylation can lead to toxic metabolites being formed. Thus
as well as N-acetylation, O-acetylation can also occur. For example, N-hydroxy-2-aminofluorene
can undergo acetylation of the hydroxyl group, catalyzed by NAT2, to yield 2-
acetoxyaminofluorene. However, this acetyl group is, like sulfate, a good leaving group and
can be cleaved off chemically, to leave a reactive nitrenium ion, which can react with DNA
(chap. 7, Fig. 1).

Apart from direct O-acetylation, N,O-transacetylation can also occur. Thus 2-
acetylaminofluorene can undergo first oxidation to N-hydroxyacetylaminofluorene and then
N,O-transacetylation takes place, which yields the same product, 2-acetoxyaminofluorene,
which then yields the same reactive nitrenium ion. See more details in chapter 7 and Figure 1
in chapter 7. These reactions can also occur with certain other aryl amines and are believed to
underlie cancers in various organs following occupational exposure. For example, benzidine
and 2-napthylamine (Fig. 4.53) have both been used in industry and are recognized as
carcinogens, being associated particularly with bladder cancer in man.
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Figure 4.69 Metabolism of the carcinogen benzidine showing oxidation and acetylation. Both routes of
acetylation can give rise to a reactive nitrenium ion and DNA adducts. Abbreviation: NAT, N-acetyltransferase.

Thus benzidine can be either oxidized by CYP1A2 or N-acetylated and then the
hydroxylated product can be O-acetylated. Alternatively the N-acetylated product can be
hydroxylated and then undergo an N,O-acetyltransfer to yield the same product. This final
product can then lose the O-acetyl group in the acidic conditions of the bladder to yield a
reactive nitrenium ion, which reacts with DNA (Fig. 4.69).

Both NAT1 and NAT2 N-acetylate benzidine and O-acetylate the N-hydroxy metabolite.
Because NAT2 and, to a lesser extent, NAT1 both show variation in the human population, this
influences susceptibility to the carcinogenic effects of arylamines such as benzidine. With other
aromatic amines, such as the heterocyclic amines found as food pyrolysis degradation
products, N-acetylation is not favored, N-oxidation being the primary route followed by O-
acetylation. This seems to take place in the colon.

The level of NAT therefore influences the cancer risk, with low NAT2 being associated
with an increased risk of bladder, liver, breast, and lung cancer, but decreased risk of colon
cancer. Conversely, low NATT1 is associated with an increased risk of bladder and colon cancer
but decreased lung cancer.

Other examples of the role of the acetylation polymorphism in relation to drug toxicity
will be discussed in chapters 5 and 7.

Conjugation with Amino Acids
This is the second type of acylation reaction. However, in this type the xenobiotic itself is
activated, and it is therefore a type 2 reaction. Organic acids, either aromatic such as salicylic



114 Chapter 4

COOH CO—S—CoA
Ao + AMP + PPi
CoASH
Benzoic Acid Benzoyl CoA
CO—S—CoA CO—NH—CH,—COOH

+  NHy,—CH,—COOH ——> @

Benzoyl glycine
(Hippuric Acid)

Figure 4.70 Conjugation of benzoic acid with glycine.

acid (see chap. 7) or aliphatic such as 2-methoxyacetic acid, are the usual substrates for this
reaction, which involves conjugation with an endogenous amino acid. The particular amino
acid depends on the species of animal exposed, although species within a similar evolutionary
group tend to use the same amino acid. Glycine is the most commonly used amino acid, but
taurine, glutamine, arginine, and ornithine can also be used. The mechanism involves first
activation of the xenobiotic carboxylic acid group by reaction with acetyl CoA (Fig. 4.70). This
reaction requires ATP and is catalyzed by a ligase or acyl CoA synthetase, which is a
mitochondrial enzyme.

The S-CoA derivative then acylates the amino group of the particular amino acid in an
analogous way to the acetylation of amine groups described above, yielding a peptide
conjugate. This is catalyzed by an amino acid N-acyltransferase, which is located in the
mitochondria. Two such enzymes have been purified, each using a different group of CoA
derivatives.

Bile acids are also conjugated with amino acids in a similar manner, but different
enzymes are involved.

Although bile acid conjugates with amino acids are normally excreted into bile, amino
acid conjugates of xenobiotics are usually excreted into urine. Conjugation with endogenous
amino acids facilitates urinary excretion because of the organic anion transport systems located
in the kidney tubules.

Amino acid conjugation of profen drugs leads to chiral inversion, as discussed in chapter 5.

Generally amino acid conjugation is a detoxication reaction. However, amino acid
conjugation with hydroxylamino groups (N-hydroxy) can lead to the formation of reactive
nitrenium ions, as already discussed with sulfate conjugation and acetylation. For example, the
conjugation of serine with N-hydroxy-4-aminoquinoline-1-oxide (Fig. 4.40 for structure) leads
to such a reactive nitrenium ion. This requires the enzyme serine-tRNA synthetase.

Methylation

Amino, hydroxyl, and thiol groups and heterocyclic nitrogen in foreign compounds may
undergo methylation in vivo (Fig. 4.71) in the same manner as a number of endogenous
compounds. The methyl donor is S-adenosyl methionine formed from methionine and ATP
(chap. 7, Fig. 64), and so again it is a type 1 reaction with an activated donor. The reactions are
catalyzed by various methyltransferase enzymes, which are mainly cytosolic although some
are located in the endoplasmic reticulum. Some of these enzymes are highly specific for
endogenous compounds such as the N-methyltransferase, which methylates histamine. However,
a nonspecific N-methyltransferase exists in the lung and other tissues, which methylates both
endogenous compounds and foreign compounds such as the ring nitrogen in nornicotine and
the secondary amine group in desmethylimipramine. Catechol-O-methyltransferase is a
cytosolic enzyme, which exists in multiple forms and catalyzes the methylation of both
endogenous and exogenous catechols and trihydric phenols. A microsomal O-methyltransferase
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Figure 4.71 N-, O-and S-methylation reactions.

is also found in mammalian liver, which methylates phenols such as paracetamol. Methylation
of 4-hydroxyestradiol by catechol-O-methyltransferase is believed to be a detoxication reaction.

Thiol S-methyltransferase is a microsomal enzyme found in the liver, lung, and kidney,
which will catalyze the methylation of a wide variety of foreign compounds. A number of
sulfur-containing drugs such as disulfiram, D-penicillamine, and 6-mercaptopurine are
methylated in humans by thiol S-methyltransferase or thiopurine methyltransferase.
Methylation of the anticancer drug thiopurine by the latter enzyme is a detoxication reaction,
reducing the myelotoxicity of the drug (see Fig. 4.18, which shows the reverse of this reaction).

Hydrogen sulfide, H,S, is detoxified by methylation first to methanthiol (CH;SH), which
is highly toxic, but is then further methylated to dimethylsulfide (CH;-S-CHj). The thiol
products of B-lyase may also be methylated by this enzyme.

Metals can also undergo methylation reactions.

For example, mercury is methylated by microorganisms:

Hg’" — CH3Hg" — (CH,),Hg

In this reaction, the physicochemical properties, toxicity, and environmental behavior are
altered. The products methylmercury and dimethylmercury are more lipophilic, neurotoxic,
and persistent in the environment than elemental or inorganic mercury (see chap. 7).

Other metals such as tin, lead, and thallium may also be methylated as can the elements
arsenic and selenium. Thus, the methylation reaction, like acetylation, tends to reduce the
water solubility of a foreign compound rather than increase it.

4.5 GENERAL SUMMARY POINTS

The foregoing discussion has by no means covered all the possible metabolic transformations
that a foreign compound may undergo, and for more information, the reader should consult
the Bibliography. However, some general points should be made at this stage.

1. Generally the enzymes involved in xenobiotic metabolism are less specific than the
enzymes involved in intermediary, endogenous substrate metabolism.

2. However, apart from absolute specificity, foreign compounds may also be substrates
for enzymes involved in endogenous pathways, often with toxicological consequen-
ces. Thus, for example, with VPA (see above), fluoroacetate, and galactosamine
(see chap. 7) involvement in endogenous metabolic pathways is a crucial aspect of
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the toxicity. The chemical structure and physicochemical characteristics will
determine whether this occurs or not.

3. Foreign compounds do not necessarily only undergo one metabolic transformation. It
is obvious from the preceding discussion that there are many possible routes of
metabolism for many foreign compounds. What determines which will prevail is not
always clear. However, in many cases, several routes will operate at once giving rise
to a variety of metabolites each with different biological activity. The balance and
competition between these various routes will therefore be important in determining
toxicity. This is well illustrated by bromobenzene and isoniazid (see below and chap. 7).

4. Metabolism may involve many sequential steps, not just one phase 1 followed by one
phase 2 reaction. Phase 1 reactions can sometimes follow phase 2 reactions, one
molecule can undergo several phase 1 reactions, and cyclical or reversible metabolic
schemes may operate. Thus, further metabolic transformations, sometimes termed
phase 3 reactions, can convert a detoxified metabolite into a toxic product (see
hexachlorobutadiene and hydroquinone).

An example is the metabolism of glutathione conjugates to toxic thiols
previously mentioned. Further metabolism may occur as a result of biliary excretion,
for example. Thus glucuronic acid conjugates excreted via the bile into the intestine
can be catabolized by bacterial f-glucuronidase to the aglycone, which may be either
reabsorbed or further metabolized by the gut flora and then reabsorbed. Similarly,
glutathione conjugates can follow the same type of pathway by the action of
intestinal and bacterial enzymes to yield thiol conjugates as already described.

5. The rates of the various reactions will vary. This may be due to the availability of
cofactors, concentration of enzyme in a particular tissue, competition with other,
possibly endogenous, substrates or to intrinsic factors within the enzymes involved.
This variation in rates will clearly affect the concentrations of metabolites in tissues,
and the half-life of parent compound and metabolites. It may lead to accumulation of
intermediate metabolites.

6. Metabolism of foreign compounds is not necessarily detoxication. This has already
been indicated in examples and will become more apparent later in this book. This
may involve activation by a phase 1 or phase 2 pathway or transport to a particular
site followed by metabolism. Phase 1 reactions, particularly oxidation, can be
responsible for the production of reactive intermediates such as epoxides, quinones,
hydroxylamines, and free radicals, which lead to toxicity. However, phase 2 reactions
can also result in toxicity in some cases.

Thus, sulfate conjugation and acetylation may be involved in the metabolic
activation of N-hydroxy aromatic amines, glutathione conjugation may be important
in the nephrotoxicity of compounds, methylation in metal toxicity, glucuronidation
in the carcinogenicity of f-naphthylamine and 3, 2’-dimethyl-4-aminobiphenyl.

4.6 CONTROL OF METABOLISM

The metabolic pathways, which have been discussed in this chapter are influenced by many
factors, some of which are discussed in chapter 5. Such factors may have an effect on the
toxicity of a compound as indicated below, and these are discussed in more detail in chapter 5.

But it is important to appreciate that the metabolism of foreign compounds is not
completely separate from intermediary metabolism, but linked to it. Consequently, this will
exert a controlling influence on the metabolism of foreign compounds. Some of the important
factors controlling xenobiotic metabolism are

1. the availability of cofactors such as NADPH,
2. the availability of co-substrates such as oxygen and glutathione, and
3. the level of particular enzymes.

The NADPH level is clearly important for phase 1 reactions, yet many biochemical
processes, such as fatty acid biosynthesis, use this coenzyme. It is derived from either the
pentose phosphate shunt or isocitrate dehydrogenase. Consequently, the overall metabolic



Factors Affecting Toxic Responses: Metabolism 117

condition of the organism will have an influence on the NADPH supply as there will be
competition for its use. This may be important in paraquat toxicity where NADPH may be
depleted (see chap. 7).

Oxygen is normally readily available to all reasonably well-perfused tissues, but deep
inside organs such as the liver, especially the centrilobular area (see chap. 6), there will be a
reduction in the oxygen concentration. This is clearly important when both oxidative and
reductive pathways are available for a particular substrate. Therefore, as conditions in a
particular tissue become more anaerobic, reductive pathways will become more important.
This is well illustrated by the metabolism of halothane where, in the rat, hypoxia will increase
reductive metabolism and hepatotoxicity (see chap. 7). Glutathione is an extremely important
cofactor, involved in both protection and conjugation. It may be depleted by both of these
processes, or under certain circumstances, such as hereditary glucose-6-phosphate deficiency
in man, supply may be reduced (see chap. 5). This will clearly influence toxicity, and there are
a number of examples discussed in chapter 7 in which it is important.

Other co-substrates possibly limited in supply are inorganic sulfate and glycine for
conjugation; these may be important factors in paracetamol hepatotoxicity and salicylate
poisoning, respectively (chap. 7).

The level of a particular enzyme involved in xenobiotic metabolism can obviously affect
the extent of metabolism by that enzyme. Again, competition may play a part if endogenous
and exogenous substrates are both metabolized by an enzyme, as is the case with some of the
forms of cytochromes P-450, which metabolize steroids, or NADPH cytochrome P-450
reductase and cytochrome bs reductase, which are also involved in heme catabolism and fatty
acid metabolism, respectively.

The synthesis and degradation of enzymes such as cytochromes P-450 are therefore
important factors and, as discussed in detail in the next chapter, can be modified by exogenous
factors.

4.7 TOXICATION VS. DETOXICATION

Although the biotransformation of foreign compounds is often regarded as a detoxication
process, this is not always the case. Metabolites or intermediates may sometimes be produced,
which are more toxic than the parent compound. These may be the result of phase 1, 2, or 3
reactions, although phase 1 reactions are the most commonly involved. The intermediates or
metabolites responsible for the toxicity may be chemically reactive or stable.

When the metabolic process produces a metabolite, which is chemically reactive, this
process is known as metabolic activation or bioactivation. The exact chemical reactivity might
indeed be crucial, and there may be an optimum level for this reactivity. Thus, metabolism can
underlie the toxicity of a compound, and there will be many examples given throughout this
book. However, a discussion of the general principles is appropriate here.

It is often the case that there are several metabolic pathways available for a foreign
compound. Some of these pathways could be detoxication pathways, while others might lead
to toxicity (Fig. 4.72). When this situation arises, there is the possibility of competition between
pathways and, as indicated above, various factors can influence the balance between them.
Furthermore, biological systems often have protective mechanisms for the removal of such
reactive intermediates. However, these systems may sometimes be overloaded, suffer failure,
or be absent in some tissues.

Thus the balance between detoxication and toxication will be affected by many factors
such as

1. relative rates of the toxication and detoxication pathways: these will be influenced
by the availability of enzymes and the kinetic parameters of the enzymes involved,
availability of cofactors,

availability of protective agents,

dose and saturability of metabolic pathways,

genetic variation in enzymes catalyzing various pathways,

induction or inhibition of the enzymes involved,

species or strain of animal,

NSOk N
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Figure 4.72 The various possible consequences of metabolism of a foreign compound. The compound may
undergo detoxication (2); metabolic activation (3), which leads to interaction with critical targets (6) and may cause
toxic effects (8; A). Alternatively, the parent compound might cause a direct toxic effect (1; B). Formation of a
stable metabolite (7) could cause a toxic effect (9; C). The stable metabolite could be further metabolized to a toxic
metabolite (10) responsible for a different toxic effect to C. The reactive metabolite may be detoxified (4/5). The
types of toxic effect caused by the metabolites would be one or more of the various types shown.

8. tissue differences in enzyme and isoenzyme patterns,

9. diet,
10. age,
11. disease, and
12. sex.

Because of such factors, differences in enzyme activity or level or availability of cofactors
and protective agents will change the balance between toxication and detoxication within an
organism between organs or tissues. This leads to particular organs being targets for toxicity,
while others are spared. Similarly, some species or individuals will be more or less susceptible
or even resistant because of similar variation.

Of course, one particularly important consideration is dose, as this can dramatically
change the balance as a result of saturation or depletion of cofactors.

It will become clear from many of the examples in this book that in many cases,
especially with drugs, it is not the parent chemical, which is responsible for the toxicity but a
metabolic product. This metabolic product may react chemically with an endogenous
constituent. Furthermore, toxicity is often a result of failure in detoxication, allowing a
chemically reactive substance to wreak damage in the cell.

If detoxication does not remove them, reactive metabolites to which we are exposed can
combine covalently with tissue macromolecules of many kinds. Alternatively, a chemical or its
metabolite can start a process such as oxidative stress by reacting with oxygen or by changing
an endogenous substance such that it in turn will react with oxygen.

Often but by no means always, reactive metabolites are produced by phase 1 reactions,
commonly oxidation reactions. Therefore, cytochrome P-450 is regularly a culprit, and we can
identify certain reactions, which are often involved. Reactive metabolites are often electro-
philes, sometimes free radicals and occasionally nucleophiles.
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For example, epoxides, both aliphatic and aromatic, being chemically unstable are
usually potentially reactive metabolites. Quinones and quinoneimines similarly are known to be
able to react chemically with endogenous constituents of the cell.

Other examples of electrophilic toxic chemicals are aldehydes and ketones, especially
unsaturated ones, acyl halides and cyanates.

It should be noted, however, that reactive metabolites are not necessarily, indiscriminately
reactive with all cellular constituents. Indeed to be specifically toxic, they are more likely to be
specifically reactive with particular groups on proteins, nucleic acids, or fatty acids.

For example, hexane 2,5-dione, a diketone metabolite of the solvent hexane, is reactive
toward particular groups in proteins, the lysine amino groups, but is not especially chemically
reactive in general terms (see chap. 7).

Another example is paraquat, which can accept an electron from donors such as
NADPH, becoming a stable free radical, which is not chemically reactive. However, it will
generate reactive oxygen species by donating an electron to available oxygen (see chap. 7).

Highly reactive metabolites, which will react indiscriminately with many molecules in
the cell, will be likely to be detoxified either by reaction with abundant molecules such as
water or glutathione, possibly the nearest neighbor. They will not be likely to reach a specific
target such as DNA.

It should also be appreciated that even though a reactive chemical reacts covalently with a
protein such as an enzyme, this may not lead to toxicity. This could be due to the protein not having
a critical function or there being significant reserves of activity for an enzyme so that even if it is
inhibited, sufficient activity remains (e.g., organophosphate inhibition of cholinesterases, see chap. 7).

Stable metabolites can also sometimes be responsible for toxicity via interaction with
critical macromolecules or other mechanisms (see chaps. 6 and 7).

Various enzymes can produce reactive intermediates by metabolism, especially
cytochrome P-450, but also peroxidases, FMO, prostaglandin synthetase, MAO.

Such enzyme-mediated reactions can produce different reactive intermediates, namely,

an electrophile
a nucleophile

a free radical

a redox reagent

Ll N

Reactive metabolites can react with important macromolecules including enzymes, DNA,
or lipids. As indicated in Figure 4.72, this could lead to necrosis, an immunological reaction, a
mutation, or cancer.

4.7.1 Electrophiles
Electrophiles, the most common type of reactive intermediate, are molecules with an electron-
deficient atom, so having a full or partial positive charge.

They seek to share electrons with other molecules (e.g., nucleophiles). There are many
types of electrophile as indicated in Table 4.5.

A number of these examples will be discussed in detail in chapter 7. Electrophiles are
often formed by oxidative metabolism, catalyzed by cytochrome P-450, peroxidases or alcohol
dehydrogenase. These can give rise to epoxides, quinones and aldehydes, ketones,

Table 4.5 Formation of Reactive Electrophiles by Metabolic Toxication of Drugs

Enzymes catalyzing

Electrophile Parent compound toxication Toxic effect

Acetaldehyde Ethanol ADH Hepatic damage

Acyl glucuronide Diclofenac Glucuronosyl transferase Hepatic toxicity

DES-4-4’quinone Diethylstilboestrol Peroxidases Carcinogenesis

Nitroso sulfamethoxazole Sulfamethoxazole Cyt. P-450 Immunotoxicity
N-acetyl-p-benzoquinoneimine Paracetamol Cyt. P-450 Hepatic necrosis
Trifluoroacetylchloride Halothane Cyt. P-450 Immune mediated hepatic damage
Reactive carbocation Tamoxifen Cyt. P-450 Cancer

Abbreviations: ADH, alcohol dehydrogenase; Cyt. P-450, cytochrome P-450.
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phosphonates, nitroso compounds, and acyl halides. Oxidation may lead to conjugated double
bonds being introduced.

This is due to the fact that the insertion of an oxygen atom, being electron withdrawing,
may cause the carbon atom to which it is attached to become positive (Fig. 4.73).

However, phase 2 conjugation can also on occasion produce electrophilic intermediates/
metabolites, such as the sulfate conjugation of hydroxytamoxifen (see chap. 7), and the
formation of acyl glucuronides with acidic drugs such as diclofenac (Fig. 4.54).

With tamoxifen, loss of the sulfate group cleaves the bond and yields a benzylic
carbocation. In the case of diclofenac, the carbonyl carbon is reactive and can react with
nucleophiles (Fig. 4.54), but the conjugate can also rearrange and yield a reactive, electrophilic
aldehyde.

In other cases, conjugation of an aromatic hydroxylamino group yields a positively
charged nitrenium ion. Reactive intermediate metabolites and positively charged electrophilies
can also be produced by reduction. For example, metals salts such as chromate can be reduced
(to Cr’") and nitro groups can be reduced to nitroso groups.

Electrophiles can be hard or soft. Thus hard electrophiles react with nucleophilic sites in
molecules such as O, N, C in nucleic acids or the S in methionine in proteins. Hard
electrophiles are typically genotoxic such as the benzo(a)pyrene diol epoxide (see chap. 7).

In contrast, soft electrophiles react with nucleophilic SH groups in GSH and proteins.
Soft electrophiles are typically cytotoxic, such as the metabolite of paracetamol, N-acetyl-p-
benzoquinoneimine (Fig. 4.73) (see also chap. 7). So reactivity with GSH depends on the
hardness/softness of the electrophile.

4.7.2 Nucleophiles
These are molecules, which have an electron-rich atom. They are therefore electron donating
and tend to react with electrophiles.

These are formed much less commonly than electrophiles. An example is cyanide (CN7),
which can be produced by metabolism of acrylonitrile, or of the drug sodium nitroprusside.
Carbon monoxide is another example, which can be produced by metabolism of methylene
chloride.
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A target for both these substances (CO and CN) is the ferric cationic form of iron found in
cytochromes and hemoglobin (see chap. 7).

Hydrazines may be nucleophiles such as when they interact with aldehyde and keto
groups to form hydrazones. This is the basis for the inhibition of enzymes such as transaminases,
which rely on pyridoxal phosphate as a coenzyme. Mono-substituted hydrazines can be formed
as metabolites when azo groups are reduced, dialkylated hydrazines are dealkylated or
hydrazides are hydrolysed.

Thus toxic metabolites of isoniazid are acetylhydrazine and hydrazine. The formation of
some of these nucleophiles is shown in Figure 4.74.

It should be noted that acetylhydrazine can also be further metabolized to an electrophilic
reactive intermediate by cytochrome P-450. This will be discussed in detail in chapter 7.

4.7.3 Free radicals

These are molecules or fragments, which have one or more unpaired electron. They may be
charged or uncharged. Because the electron is unpaired, free radicals are generally, but not
exclusively, very reactive. They are formed in one of three ways:

1. By accepting an electron
2. By losing an electron
3. By hemolytic cleavage of a covalent bond

1. The drugs doxorubicin and nitrofurantoin and the herbicide paraquat can acquire
electrons from a source such as a reductase enzyme (Fig. 4.75).

However, even if the free radical is stable and is not especially reactive, as in these
cases, if that electron can be donated to another molecule, then a different but possibly
very reactive radical can be generated.

For example, these chemicals all donate electrons to oxygen, producing highly
reactive and so potentially toxic superoxide anion radical (see chap. 7).

With paraquat, doxorubicin, and nitrofurantoin, once the electron is donated to
oxygen, another can be acquired, and so the process can continue as long as there is a
source of electrons and the chemicals are present. This is called “redox cycling” (see
chap. 6).

2. A number of nucleophilic molecules can lose electrons in enzyme-catalyzed reactions (e.g.,
peroxidase). Thus hydrazines, amines, hydroquinones, phenothiazines, thiols, and
aminophenols can form free radicals by this mechanism.

Hydroquinones, for example, can form semiquinone radicals and then quinones in a
two-step oxidation reaction. The semiquinone radical is potentially reactive but so also is
the quinone, which can easily form an electrophile. Furthermore, quinones can also take
part in redox cycling by accepting electrons and so generate reactive oxygen species.
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Similarly, aminophenols can be oxidized to semiquinones and quinoneimines. This
can be carried out by oxyhemoglobin (Hb-Fell-O,). However, the reactive products,
semiquinones and quinoneimines can oxidize the hemoglobin to ferrihemoglobin (Hb-
Felll), which leads to toxicity as it cannot carry oxygen.

3. Homolytic cleavage of covalent bonds is an alternative means of generating free radicals.
This may be assisted by the addition of an electron as in the case of carbon tetrachloride
activation. The electron may be donated by cytochrome P-450, allowing the loss of chloride
ion and the production of a trichloromethyl radical (Fig. 4.7). This can initiate other radical
reactions by reacting with oxygen or unsaturated lipids.

4.7.4 Redox Reagent

These are atoms or molecules able to produce reactive species [such as reactive oxygen species
(ROS)] and may be oxidizing agents. Examples are hydrogen peroxide, hypochlorous acid,
Cr(V) (Fig. 4.76), the drug metabolites dapsone hydroxylamine and 5-hydroxyprimaquine
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(see chap. 7). Hypochlorous acid can be produced in vivo by neutrophils as part of the
oxidative burst. It has been suggested as an important alternative route for the oxidation of
drugs such as hydralazine (see chap. 7) and may be involved in the toxicity. Dapsone and
primaquine, drugs used for the treatment of infectious diseases, both undergo hydroxylation
to products, which can oxidize hemoglobin to methemoglobin and cause hemolytic anemia
(Fig. 4.7).

Reactive intermediates are of variable reactivity, but it does not follow that the most
reactive are the most toxic.

Ultra Short-Lived Reactive Intermediates
These generally bind to enzyme that produces them and destroy or inhibit it. For example,
olefins and acetylenes bind to nitrogen atoms in the pyrrole part of cytochrome P-450. This
may lead to the release of the Fe and destruction of the enzyme. The intermediate can be
detected as bound to the enzyme protein or active site.

For example, the reactive metabolites of the drug allobarbital (epoxide), the industrial
chemical vinyl chloride (epoxide), and the solvent carbon tetrachloride (CCl; radical) all
damage cytochrome P-450 by this type of mechanism (see chap. 7).

Short-Lived Reactive Metabolites/Intermediates
These can diffuse away from the enzyme where they are produced and interact with other
constituents of the cell.

Such intermediates may also travel to adjacent cells. These intermediates can be detected
as they are covalently bound to cellular constituents. Examples include the reactive metabolite
produced from paracetamol (NAPQUI) and bromobenzene epoxide (see chap. 7).

Longer-Lived Metabolites/Intermediates

These can be transported to neighboring cells and tissues. For example, they may be produced
in the liver and transported to the kidney, bladder, or lung. For example, the glutathione
conjugates of hexachlorobutadiene (see chap. 7) and methylisocyanate.

4.7.5 Toxicity and Reactivity of Reactive Intermediates
Reactive intermediates can be toxic in a variety of ways:

Covalent binding to protein

Oxidation of protein sulfydryls

Destruction of enzyme-active site

Initiation of lipid peroxidation

Oxidation of proteins

Formation of DNA adducts

Formation of immunogenic adducts

Depletion of glutathione

Depletion or modification of a cofactor
Inhibition of enzyme or other protein function
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Clearly reactive intermediates are of variable reactivity, but it does not follow that the
most reactive ones are the most toxic.

Many of these factors will operate independently, and toxicity will often only result
when several conditions apply together. These various factors are discussed in more detail in
chapter 5 and are also apparent in some of the examples in chapter 7.

SUMMARY

Metabolism is the (bio)transformation of a molecule into one or more different chemical

entities. This is catalyzed by enzymes present in many tissues but predominantly the liver.
The metabolism of a xenobiotic will change its physicochemical properties, usually

increasing water solubility, size, and molecular weight and therefore increasing excretion. The
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consequences of metabolism are therefore a reduction in the biological half-life and hence
exposure, a change in the nature and duration of biological activity, and a reduction in
accumulation.

Toxicity is often but not always reduced by metabolism.

The biotransformation of a chemical is determined by its structure, physicochemical
properties, and enzymes in the tissues exposed. Biotransformation can be divided into phase 1
(oxidation, reduction, and hydrolysis) and phase 2 (conjugation). Further metabolism of
conjugates has been termed phase 3.

Phase 1
The most important enzyme involved in biotransformation is cytochrome P-450, which
catalyzes many phase 1 reactions. This enzyme is located primarily in the SER (microsomal
fraction) of the cell and is especially abundant in liver cells. Cytochrome P-450 primarily
catalyzes oxidation reactions and consists of many isoforms (isozymes). These isoenzymes
have overlapping substrate specificities. The most important subfamily in humans is CYP3A4,
although there is considerable variation in CYP3A4 expression between individuals.

There are other components of the P-450 system, namely, NADPH cytochrome P-450
reductase, NADH cytochrome bs reductase, and cytochrome bs.

Oxidation

Major oxidations are aromatic, aliphatic, alicyclic, heterocyclic, N-oxidation, S-oxidation,
dealkylation. Other enzymes also catalyze phase 1 reactions: microsomal flavin monooxy-
genases, amine oxidases, peroxidases, and alcohol dehydrogenase.

Reduction

Major reduction reactions are azo reduction and nitro reduction. The enzymes (reductases) are
found in gut flora but also mammalian tissues. Reduction catalyzed by cytochrome P-450 can
occur (e.g., dehalogenation). DT diaphorase carries out two-electron reductions.

Hydrolysis

Major hydrolysis reactions are ester and amide hydrolysis. These are catalyzed by a group of
enzymes with overlapping substrate specificity and activity. Hydrazides can also undergo
hydrolysis. Some of the newer drugs such as hormones, growth factors, and cytokines now
being produced are peptides, and certain toxins are also peptides or proteins, so the role of
peptidases may be important.

Hydration
Epoxides may undergo addition of water.

Phase 2

Conjugation involves addition of an endogenous moiety to a foreign molecule, which may be a
product of a phase 1 reaction. Major phase 2 routes: conjugation with glucuronic acid, sulfate,
glutathione; amino acids; acetylation; methylation. Enzymes involved are transferases except
in the case of amino acid conjugation where the first step is catalyzed by an acyl CoA
synthetase, then a transferase is involved.

With the exception of acetylation and methylation, conjugation renders the whole
molecule more polar and hydrophilic (less lipid soluble). This facilitates excretion and reduces
the likelihood of toxicity.

Control of metabolism depends on various factors including the availability of cofactors
(e.g., NADPH), co-substrates (e.g., oxygen), and the level and activity of particular enzymes.

Toxication versus Detoxication
Metabolism may be detoxication in many cases, but sometimes it produces a more toxic or
reactive metabolite.
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Enzymes, especially cytochrome P-450, can produce reactive intermediates by metab-
olism, namely,

An electrophile
A nucleophile
A free radical
A redox reagent
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Such reactive metabolites can react with important macromolecules including enzymes,
DNA, or lipids.

However, there may be more than one metabolic pathway for a particular chemical; one or
more being detoxication pathways, another pathway producing a toxic metabolite. Therefore, the
balance between these becomes crucial and the factors, which affect this balance very important.

REVIEW QUESTIONS

1. Write short notes on three of the following:
a. cytochrome P-450
b. glutathione
c. N-acetyltransferase
d. glucuronic acid

List three consequences of metabolism.
Where in the cell is cytochrome P-450 mostly located?
Give two examples of phase 1 metabolic transformations and two examples of
phase 2 transformations.
5. Which of the following are required by cytochrome P-450:
Oxygen
NADPH
Zinc
Water
NADH cytochrome P-450 reductase.
6. How many different phase 1 metabolites can benzene form?
7. Is N-demethylation a result of carbon oxidation or nitrogen oxidation?
8
9

Ll

. What cofactor(s) is (are) required for sulfate conjugation?
. Is glutathione conjugation the result of a chemical reaction or an enzyme-mediated
reaction?
10. Which amino acid is commonly used for conjugation of aromatic acids?
11. What biotransformation might inorganic mercury undergo in a biological system?
12. Which is the most important isoform of cytochrome P-450 in humans?
13. What are the types of reactive intermediates, which can be produced by enzymes?
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5 | Factors Affecting Metabolism
and Disposition

5.1 INTRODUCTION

In the preceding two chapters, the disposition and metabolism of foreign compounds, as
determinants of their toxic responses, were discussed. In this chapter, the influence of various
chemical and biological factors on these determinants will be considered.

It is becoming increasingly apparent that the toxicity of a foreign compound and its
mode of expression are dependent on many variables. Apart from large variations in
susceptibility between species, within the same species many factors may be involved. The
genetic constitution of a particular organism is known to be a major factor in conferring
susceptibility to toxicity in some cases. The age of the animal and certain characteristics of its
organ systems may also be important internal factors.

External factors such as the dose of the compound or the manner in which it is given, the
diet of the animal, and other foreign compounds to which it is exposed are also important for
the eventual toxic response. Although some of these factors may be controlled in experimental
animals, in the human population they remain and may be extremely important.

For a logical use of experimental animals as models for man in toxicity testing, these
factors must be appreciated and used for the fullest possible exploration of potential toxicity.

The factors affecting the disposition and toxicity of a foreign compound may be divided
into chemical and biological factors.

Chemical factors: lipophilicity, size, structure, pK,, ionization, chirality.

Biological factors: species, strain, sex, genetic factors, disease and pathological
conditions, hormonal influences, age, stress, diet, tissue and organ specificity,
dose, and enzyme induction and inhibition.

5.2 CHEMICAL FACTORS

The importance of the physicochemical characteristics of compounds has already been alluded
to in the previous two chapters. Thus, lipophilicity is a factor of major importance for the
absorption, distribution, metabolism, and excretion of foreign compounds. Lipophilic
compounds are more readily absorbed, metabolized, and distributed, but more poorly
excreted, than hydrophilic compounds.

The distribution of compounds is profoundly affected by lipophilicity, and this may in
turn influence the biological activity. Lipophilic compounds are more readily able to distribute
into body tissues than hydrophilic compounds and there exert toxic effects or be sequestered
and be redistributed later to other tissues. As already discussed (see above, chap. 3, pages 30
and 48), comparison of the two drugs thiopental and pentobarbital illustrates the importance
of lipophilicity. Similarly, the influence of size, structure, and ionization have been mentioned.
For example, there is a correlation between the nephrotoxicity of the aminoglycoside
antibiotics, such as gentamycin, and structure, although other factors are also involved. The
more ionizable amino groups on the aminoglycoside molecule, the greater the nephrotoxicity.
The underlying reason for this is binding of the drug to anionic phospholipids on the brush
border of the proximal tubular cells in the kidney and subsequent accumulation (see chaps. 6
and 7). Some chemicals (including a significant number of drugs) cause the excessive
accumulation of phospholipids (phospholipidosis), which is directly related to the
physicochemical properties of the drug or metabolite. Thus, the chemical should be cationic
and amphipathic (drugs with this property are called CADs).
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Chlorphentermine regions. Abbreviation: CAD, cationic amphipathic drug.

This means that the drug molecule has a hydrophobic section and a cationic hydrophilic
section (Fig. 5.1). The hydrophobic section will associate with lipid and the hydrophilic,
cationic section will associate with the aqueous phase.

Drugs that cause phospholipidosis are cationic amphiphiles; they contain a hydrophobic
ring structure and a hydrophilic side chain with a positively charged amine group. Such
chemicals can interact with either the ionic (e.g., chlorophentermine) or hydrophobic (e.g.,
amiodarone) moieties of phospholipids.

The lipophilicity of the drug can affect cell membrane permeability. The hydrophobicity
allows the drug to favorably interact with membrane receptors. However, the cationic nature
can affect the movement of cations such as Na™ and Ca™ across the cell membrane.

Chemicals such as these bind with phospholipids, inhibiting their hydrolysis by
phospholipases. They can also interact with phospholipases, thus limiting the ability of the
enzyme to metabolize phospholipid. Drugs, which have this structure, may also influence the
synthesis of phospholipids.

The selective uptake of paraquat is another excellent example of the importance of size
and shape in the disposition and toxicity of foreign compounds (see chap. 3, pages 40-1, and
chap. 7). Similarly, the chemical similarities between carbon monoxide and oxygen are
important in the toxic effects caused as are discussed in detail in chapter 7.

Metabolism is also affected by the physicochemical characteristics of a compound as
discussed by Hansch (1), for example, see Bibliography. Thus, with the monooxygenases there
is a correlation between the lipophilicity of a compound, as measured by the partition
coefficient, and metabolism by certain routes, such as N-demethylation, for example. This
correlation is not always clear-cut, however, as other factors may be involved. Ionization is
another factor, which may inhibit the ability of compounds to be metabolized. Size and
molecular structure are clearly important in metabolism. For example, substrates (and
inhibitors) for CYP2D6 require an extended hydrophobic region; a positively charged, basic
nitrogen; groups with negative potential; and the ability to accept hydrogen bonds positioned
5 to 7 A(0.5-0.7 nm) from the nitrogen atom. Very large molecules may not be readily
metabolized because of their inability to fit into the active site of an enzyme. As will already be
apparent from chapter 4, the molecular structure will determine what types of metabolic
transformation will take place.

Polychlorinated hydrocarbons, such as polychlorinated dibenzodioxins, dibenzofurans,
and biphenyls exist as a number of different congeners. Some of these are geometric isomers.
Many cause a range of toxic effects that are believed to be mediated by interaction with the aryl
hydrocarbon receptor (AhR) (they are known as pleiotropic effects). However, not all the
isomers cause these effects because they do not all interact with the AhR receptor. To interact
with this receptor, the molecule needs to be flat (planar). It can be seen in the diagram (Fig. 5.2)
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Figure 5.2 The structures of 2,2, 3,3, 6,6'-hexachlorobiphenyl and the geometric isomer 3,3', 4,4/, 5,5'-
hexachlorobiphenyl. This shows that only one isomer, which is planar, can interact with the AhR receptor.

that of the two isomers shown, only the 3,3',4,4',5,5'-hexachlorobiphenyl is able to be planar,
the other hexachlorobiphenyl shown must rotate to avoid the steric interaction between two
chlorine atoms. It therefore loses planarity and cannot fit into the receptor.

5.2.1 Chiral Factors

The importance of chiral factors in disposition and toxicity has been fully recognized only
relatively recently, although important examples have been known for some time. For instance
the S(—) enantiomer of thalidomide is known to have greater embryotoxicity than the R(+)
enantiomer (see chap. 7). Another example in which a particular isomer of a metabolite is
responsible for a carcinogenic effect is the exo-oxide of aflatoxin B,, discussed later in this
chapter (Fig 5.14).

Ariens (see Bibliography) has been in the vanguard of those trying to highlight the
importance of chirality, and particularly its implications for drugs. The presence of a chiral
center in a molecule, giving rise to isomers, may influence the disposition of a compound and
therefore its toxicity or other biological activity. It is clear from a consideration of the
biochemistry of endogenous compounds, where only one isomer may be metabolized or
active, that biological systems are intrinsically chiral. Therefore, it is hardly surprising that
these considerations should apply also to foreign compounds.

All four phases of disposition may be influenced by chirality. Absorption is not often
directly affected by the presence of a chiral center except when an active transport process
is involved. Thus, L-DOPA is more readily absorbed from the gastrointestinal tract than the
D-isomer. Various aspects of distribution may be affected by chirality such as protein and
tissue binding. Thus for the drug ibuprofen, the ratio of plasma-protein binding for the (+)
and (—) enantiomers is 1.5. It has been shown that the S enantiomer of propranolol undergoes
selective storage in adrenergic nerve endings in certain tissues such as the heart.

The renal excretion of compounds can also be affected by the presence of a chiral center,
probably as a result of active secretion. For example, with the drug terbutyline, the ratio for
the excretion of the (+) to (—) enantiomers was found to be 1.8. Similarly, biliary excretion of
compounds may show stereoselectivity.

Probably of more significance are chiral effects in metabolism, which can be divided into

substrate stereoselectivity (the effect of a preexisting chiral center in a molecule),
product stereoselectivity (the production of metabolic products with chiral centers),
inversion of configuration, and

loss of chirality as a result of metabolism.

LN =
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When racemic mixtures of drugs or foreign compounds are administered to animals, as
is currently often the case, stereoselective metabolism means that either two or more different
isomeric products are formed or only one isomer is metabolized. Alternatively, there may be
differences in rates of metabolism for the different isomers. All of these factors may have
significant implications with regard to the biological activity of the molecule in question. Thus
differences in rates or routes of metabolism for different isomers may underlie species, organ,
or genetic differences in metabolism and toxicity. Stereoselectivity in metabolism occurs with
cytochromes P-450 and also with other enzymes such as epoxide hydrolase and glutathione
transferases (GSTs).

As an example of the first type of chiral effect, metabolism of the drug bufuralol may be
considered. Hydroxylation in the 1’ position only occurs with the (+) isomer, whereas for
hydroxylation in positions 4 and 6, the (—) isomer is the preferred substrate (Fig. 5.3).
Glucuronidation of the side chain hydroxyl group is specific for the (+) isomer. A further
complication in human subjects is that the 1-hydroxylation is under genetic control, being
dependent on the debrisoquine hydroxylator status (see below). The selectivity for the
isomers for the hydroxylations is virtually abolished in poor metabolizers.

There are other examples in which chirality is a factor in determining which particular
metabolic route occurs, such as the metabolism of the drugs propranolol, metoprolol, and
warfarin.

An example of the second type of chiral effect in metabolism is afforded by benzolal-
pyrene, also discussed in more detail in chapter 7. This carcinogenic polycyclic hydrocarbon is
metabolized stereoselectively by a particular cytochrome P-450 isozyme, CYP1A1l, to the
(4+)-7R,8S oxide (chap. 7, Fig. 5.2), which in turn is metabolized by epoxide hydrolase to the
(—)-7R,8S dihydrodiol. This metabolite is further metabolized to (4)-benzolalpyrene, 7R,85
dihydrodiol, 9S,10R epoxide in which the hydroxyl group and epoxide are trans and which
is more mutagenic than other enantiomers. The (—)-7R,8S dihydrodiol of benzolalpyrene is
10 times more tumorigenic than the (+)-7R,8S enantiomer. It was reported that in this case the
configuration was more important for tumorigenicity than the chemical reactivity.

Another example is the metabolism of naphthalene, which may cause lung damage in
certain species. Thus, naphthalene is metabolized first to an epoxide as previously discussed
(see chap. 4). However, this is stereospecific giving rise predominantly to the 1R,25-
naphthalene oxide (Fig. 5.2) in the susceptible species (mouse) compared with ratios of 1R,2S:
15,2R of one or less in non-susceptible species (rat and hamster). The 1R,2S enantiomer was
found to be a better substrate for epoxide hydrolase than the 1S,2R enantiomer. The
relationship of the stereospecificity to the lung toxicity is not yet clear, but differences in
cytotoxicity between the two enantiomers were found in isolated hepatocytes. A further
complication is the production of two chiral centers and hence diastereoisomers from
metabolism of a chiral compound. For example, this may occur when conjugation of isomers
occurs with other chiral molecules such as B-p-glucuronic acid or L-glutathione. Thus, using
the example of naphthalene, the oxirane ring of the two enantiomeric epoxides may be opened
by attack by glutathione at either the 1- or 2-position to give four different diastereoisomeric
glutathione conjugates (Fig. 5.4). The formation of the various diastereoisomers was found to
show considerable species differences in vitro.

/ B
| | o — | L ¢
?Hz*—A (|JHOH
CHqy CHy

Bufuralol 1'-Hydroxybufuralol

Figure 5.3 The hydroxylation of the drug bufuralol. The arrows show (A) the site of 1’ hydroxylation and (B) the
site of glucuronidation.
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The third type of chiral effect, inversion of configuration, has been shown to occur with a
number of compounds. For example, the anti-inflammatory drug ibuprofen, an arylpropionic
acid, undergoes inversion from the R- to the pharmacologically active S-isomer. Furthermore,
stereoselective uptake of the R-ibuprofen into fat tissue occurs as a result of selective formation
of the coenzyme A-thioester of the R-isomer. This thioester may then undergo inversion to the
S-thioester. Both thioester isomers are incorporated into triglycerides forming hybrid products
(Fig. 5.5). Thus, after S-ibuprofen is administered to rats, only a fraction is found in fat tissue in
comparison with the incorporation after R-ibuprofen or the racemate is administered.
Although the fate of these hybrid triglycerides is currently unknown, they might potentially
interfere in lipid metabolism with possible toxicological consequences. This would be
especially likely after chronic administration when accumulation could occur. There are also
various factors, which may affect the inversion in vivo, such as the species and reduction of
renal excretion.

In conclusion, it cannot be stressed too strongly that the physicochemical characteristics
of a foreign compound are factors of paramount importance in determining its toxicity.
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5.3 BIOLOGICAL FACTORS

5.3.1 Species

There are many different examples of species differences in the toxicity of foreign compounds,
some of which are commercially useful to man, as in the case of pesticides and antibiotic drugs
where there is exploitation of selective toxicity. Species differences in toxicity are often related
to differences in the metabolism and disposition of a compound, and an understanding of such
differences is extremely important in the safety evaluation of compounds in relation to the
extrapolation of toxicity from animals to man and hence risk assessment.

Some species differences are due to differences in the response of the organism to insult
or in the repair mechanisms available. There may be very simple differences; for example, rats
are susceptible to certain rodenticides, which they ingest by mouth, as unlike most other
mammals, they are unable to vomit. There may be differences in receptor sensitivity such as
for the organophosphorus compound paraoxon (chap. 4, Fig. 25). Thus, the cholinesterase
enzyme in the mouse is more sensitive to inhibition than that in the frog (79x), and the frog is
correspondingly less sensitive to the toxicity of the compound (22x). Another example is the
very big species difference in the acute toxicity of 2,3,7,8-tetrachlorodibenzdioxin (TCDD or
dioxin) as can be seen from Table 5.1. TCDD causes many toxic effects, some of which are
mediated through the AhR. Thus cancer, progressive weight loss, birth defects, effects on
hormones, and male and female reproduction are all toxic effects. The guinea pig is the most
sensitive species, being at least three orders of magnitude more sensitive than the hamster.
However, this does not seem to be due to differences in the AhR as the amounts are similar in
guinea pig and hamster liver. Some differences in sensitivity may be due to differences in
receptor affinity, but these mostly apply to differences between mouse strains. Although
exactly comparable data are not available for humans, the general consensus of opinion is that
man is less sensitive than most laboratory animals.

Species differences in the toxicity of the drug digitoxin have been suggested because of
differences in the concentration required to inhibit Na™t/K"-ATPase, which is more sensitive in
sensitive species. An alternative suggestion is that differences in metabolism catalyzed by
CYP3A4 are responsible.

Species Differences in Disposition

Absorption. Absorption of foreign compounds from various sites is dependent on the
physiological and physical conditions at these sites. These, of course, may be subject to species
variations. Absorption of compounds through the skin shows considerable species variation.
Table 5.2 gives an example of this and shows the species differences in toxicity of an
organophosphorus compound absorbed percutaneously. Human skin is generally less
permeable to chemicals than that of rabbits, mice, and rats, although there is variation. For
some compounds, rat skin has similar permeability to human skin and seems to be less
permeable than that of the rabbit.

Table 5.1 Species Differences in the Acute Toxicity of Dioxin?

Species LDso (ng kg~ body weight)
Guinea pig 0.5-2

Rat 22-100

Mouse 114284

Rabbit 10-115

Chicken 25-50

Rhesus monkey <70

Dog >30-300
Hamster 5051°

&TCDD or dioxin: 2,3,7,8-tetrachlorodibenzodioxin.
®Document for PCDDs, Parts 1 and 2, External Reviewers
Draft; PB 84-220268.

Source: From Refs. 2 and 3.
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Table 5.2 Species Differences in the Relative Percutaneous Toxicity and Skin
Penetration of Organophosphorus Compounds

Species Rate (ng cm?) min~" Compound 12 Compound 22 2/1
Pig 0.3 10.0 80.0 8.0
Dog 2.7 1.9 10.8 5.7
Monkey 4.2 4.4 13.0 3.0
Goat 4.4 3.0 4.0 1.3
Cat 4.4 0.9 2.4 2.7
Rabbit 9.3 1.0 5.0 5.0
Rat 9.3 17.0 20.0 1.2
Mouse — 6.0 9.2 15
Guinea pig 6.0 — — —

8Values are expressed as the ratio of the LDs, of that compound to the
rabbit LDsq of compound 1.
Source: From Refs. 4 and 5.

Table 5.3 Species Differences in pH of Saliva and
Gastric Juices

pH of saliva pH of gastric juice
Man 6.75 1.2-2.5
Dog 7.5 1.5-2.0% 4.5°
Cat 7.5 —
Rat 8.2-8.9 2.04.0
Horse 7.3-8.6 4.46
Cattle 8.1-8.8 5.5-6.5
Sheep 8.4.8.7 7.6-8.2
Chicken — 4.2
Frog — 2.2-3.7
8Fasting.
PFed.

Source: From Refs. 6-10.

Oral absorption depends partially on the pH of the gastrointestinal tract, which is known
to vary between species, as shown in Table 5.3. Clearly, therefore, considerable differences in the
absorption of weak acids from the stomach may occur between species. Similarly, differences
might be seen in compounds, which are susceptible to the acidic conditions of the stomach,
such that a foreign compound would be more stable in the gastric juice of a sheep than that of a
rat. For example, there is a difference in the acute toxicity in pyrvinium chloride, a rodenticide,
between rats and mice due to differences in absorption from the gastrointestinal tract. Thus,
after intraperitoneal dosing the toxicity is similar in the two species (LDsy 34 mg kg™ ),
whereas after an oral dose it is very different, being more toxic in the mouse (LDs, 15 mg kg ')
than in the rat (LDsy 1550 mg kg™ ). Species differences in lung physiology may be important
in considerations of absorption of compounds by inhalation. Small animals such as rats and
mice and birds have a more rapid respiration rate than larger animals such as humans.
Consequently, for compounds with high solubility in the blood where absorption is ventilation
limited, exposure will be greater for these small animals when exposed to the same
concentration of a compound. This is the basis of the use of canaries in mines to warn of the
build up of dangerous gases.

Distribution. The distribution of foreign compounds may vary between species because of
differences in a number of factors such as proportion and distribution of body fat, rates of
metabolism and excretion and hence elimination, and the presence of specific uptake systems in
organs. For instance, differences in localization of methylglyoxal-bis-guanyl hydrazone (Fig. 5.6)
in the liver account for its greater hepatotoxicity in rats than in mice. The hepatic concentration
in mice is only 0.3% to 0.5% of the dose after 48 hours, compared with 2% to 8% in the rat.
The plasma-protein concentration is a species-dependent variable, and the proportions
and types of proteins may also vary. The concentration may vary from about 20 g L™ in certain
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CHz;—C=N—NH—C—NH;
H—C=N—NH—C—NH,
I!~|IH Figure 5.6 Structure of methylglyoxal-bis-guanyl hydrazone.

Table 5.4 Binding of Various Sulfonamides to Plasma of Various Species

Percent bound at protein concentration of 100 pg mL™"

Bovine
Sulfonamide Human Monkey Dog Cat Mouse  Chicken Plasma Albumin
Sulfadiazine 33 35 17 13 7 16 24 24
Sulfamethoxy-pyridazine 83 81 60 49 28 14 66 60
Sulfisoxazole 84 86 68 43 31 5 76 76
Sulfa-ethyl-thiadiazole 95 90 86 76 38 48 87 87

Source: From Ref. 5.

Table 5.5 Variation in Urinary Volume and pH with Species

Species Urine volume (mL kg.~" day™") pH
Man 929 4.8-7.8
Monkey 70-80

Dog 20-100 5-7

Cat 1020 5.0-7.0
Rabbit 50-75 —

Rat 150-300 —
Horse 3-18 7-8
Cattle 1745 7-8
Sheep 1040 7-8
Swine 5-30 Acid or alkaline

Source: From Refs. 6,11,12.

fish to 83 g L™ in cattle. Thus, foreign compounds may bind to plasma proteins to very
different extents in different species (Table 5.4). Because the extent of binding may be a very
important determinant of the free concentration of a compound in the plasma and the tissues,
this species difference may be an important determinant of toxicity. The free form of the
compound is the important moiety as far as toxicity is concerned.

Excretion

Renal excretion. Although most mammals have similar kidneys, there are functional
differences between species and urine pH, and volume and rate of production may vary
considerably (Table 5.5). Thus, the rate of urine production in the rat is an order of magnitude
greater than the rate in man. Although the pH ranges for the urine of a number of mammals
may overlap (Table 5.5), a small change in pH may markedly change the solubility of a foreign
compound and therefore its excretion. For instance, some of the sulfonamides and their
acetylated metabolites show marked changes in solubility for a pH change of one unit (chap. 4,
Table 5.1), and renal toxicity due to crystallization of the drug or its metabolites in the renal
tubules has been known to occur when high doses are used. The species differences in renal
excretion for an unmetabolized compound, methylglyoxal-bis-guanylhydrazone (Fig. 5.6), are
shown in Table 5.6. It can be seen that rats and mice excrete twice the amount excreted by man
in 24 hours. This may be at least partially due to the greater rate of urine flow in the rodent.
The observation that renal tubular atrophy is caused by certain diuretics such as furosemide
(chap. 3, Fig. 33) in the dog, but not in the rat or monkey, has been explained in terms of
differences in the vascular system of the dog kidney from that in rats, monkeys, and humans.
For compounds, which are not actively secreted in the kidney, species differences in plasma-
protein binding may indirectly lead to differences in urinary excretion.
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Table 5.6 Urinary Excretion of Methylglyoxal-bis-Guanylhydrazone in Mammalian Species

Species Dose (mg kg—) Percent excreted Time period for excretion (hr)
Mouse 20 (i.v.) 51 24
Rat 20 (i.p.) 65 24
Dog 20 (i.v.) 26 24
52 48
66 96
Monkey 25 (i.v.) 47 24
Man 4 (iv.) 25 24
42 118
49 166

Source: From Refs. 5 and 13.

Table 5.7 Biliary Excretion of Compounds of Molecular Weight 300-500 in Various Species

Percent excreted in bile

Methylene disalicylic Stilboestrol glucuronide Sulfadimethoxine

acid MW 288 MW 445 (10 mg kg~ "; glucuronide MW 487
Species (10 mg kg~ '; i.v. 6 hr) i.v. 3 hr) (15 mg kg~'; i.v. 3 hr)
Rat 54 95 43
Dog 20 65 43
Rabbit 5 32 10
Guinea pig 4 20 12

Source: From Refs. 14 and 15.

Table 5.8 Biliary Excretion of Indocyanine Green in Various Species

Species Dose (mg kg™', i.v.) % Dose in bile?
Rat 0.5 60

Rat 2.5 82

Dog 1-7 97
Rabbit 25 94

Man 0.5 High

Man 2.0 High

8Excreted unchanged.
Source: From Refs. 16—19. Delaney et al., (1969). Unpublished data.

Biliary excretion. The extent of excretion of foreign compounds via the bile is influenced by a
number of factors, the molecular weight of the compound being the major one. However, the
molecular weight threshold for biliary excretion may show considerable species differences.
Little biliary excretion (5-10% of the dose) occurs for compounds of molecular weight of less
than 300. Above this value, however, the bile may become a major route of elimination, and it
is probably around this value that species variations are most noticeable. Thus, for methylene
disalicylic acid (mol. wt. 288), the dog excretes 65% in the bile, whereas the guinea pig excretes
only 40% (Table 5.7). Similarly, the biliary excretion of succinyl sulfathiazole (mol. wt. 355)
shows more than a 10-fold variation between the rhesus monkey and the rat (Table 5.7). Thus,
the approximate molecular weight thresholds are 500 to 700 in humans, 475 in rabbits, 400 in
guinea pig, and 325 in rats.

The species pattern of the rabbit and the guinea pig being poor biliary excretors and the
rat being an extensive biliary excretor is maintained with many other compounds. With
compounds of higher molecular weight, however, species differences are less, as illustrated by
the compound indocyanine green (Table 5.8). The metabolism of a compound obviously
influences the extent of biliary excretion, and therefore species differences in metabolism may
also be a factor.

The rate of bile secretion and the pH of the bile may also be determinants of the extent of
biliary excretion of a foreign compound, and these also show species variations. The fate of
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compounds excreted in the bile may also depend on the species, as differences in intestinal pH
and flora occur. A particularly important consequence of biliary excretion is metabolism by the
gut flora and reabsorption. This enterohepatic circulation prolongs the length of time the
animal is exposed to the foreign compound, and may introduce novel toxic metabolites. This
could, therefore, result in marked species differences in toxicity.

Species Differences in Metabolism
Differences in metabolism between species may be either quantitative or qualitative, but
quantitative differences are more common. In general, small animals such as mice metabolize
foreign compounds at a faster rate than larger animals such as humans, consistent with
differences in overall metabolic rate. An extreme example of a difference in rates of metabolism
is afforded by the drug oxyphenbutazone. In the dog it is rapidly metabolized and has a half-
life of around 30 minutes, in several other species such as the rat, rabbit, and monkey, the half-
life is between 3 and 6 hours, whereas in humans, metabolism is very slow and therefore the
drug has a half-life of about 3 days. Quantitative differences also exist although with a few
exceptions, it is generally difficult to discern useful patterns. Even the simplest organisms such
as bacteria seem to be able to carry out many different types of reaction. The differences, which
are clear and fall within taxonomic groups, are mainly found with phase 2 reactions.
Differences in some cases are related to diet, and so herbivores and carnivores may show
differences.

Examples of toxicologically important species differences in metabolism will therefore be
dealt with by considering the different types of metabolic reactions.

Phase 1 reactions

Oxidation. Although most of the common mammals used as experimental animals carry out
oxidation reactions, there may be large variations in the extent to which some of these are
carried out. The most common species differences are in the rate at which a particular
compound is oxidized rather than the particular pathway through which it is metabolized.
Most species are able to hydroxylate aromatic compounds, but there is no apparent species
pattern in the ability to carry out this metabolic transformation.

Fish have a relatively poor ability for oxidative metabolism compared with the
commonly used laboratory animals such as rats and mice. Insects such as flies have
microsomal enzymes, and these are involved in the metabolism of the insecticide parathion to
the more toxic paraoxon as discussed in the previous chapter (chap. 4, Fig. 25).

However, there are known instances of differences in the preferred route of metabolism,
which are important in toxicity, as well as simple differences in the route of a particular
oxidation. For example, the oxidative metabolism of ethylene glycol gives rise to either carbon
dioxide or oxalic acid (Fig. 5.7). The relative importance of these two pathways is reflected in the
toxicity. Thus, the production of oxalic acid is in the order: cat>rat> rabbit, and this is also the
order of increasing toxicity (Fig. 5.8). The aromatic hydroxylation of aniline (Fig. 5.9) shows
marked species differences in the position of substitution, as shown in Table 5.9. Thus carnivores
such as the ferret, cat, and dog excrete mainly o-aminophenol, whereas herbivores such as the
rabbit and guinea pig excrete mainly p-aminophenol. The rat, an omnivore, is intermediate.

The preferred route of hydroxylation also correlates with the toxicity, such that those
species to which aniline is particularly toxic, such as the cat and dog, produce mainly
o-aminophenol, whereas those producing p-aminophenol, such as the rat and hamster, seem
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COCH Figure 5.7 Metabolism of ethylene glycol showing the production of

Oxalic acid the toxic metabolite.
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Table 5.9 Species Differences in the Hydroxylation of Aniline

% Dose excreted

Species o-Aminophenol p-Aminophenol
Gerbil 3 48
Guinea pig 4 46
Golden hamster 6 53
Chicken 11 44
Rat 19 48
Ferret 26 28
Dog 18 9
Cat 32 14

less susceptible. Conversely, the hydroxylation of coumarin at position 7 (chap. 4, Fig. 15) is an
important pathway in the rabbit and also the hamster and cat, but not in the rat or mouse. It is
clear that, even with aromatic hydroxylation, species cannot be readily grouped.

The N-hydroxylations of acetylaminofluorene and paracetamol are two toxicologically
important examples illustrating species differences (see chap. 7).

The carcinogenic heterocyclic amine MelQX formed in meat when it is cooked has been
shown to exhibit species differences in activation, with humans possibly the most sensitive.
MelQX undergoes N-hydroxylation catalyzed by CYP1A2, followed by O-acetylation to give a
reactive nitrenium ion, which covalently binds to DNA. In vitro studies using liver microsomes
from man, rat, and cynomologous monkeys reveal that human liver generates greater adduct
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formation than the other species. MelQX is carcinogenic in rats, and adducts are detected both
in vivo and in vitro. However, there is little adduct formation in the monkeys, consistent with
absence of tumors when the animals are treated in vivo for five years. It seems that unlike man
and rat, the cynomologous monkey does not have constitutively expressed CYP1A2, and so
metabolic activation does not take place.

Another example is the metabolism of amphetamine, which reveals marked species
differences in the preferred route, as shown in Figure 5.10.

Species differences in the rate of metabolism of hexobarbital in vitro correlate with the
plasma half-life and duration of action in vivo as shown in Table 5.10. This data show that
the marked differences in enzyme activity between species is the major determinant of the
biological activity in this case.

A recent example of a species difference in metabolism causing a difference in toxicity is
afforded by the alicyclic hydroxylation of the oral antiallergy drug, proxicromil (Fig. 5.11). After
chronic administration, this compound was found to be hepatotoxic in dogs but not in rats. It
was found that dogs did not significantly metabolize the compound by alicyclic oxidation,
whereas rats, hamsters, rabbits, and man excreted substantial proportions of metabolites in the
urine. In the dog, biliary excretion was the route of elimination of the unchanged compound,

s T
CH,—CH—NH, CH,—CH—NH, CH,—C—CHg

Rabbit

Rat Mice
CHs Guinea Pig
| COOH
CHy—CH—NH,
OH

Figure 5.10 Species differences in the metabolism of amphetamine.

Table 5.10 Species Differences in the Duraction of Action and Metabolism of Hexobarbital
(Dose of Barbiturate 100 mg kg~'; 50 mg kg~ in Dogs)

Plasma level
Duration of Plasma half-life Relative enzyme on awakening
Species action (min) (min) activity (ug g ' hr™")  (ugmL™")
Mouse 12 19 598 89
Rabbit 49 60 196 57
Rat 90 140 135 64
Dog 315 260 36 19

Source: From Ref. 22.

OH 0]
l I COOH

CH,CH,CH, Figure 5.11 The structure of proxicromil.
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and after toxic doses were administered, this route was saturated. Hence, the toxicity was
probably due to the accumulation of high levels of the unchanged compound.

Hydrolytic reactions. There are numerous different esterases responsible for the hydrolysis
of esters and amides, and they occur in most species. However, the activity may vary
considerably between species. For example, the insecticide malathion owes its selective
toxicity to this difference. In mammals, the major route of metabolism is hydrolysis to the
dicarboxylic acid, whereas in insects it is oxidation to malaoxon (Fig. 5.12). Malaoxon is a very
potent cholinesterase inhibitor, and its insecticidal action is probably due to this property. The
hydrolysis product has a low mammalian toxicity (see chap. 7).

Another example is dimethoate, the toxicity of which is related to its rate of hydrolysis.
Those species, which are capable of metabolizing the insecticide, are less susceptible than those
species, which are poor metabolizers. The metabolism of dimethoate is shown in Figure 5.13.
Studies on the metabolism in vitro of dimethoate have shown that sheep liver produces only
the first metabolite, whereas guinea pigs produce only the final product (Fig. 5.13). Rats and
mice metabolize dimethoate to both products. The toxicity is in the descending order:
sheep>dog>rat>cattle>guinea pig>mouse.

Reduction. The activity of azo- and nitroreductase varies between different species, as shown
by the in vitro data in Table 5.11. Thus, azoreductase activity is particularly high in the guinea
pig, relative to the other species studied, whereas nitroreductase activity is greatest in the
mouse liver.

Phase 2 reactions. Species vary considerably in the extent to which they conjugate foreign
compounds, but this is generally a quantitative rather than a qualitative difference. Thus, most
species have a preferred route of conjugation, but other routes are still available and used.
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Table 5.11 Hepatic Azoreductase and Nitroreductase Activities of Various Species

Azoreductase Nitroreductase
(umol sulfanilamide (umol p-aminobenzoic acid
Species formed in liver g~ hr™") formed in liver g~" hr™7)
Mouse 6.7-9.6° 2,1-3.2%
Rat 59 21
Guinea pig 9.0 2.0
Pigeon 71 1.1
Turtle 1.4 (0.5)° 0.15 (2.5)°
Frog 1.2 (0.6)° 0 (0)®

Substrates used were neoprontosil for the azoreductase and p-nitrobenzoic
acid for nitroreductase.

@According to strain.

PTemperature of incubation 21°C (temperature elsewhere 37°C).

Source: From Ref. 23.

Table 5.12 Conjugation of Phenol with Glucuronic Acid and Sulfate

Phenol conjugation % total

Species Glucuronide Sulfate
Cat 0 87
Gerbil 15 69
Man 23 71
Rat 25 68
Rhesus monkey 35 65
Ferret 41 32
Rabbit 46 45
Hamster 50 25
Squirrel monkey 70 10
Guinea pig 78 17
Indian fruit bat 90 10
Pig 100 0

Source: From Ref. 24.

Glucuronide conjugation. Conjugation of foreign compounds with glucuronic acid is an
important route of metabolism in most animals, namely mammals (Table 5.12) birds,
amphibians, and reptiles, but not fish. In insects, glucoside conjugates using glucose rather
than glucuronic acid are formed. The major exception with regard to glycoside conjugation is
the cat, which is virtually unable to form glucuronic acid conjugates with certain foreign
compounds, in particular phenols. However, bilirubin, thyroxine, and certain steroids are
conjugated with glucuronic acid in the cat. This may be explained by the presence of multiple
forms of the enzyme UDP-glucuronosyl transferase shown in the rat, for example, which
catalyze conjugation with different types of substrate (see chap. 4). Presumably, the cat lacks
the isoenzyme, which catalyzes the glucuronide conjugation of phenols. The cat is therefore
more susceptible to the toxic effects of phenols than species able to detoxify them by
glucuronide conjugation.

Sulfate conjugation. Conjugation of foreign compounds with sulfate occurs in most
mammals (Table 5.12), amphibians, birds, reptiles, and insects, but, as with glucuronidation,
not in fish. The pig, however, has a reduced ability to form certain ethereal sulfate conjugates,
such as with phenol, whereas 1-naphthol is excreted as a sulfate conjugate. As there are several
forms of sulfotransferase, specific for different substrates, the inability of the pig to form a
sulfate conjugate with phenol may be due to the lack of one particular form of the enzyme. The
inability of the guinea pig to form a sulfate conjugate of N-hydroxyacetylaminofluorene helps
confer resistance to the tumorigenicity of acetylaminofluorene on this species (see chap. 7).
It can be seen from Table 5.12 that the relative proportions of glucuronide and sulfate
conjugates vary between the species, with the cat and pig being at the opposite extremes.
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Interestingly, humans and rats excrete similar proportions of conjugates, but the squirrel
monkey, also a primate, is quite different. However, despite the similarity between humans
and rats in relation to phenol conjugation, in the case of the anti-estrogenic drug tamoxifen, rat
and man are fortunately very different. This drug, which is used to treat breast cancer in
humans, is in fact a liver carcinogen in rats. DNA adducts can be detected both in vivo in rats
and in vitro in rat hepatocytes and to a lesser extent in mice, although it is not carcinogenic
in this species, whereas there is no indication that it is hepatocarcinogenic in humans, and no
DNA adducts have been detected. In rats the drug undergoes CYP-mediated hydroxylation on
the o-carbon atom, and this is then conjugated with sulfate, catalyzed by sulfotransferase.
As already discussed, the sulfate group is a good leaving group and can be easily lost to yield a
reactive positively charged reactive intermediate (a carbocation). This reacts with DNA to
form adducts, ultimately leading to liver cancer. Humans, in contrast, produce much less of
the a-hydroxy tamoxifen, which is then conjugated with glucuronic acid. This is a detoxication
reaction leading to safe elimination. The reason for the species difference therefore is that rats
are more active at the hydroxylation (3x) than humans and have much higher sulfotransferase
activity but no glucuronosyl transferase activity. Humans have little sulfotransferase activity
(5x less than rats) but much more glucuronosyl transferase activity (100 x more than rats). This
kind of information allows a rationale scientific approach to risk assessment.

Conjugation with amino acids. Considerable species differences exist in the conjugation of
aromatic carboxylic acids with amino acids. A number of amino acids may be used, although
conjugation with glycine is the most common route (chap. 4, Fig. 70) and occurs in most species
except some birds, where ornithine is the preferred amino acid. Humans and Old World
monkeys use glutamine for conjugation of arylacetic acids, and in the pigeon and ferret,
taurine is used. Reptiles may excrete ornithine conjugates as well as glycine conjugates, and
some insects use mainly arginine.

Aromatic acids may also be excreted as glucuronic acid conjugates, and the relative
importance of glucuronic acid conjugation versus amino acid conjugation depends on the
particular species and the structure of the compound. Herbivores generally favor amino acid
conjugation, carnivores favor glucuronide formation, and omnivores, such as man, use both
routes of metabolism.

There are also species differences in the site of conjugation; this usually occurs in both the
liver and kidney, but dogs and chickens carry out this conjugation only in the kidney.

Glutathione conjugation. Conjugation with glutathione, which results in the urinary
excretion of N-acetylcysteine or cysteine derivatives (chap. 4, Fig. 60) occurs in man, rats,
hamsters, mice, dogs, cats, rabbits, and guinea pigs. Guinea pigs are unusual, however, in
generally not excreting N-acetylcysteine conjugates, as the enzyme responsible for the
acetylation of cysteine is lacking.

Insects are also capable of forming glutathione conjugates, this being probably involved
in the dehydrochlorination of the insecticide DDT, a reaction at least some insects, such as flies,
are able to carry out (chap. 4, Fig. 42).

Methylation. Methylation of oxygen, sulfur, and nitrogen atoms seems to occur in most
species of mammal and in those birds, amphibia, and insects, which have been studied.

Acetylation. Most mammalian species are able to acetylate aromatic amino compounds, the
major exception being the dog. Thus, for a number of amino compounds such as procainamide
(chap. 4, Fig. 43), sulfadimethoxine, sulfamethomidine, sulfasomizole, and the N4
amino group of sulfanilamide (chap. 4, Fig. 68), the dog does not excrete the acetylated
product. However, the dog does have a high level of deacetylase in the liver and also seems to
have an acetyltransferase inhibitor in the liver and kidney. Consequently, acetylation may not
be absent in the dog, but rather the products may be hydrolyzed or the reaction effectively
inhibited.

The dog does, however, acetylate the N1, sulfonamido group of sulfanilamide (chap. 4,
Fig. 68), and also acetylates aliphatic amino groups. The guinea pig is unable to acetylate
aliphatic amino groups such as that in cysteine. Consequently, it excretes cysteine rather than
N-acetylcysteine conjugates or mercapturic acids. Birds, some amphibia, and insects are also
able to acetylate aromatic amines, but reptiles do not use this reaction.
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In some cases, species differences in toxicity are due to more than one metabolic
difference. For example, research on the fungal toxin aflatoxin B1 indicates that humans are
particularly susceptible, more so than rodents, with rats being more susceptible than mice.
Interestingly, cynomologous monkeys are also relatively insensitive probably due to the lack of
constitutive CYP1A2.

The toxicity (hepatocarcinogenicity) measured as the TDsy was greater than 70 ug AFB;
kg ' day ' in male mice compared with 1.3 pg AFB; kg ' day ' for male rats. Hamsters
appeared more sensitive than rats.

Measurement of aflatoxin DNA adducts gave a similar result with mice having the
lowest level and rats the greatest, with hamsters in between, giving values for rats 3 times
those in hamsters but 40 to 600 times higher than those in mice. Using albumin adducts from
peripheral blood as a surrogate biomarker, humans exposed to aflatoxin had relative values of
1.56 compared with 0.3 to 0.5 for rats and 0.025 for mice. However, if adjustment is made for
surface area between rats and humans, both species give similar values. A similar result was
obtained using hepatocytes with mice showing markedly less DNA binding than human or rat
hepatocytes. However, metabolic activation of AFB; by cytochrome P-450 seems to be greater
in mice than either rats or humans. Furthermore, the major metabolic product is the reactive
metabolite, AFB;-8,9-epoxide in mice and rats but not in man, where the major metabolite is
AFQ, (Fig. 5.14). One enantiomer of this metabolite, AFB;-ex0-8,9-oxide, binds extensively to
DNA, whereas the endo-8,9-oxide, which is also formed, does not.

The aflatoxin epoxide, which is responsible for the carcinogenicity, can be detoxified by
conjugation with glutathione, catalyzed by GSTs. However, it seems that the reason for the
species differences in susceptibility are as follows: although the mouse produces greater
amounts of the epoxide than rats or humans, this species also has much greater levels of o-GST
activity compared to the rat. Therefore, the rat does not adequately detoxify the reactive epoxide
metabolite. With humans, there is o-GST present, but it has little activity toward the
carcinogenic aflatoxin epoxide and human p-GST preferentially conjugates the endo-peroxide. It
can be seen therefore that lack of adequate detoxication can be at least as important as the
presence of activating systems.

Concluding remarks. Thus most species differences in metabolism are quantitative rather
than qualitative; only occasionally does a particular single species show an inability to carry
out a particular reaction, or to be its sole exponent. The more common quantitative differences
depend on species differences in the enzyme concentration or its kinetic parameters, the
availability of cofactors, the presence of reversing enzymes or inhibitors, and the concentration
of substrate in the tissue.

These quantitative differences may often mean, however, that different metabolic routes
are favored in different species, with a consequent difference in pharmacological or
toxicological activity.

In general, man is able to carry out all the metabolic transformations found in other mammals
and does not show any particular differences in the presence or absence of an enzymatic pathway.

However, it would be difficult at this time to pick a single species as the best model for
man on metabolic grounds alone. It may be possible to do this after a consideration of the
structure of the foreign compound in question, however.

5.3.2 Strain

Differences in the disposition of foreign compounds between different strains of the same
species have been well documented. For example, mice and rats of various strains show
marked differences in the duration of action of hexobarbital, whereas within any one strain,
the response is uniform (Table 5.13). It is noteworthy that the variation as indicated by the
standard deviation is greatest for the outbred group.

The metabolism of antipyrine in rats varies widely between different strains. A well-
known example of a strain difference is that of the Gunn rat, which is unable to form
o-glucuronides of bilirubin and most foreign compounds. This defect is due to a deficiency in
glucuronyl transferase. N-acetyltransferase activity has been found to vary with the strain of
rats and mice. The hydrolysis of acetylisoniazid to acetylhydrazine (chap. 4, Fig. 46) was found
to be significantly different between two strains of rats, as was the hepatotoxicity of the
acetylisoniazid, being greater in the strain with the greater acylamidase activity (see chap. 7).
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Figure 5.14 Routes of oxidative metabolism of aflatoxin By showing activation to an epoxide catalyzed by CYP1A2
and CYP3A4 and conjugation with glutathione catalyzed by «-GST. The 8,9-exo-epoxide is the enantiomer, which
binds extensively to DNA and is carcinogenic. The endo-epoxide binds less readily. Abbreviation: o-GST,
a-glutathione transferase.

Table 5.13 Strain Differences in the Duration of Action of Hexobarbital in Mice
(Dose of Barbiturate 125 mg kg~' Body Weight)

Species Numbers of animals Mean sleeping time (min) + S.D.
A/NL 25 48 + 4

BALB/cAnN 63 41+ 2

C57L/HeN 29 33+3

C3HfB/HeN 30 22+ 3

SWR/HeN 38 18 + 4

Swiss (non-inbred) 47 43 + 15

Source: From Ref. 25.
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Humans also show such genetically based variations, and this is discussed later in this chapter.
Strain or genetic differences in responsiveness may also be important, such as in the response
to enzyme inducers discussed below.

Different strains of mice exhibit different susceptibilities to TCDD (dioxin) and other
polycyclic hydrocarbons. Thus the C57Bl 6 mouse is more responsive to substances such as
TCCD and 3-methylcholanthrene, which interact with the AhR receptor and induce enzymes
such as CYP1A1, whereas the DBA/2 mouse is less responsive. This has been found to be
inherited as an autosomal dominant trait. The nonresponsive allele Ah? expresses a protein
with diminished affinity for binding ligands such as TCDD.

5.3.3 Sex

There are a number of documented differences in the disposition and toxicity of foreign
compounds, which are related to the sex of the animal. For instance, the organophosphorus
compound, parathion, is twice as toxic to female as compared with male rats. Many such
gender differences in toxicity have been noted in rodents. For example, in rats, females are
more susceptible to the toxicity of the drugs phenacetin, salicylic acid, and warfarin and also to
nicotine and picrotoxin. One of the first sex differences to be noted was the fact that
hexobarbital-induced sleeping time is longer in female than in male rats. This is in accord with
the view that, in general, male rats metabolize foreign compounds more rapidly than females.
Thus, the biological half-life of hexobarbital is considerably longer in female than in male rats,
and in vitro, the liver microsomal fraction metabolizes both hexobarbital and aminopyrine
more rapidly when derived from male rather than female rats. In contrast, the male rat is more
susceptible to the toxic effects of monocrotaline, epinephrine, and ergot. As well as phase 1
reactions, phase 2 reactions also show sex differences. Thus, glucuronic acid conjugation of 1-
naphthol (chap. 4, Fig. 4) is greater in male than female rats, and this difference is also found in
microsomes in vitro. The acetylation of sulfanilamide (chap. 4, Fig. 68) is also greater in male
than female rats. Sex differences in metabolism depend on the substrate, however. For
example, the hydroxylation of aniline or zoxazolamine shows little difference between the
sexes, in contrast to the threefold greater metabolism of hexobarbital or aminopyrine in male
compared with female rats.

Sex differences in metabolism are less pronounced in species other than the rat. In
humans, differences, when noted, are similar to those in the rat, whereas in the mouse, they are
often the reverse of those in the rat. The differences in metabolism between males and female
animals are due to the influence of hormones and genetic factors. Many of the gender
differences in both phase 1 and phase 2 enzymes in rodents develop during puberty in the
animal and are influenced by sex hormone concentrations or indirect effects of growth
hormone. The administration of androgens to female animals abolishes the differences from
the males. The sex hormones appear to have a powerful influence on the metabolism of foreign
compounds. For example, study of the metabolism of aminopyrine and hexobarbital in male
rats showed that castration markedly reduced metabolism of both drugs, but this was restored
by the administration of androgens (Fig. 5.15).

Thus in some cases, enzyme expression is directly influenced in a particular organ by
testosterone or estrogens. For example, in the mouse kidney, testosterone directly regulates the
expression of cytochrome P-450 isozymes, and this leads to the particular sensitivity of the
female kidney to the nephrotoxicity of paracetamol.

Many rat liver cytochromes P-450 show gender differences, some such as CYP2A2 and
CYP3A2, which are higher in males, and CYP2A1 and CYP2C7, which are higher in females.
Other enzymes also show gender differences such as epoxide hydrolase, glutathione
transferases, and some glucuronosyl transferases and sulfotransferases, which are higher in
male rat liver. Also levels of many FMO enzymes are higher in females.

Although gender differences are much less apparent in other species including humans,
there are some, such as the higher levels of CYP3A4 in human females compared with males.

However, the control of metabolism appears to be more complicated than this as it also
involves the hypothalamus and pituitary gland. It seems that the male hypothalamus
produces a factor, which inhibits the release of a hormone and which therefore leaves the liver
in a particular male state. In the female, the hypothalamus is inactive, and therefore produces
no factor, and hence the pituitary releases a feminizing factor (possibly growth hormone),
which changes the liver to the female state.
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This activity of the hypothalamus does not depend on the genotypic sex of the animal,
but on events during the perinatal period. For example, male rats have very low activity for the
hydroxylation of steroid sulfate conjugates (15 B-hydroxylase). This applies to both normal and
castrated male animals. However, if male animals are castrated immediately after birth, they
show a greater female level of activity. This effect can be reversed by treatment of castrated
males with testosterone during the period immediately after birth, but not by treatment of the
adult animal. This has been interpreted as indicating that it is the absence or presence of
androgen in the period immediately after birth, which determines the maleness or femaleness
of the animal as regard the enzymes involved in the metabolism of foreign compounds. The
phenomenon is known as imprinting.

As already mentioned, the pharmacological activity of certain drugs is lengthened in the
female rat, and also the toxicity of certain compounds may be increased. Procaine is
hydrolyzed more in male rats (chap. 4, Fig. 43), with consequently a lower toxicity in the sex,
whereas the insecticides aldrin and heptachlor are metabolized more rapidly to the more toxic
epoxides in males and are therefore less toxic to females (Fig. 5.16).

Probably the best example of a sex difference in toxicity is that of the renal toxicity of
chloroform in mice. The males are markedly more sensitive than the females, and this
difference can be removed by castration of the male animals and subsequently restored by
administration of androgens.

In vitro, chloroform is metabolized 10 times faster by kidney microsomes from male
compared with female mice. In contrast to rats, male mice given hexobarbital metabolize it
more slowly, and the pharmacological effect is more prolonged than in females. The excretion
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of the food additive butylated hydroxytoluene (Fig. 5.17) shows an interesting sex difference in
rats, being mainly via the urine for males but predominantly via fecal excretion in females,
which probably reflects differences in the rates of production of glucuronide and mercapturate
conjugates between the sexes.

A similar but particularly important example, which results in a difference in toxicity, is
afforded by 2,6- and 2,4-dinitrotoluenes (see Fig. 5.18 for illustration using 2,6-dinitrotoluene).
These compounds (to which there may be industrial exposure) have been found to be
hepatocarcinogenic, especially in male rats. The compounds are first metabolized by
hydroxylation of the methyl group followed by conjugation with glucuronic acid. The greater
susceptibility to hepatocarcinogenicity of the male animals has been shown to be due to
the greater biliary excretion of the glucuronide conjugate in the males. This is followed
by breakdown in the gut by B-glucuronidase in intestinal bacteria to give the aglycone

t-Bu t-Bu
OH Figure 5.17 Structure of the food additive butylated hydroxytoluene.
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Figure 5.18 The role of metabolism and enterohepatic recirculation in the sex difference in toxicity of 2,6-
dinitrotoluene in rats. In the female animal, the glucuronide conjugate is excreted mainly in the urine, whereas in
the male, it undergoes enterohepatic recirculation following biliary excretion (1). Metabolism by the gut flora
(B-glucuronidase) (2) releases the aglycone, which is further metabolized by gut flora (nitroreductase) and
reabsorbed via the blood into the liver (3). In the liver, it is metabolized to a hydroxylamine (cytochrome P-450) (4),
which is conjugated either with sulfate or is acetylated (sulfotransferase/acetyltransferase) (5). These are good
leaving groups, and a reactive nitrenium ion is formed (6), which interacts with liver macromolecules such as DNA
(7) and causes liver tumors.
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(1-hydroxymethyl-2,6,-dinitrotoluene) and reduction by nitroreductase in the bacteria. The
reduced aglycone is then reabsorbed into the liver where it undergoes metabolic activation by
N-oxidation and conjugation with either sulfate or acetyl, which can yield a reactive
intermediate nitrenium ion, which binds to liver DNA. This is believed to cause the liver
tumors. This example illustrates the importance of the multiple steps (in this case of
metabolism and excretion), which may be necessary to cause toxicity.

Kidney tumors caused by several different compounds, including 1,4-dichlorobenzene,
isophorone, and unleaded petrol, have been found to be both sex dependent and species
dependent. Thus, only male rats suffer from o,-pi-globulin nephropathy and renal tubular
adenocarcinoma as a result of the accumulation of a compound-protein complex in the
epithelial cells of renal proximal tubules (see chap. 6). The synthesis of the protein involved, -
p-globulin, is under androgenic control in the male rat.

5.3.4 Genetic Factors

Inherited differences in the metabolism and disposition of foreign compounds, which may be
seen as strain differences in animals and as racial and interindividual variability in man, are of
great importance in toxicology.

There are many examples of human subjects showing idiosyncratic reactions to the
pharmacological or toxicological actions of drugs. In some cases, the genetic basis of such
reactions has been established, and these cases underline the need for an understanding and
appreciation of genetic factors and their role in the causation of toxicity.

Genetic factors may affect the toxicity of a foreign compound in one of two ways:

1. By influencing the response to the compound
2. By affecting the deposition of the compound

Genetic Factors Affecting the Response to the Compound

Glucose-6-phosphate dehydrogenase deficiency. A well-known example of the first type
in humans is deficiency of the enzyme glucose-6-phosphate dehydrogenase, which is
associated with susceptibility to drug-induced hemolytic anemia. This is a genetically
determined trait, carried on the X chromosome and so it is sex-linked, but the inheritance is not
simple. Overall 5% to 10% of Negro males suffer the deficiency, but it is particularly common
in the Mediterranean area and in some ethnic groups, such as male Sephardic Jews from
Kurdistan; its incidence may be as high as 53%. Worldwide as many as 100 million people are
affected by this genetic deficiency. It is of interest to note that the deficiency confers resistance
to the malarial parasite. The biochemical basis for this increased sensitivity or response is the
result of variants in the glucose-6-phosphate dehydrogenase enzyme rather than a complete
absence. There are 34 gene variants due to missense mutants or small in-frame deletions,
which result in various degrees of loss of enzyme activity, the most severe having about 10% of
normal activity. A complete loss of activity, as can occur in mice, is lethal. The enzyme
deficiency gives rise to a deficiency in the concentration of reduced glutathione (GSH) in the
red blood cell, as shown in Figure 5.19. The reaction, catalyzed by glucose-6-phosphate
dehydrogenase and carried out in the red blood cell, is the first step in the pentose-phosphate
shunt, or hexose monophosphate pathway.

The enzyme maintains the level of NADPH in the red cell, which in turn maintains the
level of GSH. This functions to protect the hemoglobin from damage caused by oxidizing
agents, which might cause hemolysis. Thus, if the enzyme glucose-6-phosphate dehydrogen-
ase has reduced activity, the levels of NADPH, and therefore of GSH, are low. This situation
leaves the hemoglobin unprotected, and consequently when the afflicted patient takes a drug
such as primaquine or is exposed to a chemical such as phenylhydrazine, which may generate
reactive superoxide and hydrogen peroxide, which are not removed by GSH, hemoglobin can
be oxidized and hemolytic anemia ensues.

As illustrated with the drug (Fig 7.46), the metabolites may undergo redox GSH, cycling
to yield reactive oxygen species, which can be detoxified by reduced glutathione. In the
absence of sufficient GSH, the reactive oxygen species can react with and damage hemoglobin
in the red cell. Also reactive metabolites of the drug may be reduced by GSH and form more
oxidized glutathione (GSSG). Both the N-hydroxy metabolite and the 5-hydroxy metabolite
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Figure 5.19 The interrelationship between glucose-6-phosphate dehydrogenase, NADPH, GSH, and the
reduction of oxidized metabolites. The arrows indicate the consequences of a genetic deficiency in GBPDHase.
Abbreviations: G6PDHase, glucose-6-phosphate dehydrogenase; GSH, reduced glutathione; GSSG, oxidised
glutathione; GSSG reductase, glutathione reductase; GPX, glutathione peroxidase.
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will cause damage to red cells in vitro and damage to the cytoskeleton, including the formation
of hemoglobin-protein adducts. The depletion of red cell glutathione markedly increases the
cytotoxicity of the N-hydroxy metabolite in vitro. Removal of damaged red cells by the spleen
prematurely will occur in vivo.

Another cause of this type of hemolytic anemia is eating Fava beans, which contain the
substance vicine, a B-glycoside, which is cleaved in the gut to divicine (Fig. 5.20). Divicine has
been shown to deplete GSH, cause oxidative stress, and oxidative damage to hemoglobin from
reactive oxygen species, in red cells in vitro and to red cells in rats in vivo. Cells exposed in vitro
become spikey in appearance and hemoglobin becomes covalently bound the cytoskeleton of the
red cell. In vivo exposure of rats to divicine causes hemoglobinuria and the enlargement of the
spleen along with loss of red cells and depletion of glutathione in the red cells.

Oxidized, denatured hemoglobin forms aggregates, which can become attached to the
inner surface of the red cell, known as Heinz bodies. This leads to damage to the red cell,
which may result in direct destruction of the cell, which can be shown in vitro, or removal from
the circulation by the spleen in vivo. When caused by Fava beans, the syndrome is known as
Favism. As the deficient enzyme (glucose-6-phosphate dehydrogenase) is intrinsic to the red
cell, exposure of such cells in vitro to suitable drugs will lead to cell damage and death.

Other similar genetic factors, which lead to a heightened response are those, which affect
hemoglobin more directly. Thus, there are genetic traits in which the hemoglobin itself is
sensitive to drugs such as sulfonamides. Exposure to certain drugs such as primaquine and
dapsone can oxidize hemoglobin to methemoglobin, which is unable to carry oxygen. Individuals
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who have a genetically determined deficiency in methemoglobin reductase are unable to remove
this methemoglobin and hence suffer cyanosis.

Heightened sensitivity to alcohol in individuals of Oriental origin is another example of
a genetically determined increased response.

Genetic Factors Affecting the Disposition of the Compound

The second type of genetic factor, where the disposition is affected, is probably more important
in terms of the toxicity of foreign compounds. Variability in human populations makes drug
therapy unpredictable and risk assessment for chemicals difficult. An indication of the scale of
variability is afforded by the drug paracetamol, which is discussed in more detail in chapter 7.
Thus, rates of metabolic oxidation for this drug were found to vary over a 10-fold range in human
volunteers. The highest rate of oxidation, occurring in about 5% of the population studied, was
comparable to that in the hamster, the species most susceptible to the hepatotoxicity of
paracetamol. However, those human individuals with the lowest rates would probably be
relatively resistant to the hepatotoxicity, similar to the rat. This example highlights the problems
of using a single, inbred animal model to try to predict toxicity and risk to heterogeneous human
populations. The variation seen may be only partly due to genetic influences, there being many
factors in the human environment, which may also affect drug disposition, as discussed later in
this chapter. Genetically determined enzyme deficiencies, which affect the disposition of foreign
compounds, occur in both man and animals, and the example of the Gunn rat, which is deficient
in glucuronosyl transferase, has already been mentioned.

Similar defects have been described in man; for example, Gilbert’s syndrome and the
Crigler-Najjar syndrome are both associated with reduced glucuronyl transferase and the
consequent reduced ability to conjugate bilirubin. The administration of drugs also conjugated
as glucuronides and, therefore in competition with the enzyme, may lead to blood levels of
unconjugated bilirubin sufficient to result in brain damage.

Acetylation Polymorphism: Acetylator Phenotype

Perhaps one of the best known and fully described genetic factors in drug disposition and
metabolism is the acetylator phenotype. It has been known for more than 30 years that for
certain drugs which are acetylated, [isoniazid (Fig. 7.15) was the prototype] in human
populations there is variation in the amount of this acetylation. This variation was found to
have a genetic basis and did not show a normal Gaussian distribution, but one interpreted as
bimodal, suggesting a genetic polymorphism (Fig. 5.21). The two groups of individuals, were
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Figure 5.21 Frequency distribution for isoniazid acetylation. The acetylated metabolite (acetylisoniazid) and total
isoniazid (acid labile isoniazid) were measured in the urine. Source: From Ref. 27.
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Table 5.14 Some Toxicities and Diseases Proposed to be Associated with Acetylator Phenotype

Foreign compound Adverse effect Higher incidence
Isoniazid Peripheral neuropathy Slow acetylators
Isoniazid Hepatic damage Slow acetylators
Hydralazine Lupus erythematosus Slow acetylators
Procainamide Lupus erythematosus Slow acetylators
Isoniazid plus phenytoin Central nervous system toxicity Slow acetylators
Sulfasalazine Hemolytic anemia Slow acetylators
Aromatic amines Bladder cancer Slow acetylators
Aromatic amines Mutagenesis/carcinogenesis Rapid acetylators
Food pyrolysis products® Colorectal cancer Rapid acetylators
Amonafide Myelotoxicity Rapid acetylators

@Has yet to be fully substantiated.

termed “rapid acetylators” and “slow acetylators” because of the difference in both the amount
and rate of acetylation. There are now a number of drugs, which show this polymorphism in
humans, including isoniazid, hydralazine, procainamide, dapsone, phenelzine, amino-
glutethimide, sulfamethazine, caffeine metabolites and probably aromatic amines such as the
carcinogen benzidine and heterocyclic amines such as PhIP (see chap. 4). The acetylation
polymorphism is an important genetic factor in a number of toxic reactions (Table 5.14), and
both isoniazid and hydralazine are discussed in more detail in chapter 7. The situation with
regard to aromatic amine and heterocyclic amine-induced cancer is somewhat complex.

With aromatic amines such as benzidine, 4-aminobiphenyl and 2-aminonaphthalene,
which cause bladder cancer, epidemiological evidence suggests that those with the slow
acetylator phenotype who have occupational exposure are more at risk. In contrast, with the
heterocyclic amines produced in food by cooking, such as PhIP, which cause colon cancer, it
seems from similar evidence that fast acetylators are more at risk.

The reasons for these differences have been already discussed in chapter 4. The trait has
now been observed in other species, including the rabbit, mouse, hamster, and rat. Studies in
human populations suggest that the acetylator phenotype is a single gene trait, with two alleles
at a single autosomal genetic locus with slow acetylation a simple Mendelian recessive trait.
The dominant-recessive relationship is unclear, however. Genetic studies in the rabbit, mouse,
and hamster indicate that there is codominant expression of these alleles. Thus there are three
possible genotypes with the following arrangement of the slow (r) and rapid (R) alleles: rr, rR,
and RR.

These would be manifested as slow, intermediate, and rapid acetylators. However, the
ability to distinguish the three phenotypes in human populations is dependent on the method
used and the particular drug administered. The heterozygous group, rR, may therefore be
indistinguishable from the homozygous rapid group. The genetic trait especially affects the
activity or stability of the N-acetyltransferase enzyme NAT2. The mutations in the gene give
rise to many allelic variants (26), which results in an enzyme with decreased activity or
stability, and the activity can vary by as much as 100 times. Thus slow acetylators have
reduced tissue enzyme activity.

Substrates for NAT2 therefore have been termed “polymorphic” and substrates for
NAT1 “monomorphic.” However, it is now recognized that NAT1 can also show genetic
variation, indeed there are 22 allelic variants, but these are less prevalent than those affecting
NAT?2, and consequently there is less genetic variation with NAT1. Thus p-aminosalicylic acid
is metabolized by NAT1, yet there is evidence that suggests a bimodal distribution in humans.

However, with substrates for NAT1, the picture is not entirely clear. For example,
p-aminobenzoic acid is another NAT1 substrate, and there is evidence from one study
suggesting that at least in individuals who are phenotpyically fast or slow acetylators for
NAT?2, there is no clear phenotype distinction for NAT1. This is illustrated in Figures 5.22 and
5.23, where individuals given procainamide, a NAT2 substrate, separated into fast and slow
acetylators. However, the metabolite of procainamide, p-aminobenzoic acid, which is also
acetylated, does not show a bimodal distribution in those same individuals. However, because
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Figure 5.22 Metabolism of procaina-
mide. Procainamide and the hydrolysis
product p-aminobenzoic acid are both
acetylated.

Figure 5.23 Frequency distribution for the acety-
lation of (A) procainamide (B) and p-aminobenzoic

N-Acetyl-p-aminobenzoic acid (mg) acid in human subjects. Data represents excretion of

acetylated product in the urine 6 hours after dosing.
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there are different allelic variants for each NAT and presuming they are independent, perhaps
this datum is not surprising. Indeed the two forms of the enzyme, NAT1 and NAT2, are both
independently regulated. A further complication is that some chemicals are substrates for both
NAT1 and NAT?2, and so in a slow acetylator for NAT2, deficiency in activity could be made
up by NAT1. Thus, because NAT1 may also metabolize a particular substrate, the overall effect

of phenotypic variation in NAT2 may be modulated.

Studies using liver from rapid and slow acetylator phenotype rabbits in vitro showed that
there were indeed small differences in acetylation (2-2.5x) for “monomorphic” substrates such
as p-aminobenzoic acid, although much smaller than for “polymorphic” substrates (10-100x).
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Table 5.15 Characteristics of Rabbit N-Acetyltransferase with Various Substrates

Apparent K, (uM) Apparent Vimax (nmol min~! mg™)
Substrate Rr RR rr RR
PABA <5 105 0.24 9.3
PAS <5 74 0.31 5.0
PA 200 67 0.35 4.4
SMz 160 90 0.38 4.8

Abbreviations: PABA, p-aminobenzoic acid; PAS, p-aminosalicylic acid; PA,
procainamide; SMZ, sulfamethazine.
Source: From Ref. 29.

However, using “polymorphic” substrates with the isolated enzyme, no correlation
could be found between K,, and acetylator status; only when “monomorphic” substrates
(p-aminobenzoic acid and p-aminosalicylic acid) were used was this apparent (Table 5.15). It is
notable that both these substrates are negatively charged at physiological pH.

In rabbits, the activity of liver N-acetyltransferase was studied in vitro and found to show
trimodal or bimodal distributions.

Thus, the K, and V., data obtained for the isolated rabbit N-acetyltransferase enzyme
using p-aminobenzoic acid and p-aminosalicylic acid show striking differences between
genotypes and support the hypothesis that the enzymes from slow and rapid acetylators are
structurally different (Table 5.5.15). The enzyme from heterozygous animals was intermediate
between the homozygous values. The slow acetylator enzyme thus has a much greater affinity
for these particular substrates, but a lower capacity than the rapid acetylator enzyme. It seems
that in the rabbit the N-acetyltransferase from the slow phenotype is probably saturated in vivo
at normal concentrations of drug and is therefore operating at maximum capacity, whereas the
rapid enzyme has such a high K, that it would remain unsaturated and would be below
maximum capacity. For monomorphic substrates therefore, the overall rates of metabolism
in vivo would be similar. For polymorphic substrates (e.g., sulfamethazine and procainamide),
the K, values are much greater and more similar in the two phenotypes, but the V., values
are markedly different, and therefore the metabolism of such compounds in vivo is different in
the two phenotypes (Table 5.15).

It should be noted that in the hamster the situation is the reverse, with p-aminobenzoic
acid and p-aminosalicylic acid being polymorphically acetylated and sulfamethazine and
procainamide monomorphically acetylated.

Thus in man and a number of other species, the basis for the acetylator polymorphism is
qualitative differences in NAT2 and to some extent NATI, resulting from mutations. There
may also be posttranslational modifications of the primary gene product. In mice, there is
evidence that other factors such as modifier genes may also affect the expression of
acetyltransferase activity.

As can be seen from Table 5.14, the acetylator phenotype is a factor in a number of toxic
effects due to foreign compounds, including the carcinogenicity of aromatic amines. As
already mentioned in chapter 4, generally the slow acetylators are more at risk, probably
because acetylation protects the amino or hydrazine group from metabolic activation. Thus in
the case of carcinogenic aromatic amines such as benzidine (chap. 4, Fig. 69), it has been
suggested that slow acetylators are more susceptible to bladder cancer. (Thus one study
showed a relative risk of slow to rapid of 1.36 and for individuals exposed to aromatic amines
in industry a relative risk of slow to rapid of 1.7.) However, this is by no means certain, as one
recent study of the role of the acetylator phenotype in bladder cancer in Chinese workers
exposed to benzidine found no association of increased risk with the slow acetylator
phenotype, which, it was suggested, may even have a protective effect. Contrary to this,
another very recent study in Taiwanese individuals did find an association between the slow
acetylator (NAT2) genotype and bladder cancer. Conversely, evidence is accumulating
suggesting rapid acetylators may be more at risk from colorectal cancer, possibly as a result of
exposure to aromatic amines. Pyrolysis of food during cooking produces various mutagenic
and carcinogenic amines, which are known to be acetylated. However, as explained in chapter 4,
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as well as N-acetylation, which detoxifies, O-acetylation can occur and yield toxic and
potentially carcinogenic products (see chapter 4 for details and chap. 4, Fig. 69). Studies have
shown that rapid acetylator mice have greater DNA adduct formation with 2-aminofluorene
than slow acetylator mice. As some aromatic amines (such as 2-aminofluorene) are
metabolized equally by NAT1 and NAT?2 in some species, clearly the impact of the acetylator
phenotype on cancer risk could be minimal depending on which combination of mutant alleles
were present. The role of acetylation in carcinogenicity is discussed in more detail in chapter 7
with regard to aminofluorene derivatives.

There are examples where several genetic factors, including the acetylator phenotype,
operate together. Hydralazine toxicity is one such example, which is discussed in detail in
chapter 7. Another is the hemolytic anemia caused by the drug thiozalsulfone (Promizole),
which occurs particularly in those individuals who are both glucose-6-phosphate dehydrogen-
ase deficient and slow acetylators. Promizole is acetylated, and studies in rapid and slow
acetylator mice confirmed that acetylation was a factor as well as an extent of hydroxylation.
The latter may also be another factor in humans as is discussed below.

The acetylator polymorphism also exhibits an interesting ethnic distribution in humans,
as shown in Table 5.16, which may have important implications for the use of drugs in different
parts of the world. As well as being a factor in the toxicity of several drugs, the acetylation
polymorphism may influence the efficacy of treatment. For example, the plasma half-life of
isoniazid is two to three times longer, and the concentration higher in slow acetylators compared
with rapid acetylators. Therefore, the therapeutic effect will tend to be greater in the slow
acetylators as the target microorganism is exposed to higher concentrations of drug.

Polymorphisms in cytochrome P-450

CYP2D6 polymorphisms (hydroxylator status). More recently than the acetylator phenotype
was discovered, it has become apparent that genetic factors also affect phase 1 oxidation
pathways. Early reports of the defective metabolism of diphenylhydantoin in three families
and of the defective de-ethylation of phenacetin in certain members of one family indicated a
possible genetic component in microsomal enzyme-mediated reactions. Both these cases
resulted in enhanced toxicity. Thus, diphenylhydantoin, a commonly used anticonvulsant,
normally undergoes aromatic hydroxylation and the corresponding phenolic metabolite is
excreted as a glucuronide (fig. 7.54). Deficient hydroxylation results in prolonged high blood
levels of diphenylhydantoin and the development of toxic effects, such as nystagmus, ataxia,
and dysarthria. The deficiency in the ability to hydroxylate diphenylhydantoin is inherited
with dominant transmission.

The defective de-ethylation of phenacetin was discovered in a patient suffering
methemoglobinemia after a reasonably small dose of the drug. This toxic effect was observed
in a sister of the patient but not in other members of the family. The metabolism of
phenacetin in the patient and in the sister was found to involve the production of large
amounts of the normally minor metabolites 2-hydroxyphenacetin and 2-hydroxyphenetidine,
with a concomitant reduction in the excretion of paracetamol, the major metabolic product of

Table 5.16 Acetylator Phenotype Distribution in
Various Ethnic Groups

Ethnic group Rapid acetylators (%)
Eskimos 95-1002
Japanese 882

Latin Americans 702

Black Americans 52a

White Americans 482

Africans 43p

South Indians 392

Britons 38p

Egyptians 182

2Phenotype determined using isoniazid.
PPhenotype determined using sulfamethazine.
Source: From Ref. 30.
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Figure 5.24 Metabolism of phenacetin showing the metabolite believed responsible for methemoglobinemia.
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Figure 5.25 Metabolism of debrisoquine in man. CYP2D6 catalyzes the production of 4-hydroxydebrisoquine,
the major metabolite.

de-ethylation in normal individuals (Fig. 5.24). It was suggested that autosomal recessive
inheritance was involved, with the 2-hydroxylated metabolites probably responsible for the
methemoglobinemia.

These early observations suggesting that genetic factors affect the oxidation of foreign
compounds were confirmed by studies on the metabolism of the antihypertensive drug
debrisoquine. The benzylic oxidation in position 4 of the alicyclic ring (Fig. 5.25) has been
found to be defective in 5% to 10% of the white population of Europe and North America. This
is detected as a bimodal distribution when the metabolic ratio, urinary 4-hydroxydebrosoquine
to debrisoquine, is plotted against frequency of occurrence in the population (Fig. 5.26). The
two phenotypes detectable are known as poor metabolizer (PM) and extensive metabolizer (EM),
and the poor metabolizer phenotype behaves as an autosomal recessive trait. Thus the extensive
metabolizers are either homozygous (DD) or heterozygous (Dd), and the poor metabolizers are
homozygous (dd). Poor metabolizers suffer an exaggerated pharmacological effect after a
therapeutic dose of the drug as a result of a higher plasma level of the unchanged drug (Fig. 5.27).
Extensive metabolizers excrete 10 to 200 times more 4-hydroxydebrisoquine than poor
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metabolizers. The deficiency extends to more than 20 different drugs, and various types of
metabolic oxidation reaction. For example, the aromatic hydroxylation of guanoxon, the O-
demethylation of codeine, oxidation of sparteine (Fig. 5.28), and the hydroxylation of bufuralol
(Fig. 5.3) have all been shown to be polymorphic. There are now a number of adverse drug
reactions, which are associated with the poor metabolizer status. For example, perhexiline may
cause hepatic damage and peripheral neuropathy in poor metabolizers in whom the half-life is
significantly extended; lactic acidosis may be associated with the use of phenformin in poor
metabolizers. Poor metabolizers have a reduced response to pain relief from codeine as the
metabolite produced by CYP2D6 is morphine, which is responsible for the analgesia.

The biochemical basis for the trait is an almost complete absence of one form of
cytochrome P-450, CYP2D6. It seems that there are several mutations, which give rise to the
poor metabolizer phenotype. These mutations produce incorrectly spliced, variant mRNAs in
the liver from poor metabolizers. At least three mutant alleles have been described for the
CYP2D6 gene and in those with “poor metabolizer” status. A large number of mutations have
also been described some of which, but not all, affect enzyme activity. However, for some of
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Figure 5.28 Compounds known to show the same oxidation polymorphism in humans as debrisoquine. The
arrows indicate the site of oxidation.

the substrates of the polymorphism, such as bufuralol, biphasic kinetics has been
demonstrated in vitro. This datum and data from studies using inhibitors such as quinidine,
which is specific for the debrisoquine hydroxylase form of cytochromes P-450, have indicated
that two functionally different forms of cytochrome P-450 isoenzymes are involved. These two
forms differ in that one has low affinity whereas the other has high affinity. Only one of these
may be under polymorphic control. The metabolism of bufuralol is further complicated by the
fact that it is stereospecific. The aliphatic hydroxylation (1-hydroxylation) is selective for the
(+) isomer, whereas the aromatic 4- and 6-hydroxylations are selective for the (-) isomer. Both
aliphatic and aromatic hydroxylation of bufuralol are under the same genetic control, and the
selectivity is virtually abolished in the poor metabolizer. Only the high-affinity polymorphic
enzyme is stereospecific; the low-affinity enzyme is not.

Studies with sparteine have also indicated that there are two isoenzymes involved in
metabolism to 2- and 5-dehydrosparteine. Thus, there is a high-affinity, quinidine-sensitive
form and a low-affinity, quinidine-insensitive form. The formation of the metabolites by the
two isoenzymes is, however, quantitatively and qualitatively different. Both isoenzymes
exhibit large interindividual differences, but it is believed that the low-affinity enzyme is not
controlled by the debrisoquine polymorphism. The variation in the high-affinity isoenzyme is
suggested as being due to allozymes of cytochrome P-450; that is, different enzymes from the
alleles comprising one gene.

The importance of such polymorphisms in human susceptibility to diseases, such as
cancer, is now increasingly being recognized. For example, studies in humans with amino
biphenyl, a liver and bladder carcinogen, have shown that both the acetylator phenotype and
hydroxylator status are important in the formation of adducts (see chap. 6). Another similar,
but distinct, genetic polymorphism concerns the aromatic 4-hydroxylation of the drug
mephenytoin. This hydroxylation deficiency occurs in 2% to 5% of Caucasians and in 20% of
Japanese. Again, it is an autosomal recessive trait. The enzyme, cytochrome P-450, form
CYP2C19, from poor metabolizers has a high K., and low V.. The other route of metabolism,
N-demethylation, is increased in poor metabolizers.

As with the hydroxylation of bufuralol, the hydroxylation is stereo-selective. Thus, only
S-mephenytoin undergoes aromatic 4-hydroxylation, and only this route is affected by the
polymorphism. The R isomer undergoes N-demethylation. Poor metabolizers may suffer an
exaggerated central response when given therapeutic doses (Fig. 5.29).

There is considerable variation in CYP3A4 expression in individual humans, as much as
one to two orders of magnitude. This may be due to exposure to dietary or industrial chemicals
or drugs. Also genetic variation occurs, as exemplified by studies in Finnish, Taiwanese, and
black populations. Studies found that 2.7% of Finns had an allelic variant, designated
CYP3A4*2. This base change in the coding gene lead to a change in one amino acid in the
enzyme. The effect of that was to decrease the intrinsic activity of the enzyme when
determined in vitro using the enzymes generated from the cDNAs for the gene and nifedipine
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Figure 5.29 Aromatic hydroxylation of S-mephenytoin.

Table 5.17 Metabolism of Nifedipine by a Mutant Form of CYP3A4 In Vitro in Comparison
with the Wild-Type Enzyme

Kinetic parameters CYP3A4 wild-type enzyme CYP3A42 mutant enzyme
Vinax (min™") 36 23
K (uM) 2 11
Intrinsic clearance Viax/Km 18 2

Source: From Ref. 33.

as substrate. Thus the V,,x was considerably reduced and the K,,, more than five times higher
(Table 5.17).

Clearly this would mean that substrates for this enzyme could be more poorly
metabolized in individuals with the mutant enzyme. The mutant was not found in the
Taiwanese or black populations, which were also studied.

Other mutants of CYP3A4 have also been found in a Chinese population, which were
associated with a reduction in the ratio of 6-p hydroxyl cortisol to cortisol, an indicator of
metabolic activity in vivo.

Alcohol Metabolism

Another oxidation reaction, which shows variation in human populations, is the oxidation of
ethanol. This has been shown to be significantly lower in Canadian Indians compared with
Caucasians, and thus the Indians are more susceptible to the effects of alcoholic drinks. The
rate of metabolism in vivo in Indians is 0.101 g kg~ ' hr' compared with 0.145 g kg~' hr ™! in
Caucasians. This seems to be due to variants in alcohol dehydrogenase, although differences
in aldehyde dehydrogenase may also be involved. Variants of alcohol dehydrogenase resulting
in increased metabolism have also been described within Caucasian and Japanese populations.

Esterase Activity

Hydrolysis reactions can also exhibit genetic influences such as the plasma enzyme, a
pseudocholinesterase, which is responsible for the metabolism and inactivation of the drug
succinylcholine (fig. 7.55). Certain individuals may be defective in the ability to hydrolyze,
and therefore inactivate, this drug. Such individuals have a form of the enzyme with a
decreased hydrolytic activity, and the half-life of the drug is dramatically increased.
Consequently, such individuals may be affected by the drug for two to three hours instead
of the more normal two to three minutes. In extreme cases, apnea may result from the
prolonged neuromuscular blockade and muscular relaxation caused by the drug. Family
studies are consistent with this deficiency being a recessive trait governed by an autosomal
autonomous gene with two alleles. The three genotypes are manifested as two phenotypes:
rapid and slow hydrolysis of succinyl choline, although careful analysis may reveal three.
Thus, the atypical pseudocholinesterase occurs in the individuals homozygous for the
abnormal gene, the individuals homozygous for the normal gene have the normal enzyme and
the heterozygotes produce a mixture of enzymes. The trait has a frequency of about 2% in
some populations studied (British, Greek, Portuguese, North African), but it is absent from
other populations such as Japanese and Eskimo, for example. There are in fact a number of
variants of the atypical enzyme, which can be distinguished by using specific inhibitors.
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5.3.5 Environmental Factors

There are many factors in the environment, which may influence drug disposition,
metabolism, and toxicity to a greater or lesser extent. However, as the influence of certain
foreign compounds, both drugs and those in the environment, on microsomal enzymes has
been well studied, this will constitute a separate section “Enzyme induction and Inhibition”.

5.3.6 Stress and Diurnal Variation
Adverse environmental conditions or stimuli, which create stress in an animal, may influence
drug metabolism and disposition. Cold stress, for instance, increases aromatic hydroxylation, as
does stress due to excessive noise. It should be noted that the microsomal monooxygenases show a
diurnal rhythm in both rats and mice, with the greatest activity at the beginning of the dark phase.
As well as microsomal enzymes showing diurnal variation, other factors important in
toxicology also show differences over time. For example, the level of glutathione varies
significantly. Studies have shown that the hepatic GSH level in mice is significantly lower at
8 p.m. versus 8 a.m. Correspondingly, the susceptibility to paracetamol toxicity is much greater
when administered at 8 p.m. versus 8 a.m. (Table 5.18).

5.3.7 Diet

The influence of diet on drug metabolism, disposition, and toxicity consists of many
constituent factors. Food additives and naturally occurring contaminants in food may
influence the activities of various enzymes by induction or inhibition. However, these factors
are discussed in a later section Enzyme induction and Inhibition. The factors with which this
section will be concerned are the nutritional aspects of diet.

The multitude of factors contained within the environment, which may influence drug
disposition and metabolism, are difficult to separate.

The finding that race and diet may affect the clearance of drugs such as antipyrine is such
an example. Thus, meat-eating Caucasians have a significantly greater clearance and a shorter
plasma half-life for antipyrine than Asian vegetarians. However, the relative importance of
race versus diet as contributions to those differences is not clear.

The nutritional status of an animal is well recognized as having an important influence
on drug metabolism, disposition, and toxicity. The lack of various nutrients may affect drug
metabolism, though not always causing a depression of metabolic activity. Lack of protein has
been particularly well studied in this respect and shows a marked influence on drug metabolism.

Thus, rats fed on low-protein diets (5%) show a marked loss of microsomal enzyme
activity when compared with those animals fed a 20% protein diet (Table 5.19). The decline in

Table 5.18 Variation in Liver Glutathione Levels with Time and Effect on Paracetamol Toxicity

Hepatic GSH (umol g~ ")

Time of assay and dosing Plasma ALT (U/L) Before dosing After dosing
8 am 27+ 3 8.7+ 0.2 42+ 0.6
2 pm 70 + 28 6.8+ 0.4 24 +£05
8 pm 3451 + 1036 6.1 £04 1.5+02

Mice were dosed with paracetamol (400 mg kg~"') and the transaminase level (ALT) was
measured 24 hr later.
Source: From Ref. 34.

Table 5.19 Effect of a Reduced Protein Diet on Hepatic Cytochrome
P-450 Enzyme Activity in Rats

Ethylmorphine N-demethylation nmol
HCHO 100g~" body weight 10 min~"

20% protein diet 10.5
5% protein diet for 4 days 6
5% protein diet for 8 days <1

Source: From Ref. 35.
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activity is accompanied by a decline in the level of liver microsomal protein. Both cytochrome
P-450 content and cytochrome P-450 reductase activity are reduced by a 5% protein diet.
Similarly in humans, lowering the protein in the diet from 20% to 10% decreased theophylline
clearance by 30% . However, the different forms of cytochrome P-450 are differently affected.
Thus, in studies in rats, CYP3A fell dramatically with reduction of the dietary protein from
18% to 1%, whereas CYP1A2 only dropped after a 0.5% protein diet.

Measurements in vivo, such as barbiturate sleeping times, are in agreement with these
findings, sleeping times being longer in protein-deficient animals. Toxicity may also be
influenced by such factors as a low-protein diet. For example, the hepatotoxicity of carbon
tetrachloride is markedly less in protein-deficient rats than in normal animals, and this correlates
with the reduced ability to metabolize the hepatotoxin in the protein-deficient animals.

However, the reverse is the case with the hepatotoxicity of paracetamol, which is
increased after a low-protein diet. This may be due to the reduced levels of glutathione in rats
fed low-protein diets, which offsets the reduced amount of cytochromes P-450 caused by
protein deficiency.

The carcinogenicity of aflatoxin is reduced by protein deficiency, presumably because of
reduced metabolic activation to the epoxide intermediate, which may be the ultimate
carcinogen, which binds to DNA (Fig. 5.14). A deficiency in dietary fatty acids also decreases
the activity of the microsomal enzymes. Thus, ethylmorphine, hexobarbital, and aniline
metabolism are decreased, possibly because lipid is required for cytochromes P-450. Thus, a
deficiency of essential fatty acids leads to a decline in both cytochromes P-450 levels and
activity in vivo.

Mineral and vitamin deficiencies also tend to reduce the metabolism of foreign
compounds. Carbohydrates, however, do not seem to have major direct effects on the
metabolism of foreign compounds. Starvation or changes in diet may also reduce supplies of
essential cofactors such as sulfate, which is required for phase 2 conjugation reactions and may
be readily depleted (see chap. 7). Overnight fasting of animals may also have significant effects
on metabolism and toxicity. Thus, the dealkylation of dimethylnitrosamine (chap. 7, Fig. 5) is
increased by this short-term food deprivation, and the hepatotoxicity is consequently
increased. The hepatotoxicity of paracetamol and bromobenzene are also both increased by
overnight fasting of animals, probably because this results in the depletion of glutathione to
50% of normal levels. There is thus less glutathione available for the detoxication of these
compounds (see chap. 7).

The nutritional status of an animal may affect the disposition of a foreign compound
in vivo as well as the metabolism. Many drugs are protein-bound in the plasma, and alteration
of the extent of binding for compounds extensively bound may have important toxicological
implications. Thus, the decreased plasma levels of albumin after low-protein diets, such as
occur in the human deficiency disease Kwashiorkor, might lead to significantly increased
plasma levels of the free drug and therefore the possibility of increased toxicity.

5.3.8 Age Effects

It is well known that the drug-metabolizing capacity and various other metabolic and
physiological functions in man and other animals are influenced by age. Furthermore,
sensitivity to the toxic and pharmacological effects of drugs and other foreign compounds is
often different in young and geriatric animals. As might be expected, at the extremes of age,
drug-metabolizing activity is often impaired, plasma-protein binding capacity is altered, and
the clearance of foreign compounds from the body may be less efficient. These differences
generally lead to exposure to a higher level of unchanged drug for longer periods in the young
and geriatric animals than in adults, with all the implications for toxicity that this has. The case
of the fetus is rather special, because of the influence of the maternal organism, and will
therefore be considered separately at the end of this section.

Although the toxicological significance has yet to be studied, age-related differences in
the absorption of foreign compounds are demonstrable. Neonatal and geriatric human subjects
have low gastric acid secretion, and consequently the absorption of some foreign compounds
may be altered. Thus in the neonate, penicillin absorption is enhanced, whereas paracetamol
absorption is decreased.

Intestinal motility may also be influenced by age, with various effects on the absorption
of foreign compounds dependent upon the site of such absorption. The absence of gut flora in
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the neonate may have as yet unknown influences on the disposition of foreign compounds in
the gastrointestinal tract.

Once absorbed, foreign compounds may react with plasma proteins and distribute into
various body compartments. In both neonates and elderly human subjects, both total plasma-
protein and plasma-albumin levels are decreased. In the neonate, the plasma proteins may also
show certain differences, which decrease the binding of foreign compounds, as will the
reduced level of protein. For example, the drug lidocaine is only 20% bound to plasma proteins
in the newborn compared with 70% in adult humans. The reduced plasma pH seen in neonates
will also affect protein binding of some compounds as well as the distribution and excretion.
Distribution of compounds into particular compartments may vary with age, resulting in
differences in toxicity. For example, morphine is between 3 and 10 times more toxic to
newborn rats than adults because of increased permeability of the brain in the newborn.
Similarly, this difference in the blood-brain barrier underlies the increased neurotoxicity of
lead in newborn rats.

Total body water, particularly extracellular water, has been found to be greater in
neonates than in adults and to decrease with age. The distribution of water-soluble drugs
could clearly be influenced by this; lower plasma levels being one possible result. Both
glomerular filtration and renal tubular secretion are lower in neonates and geriatrics, and
human infants achieve adult levels of glomerular filtration by one year of age at the earliest.
The consequences of this are reduced excretion, and hence reduced body clearance of foreign
compounds. Consequently, toxicity may be increased by prolongation of exposure or
accumulation, if chronic dosing is involved.

This was an important factor in the development of adverse reactions to the antiarthritis
drug benoxaprofen (Opren), which caused serious toxicity in some elderly patients,
necessitating withdrawal of the drug from the market.

Many drug-metabolizing enzyme systems show marked changes around the time of
birth, being generally reduced in the fetus and neonate. In some cases, adult activity may be
achieved within a few days, whereas for some enzymes, such as cytochromes P-450, several
weeks may be necessary to obtain optimum levels. The development of these enzyme systems
does, however, depend on the species. For example, in the rat, microsomal monooxygenase
activity is negligible at birth whereas in humans at six months of gestation, enzyme activity is
not only detectable, but may be between 20% and 50% of adult levels.

In the rat, development to adult levels of activity takes about 30 days after which levels
decline toward old age. In humans, however, hydroxylase activity increases up to the age of
6 years, reaching levels greater than those in the adult, which only decrease after sexual
maturation. Thus the elimination of antipyrine and theophylline was found to be greater in
children than in adults. It should be noted, however, that proportions of isoenzymes may be
very different in neonates from the adult animal, and the development of the isoenzymes may
be different. Thus, in the rat there seem to be four types of development for phase 1
metabolizing enzymes: linear increase from birth to adulthood, type A (aniline
4-hydroxylation); low levels until weaning, then an increase to adult levels, type B
(N-demethylation); rapid development after birth followed by rapid decline to low levels in
adulthood, type C (hydroxylation of 4-methylcoumarin); and rapid increase after birth to a
maximum and then decline to adult levels, type D. Patterns of development may be different
between sexes as well as between species. For example, in the rat, steroid 16-a-hydroxylase
activity toward androst-4-ene-3,17-dione develops in type B fashion in both males and females,
but in females, activity starts to disappear at 30 days of age and is undetectable by 40 days. It
seems that the monooxygenase system develops largely as a unit, with the rate dependent on
species and sex of the animal and the particular substrate.

With some of the phase 2 metabolizing enzymes, there may be strict ontogenetic patterns
of expression. Sulfate conjugation ability occurs early in rats, whereas glucuronidation
(of xenobiotics), and conjugation with glutathione and amino acids, only develop over about
30 days from birth.

These deficiencies in metabolic capacity in neonates may have significance for the
toxicity of foreign compounds.

When the parent compound is responsible for the pharmacological or toxicological effect,
reduced metabolic activity may lead to prolonged and exaggerated responses. For example, in
mice there is very little oxidation of the side chain of hexobarbital, and the sleeping time is
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Table 5.20 Effect of Age on Metabolism and Duration of Action of Hexobarbital

Percent hexobarbital Percent hexobarbital Sleeping time in mice (min)
metabolized in vitro® metabolized in vivo
Age (days) in 1 hr (guinea pigs) in 3 hr (mice) (10mgkg™") (50mgkg™") (100 mgkg ")
1 0 0 >360 Died Died
7 25-35 1124 107 + 26 243 + 30 >360
21 13-21 21-33 27 £ 11 64 + 17 94 + 27
Adult 28-39 <5 17 £5 47 + 1

3Guinea pig liver microsomes.
Source: From Ref. 36.
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Figure 5.30 Development of hepatic reduced glutathione and cytochrome P-450 levels with age in mice.
Abbreviations: GSH, glutathione (e); cyt.P450, cytochrome P-450 (A). Source: From Ref. 37.

excessively prolonged (by 70x), as shown in Table 5.20. Doses giving sleeping times of less
than one hour in adult mice are fatally toxic to neonates. This activity correlates with the
inability to metabolize the drug.

The converse is true of drugs requiring metabolic activation for toxicity. For example,
paracetamol is less hepatotoxic to newborn than to adult mice, as less is metabolically
activated in the neonate. This is due to the lower levels of cytochromes P-450 in neonatal liver
(Fig. 5.30). Also involved in this is the hepatic level of glutathione, which is required for
detoxication. Although levels of this tripeptide are reduced at birth, development is
sufficiently in advance of cytochrome P-450 levels to ensure adequate detoxication (Fig.
5.30). The same effect has been observed with the hepatotoxin bromobenzene. (For further
details of paracetamol and bromobenzene see chap. 7.) Similarly, carbon tetrachloride is not
hepatotoxic in newborn rats as metabolic activation is required for this toxic effect, and the
metabolic capability is low in the neonatal rat.

The deficiency in phase 2 metabolizing enzymes may also influence the toxicity of
foreign compounds. For example, glucuronosyl transferase activity in human neonates is often
low, and hence conjugation is impaired, which may be important for the detoxication of a
drug. A relative deficiency of UDP-glucuronic acid may also contribute to the lower level of
conjugation. Thus, with chloramphenicol, which is 90% conjugated with glucuronc acid,
neonatal deficiency of glucuronide conjugation can lead to severe cyanosis and death in some
human infants due to the high plasma levels of unchanged drug. However, in the case of
paracetamol metabolism in neonates, as sulphate conjugation is at normal levels, this will
compensate for any reduction in glucuronidation. When conjugation of bilirubin with
glucuronic acid is impaired, neonatal jaundice results leading to brain damage due to the
elevated levels of free bilirubin. This may be exacerbated by the administration of drugs, which
displace bilirubin from its binding sites on plasma albumin.

As with neonates, drug-metabolizing capacity in elderly subjects is also reduced in
comparison with young adults for some compounds, such as benoxaprofen, propranolol, and
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lignocaine. Other drugs such as isonazid and warfarin show a similar plasma half-life in
elderly as in young adults. It seems that phase 1 metabolism is more likely to be affected in the
elderly than phase 2 reactions. However, it should be noted that clearance of some drugs
(propranolol and lignocaine) may be decreased in the elderly, partly as a result of reduced
hepatic blood flow and reduced hepatic extraction as well as reduced metabolism. Thus, as in
neonates, reduced metabolism of foreign compounds in the elderly animal may lead to
differences in toxicity in comparison with the adult animal.

The situation with regard to the fetus is a rather special case. Although many of the same
comments apply to the fetus as to neonatal animals, the relationship with the maternal
circulation exerts a modifying effect. Thus, clearance of compounds from fetal plasma may be
more efficient, although if polar compounds are produced in the fetal liver, these may be
unable to leave the embryo because they are unable to cross the placenta. Alternatively, drugs
ingested by the mother may be metabolized maternally and then be unable to cross the
placenta. However, most drugs, particularly on chronic administration, attain the same steady-
state levels in the fetal as in the maternal plasma, unless metabolism and/or excretion by the
fetus is significant. The fetal kidney, however, excretes certain compounds into the allantoic
fluid. Plasma-protein binding capacity is less in the fetus due to lower levels of albumin. The
ability of the fetus to metabolize foreign compounds is generally less than that of the adult
animal, as it is with the neonate. However, this may depend on the metabolic pathway and
enzyme system involved.

Cytochromes P-450 show negligible activity in the fetus until birth, although activity is
measurable in embryonic tissue. This is the case in most mammals, except man, where the
fetus six weeks after gestation shows measurable cytochromes P-450 activity, which is between
20% and 40% of adult values by mid-term, this level being maintained until birth. Thus in rat,
mouse, rabbit, and hamster fetuses, cytochrome P-450 levels are between 0% and 5% of the
adult level. In guinea pigs and macaque monkeys, levels are higher, but the human fetus seems
to have the highest levels at 20% to 40% of the adult level.

Glucuronyl transferase activity has been shown to be low in the fetus, using substrates
such as p-nitrophenol and 1-naphthol (chap. 4, Figs. 8 and 4). Diazepam is metabolized to N-
demethyldiazepam, which is conjugated with glucuronic acid in adults and children; however,
no glucuronide is detectable in premature infants. It is clear that if cytochromes P-450 activity
is present in the fetus but conjugating ability is impaired, toxic metabolites rather than stable,
less toxic conjugates could accumulate. The activity of cytosolic enzymes such as the GSTs is
also lower in the fetus, being only 5% to 10% of the adult value in rabbits and guinea pigs. The
glutathione content of fetal mouse liver was found to be approximately 10% of that of the
adult, but studies indicate that the mouse fetus is still protected from the hepatotoxic effects of
compounds such as paracetamol by this level of glutathione.

It is therefore apparent that the fetus may not always be at greater risk from the toxic
effects of foreign compounds than the neonate. Its susceptibility depends very much on the
particular compound. The human neonate, however, may be unusual in having a compar-
atively high level of microsomal enzyme activity, which may have important toxicological
consequences for the fetus exposed to compounds metabolized by such enzymes to more toxic
products. The rapidity of clearance of the compound from the maternal circulation is of
paramount importance to the fetal toxicity of a foreign compound. Teratogenicity is a special
case of fetal toxicity in its dependence on the stage of development, and will be considered in a
later chapter.

5.3.9 Hormonal Effects

As well as the sex hormones already mentioned (see above), many other hormones seem to
affect the metabolism of foreign compounds and therefore may have effects on toxicity. A
number of pituitary hormones may directly, as well as indirectly, affect metabolism, for
example, growth hormone, follicle-stimulating hormone, adrenocorticotrophic hormone,
luteinizing hormone, and prolactin. Thus, hypophysectomy in male rats results in a general
decrease in metabolism, but the effects of some of the individual hormones may depend on the
sex of the animal and the particular enzyme or metabolic pathway. For example,
adrenocorticotrophic hormone (ACTH) administration decreases oxidative metabolism in
males but increases N-demethylation in female rats. Removal of the adrenal gland reduces
metabolism, such as ethylmorphine demethylation and aniline 4-hydroxylation, and this can
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be partly restored by the administration of corticosteroids. However, there are probably many
factors involved as well as the loss of a particular hormone. Similarly, thyroidectomy causes
changes in metabolism, but these vary depending on the sex of the animal and on the particular
metabolic reaction studied. Diabetes induced by streptozotocin, which specifically damages the
pancreas (see chap. 6), seems to cause a general decrease in monooxygenase metabolic capacity,
and the activity may be restored by insulin treatment. In fact, although there is no change in the
total cytochromes P-450 level, diabetes may induce one particular form of the enzyme (see
below), and so the diabetic condition may cause a change in the isoenzyme proportions. Thus
overall, the thyroid, adrenal, and pituitary hormones and insulin mainly act directly on the liver
to affect metabolism, whereas the sex hormones probably act indirectly via the pituitary and
hypothalamus. Clearly, however, the potential interactions are complex.

5.3.10 Effects of Pathological Conditions

Although most experimental studies using foreign compounds are carried out in healthy
animals or healthy human volunteers, animals and humans with diseases may be exposed to
foreign compounds. This is clearly often the case with drugs designed to treat specific diseases,
or to be used in particular conditions. The influence of pathological conditions on the
disposition and metabolism of such compounds is therefore a very important consideration.
Furthermore, chronic exposure to foreign compounds may result in pathological damage,
which may influence the disposition of the compound on subsequent exposure.

The absorption of foreign compounds from the gastrointestinal tract may be altered in
certain malabsorption syndromes and may be increased after subcutaneous or intramuscular
injection if vasodilation accompanies the particular disease. The disposition of foreign
compounds, once absorbed, can be influenced by changes in plasma proteins, which are
sometimes reduced in certain disease states. Consequently, for foreign compounds, which are
highly protein bound, the plasma concentration of the free compound may be significantly
increased in such circumstances. This may alter renal excretion, increasing it in some cases, but
could also increase the toxicity of a drug with a narrow therapeutic ratio if the compound
dissociated from the protein was responsible for the toxicity. Thus, thiopental anesthesia is
prolonged when plasma albumin is reduced by chronic liver disease, and more unbound
diphenylhydantoin and sulfonamides result from changes in plasma proteins in chronic liver
disease.

Hepatic disease and damage clearly have the potential to be major factors in the
metabolism of foreign compounds. Thus, in patients with liver necrosis due to paracetamol,
the half-life of the latter was increased from 2 to 8 hours and that of antipyrine from 12 to
24 hours. Acute hepatic necrosis in animals caused by the administration of hepatotoxins resulted
in the plasma half-lives of barbiturates, diphenylhydantoin, and antipyrine being approxi-
mately doubled. However, there may be several factors operating such as displacement of a
drug from plasma-protein-binding sites by bilirubin. In liver damage, plasma-bilirubin levels
may be high due to lack of conjugation with glucuronic acid. This may alter elimination of
some drugs such as tolbutamide. The level of plasma albumin may often be reduced by liver
disease as this is the site of synthesis of albumin, hence the binding to plasma albumin will
tend to be reduced. However, the effects of liver disease can be somewhat unpredictable. For
example, in patients with cirrhotic liver, the glucuronidation of chloramphenicol and the
acetylation of isoniazid are both reduced, and hence the half-lives are prolonged. However,
chronic liver disease did not affect the hepatic clearance of lorazepam or oxazepam despite the
fact that glucuronidation is the route of metabolism for these compounds. In general, the
formation of glucuronic acid and sulfate conjugates tends to be impaired in liver diseases such
as hepatitis, obstructive jaundice, and cirrhosis.

Hepatic damage may also affect the disposition of some drugs by altering hepatic blood
flow. For example, Indocyanine Green is not metabolized, and the clearance is related to
hepatic blood flow. In cholestatic liver damage, clearance is reduced to 70% of the control. Both
antipyrine and aminopyrine are cleared by metabolism in the liver, yet only the clearance of
antipyrine is affected by the cholestatic damage. Although it seems that hepatocellular disease
will generally affect drug clearance, it is still difficult to extrapolate from the known effects on
the disposition of a particular drug to the likely effects on another. It is clearly important to
know the relevant factors in the disposition of a particular drug and also the severity and type
of pathological damage. Thus, liver cirrhosis will alter blood flow but will not necessarily affect
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enzyme levels. Mild to moderate hepatitis in humans was found to have no influence on
hepatic cytochromes P-450 content, yet severe hepatitis and cirrhosis reduced the content by
50%. The liver synthesizes cholinesterases, and therefore drugs hydrolyzed by these enzymes,
such as aspirin, procaine, and succinylcholine, show reduced metabolism.

Thus, liver damage and disease may have a number of effects on the disposition of a
compound, which may be due to the following:

1. Alteration in enzyme levels or activities
2. Alteration in blood flow
3. Alteration in plasma albumin and hence binding

Decreased ability to form glucuronides may also occur in Gilbert’s disease and the
Crigler-Najjar syndrome. In these genetic disorders, glucuronyl transferase is reduced, and
consequently bilirubin conjugation may be affected when drugs, which are also conjugated
with glucuronic acid, are administered.

Renal disease is another important factor, particularly if renal excretion is the major
route of elimination for the pharmacologically or toxicologically active compound. This may be
particularly important with drugs showing a low therapeutic ratio, such as digoxin and the
aminoglycoside antibiotics. As already mentioned, plasma-protein binding may be affected in
renal disease, such binding being reduced particularly with regard to organic acids. Increased
toxicity of drugs undergoing significant metabolism, such as chloramphenicol, has been found
in uraemic patients. The half-lives of a number of drugs are prolonged in renal failure,
although this effect is variable and by no means the general rule, different drugs being
differently affected.

Chronic renal disease may also affect metabolism, not necessarily because of impaired
metabolism in the kidney, but because of an indirect effect of renal failure on liver metabolism.
For example, in animals with renal failure, it was observed that there was a decrease in hepatic
cytochromes P-450 content, and consequently, zoxazolamine paralysis time and ketamine
narcosis time were prolonged.

Cardiac failure may also affect metabolism by altering hepatic blood flow. However,
even after heart attack without hypotension or cardiac failure, metabolism may be affected. For
example, the plasma clearance of lidocaine is reduced in this situation. Other diseases such as
those, which affect hormone levels: hyper-or hypothyroidism, lack of or excess growth
hormone, and diabetes can alter the metabolism of foreign compounds.

Infectious diseases, viral, bacterial, and protozoal, and inflammation may all affect
metabolism, some partially by increasing levels of the endogenous compound interferon,
which will inhibit some metabolic pathways. Levels of cytochrome P-450 are known to fall in
certain infectious and other diseases. Cytokines appear to be involved in the effect of a number
of diseases on drug metabolism.

5.3.11 Tissue and Organ Specificity

The disposition or localization, and in some cases metabolism, of foreign compounds may be
dependent upon the characteristics of a particular tissue or organ, which may in turn affect the
toxicity. There are many examples of organotropy in toxicology, but the mechanisms
underlying such organ-specific toxic effects are often unknown.

It is clear that a foreign compound, which is chemically similar to, or at least has certain
structural similarities with, an endogenous compound, may become localized in a particular
tissue(s). An example of this is 6-hydroxydopamine, a single dose of which is selectively toxic
to sympathetic nerve endings. Because of its similarity to noradrenaline, 6-hydroxydopamine
is distributed specifically to the sympathetic nerve endings. There it is oxidized to a quinone
(fig. 7.43), which binds covalently to the nerve endings and permanently inactivates them. In
other cases, however, the mechanism of specificity is less clear. Certain carcinogens show
organ or tissue specificity, such as trans-4-dimethylaminostilbene, which causes earduct
tumors after repeated administration, or hydrazine, which causes lung tumors (Fig. 5.31). This
may reflect the ability of the tissue to carry out repair of damaged macromolecules, such as
DNA. Thus, if DNA repair is poor in a particular tissue, such as nervous tissue, that tissue may
be particularly susceptible to certain carcinogens.
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The carcinogen diethylstilboestrol induces tumors in those female organs particularly
exposed to estrogens, namely, the mammary glands, uterus, and vagina (fig. 6.28). In male
hamsters, however, this compound causes kidney tumors.

Although certain organs are prime targets for toxic effects because of their anatomical
position and function, such as the gut, liver, and kidney, they may not necessarily be the most
susceptible. Such organs may have a particular ability to cope with a toxic insult, and this has been
termed “reserve functional capacity.” Examples of organ-specific toxicity are the lung toxicity
of the natural furan ipomeanol (fig. 7.37), 3-methylfuran (Fig. 5.31), the herbicide paraquat (Fig.
7.40) and the kidney toxicity of chloroform (Fig. 7.27), 2-furoic acid (Fig. 5.31), and p-
aminophenol (Fig. 5.9). However, some of these compounds, such as 3-methylfuran and
paraquat, are rarely, if ever, hepatotoxic, even after oral administration. The lung toxin
ipomeanol is considered in greater detail in the final chapter 7.

The phospholipidoses caused by certain amphiphilic drugs typified by chlorphentermine
(chap. 3, Fig. 5.19) tend to be organ specific and tissue specific, occurring primarily in tissues
with high cell membrane turnover such as macrophages in lung or the immune system or in
organs with high lipid or phospholipid biosynthesis such as the adrenals and retina, for
example. In the case of chlorphentermine, this correlates with the accumulation of the drug,
which is localized in fatty tissue, particularly that associated with the adrenals and lungs (see
chap. 6). However, the organs affected can be different for the same compound in different
species. For example, the drug tafenoquine causes phospholipid accumulation in the lung in
rat and dog, but cornea in man. Phospholipidosis is discussed in greater detail in chapters 6
and 7.

5.3.12 Dose

It is clear from chapter 2 that the dose of a toxic compound is a major factor in its toxicity. This
may be a simple relationship resulting from the increasing concentration of toxin at its site of
action, with a proportional increase in response with increasing dose. However, the size of the
dose may also influence the disposition or metabolism of the compound.

Thus, a large dose may be ineffectively distributed and remain at the site of
administration as a depot. A large dose of a compound given orally, for instance, may not
be all absorbed, depending on the rates of absorption and transit time within the gut. Saturable
active absorption processes would be particularly prone to dose effects, which could result in
unexpected dose-response relationships.

Once a toxic compound has been absorbed, the disposition of it in vivo may also be
affected by the dose. Thus, saturation of plasma-protein binding sites may lead to a significant
rise in the plasma concentration of free compound, with possible toxic effects. This, of course,
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depends on the fraction of the compound that is bound and is only of significance with highly
protein-bound substances. The result of this is a disproportionate rise in toxicity for a small
increase in dose. As already discussed in chapter 3, transporter systems (e.g., MDR proteins)
can pump some foreign chemicals out of exposed tissues or organs back into the blood or
lumen of the organ (e.g., the gut). As these are active transport systems, they can be saturated.
So a large dose of a chemical could reduce the ability of the organ to protect itself and the body
by removal of the drug.

Saturation of the processes involved in the elimination of a foreign compound from the
plasma, such as metabolism and excretion, may also have toxicological consequences. Thus,
ethanol exhibits zero-order elimination kinetics at readily attainable plasma concentrations,
because the metabolism is readily saturated. Therefore, once these plasma concentrations have
been attained, the rate of elimination from the plasma is constant. Increasing the dosage of
ethanol leads to accumulation and the well-known toxic effects.

Inappropriate dosing was almost certainly one of the factors in benoxaprofen- (Opren)
induced cholestatic liver damage, which occurred in some elderly patients (see above). With
repeated dosing the drug accumulated, probably as a result of the reduced kidney function,
which is often seen in old age. The elimination of the drug was therefore less efficient than in
the healthy volunteers used in phase 1 clinical trials, resulting in longer elimination half-lives
in susceptible patients when similar doses were given. Thus the drug accumulated in the body.
It now seems that the benoxaprofen acylglucuronide metabolite, which has low solubility, is
also eliminated into the bile by an active transport system (Mrp2), so exposing the canalicular
membranes to relatively high concentrations. The glucuronide can also be hydrolyzed and
acylate nearby proteins in the biliary system. The accumulated doses of the drug and its
metabolites in the hepatocytes of such patients may also have saturated the biliary transporter
(s) leading to increased exposure of these cells.

The biliary excretion of furosemide is also an active process and saturable, and after high
doses of furosemide, there is a disproportionate increase in the plasma level of the drug. This
appears to be responsible for the toxic dose threshold, above which hepatic necrosis ensues
(figs 3.33, 3.34). Similarly, saturation of the biliary excretion of proxicromil in dogs is believed
to be the cause of the hepatotoxicity (Fig. 5.11).

The metabolism of toxic compounds may also be influenced by dose, with possible
toxicological consequences. Saturation of metabolic routes may increase toxicity if the parent
compound is more toxic than its metabolites, or if minor but toxic routes become more
important. Conversely, toxicity may not increase proportionately with dose if the pathway
responsible becomes saturated. For example, paracetamol hepatotoxicity is dose dependent,
but only above a threshold dose. This threshold is the result of saturation of the glutathione
conjugation pathway. Another example is isoniazid hepatotoxicity, which results from an
acetylated metabolite. Giving large doses of isoniazid to experimental animals does not cause
hepatic necrosis, whereas giving several smaller doses does, probably because acetylation is
saturated at high doses, and the drug is metabolized by other routes. These and other
examples such as salicylic acid and vinyl chloride are discussed in greater detail in the final
chapter. The problem of dose-dependent metabolism is also important in considerations of the
extrapolation from animals to man in the prediction of risk and safety assessment. For
example, the food additive estragole undergoes side chain, aliphatic oxidation followed by
conjugation to form a carcinogenic metabolite (Fig. 5.32). Estragole is carcinogenic in mice at a
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Figure 5.32 Metabolic activation of estragole. Conjugation (e.g., with sulfate) can yield a reactive intermediate.
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dose of around 511 mg kg !, but humans are only exposed to around 1 pg kg ' day . When
the metabolism of estragole in mice and rats is examined, it is found that it is dose dependent,
with the proportion of the dose metabolized to the toxic metabolite increasing by 10-fold from
about 1% to 10%. In humans, the pathway only represents 0.3% of the dose at the normal daily
intake. Thus, in this case the ratio of the amount of toxic metabolite required to produce tumors
in mice to the amount that man is normally exposed to is about 15 million to 1. These findings
clearly have implications with regard to setting safe limits for daily intake of such substances.
The data also underline the crucial importance of metabolic data gathered at different doses for
the sensible interpretation and use of toxicity data. Another example of this is the case of
saccharin, the artificial sweetener. This compound caused bladder cancer in experimental
animals when these were exposed to levels of 5% to 7% of the diet but not if exposed to levels
up to 5%. However, pharmacokinetic studies revealed that at these high exposure levels the
plasma clearance of saccharin was saturated, and therefore tissue levels would be higher than
expected on the basis of a linear extrapolation from lower doses. Consequently, prediction of
the incidence of bladder tumors at the lower exposure levels to which humans would be
exposed could not reasonably be based on a simple linear extrapolation from the data obtained
at the high exposure levels.

5.3.13 Enzyme Induction and Inhibition

Most biological systems, and especially humans, are exposed to a large number of different
chemicals in the environment. Thus, pesticides, natural contaminants in food, industrial chemicals,
and agricultural pollutants may all contaminate the environment and thereby affect various
biological systems in that environment. Humans and certain other animals may also be exposed to
drugs and food additives, and humans are exposed to substances in the workplace. These
chemicals may modify their own disposition and that of other chemicals in several ways. One way
this may occur is by an effect on the enzymes involved in the metabolism of foreign compounds;
these enzymes may be induced or inhibited. By altering the routes or rates of metabolism of a
foreign compound, either induction or inhibition clearly can have profound effects on the biological
activity of the compound in question. The biological importance is probably an adaptation to
chemical exposure and hence potential stress, by increasing the removal of the offending substance.

Enzyme Induction

Although first reported with the cytochrome(s) P-450 mixed function oxidases, it is now
known that a number of the enzymes involved in the metabolism of foreign compounds are
inducible. Thus, as well as the CYPs, NADPH cytochrome P-450 reductase, cytochrome bs,
glucuronosyl transferases, epoxide hydrolases, and GSTs are also induced to various degrees.
However, this discussion concentrates on the induction of the CYPs with mention of other
enzymes where appropriate.

The induction of the CYPs has been demonstrated in many different species including
humans, and in various different tissues as well as the liver. Induction usually results from
repeated or chronic exposure, although the extent of exposure is variable. The result of
induction is an increase in the amount of an enzyme; induction requires de novo protein
synthesis, and therefore an increase in the apparent metabolic activity of a tissue in vitro or
animal in vivo. Consequently, inhibitors of protein synthesis, such as cycloheximide, inhibit
induction. It is a reversible cellular response to exposure to a substance. Thus, it can be shown
in isolated cells, such as hamster fetal cells in culture, that exposure to benzo[alanthracene
induces aryl hydrocarbon hydroxylase (AHH) activity (CYP1A1).

A large variety of substances have been shown to be inducers, probably numbering several
100 and including many drugs. Table 5.21 shows some inducers of different CYPs. Some of these
inducers will be specific form one CYP isoform, but others will induce a number of different
isoforms, complicating the effect on metabolism. Also, although enzyme induction occurs most
commonly in the liver, enzymes can be induced in other tissues also, sometimes to a greater extent.

Apart from the fact that many are lipophilic and organic, there are no common factors,
and many chemical classes of compound are included (Table 5.21). However, there are several
types of induction, which can be differentiated, and within some of these types, inducers show
certain structural similarities. For example, inducers of the polycyclic hydrocarbon type
(CYP1A1) tend to be planar molecules.
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Table 5.21 Examples of Different Inducers of Cytochrome P-450

Enzyme induced Inducer

CYP1A1 Dioxin

CYP1A2 Omeprazole, cigarette smoke,
3-methylcholanthrene

CYP2B1/2B2 Phenobarbital

CYP2B6? Phenobarbital

CYP2C9 Rifampicin

CYP3A1 Dexamethasone

CYP3A4? Carbamazepine, phenobarbital,
phenytoin, rifampicin

CYP2E1 Isoniazid, ethanol

CYP4A6 Clofibrate

@Form induced in humans.

Planar and nonplanar polychlorinated biphenyls (Fig. 5.2) differ in the type of induction
they will cause. Thus, 3, 3/, 4, 4, 5, 5'-hexachlorobiphenyl is a planar molecule, which is an
inducer of the polycyclic hydrocarbon type. 2, 2/, 4, 4, 6, 6/-Hexachlorobiphenyl is a
nonplanar molecule due to the steric hindrance between the chlorine atoms in positions 2 and
6 and is a phenobarbital type of inducer. The variety and type of inducing agents are shown in
Table 5.21. Some compounds may indeed be mixed types of inducers, and thus mixtures of
planar and nonplanar polychlorinated biphenyls are found to act as inducers of both the
polycyclic and phenobarbital type.

As already discussed in chapter 4, cytochrome P-450 has many forms or isoenzymes,
which differ in their ability to catalyze particular reactions. Some of these forms of cytochrome
P-450 are found in normal liver tissue and are “constitutive,” whereas others are only apparent
after induction. Constitutive as well as non-constitutive forms of cytochrome P-450 are
inducible. Some of the major forms of cytochrome P-450, which are induced, are shown in
Table 5.21. It should be noted, however, that this is not an exhaustive list, and there are species
and tissue differences in the constitutive and induced forms of cytochrome P-450.

Thus, induction can change the proportions of isoenzymes in a particular tissue and may
increase the activity of a normally insignificant form by many times. Although phenobarbital
induction increases the overall concentration of cytochromes P-450 in the liver by about
threefold, specific isoenzymes may be increased up to 70-fold. Treatment with 3-
methylcholanthrene can increase a specific form of the enzyme by a similar order.

Induction of the microsomal enzymes may also have other effects as well as the increased
production of particular enzymes and isozymes. Here again the different types of inducer
vary. Thus, the barbiturate type of inducer differs significantly from the polycyclic
hydrocarbon type as can be seen from the list below. Some of the characteristic changes
caused by the barbiturate type of inducer are

increase in smooth endoplasmic reticulum,
increase in liver blood flow,
increase in bile flow,
increase in protein synthesis,
liver enlargement,
increase in phospholipid synthesis,
increase in cytochromes P-450 content (3x),
increase in NADPH cytochrome P-450 reductase (3x),
increase in glucuronosyl transferases,
10. increase in GSTs,
11. increase in epoxide hydrolases, and
12. induction of cytochrome P-450, which mostly occurs in the centrilobular area of the
liver.
The polycyclic hydrocarbon type of inducer does not have such major effects, it only
causes slight liver enlargement and has no effect on liver blood or bile flow. The increase in
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Table 5.22 Effect of Various Enzyme Inducers on Metabolism of Different Compounds

Inducer

control Pb PCN 3MC Aro
Compound nmol product min~" nmol cyt P-450~"
Ethymorphine 13.7 16.8 24.9 6.4 —
Aminopyrine 9.9 13.9 9.7 7.6 9.5
Benzphetamine 12.5 45.7 6.6 5.7 13.7
Caffeine 0.48 0.65 — 0.52 0.64
Benzo[a]pyrene 0.14 0.14 0.14 0.33 —

Abbreviations: Pb, phenobarbital; PCN, pregnenolone-16 o-carbonitrile; 3MC,
3-methylcholanthrene; Aro, arochlor 1254. Source: From Ref. 38.

cytochromes P-450 is not confined to the centrilobular area of the liver, protein synthesis is
only slightly increased, and there is no increase in phospholipid synthesis. Other enzymes than
cytochromes P-450 are also induced by polycyclic hydrocarbons, although generally to a lesser
extent than with barbiturate induction. NADPH cytochrome P-450 reductase is not induced by
polycyclic hydrocarbons, however.

Alcohol is an inducer of CYP2E1, which can lead to situations of enhanced drug toxicity
in alcoholics or heavy drinkers (e.g., from paracetamol overdose).

With the clofibrate type of inducer, other changes are also apparent. Thus, there is a
proliferation in the number of peroxisomes (an intracellular organelle) as well as induction of a
particular form of cytochrome P-450 involved in fatty acid metabolism. A number of other
enzymes associated with the role of this organelle in fatty acid metabolism are also increased, such
as carnitine acyltransferase and catalase. This phenomenon is discussed in more detail in chapter 6.

The onset of the inductive response is in the order of a few hours (3-6 hours after
polycyclic hydrocarbons, 8-12 hours after barbiturates), is maximal after 3 to 5 days with
barbiturates (2448 hours with polycyclic hydrocarbons), and lasts for at least 5 days
(somewhat longer with polycyclic hydrocarbon induction). The magnitude of the inductive
effect may depend on the size and duration of dosing with the inducer and will also be
influenced by the sex, species, strain of animal, and the tissue exposed.

It is clear from these comments that the biochemical and toxicological effects seen after
various inducers may be markedly different. This is illustrated by the effects of different
inducers on the metabolism of various substrates examined in vitro and shown in Table 5.22. It
can be seen that in some cases the inducers cause no change in the metabolism, whereas in
other cases, metabolism is increased or even decreased. Thus studies in vitro showed that
pretreatment with phenobarbital markedly increased benzphetamine metabolism but had no
effect on benzo(a)pyrene metabolism. Conversely, 3-methylcholanthrene pretreatment
increased benzo(a)pyrene metabolism but markedly decreased benzphetamine metabolism.

These effects are compounded by species and tissue differences in response to inducers
and the differences in isoenzymes present in these species and tissues.

Induction therefore may cause (i) increased rate of metabolism of a foreign compound
through one pathway (i7), altered metabolite profiles if the foreign compound is metabolized
by several routes and only one is induced, (iii) no effect on metabolism if the particular
isoenzymes induced are not involved in metabolism of the particular compound and (iv)
decreased metabolism if induction increases levels of certain isoenzymes at the expense of the
one(s) metabolizing the compound in question.

Depending on the role of metabolism in the toxicity of a compound, therefore, enzyme
induction may increase, decrease, or cause no change in the toxicity of a particular compound.
The effects of induction need to be considered in the light of distribution and excretion as
competing processes (chap. 4, Fig. 72 and chap. 6, Fig. 1). However, the consequences can be
simply summarized and explained as follows:

1. If a metabolite is responsible for the toxic effect of a compound, then induction of the
enzyme responsible may increase that toxicity. However, if there is only one route of
metabolism and elimination is dependent on this, then only the rate of metabolism to
the single metabolite will be increased rather than the total amount. This may not



172 Chapter 5

increase toxicity if no other factors are involved or are not time dependent. However,
as most toxic effects are multistage, involving repair and protection, this is unlikely.
2. If the parent compound is responsible for a toxic effect, then induction of metabolism
may decrease that toxicity. However, induction of metabolism may lead to a different
toxic effect due to a metabolite.
3. If a foreign compound is metabolized by several routes, then induction may alter the
balance of these routes. This may lead to either increases or decreases in toxicity.
4. Induction may change the stereochemistry of a reaction.

Although some of these principles will be illustrated in more detail by the examples in
chapter 7, it is worthwhile examining some briefly at this point. A simple example is the
pharmacological effect of a barbiturate, measured as sleeping time, which is dramatically
reduced by induction of the enzymes of metabolism (Table 5.23). This effect correlates with the
plasma half-life, whereas the plasma level of pentobarbital on awakening is similar in the
control and the induced groups (Table 5.23). A toxicological example is afforded by
paracetamol, which is metabolized by several routes. The hepatotoxicity of paracetamol in
the rat is increased by induction with phenobarbital due to an increase in the cytochrome P-450
isoenzyme, which activates the drug. However, in the hamster hepatotoxicity is decreased due
to an increase in glucuronidation, a detoxication pathway induced by phenobarbital (see
chap. 7). With the hepatotoxin bromobenzene, 3-methylcholanthrene induction decreases the
toxicity. This is due to an increase in an alternative, nontoxic pathway, 2,3-epoxidation and an
increase in the detoxication pathway catalyzed by epoxide hydrolase (chap. 7, Table 7.5). With
the lung toxic compound ipomeanol, phenobarbital induction decreases the toxicity, metabolic
activation, and the LDs;, whereas pretreatment with 3-methylcholanthrene changes the target
organ from the lung to the liver (see chap. 7).

The pharmacological action of codeine is increased by induction as this increases
demethylation to morphine. Induction by phenobarbital decreases the toxicity of organo-
phosphates, but increases that of phosphorothionates. Studies with the drug warfarin
have shown that induction by both phenobarbital and 3-methylcholanthrene will change the
stereochemistry of the product, as can be seen in Table 5.24. Thus, hydroxylation in the
8-position in the R-isomer is increased 12 times compared with only 4 times with the S-isomer
following 3-methylcholanthrene induction.

Table 5.23 Effect of Pentobarbital Pretreatment on the Duration of the Pharmacological Effect and Disposition of
Pentobarbital in Rabbits

Sleeping time after Plasma level of

pentobarbital pentobarbital on Pentobarbital half-life
Pretreatment (30 mg kg™ ") waking (ug mL™") (min)
None 67 + 4 99+ 1.4 79+ 3
Pentobarbital 3 x 60 mg kg " 30£7 79 £0.6 26 +2

Source: From Ref. 39.

Table 5.24 Influence of Cytochrome P-450 Induction on the In Vitro
Metabolism of R- and S-Warfarin

Hydroxylated warfarin metabolites

R-isomer S-isomer
7-OH 8-OH 7-OH 8-OH
Inducer (nmol warfarin metabolite nmol P-450~")
Uninduced 0.22 0.04 0.04 0.01
Phenobarbitone 0.36 0.07 0.09 0.02
3-Methylcholanthrene 0.08 0.50 0.04 0.04

Source: From Ref. 40.
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Thus, the importance of enzyme induction is that it may alter the toxicity of a foreign
compound. This can have important clinical consequences and underlie drug interactions.
Thus, the antitubercular drug rifampicin is thought to increase the hepatotoxicity of the drug
isoniazid, and alcohol may increase susceptibility to the hepatotoxicity of paracetamol.
However, it should also be noted that induction can alter the metabolism of endogenous
compounds. For example, the antitubercular drug, rifampicin, is a microsomal enzyme inducer
in human subjects. As well as increasing the toxicity of drugs such as isoniazid, this compound
also alters steroid metabolism and may lead to reduced efficacy of the contraceptive pill.

It has only been discovered relatively recently that a natural remedy, St. John’s Wort,
used by millions for the treatment of depression, is a potent inducer of the major human drug-
metabolizing enzyme, CYP3A4. This induction can lead to the therapeutic failure of a drug
when the remedy is taken at the same time.

That the influence of environmental agents is sufficient to cause significant changes in
xenobiotic metabolism in humans has been shown in a number of studies. This is illustrated by
studies of the effects of cigarette smoking and cooking meat over charcoal on the metabolism of
the drug phenacetin in human volunteers. Both these activities produce polycyclic hydrocarbons
such as benzola]pyrene, which is a potent microsomal enzyme inducer. Eating charcoal-grilled
steak was shown to cause a significant increase in the rate of metabolism of phenacetin by de-
ethylation to paracetamol (Fig. 5.24). This was indicated by the plasma level of phenacetin, which
was significantly lower (20-25%) in human volunteers after eating meat exposed to charcoal
compared with foil-wrapped meat. There was no decrease in half-life as phenacetin undergoes a
significant first-pass effect, and enzyme induction in the gastrointestinal tract may have been a
factor in this study responsible for a significant proportion of the increased metabolism. Cigarette
smoking similarly increased the rate of metabolism of phenacetin. A study comparing antipyrine
metabolism in Caucasians with that in Asians revealed that there were significant differences in
the rate of metabolism between the two ethnic groups.

The greater rate of metabolism (shorter half-life, increased clearance) in the Caucasians
was ascribed at least in part to the influence of dietary factors such as eating meat and
exposure to coffee, cigarette smoke, and alcohol in the Caucasians.

Mechanisms of Induction and Gene Regulation and Expression
The mechanisms of induction of the cytochromes P-450 will be considered in terms of the
different types of inducer. However, some general principles can be considered first.
Induction involves increased synthesis of enzyme protein, which may be detected as an
increase in total enzyme level as with phenobarbital induction or increase in a particular
isoenzyme. Protein synthesis is increased, and this usually seems to be necessary as inhibition of
protein synthesis results in inhibition of induction. The increased protein synthesis may involve
increased mRNA synthesis and inhibitors of this, such as actinomycin D, block induction. For a
simple diagram explaining the relationship of protein synthesis to DNA see Figure 6.38.
Some of the possible mechanisms of induction are

increased synthesis of mRNA or precursor rRNA,
increased stability of mRNA or rRNA,

decreased heme degradation,

decreased apoprotein degradation,

increased transport of RNA, and

effects on DNA-dependent RNA polymerase.

ST LN

The polycyclic type of inducer has been the most successfully studied, and this work led
to the discovery that a cytosolic receptor was involved in induction by polycyclic
hydrocarbons. The receptor, AhR, is found in many different cell types.

Indeed, it is now known that there are several receptor-mediated mechanisms
responsible for the action of the various different inducers. These are centered on the nucleus
and involve xenobiotic responsive elements (XREs) or glucocorticoid responsive elements
(GREs). The process is driven by ligand-activated transcription factors. Thus induction of
CYP1A1, CYP1A2, CYP2B6, CYP2C9, and CYP3A4 and CYP4A involve similar systems.
Induction of CYP2E1 is different and CYP2D6 is not inducible.
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Polycyclic Hydrocarbons-Induction of CYP1A1

This type of induction is caused by a large group of environmental chemicals, both natural
such as plant indoles and man made such as polycyclic hydrocarbons. Examples include benzo
[alpyrene, benzol[alanthracene, 3-methylcholanthrene, B-napthoflavone, polychlorinated
biphenyls and benzo-p-dioxins, and dibenzofurans. Many of these compounds are of interest
as they are carcinogenic.

The discovery of strains of mice, which are nonresponsive to induction by polycyclic
hydrocarbons (see below), has been a major factor in the study of mechanisms of induction.
Thus, strains of mice (DBA/2) were found in which AHH could not be induced by 3-
methylcholanthrene in comparison with responsive mice (C57BL/6). It was found that this
nonresponsiveness was dependent on a recessive gene at a single locus. The alleles were
known as Ah® for the responsive trait and Ah® for the nonresponsive, recessive trait. It is
significant that the responsive mouse strain is often more susceptible to the various
carcinogenic effects of polycyclic hydrocarbons. Other toxic effects are also associated with
the possession of responsiveness. For example, mice responsive to AHH induction are
susceptible to corneal damage caused by paracetamol, whereas nonresponsive mice are not.
Variations in responsiveness to induction have also been observed in strains of rats, and there
may be a genetic factor operating in humans. Polycyclic hydrocarbons such as 3-
methylcholanthrene and benz[a]anthracene induce AHH, which is known to be cytochrome
CYP1Al. However, by far the most potent inducer was found to be TCDD, which could in fact
cause induction in the nonresponsive mice. TCDD will cause an increase in the rate of
transcription of the CYP1A1 gene in cells in culture within minutes.

It was subsequently discovered that the nonresponsive mice (Ah?) possessed a defective
cytosolic receptor rather than being deficient for the cytochrome P-450 gene. Thus, this receptor
had reduced binding affinity for polycyclic hydrocarbons, which could be overcome with
larger amounts of a potent inducer such as TCDD. The nonresponsive trait was due to a
defective regulatory gene. The AhR is cytosolic protein, about 88 kDa, localized to the cytosol
bound to a heat shock protein (HSP) and aryl hydrocarbon receptor—interacting protein (AIP).
It may have several functional domains: ligand binding, DNA binding, a domain for
transactivation, for binding HSP, for dimerization, and for nuclear import/export.

The associated proteins act as chaperones, and stop the receptor binding to DNA,
keeping it in the cytosol. This complex binds the ligand (hydrocarbon e.g., TCDD), whereupon
the HSP and AIP dissociate away and the liganded receptor (hydrocarbon-receptor complex) is
translocated to the nucleus (Fig. 5.33). The liganded receptor heterodimerizes with another
protein, the AhR nuclear translo