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Page vi

*...and she had never forgotten that, if you drink much from a bottle marked ‘‘ poison”, it is amost
certain to disagree with you, sooner or later.’
From Alice’ s Adventuresin Wonderland, by Lewis Carroll
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Page X

Preface to the third edition

Thisthird edition of Principles of Biochemical Toxicology has, like the previous edition, evolved against
the background of my involvement with the teaching of toxicology to undergraduates reading for the
degree in Toxicology and Pharmacology at the School of Pharmacy in London. | am saddened by the
demise of that course, which | believe produced a significant number of well-rounded toxicological
scientists. However, toxicology can and should be taught as part of avariety of courses and at different
levelsand | look forward to continuing that effort.
The objective of the book still remains that it should form a sound introduction to the basic principles of
the subject from a biochemical and mechanistic viewpoint. It is atestament to the vitality and
progression of toxicology that the increasing sophistication, complexity and expansion of the subject
means that revision of at least parts of thisbook is essential every few years. However, abook this size
cannot realistically cover all of the diverse aspects of toxicology in equal depth and detail and include all
the new developments which are occurring, hence the extensive bibliography, which should be used to
complement this text where more detail or other examples are wanted.
Happily the previous edition was written with the benefit of several months sabbatical time.
Unfortunately this one has not and so is consequently a much less extensive revision. | hope that if and
when afourth edition is deemed necessary | shall have the luxury of an extended sabbatical period to
complete what by then will be amajor task! However, in thisrevision | have taken into account
comments that have been made to me since the second edition was published and | hope | have
improved both the text and diagrams.
The main addition to the book is the inclusion of summaries and questions at the end of each chapter.
These are primarily for students to remind themselves of the key points covered in each chapter.
Again special thanks to Cathy, not only for her critical comments and the diagrams she has drawn or
helped with, but also for her patience and support.

London, June 1998
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Page 1

CHAPTER 1
| ntroduction

1.1 Background

Toxicology is the subject concerned with the study of the noxious effects of chemical substances on
living systems. It is a multi-disciplinary subject, as it embraces areas of pharmacology, biochemistry,
chemistry, physiology and pathology, and although it has sometimes been considered as a subdivision of
some of these other subjects, it istruly ascientific disciplinein itself.

Toxicology may be regarded as the science of poisons; in this context it has been studied and practised
since antiquity, and alarge body of knowledge has been amassed. The ancient Greeks used hemlock and
various other poisons, and Dioscor ides 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). 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
asapractical art, and also the fact that many practitioners were mainly interested in descriptive studies
for screening purposes or to satisfy legislation.

1.2 Scope

Theinterest in and scope of toxicology continues to grow rapidly and the subject is of profound
importance to human and animal health. The increasing numbers (currently around 100 000) of foreign
chemicals (xenobiotics) to which humans and other organismsin 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 toxicity and this requires a sound mechanistic base to be
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successful. It is this mechanistic base that comes within the scope of biochemical toxicology, which
formsthe basis for almost al of 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).
This 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 regul ate toxicology.
Furthermore, to paraphrase Zbinden, misuse of toxicological data and adverse regulatory action in this
climate of opinion has discouraged innovative approaches to toxicological research and has 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 and Reed, D.J., 1995).
Idedlly, 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 morphological aspects
of the toxicology of a compound should be built. It is apparent that there are many gapsin 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 be toxicologically relevant. This point
Is particularly important when assessing in vitro data, and involves the concept of a dose threshold, or
the lack of such athreshold, 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 aforeign compound with abiological system istwo-fold: 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 amechanistic 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 basisin many instances. The mode of action of toxic compoundsin the
interaction with cellular components, and at the molecular level with structural proteins and other
macromol ecules, enzymes and receptors, and the types of toxic response produced, are included in the
second category of interaction. However, abiological system is adynamic one and therefore a series of
events may follow the initial response. For instance, atoxic compound may cause liver or kidney
damage and thereby limits its own metabolism or excretion.

The anatomy and physiology of the organism affect all the types of interaction given
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FIGURE 1.1 Bacterial hydrolysis of cycasin.

above, as may the site of exposure and entry of the foreign compound into the organism. Thus, the gut
bacteria and conditions in the gastrointestinal tract convert the naturally occurring compound cycasin,
methylazoxymethanol glycoside, into the potent carcinogen methylazoxymethanol (figure 1.1).
Administered by other routes, cycasin is not carcinogenic.

The distribution of aforeign 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 isthe 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 aforeign substance may also be amajor factor in its toxicity and a determinant of the
plasma and tissue levels. All of 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 aforeign compound may determine the effect, whether systemic or local. For
example, paraguat causes alocal irritant effect on the skin after contact but a serious and often fatal lung
fibrosisif it gains entry into the body and bloodstream. Normally only the tissues exposed to atoxic
substance are affected unless there is an indirect effect involving a physiological mechanism such as an
Immune response. The distribution of atoxic compound may determine its target-organ specificity, as
does the susceptibility of the particular tissue and its constituent cells. Therefore, the effect of aforeign
compound on abiological system depends on numerous factors, and an understanding and appreciation
of them is a necessary part of toxicology.

The concept of toxicity isan important one: it involves a damaging, noxious or deleterious effect on the
whole or part of aliving 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 tumour.

It has been said that there are no harmless substances, only harmless ways of using them, which
underscores the concept of toxicity as arelative 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, athough it is clear that botulinum toxin has a very much greater relative toxicity or potency
than DDT on aweight-for-weight basis (table 1.1). The derivation and meaning of the LDgq will be

discussed in detail in Chapter 2. However, the LDxj is now seldom regarded as a useful parameter of
toxicity except in particular circumstances such as the design of pesticides.
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There are many different types of toxic compound producing the various types of toxicity detailed in
Chapter 6. One compound

file:///C|/downl oad/www.netlibrary.com/nireader/nlreader.dll @bookid=85012& Filename=Page_3.html (2 of 2)9/22/2006 4:11:47 PM



file:///C|/downl oad/www.netlibrary.com/nireader/nlreader.dll @bookid=85012& Filename=Page_4.html

Page 4
TABLE 1.1 Acute LDsg values for a variety of chemical agents

Agent Species L Do (Mmg/kg body weight)
Ethanol Mouse 10000
Sodium chloride Mouse 4000
Ferrous sulphate Rat 1500
Morphine sulphate Rat 900
Phenobarbital, sodium Rat 150
DDT Rat 100
Picrotoxin Rat 5
Strychnine sulphate Rat 2
Nicotine Rat 1
d-Tubocurarine Rat 0.5
Hemicholinium-3 Rat 0.2
Tetrodotoxin Rat 0.1
Dioxin (TCDD) Guinea-pig 0.001
Botulinum toxin Rat 0.00001

Datafrom Loomis, T.A. (1974) Essentials of Toxicology (Philadelphia: Lea & Febiger).

il
H—C—H

H—C—SH C—CH=—CH—AsCl,

H—E—SH Chiomvingd dichlorcarsine
H [Lewisite)

Dimercaprol
{BAL)

FIGURE 1.2 Structures of Lewisite and dimercaprol or British Anti-Lewisite.

may cause several toxic responses. For instance, vinyl chloride (figure 4.6) is carcinogenic after low
doses with along latent period for the appearance of tumours, but it is narcotic and hepatotoxic after

single large exposures.

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 (figure 1.2), which

involves interaction with cellular sulphydryl groups, allowed the antidote, British Anti-Lewisite or
dimercaprol (figure 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 adiverse range of compounds cause cancer, until basic
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biochemical studies provided some of the answers.

1.4 SUmmary

Toxicology, also called the science of poisons, isa multi-disciplinary subject dealing with the noxious
effects of chemicals on living systems. It has along history in relation to the art of poisoning but has
now become more scientifically based. The scientific foundations of toxicology were laid by Paracelsus.
Toxicology isinterrelated with the activities
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of regulatory authorities and its importance is areflection of the large numbers of chemicalsto 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 aliving system 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 adamaging effect on whole or part of aliving system.

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

1.5 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?
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CHAPTER 2
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.
Theright 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-r esponse relationship involves quantifying
the toxic effect 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 isarelative
phenomenon and that the ways of measuring it are many and various.

2.2 Criteria of toxicity

The simplest measurement of toxicity is lethality, as quantified in the LDgg, but this end-point is a

relatively crude measure and gives little information about the underlying basis of the toxicity. The
variability isusually considerable, as the end-point is often dependent on a number of physiological or
biochemical processes. However, there is scope for observation of toxic effects so that the information
gained is more than a simple number. There are many other criteria of toxicity, not necessarily complex,
which may be used in initial toxicity studies. Aninitial acute toxicity study may therefore simply
observe the animals exposed to arange of doses without attempting to determine the lethal dose. Careful
observation of the toxic signs may give valuable insight into possible mechanisms underlying the toxic
effect. For example, an organophosphorus insecticide which affects the neuromuscular and central
nervous systems in mammals may cause a variety of
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signsincluding salivation, diarrhoea, miosis, dyspnoea, tremors and convulsions, lack of reflexes and
hind limb weakness (see Chapter 7). The traditional lethality test in which the LDgg is determined has

now been largely replaced with one in which animals are exposed to particular doses ssmply in order to
classify the compound and determine its toxicity rather than determine the lethal dose (van den Heuvel et
al., 1987). The LDgy may still have alimited use in the design and description of pesticides.

During such an initial study, observation of the animals may provide an indication of the toxic effect(s)
produced by the compound, athough it may or may not be the cause of death. It istherefore preferable
to use a measure of toxicity which is as close as possible to the underlying mechanism. This may, of
course, require prior knowledge of the target site, which may be a receptor, enzyme or other
macromolecule, but an indication of the underlying cause of death or toxicity can sometimes be gained
from an observation of the time-course of such effects after dosing. If an animal dies within minutes of
the administration of acompound, it islikely that amajor biochemical or physiological system has been
affected.

For example, cyanide israpidly lethal because the target is cytochrome aag in the mitochondrial electron

transport chain which isvital to all cells. Blockade of this enzyme system will therefore stop cellular
respiration in many different tissues.

Clearly there are many different types of toxicity which can be assessed and form the basis of the study
of a dose-response relationship (see also Chapter 6). Thus toxic effects may be direct or indirect, local or
systemic, immediate or delayed and reversible or irreversible. For example a strong acid may have a
direct, local toxic effect on skin which isimmediate but reversible. Paracetamol (see Chapter 7) hasa
direct but systemic effect leading to liver damage, which is somewhat delayed. Alternatively penicillin
(see Chapter 7) has an indirect and sometimes immediate systemic effect on several body systems which

isreversible. Cancer caused by chemicals, such as dimethylnitrosamine or benzo[a]pyrene, is aresponse
which may be local or systemic and is generally irreversible and often very delayed, but usually it isthe
result of adirect effect on a particular organ (see Chapter 7). An effect may bereversible if damageto a
tissue can be repaired or an inhibited enzyme regenerated or resynthesized, but in the case of avital
tissue or enzyme this may not occur rapidly enough, and so the toxicity has afatal outcome and is
essentialy irreversible. It is clear that these features of toxic effects will depend on many factors
including the mechanism of the toxicity. Many of the later examples will exemplify these features and
the factors governing them.

The selection of ameasurable index of toxicity in the absence of an obvious pathological lesion may
therefore be difficult, and the index may not relate to the overt toxicity or to the lethality. For instance,
certain organophosphorus compounds may inhibit blood cholinesterase activity, but this change may not
be directly related to the main toxic effect which is delayed neuropathy (see Chapter 7). Similarly, the
accumulation of triglyceridesin the liver caused by hydrazine (figure 2.1) is not directly related to the

lethality, this being due to another and probably unrelated effect involving the central nervous system.
However, fatty liver induced by hydrazine is an example of atoxic response which can be readily
quantitated and which shows a clear dose-response relationship. In this case, there is a graded, rather
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than an ‘all-or-none’ response, between anormal level of triglyceridesin the liver and a maximum
value. The fatty liver may
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FIGURE 2.1 Increasein liver weight and liver triglycerides caused by
hydrazine. Data from Timbrell et a. (1982) J.Toxicol. Environ. Health, 10,
955.

be adequately assessed by measurement of the liver weight (expressed as % body weight), arelatively
simple measure which shows a similar dose-response relationship to triglyceride levels and which can be
carried out at the same time as an initial toxicity study.

Conversely, the lung damage and oedema (water accumulation) due to the compound ipomeanoal,
discussed in greater detail in Chapter 7, isdirectly related to the lethality. This can be seen from the dose
—response curve (figure 7.25) and also when the time-course of death and lung oedema, measured as

the wet weight: dry weight ratio, are compared (figure 7.14), strongly suggesting a causal relationship
between them.

Changes in body weight and changes in organ weight are often sensitive indices of toxicity in animals
which are readily determined in short-term toxicity tests.

It is appropriate at this point to mention in general terms interactions which may affect toxic responses.
Many specific factors are discussed in detail later in this book and especially in Chapter 5.

When two toxic substances are given to an animal together the resulting toxic response may simply be
the sum of the two 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 toxic compounds is greater than the
sum of the individual responses, this effect is known as syner gism. For example carbon tetrachloride
and ethanol together are more toxic to the liver than each is separately.

Potentiation is similar to synergism except that the two substances in question have different toxic
effects or perhaps only oneistoxic. For instance when the drug disulphiram is given to acoholics,
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subsequent intake of ethanol causes toxic effects to occur due to the interference in the metabolism of
ethanol by disulphiram. Disulphiram has no toxic effect at the doses administered however. There are
many other examples of potentiation and a number are covered in this book (see paracetamol,
bromobenzene, carbon tetrachloride, Chapter 7). It is conceivable
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FIGURE 2.2 A set of isoboles for a mixture of two toxic compounds A and B.

that the administration of two substances to an animal may lead to atoxic 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 is less than additive. There are many
mechanisms whereby this occurs and these may involve the blockade of areceptor, alteration of
metabolism or chemical complexation for example. Hence there is functional antagonism where the
effects are opposite and therefore counterbalanced; chemical antagonism in which acomplex is
produced; dispositional antagonism in which the absorption, distribution, metabolism or excretion of
the toxic compound is influenced; and receptor antagonism where two substances interact with the
same receptor and thereby reduce the toxic response. These mechanisms may be important in the action
of antidotes. Several examples of such antagonism are discussed later in this book (see paracetamol,
cyanide, carbon monoxide and lead, Chapter 7).

These interactive effects may be visualized graphically asisoboles (figure 2.2) or dternatively there are

simple formulae which may be used for detecting them:

expected EDy; of (A + B)
observed ED., of (A + B)

'i._.l'_

If V<0.7, there is antagonism; if V= 0.7-1.3, an additive effect is occurring; if V=1.3-1.8, the effect is
more than additive; if V>1.8, there is synergism or potentiation. For further discussion see Brown (1988)
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 atoxic compound may become modified after repeated exposure. For

file:///C|/downl oad/www.netlibrary.com/nireader/nlreader.dll @bookid=85012& Filename=Page_10.html (1 of 2)9/22/2006 4:12:28 PM


file:///C|/download/www.netlibrary.com/nlreader/nlReader.dll@BookID=85012&FileName=PAGE_5F259.html#P20001C629970259001
file:///C|/download/www.netlibrary.com/nlreader/nlReader.dll@BookID=85012&FileName=PAGE_10.html#P20001C629960010001

file:///C|/downl oad/www.netlibrary.com/nireader/nlreader.dll @bookid=85012& Filename=Page_10.html

example, tolerance or reduced responsiveness may 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
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phenobarbital |eads to tolerance to the pharmacological response as a result of enzyme induction (see
Chapter 5). Conversely, tolerance to the hepatotoxic effect of alarge dose of carbon tetrachloride results

from the destruction of particular enzymes after small doses of the compound have been administered
(for more details see Chapter 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.

2.3 Dose-response

It is clear from the preceding discussion that the measurable end-point of toxicity may be a
pharmacological, biochemical or a pathological change which shows percentage or proportional change.
Alternatively the end-point of toxicity may be an ‘all-or-none’ or quantal type of effect such as death or
loss of consciousness. In either case, however, the dose-response relationship is graded between a dose
at which no effect is measurable and one at which the maximal effect is demonstrated. The basic form of
thisrelationship is shown in figure 2.3.

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

(a) that the toxic response is afunction of the concentration of the compound at the site of action
(b) that the concentration at the site of action is related to the dose
(c) that the responseis causally related to the compound given.

Examination of these assumptions indicates that there are various factors which may
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FIGURE 2.3 Dose-response curve.

affect the relationship. Furthermore, it is aso assumed that there is a method for measuring and
guantifying the toxic effect in question. As already indicated there are many possible end-points or
criteria of toxicity, but not al are appropriate.

2.3.1 RECEPTORS

In some cases toxic effects are due to the interaction between the compound and a specific molecul ar
receptor site. This receptor might be an enzyme which could be inhibited, or some other macromolecule,
or areceptor with anormal physiological function, but in many casesitsidentity is unknown. Two
examples of toxicity where the receptor is known are carbon monoxide which interacts specifically with
haemoglobin and cyanide which interacts specifically with the enzyme cytochrome ag of the electron

transport chain (see Chapter 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
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bound to the receptors. However, the final toxic effects involve cellular damage and death and also
depend on other factors. The study of receptors has not featured as prominently in toxicology asin
pharmacology but there are now some examples where specific receptors are known to be involved in
the mediation of toxic effects (for example microsomal enzyme inducers, organophosphorus compounds
and peroxisomal proliferators; see Chapters 5, 6 and 7). 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 Chapter 7), 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 atoxic
effect. Thus the pharmacological action of volatile general anaesthetics does not seem to involve a
receptor, but instead the activity iswell correlated with the oil-water partition coefficient. However,
future detailed studies of mechanisms of toxicity will, it is hoped, revea the existence of receptors or
other types of specific targets where these are involved in toxic effects.

2.3.2 TOXIC RESPONSE ISA FUNCTION OF THE CONCENTRATION AT
THE SITE OF ACTION

The site of action may be an enzyme, a pharmacol ogical 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
isreversible, it may be described as follows;

B +T TRT
(2.1)

where R=receptor; T=toxic compound; RT=receptor-compound complex; k; and k,=rate constants for

formation and dissociation of the complex,
then:

RI[T] _ &
w®T] R

(2.2)

where Ky=dissociation constant of the complex. If [R;] isthe total concentration of receptors and [Ry]=
[R]+[RT], then:

®r] _ (1]

[R,] Ky+[T]
(2.3)
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If the response of effect (e) is proportional to the concentration of RT then:
e = £[RT]

and the maximum response (E;,5 ) occurs when all the receptors are occupied:

E.. = &|Rt]
then:
e—p, [T
IR, ]
This may be transformed into:
Ky #[T]

(2.4)

Thus, when [T]=0, e=0 and when € = 3E.. , K;=[T]. Thus equation (2.4) is analogous to the Michaelis-

Menten equation describing the interaction of enzyme and substrate.
Thus the more molecules of the receptor that are occupied by the toxic compound the greater the toxic
effect. Theoretically there will
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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]
[£]

LB = | or 100% occupancy

The relationship described above gives rise to the classical dose-response curve (figure 2.3). For more

detail and the mathematical basis and treatment of the relationship between the receptor-ligand
interaction and dose-response the reader is recommended to consult one of the textsindicated at the end
of this chapter (Hathway, 1984; Pratt and Tayler, 1990; Aldridge, 1996).

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 areceptor, the protein molecule haemoglobin (see Chapter 7 for further
details of this example). Thisinteraction will certainly be proportional to the concentration of carbon
monoxide in the red blood cell. However, in vivo about 50% occupancy or 50% carboxyhaemoglobin
may be sufficient for the final toxic effect which is cellular hypoxia and lethality. Duration of exposure
Is also afactor here because hypoxic cell death is not an instantaneous response. This timexexposure
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 relevanceisa
pathological change which occurs over a period of time, this becomes more difficult.

The number of receptor sites and the position of the equilibrium (equation (2.1)) as reflected in K+, will

clearly influence the nature of the dose response, athough the curve will always be of the familiar
sigmoid type (figure 2.3). If the equilibrium lies far to the right (equation (2.1)) theinitia 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 ag and curtails the function of the electron transport chain in the

mitochondria, and hence stops cellular respiration. Asthisisafunction 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 haveto be
occupied before a response occurs. Thus there is athreshold for toxicity. With carbon monoxide for
example, there are no toxic effects below a carboxyhaemoglobin concentration of about 20%, although
there may be 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 areceptor 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.
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Such saturable processes may determine the shape and slope of the dose-response curve.
However, when the interaction isirreversible, although the response may be proportional
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to the concentration at the site of action, other factors will also be important.
If the interaction is described as:

R+T—RT

ET — #
(2.5)

the fate of the complex RT in equation (2.5) 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 thisdiscussion it is clear that the reversible and irreversible interactions may give rise to different
types of response. With reversible interactionsit 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 thereis a‘no-effect level’. The response may also be very short, asit 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 thisis afforded by the organophosphorus compounds which inhibit
cholinesterase enzymes (see Aldridge, 1996, and Chapter 7). Thisinhibition 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%). Theirreversibility 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 tumour production with relatively few molecules of carcinogen involved, depending on
the repair processesin the particular tissue. Consequently, chemical carcinogens may not show a
measurabl e threshold, indicating that there may not be a‘no-effect level’ asfar 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 atumour. There may therefore be more than one receptor-carcinogen interaction which
will clearly complicate the dose-response relationship. Also accessto the target may be afactor. For
example DNA repair seemsto be very important in some cases of chemical carcinogenesis and will
contribute to the presence of adose threshold.

The existence of ‘no-effect doses’ for toxic compoundsis a controversial point, but it is clear that the
ability to measure the exposure sufficiently accurately and to detect the response reliably are major
problems (see below for further discussion). Sufficeit 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.
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With chemical carcinogenstimeis 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 tumours after single exposures or after low doses but others do. In some cases, there seemsto be
arelationship between exposure and dose, that
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IS, low doses require longer exposure times to induce tumours than high doses, which is as would be
expected for irreversible reactions with nucleic acids. For afurther discussion of thistopic the reader is
referred to the Bibliography, particularly the articles by Schmahl (1979), Zbinden (1979), Lawley (1980)
and Aldridge (1996) (Chapter 6).

2.3.3 CONCENTRATION AT THE SITE OF ACTION ISRELATED TO THE
DOSE

Although the concentration in tissuesis 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 changesin 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 (figure 3.19), which accumulates in the adrenals but not in the liver after chronic

dosing (figure 3.19). The result of thisisaccumulation of phospholipids, or phospolipidosis, in the

tissues where accumulation of the drug occurs. Active uptake of atoxic compound into the target tissue
may also occur. For example the herbicide paraguat is actively accumulated in the lung, reaches toxic
concentrations in certain cells and then tissue damage occurs (see Chapter 7).

The relationship between the dose and the concentration of a compound at its site of action isalso 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 compound in
guestion reaches the site of action after alow 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. Changesin the level of atoxic compound in the target tissue may occur due to
changesin the pH of the blood or urine causing changes in distribution and excretion of the compound.
This phenomenon is utilized in the treatment of poisoning to reduce the level of drug in the central
nervous system after overdoses of barbiturates and salicylates (see Chapter 7). Both of these examples

involve ateration of the concentration of drug at the site of action.

2.3.4RESPONSE ISCAUSALLY RELATED TO THE COMPOUND
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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
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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 isinvolved in haem
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 studieswhere a causal
relationship may not be apparent or indeed may not even exist.

2.4 Measurement of dose-response relationships

Dose-response curves may be derived by consideration of the population as awhole system or the
consideration of the response in each individual.

Thefirst type of treatment is obviously necessary where the end-point is an ‘all-or-none’ or quantal
effect such as death. The second treatment may be applied to situations where there is a graded response
to the toxic compound in the individual. Either treatment will give rise to the familiar dose-response
curve (figure 2.3) when the percent response or percentage responding is plotted against dose. Thus, for
the *all-or-none’ effect, the animals at each dose may be considered as parts of a single individual
contributing towards the total percent response.

The shape of the dose-response curve depends on a number of factors, but it is basically derived from
the familiar Gaussian curve (figure 2.4), which describes anormal
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FIGURE 2.4 Dose-response relationship expressed as a frequency distribution.
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distribution in biological systems. This bellshaped distribution curve results from biological variation; in
this case it represents the fact that afew animals respond at low doses, and others at high doses, but the
majority respond at around the median dose. The perfect Gaussian distribution givesriseto a
symmetrical sigmoid dose-response curve. The greater the number of individual measurements taken,
the closer the curve isto atrue sigmoid shape. The portion of the dose-response curve between 16% and
84% isthe most linear and may be used to determine parameters such as EDsg, TDsgg or LDgj. 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 log, of the

dose, although thisis an empirical transformation. In some cases dose-response curves may be linearized
by applying other transformations. Thus for the conversion of the whole sigmoid
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dose-response curve into alinear 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 curveislinear and includes 68% of

the individuas; 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 doseis used

(figure 2.5).

Aswell 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 EDsy where a pharmacological,

biochemical or physiological response is measured, or the T D5y where atoxic response is measured.

These parameters are analogous to the LDgg (figure 2.6). The effective dose for 50% of the animalsis

used because the range of values encompassed is narrowest at this point compared with points at the

extremities of the
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FIGURE 2.6 Dose-response curves for pharmacological effect, toxic effect and
lethal effect, illustrating the EDgg, TDgg and LDsg. The proximity of the curves

for efficacy and toxicity indicates the margin of safety for the compound and
the likelihood of toxicity occuring in certain individuals after doses necessary
for the desired effect.

dose-response curve. A variation of the LDg is the L Cg, which is the concentration of a substance

which islethal to 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 must be indicated in this case as well as the concentration.

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 avital metabolic function asis 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
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FIGURE 2.7 Comparison of the toxicity of two compounds, A and B. Although
the LDgg is the same (5 mg/kg), toxicity occurs with A at a much lower dose

than with B, but the minimum to maximum effect is achieved with B over a very
much narrower dose range.

less specific toxic effect with more inherent variables results in a shallower curve with a greater standard
deviation around the TDsg or LDsgj. 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 curveisalso
essential information for a comparison of the toxicity of two or more compounds and for a proper
appreciation of the toxicity. The LDgg or TDs value alone is not sufficient for this as can be seen from

figure 2.7.
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
comparisons may be made between different responses, between different substances and between
different animal species for example.

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

TD.; or LD,
EDy,  EDs,

Therapeuric Index (TI) =

which relates the pharmacologically effective dose to the toxic or lethal dose (figure 2.6). The
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therapeutic index gives some indication of the safety of the compound in use, asthe larger the ratio, the
greater isthe relative safety. However, as aready indicated, simple comparison of parameters derived
from the doseresponse curve such asthe L Dgq and TDgsy may be misleading without some knowledge of

the shape and slope of the curve. A more critical index isthe margin of safety:

™, LD,
ar

ED,, ED.,

Margin of safet ¥y =

Similarly, comparison of two toxic compounds can be made using the LDgq (TDsg) (figure 2.7) 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 EDg,, TDgy and LDy

may also provide useful information regarding mechanisms. Comparison of the LDgj or TDg values of

a compound after various modes of administration (table 2.1) may reveal differences in toxicity which

might indicate what factors affect the toxicity of that particular compound. Thus with the anti-tubercular
drug isoniazid thereislittle difference in toxicity after dosing by different routes of administration
whereas with the local anaesthetic procaine, thereis an 18-fold differencein the
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TABLE 2.1 Effect of route of administration on the toxicity of various compounds
Pentobar bitall | soniazidl Procainel DFP2
Route of LDsg(Mmg/ Ratiotoi. LDgy  Ratiotoi.LDgy  Ratiotoi.LDgy ~ Ratiotoi.
administration kg) V- (mglkg) V- (mg/kg) V- (mg/kg) V-
Ord 280 35 142 0.9 500 11 4.0 11.7
Subcutaneous 130 1.6 160 1.0 800 18 1.0 2.9
Intramuscul ar 124 1.5 140 0.9 630 14 0.85 2.5
I ntraperitoneal 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
IMouse toxicity data.
2Rabbit toxicity data on di-isopropylfluorophosphate.
Datafrom Loomis, T.A. (1968) Essentials of Toxicology (Philadelphia: Lea & Febiger).
TABLE 2.2 Effect of bile duct ligation (BDL) on the toxicity of certain compounds
L Dgo (Mg/kg)

Compound Sham operation BDL  Sham: BDL ratio
Amitryptiline 100 100 1
Diethylstilboestrol 100 0.75 130
Digoxin 11 2.6 4.2
Indocyanine Green 700 130 54
Pentobarbital 110 130 0.8

Source: C.D.Klaassen (1974), Toxicol. Appl. Pharmacol. 24, 27.

L Dg, between intravenous and subcutaneous administration of the drug (table 2.1). Shiftsin the dose-

response curve or parameters derived from it caused by various factors may give valuable insight into
the mechanisms underlying toxic effects (see 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?2 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 (for example with industrial chemicals).

It will be clear from the discussion in the preceding pages, and should be noted, that the L D5 valueis

not an absolute biological constant as it depends on alarge 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 |aboratories. Comparison of LDgg values

must therefore be undertaken with caution and regard for these limitations.
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The value of the LDgg test and the problems associated with it have been reviewed (see Bibliography,
review article by Zbinden and Flury-Roversi, 1981).

2.5 Hazard and risk assessment

Another important role of the dose-response relationship is its use in the extrapolation of toxic effects
seen at high dosesto lower doses in order to undertake hazard and risk assessment.

As already indicated for some types of toxic effect there will clearly be a dose threshold, below which
there is no detectable response. This‘No Observed Effect Level’ (NOEL) may apply to either a quantal
response such as death or a pathological lesion

100

4 Reasponsa
i

THDEL

FIGURE 2.8 Comparison of the dose-response relationship for two compounds
A and B. For compound A thereis aresponse at all doses with no threshold.
For compound B thereis a dose or threshold below which thereisa No
Observed Effect Level (NOEL).

or to aresponse such as enzyme inhibition or binding to an endogenous receptor. The cause of the
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threshold may be the saturation of an enzyme or physiological repair system for example. However with
some types of toxic effect such as chemical carcinogenesis for instance, the percelved mechanism
supports the view that there may be no threshold for the biological effect (see aso above). Thusasingle
molecule of carcinogen might, theoretically, be sufficient to interact with DNA and cause a permanent
change in the genome of asingle cell which could then lead to the development of atumour (see Chapter
6). This one-hit type of model would give rise to alinear dose-response curve with no dose threshold

when extrapolated to the point of zero response (compound A in figure 2.8). There are various
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models which have been suggested for the dose-response rel ationships of chemical carcinogens as well
as the one-hit model, which incorporate the concept of the multistage nature of chemical
carcinogenesis, the possibility of repair and the requirement for metabolic activation.

The concept of athreshold dose is an important one in toxicology, particularly in terms of the
extrapolation of toxic doses derived from relatively small scale animal experiments and the subsequent
assessment of risk to man.

The NOEL is used in setting exposure limits such as the Acceptable Daily Intake (ADI) for chemicals
such as food additives or Threshold Limit Values (TLV) for industrial chemicals, usually with a 100-
fold or sometimes greater safety factor to take account of species differences in response and human
variability in response:

MOEL (mg/kg)/day
100

ADI =

2.6 Chronic toxicity

Chronic toxicity may be quantitated in asimilar manner to acute toxicity, using the TDgj or LDg

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 TDgg or LDsgg 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 TDsq values for acute and chronic toxicity are different it may indicate that accumulation

FIGURE 2.9 Structure of tri-o-cresyl phosphate (TOCP).

is taking place. This may be quantitated as the chronicity factor, defined as LDgg 1 dose/L Dg 90
doses, where the LDgg 90 dose is expressed as (mg/kg)/day. If thisvalue is 90, the compound in
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guestion is absolutely cumulative, if more than two, relatively cumulative, and if less than two, relatively
non-cumulative.

The chronicity factor could of course utilize 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 LDgj 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 LDgy 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 (figure
2.9). Thiscompound 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 athreshold
toxic level, or it may result from the accumulation of the effect, asit probably doesin the case of TOCP.
Thus, the inhibition of cholinesterase enzymes by organophosphorus compounds may
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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.

2.7 Summary

The dose-response relationship, which reflects the fact that toxicity is arelative 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 (codlitive).

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

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

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

From the dose-response curve it is possible to determine the LDgq, ED5gg, TD5g and NOEL. From a

comparison of LDsgg or TDgy and EDsg the therapeutic index and margin of safety can be determined.

2.8 Review questions

1 Illustrate what is meant by the terms ther apeutic 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 toxicitiesis
this:

an additive effect
synergism
potentiation
acoalitive effect
antagonism

an isobole
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4 On what assumptions is the dose-response relationship predicated?
5 Give an example of aquantal type of effect.
6 Definetheterm LCs,.

7 Explain how the terms NOEL and ADI are derived.
8 Tri-o-cresyl phosphate shows absolutely cumulative toxicity. Explain this and itsimplications.
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CHAPTER 3
Factors affecting toxic responses. disposition

The disposition of atoxic compound in abiological system may be conveniently divided into four
interrel ated phases:

Absorprion —= Distribution =— Merabalism

~N 7

Excrerion

Each of these will be considered in turn.

3.1 Absorption

It is clear that to exert atoxic effect a compound must come into contact with the biological system
under consideration. It may exert alocal 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 after
administration by other routes.

3.1.1 TRANSPORT ACROSS MEMBRANES

Although there are several sites of first contact between aforeign compound and a biological system, the
absorption phase (and also distribution and excretion) necessarily involves the passage across cell
membranes whichever siteisinvolved. Thereforeit isimportant 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 isto 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
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FIGURE 3.1 The three-dimensional structure of the animal cell membrane.
Proteins (a) are interspersed in the phospholipid bilayer (b). From Timbrell, J.
A., Introduction to Toxicology, Taylor and Francis, London, 1989.

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 cholester ol seemsto exert an influence on the fluidity and mechanical
stability of the membrane, increasing the rigidity by intercalating between the phospholipid molecules.
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 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
differencesin function of these molecules. Thisleads to differences in charge between outside and
inside. For example, the liver cell membrane with aratio of protein to lipid of about 1:1.4 has more
phosphatidylcholine (neutral) in the exterior lipid layer than the interior layer, where there is more
phosphatidylserine (negatively charged). Glycolipids are found only on the outer surface.
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FIGURE 3.2 The molecular arrangement of the cell membrane, a: integral
proteins; b: glycoprotein; c: pore formed fromintegral protein; d: various
phospholipids with saturated fatty acid chains; e: phospholipid with
unsaturated fatty acid chains; f. network proteins; g: cholesterol; h;
glycolipid; i: peripheral protein. There are four different phosopholipids:
phosphatidyl serine; phosphatidyl choline; phosphatidyl ethanolamine;
sphingomyelin represented as ; &; &; ®. The stippled area of the protein
represents the hydrophobic portion. From Timbrell. J.A., Introduction to
Toxicology, Taylor and Francis, London, 1989.
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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 amost entirely composed of phosphatidylcholine.

Aswell asthe four basic types of phospholipid (figure 3.2), there are also variations in the fatty acid

content which are very significant. The most common fatty acids in the phospholipids have 16-18
carbon atoms although C,,—C,, 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 such that
fluidity and function will vary. The presence of double bonds in the membrane phospholipid isalso
significant from atoxicological point of view as these bonds are susceptible to peroxidation.
Conseguently peroxidation of membrane phospholipids may occur following exposure to toxic
chemicals such as carbon tetrachloride (see Chapters 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.
The different surfaces of the membrane of a cell may contain proteins which 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
have outer hydrophilic regions and inner hydrophobic regions. These pores will vary in both frequency
and diameter ranging from 4 A 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 atarget for toxic substances (see
Chapter 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. For more details of plasma membrane structure see Bibliography.

Perhaps the most important feature of the plasma membraneisthat it is selectively permeable. 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 magjor determinants of their disposition and often of thelir toxicity.

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

a size/shape
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b lipid solubility/hydrophobicity
c structural similarity to endogenous molecules
d charge/polarity.
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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.

(1) 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. lonized compounds and even small ions such as sodium will not
pass through pores however; the latter will in fact be hydrated in agueous 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 blood stream (see below Chapter 6).

(2) Passive diffusion

Thisis 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:

a there must be a concentration gradient across the membrane
b the foreign compound must be lipid soluble
¢ the compound must be non-ionized.

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

THE CONCENTRATION GRADIENT

Thisisnormally 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 isknown as Fick’s Law:

KAIC, —C,)
d

Race of diffusion =
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(3.2)

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, size and shape. From this relationship
itisclear that passive diffusion is afirst-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 processin
contrast to active transport (see below and figure 3.3).

Asbiological systems are dynamic, the concentration gradient will normally be maintained
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FIGURE 3.3 Comparison of the kinetics of carrier mediated transport and
passive diffusion.

and an equilibrium will not be reached. Thus the concentration on the inside of the membrane will be
continuously decreasing as aresult of ionization (see below), metabolism (see Chapter 4) and removal

by distribution into other compartments such as via blood flow (figure 3.4). It isclear from this

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

LIPID SOLUBILITY

Passive diffusion relies on dissolution of the compound in the lipid component of the

Call Membrana
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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
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membrane. From Timbrell, J.A., Introduction to Toxicology. Taylor and
Francis, London, 1989.

membrane and therefore only lipid soluble (lipophilic) compounds will pass through the membrane. This
isillustrated 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

TABLE 3.1 Comparison between intestinal absorption and lipid: water partition of the non-ionized
forms of organic acids and bases

Drugs Per centage absor bed K chioroform
Thiopental 67 100
Aniline 54 26.4
Acetanilide 43 7.6
Acetylsdlicylic acid 21 2.0
Barbituric acid 5 0.008
Mannitol <2 <0.002

K chioroform 1S the partition coefficient determined between chloroform and an agqueous phase, the pH of which was

such that the drug was largely in the non-ionized form. Data from Hogben et al. (1958) J.Pharmac. Exp. Ther.,
126, 275.
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FIGURE 3.5 Comparison of the structures and physicochemical
characteristics of pentobarbital and thiopental.

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 alipid soluble
foreign compound which also has a polar but non-ionized group may diffuse through some membranes
more efficiently than avery 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 acompound 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

A
o
Hﬂ/jﬁ THOH
l\ HO-C-H
o N HO-C—H
H H-G-OH

I
H- IT‘.—CIH
CHOH

FIGURE 3.6 Structures of (A) 5-fluorouracil and (B) mannitol.

different partition coefficients. For example, thiopental and pentobar bital are very similar in structure
and acidity but have very different lipophilicity (figure 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 (figure 3.6),
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are very poorly absorbed as a consequence of limited lipid solubility (table 3.1). For certain compounds

the lipid solubility asindicated by the log P (octanol-water) has been found to correlate well with the
acute toxicity, for example in some aguatic single-celled organisms.

THE DEGREE OF IONIZATION

This determines the extent of absorption, as only the non-ionized form will be able to pass through the
lipid bilayer by passive diffusion. As already indicated, the lipid and water solubility of this non-ionized
formis aso amajor factor.

The degree of ionization of a compound can be calculated from the Hender son-Hasselbach equation:

[A-]
H = pK, + Log
S RATTTY

(3.2)
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where pK,, is the dissociation constant for an acid, HA and where:

HA == H" 4+ A
For abase, A,

A
pH = pk, +L::|;_.:A

[HA*]

where A + H' == HA®
The pK, of acompound, the pH at which it is 50% ionized, is aphysicochemical characteristic of that

compound.
Normally only HA in the case of an acid or A in the case of a base will be absorbed (figure 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 non-ionized 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 non-ionized in acidic conditions, at

pH 1. Rearranging the Henderson-Hassel bach equation (3.2),

A
H - pK, = log—, and
P F EH.'*L

_ H-pK, = —
antl—logFI P HA

For an acid with a pK, 4 in an environment of pH 1,

=2
anti-log HA
. B S
I.e. anti-log HA
that is A~/HA=1/1000 or the acid is 99.9% non-ionized.

Conversely for abase, pK, 5 at pH 1,

H-pK, = log
P F “PH

= = |ip
H
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A
_ —d=——=0.0001
anti-log HA®

that is, 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 easily be 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 non-ionized and will therefore be absorbed.

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

ITl{.'n'.I.].'JI.'“dT.IE
H*+ A~ == HA—| = 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.

(3) Activetransport
This mechanism of membrane transport has several important features:

a aspecific membrane carrier system is required
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)V

FIGURE 3.7 Mechanisms of active transport. A isa uniport, B a symport and
C an antiport.

b metabolic energy is necessary to operate the system

c transport occurs against a concentration gradient

d the process may be inhibited by metabolic poisons

e the process may be saturated at high substrate concentration
f substrates may compete for uptake.

As active transport utilizes 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. Thistype of transport is normally reserved for endogenous molecules such as amino acids,
required nutrients, precursors or analogues. For example the anti-cancer drug 5-fluorouracil (figure
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 isacrucia part of itstoxicity to that organ (see Chapter 7). Polar and non-ionized
molecules may be transported as well as lipophilic molecules. As active transport may be saturated, it is
azero-order rate process in contrast to passive diffusion (figure 3.3).

There are, however, various types of active transport systems, involving protein carriers and known as
uniports, symports and antiports asindicated in figure 3.7. Thus symports and antiports involve the
transport of two different molecules either in the same or a different direction. Uniports are carrier
proteins which actively or passively (see facilitated diffusion below) transport one molecule through the
membrane. Active transport requires a source of energy, usually ATP which is hydrolysed by the carrier
protein, or the co-transport of ions such as Nat 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 (Nat) binds to the carrier on one side of the
membrane, an energy-mediated conformational change occurs involving phosphorylation of the protein
via ATP and this alows the solute to be released on the other side of the membrane (figure 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
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membrane. Glucose is transported into intestinal cells viaa symport along with Nat, which enters the
cell along its electrochemical gradient. The Nat is then transported out in the manner described above.
Carrier-mediated transport can also involve gated channels, which may require the binding of aligand
to open the channel for instance.

(4) Facilitated diffusion
This type of membrane transport has some similar features to active transport:

a it involves a specific carrier protein molecule
b the process may be saturated or competitively inhibited.

However:

¢ movement of the compound is only down a concentration gradient
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d thereis no requirement for metabolic energy.

Thus a specific carrier molecule isinvolved but the process relies on a concentration gradient as does
passive diffusion. The transport of glucose out of intestinal cellsinto the bloodstream occurs via
facilitated diffusion and utilizes a uniport.

(5) Phagocytosis/pinocytosis

These processes are both forms of endocytosis and involve the invagination of the membrane to enclose
aparticle or droplet respectively. The process requires metabolic energy and may be induced by the
presence of certain molecules, such asions, 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 macromol ecule 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 phagocytosisin the
lungs (see below).

3.2 Stes of absorption

The following are the major routes of entry for foreign compounds:

a skin

b gastrointestinal tract

c lungs/gills

d intraperitoneal (i.p.)

e intramuscular (i.m.)

f subcutaneous (s.c.) and
g intravenous (i.v.)

Routes (d)-(g), known as parenteral routes, are normally confined to the administration of therapeutic
agents or are used in experimental studies. The site of entry of aforeign, toxic compound may be
important in the final toxic effect. Thus the acid conditions of the stomach may hydrolyse aforeign
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 (figure 3.8). Absorption from the lungs, in contrast, is generally rapid and exposes major

organs very quickly (figure 3.8). Compounds absorbed from the gastrointestinal tract first pass through
the liver, which may mean that extensive metabolism takes place (figure 3.8). The toxicity of
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compounds after oral administration is therefore often less than after i.v. administration (table 2.1).

3.2.1 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?2 in humans, fortunately it represents an almost continuous barrier to
foreign compounds asit is not highly permeable. The outer layer of the non-vascularized epider mis, the
stratum corneum, consists mainly of cells packed with ker atin which limits the absorption of
compounds, and afew hair follicles and sebaceous glands (figure 3.9).

The underlying dermisis more permeable and vascularized, but in order to reach the systemic
circulation through the skin the
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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, (i.v.: intravenous
injection; s.c.: subcutaneous injection; i.m.: intramuscular injection; i.p.:
intraperitoneal injection).
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FIGURE 3.9 The structure of mammalian skin, a: epidermis; b: dermis; c:
sebaceous gland; d: capillary; e: nervefibres; f: sweat gland; g: adipose
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tissue; i: hair.
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TABLE 3.2 Physicochemical properties of various pesticides and their oral absorption and skin
penetration in mice

Water solubility Penetration Half-life % Penetrated

Compound Partition coefficient  (ppm) Skin Oral Skin Oral

DDT 1775 0.001 105 62 34 55
Parathion 1738 24 66 33 32 57
Chiorpyrifos 1044 2 20 78 69 47
Permethrin 360 0.07 6 178 80 39
Nicotine 0.02 Miscible 18 23 71 83

Data of Shah et al. (1981) Toxicol. Appl. Pharmacol., 59, 414 and Ahdaya et al. (1981) Pestic. Biochem. Physial.,
16, 38 from Hodgson and Levi (1987) A Textbook of Modern Toxicology (New Y ork: Elsevier).

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 which 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 par athion have been known to cause death in agricultural workers
following skin contact and absorption. However lipophilicity asindicated by alarge 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 through the skin sufficiently to cause a systemic toxic effect aswell as alocal reaction. The
absorption of this compound may reflect its small molecular size (figure 5.28). Damage to the outer,
horny layer of the epidermis increases absorption and a toxic compound might facilitate its own
absorption in thisway. 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 skin of the foot is at
least an order of magnitude less than that through the skin of the scalp. It should aso be noted that the
epidermis has significant metabolic activity and so may metabolize substances as they are absorbed.

3.2.2 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 isindustrial, urban or
household, may contain many foreign substances such as toxic gases, solvent vapours and particles. The
lungs have alarge surface area, around 50-100 m?2 in humans; they have an excellent blood supply and
the barrier between the air in the alveolus and the blood stream may be aslittle as two cell membranes
thick (figure 3.10). Consequently, absorption from the lungsis 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
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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 the endothelial cell of the
capillary, g, with erythrocytes, h, and the epithelial cell of the alveolar sac, i.
The luminal side of the epithelial cell is bathed in fluid which also facilitates
absorption and gaseous exchange. From Timbrell, J.A., Introduction to
Toxicology. Taylor and Francis, London, 1989.

as carbon monoxide), and also solutions dispersed as aerosols. The substance will generaly dissolvein
the blood and may also react with plasma proteins or some other constituent. Therefore as the blood
flow israpid there will be a continuous removal of the substance and consequently a constant
concentration gradient. However the solubility in the blood is amajor factor in determining the rate of
absorption. For compounds with low solubility the rate of transfer from alveolusto 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).

Aswell as gases, vapours 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 (figure
3.11). Thusthe 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 sm) tend to be retained in the upper parts of the respiratory system,
whereas the smaller particles (<6 *m) are confined to the alveolar ducts and terminal bronchioles. The
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optimum size for retention in the alveolar sacsis around 6 *m. Particles trapped by the mucus on the
walls of the bronchi will be removed by the ciliary escalator, whereas those of around 1 *m or less,
which penetrate the alveolus, may be absorbed by phagocytosis, and hence may remain in the respiratory
system for along time. For example, asbestos fibres are phagocytosed in the lungs, remain there and
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FIGURE 3.11 The retention of inhaled particlesin various regions of the
human respiratory tract in relation to size. Data from Hatch and Gross,
Pulmonary Deposition and Retention of Inhaled Aerosols. New York:
Academic Press, 1964.

eventually cause fibrosis and possibly lung tumours. It is known that uranium dioxide particles of less
than 3 em diameter can enter the blood stream and cause kidney damage after inhalation. Similarly
particles of lead of about 0.25 *m diameter enter the blood stream and cause biochemical effects
following absorption viathe lungs (see Chapter 7). The lymphatic system also seemsto be involved in

the movement of phagocytosed particles.

3.2.3 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 avery important site and perhaps the major route of
absorption for foreign compounds.

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 man, but more alkaline in some other species such asthe
rat. The next region of importance is the stomach where the pH isaround 2 in man and certain other
mammals. The substance may remain in the stomach for some time, particularly if it istaken in with
food. In the small intestine where the pH is around 6, there is a good blood supply and a large surface
area due to the folding of the lining and the presence of villi (figure 3.12). The lining 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,
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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, non-
ionized compounds may be absorbed anywhere in the tract, but ionizable substances will generaly only
be absorbed by passive diffusion if they are non-ionized at the pH of the particular site and are also lipid
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b
c—

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 i respectively, bounded by the serosal membrane, j; k: detail of
villi showing network of capillaries, m, lacteals, n, and epithelial cells, |; o:
detail of epithelial cells showing brush border or microvilli, p. The folding,
vascularization and microvilli all facilitate absorption of substances from the
lumen. From Timbrell, J.A., Introduction to Toxicology. Taylor and Francis,
London, 1989.

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, thisis
perhaps simplistic and not always the case asillustrated by comparative data from mice (table 3.2).

Thus, in the acidic areas of the tract such as the stomach (pH 1-3), compounds which are lipid soluble in
the non-ionized 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 (figure 3.15) is due to the following:

a the large surface area of the intestine (figure 3.12)
b removal of compound by blood flow (figure 3.4)
c ionization of the compound in blood at pH 7.4 (figure 3.15).

These factors ensure that the concentration gradient is maintained and so weak acids are often absorbed
to asignificant extent in the small intestine if they have not been fully absorbed in the stomach. Using
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the Henderson-Hassel bach 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 juiceis 1-3. The pK, of benzoic acid, aweak acid, is 4. Taking the pH in the stomach

as 2, and using the Henderson-Hassel bach equation as described above, it can be calculated that benzoic
acid isamost completely non-ionized at this pH (figure 3.13):
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FIGURE 3.13 lonization of benzoic acid and aniline at pH 2.
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anti-log pH — pK, = — = anti-log 2 - 4
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or 99% non-ionized.

Benzoic acid should therefore be absorbed under these conditions and pass across the cell membranes
into the plasma. Here, the pH is 7.4, which favours more ionization of benzoic acid.

Using the same calculation, at pH 7.4:

AT 1000
HA 1

or 99.9% ionized.

Therefore, the overal situation is as shown in figure 3.14.

The non-ionized 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 (figure 3.13), for a base in the gastric juice of pH

2:
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or 99-9% ionized.
COoy COOH COOH 3
O+ —0—0-0--
1 100 1 2512
Gastric Juice pH 2 Plasma pH 7.4
N N NH; NH,"
HE 4+ - 8 + Ht o O
1000 1 £31 1
Gastric Juice pH 2 Plasma pH 7.4
Membrane

FIGURE 3.14 Disposition of benzoic acid and aniline in gastric juice and
plasma. Figures represent proportions of ionized and non-ionized forms.
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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 non-ionized forms.
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FIGURE 3.16 Structures of paraquat and pralidoxime.

Anilineis therefore not absorbed under these conditions (figure 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, wherethe pH is
around 6, isthe reverse, as shown in figure 3.15.

Therefore, it is clear that aweak base will be absorbed from the small intestine (figure 3.15) and,
although the ionization in the plasma does not favour removal of the non-ionized 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 isin theionized form in the small
intestine, ionization in the plasmafacilitates removal of the transported form, maintaining the
concentration gradient across the gastrointestinal membrane (figure 3.15). Consequently, weak acids are
generdly 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 compounds pralidoxime, an antidote (figure 3.16) which is amost
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entirely absorbed from the gut, and paraguat, a highly toxic herbicide (figure 3.16). Sufficient paraquat
Is absorbed from the gastrointestinal tract after oral ingestion for fatal poisoning to occur, but the nature
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of the transport systems for both of these compounds are currently unknown although carrier-mediated
transport is perhaps the most likely (see Chapter 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 transportsiron and lead by the calcium uptake system.

L arge molecules and particles such as carrageenen and polystyrene particles of 22 m diameter may also
be absorbed from the gut, presumably by phagocytosis. The bacterial product botulinum toxin, alarge
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 which affect the absorption of foreign compounds from the gut or their
disposition, one which is of particular importance is the aqueous solubility of the compound in the non-
ionized form. With very lipid soluble compounds, water solubility may be so low that the compound is
not well absorbed (table 3.2) because it is not dispersed in the agqueous environment of the
gastrointestinal tract. Therefore when drugs and other foreign compounds are administered the vehicle
used to suspend or dissolve the compound may have a magjor effect on the eventual toxicity by affecting
the rate of absorption. Also 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 facilitate absorption if the substance in
question dissolvesin any fat present in the foodstuff. Alternatively, food may delay absorption if the
compound binds to food or constituents, or if it isonly absorbed in the small intestine, as food prolongs
gastric emptying time. Allied to thisis gut motility which may be atered 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 (figure 1.1) is
hydrolysed by the gut bacteria after oral administration. The product of the hydrolysisis
methylazoxymethanol, which is absorbed from the gut and which is the compound responsible for the
carcinogenicity. Given by other routes, cycasin is not carcinogenic asit is not hydrolysed.

The gut bacteria may also reduce nitrates to nitrites, which can cause methaemoglobinaemia or may
react with secondary aminesin the acidic environment of the gut, giving rise to carcinogenic
nitrosamines.

Conversely, the acidic conditions of the gut may inactivate some toxins, such as snakevenom, whichis
hydrolysed by the acidic conditions.

The absorption from the gastrointestinal tract is of particular importance because compounds so
absorbed are transported directly to the liver viathe hepatic-portal vascular system (figure 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 ‘fir st-pass
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effect isvery important if hepatic metabolism can be saturated; it may lead to markedly different
toxicity after
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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
Isopr enaline 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 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
(figure 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 viathe 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 acompound in the
body may be in contact with the receptor or target site, it is the distribution of the bulk of the compound
which 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 non-ionized form, and the proportion of acompound in thisformis
determined by its pK, and the pH of the particular tissue.

The passage of compounds out of the plasma through capillary membranes into the extravascul ar water
occursfairly 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 poresin 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 non-
ionized, 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 poresin the capillary membranes
vary considerably in size, and therefore some capillaries are more permeabl e than others. Pore sizes of
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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 cellsis, 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.
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TABLE 3.3 Major proteinsin human plasma
Protein and electrophoresis 0/100g plasma protein (% Function
region total)
Prealbumin 0.1-0.5 Binds thyroxine
Albumin 50-65 Colloid osmotic pressure; binds hormones, fatty
acids, bilirubin, drugs
o4 Region
a,-Acid glycoprotein 0.5-1.5 Tissue breakdown product
a1-Antitrypsin 1.94.0 Trypsin inhibitor
a;-Lipoprotein 458 Lipid transport
o, Region
a,-Macroglobulin 1.545 Proteinase inhibitor
o»-Ceruloplasmin 0.3-0.5 Copper transport
0 »-Haptoglobulin 0.3-1.9 Binds haemoglobin
O-Lipoprotein 0.5-1.5 Lipid transport
b, Region
Transferrin 3-6.5 [ron transport
b;-Lipoprotein 4-14 Lipid transport
b, Region
Fibrinogen 255 Blood clotting
gRegion (y-globulins; immunoglobulins)
[gA 0.8-2.8
IgM 0.6-1.7
1gG 13-22 Antibodies involved in immune reactions
gD <0.5
IgE <0.002

Data from Documenta Geigy, Scientific Tables (1970), edited by K.Diem and C.Lenter (Basle: CIBA-GEIGY).

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 with regard to binding of foreign compoundsis albumin (table 3.3).
However, other plasma proteins may be important in binding foreign compounds; the lipopr oteins, for
example, which bind lipophilic compounds such as DDT. In general the interactions are non-covalent
although some drugs, such as captopril are known to bind covalently to plasma proteins and even to
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cause immune responses as aresult of thisinteraction (see Chapter 6). There may be a specific

interaction in the plasma between particular foreign molecules and antibodies.
The non-covaent binding to plasma proteins may involve four types of interaction (figure 3.17):
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FIGURE 3.17 Types of bonding to plasma proteins which foreign compounds
can undergo, a: ionic bonding; b: hydrophobic bonding; c: hydrogen bonding;
d: van der Waals forces.

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

b hydrophobic interactions, occur when two nonpolar, hydrophilic groups associate and mutually
repel water

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

d Van der Waalsforces, 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 characteristics of the foreign
compound. For example lipophilic substances such as DDT will bind to proteins which have
hydrophobic regions such as lipoproteins and albumin. 1onized 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 (7.4).

The non-covaent binding to plasma proteinsis a reversible reaction which may be simply represented
as.

T+P {e TP
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, K is derived from:
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1 [TP]
K, [TIP]

or K, = £.08,

When K is small then binding is tight.

Plotting 1/[TP] vs. 1/[T] may give some indication of the specificity of binding. Thusif the plot passes
through the origin asis the case with DDT, then ‘infinite’, non-saturable binding isimplied. 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 either as (i) specific, low capacity, high affinity or (ii) non-specific, low affinity, 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
proteinswill involve severa different binding sites on one protein and maybe several different proteins.
The binding of foreign compounds to plasma proteins has several important implications.

a The concentration of the free compound in the plasmawill be reduced. Indeed thisremoval of a
portion of the compound from
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FIGURE 3.18 Structure of p-aminohippuric acid.

free solution may contribute to a concentration gradient.

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

c 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 (figure 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.

d Saturation may occur. When a specific binding site is involved, there will be a limited number of
sites. Asthe dose or exposure to the compound increases and the plasma level rises, these may
become fully saturated. When this occurs the concentration of the non-bound, free, portion of the
compound will rise. This may be the cause of atoxic 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 acompound is 99% bound to plasma
proteins, at atotal concentration of say 100 mg/l, the free concentration of compound in the
bloodstream will be only 1 mg/I. 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 mg/l if all other factors
remained the same. Clearly such a massive increase in the free concentration could result in the
appearance of toxic effects,
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e Displacement of one compound by another may occur. This may apply between two foreign
compounds and between aforeign and an endogenous compound. For example when some
sulphonamide drugs bind to plasma proteins they displace others such astolbutamide, a
hypoglycaemic drug. The resultant increased plasma concentration of free drug can giveriseto 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 sulphisoxazole 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. Thusif atoxic 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 (from 2% to 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.
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3.3.1 TISSUE LOCALIZATION

The distribution of aforeign compound out of the bloodstream into tissuesis, as already discussed,
determined by its physicochemical characteristics. Thus unless specific transport systems are available,
such as for analogues of endogenous compounds, only non-ionized, 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 about 2 sm in diameter. The Kupffer
cellslining these sinusoids may also be involved in removal of foreign substances from the bloodstream
by phagocytosis. Compounds which have some water solubility will distribute throughout body water
whereas very lipophilic substances may become preferentially localized in fat tissue. For example, the
drug chlor phenter mine (figure 3.19) isfound to accumulate in fatty tissues. Thus, although the blood:
tissueratio is 1:1 for the liver after both single and multiple doses, in the heart, lungs and especially the
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, especialy in the adrenals. This toxic response, phospholipidosis, is dueto the
amphiphilic nature of the molecule. Thisis the possession of both lipophilic and hydrophilic groupsin
the same molecule. This characteristic is responsible for the disruption of lipid metabolism. Thusitis
believed that the hydrophobic portion of the chlorphentermine molecul e associates with lipid droplets in
target cells. The hydro

a Afrgnali
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FIGURE 3.19 Tissue distribution of chlorphentermine on chronic dosing. Data
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from Lullman et al. (1975) CRC Crit. Rev. Toxicol., 4, 185.

FIGURE 3.20 Structure of decabromobiphenyl.

philic portion of the chlorphentermine molecul e alters the surface charge of lipid droplets and so
decreases their breakdown by lipases giving rise to accumulation.

Another, more dramatic example of thisisthe case of the polybrominated biphenyls (PBBs) (figure
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 wasllittle, if any, elimination of these
compounds from the body and so the
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FIGURE 3.21 The blood supply to the mammalian embryo and placenta.

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 atoxic compound which islocalized in a particular tissue, bone, which is not
the major target tissue (see Chapter 7).

Some compounds accumulate in a specific tissue because of their affinity for a particular

macromol ecule. For instance, carbon monoxide specifically binds to haemoglobin in red cells, this being
the target site (see Chapter 7), whereas when cadmium binds to metallothionein in liver and kidney this

isinitially a detoxication process (see Chapter 7). Sequestration into tissues may occur due to the action
of an endogenous substance such as the protein ligandin (now identified as glutathione transferase B;
see Chapter 4) which binds and transports both endogenous and exogenous compounds, such as
carcinogenic azo dyes, into the liver.

Passage of foreign compounds into particular tissues can also occur as aresult of a specialized active
transport system. For example, the herbicide paraquat (figure 3.16) is taken up by the polyamine
transport system into the lungs and thereby reaches a toxic concentration (see Chapter 7).

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 foetus and the brain. Because of
the organization of the placenta, the blood in the embryo and foetusis 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 em thick (see Chapter 6 and figure 3.21). Consequently, movement of non-
ionized lipophilic substances from the maternal bloodstream into the embryonic circulation by passive
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diffusion or filtration of small molecules through poresis facilitated. Specialized
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transport systems also exist for endogenous compounds and ions. Consequently many foreign
compounds achieve the same concentration in foetal asin maternal plasma. However, if metabolismin
utero converts the compound into a more polar metabolite, accumulation may occur in the foetus.
Despite extensive blood flow (16% cardiac output; 0.5 ml/min/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’. lonized compounds will not penetrate the brain in appreciable quantities unless they are
carried by active transport systems. The reasons for this restricted entry are due to reduced permeability
of the capillaries of the central nervous system because of:

a coverage of the basement membrane of the capillary endothelium by the processes of glial cells
(astrocytes)
b tight junctions between capillaries leaving few, if any pores.

The low concentration of protein in the interstitial fluid has been suggested as another factor which may
reduce the distribution of some substances in the central nervous system. Lipid soluble compounds, such
as methyl mer cury which istoxic to the central nervous system (see Chapter 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 aforeign compound is
afforded by a comparison of the drugs thiopental and pentobar bital (figure 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 plasmawill also be similar (figure 3.5). The partition coefficients, however, are

very different and this accounts for the different rates of anaesthesia due to each compound. Thiopental
being much more lipophilic enters the brain very rapidly and thereby causes its pharmacological effect,
anaesthesia. The duration of this, however, is short as redistribution into other tissues, including body
fat, causes aloss 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 alonger period.

Changesin 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 Chapter 7) and

barbiturate poisoning for instance. Thus the distribution of phenobar bital, aweak acid (pK, 7.2), shifts

between the brain and other tissues and the plasma, with changesin plasma pH (figure 3.22).

Consequently, the depth of anaesthesia 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 (figure

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).
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3.32PLASMA LEVEL

The plasmalevel of atoxic compound is a particularly important parameter as.

file:///C|/downl oad/www.netlibrary.com/nireader/nlreader.dll @bookid=85012& Filename=Page_48.html (2 of 2)9/22/2006 4:13:07 PM



file:///C|/downl oad/www.netlibrary.com/nireader/nlreader.dll @bookid=85012& Filename=Page_49.html

Page 49

Flasma Brain

Phenobarbital” + H* Phenobarbital  -s<pd-s=Phenobarbial

1.6 Plasma pH 7.4 1

Phenobarbital- + HY ——= Phenobarbilal -s—+sPhencbarbital

25 PlasmapHT& 1

Phencbarbital~ + HY Phenacbartital - sPhenobartital

0.4 PlasmapH&8 1 Mermbrane

FIGURE 3.22 Disposition of phenobarbital in plasma at different pH values.
Figures represent proportions of ionized and non-ionized forms.

a it reflects and is affected by the absorption, distribution, metabolism and excretion of the
compound

b 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 particul ar
tissue occurs which may or may not be the target tissue, for example, chlorphentermine (see figure
3.19), lead and polybrominated biphenyls (figure 3.20)

C it may be used to derive other parameters

d it may give some indication of tissue exposure and so expected toxicity in situations of intentional
or accidental overdosage

e it may indicate accumulation is occurring on chronic exposure

f itiscentral to any kinetic study of the disposition of aforeign 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 adrug or other foreign compound is therefore a composite picture of the disposition of the
compound, being the result of various
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FIGURE 3.23 Distribution of a foreign compound into body compartments.

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 (figure 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 Bibliography. The
central compartment may be, but is not necessarily, identical with the blood. It isreally the compartment
with which the compound is
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FIGURE 3.24 Profile of the decline in the plasma concentration of a foreign
compound with time after intravenous administration. The Area Under the
Curve (AUC) may be determined by dividing the curve into a series of
trapezoids as shown and calculating the area of each. Thus the AUCq 1 iS

(C'xt1—tg). The AUCq _ 7 isthen the sum of all the individual areas.

in rapid equilibrium. The distribution to peripheral compartmentsis reversible, whereas the removal
from the central compartment by metabolism and excretion isirreversible.

The rates of movement of foreign compound into and out of the central compartment are characterized
by rate constants, ky, and ke (figure 3.23). When a compound is administered intravenously, the

absorption is effectively instantaneous and is not afactor. The situation after a single, intravenous dose,
with distribution into one compartment, is the most simple to analyse kinetically as only distribution and
elimination are involved. With arapidly 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 exponentia decline (figure 3.24). Thisis because the rate of removal

IS proportional to the concentration remaining, it isafirst-order process and so
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FIGURE 3.25 Log;q plasma concentration time profile for a foreign compound

after intravenous administration. The plasma half-life (*') and the elimination
rate constant (kgy) of the compound can be determined from the graph as

shown.

a constant fraction of the compound is excreted at any given time. When the plasma concentration is
plotted on alog,q scale, the profile will be a straight line for this simple, one compartment model (figure

3.25). The equation for thislineis:

b W

2.303

log C = log,C, —

where C is plasma concentration, t istime, C is the intercept on the y axis and the gradient or slopeis

—ka/2.303. The units of ky areh™1 or min=1.
The elimination processiis represented by the elimination rate constant ky which may be determined

from the gradient of the plasma profile (figure 3.25). The reasons for the overall process of elimination

being first order are that the processes governing it (excretion by various routes, and metabolism) are
irreversible processes and are also first order. When the latter is not the case then this model does not

apply.
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3.3.3VOLUME OF DISTRIBUTION

The total water in the body of an animal can be conveniently divided into three compartments:. the
plasmawater, interstitial water and the intracellular water. The way aforeign compound distributesinto
these compartments will profoundly affect the plasma concentration. If acompound is only distributed
in the plasma water (which is approximately three litres in man) the plasma concentration will obviously
be much higher than if it distributed in all extracellular water (approx. 14 litres) or the total body water
(approx. 40 litres). This may be quantified as a parameter known as the volume of distribution (Vp),

which can be calculated as follows:

i dose (mg)
Vo =

plasma conc. (mgfl)

and isexpressed in litres. Thisis the same principle as determining the volume of water in ajar by
adding a known amount of dye, mixing and then measuring the concentration of dye. The volume of
distribution of aforeign 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, asitisa
mathematical parameter and does not have absolute physiological meaning. However, the Vp may yield

important information about a compound. For example, avery high apparent Vp, perhaps higher than the

total body water, indicates that the compound islocalized or sequestered in a storage site such as fat or
bone. If the value islow 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 alow

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 concentracion (mg/l) x Vi, (1)

The determination of Vp will depend on the type of model which describes the distribution of the

particular compound. Thus, if the compound is given intravenously and is distributed into a one-
compartment system, the V can be determined from the starting plasma concentration, C,. This may be

determined from the graph of plasma concentration against time by extrapolation (figure 3.25). Thus:

Diose
C

F -
1‘l:I_

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

3 Dase,
CAUC, — oo % &

;
Vi

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 (figure 3.24). The total areais
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/Kgy.

When a compound is administered by aroute other than intravenoudly, the plasma level profile will be
different as there will be an absor ption phase, and so the profile will be a composite picture of
absorption in addition to distribution and elimination (figure 3.26). Just asfirst-order elimination is

defined by arate constant, so also is absorption, ky,. This can be determined from the profile by the
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FIGURE 3.26 The log; plasma concentration against time profile for a
compound after oral administration. The absorption rate constant k,, can be

determined from the slope of the line (dotted) plotted using the method of
residuals as described in the text. (Thus A"=A¢ A, €tc.)

method of residuals. Thus, the straight portion of the semilog plot of plasmalevel against timeis
extrapolated to the y axis. Then each of the actual plasmalevel 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, (figure 3.26). The volume of distribution should not really be determined

from the plasmalevel 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 fir st-pass metabolism (see
above), or incomplete absorption and will be apparent from a comparison of the plasma level profile of
the compound after oral and intravenous administration (figure 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
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FIGURE 3.27 Effect of first-pass metabolism on plasma concentrations of a
compound after oral and intravenous administration.

the portal circulation and liver before it reaches the systemic circulation. The extent of thisfirst-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:

AUC,.
Bioavailability = A 2L e 1060

r |

3.34PLASMA HALF-LIFE

The plasma half-life is another important parameter of aforeign compound which can be determined
from the plasmalevel. 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 plasmalevel against time (figure 3.25), or it may be calcul ated:

(.693

Half-life f.*._] =

f.‘l
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The half-life will be independent of the dose provided that the elimination isfirst 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 isimpaired, for example by saturation of
enzymic or active transport processes, or if liver or kidneys are damaged, the half-life may be prolonged.
For example, after overdoses of paracetamol, the plasma half-life increases several-fold as the liver
damage reduces the metabolic capacity, and in some cases kidney damage may reduce excretion (see
Chapter 7).

Another indication of the ability of an animal to metabolize and excrete, and therefore of the elimination
of, aforeign compound which can be gained from the plasma level dataistotal body clearance. This
may be calculated from the parameters already described:

Total body elearance = Vi, % &
or abetter calculation is:

Diose
Total body clearance = e

AUC

asit may be applied to multi as well as single compartment models.

The unitsarel/hif, for example, the plasma concentration is measured in mg/l and the time scaleisin
hours. Again this applies to compounds given intravenously.

If the semilog plot of the plasmalevel 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
(figures 3.28 and 3.23). If atwo-compartment model is appropriate, then the semilog plot can be
resolved

Slops = —-§/2,303

Rt b}

Plasma concentration [Log,, scalel

Time

FIGURE 3.28 Log; plasma concentration against time profile for a foreign
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compound after intravenous administration. The distribution of this compound
fits the two-compartment model. The dotted line is determined by the method of
residuals as described in the text. (Thus R'=R¢ etc.)

into two straight lines using the method of residuals (‘ feathering’) already described. The first part of the
plasmalevel profileisthe a-phase and the second is the b-phase. The straight line which 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 b-
phase represents elimination from the central compartment.

Theindividual rate constants a and b can be determined from the graph. The rate constants for
movement into the peripheral compartment, ki, and k»; (figure 3.23) and the overall ky can be

determined as follows:

i aB + A
T A+B
oB

by =—
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A knowledge of these rate constants allows an assessment of the contribution of distribution and
elimination.

For afurther discussion of multicompartmental analysis, which is beyond the scope of this book, the
reader is referred to the 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. Thisis known as Michaelis-Menten or saturation kinetics. Excretion by active transport
(see below) and enzyme-mediated metabolism are saturable processes. |n some cases cofactors are
required and their concentration may be limiting (see Chapter 7, salicylate poisoning). When the

concentration of foreign compound in the relevant tissue is lower than the k., then linear, first-order

kinetics will apply, but when the concentration is greater, non-linear, zero-order kinetics are observed.
There are anumber of consequencesincluding an increase in half-life, the AUC is not proportional to
the dose, athreshold 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 asemilog, plot of plasma concentration against timeis drawn, thisislinear. Asthe elimination
changes with dose, atrue half-life and ky cannot be cal cul ated.

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

The plasmalevel 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
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FIGURE 3.29 Effect of chronic dosing with a foreign compound on its plasma
level. Half-life of compound is 1 h. Upper curve shows the effect of dosing
every 30 min, lower curve the effect of a dosage interval of 2 h.

than the half-life, the compound accumulates, whereas if the half-lifeis 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.

In order rapidly to achieve a steady-state level of the compound in the plasma so that the organismis
exposed to afairly constant level, the dosage interval and half-life should be similar (figure 3.30). For
steady-state conditions, the half-life determines the plasmalevel. That is, substrates with along half-life
attain a higher steady-state plasmalevel than compounds with shorter half-lives. It is obviously
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FIGURE 3.30 Average plasma concentrations of two foreign compounds after
multiple dosing. Compound A, half-life 24 h; compound B, half-life 12 h;
dosage interval in each caseis 8 h. The accumulation plateau is directly
proportional to the half-life, while the rate of accumulation isinversely
proportional to the half-life. Adapted from van Rossum, J.M. (1968) J.Pharm.
Sci., 57, 2162.

important to measure this plasma concentration for an assessment of chronic toxicity (figure 3.30).
The average plateau concentration after repeated oral administration can be cal culated:

where f is the fraction absorbed, D isthe oral dose and t is the dosing interval. From this value C,, the
aver age body burden can be calculated:

Average body burden = Vi, x €,

3.4 Excretion

The elimination of toxic substances from the body is clearly avery important determinant of their
biological effects. Rapid elimination will reduce both the likelihood of toxic effects occurring and their
duration. Removal of atoxic compound may help to reduce the extent of damage. The elimination of

foreign compounds is reflected in the parameters plasma half-life !, elimination rate constant (Ka)

and total body clearance. The plasma half-life also reflects other processes as well as excretion; the
whole body half-lifeisthe 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
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radiolabelled compound and determining amount excreted over time.

The most important route of excretion for most non-gaseous or non-volatile compounds is through the
kidneys into the urine. Other routes are secretion into the bile, expiration viathe lungs for volatile and
gaseous substances, and secretion into the gastrointestinal tract, or into fluids such as milk, saliva, swest,
tears and semen.

3.4.1 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
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FIGURE 3.31 Schematic representation of the disposition of foreign
compounds in the kidney.

asignificant proportion of foreign compounds. However excretion into the urine from the bloodstream
appliesto 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 (figure 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 (figure 3.31). The basic unit of the kidney, the
nephron, alows most small molecules to pass out of the blood in the glomerulus into the tubular
ultrafiltrate aided by large poresin the capillaries and the hydrostatic pressure of the blood. The poresin
the glomerulus are relatively large (40 A) and will allow molecules with a molecular weight of less than
60 000 to pass through. Thisfiltration therefore only applies to the non-protein 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
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flows through the vessel s surrounding the tubule because there will be a concentration gradient in the
direction tubule—blood. Water soluble molecules
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which areionized 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 (figure 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.

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 molecules may become saturated by large
amounts of compound. This may have important toxicological consequences. Asthe dose of a
compound is increased the plasma level will increase. If excretion is via passive diffusion the rate of
excretion will increase as thisis proportional to the plasma concentration. If excretion isvia active
transport, however, increasing the dose may lead to saturation of renal elimination and atoxic level of
compound in the plasma and tissues may be reached.

Another factor which may affect excretion is binding to plasma proteins. This may reduce excretion via
passive diffusion, especialy if binding istight 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 (figure 3.18), which is 90% bound to plasma proteins, is
cleared in thefirst pass of blood through the kidney.

One of the factors which affects excretion isthe urinary pH. If the compound which isfiltered or
diffusesinto the tubular fluid isionized 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 isionized at
alkaline urinary pH and a basic drug such as amphetamine isionized at an acidic urinary pH. This factor
is utilized in the treatment of poisoning with barbiturates and salicylic acid for example (see Chapter 7).

Thus by giving sodium bicarbonate to the patient, the urine becomes more alkaline and excretion of
acidic metabolitesisincreased. 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 which affect kidney function such as age and disease will influence
urinary excretion and may therefore increase toxicity by reducing elimination from the body. For
example, sale of the antiarthritic drug benoxapr ofen was stopped as it caused liver damage and other
adverse effects. Thiswas probably aresult of accumulation following repeated and inappropriate doses
of the drug given to elderly patients whose kidney function was reduced.

3.4.2BILIARY EXCRETION
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Excretion into the bile is an important route for certain foreign compounds, especialy large polar and
amphipathic substances and may
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FIGURE 3.32 Enterohepatic circulation. The circulation of the compound is
indicated by the arrows.

indeed be the predominant route of elimination for such compounds.
Bile production occursin 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 (figure 3.32).

Consequently, compounds which are excreted into the bile are usually eliminated in the faeces. The
factors which affect biliary excretion are molecular weight, charge and the species of animal (tables 3.4

and 5.8). Consequently for polar compounds with a molecular weight of 300 or so, such as glutathione
conjugates (see

TABLE 3.4 Effect of molecular weight on the route of excretion of biphenyls by the rat
Per cent of total excretion

Compound Molecular weight Urine Faeces

Biphenyl 154 80 20
4-Monochlorobiphenyl 188 50 50
4,4'-Dichlorobiphenyl 223 34 66
2,4,5,2',5'-Pentachl orobiphenyl 326 11 89
2,3,6,2',3',6'-Hexachl orobiphenyl 361 1 99

Datafrom Matthews, H.B. (1980) In Introduction to Biochemical Toxicology, edited by E.Hodgson and F.E.
Guthrie (New Y ork: Elsevier-North Holland).

Chapter 4), secretion into the bile can be amajor route of excretion. Excretion into the bileis 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. Quaternary ammonium compounds may be actively
secreted into the bile by a separate process. Compounds which 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 plasmaratio of
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greater than 1; class C compounds are not excreted into bile and have a bile to plasmaratio of less than
1. The latter type of compound are 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 compound in the liver. For example, the diuretic
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FIGURE 3.33 Sructure of furosemide.

drug furosemide (figure 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 due to saturation of plasma protein binding sites. The result is a disproportionate increase in
the concentration of the drug in the liver (figure 3.34).

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 enter ohepatic recir culation which
may increase the toxicity (figure 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
istaken 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 thisis 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 hydrolysed
to the potent carcinogen methy
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FIGURE 3.34 Changes in the tissue distribution of furosemide after toxic and
non-toxic doses were administered to mice. Closed symbols represent a toxic
dose (400 mg/kg), open symbols a non-toxic dose (80 mg/kg). Squares are the
plasma concentration, circlesthe liver concentration. Adapted from Mitchell et
al. (1975). In Handbook of Experimental Pharmacology, Vol. 28, Part 3,
Concepts of Biochemical Pharmacology, edited by J.R.Gillette and J.R.
Mitchell (Berlin: Springer).

lazoxymethanol by the gut bacteria when it isingested 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 viathe
enterohepatic recirculation; (iv) be saturated and lead to hepatic damage.

The importance of biliary excretion in the toxicity of compounds can be seen from table 2.2 which

shows that ligation of the bile duct increases the toxicity of certain chemicals many times.
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343 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 50-60% of a dose of the aromatic hydrocarbon
benzeneiseliminated in the expired air. Excretion is by passive diffusion from the blood into the
alveolus assisted by the concentration gradient. Thisisavery efficient, usually rapid, route of excretion
for lipid soluble compounds as the capillary and aveolar 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 vapour from the lungs and the 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 Chapter 7).

3.4.4 GASTROINTESTINAL TRACT

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

345MILK

Excretion into breast milk can be avery important route for certain types of foreign compounds,
especially lipid soluble substances, because of the high lipid content in milk. Clearly new-born 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.

3.4.6 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 atoxicological significance such as the production of
dermatitis by compounds secreted into the sweat for example.

3.5 Summary
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The disposition of toxic compounds in biological systems can be divided into four interrelated phases:
absorption, distribution, metabolism and excretion.

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

There are five types of transport (with their important features):
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a filtration (small, water soluble molecules)

b passive diffusion (lipid soluble, non-charged molecules; concentration gradient; first order; pH
partition theory)

c active transport (specific membrane carrier; energy required; operates against concentration
gradient; inhibitable; saturable; possible competition; zero order)

d facilitated diffusion (specific carrier; saturable; possible competition; operates with concentration
gradient; no energy required)

e endocytosis (phagocytosi s/pinocytosis; requires energy; large, insoluble molecules).

There are three main sites of absorption: skin (large surface area; poorly vascularized; not readily
permeable); gastrointestinal tract (mgor site; well vascularized; variable pH; large surface areg;
transport processes; food; gut bacteria); lungs (very large surface area; well vascularized; readily
permeable). Compounds may be administered by direct injection (i.p., i.m., 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 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 accumulate in tisses (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; Area
Under Curve; volume of distribution. Comparison of blood levels after oral and i.v. may be used to
calculate bioavailability. Half-life can be used to predict the effect of repeated dosing.

Excretion isthe elimination of the molecule from the organism by one of several routes. The urineisthe
major route but expired air and bile may also be utilized. 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 isimportant 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.
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3.6 Review questions

1 Write short notes on three of the following:

a the pH partition theory

b active transport

¢ plasma protein binding

d enterohepatic recirculation.
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2 Explain the abbreviation ADME.
3 List five mechanisms for the transport of chemicals through biological membranes.
4 What physicochemical characteristics determine the absorption, distribution and excretion of
chemicalsin biological systems?
5 How does the size of particlesinfluence their absorption from the lungs?
6 Passivediffusionisafirst-order rate process. Is this statement true or false?
7 What isthe difference between the drugs thiopental and pentobarbital and how would it affect their
absorption and distribution?
8 What islog P?
9 Thethree 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 isthe plasma protein most often involved in binding chemicals?

13 Explain why administration of sodium bicarbonate is utilized in the treatment of barbiturate
poisoning.

14 Give two reasons why the plasma level of a chemical is an important piece of information for a
toxicity study.

15 How isthe volume of distribution determined?

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

17 What factorsinfluence the biliary excretion of chemicals?
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CHAPTER 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.

The biotransfor mation of foreign compounds, however, 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 atoxic 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:

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 isfacilitated, and hence elimination of the compound from the tissues and the body is
increased.

The consequences of metabolism are:

a the biological half-lifeis decreased
b the duration of exposure is reduced
¢ accumulation of the compound in the body is avoided
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TABLE 4.1 Solubility data for two sulphonamides and their acetylated metabolites

Drug Solubility in urine (mg/ml at 37 °C) Urinary pH
Sulphisomidine 254 5.0
282 6.8
Acetylsulphisomidine 9 5.0
10 75
Sulphisoxazole 150 55
1200 6.5
Acetylsulphisoxazole 55 55
450 6.5

Datafrom Weinstein (1970). In The Pharmacological Basis of Therapeutics, edited by L.S.Goodman and A.
Gilman (New Y ork: Macmillan).

d the biological activity may be changed
e the duration of the biological activity may be affected.

For example, the analgesic drug paracetamol (see Chapter 7) has arena clearance value of 12 ml/min

whereas one of its major metabolites, the sulphate conjugeate, is cleared at the rate of 170 ml/min.
However, biotransformation may not always increase water solubility. For example, many
sulphonamide 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 structureis changed
from that of the parent compound, there may be consequential changes to the pharmacol ogical and
toxicological activity of the compound. For some drugs the pharmacological activity residesin the
metabolite rather than the parent compound. A classic example of thisisthe antibacterial drug
sulphanilamide which is released from the parent compound, prontosil, by bacterial metabolism in the
gut (figure 4.38). For other drugsit is the parent compound that is active, asis the case with the muscle

relaxant drug succinylcholine (suxamethonium). The action of this drug normally only lasts afew
minutes because metabolism rapidly cleaves the molecule to yield inactive products (figure 7.36). The
duration of action is therefore determined by metabolism in this case. Although biotransformation is
usually regarded as a detoxication process, thisis not aways so. Thus the pharmacological or
toxicological activity of the metabolite may be greater or different from that of the parent compound.
Later in the chapter, and especially in the final chapter, we will examine ways and consider examplesin
which toxicity isincreased 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 catalysed 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:
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I the structure and physicochemical properties of the compound in question
Il the enzymes available in the exposed tissue.
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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 |ater.

The enzymes specifically involved in the metabolism of foreign compounds are necessarily often
flexible and non-specific. 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 enzymeis
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 isthe liver because
of its position, blood supply and function (figure 6.2). Most foreign compounds are taken into the
organism viathe 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 theliver in
endogenous metabolism and its structure (see Chapter 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 afew 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 4.1. The foreign
molecule is benzene, a highly lipophilic molecule which is not readily excreted from the animal except
in the expired air asit isvolatile. Phase 1 metabolism converts benzene into a variety of metabolites, but
the major oneis phenol. The insertion of a hydroxyl group allows a phase 2 conjugation reaction to take
place with the polar sulphate group being added. Pheny! sulphate, 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.
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FIGURE 4.1 Metabolism of benzene to phenyl sulphate.
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TABLE 4.2 The major biotransformation reactions

Phase 1 Phase 2 Phase 3
Oxidation Sulphation Further metabolism
Reduction Glucuronidation of glutathione
Hydrolysis Glutathione conjugation conjugates
Hydration Acetylation
Dehalogenation Amino acid conjugation

Methylation

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 sulphate. Alternatively it may undergo another
phase 1 type of reaction. The major types of reaction are shown in table 4.2.

Generally, therefore, the function of phase 1 reactions is to modify the structure of axenobiotic so asto
introduce a functional group suitable for conjugation with glucuronic acid, sulphate 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 mgjority of oxidation reactions are catalysed by mono oxygenase enzymes
found in the SER and 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; desul phuration; and deamination; and dehal ogenation.

Non-microsomal oxidations may be subdivided into: amine oxidation; alcohol and adehyde oxidation;
dehal ogenation; purine oxidation; and aromatization.

Microsomal oxidations
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CYTOCHROMES P-450 MONO-OXYGENASE SYSTEM

The magjority of these reactions are catalysed by one enzyme system, the cytochromes P-450 mono-
oxygenase system, which islocated particularly in the SER of the cell. The enzyme system isisolated 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

file:///C)/downl oad/iwww.netlibrary.com/nlreader/nireader.dll @bookid=85012& Filename=Page_68.html (2 of 2)9/22/2006 4:13:27 PM



file:///CJ/downl oad/iwww.netlibrary.com/nlreader/nireader.dll @bookid=85012& Filename=Page_69.html

Page 69

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 mono-oxygenase is also found in the endoplasmic

reticulum and thisis discussed later in this chapter.

The cytochromes P-450 mono-oxygenase system is actually a collection of isoenzymes all of which
possess an iron protoporphyrin 1 X as the prosthetic group. The monomer of the enzyme has a molecular
weight of 45 000-55 000. The enzyme is membrane bound within the endoplasmic reticulum.
Cytochromes P-450 is closely associated with another vital component of the system, NADPH
cytochrome P-450 reductase. Thisis aflavoprotein 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 atime. 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.

Phospholipid is also required in the enzyme complex, seemingly thisisimportant 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 resultsin a functional
enzyme.

The overal reactioniis:

SH + O, + NADPH + H”
— S0OH + H,0 + NADF

where Sisthe 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 sequence of metabolic reactions is shown in figure 4.2 and involves at least four distinct steps:

| addition of substrate to the enzyme
Ii donation of an €lectron
il addition of oxygen and rearrangement
iv donation of a second electron and |oss of water.

Now let uslook at these steps in more detail:

Step 1. Binding of the substrate to the cytochromes P-450. This takes place when the ironisin the
oxidized, ferric state. There are three types of binding: Typel, Il and reverse Typel (or modified
Typell) which giveriseto particular spectra. These are now known to be the result of perturbationsin

file:///CJ/downl oad/www.netlibrary.com/nlreader/nlreader.dll @booki d=85012& Filename=Page_69.html (1 of 2)9/22/2006 4:13:28 PM


file:///C|/download/www.netlibrary.com/nlreader/nlReader.dll@BookID=85012&FileName=PAGE_70.html#P20001C629960070001

file:///C|/downl oad/www.netlibrary.com/nireader/nlreader.dll @bookid=85012& Filename=Page_69.html

the spin equilibrium of cytochromes P-450. Thus, ethylmorphine givesriseto a Type | spectrum, aniline
atype Il and phenacetin amodified Type Il. There are two spin states: low spin, hexa coordinated or
high spin, penta coordinated (figure 4.2). 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 haem to interact with
oxygen and cause a perturbation and a conformational change. The change resultsin ahigh spin
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FIGURE 4.2 The catalytic cycle of the cytochrome(s) P-450 mono-oxygenase
(mixed function oxidase) system. Adapted from Tukey and Johnson (1990) in
Principles of Drug Action, edited by W.B.Pratt and P.Taylor (New York:
Churchill Livingstone).

configuration. This change from low to high spin givesrise 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 atrough around 420 nm.

Type Il substrates are compounds such as nitrogenous bases, with sp? or sp3 non-bonded electrons.
These bind to iron and give rise to a 6-coordinated, low spin haemoprotein. Such compounds may also
be inhibitors of cytochromes P-450. The spectrum shows a peak at 420-435 nm and a trough at 390410
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 viathe reductase. The

equilibrium between the high spin and low spin states may be important in this step, but it is not yet
clear.

Thusthereaction is:
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. (FAD NADPH cyrochrome FMN)

P-450 reducrase

— Cytochrome P-450

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 car bon monoxide binds giving an absorption
maximum at 450 nm. A Type Il 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
|atter form stable complexes with the enzyme and are also inhibitors.
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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 hydroper oxide (C:7) or super oxide {O7). It has been shown
by experiments using 180, 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 bg reductase and cytochrome bs. This alternative

source of the second electron step is still controversial.

The complex then rearranges with insertion of one atom of oxygen into the substrate to yield the
product. 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. It has been suggested that the hydroxylation of
hydrocarbons by cytochromes P-450 may be a two-step mechanism involving aradical 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.

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 requirementsin 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 40 in man) and results from a gene family represented in all
phylaand very many diverse species. More than 300 cDNAs have been cloned and more than 60
different types of chemical reaction are catalysed. This multiplicity of isoforms accounts for the diversity
of the reactions catalysed and the substrates accommodated. The forms or isoenzymes can be separated
using chromatographic and el ectrophoretic 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 isoenzymesin any given tissue
may change as aresult 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 based on primary amino acid sequence resulting from sequencing of cytochromes P-
450 proteins, cDNAs and genes (Nebert et al., 1991). 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 cytochr omes P-450 gene superfamily currently consists of 27 gene families.
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TABLE 4.3 Characteristics of cytochromes P-450 families 1-4

| sozyme [Substrate examples Reactions
CY P1A lbenzo[a]pyrene hydroxylation
7-ethoxyresorufin O-de-ethylation
1A 2acetylaminofluorene N-hydroxylation
phenacetin O-de-ethylation
CY P2A ltestosterone 7a-hydroxylation
2A 2testosterone 15a-hydroxylation
2A3
CY P2B1jhexobarbital hydroxylation
7-pentoxyresorufin O-de-ethylation
2B2/7-pentoxyresorufin O-de-ethylation
7,12-dimethylbenzanthracene 12-methyl-hydroxylation
CY P2CS-mephenytoin hydroxylation
CY P2Ddebrisoquine alicyclic hydroxylation
CY P2E1p-nitrophenol hydroxylation
aniline hydroxylation
CY P3Aethylmorphine N-demethylation
aminopyrine N-demethylation
CYP4Allauric acid w-hydroxylation
lauric acid w-l-hydroxylation

It should be noted that thisis 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 amore detailed discussion see Nebert, D.W. and Gonzales, F. (1990) The P-450 gene superfamily. In
Frontiers of Biotransformation, Vol. 2, Principles, Mechanisms and Biological Consequences of Induction, edited
by K.Ruckpaul and H.Rein (London: Taylor & Francis), or other references in the Bibliography.

The various proteins and the genes coding for them are designated by CY P and CYP respectively with
the families indicated by Arabic numerals.

There are three main gene families important in xenobiotic metabolism: CYP1, CYP2 and CYP3 and
CYP4 isinvolved in fatty acid metabolism. However, the latter may be important for some xenobiotics
which have suitable carboxylic acids as part of the structure. The genesin these four families code for
primarily hepatic, microsomal enzymes,

Within these families there is one subfamily, i.e. CYP1A, CYP3A, CYP4A, except CYP2 which hasfive
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.

There may aso be dlelic variants giving rise to different proteins.

The four families CYP17, CYP19, CY P20 and CY P22 code for P-450s involved in steroid biosynthesis
and found mainly in extrahepatic tissues. The mitochondrial P-450 is CY P11. The enzyme proteins
CYP1A1, CYP1A2 and CYP2EI seem to be highly conserved and similar in all species. Humans have at
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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 aready indicated, however, there is overlap between some of the P-450s in terms of substrates and
types of reaction catalysed. These different isoenzymes may be separated on the 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 isoenzymesisthat they may catalyse different biotransformations and this
may be crucial to the toxicity of the compound in question. Variations in the proportions and presence of
particular isoenzymes may underly differences in metabolism due to species, sex, age, nutritional status
and interindividual variability. The comparison and identification of particular forms (orthologues) of
cytochrome P-450 between species has proved to be difficult in some cases, however. The presence or
absence of a particular isoenzyme may be the cause of toxicity in one organ or tissue. The changein the
proportion of isoenzymes caused by exposure to substances in the environment, or drugs may explain
changesin 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 isits 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 CY P2D6 and CY P2C19 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 exampl e the drug methoxyphenamine can
be metabolized by CY P2D6 either by O-demethylation or hydroxylation on the 5 position. Despite this
lack of substrate specificity however, the enzyme may display significant stereosel ectivity 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. Thisis not surprising
in that if the purpose of metabolism isto increase the water solubility of aforeign 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 examplein the
kidney fatty acids are substrates, undergoing w-1 hydroxylation, and prostaglandins also undergo this
type of hydroxylation. In the adrenal cortex, steroids are hydroxylated by a mitochondrial cytochromes
P-450.

Although in the mgjority of cases, cytochromes P-450 catalyse oxidation reactions, under certain
circumstances the enzyme may catalyse other types of reaction such as reduction.
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MICROSOMAL FLAVIN-CONTAINING MONO-OXYGENASES

Aswell asthe cytochromes P-450 monooxygenase system there is al'so a system which involves FAD.
This 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 athough the former is the preferred
cofactor. It also requires molecular oxygen and the overall reaction is as written for cytochromes P-450:

NADPH +H™ + 0O, + 5
— MNADFP™ + H,0O + 50

which includes the following steps:

Eneyme — FAL + NADPH H*
— NADP" — Enzyme — FADH

(@)
NADP = Enesyme-FADH, + O,
— NADP" — Enzyme — FADH, — O,
()
NADPT = Enzyme-FADH, = O,
— NADP™ — Enzyme — FAD — QO
(©)
NADPT = Eneyme-FAD-OOH + 5
— MNADP" — Enzyme — FAD — O0OH -5
(4)
NADPT = Eneyme-FAD-OOH-5
— 50 + NADP" — Enzyme — FAD + H,O
)
NADPT = Enevme-FAD
— Enzyme — FAD
(6)

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.
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In the absence of a suitable substrate the complex at step 3 may degrade to produce hydrogen peroxide.
This enzyme system catalyses the oxidation of various nitrogen, sulphur 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 (see figure 4.19) is catalysed by this

enzyme, but also the hydroxylation of secondary amines, imines and arylamines and the oxidation of
hydroxylamines and hydrazines. Various sulphur containing compounds including thioamides,
thioureas, thiols, thioethers and disulphides are oxidized by this enzyme system. However, unlike
cytochromes P-450, it cannot catalyse 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.

Let uslook at the major types of oxidation reaction catalysed by the cytochromes P-450 system.

AROMATIC HYDROXYLATION

Aromatic hydroxylation such as that depicted in figure 4.3 for the ssmplest aromatic system, benzene, is
an extremely important biotransformation. The major products of aromatic hydroxylation are phenals,
but catechols and quinols may also be formed, arising by further metabolism. One of the toxic effects of
benzeneisto cause aplastic anaemia, which is believed to be due to an intermediate metabolite,
possibly hydroquinone. As aresult of further metabolism of epoxide intermediates (see below), other
metabolites such as diols and glutathione conjugates can also
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FIGURE 4.3 Aromatic products of the enzymatic oxidation of benzene. Phenol
isthe major metabolite.
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FIGURE 4.4 Hydroxylated products of naphthalene metabolism.

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 of benzo[a]pyrene (see below and Chapter 7 for more details).

Conseguently, a number of hydroxylated metabolites may be produced from the aromatic hydroxylation
of asingle compound (figures 4.4 and 4.5).

Aromatic hydroxylation generally proceeds viathe formation of an epoxide intermediate. Thisis

file:///C|/downl oad/www.netlibrary.com/nlreader/nlreader.dll @bookid=85012& Filename=Page_75.html (1 of 2)9/22/2006 4:13:34 PM


file:///C|/download/www.netlibrary.com/nlreader/nlReader.dll@BookID=85012&FileName=PAGE_5F259.html#P20001C629970259001
file:///C|/download/www.netlibrary.com/nlreader/nlReader.dll@BookID=85012&FileName=PAGE_75.html#P20001C629960075002
file:///C|/download/www.netlibrary.com/nlreader/nlReader.dll@BookID=85012&FileName=PAGE_76.html#P20001C629960076001

file://IC|/downl oad/www.netlibrary.com/nireader/nlreader.dll @bookid=85012& Filename=Page_75.html

illustrated by the metabolism of naphthalene, labelled in the 1 position with deuterium (2H), viathe 1,2-
oxide as shown in figure 4.5. The shift in the deuterium atom that occurs during metabolism is the so-

caled
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1-Naphthol 2-Naphthol

FIGURE 4.5 Metabolism of deuterium-labelled naphthalene via the 1, 2-oxide
(epoxide) intermediate, illustrating the NIH shift.

NIH shift. Thisindicates 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 intermediate, which may break open chemically in two ways, leading to
phenolic products (figure 4.5).

Each naphthol product may have deuterium or hydrogen in the adjacent position. The hydrogen and
deuterium atoms (in aand b; figure 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—2H bond than C-1H 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.
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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 non-
enzymic 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 anumber 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 figure 7.2. 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 figures 4.6 and 5.26. Note that when the epoxide ring opens the chlorine atom
shifts to the adjacent carbon atom (figure 4.6). In
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FIGURE 4.6 Metabolism of unsaturated aliphatic and heterocyclic compounds
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FIGURE 4.7 m-Hydroxylation of chlorobenzene.

the case of the furan ipomeanol and vinyl chloride, the epoxide intermediate is thought to be responsible
for the toxicity (see below, Chapter 7). Other examples of unsaturated aliphatic compounds which may

be toxic and are metabolized via epoxides are diethylstilboestrol, allylisopr opyl 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 (figure 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 o- and p-hydroxylated
metabolites such as the o- and p-aminophenols from aniline (figure 4.8). Meta-directing substituents
such as nitro groups lead to m- and p-hydroxylated products, for example nitr obenzene is hydroxylated

file:///C|/downl oad/www.netlibrary.com/nlreader/nlreader.dll @bookid=85012& Filename=Page_77.html (1 of 2)9/22/2006 4:13:36 PM


file:///C|/download/www.netlibrary.com/nlreader/nlReader.dll@BookID=85012&FileName=PAGE_5F259.html#P20001C629970259001
file:///C|/download/www.netlibrary.com/nlreader/nlReader.dll@BookID=85012&FileName=PAGE_77.html#P20001C629960077002
file:///C|/download/www.netlibrary.com/nlreader/nlReader.dll@BookID=85012&FileName=PAGE_78.html#P20001C629960078001

file:///C|/downl oad/www.netlibrary.com/nireader/nlreader.dll @bookid=85012& Filename=Page_77.html

to m- and p-nitrophenols (figure 4.8).

ALIPHATIC HYDROXYLATION

Aswell 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 (figure 4.9) in occupationally

exposed humans. The latter
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FIGURE 4.8 Hydroxylation of aniline and nitrobenzene.
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FIGURE 4.9 The aliphatic oxidation of hexane.
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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 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 (figure 4.10). Further oxidation of the primary alcohol may take place to give the corresponding
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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, cyclohexaneis
metabolized to cyclohexanol, which is further hydroxylated to trans-cyclohexane-1,2-diol (figure 4.11).

With mixed alicyclic/aromatic, saturated and unsaturated systems, alicyclic hydroxylation appears to
predominate, as shown for the compound tetralin (figure 4.12).

HETEROCYCLIC HYDROXYLATION

Nitrogen heterocycles such as pyridine and quinoline (figure 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.
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FIGURE 4.10 Aliphatic oxidation of n-propylbenzene.
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FIGURE 4.11 Hydroxylation of cyclohexane.
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FIGURE 4.12 Hydroxylation of tetralin.
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FIGURE 4.13 Structures of pyridine and quinoline.

Aldehyde oxidase, a non-microsomal enzyme discussed in more detail below, may also beinvolved in
the oxidation of quinoline to give 2-hydroxyquinoline (figure 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 thisdrug (see Chapter 7). Again
other enzymes may aso be involved (figure 4.15).

N-DEALKYLATION

Dealkylation isthe removal of alkyl groups from nitrogen, sulphur and oxygen atoms, and is catalysed
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 intermediate which is usually unstable and
spontaneoudly 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 (figure 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 (figure 7.3).

S-DEALKYLATION

A microsomal enzyme system catalyses S-dealkylation with oxidative removal of the alkyl group to
yield the corresponding aldehyde, as with N-dealkylation (figure 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.
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FIGURE 4.14 Hydroxylation of quinoline.
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FIGURE 4.15 Microsomal enzyme-mediated hydroxylation of coumarin.

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
(figure 4.16), asillustrated by the de-ethylation of phenacetin (figure 5.20). Ethers with longer akyl

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
catalysed by microsomal enzymes or by other enzymes (see below). Thus the oxidation of
trimethylamine to

CHy CHy
H—”?:m_h—" F'—NiH +  HCHO

R R
OCH oM

R—5—CHy —* RSH +  HCHO

FIGURE 4.16 Microsomal enzyme-mediated N-, O- and S-dealkylation.

an N-oxide (figure 4.19) is catalysed by the microsomal FAD-containing mono-oxygenase. The N-oxide
so formed may undergo enzymecatalysed 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 catalysed by cytochromes P-450. This reaction may be involved in the toxicity of the analogue,
trifluoromethyl pyridine, which istoxic to the nasal tissues. It is believed to be metabolized to the N-
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oxide by cytochromes P-450 present in the olfactory epithelium (figure 4.20).

CHy o
A" ]
W— 2 H

cHy”

M M-Dimethylformamide

l

HCHO
CHy u
N ik
/)J_E_H -./H_G_"_H
OHCHy M
N-{Hydroxymethyl -N-methydformamide M-Methylformamide

FIGURE 4.17 Metabolism of dimethylformamide. The hydroxymethyl
derivative is stable but may subsequently rearrange to monomethylformamide

with release of formal dehyde.
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FIGURE 4.18 Oxidative S-demethylation of 6-methylthiopurine.
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FIGURE 4.19 N-Oxidation of trimethylamine.
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FIGURE 4.20 N-Oxidation of trifluoromethylpyridine.

N-HYDROXYLATION

N-Hydroxylation of primary arylamines, arylamides and hydrazinesis also catalysed by a microsomal
mixed-function oxidase involving cytochromes P-450 and requiring NADPH and molecular oxygen.
Thus, the N-hydroxylation of anilineisas shown in figure 4.21. The N-hydroxylated product,
phenylhydroxylamine, is thought to be responsible for the production of methaemoglobinaemia 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
haemoglobin against oxidative damage.

N-Hydroxylated products may be chemically unstable and dehydrate, as does phenylhydroxylamine,
thereby producing a reactive electrophile such as an imine or iminoquinone (figure 7.11).

An important example toxicologically is the N-hydroxylation of 2-acetylaminofluor ene (figure 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
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production of a hepatotoxic intermediate (figure 7.16).

MH. MHOH W=0

Aniling Pruenylihydrooodarming Nitrosobenzens

FIGURE 4.21 N-Hydroxylation of aniline.

o
MNHCOCHS NCOCH
2-Acetylaminofluorens M-Hyidroy-2-acatylaminofluorens

FIGURE 4.22 N-Hydroxylation of 2-acetylaminofluorene.
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FIGURE 4.23 S-Oxidation to form a sulphoxide and sulphone.
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FIGURE 4.24 S-Oxidation of thioacetamide.

S-OXIDATION

Aromatic and aliphatic sulphides, thioethers, thiols, thioamides and thiocarbamates may undergo

Page 83

oxidation to form sulphoxides and then, after further oxidation, sulphones (figure 4.23). Thisis catalysed
by a microsomal mono-oxygenase requiring NADPH and cytochromes P-450. The FAD-containing

mono-oxygenases will also catalyse 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 (figure 4.24).

P-OXIDATION

In an analogous manner to nitrogen and sulphur, phosphorus may also be oxidized to an oxide, asin the

compound diphenylmethylphosphine. Thisis catalysed by microsomal mono-oxygenases, both

cytochromes P-450 and the FAD-requiring enzyme.

DESULPHURATION

Replacement of sulphur by oxygen is known to occur in anumber of cases, and the oxy
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FIGURE 4.25 Oxidative desul phuration of parathion.

genation of the insecticide parathion to give the more toxic paraoxon is a good example of this (figure
4.25). Thisreaction 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 catalysed by either cytochromes P-450 or the FA D-containing mono-oxygenases
and therefore requires NADPH and oxygen. The mechanism of desul phuration seemsto involve
formation of a phospho-oxithirane ring which rearranges with loss of * active atomic sulphur’. Thisis
highly reactive and is believed to bind to the enzyme and also to be involved in toxicity. Oxidative
desulphuration at the C-S bond may also occur, such asin the barbiturate thiopental (figure 3.5), which

Is metabolized to pentobarbital. The solvent carbon disulphide which is also hepatotoxic undergoes
oxidative metabolism catalysed by cytochromes P-450 and giving rise to carbonyl sulphide,
thiocarbonate and again atomic sulphur which is thought to be involved in the toxicity (figure 4.26).
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FIGURE 4.26 Oxidative metabolism of carbon disul phide.
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FIGURE 4.27 Oxidative examination of amphetamine.

DEAMINATION

Amine groups can be removed oxidatively via a deamination reaction which may be catalysed 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 (figure 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
phenylacetoneoxime is hydrolysed to phenylacetone. Also N-hydroxylation of amphetamine may take

place and give rise to phenylacetone as a metabolite. Thisillustrates that there may be several routesto a
particular metabolite.

OXIDATIVE DEHALOGENATION
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Halogen atoms may be removed from xenobiotics in an oxidative reaction catalysed by cytochromes P-
450. For example, the anaesthetic halothane is metabolized to trifluoroacetic acid via several steps,
which involves the insertion of an oxygen atom and the loss of chlorine and bromine (figure 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 Chapter 7).
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FIGURE 4.28 Oxidative metabolism of halothane.

OXIDATION OF ETHANOL

Although the major metabolic pathway for ethanol is via alcohol dehydrogenase (see below) thereisalso
amicrosomal ethanol oxidizing system (MEOS) which metabolizes ethanol to ethanal. The mechanism
may involve hydroxylation at the carbon atom, athough thisis uncertain. Although this enzyme system
Isof minor importance in naive subjects, exposure to ethanol can induce the enzyme system such that it
becomes the major enzyme system metabolizing ethanol.

DESATURATION OF ALKYL GROUPS

This nove reaction which converts a saturated alkyl compound into a substituted alkene and is catalysed
by cytochromes P-450, has been described for the antiepileptic drug, valproic acid (VPA; 2-n-propyl-4-
pentanoic acid) (figure 4.29). The mechanism proposed involves formation of a carbon-centred free

radical which may form either a hydroxylated product (alcohol) or dehydrogenate to the unsaturated
compound. The cytochrome P-450

|
CH3CHCH,CH——CH,CH,CH,
Valproic El-l:m:llv
|
Oy CHCHLH—CHCHCH,

ad=Valproic Acid

FIGURE 4.29 Aliphatic desaturation of valproic acid.

mediated metabolism yields 4-ene-VPA (2-n-propyl-4-pentenoic acid), which is oxidized by the
mitochondrial b-oxidation enzymesto 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-V PA (2-n-propyl-3-oxo-4-pentenoic acid) which inhibits the enzyme 3-ketoacyl-CoA
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thiolase, the terminal enzyme of the fatty acid oxidation system.

Non-microsomal oxidation

AMINE OXIDATION

Aswell asthe microsomal enzymesinvolved 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
mitochondriawithin the cell and are found in the liver and aso 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-hydroxytryptamine 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
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FIGURE 4.30 Oxidative deamination of benzylamine.
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FIGURE 4.31 Oxidative deamination of allylamine.
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FIGURE 4.32 Oxidation of ethanol by alcohol dehydrogenase.

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 (figure 4.30). Amines such as

amphetamine are not substrates, seemingly due to the presence of a methyl group on the a-carbon atom
(figure 4.27). Monoamine oxidase is important in the metabolic activation and subsequent toxicity of
allylamine (figure 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 (figure 4.31). Another exampleisthe

metabolism of MPTP to atoxic 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 (figure 7.26). 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 in vitro amicrosomal enzyme system has been demonstrated which oxidizes ethanol (see
above), probably the more important enzyme in vivo is alcohol dehydrogenase, which isfound in the
soluble fraction in various tissues. The coenzyme is normally NAD, and although NADP may be
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utilized, the rate of the reaction is slower. The enzyme is relatively non-specific and so accepts awide
variety of 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 (figure
4.32) or aketoneif asecondary alcohol is oxidized. Secondary alcohols are oxidized much more slowly
than primary alcohols, however. The aldehyde produced by this oxidation may be further oxidized by
aldehyde dehydrogenase to the corresponding
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FIGURE 4.33 Oxidation of allyl alcohol by alcohol dehydrogenase. The figure
also shows in brackets the position of deuterium labelling as discussed in the

text.
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FIGURE 4.34 Oxidation of hypoxanthine by xanthine oxidase.
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FIGURE 4.35 Oxidation of phthalazine by xanthine oxidase.

acid. This enzyme also requires NAD and is found in the soluble fraction. Alcohol dehydrogenase may
have arole in the hepatotoxicity of allyl alcohol. This acohol causes periportal necrosis (see page 181)
in experimental animals; thisis thought to be due to metabolism to allyl aldehyde (acrolein) (figure 4.33)

in an analogous manner to allylamine (see above). The use of deuteriumlabelled 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 arate-limiting step in the oxidation to allyl aldehyde, metabolism will be reduced.

Other enzymes may aso be involved in the oxidation of aldehydes, particularly aldehyde oxidase and
xanthine oxidase, which belong to the molybdenum hydr oxylases. These enzymes are primarily
cytosolic, athough microsomal adehyde 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 awide variety of substrates,
both aldehydes and nitrogen containing heterocycles such as caffeine and purines (see below). Aldehyde
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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 catalysed by xanthine oxidase. For example, the
enzyme oxidizes hypoxanthine to xanthine and thence uric acid (figure 4.34). Xanthine oxidase also

catalyses the oxidation of foreign compounds, such as the nitrogen heterocycle phthalazine (figure 4.35).
This
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FIGURE 4.36 Aromatization of cyclohexane carboxylic acid.

compound is also a substrate for aldehyde oxidase, giving the same product.

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 (figure

4.36). The ar omatase enzyme a so requires the cofactor FAD.

PEROXIDASES

Another group of enzymes which are involved in the oxidation of xenobiotics are the peroxidases. There
are anumber of these enzymes in mammalian tissues: prostaglandin synthase found in many tissues,
but especially seminal vesicles and aso kidney, lung, intestine spleen and blood vessels,

lactoper oxidase found in mammary glands; myeloper oxidase found in neutrophils, macrophages, liver
Kupffer cells and bone marrow cells.

The overall peroxidase catalysed reaction may be summarized as follows:

Peroxidase + HO, — {.'n[:npuulld [

Compound 1 + RH;, — Compound II + -RH?

+

Compound 1T + RH, — Peroxidase + .RH?

The haem iron in the peroxidase is oxidized by the peroxide from I11* to V* in compound I. The
compound | is reduced by two sequential one-electron transfer processes giving rise to the original
enzyme. A substrate free radical isin turn generated. This may have toxicological implications. Thusthe
myel operoxidase in the bone marrow may catalyse the metabolic activation of phenol or other
metabolites of benzene. This may underlie the toxicity of benzene to the bone marrow which causes
aplastic anaemia. The myeloperoxidase found in neutrophils may be involved in the metabolism and
activation of a number of drugs such asisoniazid, clozapine, procainamide and hydralazine. Inin vitro
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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 Chapter 6 and figure 6.19). Probably the most important peroxidase
enzyme system is prostaglandin synthase. This enzyme isfound in many tissues, including kidney and
seminal vesicles. It isaglycoprotein which islocated in the endoplasmic reticulum. This enzyme system
isinvolved in the oxygenation of polyunsaturated fatty acids and the biosynthesis of prostaglandins. The
oxidation of arachidonic acid to prostaglandin H, is an important step in the latter (figure 4.37). The

enzyme catalyses two steps, first the formation of a hydroperoxy endoperoxide, prostaglandin G,, then
metabolism to a
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FIGURE 4.37 Co-oxidation of a drug by the prostaglandin synthetase enzyme
system.

hydroxy metabolite, prostaglandin H,. In the second step, xenobiotics may be co-oxidized. There are a

number of examples of xenobiotic metabolism catalysed by this system, such as the oxidation of p-
phenetidine, a metabolite of the drug phenacetin (see Chapter 5 and figure 5.20), a process which may
be involved in the nephrotoxicity of the drug. The prostaglandin synthase catalysed oxidation of this
compound gives rise to free radicals which may be responsible for binding to DNA. Horseradish
peroxidase will also catalyse the oxidation of p-phenetidine. Paracetamol can also be oxidized by
prostaglandin synthase to afree 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 Chapter 7). Other examples of metabolic pathways
catalysed by this pathway are N-demethylation of aminopyrine, formation of an aromatic epoxide of 7,8-
dihydroxy, 7,8-dihydro,-benzo[a]pyrene and sulphoxidation of methyl phenyl sulphide. The exact
mechanism of the co-oxidation is unclear at present, but may involve formation of free radicals via one-
electron oxidation/hydrogen abstraction as with paracetamol (figure 7.11) or the direct insertion of
oxygen as with benzo[a]pyrene. It is not yet clear how significant prostaglandin synthase catalysed
routes of metabolism are in comparison with microsoma mono-oxygenase-mediated pathways, but they
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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
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prove to be of particular importance in underlying mechanisms of toxicity. It has been suggested, for
example, that a number of adverse drug reactions are due to metabolism via peroxidases in leucocytes
and other similar cells. Thus, leucocytes will metabolize the drug procainamide (figure 4.42) to a
hydroxylamine metabolite. Thisis thought to be catalysed by a myeloperoxidase. In the presence of
chloride ion, peroxidases such as myel operoxidase also produce an oxidant similar to hypochlorite
which may be involved in cytotoxicity and metabolism. Myeloperoxidase may thus give rise to
chlorinated metabolites such as N-chloroprocainamide. 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 have an
important role in the reduction of xenobiotics. There are a number of different reductases which can
catalyse the reduction of azo and nitro compounds. Thus, in the microsomal fraction, cytochromes P-450
and possibly aflavoprotein are capable of reductase activity. NADPH isrequired, but the reaction is
inhibited by oxygen. FAD alone may also catalyse reduction by acting as an electron donor.

Reduction of the azo dye prontosil to produce the antibacterial drug sulphanilamide (figure 4.38) isa
well-known example of azo reduction. This reaction is catalysed by cytochromes P-450 and is al'so
carried out by the reductases in the gut bacteria. The reduction of azo groups in food colouring dyes such
asamaranth is catalysed by several enzymes, including cytochromes P-450, NADPH cytochrome P-
450 reductase and DT -diaphor ase, a cytosolic enzyme.

The reduction of nitro groups may also be catalysed by microsomal reductases and
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FIGURE 4.38 Reduction of the azo group in prontosil and the nitro group in
nitrobenzene.

file:///C|/downl oad/www.netlibrary.com/nireader/nlreader.dll @bookid=85012& Filename=Page _90.html (2 of 2)9/22/2006 4:13:46 PM



file:///CJ/downl oad/iwww.netlibrary.com/nlreader/nireader.dll @bookid=85012& Filename=Page_91.html

Page 91

gut bacterial enzymes. The reduction passes through several stagesto yield the fully reduced primary
amine, asillustrated for nitr obenzene (figure 4.38). 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 (figure 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 processisillustrated 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 aflavoprotein which is part of a system
which requires NADH and includes NADH cytochrome bs, reductase and cytochrome b,

Quinones such as the anti-cancer drug adriamycin can undergo one-electron reduction catalysed 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 (see Chapter 6). An important example is the reduction of nitrogquinoline N-oxide. This
proceeds via the hydroxylamine, which is an extremely carcinogenic metabolite, probably the ultimate

carcinogen (figure 4.39).

NO; NHOH
CO— Q0
: 3

Mibroguinoling-h-0ode Hydrmoodamineguinoline-N-oside

FIGURE 4.39 Reduction of nitroquinoline N-oxide.

Other types of reduction catalysed 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. Sulphoxides and
sulphides 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.

Reductive dehalogenation

The microsomal enzyme-mediated removal of a halogen atom from aforeign compound may be either
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reductive or oxidative. The latter has already been discussed with regard to the volatile anaesthetic
halothane which undergoes both oxidative and reductive dehal ogenation and which may be involved in
the hepatotoxicity (see figures 4.28 and 7.51). Reductive dehal ogenation of halothane is catalysed by
cytochromes P-450 under anaerobic conditions and may lead to reactive radical metabolites (figures
4.40 and 7.51). Another example of reductive dehal ogenation of toxicological importance, also catalysed
by cytochromes P-450, is the metabolic activation of carbon tetrachloride by dechlorination to yield a
freeradical (seefigure 7.51). 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
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FIGURE 4.40 Reductive dehal ogenation of halothane.
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FIGURE 4.41 Dehydrohal ogenation of DDT.

then loses a halogen ion and afree radical intermediate is generated. Alternatively, the enzyme-substrate
complex may be further reduced by another electron from NADH viaNADH cytochrome bg reductase

and cytochrome bs. The carbanion or carbene intermediates may rearrange with loss of a halogen ion

(figure 7.51).
Dehalogenation of the insecticide DDT is catalysed by a soluble enzyme and requires glutathione. The
overall reaction is a dehydrohalogenation and yields DDE (figure 4.41).

4.3.3HYDROLYSIS

Esters, amides, hydrazides and carbamates can all be metabolized by hydrolysis. The enzymes which
catalyse 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.

Hydrolysis of esters

Various ester ases exist in mammalian tissues, hydrolysing different types of esters. They have been
classified astype A, B or C on the basis of activity towards phosphate triesters. A-Esterases, which
include arylesterases, are not inhibited by phosphotriesters and will metabolize them by hydrolysis. B-
Esterases are inhibited by paraoxon and have a serine group in the active site (see Chapter 7). Within

this group are carboxylesterases, cholinesterases and arylamidases. C-Esterases are also not inhibited by
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paraoxon and the preferred substrates are acetyl esters, hence these are acetylesterases.
Carboxythioesters are also hydrolysed by esterases. Other enzymes such as trypsin and chymotrypsin
may also hydrolyse certain carboxyl esters.

Metabolism of the local anaesthetic procaine provides an example of esterase action, as shown in figure
4.42. This hydrolysis may be carried out by both a plasma esterase and a microsomal enzyme. The
insecticide malathion is metabolized by a carboxyl esterase in mammals, rather than undergoing
oxidative desulphuration as in insects (figure 5.10).
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FIGURE 4.42 Hydrolysis of the ester procaine and the amide procainamide.
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FIGURE 4.43 Deacetylation of phenacetin.

Hydrolysis of amides

Page 93

The amidase-catalysed hydrolysis of amidesis rather ower than that of esters. Thus, unlike procaine,
the analogue procainamide is not hydrolysed in the plasma at all, the hydrolysisin vivo being carried

out by enzymesin other tissues (figure 4.42).

The hydrolysis of some amides may be catalysed by aliver microsomal carboxyl esterase, asis the case
with phenacetin (figure 4.43). 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 itstoxicity, the oxidation
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FIGURE 4.44 Hydrolysis of isoniazid.

of haemoglobin to methaemoglobin. Thistoxic effect occasionally occurs in subjects taking therapeutic
doses of the drug 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 (figure 5.20).

Hydrolysis of hydrazides

The drug isoniazid (isonicotinic acid hydrazide) is hydrolysed in vivo to the corresponding acid and
hydrazine, as shown in figure 4.44. However, in man, in vivo, hydrolysis of the acetylated metabolite
acetylisoniazid is quantitatively more important and toxicologically
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FIGURE 4.45 Hydrolysis of acetylisoniazid.

OO — OO

1-Maphthol
FIGURE 4.46 Hydrolysis of carbaryl.

more significant (figure 4.45 and see Chapter 7). This hydrolysis reaction accounts for about 45% of the

acetylisoniazid produced. These hydrolysis reactions are probably catalysed by amidases and are
inhibited by organophosphorus compounds such as bis-p-nitr ophenyl phosphate (figure 5.32).

Hydrolysis of carbamates

The insecticide carbaryl is hydrolysed by liver enzymes to 1-naphthol (figure 4.46). This compound
also undergoes extensive metabolism by other routes.

Hydration of epoxides

Epoxides, three-membered oxirane rings containing an oxygen atom, may be metabolized by the enzyme

epoxide hydrolase. 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 (figure 4.47) although the degree of stereo

Benzene-1,2-oxide Benzene irans-1, 2-dhydrodiol

FIGURE 4.47 Hydration of benzene-1, 2-oxide by epoxide hydrolase.
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specificity 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 (figure 7.12).

The enzyme exists in multiple forms with different substrate specificities. It isfound mainly in the
endoplasmic reticulum in close proximity to cytochromes P-450, and like the latter is also present in
greater amounts in the centrilobular 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, however, it seems that
the dihydrodiol products are in turn further metabolized to epoxide-diols, the ultimate carcinogens (see
pages 262-4).
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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. This renders the whole molecule
more polar and less lipid soluble, thus facilitating excretion and reducing the likelihood of toxicity. The
endogenous groups donated in conjugation reactions include carbohydrate derivatives, amino acids,
glutathione and sulphate. 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

Thisisamajor, type 1, conjugation reaction occurring in most species with awide 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 sulphur and
occasionally carbon atoms. The UDPGA isformed in the cytosol from glucose-1-phosphate in atwo-
step reaction (figure 4.48). The first step, addition of the UDP, is catalysed by UDP glucose
pyrophosphorylase, the second step by UDP glucose dehydrogenase.

The enzyme catalysing the conjugation reaction, UDP-glucur onosyl transfer ase (glucuronyl
transferase), existsin possibly four or more forms, each with different substrate specificities. The
following are examples of substrates for the different forms although some substrates may be
glucuronidated by more than one form of the enzyme: form A 1-napthol; form B bilirubin; form C
oestrone, form D morphine. The enzymes are located in the endoplasmic reticulum and are found in
many tissues including the liver.

Conjugation with glucuronic acid involves nucleophilic attack by the oxygen, sulphur or nitrogen atom
at the C-1 carbon atom of the glucuronic acid moiety. Glucuronides
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FIGURE 4.48 Formation of uridine diphosphate glucuronic acid (UDPGA).
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FIGURE 4.49 Formation of ether and ester glucuronides of phenol and
benzoic acid respectively.

MNH; WH—Gucuronic acid
4 Glucuranasyl
| tansferase
Anikne Aniling A-glucuronide
?CIZ'-H_-:, Ii:I:Hg
N—0OH N—CO—Glucuronic acid
Glucuronosyl
T (R T
N-HydFroxyacelanilide M-Hydmxyacetanilide glucurcnide

FIGURE 4.50 Glucuronidation of aniline and N-hydroxyacetanilide.

are therefore generally b in configuration. Conjugation with hydroxyl groups gives ether glucuronides
and with carboxylic acids, ester glucuronides (figure 4.49). Amino groups may be conjugated directly,

asin the case of aniline (figure 4.50) or through an oxygen atom asin the case of N-hydroxy
compounds, such as the carcinogen N-hydroxyacetylaminofluorene (figure 4.51).
Certain thiols may be conjugated directly through the sulphur atom (figure 4.52). Glucuronic acid
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conjugated directly to carbon atoms has been reported such as with the drug phenylbutazone.
Although conjugation generally decreases biological activity, including toxicity, occasionally the latter
Isincreased, as in the case of acetylamino-fluorene. The N-hydroxy-
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FIGURE 4.51 Formation of N-hydroxyacetylaminofluorene glucuronide.
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FIGURE 4.52 Formation of 2-mer captobenzothiazole-S-glucuronide.
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Ethyl aleohol Ethyl sulphale

FIGURE 4.53 Formation of ethereal sulphates of phenol and ethyl alcohol.

glucuronide is a more potent carcinogen (figure 4.51).

Glucose conjugates (glucosides) may sometimes be formed, especially in insects, and the mechanismis
analogous to that involved in the formation of glucuronides. Xylose and ribose are also sometimes
utilized, 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.

Sulphate conjugation

The formation of sulphate estersis amajor 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 (figures 4.53 and 4.54).
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The sulphate donor for thistype 1 reaction isin an activated form, as 3¢éphosphoadenosyl-5¢
phosphosulphate (PAPS) (figure 4.55), formed from inorganic sulphate and ATP:

SD-:- + ATP ATP-waliphiirylass, -'il-i.tli'ﬂM}"-T-
phosphosulphate (APS) + PPs

APS + ATP A= hnee, 3. Phosphoadenosyl-3'-
phosphosulphate (PAPS) + ADP

The conjugation is catalysed by a sulphotransfer ase enzyme which islocated in the
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FIGURE 4.54 Qulphate conjugation of aniline.
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FIGURE 4.55 Formation of 3éphosphoadenosyl-5éphosphosul phate (PAPS).

cytosol and is found particularly in the liver, gastrointestinal mucosa and kidney. There are severad
different sulphotransferases, classified by the particular substrate type: arylsulphotransferase,
hydroxysteroid sulphotransferase, estrone sulphotransferase and bile salt sulphotransferase. Some of
these have been separated into different forms which catalyse the sulphate conjugation of various
different substrates such as phenols, arylamines and alcohols.

The inorganic sulphate precursor of PAPS may become depleted when large amounts of aforeign
compound conjugated with sulphate, such as paracetamol, are administered. Sulphate conjugation may
increase toxicity in certain rare cases as with the conjugation of N-hydroxyacetylaminofluorene, the
carcinogen (see Chapter 7, figure 7.1).

Glutathione conjugation

Glutathione is one of the most important molecules in the cellular defence 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 |ater
(see Chapter 7). The other protective functions of glutathione are discussed in Chapter 6. Glutathioneis

atripeptide (figure 4.56), composed of glutamic acid, cysteine and glycine (glu-cys-gly). It isfound in
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most cells, but is especialy abundant in the liver where it reaches a concentration of 5 mM or more in
mammals. The presence of cysteine provides a sulphydryl group, which is nucleophilic and so

glutathione will react, probably as the thiolate ion, GS-, with
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FIGURE 4.56 Structure of glutathione.

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 sulphate 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. Glutathi one conjugation may be an enzyme-catalysed
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. Thisinvolves several steps. removal of the glutamyl and glycinyl groups and acetylation of
the cysteine amino group to yield a mercapturic acid or N-acetylcysteine conjugate. Thisisillustrated for
the compound naphthalene which is metabolized by cytochromes P-450 to areactive epoxide
intermediate, then conjugated with glutathione and eventually excreted as an N-acetylcysteine conjugate
(figure 4.57). 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
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FIGURE 4.57 Conjugation of naphthalene-1, 2-oxide with glutathione and
formation of naphthalene mercapturic acid.
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FIGURE 4.58 Conjugation of various epoxides with glutathione.
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FIGURE 4.59 Displacement of aliphatic and aromatic halogens by
glutathione.

compounds, aromatic nitro compounds, unsaturated aliphatic compounds and alkyl halides (figures 4.58—
4.60). In each case the glutathione is reacting 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 a reaction occurs with bromobenzene and
the polycyclic hydrocarbon benzo[a] pyrene (see Chapter 7). With aromatic and aliphatic halogen
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compounds and aromatic nitro compounds, the nucleophilic sulphydryl 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 (figure 4.59). With unsaturated compounds such as diethylmal-

file:///C|/downl oad/www.netlibrary.com/nireader/nlreader.dll @bookid=85012& Filename=Page_100.html (2 of 2)9/22/2006 4:14:41 PM


file:///C|/download/www.netlibrary.com/nlreader/nlReader.dll@BookID=85012&FileName=PAGE_100.html#P20001C629960100002

file:///C)/downl oad/imww.netlibrary.com/nlreader/nireader.dll @bookid=85012& Filename=Page_101.html

Page 101
a R F
F{\-::=|c:’/ — G . F l. —l: —H
VAN [
5G X
Cl == O——E}
" Dicthyl maleate

CH—':l'.IZ—EI—EI
)

FIGURE 4.60 Conjugation of an unsaturated aliphatic compound with
glutathione and structure of diethylmaleate, a typical example.

eate, the electron withdrawing substituents allow nucleophilic attack on one of the unsaturated carbon
atoms and addition of a proton to the other, leading to an addition reaction (figure 4.60). Diethylmaleate
reacts readily with glutathione in vivo and has been used to deplete tissue levels of the tripeptide. The
reaction may be catalysed by one of the glutathione-S-transfer ases. These are cytosolic enzymes,
although also detectable in the microsomal fraction, and are found in many tissues but particularly liver,
kidney, gut, testis and adrenal gland. There are at least six isoenzymes of glutathione transferase, each
having specificity for a particular substrate type and there are three or more non-identical sub-units
arranged as dimers, various combinations of which make up the functional isoenzymes. Although awide
variety of substrates may be accepted, there is absolute specificity for glutathione. However, the
substrates have certain characteristics, namely they are hydrophobic, contain an electrophilic carbon
atom and react non-enzymatically with glutathione to some extent. It appears that as well as catalysing
conjugation reactions some of the transferases have a binding function. Thus, transferase B is also
known as ligandin and will bind both endogenous substances such as bilirubin and such exogenous
compounds as the drugs penicillin and tetracycline. This binding facility is associated with one particular
sub-unit but is not directly related to catalytic activity. Thus some of the compounds bound to
glutathione transferase B (ligandin) are not substrates for the transferase activity. Thus, the enzyme also
has a transport or storage function.

After the conjugation reaction, the first catabolic step, removal of the glutamyl residue, is catalysed by
the enzyme g-glutamyltranspeptidase (glutamyltransferase). Thisis 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 utilizes acetyl CoA and is a microsomal enzyme found in liver and kidney,
but is different from the cytosolic enzyme described below. The resultant N-acetylcysteine conjugate,
also known as amercapturic acid, is then excreted. With aromatic epoxides, as in the example of
naphthalene shown in figure 4.57, the N-acetylcysteine conjugate may |ose water and regain the

aromatic ring structure. Thiswill generally not occur in other types of glutathione conjugation reaction.
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Also the intermediate such as the cysteinyl-glycine and cysteine conjugates may be excreted aswell 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 1, 2-dibromoethane forms
a glutathione derivative catalysed by glutathione transferase which loses a halogen atom and becomes a
charged episulphonium ion (figure 4.61). This reacts with DNA to give a guanine adduct which is

believed to be responsible for the mutagenicity of the 1, 2-dibromoethane. The diglutathione conjugate
of bromobenzene
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FIGURE 4.61 Glutathione mediated activation of 1, 2-dibromoethane. The
addition of glutathione is catalysed by glutathione transferase. Loss of bromide
from the glutathione conjugate gives rise to an episulphonium ion. This can
react with bases such as guaninein DNA.

is believed to be involved in the nephrotoxicity of bromobenzene after further metabolic activation
(figure 7.14).

Cysteine conjugate b-lyase

Cysteine conjugates resulting from initial glutathione conjugation as described above may undergo
further catabolism to give the thiol compound, pyruvate and ammonia (figure 4.62). The enzyme which
catalyses this reaction, cysteine conjugate b-lyase (or CS lyase), requires pyridoxal phosphate, is
cytosolic and will not accept the acetylated cysteine derivative. The thiol conjugate produced as aresult
of the action of b-lyase may be further metabolized by methylation and then S-oxidation (see below).
The cleavage of cysteine conjugates can occur in the gut or kidney and is known to be involved in the
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FIGURE 4.62 Metabolism of a cysteine conjugate by CSlyase (3-lyase).

nephrotoxicity of a number of compounds such as S-(1,2-dichlor ovinyl)-L -cysteine and
hexachlor obutadiene (see Chapter 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, sulphonamides, hydrazines and
hydrazides and there is awide 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 atype 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 sulphonamides 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 4.1). The enzymes which catalyse the acetylation reaction, acetyltransferases, are cytosolic and are
found in the liver, in both hepatocytes and Kupffer cells, in the gastrointestinal mucosa and in white
blood cells. The enzyme has been purified and its mechanism of action extensively studied and is now
well understood. Thisinvolvesfirst acetylation of the enzyme by acetyl CoA
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R—NH; * Acelyl—S—CoA ——m= RNHCOOCH; + CoaSH

CHyCOSCos  CoASH CHC0 RMNH RMHCCCEH,

p - T

Enzyme Acetylated enzyme Ernzyme
(Acetyliransferase)

FIGURE 4.63 Reaction sequence for N-acetyltransferase.

NHCOCH;

SONHEOCH,

FIGURE 4.64 Acetylation of sulphanilamide on the N1-sulphonamido or N4-
amino nitrogen to give the N1-and N4-acetyl and N1, N4-diacetyl derivatives.

(figure 4.63), followed by addition of the substrate and then transfer of the acetyl group to the substrate.
With loss of the acetylated product the enzyme is regenerated.

A typical substrate is sulphanilamide, which may be acetylated or either the N4-amino nitrogen or the N1-
sulphonamido nitrogen (figure 4.64).

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 has a genetic basis and shows a bimodal
distribution, the two phenotypes being termed rapid and slow acetylators. It is probable that in man this
polymorphism reflects different forms of the acetyltransferase, as has been shown to be the case in the
rabbit.

The acetylation polymorphism has a number of toxicological consequences which will be discussed
more fully in Chapters 5 and 7. Only certain substrates are polymorphically acetylated. Some
compounds, notably sulphanilamide, p-aminosalicylic acid and p-aminobenzoic acid, are
monomorphically acetylated (figures 4.64 and 5.18).

Aswell as N-acetylation arelated reaction, N, O-transacetylation, may also occur. This reaction applies
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to arylamines which first undergo N-hydroxylation (see figure 4.21) and then the hydroxylamine group
Is acetylated to yield an arylhydroxamic acid (see figure 7.1). This may then transfer the acetyl group to

another amine or to the hydroxy group to yield a highly reactive acyloxy arylamine which is capable of
reacting with
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FIGURE 4.65 Conjugation of benzoic acid with glycine.

proteins and nucleic acids. The enzyme which catalyses this, N,O-acyltransferase is a cytosolic
enzyme.

Conjugation with amino acids

Thisisthe second type of acylation reaction. However, in this type the xenobiotic itself is activated, and
it istherefore atype 2 reaction. Organic acids, either aromatic such as salicylic acid (see Chapter 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 asimilar evolutionary group tend to utilize the same amino acid.
Glycine isthe most commonly used amino acid, but taurine, glutamine, arginine and ornithine can also
be utilized. The mechanism involves first activation of the xenobiotic carboxylic acid group by reaction
with acetyl CoA (figure 4.65). Thisreaction requires ATP and is catalysed by aligase or acyl CoA
synthetase which is amitochondrial 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. Thisis catalysed by an
amino acid N-acyltransferase which is located in the mitochondria. Two such enzymes have been
purified, each utilizing a different group of CoA derivatives.

Bile acids are also conjugated with amino acids in asimilar manner but different enzymes are involved.

Methylation

Amino, hydroxyl and thiol groupsin foreign compounds may undergo methylation in vivo (figure 4.66)

in the same manner as a number of endogenous compounds. The methyl donor is S-adenosyl methionine
formed from methionine and ATP (see Chapter 7, figure 7.41) and so again it isatype 1 reaction with an
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activated donor. The reactions are catalysed by various methyltr ansfer ase 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 non-specific N-methyltransferase exists in lung and other tissues which methylates both
endogenous compounds and
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FIGURE 4.66 N-, O- and S-methylation.

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 catalyses the methylation of both endogenous and exogenous catechols and trihydric phenols.
A microsomal O-methyltransferase is also found in mammalian liver which methylates phenols such as
paracetamol. Thiol S methyltransferase is a microsomal enzyme found in liver, lung and kidney, which
will catalyse the methylation of awide variety of foreign compounds. Thus hydrogen sulphide, H,S, is

detoxified by methylation first to methanthiol (CH3;SH) which is highly toxic, but is then further

methylated to dimethylsulphide (CH3-S-CH3). Thethiol products of b-lyase may also be methylated by

this enzyme.
Metals may also undergo methylation reactions. Thus mer cury is methylated by micro-organisms:

Hg" = CH,Hg' = (CH.).Hg

In this reaction the physicochemical properties, toxicity and environmental behaviour are atered. Thus
the products methylmercury and dimethylmercury are more lipophilic, neurotoxic and persistent in the
environment than elemental or inorganic mercury (see Chapter 7). Other metals such astin, lead and
thallium may also be methylated as can the elements ar senic and selenium. Thus, the methylation
reaction, like acetylation, tends to reduce the water solubility of aforeign compound rather than increase
it.

The foregoing discussion has by no means covered all of the possible metabolic transformations that a
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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.

file:///C)/downl oad/www.netlibrary.com/nlreader/nlreader.dll @bookid=85012& Filename=Page_105.html (2 of 2)9/22/2006 4:14:46 PM



file:///C|/downl oad/www.netlibrary.com/nlreader/nl Reader.dll @B ookl D=85012& FileName=PAGE_106.html

Page 106

2 However, apart from absol ute specificity, foreign compounds may also be substrates for enzymes
involved in endogenous pathways, often with toxicological consequences. Thus, for example, with
valproic acid (see above), fluoroacetate and galactosamine (see Chapter 7) involvement in
endogenous metabolic pathwaysis a crucial aspect of 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 avariety of metabolites each with different
biological activity. The balance and competition between these various routes will therefore be
important in determining toxicity. Thisiswell illustrated by bromobenzene and isoniazid (see
below and Chapter 7).

4 Metabolism may involve many sequentia 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 atoxic product. An example is the metabolism of glutathione conjugates to toxic
thiols previously mentioned. Further metabolism may occur as aresult of biliary excretion for
example. Thus glucuronic acid conjugates excreted via the bile into the intestine can be catabolized
by bacterial b-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 enzymesto yield thiol conjugates as
already described.

5 Therates 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 enzymesinvolved. Thisvariation 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 aready 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. Thus, sulphate
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 b-naphthylamine and 3, 2'-dimethyl-4-
aminobiphenyl.

4.5 Control of metabolism
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The metabolic pathways which have been discussed in this chapter are influenced by many factors, some
of which are discussed
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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. It isimportant to appreciate that the metabolism of

foreign compounds is not completely separate from intermediary metabolism, but linked to it.
Consequently thiswill exert a controlling influence on the metabolism of foreign compounds. Thus
some of the important factors controlling xenobiotic metabolism are:

a the availability of cofactors such as NADPH
b the availability of co-substrates such as oxygen and glutathione
c thelevel of particular enzymes.

The NADPH level isclearly important for phase 1 reactions, yet many biochemical processes, such as
fatty acid biosynthesis, utilize this coenzyme. It is derived from either the pentose phosphate shunt or
isocitrate dehydrogenase. Consequently, the overall metabolic 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
paragquat toxicity where NADPH may be depleted (see Chapter 7).

Oxygen isnormally readily available to all reasonably well-perfused tissues, but deep inside organs such
astheliver, especialy the centrilobular area (see Chapter 6), there will be a reduction in the oxygen
concentration. Thisis clearly important when both oxidative and reductive pathways are available for a
particular substrate. Thus, as conditionsin a particular tissue become more anaerobic, reductive
pathways will become more important. Thisiswell illustrated by the metabolism of hal othane where, in
the rat, hypoxiawill increase reductive metabolism and hepatotoxicity (see Chapter 7). Glutathioneis 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 Chapter 5). Thiswill clearly influence toxicity and there are a number
of examples discussed in Chapter 7 in which it isimportant.

Other co-substrates possibly limited in supply are inorganic sulphate and glycine for conjugation; these
may be important factors in paracetamol hepatotoxicity and salicylate poisoning, respectively (Chapter
7).

The level of aparticular 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, asis the case with some of the forms of cytochromes P-450 which
metabolize steroids, or NADPH cytochrome P-450 reductase and cytochrome b reductase which are

also involved in haem 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.

4.6 Toxication versus detoxication
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Although the biotransformation of foreign compounds is often regarded as a detoxication process, thisis
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.
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FIGURE 4.67 The various possible consequences of metabolism of a foreign
compound. The compound may undergo detoxication (1); metabolic activation
(2); formation of a stable metabolite (3) which may cause a toxic effect (C) or
(4) cause a direct toxic effect (B). The reactive metabolite may be detoxified
(5/7) or (6/9) cause a toxic effect (A).

When the metabolic process produces a metabolite which is chemically reactive, this process is known
as metabolic activation or bioactivation. The exact chemical reactivity may indeed be crucial, and
there may be an optimum level for this reactivity. Thus, metabolism may underlie the toxicity of a
compound and there will be many examples given throughout this book. However, a discussion of the
genera principlesis appropriate here.

It is often the case that there are several metabolic pathways available for a foreign compound. Some of
these pathways may be detoxication pathways while others may lead to toxicity (figure 4.67). When this
situation arises there is the possibility of competition between pathways and, as indicated above, various
factors may 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 enzymesinvolved

2 availability of cofactors

3 availability of protective agents

4 dose and saturability of metabolic pathways

5 genetic variation in enzymes catalysing various pathways
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6 induction or inhibition of the enzymesinvolved
7 species or strain of animal
8 tissue differencesin enzyme and isoenzyme patterns
9 diet
10 age
11 disease
12 sex.
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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 examplesin Chapter 7.

4.7 Jummary

M etabolism is the (bio)transformation of a molecule into one or more different chemical entities. Thisis
catalysed 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 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; areduction in accumulation.

Toxicity is often but not always reduced by metabolism.

The biotransformation of achemical 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
catalyses many phase 1 reactions. This enzymeislocated primarily in the smooth endoplasmic reticulum
(microsomal fraction) of the cell and is especially abundant in liver cells. Cytochrome P-450 primarily
catalyses oxidation reactions and consists of many isoforms (isozymes). These isoenzymes have
overlapping substrate specificities. There are other components of the P-450 system, namely NADPH
cytochrome P-450 reductase; NADH cytochrome bg reductase; cytochrome bs.

Oxidation. Mg or oxidations are: aromatic, aliphatic, aicyclic, heterocyclic, N-oxidation, S-oxidation,
dealkylation. Other enzymes also catalyse phase 1 reactions. microsomal flavin mono-oxygenases,
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. Reductive dehal ogenation catalysed by cytochrome P-
450 can occur.

Hydrolysis. Magjor hydrolysis reactions are ester and amide hydrolysis. These are catalysed by a group of
enzymes with overlapping substrate specificity and activity. Hydrazides can also undergo hydrolysis.
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, sulphate,
glutathione; amino acids; acetylation; methylation. Enzymes involved are transferases except in the case
of amino acid conjugation where the first step is catalysed by an acyl CoA synthetase, then atransferase
Isinvolved.
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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 ver sus detoxication. Metabolism may be detoxication in many cases but sometimes it
produces a more toxic or reactive metabolite. However, there may be more
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than one metabolic pathway for a particular chemical; one or more being detoxication pathways, another
pathway producing atoxic metabolite. Therefore the balance between these becomes crucial and the

factors which affect this balance very important.

4.8 Review questions

1 Write short notes on three of the following:

a cytochrome P-450
b glutathione

c N-acetyltransferase
d glucuronic acid.

2 List three consequnces of metabolism.

3 Whereinthe cell is cytochrome P-450 mostly located?

4 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 aresult of carbon oxidation or nitrogen oxidation?
8 What cofactor(s) is (are) required for sulphate conjugation?

9 Isglutathione conjugation the result of achemical reaction or an enzyme mediated reaction?

10 Which amino acid is commonly utilized for conjugation of aromatic acids?
11 What biotransformation might inorganic mercury undergo in abiological system?
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CHAPTERS
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 aforeign 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 organismis
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 alogical use of experimental animals as models for man in toxicity testing, therefore, these factors
must be appreciated and utilized for the fullest possible exploration of potential toxicity.

The factors affecting the disposition and toxicity of aforeign 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
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influences, age, stress, diet, tissue and organ specificity, dose, 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 afactor of maor 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 compoundsis 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, 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 thisis binding of the drug to anionic phospholipids on the brush border of the
proximal tubular cellsin the kidney and subsequent accumulation (see Chapters 6 and 7). 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 pages 40—-1 and Chapter 7). Similarly, the chemical similarities
between carbon monoxide and oxygen are important in the toxic effects caused as are discussed in detall
in Chapter 7.

Metabolism is aso affected by the physicochemical characteristics of a compound as discussed by
Hansch (1972) for example (see Bibliography). Thus, with the mono-oxygenases 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. lonization 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 CY P2D6 require an extended hydrophobic region, a positively
charged, basic nitrogen, groups with negative potential and the ability to accept hydrogen bonds
positioned 5-7 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. Aswill already be apparent
from Chapter 4, the molecular structure will determine what types of metabolic transformation will take

place.

5.2.1CHIRAL FACTORS

The importance of chiral factorsin disposition and toxicity has been fully recognized only relatively
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recently, although important examples have been known for some time. For instance the §-)
enantiomer of thalidomide is known to have greater embryotoxicity than the R(+) enantiomer (see
Chapter 7). Ariens (see Bibliography) has been in the vanguard of those trying to highlight the

importance
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of chirality, and particularly itsimplications for drugs.

The presence of achiral centrein amolecule, 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 systemsareintrinsically chiral. Thereforeit 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 achiral centre except when an active transport processisinvolved. ThusL-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 ibupr ofen the ratio of
plasma protein binding for the (+) and (-) enantiomersis 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 aso be affected by the presence of a chiral centre, probably asa
result of active secretion. For example, with the drug ter butyline the ratio for the excretion of the (+) to
(-) enantiomers was found to be 1.8. Similarly biliary excretion of compounds may show

stereosel ectivity.

Probably of more significance are chiral effects in metabolism which can be divided into (i) substrate
ster eoselectivity (the effect of

{
o - || oH
o =LHy=Nr—=L{CHyh, o EH—CH~NH—C{CHaly

G =
CHy CHy

FIGURE 5.1 Aliphatic hydroxylation of bufuralol (1¢position).

apre-existing chiral centrein amolecule); (ii) product ster eoselectivity (the production of metabolic
products with chira centres); (iii) inversion of configuration; and (iv) loss of chirality asaresult of
metabolism.

When racemic mixtures of drugs or foreign compounds are administered to animals, asis currently
often the case, ster eoselective 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.
Stereosel ectivity in metabolism occurs with cytochromes P-450 and also with other enzymes such as
epoxide hydrolase and glutathione transferases.

As an example of thefirst 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 the 4 and
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6 position the (-) isomer isthe preferred substrate (figure 5.1). Glucuronidation of the side chain

hydroxyl group is specific for the (+) isomer. A further complication in human subjectsis that the 1-
hydroxylation is under genetic control, being dependent on the debrisoquine hydroxylator status (see
below). The selectivity for the isomers for the hydroxylationsis virtually abolished in poor metabolizers.
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FIGURE 5.2 The metabolism of naphthal ene showing the various possible
isomeric glutathione conjugates.

There are other examplesin which chirality is afactor 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 benzo[a]pyrene, also
discussed in more detail in Chapter 7. This carcinogenic polycyclic hydrocarbon is metabolized
stereoselectively by a particular cytochrome P-450 isozyme, CY P 1A1, to the (+)-7R,8S oxide (figure
7.2) which in turn is metabolized by epoxide hydrolase to the (-)-7R,8S dihydrodiol. This metaboliteis
further metabolized to (+)-benzo[a]pyrene, 7R,8Sdihydrodiol, 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 benzo[a] pyrene is ten 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 previoudy discussed (see Chapter 4). However,
thisis stereospecific giving rise predominantly to the 1R, 25 naphthalene oxide (figure 5.2) in the
susceptible species (mouse) compared with ratios of 1R, 2S 1S 2R of one or lessin 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 centres and hence diaster eoisomers
from metabolism of a chiral compound. For example, this may occur when conjugation of isomers
occurs with other chiral molecules such as b-D-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
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glutathione at either the 1- or 2-position to give four different diastereoisomeric glutathione conjugates
(figure 5.2). The formation of the various diastereoisomers was found to show considerable species

differencesin vitro.
The third type of chiral effect, inversion of configuration, has been shown to occur with
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FIGURE 5.3 The mechanism of chiral inversion of ibuprofen and formation of
hydrid triglycerides.

anumber of compounds. For example, the antiinflammatory drug ibupr ofen, an arylproprionic 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 Sthioester. Both thioester
isomers are incorporated into triglycerides forming hybrid products (figure 5.3). Thus, after S-ibuprofen
is administered to rats, only afraction isfound in fat tissue in comparison with the incorporation after R-
ibuprofen or the racemate is administered. Although the fate of these hybrid triglyceridesis currently
unknown, they might potentially interfere in lipid metabolism with possible toxicological consequences.
Thiswould 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 characteistics of aforeign
compound are factors of paramount importance in determining its toxicity.

5.3 Biological factors

5.3.1 SPECIES

There are many different examples of species differencesin the toxicity of foreign compounds, some of
which are commercially useful to man, asin the case of pesticides and antibiotic drugs where thereis
exploitation of selective toxicity. Species differencesin toxicity are often related to differencesin the
metabolism and disposition of a compound, and an understanding of such differencesis extremely
Important in the safety evaluation of compounds in relation to the extrapolation of toxicity from
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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 ssimple 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 par aoxon (see
figure 4.25). Thus
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the cholinesterase enzyme in the mouse is more sensitive to inhibition than that in the frog (79%) and the
frog is correspondingly less sensitive to the toxicity of the compound (22x). Another example isthe 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. The difference seemsto be due at least in part to the different sensitivities of the

thymusto TCDD.

TABLE 5.1 Species differences in the acute toxicity of dioxin*

Species L Dgg (Mg/kg body wt)
Guinea-pig 0.5-2

Rat 22-100

Mouse 114-284

Rabbit 10-115

Chicken 25-50

Rhesus monkey <70

Dog >30-300

Hamster 50511

*Dioxin: 2, 3, 7, 8-tetrachlorodibenzdioxin; TCDD.
Data from Reggiani (1978) Arch. Toxicol., 40, 161 and TEPA (1984) Health Assessment Document for PCDDs,
Parts 1 and 2, External Reviewers Draft; PB 84—220268.

Species differencesin 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 permeabl e than that of the rabbit.

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

TABLE 5.2 Species differences in the relative percutaneous toxicity and skin penetration of
organophosphorus compounds
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Species Rate (ug/cm?2)/ Compound 17 Compound 27 2/1
min
Pig 0.3 10.0 80.08.0
Dog 2.7 1.9 10.85.7
Monkey 4.2 44 13.03.0
Goat 4.4 3.0 4.01.3
Cat 4.4 0.9 2.42.7
Rabbit 9.3 10 5.05.0
Rat 9.3 17.0 20.01.2
Mouse - 6.0 9.21.5
Guinea-pig 6.0 - - -

TValues are expressed as the ratio of the LD of that compound to the rabbit L Ds, of compound 1.

Data from McCreesh (1965) Toxic. Appl. Pharmac., Suppl. 2, 7, 20, and Adamson and Davies (1973). In
International Encyclopaedia of Pharmacology and Therapeutics, Section 85, Chapter 9 (Oxford: Pergamon).
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TABLE 5.3 Species differencesin pH of saliva and gastric juices

SpeciespH (Saliva) pH (Gastric juice)
Man 6.75 1525
Dog 75 1.5-2.01
452
Cat 75 -
Rat 8.2-8.9 2.04.0
Horse 7.3-8.6 4.46
Cattle 8.1-8.8 55-6.5
Sheep 8.4-8.7 7.6-8.2
Chicken 4.2
Frog 2.2-3.7
IFasting; 2Fed.

Datafrom Altman and Dittmer (1961) Blood and Other Body Fluids (Washington D.C.: Federation of American
Societies for Experimental Biology); Dobson (1967) Fed. Proc., 26, 994; Levine (1965) Life Set., 4, 959; Prosser
and Brown (1961) Comparative Animal Physiology (Philadelphia: W.B.Saunders); Bishop et al. (1950)
Comparative Animal Physiology (Philadelphia: W.B.Saunders).

of the stomach, such that aforeign compound would be more stable in the gastric juice of a sheep than
that of arat. For example there is adifference in the acute toxicity in pyrvinium chloride, arodenticide,
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 (LDgy 3—4 mg/kg) whereas after an oral

doseit is very different, being more toxic in the mouse (L Dgy 15 mg/kg) than in the rat (LDgq 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. Thisisthe basis of the use of canaries in minesto warn of the
build up of dangerous gases.

DISTRIBUTION

The distribution of foreign compounds may vary between species because of differencesin 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, differencesin
localization of methylglyoxal-bis-guanyl hydrazone (figure 5.4) in the liver accounts for its greater
hepatotoxicity in rats than in mice. The hepatic concentration in mice is only 0.3-0.5% of the dose after
48 h, compared with 2-8% in the rat.

The plasma protein concentration is a species-dependent variable, and the proportions and types of
proteins may also vary. The
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FIGURE 5.4 Sructure of methylglyoxal-bis-guanyl hydrazone.
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TABLE 5.4 Binding of various sulphonamides to plasma of various species
Per cent bound at concentration of 100 pg/ml

Sulphonamide HumanM onkeyDogCatM ouseChickenBovine plasma Bovine albumin
Sulphadiazine 33 35 17 13 7 16 24 24
Sulphamethoxypyridazine 83 81 60 49 28 14 66 60
Sulphisoxazole 84 86 68 43 31 5 76 76
Sulphaethylthiadiazole 95 9 86 76 38 48 87 87

Data from Adamson and Davies (1973). In International Encyclopaedia of Pharmacology and Therapeutics,
Section 85, Chapter 9 (Oxford: Pergamon).

TABLE 5.5 Variation in urinary volume and pH with species

SpeciesVolume ((ml/kg)/day) pH

Man 9-29 6.3(4.8-7.8)
Monkey70-80 -

Dog 20-100 5.0-7.0
Cat 10-20 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

Data from Altman and Dittmer (1961) Blood and Other Body Fluids (Washington D.C.: Federation of American
Societies for Experimental Biology); Bloom (1960) The Urine of the Dog and Cat (New Y ork: Gamma
Publications); Cornelius and Kaneko (1963) Clinical Biochemistry of Domestic Animals (New Y ork: Academic
Press).

concentration may vary from about 20 g/l in certain fish to 83 g/l in cattle. Thus, foreign compounds
may bind to plasma proteins to very different extentsin 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), asmall change
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TABLE 5.6 Urinary excretion of methylglyoxal-bis-guanylhydrazone in mammalian species

Species Dose (mg/kg) Per cent excreted Time period for excretion (h)

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(i.v.) 25 24
42 118
49 166

Datafrom Oliverio et al. (1963) J.Pharmac. Exp. Ther., 141, 149; Adamson and Davies (1973). In International
Encyclopaedia of Pharmacology and Therapeutics, Section 85, Chapter 9 (Oxford: Pergamon).

in pH may markedly change the solubility of aforeign compound and therefore its excretion. For
instance, some of the sulphonamides and their acetylated metabolites show marked changes in solubility
for apH change of one unit (table 4.1), and renal toxicity due to crystallization of the drug or its
metabolitesin the renal tubules has been known to occur when high doses are used. The species
differencesin renal excretion for an unmetabolized compound, methylglyoxal-bis-guanylhydrazone
(figure 5.4), are shown in table 5.6. It can be seen that rats and mice excrete twice the amount excreted

by manin 24 h. 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 (figure 3.33) in
the dog, but not in the rat or monkey, has been explained in terms of differencesin 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 differencesin
urinary excretion.

Biliary excretion. The extent of excretion of foreign compounds viathe bile is influenced by a number
of factors, the molecular weight of the compound being the magjor 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 amajor 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 sulphathiazole (mol. wt. 355) shows more than aten-fold variation between the
rhesus monkey and the rat (table 5.7). Thus the approximate molecular weight thresholds are 500-700 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,
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TABLE 5.7 Biliary excretion of compounds of molecular weight 300-500 in various species
Per cent dose excreted in bile
Methylenedisalicylic Succinylsulphathiazole Stilboestrol Sulphadimethoxine- Phenolphthalein
acid (mol. wt. 288, 10 (mol. wt. 355, 20 mg/kg, glucuronide N1-glucuronide (mol. glucuronide

mg/kg, i.v., 6h) i.v., 6 h) (mol.wt.  wt. 487, 15 mg/kg, i. (mol. wt. 495, 10
445,10mg/ v.,3h) mg/kg, i.v., 3h)
kg, i.v.,3h)

Rhesus - 0.2 - - 9
monkey

Rat 54 29 95 43 54
Hen - 25 - - -
Dog 65 20 65 43 81
Cat - 7 77 - 34
Sheep - 7 - - 38
Rabbit 5 1 32 10 13
Guinea 4 1 20 12 6
pig

Pig - 0.2 - - -

Data