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Preface

 
This is the first book to consider the role of the adrenal gland in toxicology and,
although it is a contribution to the endocrine toxicology literature, it differs from the
usual target organ approach to consider whole body responses to adrenal pharmacology
and toxicity, and instead offers a novel discussion of the modulation of toxicological
responses by altered adrenal hormones. This approach significantly broadens the
relevance of the volume; to this end the generic involvement of the adrenal gland in a
wide variety of toxicological responses is considered in detail. Indeed, the book has
been designed for the specialist endocrine toxicologist in addition to the general
toxicologist who may be unfamiliar with the significant involvement of the adrenal
gland in toxicological responses.

The volume is structured to provide an introduction to the types of endocrine toxicity,
the role of stress in toxic insult, how the stress response modulates toxicity, and why
the adrenal gland is the most common toxicological target organ in the endocrine system.
The second section deals with the endocrinology and pharmacology of the adrenal gland
of most relevance to toxicology and this is related to species, age and sex. This section
also introduces the anatomical, cellular and molecular features of the adrenal that
predispose the gland to direct toxic insult and indirect secondary change. The third
section considers the adrenal cortex and adrenal medulla as toxicological target organs
and the fourth section details adrenocortical and glucocorticosteroid modulation of
toxicity. This latter section covers the role of adrenal glucocorticosteroids in neurotoxicity,
developmental toxicity and immunotoxicity and also how glucocorticosteroids can both
enhance toxicity or ameliorate toxicity in a variety of other organs such as brain, liver,
kidney or gastrointestinal tract. The final section of the book covers clinical interfaces
such as adverse drug reactions and the adrenal gland, and corticosteroid-drug
interactions. A chapter is specifically devoted to the significance to man of adrenal
changes in pre-clinical or experimental toxicity studies. Most of the available information
on the adrenal gland and toxicity centres on the cortex and this is reflected in this volume.

The book is designed to be accessible to both specialist and generalist, and to



Preface

x

develop the concept that the adrenal gland is vital to tolerance to, and modulation of,
toxicity at the whole-body level. The molecular and mechanistic basis of this is explored
and extrapolation is made from natural hormone to synthetic analogues. Finally, the
book is designed to be a contribution to a variety of fields including endocrinology,
pharmacology, toxicology, pathology, pharmacy and clinical science, and this is
apparent in the scope of its contents.

P.W.Harvey
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1

An Overview of Adrenal Gland
Involvement in Toxicology

From target organ to stress and glucocorticosteroid modulation of toxicity

PHILIP W.HARVEY

AgrEvo UK Limited, Chesterford Park, Saffron Walden

1.1 An Introduction to Endocrine Toxicology

Toxicology usually focuses on the adverse effects of drugs and chemicals at the level
of an organ or tissue and it is a research goal to identify ‘the target organ’. Techniques
are available at the cellular and molecular levels to identify target organs and to assist
in elucidating mechanisms of action. Toxicology, with foundations in many disparate
disciplines in the chemical and biomedical sciences, has developed specialities which
are so focused in approach that there is a danger that too great a divergence of
knowledge may occur, at the expense of considering whole body interactions and
consequences.

Endocrine toxicology is one such speciality and the limited literature that has been
devoted to it has predominantly adopted the target organ approach, with considerations
of the actions of chemicals on the structure and function of a particular gland. However,
the endocrine system, more than any other, is homeostatically balanced and the
endocrine system as a whole is sensitive to changes in the function of its constituent
glands and to non-endocrine organs such as the liver. The actions of the various
hormonal products of endocrine glands provide the route by which toxic actions on
an endocrine gland can fundamentally affect whole body physiology and biochemistry
and, as is often neglected, the function of distal non-endocrine target tissues. For
example, toxic action on the adrenal cortex could disturb the synthesis of steroids
important for glucose regulation or water and sodium balance, thereby extending the
impact of the toxic insult to general metabolism or effects on the kidney. Conversely,
chemically induced changes in non-endocrine organs can affect the endocrine system
(eg the primary effects of phenobarbital on the liver and secondary effects on thyroid
pathology reviewed by Atterwill et al. 1992). Furthermore, toxicology often focuses
on the damage induced by a chemical to an organ or tissue, leading to total or subtotal
failure in function. In endocrine toxicology, as with other comparatively rare special
cases (eg immunotoxicology), chemically induced increases in function are just as
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harmful as is loss of function. Indeed, many examples of non-genotoxic endocrine
carcinogenesis result from pituitary over-stimulation of peripheral endocrine targets.
This chapter aims to provide a brief overview of adrenal gland involvement in endocrine
and general toxicology and explore why the adrenal gland, and in particular the
cortex, is such a commonly affected organ (Ribelin 1984). To this end, basic types of
endocrine toxicology are reviewed, followed by specific examples of direct, secondary
and indirect toxicity involving the adrenal gland. The concept that the adrenal gland
is a generic endogenous modulator of toxicological responses is reviewed in relation
to the literature on stress and toxicity and to the literature on glucocorticosteroid
interactions with drugs and chemicals. Where possible, stress interactions with
toxicological responses are ascribed to adrenomedullary or adrenocortical mechanisms.
Finally, the importance of glucocorticosteroids as endogenous modulators of toxicity
is introduced.

1.2 Types of Endocrine Toxicity

There are various classifications of the different types of endocrine toxicity which are
derived largely from clinical endocrine function and pathology (eg Capen & Martin
1989, with regard to the thyroid) or pharmacological properties of a compound (eg
Atterwill & Flack 1992). The most recent analysis of the types of endocrine toxicology
is by Atterwill & Flack (1992), and in their analysis endocrine toxicological effects
are grouped into ‘classes’ based on the pharmacological activity of the compound.
Thus, ‘class 1’ effects are those which can be readily predicted from the known
pharmacology of the compound at the pharmacological dose range (eg sex steroids).
A ‘class 2’ agent is one which has predicted endocrine pharmacology but which requires
high dose levels ‘well in excess of the therapeutic dose range’ to induce toxicity (eg
glucocorticoids and adrenal suppression and excessive catabolism). ‘Class 3’
compounds are those producing effects which could not be predicted from the known
pharmacology of the compound. These can be subdivided into agents producing direct
effects on a gland (eg ketoconazoles, on adrenal and testicular function) or secondary
effects on a gland (eg phenobarbital effects on the thyroid mediated by liver enzyme
induction). Atterwill & Flack’s (1992) final class of agents (‘class 4’) are those which
cause entirely unpredicted effects (from a pharmacological viewpoint) on the endocrine
system and are described as ‘idiosyncratic’. This scheme has the primary
pharmacological action of a compound as its basis and is an extremely useful model.
However, current models of endocrine toxicology fail to recognize the modulation of
toxicity by hormones which is an important but neglected area in endocrine toxicology.
Thus, an additional model of classifying endocrine toxicological effects other than
those reported to be based on clinical functional and pathological parameters (Capen
& Martin 1989) or predicted pharmacological actions of compounds (Atterwill &
Fleck 1992) needs to be developed to cover all aspects of endocrine toxicology. The
model developed here and in subsequent chapters has fundamental endocrinology as
its basis and, whilst there is overlap in some examples, differs from previous models
in allowing the recognition of ‘indirect’ toxic actions to include the modulation of
toxicity in non-endocrine target organs. The latter is a particular feature of pituitary-
adrenal involvement in toxicology and recognizes the fundamental importance of
stress-toxicity interactions and chemical-hormone interactions which are not
predictable from the ‘pharmacology’ of the toxic agent alone.



Adrenal gland involvement in toxicology

5

1.3 A Model of Endocrine Toxicity Incorporating Primary, Secondary and
Indirect Endocrine Toxicity and Hormonal Modulation of Toxicity

This model of endocrine toxicology encompasses three major mechanistic principles by
which endocrine toxicity can be manifested (see Table 1.1). Firstly, primary endocrine
toxicity (type 1) where a compound is directly damaging to a gland [eg [o,pDDD(l,l-
dichloro-2,2-bis(4-chlorophenyl)-ethane; mitotane] which causes lesions in the adrenal
cortex (see Colby & Longhurst 1992 and later chapters)]. Secondly, there is commonly
evidence of secondary endocrine toxicity (type 2) where effects can be detected in an
endocrine gland as a result of toxicity elsewhere in the endocrine axis (eg pituitary
‘castration cells’ that develop as a consequence of exposure to compounds causing
testicular atrophy and impaired testosterone secretion (see Walker & Cooper 1992) or
indeed changes in the adrenal cortex due to chemicallyinduced stress). The third aspect
of endocrine toxicity in this model concerns indirect endocrine toxicity of which there
are two types. The first type (type 3a) concerns the initial site of toxic action in a non-
endocrine organ, the disturbance in function of which then has an impact on the endocrine
system. Examples of this are compounds which induce hepatic cytochrome P450s and
uridine diphosphate glucuronyltransferase, such as phenobarbital, which can indirectly
cause thyroid pathology in the rat as a result of increased liver enzyme activity and
thyroid hormone clearance and excretion, ultimately resulting in excessive thyroid
stimulating hormone drive of the thyroid (reviewed in Atterwill et al. 1992). The second
type (type 3b) of indirect endocrine toxicity concerns the modulation of toxic responses
in non-endocrine organs (eg liver, kidney, brain) by hormones interacting with another
co-administered chemical. An example of this is the modulation of kainic acid toxicity
to the hippocampus as a function of adrenal corticosterone status in the rat, where
high, physiologically relevant systemic concentrations of corticosterone exacerbate
neurotoxicity, and corticosterone depletion is protective (Sapolsky 1986a).

It is with this latter type of mechanism in endocrine toxicology (ie the hormonal
modulation of toxicological responses) that the adrenal gland more than any other
endocrine gland is particularly predisposed to involvement. One explanation for this
is that toxic insult can be stressful, particularly at the maximum tolerated dose (eg
Miller 1992), and thus compounds inherently toxic to liver, kidney or brain may also
cause stress-related secretion of adrenal hormones, particularly corticosterone, and
coincidence of toxic agent with changed adrenal function allows common opportunity
for interactions and the modulation of toxic response. Some compounds, such as the
methylxanthines, may also pharmacologically stimulate corticosterone secretion (eg
Spindel et al. 1983) in addition to any other target organ effects these compounds
have, and this illustrates the importance of knowledge of the pharmacology of a
compound, as in Atterwill & Flack’s (1992) Schema, in explaining mechanisms behind
some types of endocrine toxicity. The endocrinology of the adrenal gland according
to species, age and sex and the importance of the adrenal in the adaptation and response
to stressful conditions (environment and chemical insult) is fully reviewed by Hinson
& Raven in the chapters that follow.

1.4 The Adrenal Gland in Toxicology

In examining the scope of the adrenal gland in toxicology it is worthwhile considering
Ribelin’s (1984) report that the most frequently reported endocrine lesions occurin
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the adrenals, and employing a structure of approach as outlined in the model of types
of general endocrine toxicology developed in the preceding section of this chapter.
The discussion will therefore cover the scope of the adrenal gland in toxicology in
terms of primary toxicity (type 1—the adrenal as a target organ), secondary toxicity
(type 2—effects on a gland due to pharmacotoxicological insult elsewhere in the
endocrine axis or in certain cases changes in adrenal structure and function due to
chemically-induced stress) and indirect toxicity (type 3) focusing on how stress (ie
initial toxic insult outside the endocrine system which then activates the pituitary-
adrenal axis) can alter the general toxicological response to chemical insult in non-
endocrine target organs. The progress that has been made in identifying which adrenal
products (both adrenocortical and adrenomedullary) actually modulate specific types
of toxicity is discussed separately within the framework of indirect toxicity. For the
purposes of illustration only, therefore, the type 3a response is discussed in terms of
agents causing generalized toxicity which then invokes the adrenal stress response
and how a primary action on the liver can alter adrenal steroid metabolism which
may then affect the adrenal. It should be noted that in specifically discussing the
adrenal gland in toxicology, type 2 and type 3a examples can be indistinguishable
because of lack of mechanistic information. The type 3b response is discussed in
terms of how the subsequent changes in adrenal activity then modulate target organ
and system response to toxic insult (ie hormonal modulation of general toxicity). In
discussing the type 3b response, the literature relating to the co-administration of
natural and synthetic corticosteroids and, to a more limited extent, adrenaline in
combination with a second compound used as a toxic challenge is introduced. These
studies of adrenal hormone interactions in toxic response provide some evidence of
the role of the adrenal in vivo in the modulation to toxicity.

1.5 Examples of Primary Endocrine Toxicity (Type 1) Involving the
Adrenal Gland

There are several reviews of the range of compounds that directly affect the adrenal
gland, the most recent and briefest focusing on the adrenal cortex is by Thomas
(1993), with a more thorough analysis by Colby & Longhurst (1992). Compounds
affecting the adrenal gland directly can be grouped into those with clearly expected
pharmacological activity (class 1 compounds in Atterwill & Flack’s 1992 Schema)
and those that unpredictably affect the adrenal (class 3 and 4 compounds in Atterwill
& Flack’s 1992 Schema). Of those with clearly predicted or understood
pharmacological activity, further subgrouping can be made according to the mechanism
of pharmacological action (eg steroidogenesis-inhibiting agents such as
aminoglutethimide, metyrapone, etomidate; or adrenal-stimulating agents such as
the methylxanthines, caffeine, theophylline and denbufylline producing effects via
phosphodiesterase inhibition and cAMP accumulation provided that the effect is direct;
or even hormones and analogues, eg spironolactone) and the site in the adrenal gland
at which the compound’s activity is targeted (eg zona fasiculata and zona reticularis
which produce steroids from the precursal compound pregnenolone through
progesterone, glucocorticoids, androgens and oestrogens; zona glomerulosa which
produces the mineralocorticoid, aldosterone, and finally the adrenal medulla producing
catecholamines, such as adrenaline, from the precursor tyrosine).Although covered in
detail in the next chapter by Hinson & Raven, it is worthwhile showing the range of
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hormones produced in the adrenal gland and this is illustrated in Figure 1.1. Also, as
the compounds causing effects on the adrenal are given detailed consideration in later
chapters (from a pharmacological viewpoint by Hinson & Raven and from a
toxicological viewpoint by Colby & Tucker), there is presented in Table 1.2 a selected
list of drugs and chemicals producing direct effects on the adrenal with examples
specifically selected to illustrate effects based on pharmacological activity, in contrast
to unpredicted effects, and effects in different regions of the adrenal gland (cortical
zones and medulla separately).

The endocrine system in experimental species, especially the rat, is one of the most
common targets in toxicity studies (Heywood 1984). Further analysis has revealed
that within the endocrine system, the adrenal gland is by far the most commonly
affected target organ (Ribelin 1984), and within the adrenal gland the majority of
effects have been noted to be in the cortical regions (eg Ribelin 1984, Thomas 1993).
This raises the question of why the adrenal gland, and particularly the cortex, is so
commonly implicated in endocrine toxicity. In terms of primary toxicity (type 1) there
are various factors that predispose the adrenal gland to toxic insult, and these have
been discussed by Colby & Longhurst (1992). The adrenal gland receives a
disproportionately large fraction of cardiac output in relation to its tissue mass. Such
a rich blood supply is not only important for the rapid delivery of adrenal hormones
into the blood, but also for the delivery of potentially toxic drugs and chemicals to the
gland. Due to the chemical composition of the adrenal cortex (ie high lipid content
partly derived from high concentrations of cholesterol and steroids), the adrenal cortex
is consequently hydrophobic and is particularly vulnerable to lipophilic drugs and
chemicals that readily accumulate in the cortical tissue.

Figure 1.1 Hormone biosynthesis pathways in the adrenal gland of rats and mice
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This may be one reason why the majority of compounds that are known to affect
the adrenal appear to induce toxicity in the cortex as noted by Thomas (1993). Once
compounds are delivered and accumulate in the adrenal cortex, the rich concentration
of enzymes present, normally catalysing steroidogenesis, may utilize foreign drugs
and chemicals as substrate thereby increasing local exposure to reactive metabolic
products.

1.6 Examples of Secondary Endocrine Toxicity (Type 2) Involving the
Adrenal Gland

A second reason why the adrenal is so commonly implicated in endocrine
toxicological responses (Ribelin 1984) concerns its potential for manifesting
secondary toxicity, which in turn revolves around the gland’s unique position in
the endocrinology of the stress response. The endocrine and pathological
phenomena comprising the stress syndrome and the role of the hypothalamo-
pituitary-adrenocortical (HPA) axis in the adaptive response to adverse conditions
was first described by Selye (1936, 1950). In toxicology, secondary changes to
adrenal gland morphology often comprise adrenocortical hypertrophy and
hyperplasia which is characteristic of prolonged stimulation by pituitary
adrenocorticotrophic hormone (ACTH), the secretion of which is stimulated by
noxious chemical insult.

The role of pituitary-adrenal activation in response to adverse or noxious stimuli
has been well researched and more recent endocrinological reviews are available
elsewhere (eg Smelik & Vermes 1980 and Hinson & Raven in the following
chapters). The stress response, however, comprises the activation of the adrenal to
produce a rapid phase increased secretion of adrenomedullary catecholamines, and
a secondary more prolonged output of adrenocortical steroids. Although the adrenal
cortex has the capability to synthesize and secrete a wide range of steroids (eg
glucocorticosteroids, androgens, oestrogens, progestogens) in response to pituitary
ACTH, it is the glucocorticosteroids that are important to the adaptive stress
response, through a variety of pharmacological, physiological, metabolic and
endocrinological actions. The predominant glucocorticosteroid in rats and mice is
corticosterone but in other mammals such as the guinea pig, dog and man it is
cortisol. This raises the first point concerning the endocrinology of the
pituitaryadrenocortical system and the stress response, namely that there are
significant species differences not only affecting which glucocorticosteroids are
produced but also the sensitivity of different species to stress. Species differences and
the detailed endocrinology of the adrenal gland, and the pharmacological and
metabolic actions of the glucocorticosteroids of relevance to toxicology, are covered
in the following chapters. Species differences can manifest in toxicology in terms of
the relative frequency of adrenal changes occurring via ‘secondary toxicity’, with
rats and mice showing the greater degree of sensitivity. In the context of this
classification scheme secondary toxicity occurs where there are non-specific changes
in adrenal morphology or where the original insult lies within an endocrine axis,
that is the hypothalamo-pituitary component of the adrenal control axis.
Concerning the latter there is often little information available to distinguish a true
type 2 response from an indirect type 3a adrenal effect (see Table 1.1). This is
relevant for compounds that induce the stress response and whilst the type 2 and
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type 3 effects may be readily distinguishable in general endocrine toxicology, there
is overlap when considering the adrenal in the absence of additional information.

Some examples of compounds which induce toxicity and cause a generalized
stress response, as evidenced by increased corticosterone secretion in rodents, are:
natural toxins such as Escherichia coli endotoxin (Hawes et al. 1992) and
Rhodobacter sphaeroides toxin (Zuckerman & Qureshi 1992); chemicals, eg
alcohol (Moerland et al. 1985), chlordecone (Rosencrans et al. 1985) and carbon
disulfide (Benes et al. 1985); neuropharmacologically active agents such as
9tetrahydrocannabinol (Kumar & Chen 1983, Patel et al. 1985), cocaine (Levy et al.
1992) and lithium, amitryptylline and mianserine (Storlien et al. 1985); and, of
course, cytotoxic drugs such as hydroxyurea (Preziosi et al. 1985), 5-fluorouracil
(Preziosi & Vacca 1983) and vinblastine sulfate (Chung & Gabourel 1971).
Additionally, some drugs such as methylxanthines (eg caffeine, theophylline and
denbufylline) exert powerful direct pharmacological effects on the endocrine system
and are especially known for their potent stimulatory effects on the adrenal cortex
as evidenced by markedly increased secretion of corticosterone in rodents (eg
Spindel et al. 1983, see also Hadley et al. 1990). The methylxanthines cause true
secondary type 2 endocrine changes in the adrenal since the proximal
pharmacological target is the hypothalamo-pituitary axis (Hadley et al. 1990).
Other compounds affecting the adrenal may operate through a more indirect
mechanism involving non-endocrine organs where toxic insult to these organs may
be stressful, and may therefore be classified as inducing a type 3 effect. It should be
noted that whilst caffeine potently stimulates corticosterone secretion in the rat
(Spindel et al. 1983) it does not stimulate cortisol secretion in man (Spindel 1984),
at least not at dose levels of 8 mg/kg body weight. This may be an example of a
genuine species difference however other factors, including dose considerations and
prior exposure and tolerance, may be involved. These examples are not intended to
be exhaustive, but rather to illustrate that a wide variety of drugs, chemicals and
natural toxins with diverse structures and actions can induce stress-related secretion
of corticosterone in laboratory rodents. This response may well occur with the
majority of chemicals administered to rodents at the maximum tolerated dose (eg
Miller 1992) and this generic physiological response can provide the mechanism for
hormone interactions and the modulation of toxicity.

1.7 Examples of Indirect Toxicity (Type 3a and 3b) Involving the Adrenal
Gland

Two types of indirect toxicity mechanisms involving the adrenal gland can be identified.
The first involves a general toxic action on a non-endocrine target organ which then
specifically affects the adrenal (type 3a). An example of this is the induction of hepatic
microsomal enzymes by phenobarbital in the rat, which subsequently affects
corticosterone metabolism (Rehulka & Kraus 1987). A similar finding has been
reported in patients where treatment with diphenylhydantoin can affect cortisol
metabolism (Werk et al. 1971). The significance of this observation is that alteration
of the rate of hepatic corticosteroid metabolism can cause imbalance in the pituitary-
adrenocortical axis which, if sustained, can produce changes in adrenal morphology
quite indirectly.

Thus the type 3a response involves the initial specific action to a non-endocrine
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target organ which then affects the adrenal. Other examples, mediated through stress,
for example the increased corticosterone secretion occurring as a result of the general
toxicity of compounds such as carbon disulfide (Benes et al. 1985) or hydroxyurea
(Preziosi et al. 1985), or indeed the administration of compounds at the maximum
tolerated dose (Miller 1992), may bear some similarity to a type 2 secondary response.
Table 1.1 summarizes the criteria for classification.

The second type of indirect toxicity involving the adrenal gland concerns the
modulation of toxicity by adrenal hormones (type 3b) and, in the context of this
discussion, specifically by glucocorticosteroids. However, the modulation of toxicity
by hormones of other endocrine axes is known (eg the protection of
cyclophosphamide-induced testicular damage in mice by administration of a
gonadotrophin-releasing hormone analogue; Glode et al. 1981) which makes this
classification scheme relevant to endocrine toxicology generally, although most
examples of hormonal modulation of toxicity involve the adrenal. Examples of
hormonal modulation of toxicity (type 3b) are derived from studies on induced
stress interactions in toxicity where animals are subjected to stressful conditions and
their response to toxic insult is studied (note this is quite different from the
secondary type 2 changes in adrenal function and morphology brought about by
noxious chemical insult). In the type 3b response, the HPA axis is deliberately
activated as an experimental variable by exposure to stressful conditions (eg
footshock, restraint) with the intent of altering the hormonal milieu to examine how
this then alters or modulates toxicological response to a chemical insult. A
complimentary literature has developed where hormones have been administered in
combination with a toxic agent to explore hormonal modulation of toxicity in more
carefully controlled situations. Both the literature on stress interactions in toxicity
and adrenal hormone interactions in toxicity (comprising the type 3b classification
in endocrine toxicology) is reviewed in the following sections and related to the
concept that the adrenal gland is a modulator of toxicity.

1.8 The Adrenal Gland as a Modulator of Toxicity

In developing the argument that the adrenal gland is an important modulator of
toxicity, information illustrating this point has been gathered from a number of diverse
sources. First, in experimental toxicology the information on stress interactions and
stress modulation of toxicity is reviewed. Additionally, the more valuable studies of
hormone administration (primarily natural glucocorticosteroids and synthetic
analogues but also adrenomedullary hormones) and subsequent interactions with a
second toxic agent is reviewed. Second, in clinical pharmacology, the literature on
adverse drug interactions in patients prescribed glucocorticosteroids with other
medicines is considered, as is the response of patients with adrenal dysfunction (eg
Cushing’s or Addision’s patients) to prescribed drugs. Although these concepts are
introduced in this chapter, the reviews on these topics by Harvey, D’Arcy and Mann
in Sections 4 and 5 of this volume cover these subjects in detail, and this review will
only cover the experimental toxicology literature, ie stress interactions in toxicity and
the effects of adrenal hormone administration (particularly natural and synthetic
glucocorticosteroids) on the modulation of toxic responses.
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One of the main criticisms of the literature on stress and toxicity is that it is often
unclear which of the many physiological elements of the stress response is actually
responsible for modulating subsequent tolerance or sensitivity to a toxic chemical
insult. For example, in many studies of stress interactions with toxicity it is difficult to
establish whether the observed changes in drug or chemical response are due to
adrenocortical or adrenomedullary hormone mechanisms or even more general effects
on physiology. Nevertheless, it is worthwhile reviewing briefly the literature on stress
and toxicity interactions in order to develop the argument that the adrenal gland is a
modulator of toxic insult.

1.9 The Adrenal Gland as a Modulator of Toxicity: Evidence from
Studies on Stress and Toxicity

A wide variety of drugs, chemicals and natural toxins (eg E. coli endotoxin, Hawes
et al. 1992; alcohol, Moerland et al. 1985; chlordecone, Rosencrans et al. 1985;
carbon disulfide, Benes et al. 1985; cocaine, Levy et al. 1992; hydroxyurea, Preziosi
et al. 1985; caffeine, Spindel et al. 1983) have been shown to induce the HPA stress
response in rodents as evidenced by increased corticosterone secretion. This response
to toxic insult takes on greater significance in the light of suggestions that
administration of compounds at the maximum tolerated dose level is stressful
(Miller 1992), and at the very least implicates the adrenocortical stress response as
a potentially integral part of many compound toxicity profiles.

Stress is known to alter xenobiotic oxidative metabolism in rats (Pollack et al.
1991). Additionally, glucocorticosteroids are known to induce various cytochrome
P450 isoenzymes (Ortiz de Montellano 1986), inhibit aryl hydrocarbon hydroxylase
(Bogdanffy et al. 1986), are involved in detoxification pathways (Bogdanffy et al.
1984), and alter the activity of specific liver enzymes such as tryptophan oxygenase
(Moerland et al. 1985) and ?-glutamyltransferase (Barouki et al. 1982).
Stressinduced alteration of metabolic capacity is an obvious prerequisite for the
expression of toxicity, particularly in the liver. An example of this is that footshock
stress accelerates carbon tetrachloride-induced liver injury in rats (Iwai et al. 1986).
A more general example is of social stress (group housing) markedly increasing the
acute toxicity of metamphetamine in mice (Greenblatt & Osterberg 1961).

The glucocorticosteroids have a range of pharmacological actions including
effects on DNA, RNA and protein synthesis, carbohydrate metabolism and protein
catabolism, and are immunosuppressive and possess anti-inflammatory actions
(Haynes & Murad 1991). It is not surprising, therefore, that stress can alter the
expression of toxicological endpoints through a variety of mechanisms. For
example, restraint stress is reported to facilitate dimethylbenz-a-anthracene-induced
mammary turmorigenesis in the rat (Tejwani et al. 1991). In this case, the
augmentation of a carcinogenic response may be due to molecular mechanisms,
metabolic mechanisms, hormonal mechanisms or immunosuppression and lack of
immunosurveillance. Furthermore, although the discussion so far has centred on the
potential involvement of adrenocortical steroids in the modulation of toxic response
by stress, stress also alters the secretion of a wide variety of other hormones (eg
adrenomedullary and indeed extra-adrenal hormones) such that it is not possible
with any certainty to identify which factor, altered by the stressful procedure, is
actually responsible for altering toxic response and tolerance to the test chemical.
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For example, stress has been reported to markedly increase cardiotoxicity resulting
from isoproterenol and this has been attributed to markedly elevated blood levels of
adrenaline (eg Vogel 1993). However, it is also known that corticoids can markedly
increase isoproterenol cardiotoxicity through a mineralcorticoid action causing
blood electrolyte imbalance (eg Guideri et al. 1974). Thus in this particular example
of stress-isoproterenol interaction, it is not possible to distinguish between a
mechanism of stress-induced adrenomedullary catecholamine secretion or stress-
induced adrenocortical gluocorticosteroid secretion. The difficulties of attribution of
mechanisms behind stress-toxicity interactions has been discussed by Harvey (1994).
Vogel (1987, 1993) has reviewed in detail the general literature concerning stress
and toxicity.

1.10 The Adrenal as a Modulator of Toxicity: Evidence from
Glucocorticos teroid Interaction Studies with Drugs and Chemicals

The literature related to glucocorticosteroid toxicity interactions is broad and falls
into two main categories. The first concerns experimental toxicology where natural
and synthetic glucocorticosteroids have been administered before, during or shortly
after a toxic insult with a drug or chemical. The literature relating to this type of
research, but confined to glucocorticosteroid interactions with natural toxins
(kainate, aflatoxins) rather than drugs or chemicals, has been reviewed recently by
Harvey et al. (1994). The second body of literature relates to clinical pharmacology
and covers adverse drug interactions in patients being prescribed
glucocorticosteroids in addition to other medicines, and altered sensitivity to
prescribed drugs in patients with concurrent adrenal dysfunction conditions such as
Cushing’s syndrome or Addison’s disease.

In introducing the concept of the adrenal gland as a modulator of toxicity
(citing experimental toxicology literature of glucocorticosteroid interactions
with drugs and chemicals) it is worthwhile focusing here only on the reported
studies that have employed natural adrenocortical steroids (eg corticosterone,
cortisol/ hydrocortisone). This allows closer comparison of what may be
happening in the intact animal in vivo. The wider literature concerning synthetic
drugs frequently used in medicine (eg prednisolone, dexamethasone) is reviewed
in a later chapter.

Studies with corticosterone (the primary natural glucocorticosteroid in rats and
mice) have shown that administration of this steroid, at dose levels designed to
mimic the endogenous stress response in rats, can modulate neurotoxicity and
hepatotoxicity. Sapolsky (1986a) studied the interaction of systemic corticosterone
with central kainic acid-induced neurotoxicity: rats were either adrenalectomized or
treated with 10 mg/day corticosterone, and then both groups received a
microinfusion of kainic acid into the hippocampus. Corticosterone pre-treatment
resulted in a marked increase in the volume of hippocampal damage following
kainic acid microinfusion, whereas adrenalectomy reduced the degree of damage
compared with controls treated with kainic acid only. In an elegant programme of
research, Sapolsky and co-workers have shown that corticosterone also exacerbates
3acetylpyridine hippocampal damage (Sapolsky 1985), that corticosterone
exacerbation of kainic acid neurotoxicity can be demonstrated in vitro using
cultured hippocampal neurons (Sapolsky et al. 1988), and that the mechanism
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behind corticosterone modulation of neurotoxicity involves both glucose and
metabolic fuel utilization (Sapolsky 1986b) and neuronal calcium regulation (Elliott
& Sapolsky 1992). As the central role of corticosterone and other
glucocorticosteroids involves glucose metabolism, it is not surprising that the
mechanism of modulation of neurotoxicity involves glucose utilization. Such a
fundamental mechanism allows extrapolation to other organs where manipulation
of natural glucocorticosteroids may modulate cellular toxicity, however
glucocorticosteroids have a variety of other physiological and pharmacological
effects which may be variably operative in other organs, and this is reviewed in
detail in later chapters.

Corticosterone, administered at high but physiologically relevant dose levels, has
been reported to exacerbate carbon tetrachloride hepatoxicity in rats (Lloyd &
Franklin 1991). Corticosterone has also been reported to enhance the subacute
general toxicity and lethality of Vitamin D

2
 in rats (Kunitomo et al. 1989) but

ameliorate dextran-induced shock in rats (Kogure et al. 1986). Additionally, English
et al. (1987) have reported that the general toxicity of methotrexate varies in the rat
according to time of day and endogenous Corticosterone rhythm. Similar
modulation of toxicity has been reported to occur with cortisol/hydrocortisone (the
natural glucocorticosteroid in man): whilst this compound exacerbated aflatoxin B1
hepatoxicity in rats (Chentanez et al. 1988), it ameliorated hepatoxicity resulting
from Naja nigricollis snake venom (Mohamed et al. 1974) thus providing evidence
that the modulation of toxicity of different toxicants in the same target organ may
involve different mechanisms.

1.11 General Conclusions

The involvement of the adrenal gland in the expression of toxicological responses is
wide-ranging. The adrenal gland is a target for direct toxic insult, and more than any
other endocrine gland has a propensity for developing secondary changes during
toxic insult largely due to its focal involvement in the stress response. Indeed, the
most frequent endocrine lesions in toxicology are reportedly in the adrenals (Ribelin
1984) and particularly the cortex, which although not precluding direct toxicity, is
suggestive of non-specific, secondary stress response to generalized chemical insult.

The scope of the involvement of the adrenal gland in toxicology is further
broadened when the modulation of toxic response by adrenal hormones and
analogues is considered. The generic concept that hormones can modulate toxicity
is an important, but often neglected, aspect of endocrine toxicology and the adrenal
gland features prominently in examples of this phenomenon. The general literature
on how experimentally-induced stress can alter tolerance to toxic insult (eg Vogel
1993) illustrates how the endocrine system as a whole can modulate the response to
toxicity, as it is often unclear which adrenal products, cortical or medullary, are
directly responsible for the observed effects on toxicity (eg Harvey 1994). The
literature on stress and toxicity is particularly prone to be confounded because stress
is associated with multiple extra-adrenal endocrine changes and can also produce a
variety of non-endocrine physiological changes which may influence the response to
a toxic insult. Studies on specific hormone-chemical interactions provide a more
reliable insight into the role the adrenal gland plays in modulating toxic responses.
The effects of co-administration of adrenaline, or natural glucocorticosteroids with
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drugs or chemicals, implicates the adrenal in the intact animal as a modulator of
toxicity and identifies the pharmacological basis for observed interactions. The use
of synthetic corticosteroids, with differing potencies of glucocorticoid or
mineralcorticoid actions, further defines pharmacological mechanisms operative in
adrenal gland modulation of toxicity in a variety of target organs.

The main conclusion from this review is that the adrenal gland is a modulator of
toxicity. Endocrinologists have long been aware of the adrenal stress response and
the functions that this serves in conditions of adversity (Selye 1936, 1950). Whilst
chemical insult per se may not be overtly stressful in every case, there is clear
evidence that administration of a wide range of compounds at dose levels that could
well be considered a toxic challenge, ie the maximum tolerated dose, may also
induce the adrenal stress response in addition to any other direct target organ effects
the chemical may possess. The adrenal gland and the hormones secreted from it
forms part of a fundamental ‘whole-body’-based mechanism of adaptation to, and
modulation of, chemical insult, the competency of which may be as important as
that of the liver to metabolize a chemical or the kidney to excrete it. Initial adrenal
secretions may form part of the first-line response to chemical insult, for example,
corticosteroids have anti-inflammatory actions and alter liver metabolic enzyme
systems which may have a beneficial ‘adaptive’ effect. Finally, it is clear that adrenal
modulation of toxicity can also take the form of exacerbation of toxic responses;
this is not surprising given the range of specific pharmacological and toxicological
properties of drugs and chemicals which have been employed to generate these
findings. The pharmacological and biochemical bases for this is explored in later
sections, together with evidence of adrenal gland modulation of toxicity observed
clinically in humans.
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2.1 Introduction

There are many aspects of adrenal function which render this gland particularly
susceptible to damage by toxins. In addition, the hormones of the adrenal gland,
especially the steroids produced by the adrenal cortex, are an essential component of
the physiological response to stress, and if adrenal function is impaired the consequences
of toxic or other insult to the body are likely to be severe. This and the following
chapter provide a summary of normal adrenal function, while giving an indication of
why this tissue is vulnerable to toxicological assault, showing the importance of the
corticosteroids in maintenance of homeostasis and describing the consequences of
impaired adrenal function.

2.2 Functional Anatomy of the Mammalian Adrenal

In most mammalian species, including the rat, dog and human, the adrenal glands are
paired organs, located close to the cephalic pole of the kidneys. The degree of proximity
to the kidneys varies between species: in humans, for example, the adrenals are in
direct contact with the kidneys, while in the rat they are removed from the kidneys,
embedded in the perirenal fat. The adrenals comprise two endocrine tissues which are
embryologically and functionally distinct: the adrenal cortex which is derived from
the mesodermal lining of the coelom, and the adrenal medullary chromaffin tissue
which originates in the neural crest and migrates into the centre of the cortical tissue
during foetal development. The adrenal cortex secretes steroid hormones derived from
cholesterol, while the principal secretion of the adrenal medulla is catecholamines,
produced by metabolism of the amino acid, tyrosine. The unusual anatomical
relationship between these very different tissue types strongly suggests some form of
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linked function, and indeed there is evidence both that steroids secreted by the adrenal
cortex affect the biosynthesis of catecholamines (Ungar & Phillips 1983), and also
that the adrenal medulla may influence cortical function (Hinson 1990). The interaction
between these tissues is more of the nature of fine tuning of their respective functions
however, rather than a major physiological regulatory mechanism.

Figure 2.1 Cross-section through the normal rat adrenal, perfusion fixed under conditions
of operative stress. G, Zona glomerulosa; F, zona fasciculata; R, zona reticularis; M,
medulla. Figure reproduced with permission from Pudney et al. (1984).
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2.2.1 Anatomy of the Adrenal Cortex

The division of the mammalian adrenal cortex into three distinct concentric zones
was first described by Harley in 1858, and the terms zona glomerulosa, zona fasciculata
and zona reticularis were introduced by Arnold in 1866 (see Neville & O’Hare 1982).
Since that time, further species-specific and age-related divisions of the adrenal cortex
have been described, including the foetal zone of the embryonic human adrenal cortex,
and the zona intermedia in the rat.

The outermost layer of the adrenal cortex, immediately below the connective tissue
capsule, is the zona glomerulosa. In the rat, this comprises four to six layers of cells,
arranged in clusters forming a continuous band beneath the capsule (Figure 2.1), and
occupies 10–15% of the gland volume (Nussdorfer 1980). In the human, the cells of
the zona glomerulosa form discontinuous islets beneath the capsule (Figure 2.2), and
comprise no more than 5% of the total cortical volume (Neville & O’Hare 1982).
The zona glomerulosa in the dog has a very different appearance, consisting of large,
flattened cells which stain palely and are stacked in large loops (Figure 2.3; Vinson et
al. 1992).

The zona fasciculata of the rat adrenal consists of 30–40 layers of cells arranged in
radial cords with parallel blood capillaries, and comprises the greater part of the
adrenal cortex. A similar arrangement is seen in the adrenals of other mammals,
including humans. The cells of this zone are larger than those of the zona glomerulosa

Figure 2.2 Cross-section through a normal human adrenal gland. G, Zona glomerulosa;
F, zona fasciculata; R, zona reticularis; M, medulla; C, capsule. Figure reproduced with
permission from Neville & O’Hare (1982).
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and contain abundant lipid droplets which occupy 10–15% of the cell volume (Rhodin
1971). In man the cells of the zona fasciculata are termed clear cells.

The zona reticularis is the innermost zone of the adrenal cortex. Compared with
the zona fasciculata, the cells are fewer, smaller and arranged in clusters. The zona
reticularis comprises only about 5% of the total cortical volume in the rat, as compared
with 25% in the human.

The cells of the three cortical zones have distinct ultrastructural features, particularly
in relation to the shape and size of the mitochondria. For a detailed review of the
ultrastructure of the mammalian adrenal cortex see Idelman (1978).

Figure 2.3 Cross-section through a normal dog adrenal gland. G, Zona glomerulosa; F,
zona fasciculata; R, zona reticularis. Micrograph generously provided by I.Doniach.
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The intermediate zone is a feature of the rat adrenal cortex and is located
between the zona glomerulosa and the zona fasciculata. The cells of this zone are
small and contain few lipid droplets (Nussdorfer 1980). It has been suggested that
this is the site of most cell division, but mitosis is seen throughout the adrenal
cortex.

2.2.2 The Adrenal Medulla

The adrenal medulla comprises approximately 10% of the total volume of the adult
human adrenal gland and consists mainly of chromaffin cells, so called because they
become dark brown when stained with chromic salts. There are also some ganglion
cells present. The chromaffin cells are small and contain numerous secretory vesicles,
characteristic of neuroendocrine cells (McNicol 1992). There appears to be a degree
of intermingling of medullary and cortical tissues, since islets of chromaffin cells have
been identified within the zona glomerulosa of the rat adrenal cortex (Gallo-Payet et
al. 1987).

2.2.3 Age-related Changes in Adrenal Morphology

The morphology of the human foetal adrenal gland has been definitively described
by Neville and O’Hare (1982). In the human, the foetal adrenals are very large
compared to the adult gland: relative to body weight the foetal adrenal is 35 times
larger than in the adult. In the foetus, the adrenal gland consists of an outer
definitive zone, comprising 15–30% of the gland volume and containing small
basophilic cells arranged in arched cords, and a large inner foetal zone, containing
larger eosinophilic cells arranged in tightly-packed cords. The adrenal gland
increases in size throughout gestation, and at birth reaches a weight of around 4 g
(the same size as the adult gland). After birth, however, the foetal zone rapidly
degenerates, resulting in a 50% decrease in adrenal weight within the first month of
life. Thereafter, the gland gradually decreases in size, reaching a weight of just 1 g
at 12–24 months. During childhood, the gland grows only slowly, attaining a weight
of 2 g by 10 years of age. During puberty, however, there is a rapid increase in
adrenal growth, and by 15–18 years the gland has reached the adult size. Neville &
O’Hare (1982) report that no sex differences have been noted during adrenal
development.

No major changes in adrenal morphology occur in adult life, although this area
has not been extensively studied. It has been reported that the pattern of cortical
zonation becomes irregular with increasing years, although the zona reticularis remains
well-defined. The adrenal glands of older people are also likely to bear adrenal nodules,
which are ‘overgrowths of adrenocortical cells…representing a variation of adrenal
structure occurring predominantly as part of the aging process’ (Neville & O’Hare
1982). These nodules do not appear to be associated with any abnormality of
adrenocortical function.

Rat adrenal glands show marked changes with age. There is hypertrophy of the
zona fasciculata and reticularis, with increases in both cell size and cell number
(Rebuffat et al. 1992). It is likely that these changes result from increases in the
circulating levels of ACTH seen in these aged rats (Rebuffat et al. 1992).
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2.2.4 Sex Differences in Adrenal Morphology

In the rat, there is a well-documented sexual dimorphism: the adrenal gland of the
female is significantly larger than that of the male, although the relative difference
varies between strains. Adult female rats show increased size of all zones of the adrenal
cortex, which may be attributable to the effects of oestrogens (Malendowicz 1994).
This sex difference is not seen in either the dog or human adrenal.

2.2.5 Vascular Supply to the Adrenal

The adrenal gland is a highly vascular organ. The adrenal gland of the rat comprises
approximately 0.02% of the body weight, but it receives about 0.14% of the cardiac
output (Sapirstein & Goldman 1959). The arterial blood supply to the adrenal gland
is mainly from the dorsal aorta, via several small arteries. In addition, in the human,
and some strains of rat, there is an additional supply from branches of the renal and
inferior phrenic arteries. Within the connective tissue capsule of the adrenal gland
these arterioles anastamose and form a network which distributes blood into cortical
sinuses (Figure 2.4). There has been some debate as to whether the blood supply to
the cortex and medulla are continuous, or whether the medulla receives a separate
supply directly from the subcapsular arteriolar plexus, via medullary arteries. The
significance of these medullary arteries appears to vary according to the species. In

Figure 2.4 The vasculature of the mammalian adrenal gland. ZG, Zona glomerulosa; ZF,
zona fasciculata; ZR, zona reticularis. The inset figure shows the relationship between a
cortical sinus and zona fasciculata cells. Figure reproduced with permission from Vinson
et al. (1992).
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the rat there are few medullary arteries, around six per gland, and these are unlikely
to have a major functional role. In other species, however, most notably the cat and
cow, there are up to 600 medullary arteries per gland, and it is therefore assumed that
at least a part of the blood supply to the medulla is independent of the cortical
vasculature (Vinson & Hinson 1992).

Blood flows centripetally through the adrenal cortex into the large medullary
sinusoids, which drain into a central vein. There is no evidence for retrograde blood
flow from the medulla to the cortical sinusoids in the rat. The intraglandular vasculature
of the human adrenal is more complex and contrasts markedly with that of the rat, in
that blood from the inner adrenocortical zones, and even from the medulla, may
reach the outer cortex in two possible ways: first, via the arteriovenous loop; and
second, in the region around the central vein, termed the cortical cuff, where there is
an involution of the cortex and blood travels from medullary tissue through the cortex
to the capsule (Vinson & Hinson 1992).

The arrangement of sinusoids within the gland is such that almost every cell of the
adrenal cortex is in direct contact with a blood vessel. This high degree of vascularity
has obvious implications both for the function of the gland and for the delivery of
toxins to the adrenal. Blood flow through the adrenal is maintained independently of
changes in systemic blood pressure and appears to be regulated to some degree by the
splanchnic nerve, at least in dogs (Engeland et al. 1985). In the rat, dog and human
there is evidence that ACTH regulates adrenal blood flow by causing vasodilation in
the gland (Neville & O’Hare 1982, Vinson & Hinson 1992).

2.2.6 Innervation of the Adrenal Gland

The adrenal medulla is a component of the sympathetic nervous system, and receives
pre-ganglionic innervation via the splanchnic nerve. The chromaffin tissue of the
adrenal medulla can be considered to be a modified sympathetic ganglion, and
catecholamine secretion by this tissue is regulated by the activity of the splanchnic
nerve. In common with other sympathetic pre-ganglionic innervation, the innervation
of the adrenal medulla is cholinergic. For many years it was a commonly held view
that the nerve supply to the adrenal gland was exclusively to the medulla, and that the
nerve bundles passed directly through the cortex without branching. Much evidence
to the contrary has accumulated, however, and it is now widely accepted that the
adrenal cortex receives a rich innervation, mainly in the region of the zona glomerulosa
and the connective tissue capsule. A range of neurotransmitters has been identified in
the adrenal cortex, including both catecholamines and neuropeptides (Kondo 1985,
Vinson et al. 1994). Nerve terminals have been found in close contact with both
blood vessels and the adrenocortical cells, and it has been shown that certain
neurotransmitters are able to influence blood flow and steroid secretion in the adrenal
gland (Vinson et al. 1994).

Some of the nerve fibres in the adrenal cortex appear to originate in the medulla
and are regulated by the splanchnic nerve, while others appear to be independent of
splanchnic nerve activity and are presumed to originate outside the adrenal gland
(Holzwarth et al. 1987). Although the great majority of these studies have been carried
out in rats, there is evidence of adrenocortical innervation in many other species,
including the dog and human (for reviews see Edwards & Jones 1993, Malendowicz
1993, Vinson et al. 1994).
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2.2.7 Effects of ACTH and Other Agents on Adrenocortical Morphology

The morphology of the adrenal gland changes in response to both increased and
decreased levels of ACTH, and also in response to changes in electrolyte status. Lack
of ACTH results in adrenal atrophy, with a marked decrease in adrenal weight,
mostly due to a decrease in cell number and cell volume in the zona fasciculata and
zona reticularis. There is only a transitory effect on the zona glomerulosa, however,
and several weeks after hypophysectomy the zona glomerulosa has a normal
appearance, although the responsiveness of the cells may be blunted (Vinson et al.
1992).

High levels of ACTH cause an increase in the width of the zona fasciculata and
zona reticularis, with an increase in both cell size and number, resulting in a
significant increase in adrenal weight. There is evidence, at least in the rat, that
chronic ACTH administration causes a loss of zona glomerulosa function, with
transformation of the glomerulosa cells into fasciculata-type cells, accompanied by
a decrease in aldosterone biosynthetic capacity (Abayasekara et al 1989). ACTH
also has a profound effect on the adrenal vasculature causing a marked vasodilation,
which may ultimately result in a breakdown of the delicate internal vasculature,
with extravasation of erythrocytes and adrenal infarction (Pudney et al. 1984).
Similar effects are seen in the adrenals of patients following prolonged stress (Neville
& O’Hare 1982). There is also evidence that anticoagulant therapy, with either
warfarin or heparin, may result in adrenal haemorrhagic infarction (O’Connell &
Aston 1974), which causes acute adrenal insufficiency. The mechanism of this effect
is unknown, but the combination of a stress with anticoagulant therapy greatly
increases the risk of adrenal haemorrhage (Rao 1995).

The morphology of the zona glomerulosa changes markedly in response to
changes in electrolyte status: both sodium deficiency and potassium loading
cause an increase in the width of the zona glomerulosa, with increased cell size
and number. Sodium loading has the opposite effect (Nussdorfer 1980). Several
other agents have been shown to exert a trophic effect on the rat zona
glomerulosa, including angiotensin II. The angiotensin-converting enzyme
inhibitor, captopril, which is used in the treatment of hypertension, causes
atrophy of the rat zona glomerulosa and concomitant loss of aldosterone
secretory capacity. This effect is reversed by angiotensin II infusion (Mazzocchi
& Nussdorfer 1984).

One agent known to cause distinctive morphological changes in the adrenal
cortex is spironolactone, the mineralocorticoid receptor antagonist commonly
used to treat hyperaldosteronism. This drug has been reported to induce the
formation of ‘spironolactone bodies’ which are small, round, laminated concentric
whorls of membrane in the cytoplasm of zona glomerulosa cells (see Neville &
O’Hare 1982). A wide range of drugs and other chemicals have been reported to
cause lesions in both the adrenal cortex and medulla. These are reviewed by
Ribelin (1984).

There are several features of the morphology of the adrenal gland which render
this tissue particularly susceptible to toxins: the blood supply and high lipid content
have been described above. In addition, adrenocortical membranes have a high
content of unsaturated fatty acids which act as substrates for lipid peroxidation. It
has been suggested that this accounts for the particular susceptibility of the gland to
peroxidative damage (Colby & Longhurst 1992).
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2.3 Hormones of the Adrenal Gland

2.3.1 Corticosteroids

The adrenal cortex is capable of producing about 50 different steroids with a wide
range of activities. In most species, including the human, the most physiologically
important of these corticosteroids are aldosterone, a mineralocorticoid, and
cortisol, a glucocorticoid. The most abundant steroid produced by the adrenal
cortex, however, is an androgen, dehydroepiandrosterone sulphate (DHAS). The
adrenal cortex also produces oestrogens, progesterone, and a wide range of
precursors and metabolites of these steroids. In the rat, and a few other rodents
which lack the 17a-hydroxylase activity necessary for cortisol and androgen
production, the major glucocorticoid is corticosterone and there is negligible
androgen production. Recent evidence suggests that the mammalian adrenal
cortex may also produce a ouabainlike compound, with Na/K-ATPase-inhibiting
activity (Hinson et al. 1995).

2.3.2 Steroid Biosynthesis

The adrenal steroids are all synthesized from cholesterol, mainly by a series of
hydroxylations involving the cytochrome P450 family of enzymes. The major pathways
of adrenocortical steroid biosynthesis are shown in Figure 2.5, and the characteristics
of the enzymes involved are shown in Table 2.1.

The cholesterol used in steroid biosynthesis is derived from two sources: de novo
synthesis from acetate in the adrenal, or receptor-mediated uptake of plasma
lipoproteins. In the rat and human, around 80% of the cholesterol used in
steroidogenesis is derived from circulating lipoproteins, although this varies between
species and according to the state of stimulation of the gland. In the human most
cholesterol in plasma is associated with low density lipoproteins (LDL), while in rats
cholesterol is predominantly associated with high density lipoproteins (HDL). It follows
that any lipophilic toxin associated with these plasma lipoproteins will also be taken
up and stored within the adrenal gland. There is only a small amount of free cholesterol
in adrenocortical cells. Most cholesterol is stored in lipid droplets, in an esterified
form, which is rapidly accessible in response to acute stimulation of steroidogenesis
and is then replenished (Vinson et al. 1992).

The endpoint of conversion of cholesterol to steroid hormones is zone-specific. In
all mammalian species the zona glomerulosa is the only site of aldosterone synthesis.
In rats the inner adrenocortical zones produce corticosterone as the major secretory
product. In the dog and human the inner zones favour the 17a-hydroxy pathway,
with the zona fasciculata mainly producing cortisol and the zona reticularis mainly
producing androgens and sulphated steroids.

The pathway for aldosterone biosynthesis has, until recently, been something of an
enigma. It was recognized that the formation of aldosterone was catalysed by a
mitochondrial enzyme, very similar to the cytochrome P450 enzyme converting
deoxycorticosterone to corticosterone. This enzyme was therefore termed cytochrome
P450

11ß/18
 as it appeared to carry out both 11ß-hydroxylation and 18hydroxylation. It

was usually found, however, that deoxycorticosterone was more readily converted to
aldosterone than was corticosterone, and recently a second form of the enzyme has
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been identified which catalyses all the reactions involved in this conversion, without
apparently releasing any intermediates (Yanagibashi et al. 1986, Lauber et al. 1987).
This enzyme has been termed aldosterone synthase and, in the rat adrenal cortex, is
found exclusively in the zona glomerulosa (Yabu et al. 1991). A comparable enzyme
is present in the human adrenal (Mornet et al. 1989).

2.3.3 Adrenocortical Cytochrome P450 Enzymes

The enzymes which are responsible for biosynthetic hydroxylations in the adrenal cortex
(see Table 2.1) are from the same family of cytochrome P450 enzymes found in the
liver. The hepatic enzymes have been extensively studied due to their involvement in
activation of toxins and detoxification processes (Williams 1973). In the adrenal cortex,
in addition to their central role in steroidogenesis, cytochrome P450 enzymes are
important mediators of toxicological effects: they activate molecular oxygen for oxidation
of substrate; they are sensitive to pseudosubstrate toxicity; and they are targets for
pharmacological inhibitors and exogenous toxins. As a result of the use of molecular
oxygen in corticosteroid biosynthesis, cells are particularly susceptible to the toxic effects
of free radicals, such as lipid peroxidation (Hornsby and Crivello 1983a).

Adrenocortical cells contain high concentrations of biological antioxidants including
superoxide dismutase (SOD), catalase, a-tocopherol, glutathione and, in particular,
ascorbic acid (Hornsby and Crivello 1983b). It has been suggested that these high
levels of antioxidants serve to protect cytochrome P450 enzymes from toxic effects of
oxygen radicals generated during steroid biosynthesis (Hornsby 1989). It has been
observed that adrenocortical levels of a-tocopherol are much higher in female than
male rats (Feingold and Colby 1992), although the significance of this observation
remains unclear.

In vitro studies have shown that some steroids, whose structure prevents their
hydroxylation by a particular cytochrome P450, are capable of acting as
pseudosubstrates, resulting in peroxidative damage to the enzyme itself (Hallberg
1990). It has been suggested that the high concentrations of steroids capable of acting
as pseudosubstrates, together with the centripetal blood flow of the adrenal gland,
provide a mechanism by which regional differentiation of biosynthetic activity may
be maintained (Hornsby and Crivello 1983b).

Examples of pharmacological inhibitors and exogenous toxins which target specific
adrenal cytochrome P450 enzymes are given in Table 2.1. Although some of these
have direct effects on the enzyme, it is increasingly recognized that adrenocortical
cytochrome P450 enzymes may play a role in the activation of xenobiotics (Hallberg
1990). For example, metyrapone acts as a competitive inhibitor of P450

11ß
, resulting

in decreased synthesis of corticosterone and cortisol and in increased production of
their 11-deoxy precursors, particularly 11-deoxycorticosterone (DOC) and 11-
deoxycortisol (Dollery 1991). In contrast, spironolactone requires activation by P450

17ato yield 7a-thiol-spironolactone, which causes irreversible damage to P450
17a

 and other
adrenal cytochrome P450 enzymes (Kossor et al. 1991). The activity of adrenal
cytochrome P450 enzymes in metabolizing xenobiotics shows large interspecies
differences, and is also age- and sexdependent (Hallberg 1990). For example, adrenal
microsomes from human foetus (Rifkind et al. 1987) and rat (Montelius 1982) have
higher aryl hydrocarbon hydroxylase (AHH) activities than their hepatic counterparts,
while adult human adrenal microsomes appear not to possess any AHH activity
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(Papadopoulos et al. 1984). Similarly, o,p’-DDD (mitotane) is a potent inhibitor of
steroidogenesis in dogs and humans, but not in rats (Vinson et al. 1992).

2.3.4 Catecholamines

The major secretory products of the adrenal medulla are the catecholamines, although
this tissue also secretes a variety of neuropeptides. Catecholamines are the group of
amines containing a 3,4-dihydroxyphenyl (catechol) nucleus. The endogenous
catecholamines are adrenaline, noradrenaline and dopamine, which are synthesized
in the adrenal medulla from the amino acid, tyrosine (see Figure 2.6). The first stage
in catecholamine synthesis is the uptake of tyrosine by the chromaffin cells. This
occurs by a passive mechanism of facilitated diffusion, and may be inhibited by
structural analogues of tyrosine (Levin 1986). All of the enzymes involved in
catecholamine biosynthesis are found in the cytosol of chromaffin cells, except
dopamine ß-hydroxylase, which is located within the secretory granules. For adrenaline
biosynthesis, therefore, the noradrenaline must be transported from the secretory
granules into the cytosol, and the adrenaline formed is then repackaged in secretory
granules (Cryer 1992). The characteristics of the enzymes involved in catecholamine
biosynthesis are shown in Table 2.2. Adrenaline is the major catecholamine produced
in the human, dog and rat. In contrast to the other enzymes of catecholamine
biosynthesis, phenylethanolamine-N-methyltransferase (PNMT), the enzyme
responsible for adrenaline production, is found almost exclusively in the adrenal
medulla, although it is not expressed in all chromaffin cells. The expression of PNMT
is regulated by glucocorticoids (Ungar & Phillips 1983). Of all the mammalian species
studied, the cat is the only species which produces equal amounts of adrenaline and
noradrenaline. Noradrenaline comprises approximately 20% of the secreted product
in the human and dog, but only 10% in rodents (Ungar & Phillips 1983).

The catecholamines are stored in secretory granules within the cell prior to their
release. The granules also contain ATP and proteins, termed chromogranins, which
are co-secreted with the catecholamines.

2.4 Regulation of Adrenal Function

In relation to the hormones of the adrenal cortex, the terms ‘synthesis’ and ‘secretion’
are used interchangeably as no significant storage of aldosterone or cortisol occurs in
adrenocortical cells. Instead, the cells of the adrenal cortex store the precursor of
steroid hormone biosynthesis, cholesterol. Exactly the reverse is true of the hormones
of the adrenal medulla. The chromaffin cells store preformed catecholamines in vesicles,
from which they can be rapidly released in response to stimulation. Thus, in the
adrenal medulla it is appropriate to consider synthesis and secretion of catecholamines
as distinct events.

2.4.1 Control of Glucocorticoid Secretion

Glucocorticoid secretion is regulated almost exclusively by corticotrophin (ACTH), a
39 amino acid peptide hormone released by the anterior pituitary gland. ACTH is
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produced as a cleavage product of a large precursor molecule, proopiomelanocortin,
which also gives rise to opioid peptides and the melanocyte-stimulating hormones.
The release of ACTH is controlled by corticotrophin-releasing hormone (CRH) and
vasopressin (AVP) from the hypothalamus, and also by negative feedback by
glucocorticoids (Figure 2.7). The major stimulus to activation of the
hypothalamopituitary-adrenal (HPA) axis is stress, which may be a psychological
stressor, or a physical stressor such as exercise, cold exposure, infection, hypoglycaemia

Figure 2.6 Pathway of catecholamine biosynthesis in the adrenal medulla.
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or general anaesthesia [for a review of ACTH secretion see Buckingham et al. (1992)
and Dallman et al. (1987)].

Corticotrophin has several distinct effects on the adrenal gland which are evident
at different time intervals after stimulation. Acutely, ACTH causes an increase in the
rate of blood flow through the adrenal gland and an increase in the rate of steroid
secretion, which is immediately preceded by a decrease in the adrenal content of
ascorbic acid. The long-term effects of ACTH include stimulation of the growth of
the adrenal cortex and increased expression of the enzymes involved in steroid
biosynthesis (Simpson & Waterman 1992).

The adrenal requires a certain level of ACTH secretion to maintain its normal
structure and function. In the absence of this peptide, glucocorticoid secretion rapidly

Figure 2.7 Regulation of cortisol secretion. A positive sign indicates a stimulatory effect, a
negative sign indicates an inhibitory effect; AVP, arginine vasopressin; CRH,
corticotrophin-releasing hormone; ACTH, corticotrophin.
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falls to undetectable levels and the adrenal gland becomes atrophied. One side-effect
of the prolonged use of high levels of synthetic glucocorticoids, used to treat
inflammatory disorders for example, is the long-term inhibition of ACTH secretion.
This results in loss of the HPA response to stress, which is potentially life-threatening.
The HPA axis can take up to 2 years to recover fully from the suppressive effects of
exogenous glucocorticoids (Graber et al. 1965). Other agents which have been reported
to inhibit ACTH secretion include cyproheptadine, an antihistamine, and
bromocriptine, a dopamine agonist (Lamberts et al. 1980, Allolio et al. 1987). Excessive
secretion of ACTH leads to adrenal hypertrophy with over-production of cortisol
resulting in Cushing’s syndrome (see Chapter 3), and both cyproheptadine and
bromocriptine have been used in the treatment of this disorder (Walker & Edwards
1992).

There is evidence that other factors may play a role in regulating glucocorticoid
secretion. In the rat there is a close relationship between the rate of blood flow through
the gland and the rate of corticosterone biosynthesis. Endothelin has been shown to
stimulate glucocorticoid secretion by both rat and human adrenal cells, and it has
been suggested that this peptide may mediate the effect of flow on steroidogenesis
(Hinson et al. 1991).

There are significant age and sex differences in the control of glucocorticoid
secretion. There is evidence of altered HPA function with increased age, certainly in
rats, but possibly also in humans (Seeman & Robbins 1994). In response to a given
stressor, the cortisol response remains elevated for a longer period with increasing
age, suggesting decreased resiliency of the HPA axis. In rats, there is a decrease in the
rate of corticosterone secretion per gram of adrenal wet weight, and a diminished
response to ACTH (Reaven et al. 1988). However, there is disagreement as to the
effect of these changes on circulating corticosterone levels. Some authors suggest that
there is no change in the circulating level of corticosterone, as ACTH concentrations
are increased, and the gland is enlarged, presumably compensating for the diminished
capacity of the adrenocortical cells to secrete steroids (Rebuffat et al. 1992). Other
authors, however, describe increased levels of circulating corticosterone in aged rats,
which they attribute to increased activity of the hypothalamus and pituitary
(Scaccianoce et al. 1990). In rats, there is also flattening of the diurnal rhythm of
corticosterone secretion, with attenuation of the ACTH-corticosterone response to
increases in CRH (Hauger et al. 1994). Thus while the direction of change in
corticosterone secretion in aged rats is disputed, there is general agreement that the
hypothalamus and pituitary show increased activity. There is also evidence in rats of
sex differences in the responsiveness of adrenocortical tissue. Adrenals from female
rats show a much greater response to ACTH stimulation than those of male rats
(Vinson et al. 1978). It is not clear whether this observation is related to the sexual
dimorphism seen in rat adrenal morphology (see above).

2.4.2 Regulation of Aldosterone Secretion

The regulation of aldosterone secretion is more complex, involving the interaction of
several different systemic factors [for a review see Muller (1988) and Vinson et al.
(1992)]. Of these factors, the renin-angiotensin system is arguably the most important
(Figure 2.8). Renin is an enzyme produced by the juxtaglomerular cells of the kidney
in response to a decreased perfusion pressure or a fall in the plasma sodium
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concentration. Secretion of renin is also altered in response to postural changes in the
human: assuming an upright posture stimulates renin and thus aldosterone secretion.
Despite being released in an apparently endocrine manner, renin cannot be considered
to be a hormone because it does not act via a receptor. In fact, it is an enzyme which
cleaves angiotensinogen, a circulating protein synthesized by the liver, to produce
angiotensin I. This decapeptide is cleaved by the imaginativelytermed angiotensin
converting enzyme (ACE) which is found in vascular epithelial cells, mainly in the
lung. The product of this action is an octapeptide, angiotensin II, which is a potent
vasoconstrictor in addition to being the major stimulus to aldosterone secretion. The
inhibition of ACE activity by captopril is used to treat certain types of hypertension.
In addition to preventing the vasoconstrictive effects of angiotensin II, captopril also
causes inhibition of aldosterone secretion.

The history of the investigation into the adrenal actions of angiotensin II serves
as a salutary lesson in the pitfalls of endocrine research. The effect of angiotensin II
infusion on aldosterone secretion in humans was demonstrated in 1960 (Laragh et
al. 1960), and the effects of this peptide in dogs were reported in 1962 (Davis 1962,
Ganong et al. 1962). Use of adrenal slices in vitro confirmed that this was a direct
effect of angiotensin II on the adrenal cortex (Kaplan & Bartter 1962). However, it
was not until several years later that the effect of this peptide on aldosterone
secretion in the rat was confirmed, since the response of rat adrenals to angiotensin
II is highly dependent on tissue preparation. No response is seen in intact
anaesthetized rats (Cade & Perenich 1965, Marieb & Mulrow 1965), nor in
quartered or sliced rat adrenal preparations in vitro. These authors concluded that

Figure 2.8 Regulation of aldosterone biosynthesis. ACE, Angiotensin-converting enzyme.
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angiotensin II was unlikely to have a significant role in regulating aldosterone
secretion in the rat. It was only when enzymatically-dispersed cell preparations were
used that the direct effects of angiotensin II on rat adrenal function were established
(Haning et al. 1970). Subsequent studies revealed that the effects of angiotensin II in
the rat are significantly attenuated by anaesthesia (Coleman et al. 1974). Clearly the
choice of an appropriate adrenal preparation is crucial when investigating the effects
of different agents on adrenocortical function [for a review see Vinson et al. (1985)].

Angiotensin II is not the only stimulant of aldosterone secretion, however. It has
been known for many years that both electrolyte status and a factor from the
pituitary gland have important roles in regulating aldosterone secretion. The
pituitary factor was evidently not ACTH as chronic ACTH administration causes
loss of aldosterone biosynthetic capacity. It now appears most likely that a-
melanocytestimulating hormone (a-MSH) has a role in regulating zona glomerulosa
function, both in the rat and human (Vinson et al. 1981, Henville et al. 1989).
Plasma potassium concentration is also important. Supraphysiological
concentrations of potassium ions act directly on the zona glomerulosa to stimulate
aldosterone secretion. There is evidence, however, that very small changes in
potassium ion concentration, within the normal physiological range, act to modulate
adrenocortical sensitivity to stimulation by angiotensin II, by causing changes in the
number, and possibly affinity, of angiotensin II receptors (Douglas & Catt 1976).
There are several other factors known to stimulate aldosterone secretion, including
endothelin (Hinson et al. 1991), a range of neuropeptides (Hinson et al. 1994) and
serotonin, which is effective in the rat, dog and human, but not in sheep (Muller
1988). The diuretic drug, frusemide, is known to stimulate aldosterone secretion,
presumably due to its effects on electrolyte status.

In addition to the factors which cause stimulation of aldosterone secretion,
several agents have been shown to inhibit zona glomerulosa function. Atrial
natriuretic peptide (ANP) is secreted by the cardiac atrium in response to volume
expansion and high plasma sodium concentration (Atlas 1986). This hormone acts
on the kidney to cause natriuresis and inhibition of renin release, and also acts on the
adrenal zona glomerulosa to inhibit aldosterone secretion (Kudo & Baird 1984,
Atlas 1986). In dogs, rats and humans, this inhibitory effect is specific to the zona
glomerulosa as glucocorticoid secretion is not affected by ANP (Maack et al. 1984,
Atarashi et al. 1985, Richards et al. 1985). Dopamine and its agonists also inhibit
aldosterone secretion, and it has been suggested that the zona glomerulosa may be
under the tonic inhibitory control of dopamine (Carey et al. 1979). Metoclopramide,
a dopamine antagonist, has been reported to stimulate aldosterone secretion in the
human (Norbiato et al. 1977, Lauer et al. 1982). In rats, however, there are reports
of both stimulatory (Aguilera & Catt 1984) and inhibitory (Campbell et al. 1981,
Lauer et al. 1982) effects of dopamine on aldosterone secretion. Sowers et al. (1981)
described a species difference in the adrenal effects of metoclopramide which
stimulated aldosterone secretion in primates but not in dogs or rabbits. Thus at least
some of the differences in results obtained by other workers may be due to species
variation.

Sex differences in aldosterone secretion have been reported. The aldosterone
secretion rate of women in the follicular phase of the menstrual cycle is comparable
to that of men (135–140 µg/day). In the luteal phase, however, there is a significant
increase in aldosterone secretion (235 µg/day) (Gray et al. 1968). In rats, blood
aldosterone concentration is higher in the oestrus phase compared with dioestrus. In
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the human, rat and dog, aldosterone secretion rates are significantly increased
during the later stages of pregnancy. In the dog and rat this appears to be due to an
increase in plasma renin activity, while in the human there is an increase in
angiotensinogen production (Muller 1988).

Aldosterone secretion also changes with age. There is a significant decrease in the
rate of aldosterone secretion with increasing age in the human. This decrease is
particularly marked when patients assume an upright posture, or are sodium
depleted, and may be explained by decreases in plasma renin activity (see Muller
1988).

2.4.3 Control of Adrenal Androgen Secretion

Although the foetal adrenal secretes large amounts of androgens, production
switches to glucocorticoids soon after birth. Adrenal androgen production remains
low until puberty when the adrenal cortex starts to secrete significant amounts of
androgen, most notably dehydroepiandrosterone sulphate (De Peretti & Forest
1976). This increase in adrenal androgen production is termed adrenarche, and
coincides with the appearance of pubic and axillary hair. It has been suggested that
a specific adrenal androgen stimulating hormone is responsible for adrenarche, but
such a hormone has yet to be identified despite considerable research effort in this
area (McKenna & Cunningham 1991). There is a decline in the production of
adrenal androgens in the fifth decade of life, a phenomenon which has been termed
adrenopause.

2.4.4 Intracellular Mechanisms in the Regulation of Steroidogenesis

The major regulators of adrenocortical function, ACTH and angiotensin II, are peptide
hormones, and therefore act on plasma membrane receptors. The receptors for both
ACTH and angiotensin II are members of the superfamily of plasma membrane
receptors which possess seven transmembrane domains. The general mechanism for
signal transduction is similar for both hormones, in that the hormone-receptor complex
activates a G-protein which in turn relays the signal to an enzyme. This enzyme catalyses
the formation of a second messenger, thus leading to the cellular response via the
activation of protein kinase (see Figure 2.9).

ACTH binds to specific receptors on adrenocortical cells, causing the G-protein-
mediated activation of adenylyl cyclase which results in increased cAMP formation.
cAMP activates protein kinase A, causing the phosphorylation of its target proteins,
which results in the stimulation of Steroidogenesis. In the long term ACTH acts to
increase expression of the enzymes involved in steroid biosynthesis, but the acute
action of ACTH on Steroidogenesis is a result of increased delivery of cholesterol to
the cytochrome P450

SCC
, the rate-limiting step of glucocorticoid biosynthesis. In part,

this is achieved by increasing the concentration of free cholesterol within the cell, as
one of the enzymes activated by protein kinase A is cholesterol ester hydrolase. ACTH
also activates a ‘labile protein’, which is closely related to the hepatic sterol carrier
protein, SCP2. This protein facilitates the transfer of cholesterol across the
mitochondrial membrane and thus increases the rate of delivery of cholesterol to
cytochrome P450

SCC
 which is located on the inner mitochondrial membrane (Vinson
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1987). It has been suggested that the labile protein may be the peptide which is known
as both diazepam-binding inhibitor (DBI) and endozepine (Krueger & Papadopoulos
1992). This peptide binds with high affinity to mitochondrial benzodiazepine receptors,
resulting in increased delivery of cholesterol to the inner mitochondrial membrane
(Whitehouse 1992).

The mechanism of ACTH signal transduction provides several toxicological targets.
For example, cholera toxin is well known to stimulate cAMP production in the gut by
covalently modifying the alpha subunit of the G-protein, causing the adenylyl cyclase
to be permanently activated, and has been shown to stimulate adrenocortical

Figure 2.9 Intracellular mechanisms of hormone action. This figure illustrates three
different types of hormone (H) interaction with plasma membrane receptor (R) to produce
a cellular response. (1) Stimulation of adenylyl cyclase (AC) is mediated by a stimulatory
G-protein (Gs), while (2) inhibition of adenylyl cyclase is mediated by an inhibitory G-
protein (Gi). In (3) there is G-protein-mediated activation of phospholipase C (PLC),
resulting in increased conversion of phosphatidylinositol bisphosphate (PIP2) to
diacylglycerol and inositol trisphosphate (IP3). Activation of corticotrophin receptors and ß-
adrenoceptors stimulates adenylyl cyclase activity (mechanism 1). Angiotensin II acts
mainly through mechanism 3 to stimulate PLC activity, but also inhibits adenylyl cyclase
(mechanism 2). Activation of a1-adrenoceptors stimulates PLC activity (mechanism 3),
while activation of a2-adrenoceptors inhibits adenylyl cyclase activity (mechanism 2).
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steroidogenesis in vitro (Kowal et al. 1977). In general, benzodiazepines which bind
with high affinity to central GABA

A
 receptors have low affinity for mitochondrial

benzodiazepine receptors. However, diazepam and several other benzodiazepines have
been shown to cause stimulation of adrenal steroidogenesis via their interaction with
mitochondrial benzodiazepine receptors (Whitehouse 1992).

The mechanism of action of angiotensin II contrasts with the effects of ACTH, as
angiotensin acts via the generation of phospholipid second messengers rather than
cAMP. Angiotensin II binds to plasma membrane receptors (AT1 receptors) which act
through G-proteins to stimulate phospholipase C activity. This enzyme hydrolyses
the membrane phospholipid, phosphatidyl inositol bisphosphate, causing the formation
of two second messengers, inositol trisphosphate and diacylglycerol. Inositol
trisphosphate (IP

3
) acts to cause the release of calcium from intracellular stores, mainly

in the endoplasmic reticulum. The calcium released by the action of IP
3
 activates a

calcium/calmodulin-dependent protein kinase. Diacylglycerol, on the other hand,
activates protein kinase C. It has been suggested that the intracellular pathways
activated by the actions of angiotensin II result in a specific increase in the activity of
the late pathway’, meaning the final steps of aldosterone biosynthesis. Acutely, however,
all the protein kinases appear to effect an increase in the conversion of cholesterol to
pregnenolone. It is likely that any late pathway’ effect is due to increased expression
of aldosterone synthase, and is therefore seen as a long-term effect (see Muller 1988).

As with ACTH, the signal transduction mechanism of angiotensin II may be a
toxicological target. Angiotensin II receptors have been targeted by the pharmaceutical
industry in their search for anti-hypertensive agents. Saralasin is an angiotensin II
receptor antagonist which causes inhibition of aldosterone secretion. The binding of
IP

3
 to its intracellular receptors and its calcium-releasing activity are inhibited by

heparin (Guillemette et al. 1989).

2.4.5 Regulation of Catecholamine Synthesis and Secretion

Catecholamine secretion is regulated by the activity of the splanchnic nerve, a branch
of the sympathetic nervous system. In general, the release of catecholamines is
stimulated by similar factors to those stimulating cortisol release: stress, exercise,
cold exposure and hypoglycaemia, for example. However, any factor that increases
sympathetic activity will also stimulate Catecholamine secretion. The splanchnic nerve,
in common with other pre-ganglionic sympathetic nerves, uses acetylcholine as its
transmitter. This acts on both nicotinic and muscarinic receptors in the adrenal medulla.
Most of the studies on Catecholamine secretion have been carried out in cats, although
it appears that the mechanisms involved are rather different in this species. In cats,
muscarinic agonists selectively stimulate adrenaline and nicotinic agonists selectively
release noradrenaline. In other species, including the dog, these catecholamines are
secreted in a fixed proportion, whether stimulated by nicotinic or muscarinic agonists
(Critchley et al. 1986). It has been suggested that ACTH (Valenta et al. 1986) and
angiotensin II may have a role in regulating Catecholamine secretion, possibly by
potentiating the effect of neural stimulation (Ungar & Phillips 1983).

The actions of acetylcholine cause the generation of an action potential in chromaffin
cells, resulting in the secretion of catecholamines. This process has been termed
‘stimulus-secretion coupling’ (Douglas & Rubin 1963). During the action potential
produced in response to acetylcholine, there is a large influx of calcium ions into the
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chromaffin cells. This influx is blocked by the organophosphates, malathion and methyl
parathion (Liu et al. 1994). The increase in intracellular calcium is an obligatory
requirement for the secretion of catecholamines, although its role is not fully
understood. The mechanism of secretion is complex, but is thought to involve the
fusion of several secretory granules together. The membrane of the secretory granule
then fuses with the plasma membrane of the chromaffin cell and the entire contents of
the granule, with the exception of membrane-bound enzyme, are expelled by exocytosis.
The plasma membrane then reseals and the granule is recovered and refilled with
catecholamines (Levin 1986).

The stimulation of chromaffin cells does not, however, cause a significant decrease
in the tissue content of catecholamines, suggesting that the biosynthesis of these
hormones occurs rapidly in response to stimulation. Tyrosine hydroxylase is the rate-
limiting step of catecholamine biosynthesis. It was originally thought that the activity
of this enzyme was principally regulated by negative feedback inhibition, as it is known
that adrenaline and noradrenaline inhibit tyrosine hydroxylase activity. The obvious
flaw in this scheme is that, while tyrosine hydroxylase is a cytosolic enzyme, adrenaline
and noradrenaline are stored within secretory granules and are not present in significant
quantities in the cytoplasm. It is unlikely, therefore, that negative feedback inhibition
has a major role in regulating catecholamine biosynthesis (Levin 1986). There is
evidence that tyrosine hydroxylase undergoes a conformational change following
stimulation of the chromaffin cell. This change may involve phosphorylation by a
cAMP-dependent kinase, or by a calcium/calmodulindependent kinase. The result of
the conformational change is that the binding affinity of tyrosine hydroxylase for its
substrate and cofactors is increased, while its affinity for noradrenaline is decreased,
thus causing a rapid increase in the rate of tyrosine hydroxylase activity (Landsberg
& Young 1992). The long-term regulation of catecholamine biosynthesis, in response
to chronic stimulation of the adrenal medulla, involves de novo synthesis of all the
major biosynthetic enzymes (Ungar & Phillips 1983).

Figure 2.10 Diurnal variation in cortisol secretion in the human. Figure reproduced with
permission from Vinson et al. (1992).
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There is an increase in plasma catecholamines with increasing age. Although
adrenaline is not affected, noradrenaline is significantly increased, with a greater effect
seen at night (Ziegler et al. 1976, Prinz et al. 1979).

2.4.6 Diurnal Variation

In all mammalian species, with the exception of the dog (Dallman et al. 1987), there
is a distinct circadian pattern of adrenocortical steroid secretion, driven by ACTH,
with peak secretion between 6 and 9 am and an evening nadir (see Figure 2.10). In the
rat, a nocturnal animal, the rhythm is reversed with peak levels in the evening. The
timing of plasma cortisol measurements must be taken into account when adrenal
function is investigated. There is evidence suggesting that diurnal variation of plasma
corticosterone in the rat may be regulated by splanchnic nerve activity (Jasper &
Engeland 1994). In this context it is interesting to note that plasma catecholamines in
the human also show diurnal variation, with a peak occurring late in the morning,
and a nadir at night (Prinz et al. 1979).

Aldosterone shows a diurnal rhythm in its secretion which is often synchronous
with that of cortisol. It is clear that the control of the diurnal rhythm of aldosterone is
more complex, however, with posture and the renin-angiotensin system influencing
the circadian pattern of secretion (Muller 1988).

2.4.7 Adrenal Vulnerability to Toxicants

As we have sought to emphasize in this chapter, there are characteristic morphological
and biochemical features of the adrenal gland which render it particularly susceptible
to the actions of toxins. These features are summarized in Table 2.3.
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3.1 Introduction

In the previous chapter various aspects of adrenal morphology and physiological
function, and the way in which these contribute to the gland’s susceptibility to toxins,
were discussed. In this chapter the actions and metabolism of adrenal hormones,
together with the pathology and pharmacology of the gland, will be described.

3.2 Transport of Hormones in Blood

The steroids secreted by the adrenal cortex, being hydrophobic in nature, are carried in
blood mostly bound to plasma proteins. Aldosterone is mostly carried by plasma albumin,
to which it binds weakly, while the glucocorticoids have a specific carrier protein, termed
corticosteroid binding globulin (CBG). This difference in transport is reflected in the
biological half-life of these steroids: the half-life of cortisol is around 90 min, while that
of aldosterone is about 15 min. There is a dynamic equilibrium between the free and
bound glucocorticoid in plasma, and it has been argued that only the free steroid is
available to be biologically active (for a review see Mendel 1989). It is certainly possible
that CBG may function as a large reservoir of cortisol in plasma: under certain conditions
of stress CBG levels in plasma fall rapidly, presumably making more free cortisol available.
CBG may also act as a local delivery mechanism for cortisol. CBG is structurally similar
to the serpine (serine protease inhibitor) superfamily of proteins, which are cleaved by
their target enzymes. It has been demonstrated that CBG is cleaved by the elastase
released by neutrophils at sites of inflammation, resulting in a 10-fold decrease in its
affinity for cortisol. It has also been demonstrated that CBG, bound to cortisol, binds to
specific receptor sites in a variety of tissues, and induces a cellular response. For a
review of the functions of CBG see Rosner (1990).
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Whether CBG acts as a simple reservoir of cortisol, or a specific targeting/ delivery
mechanism, it is clearly an important factor when considering the effects of
glucocorticoid hormones. There is evidence that certain non-steroidal antiinflammatory
drugs (NSAIDs) may cause a decrease in the binding capacity of CBG, apparently by
a mechanism other than competitive displacement of the bound glucocorticoid
(Engelhardt 1978).

Catecholamines have a very short half-life in plasma of around 1–2 min. They are
rapidly taken up by sympathochromaffin and other tissues. They are also inactivated
by conjugation in the circulation, with the result that <5% of circulating catecholamines
are excreted unchanged in the urine (Cryer 1992).

3.3 Actions of Adrenal Hormones 3.3.1 Corticosteroids

The major classes of corticosteroids, glucocorticoids and mineralocorticoids, exert
their effects via binding to intracellular receptors resulting in induction of RNA
and protein synthesis. The mechanism by which this is achieved is similar for all
classes of steroid hormones with intracellular receptors (glucocorticoid,
mineralocorticoid, oestrogen, progesterone and androgen) as well as for 1,25-
dihydroxy vitamin D

3
, retinoic acid and thyroid hormones (Parker 1988). Steroids

are mostly able to enter cells by passive diffusion and, in their target cells, bind to
specific receptor proteins found in both cytosol and nucleus [Figure 3.1(a)].
Steroid binding induces conformational changes in the receptor which activate it,
allowing the steroid-receptor complex to bind to a variety of nuclear binding sites
with high affinity. In general, this results in activation of specific genes and
induction of mRNA and protein synthesis, with consequent effects on cell
function, growth or differentiation. Some of the actions of steroid hormones
appear to be mediated through decreased gene activity, although these receptor-
gene interactions are less well understood (Orth et al. 1992).

Glucocorticoids were named for their effects on carbohydrate metabolism, but
they have such a wide range of actions in so many tissues that it is more
appropriate to consider a glucocorticoid effect as being a result of the activation
of specific glucocorticoid receptors. Glucocorticoid receptors mediate negative
feedback of the hypothalamo-pituitary-adrenocortical (HPA) axis (see Chapter 2),
in addition to having effects on intermediary metabolism, immune function, fluid
and electrolyte balance, bone and connective tissue, mood and behaviour and
developmental processes. Glucocorticoid receptor antagonists include
progesterone, RU486, dexamethasone 21-mesylate and dexamethasone
oxetanone, although in vivo these compounds may have mixed agonist/antagonist
effects (Clark et al. 1992).

Glucocorticoid effects on intermediary metabolism are essentially antagonistic to
the actions of insulin. Glucocorticoids increase hepatic glycogenesis by activating
glycogen synthase and inactivating glycogen phosphorylase (Stalmans & Laloux
1979). They also increase hepatic gluconeogenesis by a variety of mechanisms,
including direct activation of glucose-6-phosphatase and pyruvate kinase and
mobilization of glucogenic substrates from peripheral tissues as a result of increased
protein catabolism and lipolysis (Exton 1979). In addition, glucocorticoids inhibit
glucose uptake and utilization by peripheral tissues (Exton 1979, Fain 1979) and
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have permissive effects on the actions of other gluconeogenic hormones such as
glucagon and adrenaline (Malbon et al. 1988).

The anti-inflammatory and immunosuppressive actions of glucocorticoids are
prominent when glucocorticoid levels are high and are therefore of considerable

Figure 3.1 Mechanism of action of steroid hormones: (a) intracellular receptor and (b)
surface receptor. The example shown is for GABAergic agonist steroids such as
tetrahydrodeoxycorticosterone, whose binding to surface receptors increases GABA
binding at GABA

A
 receptors.
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importance in modulation and suppression of the acute stress response (Munck et al.
1984) and for pharmacological uses of steroids (see later chapters). However, the
role which glucocorticoids play in the normal modulation of immune processes
remains unclear. Glucocorticoids decrease numbers of circulating lymphocytes and
monocytes and increase circulating granulocytes by effects on the distribution of
these cells between body compartments. The functioning of immune system cells
may also be affected, with inhibition of B-lymphocyte activation and proliferation
(Cupps et al. 1985), monocyte differentiation and macrophage phagocytic and
cytotoxic functions (Orth et al. 1992). The anti-inflammatory effects of
glucocorticoids are partly due to inhibition of synthesis and release of many
chemical mediators of inflammation (Fauci 1979). These effects include antagonism
of histamine and inhibition of prostaglandin synthesis, which may be mediated by
induction of a lipocortin (Flower 1986). It should be noted that there are marked
species differences in these effects, with animals such as rats and mice showing far
greater sensitivity in the response of their immune systems to glucocorticoids than
humans and guinea pigs (Vinson et al. 1992).

Glucocorticoids have certain effects on fluid and electrolyte balance that appear to
be mediated via glucocorticoid receptors rather than an interaction with
mineralocorticoid receptors. Glucocorticoid deficiency results in an inability to excrete
a water load and is associated with increased levels of plasma vasopressin (AVP; Raff
1987). The role of glucocorticoids in maintaining the ability to excrete a salt load was
thought to be due to glucocorticoid effects on increasing glomerular filtration rate,
but may be due to the role of glucocorticoids in inducing synthesis of atrial natriuretic
peptides (ANP; Gardner et al. 1986).

Glucocorticoids have many effects on bone and mineral metabolism, including
decreased calcium absorption from the gut with consequent increased serum levels of
parathyroid hormone, inhibition of osteoblast function and therefore decreased new
bone formation, and increased osteoclast numbers (Hahn et al. 1979). The
consequences of these actions are seen in the osteoporosis associated with chronic
glucocorticoid excess. In connective tissues, glucocorticoids inhibit the proliferation
of fibroblasts and their production of collagen and glycosaminoglycans, resulting in
impaired wound healing (Leibovich & Ross 1975).

The effects of glucocorticoids on behaviour and mood are well-described, but the
mechanisms underlying these effects are poorly understood. Glucocorticoids affect a
diverse range of processes such as sleep pattern, cognition and the reception of sensory
input (McEwen 1979), and glucocorticoid excess appears to have at least a maintaining
role in depressive disorder (Beam & Raven 1993). At the cellular level, glucocorticoids
have both rapid and long-term effects on the nervous system. Rapid effects, which
occur within 2 min of exposure to hormone, involve changes in electrical activity
such as hyperpolarization of the cell membrane (Hua & Chen 1989). It is not known
how these effects are mediated as they occur too rapidly to be explained by a genomic
mechanism and glucocorticoids do not appear to have activity at ligand-gated ion
channels (see below). More long-term effects of glucocorticoids in the nervous system
include induction of enzyme activity in glial cells (Kumar et al. 1986).

Developmental effects include the inhibition of linear growth in children by
glucocorticoid levels as little as two or three times higher than normal (Loeb 1976).
The mechanism is unclear, as glucocorticoids increase the growth hormone response
to growth hormone-releasing hormone (GHRH) and do not suppress levels of
insulinlike growth factor (IGF-1) which mediates the effects of growth hormone
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(Wehrenberg et al. 1983). Glucocorticoids also stimulate the differentiation of many
cell types. Of particular interest are lung cells, where glucocorticoids are responsible
for the normal development of surfactant secretion by foetal lung pneumocytes, and
the nervous system, where glucocorticoids regulate the differentiation of neural crest
epithelial cells into chromaffin cells. During foetal development of the adrenal gland,
neural crest precursor cells which migrate into the gland are exposed to glucocorticoids.
As a result they cease to express neuron-specific gene products, acquire the characteristic
morphology of medullary chromaffin cells, and begin to produce the enzymes of
catecholamine biosynthesis (Ballard 1979).

Mineralocorticoid effects are those which are associated with regulation of water
and electrolyte balance and are mediated by specific mineralocorticoid receptors. The
principal effect of aldosterone and other mineralocorticoids is to increase the
reabsorption of sodium in the kidney and in secretory epithelia, thereby reducing the
sodium content of urine, saliva, sweat, gastric juice and faeces. In the kidney tubules
the overall effect of mineralocorticoids is to cause sodium ions to be reabsorbed in
exchange for either potassium or hydrogen ions, leading to decreased sodium ion
excretion, increased potassium ion excretion and increased urine acidity (Vinson et
al. 1992). As with the glucocorticoid effects described above, mineralocorticoid effects
are mediated by a genomic mechanism resulting in synthesis of specific mRNA and
protein. Mineralocorticoid receptors are also present in high concentrations in the
brain and, in particular, the hippocampus, where they operate in conjunction with
glucocorticoid receptors as part of the HPA negative feedback system (Sapolsky et al.
1986). Mineralocorticoid effects are antagonized by spironolactone and sodium
canrenoate, which both act as competitive inhibitors at the mineralocorticoid receptor
(Vinson et al. 1992).

Finally, there are groups of steroid hormones which do not act through the classical
intracellular, genomic mechanism described above. Although it has been known for
50 years that some steroids possess anaesthetic and sedative properties (Selye 1942),
it is only recently that the mechanism of action of these compounds, known as neurally-
active steroids, has begun to be understood (Majewska et al. 1986). The neurally-
active steroids which have been most extensively studied are those which exert their
rapid effects by binding with high affinity to a surface receptor associated with the
GABA

A
 receptor in brain [Figure 3.1(b)], and include the corticosteroid metabolites

allopreganolone and 3a-tetrahydrodeoxycorticosterone. These steroids augment
GABAergic neurotransmission by increasing GABAactivated chloride ion currents in
a similar manner to barbiturates, but do not appear to bind to either the barbiturate
or benzodiazepine receptors present on the GABA

A
 receptor (Paul & Purdy 1992).

These effects may be seen with picomolar concentrations of neurally-active steroid,
suggesting a physiological relevance (Hiemke et al. 1991). Other corticosteroid
metabolites, such as pregnenolone sulphate and dehydroepiandrosterone sulphate
(DHEAS), act as excitatory neurallyactive steroids and are both potent GABA
antagonists and positive allosteric modulators at the N-methyl-D-aspartate (NMDA)
receptor (Mellon 1994).

3.3.2 Catecholamines

Unlike the adrenal cortex, the adrenal medulla is not essential for life, due to the fact
that it forms only a part of the sympathetic nervous system. While most of the effects
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of the sympathetic nervous system are ultimately due to the release of noradrenaline
from nerve terminals, the adrenal medulla releases mostly adrenaline into the
circulation. Although in the physiological state these processes are inseparable,
consideration of the specific effects of medullary hormones is crucial to an
understanding of the pharmacology and toxicology of this gland.

Catecholamines act via plasma membrane receptors, termed adrenoceptors, which
are members of the seven-transmembrane domain superfamily of hormone receptors.
Several distinct subtypes of adrenoceptor have been identified. The characteristics of
the major subtypes of adrenoceptor are shown in Table 3.1. Details of their intracellular
actions are given in Chapter 2, Figure 2.9. There is species variation in the
pharmacology of the a

2
 adrenoceptor: in the rat, rauwolscine and yohimbine have 20-

fold lower affinity for the a
2
 adrenoceptor. The existence of a ß

3
 adrenoceptor has

been demonstrated, but its physiological significance is unclear (Emorine et al. 1994).
Adrenoceptors mediate the wide range of effects which the catecholamines exert

over physiological and biochemical processes in the body. The tissue distribution of
the adrenoceptor subtypes is given in Table 3.2, with a list of the effects of receptor
activation. In human pregnancy there is a decrease in myometrial ß-adrenoceptors
near term. Thyroid hormones cause potentiation of ß-adrenergic effects and inhibition
of a-adrenergic effects (Landsberg & Young 1992).

Table 3.2 Tissue distribution and effects of activation of adrenoreceptors
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3.4 Metabolism of Adrenal Hormones

3.4.1 Corticosteroids

The peripheral metabolism of corticosteroids has two functions. First, and most
extensively studied, metabolism of steroids may result in structural changes to the
molecule which reduce its potency or render it less hydrophobic in preparation for
urinary excretion. Second, there is increasing recognition that peripheral metabolism
provides a mechanism for fine tuning of corticosteroid activity, in contrast to regulation
of gross output of steroid at the level of the adrenal cortex. For example, the
corticosteroid 11-deoxycorticosterone (DOC) has weak mineralocorticoid activity
while its peripheral metabolite, tetrahydro-DOC, is a potent GABAergic agonist
(Mellon 1994). For this reason we prefer to use the term extra-adrenal metabolism,
rather than ‘catabolism’, to describe the peripheral metabolism of corticosteroids.

Most steroid metabolism occurs in the liver, where phase I oxidation or reduction
reactions (mostly mediated by cytochrome P450 enzymes) can result in increased or
decreased potency. Phase II reactions involve conjugation, and usually result in
decreased potency. Corticosteroids undergo reduction of the A-ring and 3-oxo group,
leading to the formation of tetrahydro derivatives. Adrenal androgens are similarly
reduced in the A-ring and at C-3, resulting in greatly decreased potency. Both groups
of steroids can undergo a series of other reactions including, for the C21 steroids,
oxidation of the 17-hydroxyl group and reduction of the 20-oxo group. The major
pathways of phase I corticosteroid metabolism are outlined in Figure 3.2. Over 90%
of steroid excretion is by the urinary route, mostly as conjugates with glucuronide or
sulphate (Gower 1984).

While most steroid metabolism occurs in the liver, there is also significant metabolism
of cortisol in other tissues, notably the kidney, which possesses significant 11ß-
hydroxysteroid dehydrogenase (11ß-HSD) activity. This enzyme exists in two major
isoforms: 11ß-HSD I is predominantly reductive and found mainly in the liver, and
11ß-HSD II is predominantly oxidative, and found mainly in the kidney (Stewart et
al. 1994). In the liver, 11ß-HSD performs a role in maintaining levels of cortisol by
back-conversion from cortisone. In the kidney, 11ß-HSD is important in the actions
of aldosterone. The mineralocorticoid receptor in the kidney has similar affinities for
both aldosterone and cortisol, but as cortisol circulates in concentrations approximately
1000 times greater than aldosterone, it would prevent aldosterone from binding to
any significant extent. By converting cortisol to the inactive cortisone, 11ß-HSD II
serves to protect the mineralocorticoid receptor from the high circulating levels of
cortisol. The isoforms of 11ß-HSD are recently-identified toxicological targets:
glycyrrhetinic acid, one of the active principles of liquorice, is a potent inhibitor of
the oxidative actions of 11ß-HSD, causing the syndrome of apparent mineralocorticoid
excess (Stewart et al. 1988). Metyrapone has been identified as an inhibitor of the
reductase activity of 11ß-HSD, mimicking an inborn error of cortisol metabolism
(Raven et al. 1995a), and carbenoxolone appears to inhibit both activities (Stewart et
al. 1990).

The concept that peripheral metabolism of corticosteroids is not simply catabolic
is especially relevant to toxicological considerations, since particular pathways of
corticosteroid metabolism are influenced by many factors, including disease, hormonal
status and drug administration. There are two different ways in which the pathway
of corticosteroid metabolism can be modulated, as shown in Figure 3.3.
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First, the direction of activity of an enzyme which interconverts two steroids may
be altered. For example, 11ß-HSD interconverts the potent glucocorticoid, cortisol,
and its less potent 11-dehydro derivative, cortisone: glycyrrhetinic acid inhibits
conversion of cortisol to cortisone (Stewart et al. 1988), while metyrapone (used as
an inhibitor of corticosteroid biosynthesis) inhibits conversion of cortisone to cortisol
(Raven et al. 1995a). Second, where a steroid site can be metabolized in one of two
ways, the favoured pathway may be altered. For example, cortisol may be 5areduced
to allotetrahydrocortisol or 5ß-reduced to tetrahydrocortisol: 5a-reduction is favoured
in patients with major depression (Raven et al. 1995b), while 5ßreduction is favoured
in patients with anorexia nervosa (Vanluchene et al. 1979). In the examples given
above, changes in direction of 11ß-HSD activity may have profound consequences in
terms of modulation of corticosteroid potency (Fraser 1990), while changes in the
activity of 5a- versus 5ß-reduction may have the effect of altering levels of GABA-
agonistic neurosteroids, which are all 5a-reduced compounds (Mellon 1994). Some
of the clinical conditions and drug treatments which are known to affect corticosteroid
metabolism are listed in Table 3.3.

Sex differences in corticosteroid metabolism have been extensively studied in animals
(Malendowicz 1994), principally due to interest in the mechanism of neonatal

Figure 3.3 Modulation of pathways of steroid metabolism.

Table 3.3 Effects of clinical conditions a ind drug treatments on pathways of cor tisol
metabolism
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imprinting of the metabolic enzymes by sex hormones. Thus, female rats show increased
hepatic 5a-reduction (Malendowicz 1994) and decreased hepatic 11ß-HSD activity
(Low et al. 1993), and this sexual dimorphism appears to be related, at least in part,
to sex-specific patterns of growth hormone secretion (Mode et al. 1989). As an added
complication, there are also significant species differences in the pattern of sex-specific
metabolism. For example, in the hamster, hepatic 5a-reduction is considerably higher
in males than in females (Colby et al. 1973). Surprisingly, the sex differences in
corticosteroid metabolism in the human have received little attention. It is known
that men excrete significantly higher amounts of free cortisol (Lamb et al. 1994), and
have higher plasma levels of DHEAS but lower levels of DHEA (Zumoff et al. 1980).
More significantly, there appears to be sexual dimorphism in human 11ß-HSD activity,
as the ratio of urinary cortisone metabolites to cortisol metabolites is higher in women
(Raven et al 1995b). Typical urinary steroid profiles from healthy men and women
are shown in Figure 3.4.

While there are important sex and species differences in corticosteroid metabolism,
age appears to be a less significant factor. There is no change in the half-life in blood
of corticosterone with increasing age in rats (Reaven et al. 1988).

3.4.2 Catecholamines

There are two specific enzymes responsible for catecholamine degradation. These
are monoamine oxidase (MAO) and catechol-o-methyltransferase (COMT). The
major pathways of catecholamine degradation are shown in Figure 3.5. MAO
exists in two forms: MAO-A and MAO-B and is present in most tissues, but is
found in particularly high concentrations in the liver, kidney, stomach and
intestine. COMT is mainly found in the liver and kidney, but is also present in
many different tissues (Karhunen et al. 1994). Many inhibitors of these enzymes
have been developed and are routinely used therapeutically. Non-specific MAO
inhibitors are used as antidepressants, while MAO-B inhibitors are used to treat
Parkinson’s disease (Tipton 1994). Styrene epoxide, an industrial solvent, has been
reported to cause decreased MAO-B activity in peripheral blood cells in man
(Pahwa & Kalra 1993). The use of antidepressants with MAO-A inhibitory
activity is associated with a significant toxicological interaction (Lavin et al.
1993). As MAO-A is the isoform found predominantly in the gut, it is this form of
the enzyme which metabolizes ingested amines such as tyramine. Some foodstuffs,
such as cheese, are particularly rich in tyramine, and the combination of an MAO-
A inhibitor with ingestion of these foodstuffs can lead to severe hypertensive
reactions, termed the ‘cheese reaction’ (Tipton 1994). Inhibitors of COMT activity
have been used to treat neurodegenerative disorders. There are reports of COMT
inhibition by L1,CP20, an orally active iron chelator (Waldmeier et al. 1993).
There are significant ethnic differences in COMT activity (Klemetsdal et al. 1994,
McLeod et al. 1994).

3.4.3 The Foetal Adrenal Cortex

The morphology of the foetal adrenal has been described in Chapter 2 (see section on
‘age-related changes in adrenal morphology’). The foetal adrenal cortex achieves the
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Figure 3.4 Typical chromatograms of urinary steroids. Key to peak numbers: 1,
androsterone; 2, aetiocholanolone; 3, androstenediol 17a; 4, DHA, 5, androstenediol 17ß;
6, 11-oxoaetiocholanolone; 7, 11ß-hydroxyandrosterone; 8, 11ß-hydroxyaetiocholanolone;
9, 16a-hydroxyDHA; 10, pregnanediol; 11, pregnanetriol; 12, pregnenediol; 13,
androstanetriol; 14, tetrahydro-11-deoxycortisol; 15, tetrahydro-11-deoxycorticosterone;
16, allo-tetrahydro-11-deoxycortisol; 17, pregnenetriol; 18, hexahydro-11-deoxycortisol;
19, tetrahydrocortisone; 20, tetrahydro-11-dehydrocorticosterone; 21,
tetrahydrocorticosterone; 22, allo-tetrahydrocorticosterone; 23, tetrahydrocortisol; 24, allo-
tetrahydrocortisol; 25, a-cortolone; 26, ß-cortolone and ß-cortol; 27, a-cortol.
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enzymic capability to synthesize cortisol and aldosterone during the second trimester
(Villee 1969). Compared to the adult, however, the foetal adrenal has relatively low
activity of the 3ß-hydroxysteroid dehydrogenase system, high sulphurylating activity
and low sulphate hydrolysing activity (Shackleton 1984). As a result, the major product
of de novo synthesis is DHEAS. About 25% of foetally circulating cortisol is of maternal
origin, as it freely crosses the placenta (Beitins et al. 1970), with most of the remainder
being synthesized from progesterone of placental origin. Peripheral metabolism by
11ß-HSD in both the foetus and placenta favours the oxidation of cortisol to cortisone,
so that cortisone is the major circulating glucocorticoid in the foetus (Shackleton
1984).

The human foetus develops a high capacity for peripheral phase I metabolism of
corticosteroids from early in gestation, in contrast to most experimental animals such
as the rat (Pelkonen 1978). As a consequence there is extensive metabolism of
xenobiotics in the human foetus. In addition, the foetal adrenal cortex has a higher
xenobiotic metabolizing activity than in the adult (Juchau & Pedersen 1973). This
suggests that metabolic activation of toxins may be particularly important in the
foetal adrenal.

The profile of urinary steroids excreted in the neonate is very different from that
seen in adults and is made up of metabolites of progesterone and oestrogen derived
from the placenta in utero, metabolites of DHEA and pregnenolone derived from
foetal adrenal cortex and metabolites of corticosteroids. Analysis of neonatal urinary
steroid profiles by methods such as high resolution gas chromatography plays an
important role in the diagnosis of inborn errors of steroid biosynthesis and metabolism
(Shackleton 1986).

Figure 3.5 Major pathways of catecholamine metabolism.
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3.4.4 The Adrenal Cortex and Pregnancy

Most of the changes in levels of circulating and excreted corticosteroids during
pregnancy are the result of altered metabolism rather than synthesis. In addition,
levels of CBG rise progressively through pregnancy. There are many changes in cortisol
metabolism (Fotherby 1984) as a result of which plasma cortisol levels and urinary
free cortisol excretion are both increased. Near term there is also a decrease in the
metabolic clearance rate of cortisol. Most of these changes are believed to be due to
the effects of increased circulating oestrogens on the peripheral metabolism of
corticosteroids. There are similar increases in both plasma aldosterone levels and
plasma renin activity (Ledoux et al. 1975).

Most of the greatly increased maternal excretion of oestriol in pregnancy is derived
from placental metabolism of foetal adrenal DHEAS and 16a-hydroxy DHEAS
(Shackleton 1984), an example of the complex interplay between foetal, placental
and maternal synthesis and metabolism.

There are many species differences in the endocrinology of pregnancy (Shackleton
& Mitchell 1975), particularly in the hepatic metabolism of corticosteroids in late
pregnancy. For example, only humans and great apes produce such a large range of
progesterone metabolites in such large quantities (Sjovall 1970). Hepatic 5a-reduction
appears to be particularly prominent (Anderson et al. 1990), and it may be that the
physiological relevance of these changes lies in the recent recognition (Mellon 1994)
that 5a-reduced progesterone derivatives belong to the class of neurally-active steroids
which are potent GABAergic agonists.

3.5 Pathology of the Adrenal Gland

3.5.1 Cushing’s Syndrome

Excessively high circulating concentrations of glucocorticoids result in Cushing’s
syndrome. This disorder has a range of characteristic features, including obesity, facial
rounding, skin striae, plethora, poor wound healing, hypertension and osteoporosis
(Orth et al. 1992). Cushing’s syndrome has several possible causes, including pituitary
adenoma, adrenal adenoma, and ectopic ACTH production, but is most often
iatrogenic, caused by the exogenous administration of glucocorticoids (Walker &
Edwards 1992). The features of iatrogenic Cushing’s syndrome may differ from those
associated with other causes since it is the result of administration of one specific
glucocorticoid, while in Cushing’s syndrome resulting from excessive endogenous
production a wide range of active steroids is produced. Thus hypertension, which is a
very common feature of Cushing’s syndrome, is rarely seen in iatrogenic Cushing’s
(Gomez-Sanchez 1986). Similarly, endogenous glucocorticoid excess is associated
primarily with depressive disorder, whereas iatrogenic Cushing’s syndrome is associated
primarily with mania. Chronic alcoholism is also associated with Cushing’s syndrome:
in cirrhosis, while cortisol biosynthesis is normal, there is inhibition of cortisol
metabolism, resulting in hypercortisolaemia (Zumoff et al. 1967). While Cushing’s
syndrome is a serious disorder with a poor prognosis, due to the likelihood of severe
infection and cardiovascular complications, several of the inhibitors of steroidogenic
enzymes (Chapter 2, Table 2.1) may be exploited therapeutically in the treatment of
Cushing’s syndrome (see below).
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3.5.2 Addison’s Disease (Primary Adrenal Insufficiency)

There are few adrenal toxins which cause direct pharmacologically-mediated
hyperfunction of the adrenal cortex: most of the toxins affecting adrenocortical function
result in impaired steroid hormone production, which may, in extreme cases, lead to
primary adrenocortical insufficiency (Addison’s disease).

The adrenal cortex and its regulatory mechanisms are able to compensate for a
considerable loss of functional adrenal tissue, and in unstressed conditions the
symptoms of Addison’s disease do not appear until more than 90% of the adrenal
tissue in the body is destroyed (Vinson et al. 1992). When the adrenal tissue is destroyed
slowly, increases in the rate of ACTH secretion can usually induce the secretion of
sufficient amounts of glucocorticoid to maintain homeostatis. The features of Addison’s
disease of slow onset include postural hypotension, fatigue, muscle weakness, and
pigmentation. The pigmentation (Nelson’s syndrome) is thought to be due to the
melanocyte-stimulating activity of ACTH, and the peptides co-secreted with ACTH,
which are usually present in very high concentrations in primary adrenal insufficiency.
In the case of adrenal haemorrhage, however, or when stressful conditions are also
present, the symptoms of Addison’s disease may appear suddenly, presenting as an
acute adrenal crisis. The features of an Addisonian crisis, which are life-threatening,
include severe hypotension leading to circulatory collapse, hypoglycaemia, nausea
and vomiting, followed by coma and death.

Major surgery is generally acknowledged to be a particularly stressful condition:
patients receiving steroid replacement therapy are given higher doses to cope with
the stress of surgery. Clearly it is important that the adrenal glands should be fully
functional at such times. Etomidate is a sedative agent, which was originally licensed
for use in the induction and maintenance of anaesthesia. In 1982, a report was
published advancing the use of etomidate for the sedation of patients in intensive
care (Edbrooke et al. 1982), as an alternative to benzodiazepines. In June 1983,
Ledingham & Watt published a letter in the Lancet, reporting that patients in
intensive care had a significantly worse prognosis if they received etomidate rather
than benzodiazepines. In fact, of the patients with the most severe injuries, nine
patients were treated with etomidate from which group none survived, while 13 out
of 20 patients treated with benzodiazepines survived (Ledingham & Watt 1983).
They followed this initial report with a suggestion that adrenocortical function may
be compromised in patients receiving etomidate (Ledingham et al. 1983). There
followed a flurry of letters to the Lancet over the following weeks: some reporting
similar findings (Fellows et al. 1983), while others strongly defended the use of
etomidate (Doenicke 1983). Soon afterwards, evidence was published suggesting
that etomidate inhibited the adrenal response to ACTH (Fellows et al. 1983), and
the use of etomidate and the clinical complications of its use were reviewed in a
Lancet editorial (1983) which concluded that there was ‘no strong case for continued
use of etomidate’. Subsequent studies have revealed that etomidate is a potent
inhibitor of 11ß-hydroxylase activity in the adrenal cortex, and thus prevents the
normal adrenocortical response to stress (Wagner et al. 1984; for a review see Preziosi
& Vacca 1988). It appears to be safe as an anaesthetic induction agent, the
adrenocortical effects only becoming evident with prolonged use. Etomidate
represents the most extreme case of an adrenocortical toxin: a potent inhibitor of
glucocorticoid biosynthesis, administered at a time of severe physiological stress,
when adequate adrenocortical function is most vital.
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3.5.3 Phaeochromocytoma

Phaeochromocytomas are tumours of chromaffin tissue which secrete catecholamines.
About 90% of phaeochromocytomas occur in the adrenal medulla, although they
may also arise in extra-adrenal sites (Cryer 1992). The symptoms of this condition
include palpitations, headache, anxiety and chest pain. These symptoms occur
episodically, with episodes usually lasting several minutes, and are due to increased
release of nor adrenaline. Hypertension is a major feature of phaeochromocytoma,
and cardiovascular effects of this condition are life-threatening. In patients with
tumours secreting adrenaline, hypotension and tachycardia may occur. Several agents
have been reported to cause adrenal medullary hypertrophy (Ribelin 1984), and MAO
inhibitors have been reported to mimic the effects of phaeochromocytoma (Landsberg
& Young 1992).

Other tumours of the adrenal medulla which may be associated with excessive
catecholamine secretion are more rare and include neuroblastoma,
ganglioneuroblastonla and ganglioneuroma (Landsberg & Young 1992). The
toxicology and pathology of the medulla is covered in detail in Chapter 6.

3.6 The Adrenal Gland as a Pharmacological Target

The principal use of drugs targeting the adrenal gland is in the treatment of cortical
overactivity. Underactivity of corticosteroid biosynthesis is treated by administering
replacement hormone, including both glucocorticoid (typically hydrocortisone 30 mg/
day) and mineralocorticoid if necessary (fludrocortisone 0.1–0.2 mg/day). Increased
doses of glucocorticoid are required at times of stress. Underactivity of medullary
hormone secretion does not require treatment, while overactivity of the adrenal
medulla, as in phaeochromocytoma, is treated by blocking the effects of excess
catecholamines and surgical removal of the tumour.

3.6.1 Inhibitors of Corticosteroid Synthesis (Figure 3.6)

3.6.1.1. Aminoglutethimide

This derivative of the hypnotic glutethimide was originally developed as an
anticonvulsant, but was found to be a potent inhibitor of corticosteroid biosynthesis
(Hughes & Burley 1970). It reversibly inhibits several of the cytochrome P450 enzymes
in the steroid biosynthetic pathway, including 20a,22R-hydroxylase required for
conversion of cholesterol to pregnenolone, 21-hydroxylase and 11ß-hydroxylase (see
Chapter 2). In addition, aminoglutethimide inhibits aromatase, an enzyme which is
required for oestrogen synthesis, and also inhibits biosynthesis of thyroid hormones.
Tissue concentrations of aminoglutethimide needed to inhibit these different enzymes
vary, with inhibition of cholesterol side-chain cleavage and aromatization at low
concentrations and of 11ß-hydroxylase only at much higher concentrations (Dollery
1991).

Aminoglutethimide is also an inducer of liver microsomal enzymes, including those
involved in corticosteroid metabolism such as 6ß-hydroxylase. Thus, treatment with
aminoglutethimide reduces the half-life of dexamethasone, a synthetic glucocorticoid,
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by almost half, but has a less pronounced effect on the half-life of administered
hydrocortisone. It has been used both alone, and in conjunction with o,p’-DDD (see
below) in the treatment of Cushing’s syndrome, particularly where cortisol levels are
very high as in ectopic ACTH syndrome and adrenocortical carcinoma.

Figure 3.6 Inhibitors of corticosteroid biosynthesis.
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3.6.1.2 Ketoconazole

Ketoconazole is an imidazole which has broad-spectrum antifungal activity due to its
inhibition of the synthesis of ergosterol, the major sterol component of fungal cell
membranes. At higher concentrations, ketoconazole also has widespread inhibitory
effects on cytochrome P450 enzymes involved in steroidogenesis, including 17a-
hydroxylase and 11ß-hydroxylase (Loose et al. 1983). Since it does not inhibit 21-
hydroxylase, it results in decreased plasma cortisol levels and increased 11-
deoxycorticosterone levels. Ketoconazole is now recommended as the agent of choice
to decrease excessive cortisol production, due to the fact that its use is not associated
with the rise in ACTH and consequent ‘cortisol escape’ seen with other inhibitors of
steroidogenesis (American Medical Association 1993). Ketoconazole has also been
used in the treatment of major depression, a disorder which is associated with
hypercortisolaemia (Wolkowitz et al. 1993).

3.6.1.3 Metyrapone

Metyrapone is a competitive inhibitor of adrenal 11ß-hydroxylase and of most
phenobarbitone-inducible microsomal cytochrome P450 enzymes. As a result of these
actions, it reduces the bioavailability of cortisol by both decreasing cortisol synthesis
(Dominguez & Samuels 1963) and by increasing cortisol metabolism (Raven et al.
1995a). Although metyrapone treatment also suppresses aldosterone synthesis,
increased production of the mineralocorticoid 11-deoxycorticosterone means that
mineralocorticoid deficiency does not usually occur.

Metyrapone has been used as a test for pituitary reserve, since its administration
normally results in decreased plasma cortisol and therefore decreased negative
feedback, leading to increased ACTH and therefore increased circulating 11-
deoxycortisol. This test has now largely been superceded by direct measurement of
circulating ACTH levels. Like aminoglutethimide, metyrapone may be used alone or
in combination to suppress cortisol production in Cushing’s syndrome and, like
ketoconazole, metyrapone has also been used in the treatment of major depression
(O’Dwyer et al. 1995).

3.6.1.4 o,p’-DDD (Mitotane)

The adrenolytic activity of the insecticide dichlorodiphenyldichloroethane (DDD)
was found to be due to the presence of small amounts of o,p’-DDD (Cueto &
Brown 1958). In contrast to other inhibitors of steroidogenesis, o,p’-DDD is
cytotoxic for cells of the zonae fasciculata and reticularis (but not zona
glomerulosa), resulting in adrenal atrophy and therefore decreased corticosteroid
synthesis. In addition, cholesterol side-chain cleavage and 11ß-hydroxylase are
inhibited in surviving cells, and induction of hepatic microsomal enzymes results in
altered peripheral metabolism of corticosteroids. There is a marked species
difference in the response to o,p’-DDD, with the dog and human showing greater
sensitivity to its effects than the rat (Vinson & Whitehouse 1987). Clinically,
mitotane has been used in the treatment of Cushing’s syndrome and, in particular,
adrenocortical carcinoma.
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3.6.1.5 Trilostane

This synthetic steroid which has no hormonal activity is a competitive inhibitor of 3ß-
hydroxysteroid dehydrogenase (Potts et al. 1978). Unlike most other inhibitors of
steroidogenesis it has no effect on other steroid biosynthetic enzymes and therefore
does not significantly suppress testicular production of testosterone. In spite of this
advantage, the clinical use of trilostane in Cushing’s syndrome is limited by the
considerable variability in dose-response.

3.6.1.6 Other Therapeutic Agents which Affect Corticosteroid Biosynthesis

The principal action of spironolactone is competitive antagonism of aldosterone in
the collecting duct of the renal tubule. However, aldosterone synthesis may be directly
inhibited by high doses (>100 mg/day) of spironolactone, possibly as a result of the
formation of its metabolite, canrenone (Cheng et al. 1976).

Adrenal insufficiency has been noted in patients treated with suramin, and this
antiparasitic drug has subsequently been shown to inhibit several of the enzymes of
corticosteroid biosynthesis (Ashby et al. 1989).

The inhibition of corticosteroid biosynthesis by the anaesthetic etomidate has been
described earlier, and is due to inhibition of cytochrome P450 enzymes, particularly
11ß-hydroxylase and cholesterol side-chain cleavage.

High doses of itraconazole, used to treat severe fungal infection, have been noted
to result in a blunted cortisol response to ACTH, and effects consistent with
inhibition of 11ß-hydroxylase and, to a lesser extent, 17a-hydroxylase (Sharkey et
al. 1991).

Steroid analogues which inhibit steroid biosynthesis include danazol, used as
an inhibitor of pituitary gonadotrophin secretion, which inhibits 11ß- and 21-
hydroxylation, and cyproterone acetate, an anti-androgen, which inhibits 11ß-
and 21-hydroxylation and 3ß-hydroxysteroid dehydrogenase (Vinson et al.
1992).

While most therapeutic agents have inhibitory effects, benzodiazepines stimulate
corticosteroid synthesis in vitro via an action on mitochondrial benzodiazepine
receptors which facilitate cholesterol side-chain cleavage (Krueger & Papadopoulos
1992; see Chapter 2). In fact, this interaction has little practical effect due to the
predominant central effects of benzodiazepines in increasing ACTH secretion (Schuckit
et al. 1992).

3.6.2 Inhibitors of Catecholamine Biosynthesis and Metabolism (Figure
3.7)

The only inhibitors of medullary catecholamine synthesis used therapeutically are L-
aromatic amino acid decarboxylase (LAAD) inhibitors, used to improve the efficacy
of administered levodopa by preventing its peripheral metabolism, and MAO inhibitors,
used for the treatment of depression, in which their principal action is in the brain. In
neither case is the action on the adrenal medulla central to the therapeutic effect
(Dollery 1991).

The two commonly used inhibitors of LAAD are benserazide and carbidopa. Neither



Figure 3.7 Drugs which modulate adrenal medullary function.
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readily penetrates the blood-brain barrier and their effects are due to the inhibition of
peripheral metabolism of levodopa by LAAD in a variety of tissues including adrenal
medulla, gut, liver, kidney, salivary glands and pancreas.

The most commonly used MAO inhibitors are phenelzine, isocarboxiazid and
tranylcypromine. All are irreversible and non-selective inhibitors of MAO types A
and B. Although MAO inhibitors result in increased circulating levels of catecholamines,
this effect is peripheral to their mode of action as antidepressants which depends on
increased synaptic concentrations of catecholamine neurotransmitters.

3.6.2.1 Other Therapeutic Agents Which Affect Catecholamine Synthesis and
Secretion

Ephedrine is a naturally-occurring non-catechol sympathomimetic which has some
direct activity on adrenoceptors, but acts primarily through inducing the release of
stored catecholamines (Hoffman 1995). Other sympathomimetics which have
significant peripheral actions due to their effects on releasing medullary catecholamines
are amphetamine (Seidon & Sabol 1993) and cocaine (Wilkins 1992).

Radioiodine-labelled meta-iodobenzylguanidine (mIBG) is specifically taken up
by the cells of the adrenal medulla. This uptake was originally exploited in the diagnosis
of phaeochromocytoma by radioimaging, but is now used for targeted radiotherapy
of malignant phaeochromocytoma (Ackery & Lewington 1992).

3.7 Summary

In this and in the preceding chapter we have described the multiplicity of chemical
sites at which adrenal function may be influenced, both in health and disease. Table
3.4 lists some of these sites in relation to adrenal cortical function, ranging from the
release of hormones which stimulate the cortex, through to the interaction of

Table 3.4 Sites at which exobiotics may influence adrenocortical
function, with examples. Details are given in this and previous chapter
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corticosteroids with their receptors. We have listed an example of an exobiotic which
influences each identified step, but it should be remembered that this is far from an
exhaustive list of the exobiotics which affect adrenal function. Many of these are
discussed in greater detail in later chapters.
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Molecular and Systems Pharmacology
of Glucocorticosteroids

MARK GUMBLETON and PAUL J.NICHOLLS

Welsh School of Pharmacy, University of Wales, Cardiff

4.1 Structure and Biosyntheses

The two classes of steroids synthesized within the adrenal cortex, the corticosteroids
(glucorticoids and mineralocorticoids) based on a 21-carbon skeleton [Figure
4.1(a)], and the androgens (dehydroepiandrosterone, androstenedione, testosterone)

Figure 4.1 (a) Structural formula showing the 21-carbon skeleton of corticosteroids and
(b) an illustration showing the corticosteroid cyclohexane rings A, B and C to be
orientated in the chair conformation
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based on a 19-carbon skeleton, possess variable chemical modifications to the basic
steroid nucleus of three cyclohexane rings and one cyclopentane ring. Figure 4.1(b)
shows the respective cyclohexane rings, A, B and C, orientated in the ‘chair’
conformation, with rings A and B joined either cis or trans. In all the steroid
hormones the ring junctions B: C and C: D are in the trans configuration; the
alternative ‘boat’ structure for the cyclohexane rings is less stable. The
corticosteroids are classified into two groups: 17-hydroxylated corticosteroids (ie in
Figure 4.2 17a-hydroxy pregnenolone ? hydrocortisone) and 17-
deoxycorticosteroids (ie in Figure 4.2 pregnenolone ? corticosterone ? aldosterone)
depending on the presence or absence of a hydroxyl group at the 17a position. The
former is recognized as the glucocorticoid pathway in corticosteroid biosynthesis
and the latter as the mineralocorticoid pathway. However, this classification is
frequently misleading, first because glucocorticoids may profoundly affect
electrolyte and water balance (although in a different manner to that of
aldosterone), and second because the classification is not mutually exclusive. Indeed,
hydrocortisone is known to activate both glucocorticoid and mineralocorticoid
receptors. Likewise if the hydrocortisone (predominant glucocorticoid in man)
pathway is specifically inhibited then increased synthesis of corticosterone can
provide the necessary glucocorticoid activity to compensate. To study glucocorticoid
action in isolation it is necessary to consider the pharmacology of the synthetic
steroids such as dexamethasone, which is essentially devoid of mineralocorticoid
activity (see section on quantitative structure-activity relationships).

The adrenal cortex comprises three histologically defined zones constituted (from
adrenal capsule to boundary of adrenal medulla) by the zona glomerulosa (ZG), the
zona fasciculata (ZF) (comprising the bulk of cortical cell mass, with regular columns
of large cells laden with cholesterol-rich droplets) and the zona reticularis (ZR). The
zones are functionally distinct in that corticosteroid syntheses are zonespecific:
glucocorticoids are mainly produced in the ZF and ZR, the latter zone contributing
only a limited amount, while the mineralocorticoid, aldosterone, is formed in the ZG.
The sequence of biosynthetic reactions from cholesterol through the 17-
deoxycorticosteroid pathway to corticosterone, and through the 17-hydroxylated
corticosteroid pathway to hydrocortisone is shown in Figure 4.3. This figure
additionally identifies the subcellular location of the steroidogenic transformations;
for example, cholesterol ? pregnenolone, 11-deoxycorticosterone ? corticosterone, and
11-deoxycortisol ? hydrocortisone are .reactions catalysed within mitochondria, while
other reactions depicted in Figure 4.3 are catalysed within endoplasmic reticulum
(ER). The initial reaction in steroid hormone biosynthesis is the mitochondrial
metabolism of cholesterol to pregnenolone, and it is this initial reaction that is the site
of regulation and rate limitation in steroidogenesis (Orme-Johnson 1990). Although
the adrenal cortex synthesizes cholesterol from acetyl CoA, the greater part of
cholesterol (60–80%) utilized for corticosteroidogenesis comes from exogenous
sources. Under basal conditions, cholesterol esterified to long-chain fatty acids is
extracted from blood via receptor-mediated endocytosis of low-density lipoprotein
complexes and as such is the major source for corticosteroid biosynthesis. However,
when production of corticosteroids is stimulated, the adrenally-stored cholesterol
becomes an increasingly important precursor. The reaction, cholesterol?pregnenolone
is catalysed by an enzyme system comprising NADPH-adrenodoxin reductase,
adrenodoxin, and a cytochrome P450 that mediates cholesterol side chain cleavage
(P450

SCC
 also known as 20,22-desmolase); cDNA sequence information affords



M.Gumbleton and P.J.Nicholls

84

assignment of P450
SCC

 to the P450XIA gene subfamily (Chung et al. 1986, Nebert
& Gonzalez 1987). The adrenodoxin accepts electrons from the reductase which in
turn reduces the cytochrome P450—the site of cholesterol and O

2
 binding and of

catalysis. This enzyme system is localized to the inner mitochondrial membrane
(Farkash et al. 1986) requiring that substrate penetrates to the inner membrane of

Figure 4.3 Biosynthetic scheme for the glucocorticoid and mineralocorticoid pathways
including identification of the subcellular location of the steroidogenic transformations
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the mitochondrion for catalysis to proceed. Cytochrome P450
SCC

 catalyses a
sequence of reactions resulting in oxidative cleavage of a carbon-carbon single bond
in the side chain of cholesterol to yield pregnenolone and isocaproaldehyde (Figure
4.4). The reaction proceeds via two sequential monohydroxylations, first at C-22
position then further at C-20, followed by cleavage of the resulting diol. The first
steroid formed is 22R-hydroxycholesterol, the second is 20,22-

Figure 4.4 Sequence of reactions involved in the oxidative cleavage of the side-chain of
cholesterol to yield pregnenolone
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dihydroxycholesterol, and the final steroid produced is the 21-carbon ketosteroid,
pregnenolone (Burstein et al. 1974, Hume and Boyd 1978, Larroque et al. 1981).
The side-chain fragment produced is isocaproic aldehyde (4-methyl pentanal) but
this is rapidly oxidized to isocaproic acid (4-methyl-pentanoic acid) in many tissues.
The synthesized pregnenolone is then exported back to the ER where it is
predominantly routed, via P450-dependent catalysis, through the 17-hydroxylated
corticosteroid synthetic pathway to produce 11-deoxycortisol. The final step in the
synthetic pathway, 11ß-hydroxylation of 11-deoxycortisol to yield hydrocortisone,
is very efficient (~95% of 11-deoxycortisol formed is converted to hydrocortisone)
and occurs within the inner mitochondrial membrane with catalysis via a P450
enzyme complex involving the P450 isozyme P450XIB1 (Mornet et al. 1989,
Curnow et al. 1991, Mukai et al. 1993). Although no analogous human data exists,
recent data in the rat (Neri et al. 1993) has provided evidence that the 11ß-
hydroxylation of 11-deoxycorticosterone to generate corticosterone (17-deoxy-
corticosteroid pathway is the major pathway in the rat) is selectively inhibited by
thyrotrophin-releasing hormone (TRH) through a decrease in ACTH-stimulated,
but not basal, corticosterone secretion. When hydrocortisone and corticosterone (in
man the 17-deoxycorticosteroid pathway is of minor significance under normal
conditions) pass back into the ER, the enzyme 11ß-hydroxysteroid dehydrogenase
can catalyse the reversible conversion to the inactive cortisone and 11-
dehydrocorticosterone, respectively. The expression of 11ß-hydroxysteroid
dehydrogenase, which transforms glucocorticoids to their respective ‘biologically
inert’ 11-dehydro derivatives (Brem & Morris 1993, Maser 1994), clearly has
implications in regulating the actions of glucocorticoids. For example, in hepatic
tissue 11ß-hydroxysteroid dehydrogenase activity is relatively high and can clearly
influence steroid exposure to the glucocorticoid receptor (Type II adrenocorticoid
receptor). Similarly, localization of 11ß-hydroxy steroid dehydrogenase to vascular
and cardiac smooth muscle cells (Walker et al. 1991) may modulate glucocorticoid
effects upon vascular resistance and cardiac output. In Ley dig cells of the rat testes
11ß-hydroxysteroid dehydrogenase regulates glucocorticoid mediated inhibition of
testosterone biosynthesis (Monder et al. 1994), and in vivo protects the testis from
the effects of high levels of circulating glucocorticoids, as may occur with stress and
in Cushing’s syndrome. Different glucocorticoids exhibit different EC

50
 values for

inhibition of testosterone synthesis (Monder et al. 1994), reflecting in part
differences in their binding affinity to the catalytic site of 11ß-hydroxysteroid
dehydrogenase, eg dexamethasone is a poor substrate for this enzyme compared to
corticosterone. In mineralocorticoid target tissue, eg kidney among others, the
activity of 11ß-hydroxysteroid dehydrogenase is considered an important
mechanism in aldosterone selectivity of the mineralocorticoid receptor (Type I
adrenocorticoid receptor). Indeed, 11ß-hydroxysteroid dehydrogenase serves a
protective function toward the mineralocorticoid receptor, for either decreased 11ß-
hydroxysteroid dehydrogenase activity or excessive hydrocortisone levels will lead
to significant hydrocortisone binding to the mineralocorticoid receptor and to
spironolactoneinhibitable Na+ retention, hypokalemia and hypertension—the
syndrome of apparent mineralocorticoid excess (AME) (Laplace et al. 1992).
Nevertheless, the intrinsic selection by mineralocorticoid receptor itself for
aldosterone should not be negated (Lombes et al. 1994).

For many investigators a major obstacle in the study of biochemical mechanisms
controlling adrenal steroidogenesis, ie isolation and primary culture of cells from
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each of the distinct adrenocortical zones, may now have been overcome with a recent
report on the isolation of an adrenocortical cell line, H295. Under specified conditions
this continuous pluripotent cell line maintains the ability to produce all the
adrenocortical steroids, ie mineralocorticoids, glucocorticoids and adrenal androgens
(Rainey et al. 1994).

4.2 ACTH Regulation of Corticosteroid Biosyntheses

Although the adrenal concentrations of corticosteroids are 100–1000-fold higher than
plasma levels (Dickerman et al. 1984), such stores fail to provide a significant reservoir
readily available for release. The amount of corticosteroids present in the adrenal
cortex is sufficient to maintain normal secretion for only a few minutes. The fasciculata
cells of the adrenal cortex synthesize glucocorticoids in response to
adrenocorticotrophic hormone (ACTH), a 4.5 kDa opiomelanocortin polypeptide,
secreted from the anterior pituitary. ACTH is secreted upon stimulation with
corticotrophin releasing hormone (CRH), arginine vasopressin, and several other
neuropeptides (King & Baertshci 1990). CRH, released from the hypothalamus, is
the most potent ACTH secretagogue and mediates its effects of stimulating ACTH
secretion and biosynthesis through increasing intracellular cyclic adenosine 3',5'-
monophosphate (cAMP) levels. Arginine vasopressin is a weak secretagogue of ACTH
but strongly potentiates CRH-stimulated ACTH secretion through the
phosphatidylinositol transduction pathway. The regulation of ACTH secretion is
among the most complex of all the pituitary hormones (Figure 4.5), exhibiting circadian
rhythms, cyclic bursts, feedback control and responding to a wide variety of stimuli.
For example, ACTH secretion (at the level of the hypothalamus) is modulated by

Figure 4.5 Regulation of ACTH secretion at the hypothalamic and pituitary levels
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sleep-wake transitions, stress—such as hypoglycaemia, trauma, infection, psychiatric
disturbance—such as depression, and is stimulated by chemical mediators such as a-
adrenergic agonists, ß-adrenergic antagonists, 5HT, ?-aminobutyric and acetylcholine.
The encephalins, the opioids and somatostatin are chemical mediators recognized to
inhibit ACTH secretion at the level of CRH release. The cytokines—interleukin 1,
tumor necrosis factor, interleukin 2 and interleukin 6—activate the hypothalamic-
pituitary-adrenal (HPA) axis leading to elevated levels of glucocorticoids (Hermus &
Sweep 1990).

ACTH secretion has a markedly diurnal pattern with a large peak occurring 2–4 h
prior to awakening. Thereafter the average level decreases to a nadir just before or
after falling asleep. The clocktime of this diurnal pattern can be shifted by systematically
altering the sleep-wake cycle for a number of days. The rhythm is diminished or
abolished by loss of consciousness, blindness or constant exposure to dark or light.
The diurnal pattern is composed of pulses of ACTH release, with major ACTH peaks
caused by an increased amplitude rather than an increased frequency of secretory
activity. Like ACTH secretion, hydrocortisone secretion exhibits a distinct diurnal
variation, with plasma levels of the latter generally following those of the former but
with a 15–30 min delay. Feedback inhibition of ACTH secretion is affected by plasma
levels of hydrocortisone and by that of synthetic analogues, indeed glucocorticoids
exert negative feedback action at multiple levels of the HPA axis. ACTH may also
inhibit its own secretion by decreasing CRH release through a short-loop negative
feedback. Glucocorticoids inhibit ACTH synthesis by suppressing transcription of
the proopiomelanocortin gene (proopiomelanocortin is a 31 kDa precursor protein
of ACTH) and attenuate ACTH release by decreasing cAMP accumulation in response
to CRH. Indeed, evidence is accumulating that environmental events in the early
postnatal period can permanently alter glucocorticoid receptor gene expression in the
hippocampus, providing a neural mechanism for the feedback regulation and the
development of individual differences in HPA responses. Specifically, it is proposed
(Meaney et al. 1991) that glucocorticoid receptor density in the hippocampus and
frontal cortex can be permanently increased by ‘stressful’ events in early postnatal
life, thereby enhancing the sensitivity to the negative feedback effects of circulating
glucocorticoids, and increasing neural inhibition over ACTH secretion. Although there
are clear reciprocal relationships between glucocorticoid levels and glucocorticoid
receptor expression (Gustafsson et al. 1987), evidence exists (Vamvakopoulos et al.
1992) demonstrating that glucocorticoids may not regulate mRNA levels of heat
shock proteins of the 90 K family—molecules intimately associated with the inactive
glucocorticoid receptor and essential components of the glucocorticoid signal
transduction pathway (see later). Chronic deficiency of hydrocortisone leads to
persistant elevations of plasma ACTH, although the diurnal and pulsatile patterns
are preserved, indicating their basic non-feedback control. Chronic hypersecretion of
hydrocortisone or long-term administration of glucocorticoid analogues leads to
functional atrophy of the CRH-ACTH axis, which may require several months for
recovery after the suppressive influence has been removed.

ACTH regulates adrenal cortex glucocorticoid synthesis through both (i) a trophic
stimulation (ie achieving or maintaining appropriate levels of enzymes and other
proteins needed for steroidogenesis, and invoked through exposure of the cells to
increased levels of ACTH for relatively prolonged periods, eg minutes to hours) and
(ii) an acute stimulation, enabling an immediate increased glucocorticoid secretory
response. The effects of ACTH are mediated through the adenylate cyclasecAMP
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pathway acting as the second messenger system (Kimura 1981, Simpson & Waterman
1983); phospholipase C-inositol phosphate may also fulfil an adjunct role in ACTH
signal transduction (Farese 1987). Acute stimulation can result in 10–15-fold
increases in the rate of steroid biosynthesis and is accomplished without a change in
the levels of the enzymes catalysing steroid biosynthesis, including that mediating
cholesterol side-chain cleavage (Conneely et al. 1984), but rather through an increase
in the amount of cholesterol substrate made available to P450

SCC.
 The increase in

cholesterol availability to P450
SCC

 may, somewhat arbitrarily, be divided into two
processes: The first is the transport of unesterified cholesterol from the lipid vacuoles
contained in the cytoplasm of the ZF cell to the outer mitochondrial membrane.
The second is the intra-mitochondrial transport of cholesterol from the outer to
inner membrane, affording substrate access to P450

SCC.
 The enzyme cholesterol ester

hydrolase is one of the molecules acutely activated by ACTH, specifically via cAMP-
dependent kinase mediated phosphorylation (Rae et al. 1979, Bisgaier et al. 1985).
This hydrolase catalyses the de-esterification of cholesterol stored in lipid droplets
of the steroidogenic tissue, thereby making available unesterified cholesterol for
transport to mitochondria. The accumulation of cholesterol in the mitochondrion
in response to ACTH has been found not to be affected by inhibitors of translation
(Privalle et al. 1983), although microtubule/microfilament cytoskeletal elements and
sterol binding proteins have been implicated in the process (Hall 1984). The second
process, transport of cholesterol from the outer to inner mitochondrial membrane,
is the site of rate limitation in steroidogenesis and is blocked when translation is
inhibited (Garren et al. 1971, Privalle et al. 1983). In the acute response, cAMP also
mediates the synthesis of a regulatory protein(s) whose function is to transfer
cholesterol from the outer to the inner mitochondrial membrane (Orme-Johnson
1990). Sterol carrier protein

2
 (SCP

2
), a protein stimulated by the trophic actions of

ACTH and shown to facilitate cytoplasmic to mitochondrial and intra-mitochondrial
transport is not one of the acutely synthesized transfer proteins. Several peptides
that may fulfil the above intra-mitochondrial cholesterol transport function have
been isolated (Alberta et al. 1989, Mertz & Pederson, 1989, Besman et al. 1989),
although the control and precise nature of the regulatory molecule(s) still remains
to be defined. Trophic stimulation of steroidogenesis results in increased amounts
of steroid-catalysing enzymes through induction of the transcription of the relevant
nuclear genes (John et al. 1986). This effect is mediated through cAMP and is
postulated to involve increased synthesis of steroid hydroxylase inducing proteins
(SHIPs) whose function is considered to activate the transcription of the genes coding
for the steroid hydroxylase enzymes (Waterman and Simpson 1985). The rate of
synthesis of sterol carrier protein

2
 (SCP

2
), which facilitates the transport of cholesterol

to the mitochondrion and within that organelle, is also regulated by trophic
stimulation of ACTH (Conneely et al. 1984). Recently proto-oncogene expression
(cfos and jun-B) has been implicated in the mediation of the long-term stimulatory
effects of ACTH (Viard et al. 1992).

4.3 Glucocorticoid Molecular Mechanism of Action

Steroids interact with intracellular receptors rather than plasma membrane-bound
receptors. There is a family of steroid receptors with members recognizing the different
steroids such as glucocorticoids, mineralocorticoids, androgens and oestrogens. Indeed,
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steroid receptors belong to a gene superfamily that also includes thyroid hormone
and vitamin D receptors (Evans 1988). All steroid receptors interact with nuclear
DNA where they act as modulators of the transcription of specific genes, eg
glucocorticoids induce the synthesis of lipocortin proteins which act as ‘second
messenger’ molecules of glucocorticoid action through their inhibition of phospholipase
A

2,
 thereby regulating the synthesis of biologically active pro-inflammatory lipids

such as PAF and metabolites of arachidonic acid (Flower 1988, Peers et al. 1993). The
general mechanism by which glucocorticoids activate, or occasionally suppress, gene
transcription is shown schematically in Figure 4.6, and basically involves (i) the
reversible binding of the steroid to an intracellular glucocorticoid receptor (GR)
complex leading to dissociation of components of the complex to leave a steroid
occupied glucocorticoid receptor protein; (ii) the occupied glucocorticoid receptor
undergoing homodimer formation with a conformational change allowing it to bind
to specific DNA sequences—glucocorticoid response elements (GRE)—in the cell
nucleus; and (iii) translocation of the activated glucocorticoid receptor to the nucleus
and subsequent binding to GRE leading to transactivation of gene expression.

Upon secretion from the adrenal the glucocorticoids bind to the blood transport
protein—corticosteroid-binding globulin or transcortin—and are circulated throughout

Figure 4.6 Scheme of signal transduction pathway for glucocorticoid hormones. Steroid
diffuses into cell cytoplasm where it binds to the steroid-binding site on the glucocorticoid
receptor complex. Binding leads to dissociation of components of the complex, eg
homodimers of hsp90, and a conformational change in the structure of the occupied
glucocorticoid receptor such that homodimers of the activated receptors can form. The
glucocorticoid receptors then translocate to the nucleus where they bind, through their
DNA-binding domains, to specific sites on the DNA of responsive genes—glucocorticoid
response elements—and mediate effects upon the transcriptional process
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the blood stream for delivery to ‘target cells’. Although glucocorticoid molecules are
lipophillic, their intracellular delivery to some target cells may in part be mediated by
an active transporter, ie Spindler et al. (1991) have shown the existence of an active
glucocorticoid uptake system coupled to a Na+/K+-ATPase in rat hepatocytes. The
first step in the cascade of events leading to gene regulation by glucocorticoids is the
binding of the hormone to a glucocorticoid receptor complex located in the cytoplasm
of a target cell. Although the unoccupied oestrogen, progesterone and androgen
receptors are located in the cell nucleus, the unoccupied glucocorticoid and
mineralocorticoid receptors are cytoplasmically located (Picard et al. 1990). Consistent
with the actions of glucocorticoids, virtually every mammalian cell type contains
glucocorticoid receptors (a typical cell containing ~ 10 000 receptors), although
Norman and Litwack (1987) have determined that hepatocytes possess 65000 receptors
per cell. Only a small number of genes in any target cell are directly influenced by
glucocorticoid, eg Ivarie and O’Farrell (1978) reported that 30 min after cultured rat
hepatocytes were exposed to hydrocortisone only six of 1000 proteins that could be
distinguished by two-dimensional gel electrophoresis were found to have increased in
amount (~ 10% of the cell’s proteins being detectable on such gels). In the absence of
glucocorticoid binding, the glucocorticoid receptor is sequestered in an inactive form
by association with other proteins, the best characterized of which is a 90 kDa heat
shock protein (hsp90) (Mendel & Orti 1988, Denis & Gustafsson 1989, Bresnick et
al. 1990, Pratt & Welsh 1994). Indeed, tissue-specific expression of heat shock proteins
may confer tissue specificity and gene sensitivity to glucocorticoids (Vamvakopoulos
1993). The unactivated receptor complex has a molecular weight of ~310 kDa
(Vedeckis 1983) and is currently thought to comprise one hormone binding
glucocorticoid receptor and two hsp90 molecules. Additional components of the
complex may also include a 100–200 nucleotide RNA (Sablonniere et al. 1988, Unger
et al. 1988) and p59 protein (Tai et al. 1986, Renoir et al. 1990). The complex maintains
the glucocorticoid receptor in an inactive form while also ensuring that the
glucocorticoid receptor is in the optimal conformation for high affinity binding of
hormone (Bresnick et al. 1989, Nemoto et al. 1990). Upon steroid binding the complex
undergoes a topological change that results in exposure of the DNA-binding domain
of the glucocorticoid receptor (see below). Such topological change involves dissociation
of the complex’s subunits, eg hsp90, to leave activated glucocorticoid receptor with
bound steroid. For detailed expositions of the postulated mechanisms of glucocorticoid-
receptor complex activation the reader is refered to the articles of Wright et al. (1993),
Muller & Renkawitz (1991) and Bodine & Lit wick (1990). The activated steroid-
glucocorticoid subunit is now able to dimerize and translocate to the nucleus. Nuclear
translocation of the receptor is under hormonal control with hormone-dependent
nuclear localization sequences closely associated with the steroid-binding domain (see
below) of the protein (Picard & Yamamoto 1987).

Molecular biology has afforded isolation and cloning of the glucocorticoid
receptor gene and, through site-directed mutagenesis techniques, permitted
structureactivity investigations of the respective glucocorticoid receptor protein.
The glucocorticoid receptor itself is a polypeptide of ~ 90 kDa mass (Bodine &
Litwick 1990) (human protein comprises 777 amino acid residues) with the amino
acid sequences highly conserved—particularly at the DNA-binding domain—between
species (Muller and Renkawitz 1991). Activated glucocorticoid receptor dimers
contact the DNA mainly in the major groove of the double helix (Chalepakis et al.
1988), with dimerization facilitating binding of the protein to the DNA in a
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cooperative manner. Dimer co-operativity in binding is achieved through
glucocorticoid receptor protein-protein interactions rather than through a change
in the structure of DNA induced by the binding of the first glucocorticoid receptor
molecule (Dahlman-Wright et al. 1990). The glucocorticoid receptor protein itself
has a modular structure (Figure 4.7) such that different functions are mediated by
distinct domains. Thus the steroid-binding, DNA-binding and transactivating
functions of the protein are physically separated from one another (Encio & Detera-
Wadleigh 1991). The steroid binding domain of the glucocorticoid receptor (amino
acids 501–777) is located at the carboxyl terminus and is rich in hydrophobic amino
acids with the presence of at least two reduced cysteine residues—cysteine 656 and
cysteine 754 (Simons et al. 1987, Carlstedt-Duke et al. 1988)—considered vital for
steroid binding. If disulphide bond formation between critical cysteine residues occurs
then steroid binding is blocked. However, if the respective sulphydryl groups are
reduced, then glucocorticoid binding can occur even if vicinal sulphydryl groups
are oxidised (Miller & Simons 1988). The steroid binding domain also contains
regions involved in transactivation, nuclear localization and hsp90 interaction. The
DNA binding domain of the glucocorticoid receptor is located in a central basic
region of the protein (amino acids 390–500) rich in cysteine residues, and is found
to be highly conserved within the entire steroid receptor family, as well as between
species. It is the DNA-binding domain that is responsible for the targeting of the
activated glucocorticoid receptor to specific glucocorticoid responsive genes. This
domain contains two motifs, ‘zinc-finger’ motifs (Freedman et al. 1988)—so called
because co-ordination of four cysteine residues with one zinc atom is able to fold
the peptide chain into a finger-shaped conformation. Each of the two ‘zinc-fingers’
consists of a loop of ~15 amino acid residues. They are involved in distinction
between glucocorticoid and other steroid (eg oestrogen, thyroid hormone) responsive
elements. The carboxy-terminal finger appears important in stabilizing the DNA-
receptor interaction (Danielsen et al. 1989, Mader et al. 1989, Umesono & Evans
1989). Structural NMR data examining glucocorticoid receptor-DNA binding

Figure 4.7 Schematic representation of domain structure of human glucocorticoid
receptor protein. The numbers indicate the amino acid positions in the protein. DBD, DNA
binding domain; SBD, steroid binding domain; t

1
 and t

2
, transactivating domains; hsp90-

region contacting the heat shock protein of 90 kDa
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indicates that one of the two a-helical regions (lying in a region between the two
zinc-fingers) of the DNA-binding domain serves as a point of contact of the receptor
with the glucocorticoid response elements (Hard et al. 1990a). The DNA-binding
domain alone, however, cannot regulate transcription, and likewise the remainder
of the protein has no activity in the absence of the DNA-binding domain. The
transactivating domain of the glucocorticoid receptor protein comprises two regions,
t
1
 and t

2
 (Figure 4.7), the major one of which (t

1
 accounts for >90% of the receptor’s

transactivation activity (Hollenberg & Evans 1988) and is located at the N-terminus
of the protein (amino acids 77–262), while t

2
 is located on the N-terminal side of

the steroid-binding domain.
The glucocorticoid response element comprises a sequence of 15 base pairs which

has been shown to bind the glucocorticoid homodimer (Tsai et al. 1988, Hard et al.
1990b). The consensus glucocorticoid binding site sequence is 5'-
GGTACAnnnTGTTCT-3' (where n represents any nucleotide), a sequence which can
also mediate the action of progesterone, androgen and mineralocorticoid receptors
(Arizza et al. 1987, Cato et al. 1986, Strahle et al. 1987). Glucocorticoid response
elements are located from 2600 base pairs upstream to 100 base pairs downstream of
the transcription initiation sites for glucocorticoid-responsive genes (Yamamoto 1985,
Beato 1989, Beato et al. 1989); glucocorticoid response elements are examples of
enhancer elements.1 Like other gene regulatory proteins the exact manner in which
the DNA binding of activated glucocorticoid receptor protein gives rise to effects on
transcription is still unclear. However, in vitro studies have shown that the
glucocorticoid receptor facilitates the formation of ‘promotertranscription factor’
complexes (Freedman et al. 1989, Tsai et al. 1990). Gene regulatory proteins, even
when bound some distance (either upstream or downstream) from the transcription
start-site of a responsive gene, can achieve gene regulation through DNA looping
mechanisms, bringing bound regulatory protein in close proximity to promoter sites
(Atchison 1988). Glucocorticoid actions may arise from inducing disruption of
chromatin structure in the vicinity of the regulated gene with subsequent opening of
the DNA helix enabling transcription factors, such as CAAT-box and TATA-box
binding proteins, to bind to the respective promoter sites of glucocorticoid responsive
genes (Santoro et al. 1988, Horikoshi et al. 1989). Studies (Zaret & Yamamoto 1984)
demonstrating altered in vivo sensitivity of mouse mammary tumour virus DNA to
DNase I following steroid administration is considered to support such a steroid-
induced disruption of chromatin as an important mechanism of action. Reik et al.
(1991) have shown the relationship between glucocorticoid-induced reversible
disruption of nucleosomes over an enhancer element and induction of tyrosine
aminotransferase (TAT) enzyme. Hager and co-workers (Cordingley et al. 1987,
Richard-Foy & Hager 1987, Cordingly & Hager 1988) and Perlmann & Wrange

1 Both enhancer and promoter elements contain nucleotide sequences that bind gene regulatory proteins.
An enhancer element can be defined as a regulatory DNA sequence that binds respective regulatory
proteins and effects transcription through a linked promoter. The term ‘enhancer’ is a misnomer since
many regulatory proteins bound at this site have actions to switch genes off. A promoter can be defined as
a DNA sequence generally extending for about 100 base pairs upstream from the transcriptional start-
site, and is essential for binding of RNA polymerase and for signalling the site for RNA polymerase
transcription initiation. Promoter regions possess nucleotide binding sequences for many transcription
factors including, for example, TFIID an important factor binding to the ‘TATA-box’ sequence and which
is essential for stabilizing the formation of the transcription complex. Transcription regulatory proteins
bound at enhancer and promoter elements co-operate to switch genes on or off.
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(1988) have provided evidence for binding of activated steroid-receptors to
nucleosomes, for the presence of nucleosomal glucocorticoid response elements, and
for modulation of glucocorticoid receptor binding affinity to its respective response
element by the presence of translational positioned nucleosomes (Li & Wrange 1993).
Recently, a delayed glucocorticoid response element has been identified which binds
glucocorticoid receptors via sequence motif distinct from the protypical element
described above (Hess & Payvar 1992). The delayed element reportedly confers delayed
or secondary hormone inducibility upon a linked promoter, effects which are preceded
by a time lag of several hours and blocked by protein synthesis. The implications of
this are that the ‘information content’ of a hormonal pulse is retained or ‘memorized’
more persistently by a receptor binding site of the delayed element than those of the
protypical element.

Synergistic activities of the activated glucocorticoid receptor with other transcription
factors (Oshima & Simons 1993), as well as with other steroid receptors, are
increasingly being shown. For example, detailed analysis of some
glucocorticoidregulated genes has revealed the presence of several glucocorticoid
response elements associated with single genes, with progressive deletion of the elements
resulting in gradual loss of inducibility. Observations indicating that several steroid
binding sites can co-operate to yield strong transcriptional induction include, eg chicken
lyzozyme gene (Renkawitz et al. 1984), rabbit uteroglobin gene (Cato et al. 1984),
rat tyrosine aminotransferase gene (Jantzen et al. 1987) and the rat tryptophan
oxygenase gene (Danesch et al. 1987). A well-studied example of functional co-
operation between the glucocorticoid receptor and other transcription factors is that
of the positive regulation of a major acute phase protein, a1-acid glycoprotein, by
glucocorticoids. This regulation requires interaction between glucocorticoid receptors
and multiple transcriptional factors (DiLorenzo et al. 1991, Ratajczak et al. 1992,
Alam et al. 1993,). Indeed, Ingrassia et al. (1994) have recently characterized a
transcriptional complex required for glucocorticoid regulation of a1-acid glycoprotein
gene composed of three nuclear proteins binding to a regulatory element 23 nucleotides
upstream from the glucocorticoid response element. Other examples of functional
co-operation include, for example, co-operation between glucocorticoid and oestrogen
receptors (Ankenbauer et al. 1988) and between glucocorticoid receptor and other
transcription factors including, for example, glucocorticoid enhancement of
phosphoenolpyruvate carboxykinase (PEPCK)—a rate-limiting enzyme in
gluconeogenesis (Imai et al. 1993), regulation of trytophan oxidase (Schule et al.
1988) and hepatic regulation of angiotensinogen by both glucocorticoids and cytokines
generated as products of the acute phase response (Brasier et al. 1990).

Some physiologically relevant genes are negatively-regulated by glucocorticoids,
however, transcriptional repression has not been as intensively studied. Glucocorticoid
inhibition of human glycoprotein-a-subunit has been shown to be dependent upon
the presence of a cAMP-responsive element closely adjacent to, or overlapping, the
glucocorticoid response element (Akerblom 1988). Thereby negative regulation in
this instance, due to the glucocorticoid receptor binding to its response element sterically
hindering the binding of a positive transcription factor to the cAMP-responsive element.
Indeed, the contradictive results showing dexamethasone negative regulation of insulin
gene expression in isolated islet cells, but of glucocorticoid enhancement of insulin
biosynthesis in vivo, is considered to be due to differences in intracellular cAMP levels
between in vitro and in vivo cells, with higher in vivo levels of intracellular cAMP
countering the negative effects of steroid (Philippe et al. 1992). Dexamethasone
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transcriptional regulation of IL-2 gene in human T-lymphocytes is mediated mainly
through inhibiting the binding of AP-1 to the IL-2 gene promoter (Paliogianni et al.
1993). An interesting example of the inhibitory effects of glucocorticoids upon protein
expression is that of Fardel et al. (1993) who reported that dexamethasone displays
negative regulation of the multidrug resistance plasma membrane transporter, P-
glycoprotein, through specific action at the level of the gene, mdr1, in cultured
hepatocytes. Great interest has focused on pharmacological modulation of P-
glycoprotein expression to overcome the problem of clinical resistance of human tumors
to anti-cancer agents (Ford & Hait 1990). Fardel et al. reported doxorubicin P-
glycoprotein mediated efflux to be decreased in dexamethasone-treated cells with
glucocorticoid regulation occurring at the level of the mdr1 gene. Other examples of
negative regulation include, for example, bovine prolactin gene, rat al-fetoprotein
(Guertin et al. 1988, Rabek et al. 1994) and rat propiomelanocortin gene (Drouin et
al. 1989). Indeed the negative regulation of propiomelanocortin (a 31 kDa precursor
protein of ACTH) by glucocorticoids is proposed to be mediated by activated steroid-
receptor complex binding to a specific DNA sequence known as the ‘negative
glucocorticoid-responsive element’ or ‘nGRE’ which resides within the promoter region
of the pro-opiomelanocortin gene the negative glucocorticoid-responsive element
overlapping the binding site for a putative member of the COUP (chicken ovalbumin
upstream promoter) transcription factor family. Inhibition of translation may therefore
be inhibited by preventing the binding of a COUP-like transcription factor. A different
type of negative regulation has been proposed which does not involve DNA binding
of the glucocorticoid receptor. One example of this is the inhibition of the collagenase
by direct binding interaction between the transcription factor API (positive transcription
factor for collagenase) and the glucocorticoid receptor protein to form a complex
which is unable to activate transcription (Jonet et al. 1990). Furthermore, glucocorticoid
receptors lacking the DNA binding domain can also function as repressers of
transcription, thereby demonstrating that interaction between DNA is not necessary.
Other examples of indirect effects upon transcription (Klein et al. 1987) and indeed
post-translational effects (Simons et al. 1987, Weiner et al. 1987, Silver et al. 1990)
exist. For example, glucocorticoids stabilize phosphoenolpyruvate carboxykinase
mRNA by inducing the synthesis of another ‘stabilizing’ protein that binds to the 3'-
end of the message.

In summary the molecular pharmacology of glucocorticoids is complex involving
protein-DNA and protein-protein interactions. Glucocorticoid effects upon a ‘target’
gene can be direct and/or indirect in nature, be the net outcome of the actions of a
number of regulatory proteins, and be dependent upon the target gene itself, the
tissue in question and the status of the system as a whole. Sometime after nuclear
translocation, the glucocorticoid receptor dissociates from the DNA binding site, the
steroid is metabolized and the receptor itself may be degraded or recycled back to the
cytosol as an unoccupied steroid receptor. The cellular half-life of unoccupied/
unactivated glucocorticoid receptor is ~20 h, whereas the half-life of the occupied/
activated receptor is ~ 10 h (McIntyre & Samuels 1985, Dong et al. 1988). The
cellular half-life of the glucocorticoid receptor mRNA is ~5 h.

4.4 Glucocorticoid Physiologic and Pharmacologic Actions

In the following sections we will provide a review of the effects of glucocorticoids on
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carbohydrate, protein and lipid metabolism before dealing more specifically with the
pharmacology of glucocorticoids on selected body systems.

4.4.1 Effects Upon Intermediary Metabolism

The effects of glucocorticoids on intermediary metabolism can be ideologically
rationalized as a protective mechanism whereby glucose-dependent cerebral functions
are maintained in the presence of depleted carbohydrate stores. This is achieved through
glucocorticoid stimulation of gluconeogenesis, leading to increased glycogen deposition
and diminuation in the peripheral utilization of glucose. Glucocorticoids therefore
result in a tendency for hyperglycaemia and decreased glucose tolerance. However, in
the non-diabetic individual exposed to excess glucocorticoids, increased insulin
secretion will counterbalance glucocorticoid actions such that fasting blood glucose
levels, although elevated, will nevertheless reside within the normal range. Conversely
in adrenalectomized animals there is increased sensitivity to insulin, although no marked
abnormality in carbohydrate metabolism is exhibited while food is regularly ingested.
However, a brief period of starvation or exercise depletes carbohydrate reserves with
ensuing hypoglycaemia. The most important overall action of hydrocortisone is to
facilitate the conversion of protein to glucose and glycogen.

Glucocorticoids promote the mobilization of protein for gluconeogenesis by
accelerating protein degradation and inhibiting protein synthesis; muscle, the protein
matrix of bone, connective tissue and skin are those tissues primarily affected (Baxter
& Tyrell 1995). Glucocorticoid atrophic actions upon skeletal muscle should be
highlighted by the fact that muscle, because of its high mass, is a major source of
gluconeogenic and of glucose utilization. The maintenance of normal skeletal muscle
function requires adequate concentrations of corticosteroids, eg in adrenocortical
insufficiency diminished work capacity of skeletal muscle is a prominent sign. However,
in glucocorticoid excess, quite extensive muscle atrophy can be apparent—‘glucocorticoid
myopathy’. Muscle weakness in glucocorticoid myopathy results from accelerated protein
catabolism with more pronounced influences on the type II glycolytic fibres (white
fibres) (Clark & Vignos 1979); the review by Scene (1994) addresses the turnover of
skeletal muscle contractile proteins in glucocorticoid myopathy. As the content of
lysosomes in skeletal muscle, particularly in type II glycolytic fibres, is relatively low,
the non-lysosomal pathways make a significant contribution to the catabolism of
contractile proteins, with increased muscle concentrations of certain proteolytic enzymes
apparent (Clark & Vignos 1981). A number of more recent papers (Almon & Dubois
1990, Hickson et al. 1990, Max 1990, Falduto et al. 1992a,b) have addressed issues
such as the biochemistry involved in the antagonism of glucocorticoid-induced myopathy
by exercise and by androgens; fibre-type discrimination in glucocorticoid-induced muscle
atrophy, and the inter-relationship between glucocorticoid-induced expression in muscle
of glutamine synthetase and the development/susceptibility of certain muscle fibres to
glucocorticoid myopathy. Glucocorticoids can also enhance the levels of amino acids
available for gluconeogenesis by blocking the stimulatory effects of insulin upon amino
acid uptake and protein synthesis in peripheral tissues. Indeed, a well-recognized
manifestation of glucocorticoid excess is the induction of an insulin-resistant state, with
such anti-insulin action reportedly mediated at the post-insulin-receptor level (Rizza et
al. 1982, Lenzen & Bailey 1984). However, effects upon insulin receptor expression or
affinity have yet to be discounted. Of related interest is a report by Zamir et al. (1993)



Molecular and systems pharmacology of glucocorticosteroids

97

implicating glucocorticoids in promoting the inhibitory actions of TNFa upon amino
acid uptake into skeletal muscle during states of sepsis and endotoxemia. Furthermore,
glucocorticoids can increase glycerol release from adipocytes (by stimulating lipolysis)
and of lactate release from muscle, thereby enhancing the availability of gluconeogenic
substrates.

In excess of 90% of gluconeogenesis takes place in the liver, and it is within this
organ that the anabolic effects of glucocorticoids upon protein and RNA synthesis
predominate. The hepatic synthesis of a number (if not all) enzymes involved in
gluconeogenesis is induced, including several of the transaminases, eg alanine
aminotransferase, tyrosine aminotransferase, and enzymes more distal in the
gluconeogenic pathway including, for example, pyruvate carboxylase,
phosphoenolpyruvate carboxykinase, phosphoglyceraldehyde dehydrogenase and
fructose 1,6-diphosphatase (Munck et al. 1984, Pilkis et al. 1988). However,
induction requires some hours and cannot account for the earliest effects of the
hormones on gluconeogenesis. For example, dexamethasone has been shown to
stimulate gluconeogensis within 20 min in a rat hepatocyte culture, an effect which
is not blocked by inhibitors of protein synthesis (Sistare & Haynes 1985). Studies of
the molecular biology of glucocorticoid action and interaction with other regulatory
factors (eg repressor activity of insulin, stimulatory effects of exercise, tissue
specificity) upon the transcription of gluconeogenic enzymes are now appearing in
the literature (Hadley et al. 1990, Eisenberger et al. 1992, Oshima & Simons 1992,
Aggerbeck et al. 1993, Imai et al. 1993, Gadson & McCoy 1993, Nitsch et al. 1993,
Friedman 1994, Onoagbe 1994). Glucocorticoids also display secondary actions on
carbohydrate metabolism through increasing the sensitivity of the liver to the
gluconeogenic actions of glucagon and to catecholamines (Goldberg et al. 1980).
For example glucagon- or a-adrenergic-mediated stimulation of hepatic
gluconeogenesis is impaired by adrenalectomy. The exact mechanism by which
glucocorticoids inhibit utilization of glucose in peripheral tissues is still under
investigation. However, decreases in glucose transport in polymorphonuclear
leukocytes (Okuno et al. 1993), in lymphocytes (Munck et al. 1979), in fibroblasts
(Murrey et al. 1990), in adipose tissue (Fain 1979, Carter-Su & Ukamoto 1985) and
in hippocampal astrocytes and neurons (Horner et al. 1990, Virgin et al. 1991) have
been documented. The latter two reports are of interest in the context of the present
discussion in that they implicate glucocorticoid (either exogenous, or endogenous
resulting from a stress episode) mediated decrease in intracellular glucose uptake
with initiation of hippocampal neurotoxicity. Glucocorticoid inhibition of glucose
uptake is mediated through type II receptors, with oestrogen, progesterone, and
testosterone unable to elicit any inhibitory action. The inhibition appeared regio-
specific in that glucose transport in hypothalamic, cerebellar or cortical cultures
were unaffected. The inhibition in glucose transport was dose-dependent (with
steroid concentrations in the nanomolar range inhibiting uptake by ~ 30%) and
time-dependent (with a minimum of 4 h exposure to the steroid required to achieve
inhibition). The comparative time- and concentration-dependency in inhibition of
glucose transport in peripheral and hippocampal tissue clearly requires further
investigation. Prolonged treatment with glucocorticoids has been found to elevate
plasma concentrations of glucagon (Marco et al. 1973, Wise et al. 1973) and, in as
much as glucagon itself stimulates gluconeogenesis, such a rise in glucagon will
further contribute to the signals promoting enhanced glucose synthesis. This thus
serves a physiologic function to protect against long-term food deprivation
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glucocorticoids promote glycogen deposition with deposition occurring
predominantly in the liver. Increased glycogen deposition is mediated through a
glucocorticoid induction of glycogen synthetase, an action that is insulin-dependent.
The effects of glucocorticoids upon carbohydrate metabolism have been reviewed by
McMahon et al. (1988) and Baxter & Tyrrell (1995).

Two well-established effects of excess glucocorticoids on lipid metabolism are the
dramatic redistribution of body fat, and the facilitation of the actions of lipolytic
agents such as catecholamines. Prolonged administration of large doses of
corticosteroids or hypersecretion of hydrocortisone as occurs in Cushing’s syndrome
leads to increased fat deposition to the back of the neck, face and supraclavicular
area and loss of fat from the extremities. This redistribution that has been postulated
to be due to selective lipogenic and lipolytic actions of insulin (elevated by
glucocorticoid-induced hyperglycaemia) and glucocorticoids, respectively (Fain &
Czech 1975). Thus if regional differences existed in the relative sensitivity of adipose
tissue to glucocorticoid and insulin there could be a net fat deposition at sites where
insulin sensitivity dominates and fat depletion at sites where glucocorticoid influence
is dominant. Indeed, although such fat redistribution could be mediated by indirect
actions of the hormones, the presence of glucocorticoid receptors in human adipose
tissue has been confirmed (Rebuffe-Scrive et al. 1990). Furthermore, more recent
evidence from the same group (Rebuffe-Scrive et al. 1992) indicates, that at least in
the rat, there does indeed exist regional differences in the adipose tissue metabolism
in response to direct subcutaneous placement of glucocorticoid releasing implants.
Glucocorticoids increase lipolysis and elevate plasma levels of free fatty acids via
their action to inhibit peripheral glucose uptake and glycerol production (Gaca &
Bernend 1974, Fain 1979), and through permissive actions which facilitate lipolytic
responses mediated via cAMP, eg stimulation by catecholamines (Birnbaum &
Goodman 1973). Glucocorticoids also exert direct effects upon lipoprotein
metabolism in man. A recent study by Berg & Nilsson-Ehle (1994) has contrasted
the effects of exogenous administration for 4 days of glucocorticoid
(dexamethasone) or ACTH upon plasma lipoprotein profiles in man. They reported
that ACTH effects are primarily upon apo-B-containing lipoproteins with decreases
in LDL cholesterol and plasma triglyceride and increases in HDL. Dexamethasone
effects were primarily to decrease lipoprotein (A) concentrations, with increases
observed in HDL and apolipoprotein A-I levels. Dexamethasone was found not to
affect hepatic lipase expression. In contrast, Jansen et al. (1992), studying the effect
of glucocorticoids upon hepatic lipase and lecithin-cholesterol acyltransferase
(LCAT), reported in rats administered for 4 days the synthetic glucocorticoids
dexamethasone and triamcinoline hepatic lipase expression to decrease and hepatic
lecithin-cholesterol acyltransferase to increase; the resulting lowered lipase/LCAT
ratio contributing to glucocorticoid increased plasma levels of HDL cholesterol.
Although no clear evidence exists for glucocorticoid associated artheroslerosis, Aoki
& Kawi (1993) have addressed the pathophysiologic implication of changes in
lipoprotein serum profiles in patients receiving chronic synthetic glucocorticoid
treatment, ie arthergenic actions of increased total serum cholesterol and serum
apolipoprotein B levels, and artheroprotective actions of increased HDL cholesterol.
Reports exist that may support a depleting effect of glucocorticoids upon the lipid
content of biological membranes, with specific influences upon membrane
cholesterol and sphingomyelin (Murrey et al. 1982, Nelson 1990). The consequence
of these reports upon membrane function await further investigation. Although
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more pertinent to the role of glucocorticoids in cellular and tissue development,
reports by Viscardi & Max (1993), Batenburg & Elfing (1992), Xu et al. (1990) and
Gonzales et al. (1990) record some actions of glucocorticoids upon fatty acid and
phophatidlycholine synthesis in fetal and undifferentiated tissue.

4.4.2 Effects Upon Metabolic Systems Directly Involved in Xenobiotic
Disposition

Given the vast array of effects of glucocorticoids upon protein expression it is inevitable
that those enzymes commonly involved in xenobiotic disposition will be affected.
Indeed from a developmental perspective, circulating glucocorticoids may well be
required to achieve full phenotypic expression. Reports over the last 5 years include
glucocorticoid promotion of phenobarbital and polycyclic aromatic hydrocarbon
inductive effects upon a range of cytochrome P450 isozymes, in addition to the inductive
actions of the glucocorticoid itself (Sherratt et al. 1990, Waxman et al. 1990, Shaw et
al. 1993); inductive and development aspects of glucocorticoid regulation of
cytochrome P4501A1 and glutathione-S-transferase Ya isozyme expression (Devaux
et al. 1992, Linder & Prough 1993); glucocorticoid induction of flavin mono-oxygenase
isozymes in lung and kidney tissue (Lee et al. 1993); and the dependence and regulation
of glutathione-S-transferase expression upon glucocorticoid (Fan et al. 1992, Lu et al.
1992).

4.4.3 Immune and Anti-inflammatory Effects

Glucocorticoids are among the most widely used drugs for the treatment of
inflammatory diseases. They are prominent agents in the management of a variety of
acute and chronic inflammatory conditions such as asthma, allergic rhinitis, arthritis,
systemic lupus erythematosus (SLE) and other connective tissue disorders. The
glucocorticoids inhibit not only the early phenomena of the inflammatory process
(oedema, fibrin deposition, capillary dilatation, leucocyte migration into inflammed
tissues, and phagocytic activity) but also the later manifestations (proliferation of
capillaries and fibroblasts, deposition of collagen). The immunosuppressive and anti-
inflammatory actions of the glucocorticoids are inextricably linked because both result
in large part from inhibition of specific leucocyte functions, either directly, or indirectly
through modulating the intercellular humoral cytokine signalling network (Almawi
et al. 1991). The basic and clinical correlates of glucocorticoid therapy in inflammatory
and other immune-mediated diseases have been addressed in the more recent reviews
of Boumpas et al. (1991, 1993), de Waal (1994), Kimberly (1994), Pytsky (1993),
Wick et al. (1993), Stein & Miller (1993), Pruett et al. (1993), Thompson (1993),
Goulding & Guyre (1992, 1993), Cohen (1993), Goust et al. (1993), Schleimer (1993),
Stam et al. (1993), Morand & Goulding (1993), Ray & Sehgal (1992), Hickman
(1992) and Russo-Marie (1992). The anti-inflammatory actions of the glucocorticoids
result from quantitative effects upon the levels of circulating leucocytes, and modulation
of the synthesis and action of vasoactive, chemotactic and cell-activating agents leading
to reduced leucocyte recruitment to inflammatory sites and inhibition of certain
leucocyte functions. In contrast to the immunosuppressive and anti-inflammatory
actions associated with relatively high circulating therapeutic levels of glucocorticoids,
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little is known about the role of basal levels of glucocorticoids upon the immune
system, although a modulating action can be expected. For example, apoptosis is
induced in immature thymocytes by physiologic levels of glucocorticoids (Cohen 1992,
Migliorati et al. 1992, Iwata et al. 1994), and it has been suggested that basal
glucocorticoid levels may have some role in thymic selection of T-cells.

Glucocorticoids are effective anti-inflammatory agents as a result of two specific
actions described in the following paragraphs.

4.4.3.1 Quantitative effects upon leucocyte populations

Glucocorticoid administration to man causes an increase in the number of circulating
neutrophils and a decrease in number of most other leucocytes, including lymphocytes,
monocytes and eosinophils (Baxter 1979, Parillo & Fauci 1979, Altman et al. 1981,
Fahey et al. 1981, Shoenfeld et al. 1981). After an acute single dose administration,
such changes are maximal at 6 h and are generally dissipated by 24 h; however, the
changes persist with continued steroid administration. The increase in neutrophils is
due to their increased rate of entrance into the circulation from the bone marrow,
diminished rate of removal from the circulation, and increased release from vascular
walls. The cytokine IL-1 is a powerful hematopoietic promoter, and the studies of
Dubois et al. (1993) have shown that glucocorticoids synergize with granulocyte- and
granulocyte/monocyte-, colony-stimulating factors (G-CSF and GM-CSF, respectively)
to upregulate IL-1 receptors on myeloid cells, most notably myelocytes, promyelocytes
and metamyelocytes—precursor cells of the neutrophil lineage. They concluded that
the ability of IL-1 to stimulate granulocyte hematopoiesis in vivo is partly due to the
synergistic actions of colony-stimulating factors and hydrocortisone to upregulate
IL-1 receptors. The other leucopenic manifestations are mostly due to redistribution
of cells from the circulation to other sites such as bone marrow, spleen, lymph nodes
and thoracic duct. Selective decreases are observed in subsets of lymphocytes, with
cells of the T lineage decreased proportionally greater than cells of the B lineage
(Parrillo & Fauci 1979, Schleimer 1990, Cupps & Fauci 1992). Although any acute
effects of glucocorticoids upon circulating lymphocytes are due to sequestration from
blood rather than lymphocytolysis, glucocorticoids can cause rapid lysis of lymphocytes
in rats and mice, and evidence for glucocorticoid activation of programmed cell death
in human mature T-cells exists (Nieto & Lopez-Rivas 1992). Indeed, it is well known
that acute lymphoblastic leukemia cells, and cells of other lymphatic malignancies,
can undergo programmed cell death in response to glucocorticoid (Caron-Leslie &
Cidlowski 1991, Alnemri et al. 1992, Hickman 1992, Caron-Leslie et al. 1994).

4.4.3.2 Modulation of the synthesis and action of vasoactive, chemotactic and
cell-activating agents

Inhibition of cell-cell activation, leading to a reduced leucocyte recruitment to
inflammatory sites and inhibition of certain leucocyte functions, is a consequence of
glucocorticoid interference with an array of intercellular humoral signalling molecules
involved in immune responses.

Increased capillary blood flow and permeability play an important role in the acute
inflammatory response, influencing the transport of leucocytes and plasma proteins
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to localized tissue sites of inflammation. Indeed, the earliest changes at a site of
inflammation include local capillary dilatation, enhanced vascular permeability and
tissue oedema. Such changes are mediated by a variety of molecules but a prominant
role exists for arachidonic acid metabolites, kinins and histamine (Fahey et al. 1981,
Larsen & Henson 1983, Munck et al. 1984, Naray-Fejes-Toth et al. 1984, Johnson &
Baxter 1985, Beutler & Cerami 1986, Flower 1986, Goodwin et al. 1986). Arachidonic
acid is derived directly from phosphatidylcholine by the actions of phospholipase A

2and is a precursor of a number of molecules collectively called eicosanoids, ie
prostaglandins, thromboxanes, hydroperoxyeicosatetraenoic acids (HPETEs),
hydroxyeicosatetraenoic acids (HETs) and leukotrienes. Eicosanoids have widespread
actions in both the innate and acquired immune responses, and glucocorticoids can
profoundly inhibit induced phospholipase A

2
 activity (Goppelt-Struebe & Rehfeldt

1992), with cells of the macrophage phagocytic system one the main targets (De
Caterina et al. 1993). Recent considerations of mechanism(s) by which glucocorticoids
inhibit phospholipase A

2
 have invoked post-transcriptional events (Nakano et al. 1990,

Bailey 1991) which may nevertheless involve the protein or family of proteins, lipocortin
(DiRosa et al. 1985, Flower 1988, Peers et al. 1993) (see section 4.3). Furthermore,
glucocorticoids also regulate cyclooxygenase activity and thereby can selectively disrupt
processing of arachidonic acid to prostaglandin and thromboxane metabolites, eg in
glomerular mesangial cells glucocorticoids abolish IL-1- and TNF-stimulated
prostaglandin synthesis at the level of both phospholipase A

2
 and cyclooxygenase

(Coyne et al. 1992). Two cDNAs, a 2.8- and a 4.1-kilobase sequence, have been
isolated and cloned which code for constitutive and inducible cyclooxygenase enzymes,
respectively (O’Banion et al. 1992). It is the latter 4.1-kilobase inducible gene that is
regulated by glucocorticoids. Under normal conditions glucocorticoids will maintain
tonic inhibition of inducible cyclooxygenase expression (Masferrer et al. 1992). With
depletion of glucocorticoid or exposure to inflammatory signals, the negative regulation
of the enzyme is diminished or overcome and excess prostaglandin and thromboxane
metabolites are generated, leading to inflammatory sequelae. However, not all modes
of induction of arachidonic acid metabolism appear susceptible to inhibition by
glucocorticoids, eg in alveolar macrophages glucocorticoids fail to inhibit arachidonic
acid metabolism stimulated by hydrogen peroxide (Sporn et al. 1990).

Glucocorticoids are potent inhibitors of the release of histamine and leukotrienes
(Schleimer et al. 1981, Schleimer 1985) from basophils. They also stabilize lysosomes
and thereby reduce the local release of proteolytic enzymes and hyaluronidase that
contribute to tissue oedema. Although human mast cell function is relatively resistant
to the effects of glucocorticoids, mast cell numbers and their tissue migration can be
affected (Schleimer et al. 1983, Schleimer et al. 1989, Turner & Spannhake 1990).
Reports of the effect of glucocorticoids upon complement activation are equivocal:
Zach et al. (1992, 1993) reported that in the alveolar cell line, A549, dexamethasone
stimulates elevations in C3 mRNA and increases the expression of a functionally
active C3 protein. While Dauchel et al. (1990) reported that consistent with its anti-
inflammatory activity, dexamethasone decreases C3, and Factor B expression in human
umbilical vein endothelial cells (HUVECs).

Recent studies have shown glucocorticoids to have effects upon neuropeptide
driven inflammatory responses—‘neurogenic inflammation’. For example,
glucocorticoids can induce the expression of the plasma membrane enzyme, neutral
endodpeptidase 24.11, an enzyme which degrades, among other molecules,
Substance P, a recognized neuropeptide responsible for increased vascular
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permeability and cellular infiltration (Piedimonte et al. 1990, Borson & Gruenert
1991). Furthermore, of great significance in recent years has been the discovery that
nitric oxide serves as a short-lived mediator in some immune responses. Induction of
glucocorticoidregulated, calcium-dependent inducible nitric oxide synthase (iNOS)
in vascular smooth muscle and endothelial cells contributes significantly to the
vascular reactivity and hypotension elicited following exposure to bacterial
endotoxin (Knowles et al. 1990, Radomski et al. 1990, Rees et al. 1990, Moritoki
et al. 1992, Szabo et al. 1993, Berrazueta et al. 1994, Szabo et al. 1994).
Transcriptional upregulation of the iNOS is subject to a variety of stimuli including
lipopolysaccharide (LPS) and cytokines INF?, TNF and IL-1 (Geller et al. 1993),
whereas glucocorticoids downregulate iNOS without effects upon arginase activity
(Pittner & Spitzer 1993); glucocorticoids do not inhibit the expression of
constitutive nitric oxide synthase (Rdomski et al. 1990). Glucocorticoid prevention
of iNOS induction is an important component in the therapeutic management of
endotoxin shock. Similarly, cardiovascular tolerance to endotoxin may be explained
by attenuated induction of iNOS due to elevated endogenous glucocorticoid levels.

While the mechanism by which glucocorticoids inhibit infiltration to tissue sites
has not been fully elucidated, the role of glucocorticoids in inhibiting the actions of
leucocyte chemo-attractants and of endothelial-activating cytokines (Wahl et al.
1975, Staruch & Wood 1985, Bochner et al. 1987, Guyre et al. 1988, Wallace &
Whittle 1988, Wu et al. 1991, Kerner et al. 1992) is of prime significance. Lipid
mediators such as leukotrienes B

4
, C

4
, D

4
, and cytokines such as IL-8, PDGF and

macrophage inflammatory proteins (MIP), function as leucocyte chemo-attractants.
Endothelial activation by cytokines such as IL-1, IL-4, IFN? and TNF induces
expression of endothelial cell surface adhesion molecules, such as P and E-selectin,
ICAM-1 and VCAM-1 which can bind to respective ligands, eg sialylLewis-X-E-
Selectin and CD11a/CD18-ICAM-l, expressed on the surface of activated
leucocytes. Such endothelial-leucocyte interactions promote leucocyte adhesion and
transendothelial migration of leucocytes at sites of inflammation. The end result of
glucocorticoid inhibition of chemotaxis and endothelial activation is the disruption
of the margination process whereby leucocytes are arrested on the vasculature wall
prior to tissue infiltration. Glucocorticoids also modify the permeability and
function of mucosal epithelium (Lundgren et al. 1988), derangement of which is
evident in a number of inflammatory disorders.

A number of specific leucocyte functions are blocked by the glucocorticoids
(Nowell 1961, Gillis et al. 1979, Lotta-Larsson 1980), functions which are
pertinent to both the anti-inflammatory and immunosuppressive effects of
glucocorticoids. Macrophage functions are relatively sensitive to glucocorticoid
inhibitory actions (Russo-Marie 1992). The steroids suppress committed marrow-
forming monocyte stem cells and block the differentiation of monocytes to
macrophages (Bar-Shavit et al. 1984). Glucocorticoids also inhibit the action of
macrophage migration inhibitory factor (MIF), thereby promoting the egress of
macrophages from inflammatory sites. Glucocorticoids effectively repress major
histocompatibility complex (MHC) class II gene expression (Celada et al. 1993),
for MHC proteins both constitutively expressed in B-lymphocytes, and those
regulated by IFN?-induction as in macrophages. The synthesis and secretion of
IFN? by activated T

helper
-lymphocytes is inhibited by glucocorticoids with

consequent disruption of the facilitating effects of IFN? upon macrophage
expression of surface Fc receptors, and macrophage antigen processing and
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presentation in association with MHC proteins (Larsen & Henson 1983, Gerrard
et al. 1984, Mokoena & Gordon 1985). The reduced expression of Fc receptors
limits binding of antibody-bound micro-organisms or immune complexes, and cell
macrophage activation with decreased phagocytic activity and exocytosis of
proteases such as collagenase and elastase, and of plasminogen activator.
However, the role of glucocorticoids upon Fc receptor expression highlights the
complexity of glucocorticoid pharmacology in that glucocorticoids not only
inhibit IFN? synthesis, but can also possess opposing actions by acting
synergistically with IFN? to enhance gene transcription, eg synergistic induction
by glucocorticoids and IFN? of the mRNA for the high affinity IgG Fc receptor
(Fc?RI) on macrophages (Sivo et al. 1993). Glucocorticoids have also been shown
to inhibit the LPS and IFN? stimulation of the induction of iNOS in macrophages
(DiRosa et al. 1990). Nitric oxide production in macrophages is implicated in cell
activation and the ‘respiratory burst’ to generate reactive oxygen species. Not all
glucocorticoid actions are to inhibit gene products, eg glucocorticoids increase the
expression of mannose receptors on the macrophage plasma membrane thereby
enhancing uptake and internalization of lysomal enzymes (Johnson & Baxter
1985), an effect which nevertheless ‘dampens’ the inflammatory response.
Glucocorticoids inhibit macrophage synthesis and release of the eicosenoids,
leukotriene B

4
 and prostaglandin E

2,
 and the cytokines GM-CSF, IL-6, TNF and IL-

1 (Dinarello & Mier 1987, Lew et al. 1988, Linden 1992, Kato & Schleimer 1994,
Linden & Brattsand 1994). Cytokines incite many of the processes of
inflammation, eg GM-CSF is an important haematopoietic growth factor inducing
proliferation and activation of inflammatory cells, TNF and IL-1 activate
increased expression of endothelial cell adhesion molecules and induce the hepatic
synthesis of the acute phase proteins. In particular, IL-1 participates in the
proliferation of B-lymphocytes and their ultimate differentiation into
immunoglobulin-secreting plasma cells. However, despite marked effects upon B-
lymphocyte function and immunoglobulin secretion in vitro (Garvy & Fraker
1991, Nusslein et al. 1994), the effects of glucocorticoids upon B-lymphocyte
functions at normal therapeutic concentrations in vivo are generally minimal.
Therapeutic doses do not significantly decrease either the concentration of
antibodies in the circulation (Butler & Rossen 1973, Parrillo & Fauci 1979)
(contrary reports exist; Wira & Rossell 1990) or ordinarily affect antibody
responses to antigenic challenges (Butler 1975). Nevertheless, glucocorticoids can
suppress humoral immune responses, for example, IgE antibody-mediated
cutaneous anaphylaxis (Inagaki et al. 1992, Miura et al. 1992) through indirect
actions upon cytokine mediators. More importantly macrophage-secreted IL-1
participates in activation of the T

helper
-lymphocytes during the antigen presentation

process. The activated T
helper

-lymphocyte is central to immune responses
elaborating a series of humoral factors facilitating differentiation of B-cells into
plasma cells (mediators IL-2, IL-4, IL-5, IL-6), directing T-lymphocytes to undergo
clonal expansion, and induction of cytotoxic T-lymphocyte populations (IL-2)
(Gatti et al. 1986, Papa et al. 1986), and chemotaxis and stimulation of
granuloctyes and monocytes (IL-3, GM-CSF); Stam et al. (1993) have
characterized at least two subtypes of T

helper
-lymphocytes with respect to the

pattern of cytokine secretion and its differential modulation by glucocorticoids. In
addition to inhibiting activation of T

helper
-lymphocytes by IL-1, glucocorticoids also

have direct actions upon the synthesis of at least IL-4 (Wu et al. 1991) and IL-2
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(Horst & Flad 1987) by T
helper

-cells, suppressing the amplification of the cell-
mediated immune response by inhibiting the expression of the IL-2 gene in T-
lymphocytes (possibly mediated through suppression of leukotriene B

4
 synthesis;

Godwin et al. (1986) and by disrupting IL-2 binding with its membrane-bound
receptor, and in some instances by modulating circulating levels of soluble IL-2
receptor (Sauer et al. 1993). Not surprisingly, glucocorticoids have been reported
to enhance in vitro pathways promoting lymphocyte proliferation, ie
glucocorticoid inhibition of cytokine (IFN?, IL-2)-mediated activation of bone
marrow derived natural suppressor cells, a function of these cells being the non-
specific suppression of lymphocyte proliferative responses (Rodriguez et al. 1994).
Kam et al. (1993) have addressed the mechanisms contributing to persistent T-cell
activation and poor response to glucocorticoids in chronic inflammatory diseases
such as steroid resistant asthma. They found that functional resistance to
glucocorticoid suppression of T-cell proliferation was associated with reduced
binding affinity of the glucocorticoid to the nuclear receptor, an effect that could
be induced in vitro by exposure of T-cells to a combination of IL-2 and IL-4 and
which could be blocked by IFN?. These observations are consistent with
glucocorticoids exerting their suppressive effects at an early stage of T-lymphocyte
proliferation (Haczku et al. 1994). In recent years, the phenomenon of
glucocorticoid resistance has been reviewed by Arai & Chrousos (1994), Kaspers
et al (1994), Chrousos et al. (1993) and Cypcar & Busse (1993).

In general, granulocyte functions are less susceptible to the actions of glucocorticoids,
for example, glucocorticoids at concentrations normally achieved in vivo do not inhibit
chemotaxis, phagocytosis or the production of arachidonic acid metabolites in
neutrophils, or chemotaxis in eosinophils (Schleimer et al. 1989). However,
glucocorticoids can inhibit the priming effect of certain cytokines in both these cell
types, eg glucocorticoids inhibit the activating action of IFN? to increase expression
of Fc receptors on neutrophils (Petroni et al. 1988). Similarly, eosinophil survival can
be potentiated by IL-3, IL-5 and GM-CSF, cytokines whose synthesis is inhibited by
glucocorticoids (Lamas et al. 1989, 1991, Cox et al. 1991, Wallen et al. 1991).
Glucocorticoids inhibit both specific matrix cell activities of fibroblasts, such a collagen
and glycoaminoglycan formation, and the overall function of the cell (Aronow 1979,
Furcht et al. 1979, Cuttroneo et al. 1981, Sterling et al. 1983, Smith 1984). Inhibitory
actions upon fibroblasts lead to easy bruising and poor wound healing, and is one of
the many contributing factors to thinning of the bone matrix and osteoporosis seen in
glucocorticoid excess conditions. For recent work dealing with clinical and basic aspects
of glucocorticoid induced osteoporosis the reader is refered to the papers of Kerstjens
et al. (1994), Reid et al. (1994), Lian & Stein (1993), Morrison & Eisman (1993),
Russell (1993), Nielsen et al. (1991), Mitchell & Lyles (1990), Hodgson (1990), Lukert
& Raisz (1990) and Bockman & Weinerman (1990).

In summary, the maze of immunological responses to humoral mediators combined
with the complex nature of glucocorticoid molecular interactions leads to seemingly
paradoxical effects of glucocorticoids on the immune system. The predominant actions
of glucocorticoids on the immune system are inhibitory in nature, consistent with the
major therapeutic role of glucocorticoids as anti-inflammatory and immunosuppressive
agents. Glucocorticoids do not cause permanent damage to the immune system. In
humans the steroids affect cellular more than humoral immune responses and
macrophages more than polymorphonuclear leucocytes, and are more effective if given
prior to, or concurrent with, an antigenic challenge, rather than after.
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4.4.4 Central Nervous System Effects

Glucocorticoids affect a variety of events in the central nervous system (CNS) (Duope
& Patterson 1982, Baxter & Tyrrell 1995) including aspects of behavioural and
psychological development (Carpenter & Gruen 1982, Oitzl & de Kloet 1992).
Changes in psychological development observed in children and adolescents receiving
chronic glucocorticoid treatment have been reviewed by Satel (1990). Although the
earliest manifestations of high plasma glucocorticoid concentrations is euphoria,
chronic high levels of glucocorticoids can be accompanied by depression, sleep
disturbances and psychoses. The role of glucocorticoids in depression has been reviewed
by Lesch & Lerer (1991) and Murphy (1991). A prominent CNS research area is that
of glucocorticoid modulation of neuroendocrine physiology, and in particular the
regulation of neuropeptides. For example, this list includes mechanistic aspects of
glucocorticoid inhibition of growth hormone release (Giustina et al. 1990, Martinoli
et al. 1991, Lima et al. 1993, Popovic et al. 1993, Giustina et al. 1994, Thakore &
Dinan 1994); glucocorticoid upregulation of prepro-neuropeptide Y and Y1 receptors
in the arcuate nucleus (Larsen et al. 1994); glucocorticoid induction of peptidyl-glycine
alpha-amidating monooxygenase (post-translational processing enzyme catalysing
formation of alpha-amidated peptides) expression (Grino et al. 1990) and atrial
natriuretic peptide (Huang et al. 1991); and effects of glucocorticoids on the expression
of vasoactive intestinal peptide (VIP) (Watanobe 1990), an established prolactin-
releasing factor, in the brain, and divergent effects of glucocorticoids on VIP expression
in cerebral cortex and pituitary regions (Lam et al. 1992).

Glucocorticoids regulate a variety of CNS enzyme activities. Thus, glucocorticoids
regulate increased hippocampal expression of glycerol phosphate dehydrogenase in
response to stress events (Masters et al. 1994). This enzyme fulfils a role in CNS
development and participates in oligodendrocyte response to stress in the adult brain.
Indeed, glucocorticoids participate in oligodendrocyte differentiation (Barras et al.
1994). Consistent with their peripheral tissue effects, glucocorticoids inhibit the
inducible expression of cyclooxygenase in the CNS (Yamagata et al. 1993). The
inducible cyclooxygenase gene (COXII) is expressed throughout the forebrain and
enriched in neurons of the cortex and hippocampal regions. Neuronal expression of
cyclooxygenase is rapidly and transiently induced in seizures or NMDA-dependent
synpatic activity. Cyclooxygenase activity in the CNS potentially fulfils a regulatory
function in neuronal signaling. Regulation of catecholamine biosynthesis is crucial in
the adaptation to various CNS conditions, eg stress and depression. MacMahon &
Sabban (1992) have reported glucocorticoid induction of dopamine-ß-hydroxylase,
the enzyme catalysing formation of noradrenaline from dopamine, while Biron et al.
(1992) have investigated the effects of adrenolectomy and glucocorticoid replacement
therapy on the density of dopamine receptors in different regions of the brain. Although
different regions of the brain were more sensitive to the regulatory effects of
glucocorticoids, in general decreased glucocorticoids downregulate dopamine receptor
density and vice versa. Glucocorticoids modulate synaptic membrane biochemistry
and function. For example, synaptic plasma membranes in the brain possess specific
binding sites for glucocorticoids, glucocorticoids regulate Ca2+uptake in brain
synaptosomes and promote calmodulin binding to the synaptic membrane (Sze &
Iqbal 1994a,b)—a variety of biochemical processes associated with synaptic
membranes are dependent upon calmodulin regulation. Glucocorticoids affect the
electrical activity of the brain (Chen et al. 1991), eg high circulating levels of
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glucocorticoids lower the threshold for electrically-induced convulsions, while adrenal
insufficiency causes marked slowing of the alpha rhythm of the EEG.

One of the most intense areas of steroid-CNS research in recent years is that of the
inter-relationship between stress-induced release of high levels of glucocorticoid and
promotion of age-related central neuron degeneration and intensification of some
acute neuronal toxicities arising from metabolic insults—see review articles by
Landfield (1994), McEwen et al. (1992), Hall (1990, 1993) and Stein-Behrens &
Sapolsky (1992). Indeed, even the clinical manifestations of glucocorticoid effects
upon neuronal pathophysiology are still equivocal, with some studies demonstrating
that glucocorticoid treatment may attenuate post-traumatic and post-ischaemic central
neuronal damage. While deleterious effects of glucocorticoids upon chronic and acute
neuronal degeneration are thought to be mediated through the glucocorticoid receptor,
eg disruption of ATP cellular metabolism in hippocampal neurons during metabolic
insults—aglycaemia (Lawrence & Sapolsky 1994), protective effects appear to involve
an intrinsic ability of certain glucocorticoids to inhibit oxygen free radical-induced
lipid peroxidation independently of glucocorticoid receptor interaction (Hall 1990,
1993).

4.4.5 Effects Upon the Cardiovascular System

By far the most important action of glucocorticoids upon the cardiovascular system
is their effect upon blood pressure. Glucocorticoid excess as in Cushing’s syndrome
is associated with hypertension in at least 70% of patients, independently of the
subtype (pituitary or adrenal) (Mantero & Boscaro 1992), and hypertension occurs
in 20% of patients treated with glucocorticoids. Indeed, the mortality of patients
with Cushing’s syndrome is approximately four times that of the general population
when matched for age and sex, and much of this excess mortality is the result of
cardiovascular disease. In Cushing’s patients and patients receiving chronic
glucocorticoid therapy, the circadian blood pressure variations are absent or reversed,
consistent with a role of glucocorticoids in the control of circadian blood pressure
rhythm (Panarelli et al. 1990). Both hydrocortisone and ACTH raise blood pressure
in normal subjects, the effect of ACTH probably being mediated through the raised
levels of hydrocortisone. High doses of hydrocortisone (200 mg/day) or maximal
stimulation by ACTH rapidly (3–5 days) raise blood pressure in subjects on a normal
sodium intake, and this is accompanied by a marked sodium retention and a negative
potassium balance. Increased total sodium is responsible for suppressing renin and
aldosterone levels while that of atrial natriuretic peptide (ANP) increases. Expansion
of extracellular fluid and plasma volumes is evident, and both glomerular filtration
rate (GFR) and renal vascular resistance rise (Kenyon & Fraser, 1992). Clearly high
dose hydrocortisone raises blood pressure by actions arising from interaction with
both type I (mineralocorticoid) and type II (glucocorticoid) receptors. However,
that glucocorticoids can raise blood pressure independently of activating the type I
receptor is evident by the hypertensive effects of synthetic glucocorticoids, such as
dexamethasone, methyprednisolone and triamcinolone, which are devoid of
mineralocorticoid actions upon electrolyte and water balance (Whitworth et al.
1989). Synthetic glucocorticoids such as these give rise to hypertension which is of
rapid onset and independent of salt intake. While this iatrogenic hypertension cannot
be controlled by spironolactone, it can be inhibited by glucocorticoid-specific receptor
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antagonists such as RU486. Although the mechanism of glucocorticoid-induced
hypertension in man remains poorly defined, it appears not to reflect sodium retention
or volume expansion. Current views are that increased pressor responsiveness is
likely to be an important factor. Glucocorticoid hypertension and the evoking
mechanism have been reviewed in the more recent articles of Whitworth (1994),
Mantero & Boscaro (1992) and Grunfeld (1990). Glucocorticoid actions to increase
glomerular filtration rate have been reviewed by Baylis et al. (1990). Examples of
modulation of vascular smooth muscle biochemical responses through glucocorticoid
activation of type II receptors are evident. Receptors for both mineralocorticoids
(type I) and glucocorticoids (type II) are present in arterial smooth muscle cells, and
recent work by Kornel et al. (1993a,b) has shown that glucocorticoids can markedly
increase Na+ and Ca2+ influx into arterial vascular smooth cells; mineralocorticoids
only increase Na+ influx. Glucocorticoid modulation of Na+ and Ca2+ influx was
shown to be mediated via type II receptors and inhibited by the type II receptor
antagonist, RU486. Glucocorticoid increase in vascular smooth muscle uptake of
Ca2+is possibly mediated by an increase in the number of dihydropyridine-sensitive
Ca2+ channels (Hayashi et al. 1991). Glucocorticoids regulate the contractility of
vascular smooth muscle to noradrenaline, specifically to enhance vascular
responsiveness to the actions of noradrenaline. Liu et al. (1992) have shown
glucocorticoids to affect both alpha-1 adrenoreceptor number and coupling to G-
proteins, with a consequent increase in the formation of second-messenger
production, dexamethasone enhancing noradrenaline-induced inositol
monophosphate, biphosphate and triphosphate formation up to two-fold. This
indicates that the action of glucocorticoids upon vascular smooth muscle contractility
is at least partly through modulation of alpha-1 adrenoreceptor-mediated second-
messenger production. Additionally, in vascular smooth muscle cells glucocorticoids
have been shown to increase the maximal binding efficiency of dopamine for its
DA

1
 receptors (Yasunari et al. 1994), and induce secretion of endothelin, a potent

vasconstrictor (Kanse et al. 1991).
Among the other actions of glucocorticoids to have received attention in recent

years is the action of glucocorticoids to directly modulate renal transporter systems
through type II binding, including stimulation of Na+-K+-ATPase, the Na+-H+ exchanger
and Na+-dependent phosphate transporter (Kinsella 1990, Arruda et al. 1993, Baum
et al. 1993, Celsi & Wang 1993, Wang et al. 1994).

4.4.6 Quantitative Structure-Activity Relationships

Modifications to the structure of hydrocortisone have led to increases in the ratio of
anti-inflammatory to Na+-retaining potency. While mineralocorticoid and
glucocorticoid activity can be selected for by chemical modifications to the basic
steroid nucleus, the anti-inflammatory actions of glucocorticoids and their effects
upon carbohydrate and protein metabolism parallel each other closely. Marked
selectivity between mineralocorticoid and glucocorticoid actions reflects the structure-
activity requirements in molecule interaction with the respective steroid binding sites
on the corticosteroid receptors. Relative differences in, for example, anti-inflammatory
activity within a series of steroidal analogues potentially reflecting not only differences
in ‘pharmacological’ receptor interaction but also differences in the absorption and
disposition of the analogues, eg extent of oral bioavailability, extent of tissue



M.Gumbleton and P.J.Nicholls

108

distribution, and residence time in the body. Figure 4.8 shows the structural
modifications to the hydrocortisone molecule that have been exploited in the
development of some synthetic corticosteroid analogues, and the resulting impact
upon glucocorticoid or mineralocorticoid activity. Important structural modifications
leading to quantitative differences in activity include those described below.

4.4.6.1 Ring A

The 4,5 double bond and the 3-ketone are both necessary for typical
adrenocorticosteroid activity. A double bond between C

1
 and C

2
 selectivity increases

glucocorticoid activity. The modification also decreases the rate of metabolic
degradation, eg prednisolone is metabolized more slowly than is hydrocortisone.

4.4.6.2 Ring B

Fluorination in the 9a position enhances all biological activities of the corticosteroids,
although glucocorticoid activity to a greater extent. The effect of this structural
alteration is considered to be mediated through the greater electron-withdrawing effect
on the adjacent 11ß-hydroxyl group. Substitution at the 6a position has unpredictable
effects, eg 6a methylation of hydrocortisone increases both anti-inflammatory and
Na+-retaining actions, while the same modification made to prednisolone produces
slightly greater anti-inflammatory actions and less electrolyte-regulating potency
compared to prednisolone itself.

Figure 4.8 Structural determinants and relative glucocorticoid and mineralocorticoid
potencies of some natural and synthetic corticosteroids
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4.4.6.3 Ring C

A hydroxyl group at C
11

 is essential for glucocorticoid activity. For example
11deoxycorticosterone has powerful mineralocorticoid activity but is virtually devoid
of glucococorticoid activity, whereas corticosterone possesses both gluco- and
mineralocorticoid actions. The presence of a keto group instead of a hydroxyl group
at C

11
 removes corticosteroid activity. The effectiveness of, for example, prednisone is

dependent upon enzymatic reduction of the keto group to a hydroxyl group.

4.4.6.4 Ring D

Substitution of a hydroxyl or methyl group at C
16

 selectively decreases
mineralocorticoid actions without significant effects upon glucocorticoid actions. All
current steroidal anti-inflammatory agents are 17a-hydroxy compounds, although
some carbohydrate-regulating and anti-inflammatory effects may occur in 17-deoxy
compounds, eg corticosterone.

4.5 Conclusion

This review has identified the profound effect of glucocorticoids on vital control
mechanisms of many cellular systems. Under normal physiological conditions these
actions have a central role in maintaining homeostasis and under pathophysiological
stress work towards restoring it. However, in situations where defects arise in the
pituitary-adrenocortical axis, as for example by xenobiotic-induced adrenal toxicity,
it should not be surprising that the adverse sequelae may be profound and widespread.
Also, where the glucocorticoids are employed as pharmacological agents a correct
understanding of their manifold influences on cellular processes by precise molecular
mechanisms is essential if adverse reactions are to be avoided or minimized.
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The Adrenal Cortex as a Toxicological
Target Organ
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5.1 Introduction

The adrenal cortex is a complex and multifunctional endocrine organ that secretes a
variety of steroid hormones. The complexity of the gland may be a contributing factor
in its vulnerability to toxicants. Among the endocrine organs, the adrenal cortex is
the one most commonly affected by toxic substances (Ribelin 1984). A wide variety
of chemicals have been found to cause structural and/or functional changes in the
gland. Some of the reasons for this relatively high frequency of toxicantinduced adrenal
lesions are discussed later in this chapter.

The literature dealing with chemical-induced toxicities of the adrenal cortex is
extensive and diverse. Several review articles in recent years have addressed various
aspects of this topic (Colby 1988, Szabo & Lippe 1989, Hallberg 1990, Colby &
Longhurst 1992). Most investigations on adrenal toxicants have focused on either the
morphologic or functional consequences of the substance studied, but rarely both. As
a result, for relatively few substances are structure-function relationships well defined.
Reviews by Ribelin (1984) and by Szabo & Lippe (1989) contain excellent descriptions
of the morphologic lesions caused by a number of adrenal toxicants. In this chapter,
emphasis is placed on the functional aspects of adrenocortical toxicology with respect
to both the actions of toxicants and the resulting impact on the gland. Some of the
general characteristics of adrenal toxicants are described first, with the actions of
specific toxicants and the toxicological processes involved then provided as examples.
Where possible, mechanisms of action are indicated, but for most adrenal toxicants
the information available in the literature remains largely of a descriptive nature.

The consequences of toxicant interactions with any target organ, including the
adrenal cortex, are inextricably linked to the functional role of the organ. Accordingly,
an understanding of adrenocortical toxicology requires some knowledge of the actions
of adrenal hormones and of the biochemical mechanisms involved in their biosynthesis.
The steroid hormones that are secreted by the adrenal cortex have far-reaching effects
in the body and participate in the regulation of many important physiological processes
(Colby, 1987). Glucocorticoid actions include the modulation of carbohydrate, lipid
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and protein metabolism, and mineralocorticoids have significant roles in electrolyte
and blood pressure homeostasis (Table 5.1). Adrenal androgens, although less potent
than the testicular hormone, testosterone, have similar effects and are secreted in
large amounts. As a result of the diversity of actions of adrenal hormones, disruption
of normal adrenocortical function, whether caused by disease or toxicant-induced
injury, can elicit a variety of functional changes.

5.2 Sites of Action of Adrenal Toxicants

The regulation of adrenocortical hormone secretion involves a number of extraadrenal
sites in addition to essential intra-adrenal processes. The hypothalamicanterior pituitary
axis has a central role in the control of glucocorticoid and androgen output (Figure
5.1) and the renin-angiotensin system is of primary importance in the regulation of
mineralocorticoid secretion. As a result of the multiple levels of control of
adrenocortical function, there are many potential sites of action for toxicants that

Figure 5.1 Regulation of cortisol secretion by the hypothalamo-pituitary axis. +,
Stimulation; -, inhibition. From Colby (1987)

Table 5.1 Physiological effects of adrenal corticosteroids
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can effect disruption of adrenal homeostasis. For example, changes in ACTH secretion
that result from chemical actions on the brain or pituitary gland will alter adrenal
glucocorticoid and androgen secretion. Similarly, substances affecting any of the
components of the renin-angiotensin system may perturb mineralocorticoid production.
In addition, toxicants may influence the activity of adrenal negative feedback control
loops by effects on hepatic metabolism of steroids or on the binding of steroid hormones
to plasma proteins, thereby causing changes in adrenocortical secretion. Such
alterations in adrenal function constitute secondary responses to toxicant actions at
extra-adrenal sites; chemicals producing these effects may be considered indirect adrenal
toxicants. There are also many chemicals that adversely affect the adrenal cortex by
direct actions on the gland, and thus are primary or direct-acting adrenal toxicants. It
is the latter group of substances that this chapter focuses on.

Within the adrenal cortex, there are a number of processes that are essential for the
synthesis and secretion of steroid hormones (Figure 5.2). These include, but are not
limited to, the following: interaction of adrenal regulatory factors (ACTH, angiotensin
II) with target cell membrane receptors; synthesis of cyclic nucleotides in adrenocortical
cells; activation or inhibition of protein kinases by second messenger systems; synthesis
of steroidogenic enzymes; cellular uptake of plasma lipoproteins and intracellular
transport of cholesterol for use in steroidogenesis (Colby 1987). Interference with
any of these processes would be expected to adversely impact adrenocortical function.
Although not all of these events have been definitively identified as sites of action of
adrenal toxicants, it should be noted that the mechanisms of action of many adrenal
toxicants have yet to be determined. Future studies may reveal mechanisms and target
sites beyond those already described.

Figure 5.2 Mechanism of action of ACTH on adrenocortical steroidogenesis. The
numbered arrows indicate the steps involved in cholesterol mobilization that are
stimulated by ACTH. LDL, Low density lipoprotein; R, receptor; +, stimulation. From Colby
(1987)
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The most commonly described mechanism of action of adrenocortical toxicants
involves interactions with one or more steroidogenic enzymes. The synthesis of
adrenocortical hormones occurs by the sequential enzymatic modification of the
precursor molecule, cholesterol (Figure 5.3). Because of its critical role in
steroidogenesis, it should not be surprising that large amounts of cholesterol are stored
by adrenocortical cells, principally as cholesterol esters. Many of the enzymatic
reactions required for the conversion of cholesterol to the adrenal hormones are
sitespecific hydroxylations on the steroid nucleus that are catalysed by distinct
cytochrome P450 isozymes (Hall 1986, Miller 1988). Some of these P450 isozymes
are localized to mitochondrial membranes and others to the endoplasmic reticulum
(ER) of adrenal cells, requiring the intracellular migration of precursor steroids in the
course of hormone synthesis. As discussed later, the P450-catalysed steroid hydroxylases
are of major importance in adrenal toxicology, not only as targets for some adrenal
toxicants, but as the sources of oxygen radicals and reactive metabolites of xenobiotics
that may mediate toxicity.

Figure 5.3 Steroidogenic pathways in the zona glomerulosa (within broken lines) and
zona fasciculata-zona reticularis (within solid lines) of the human adrenal cortex. The
major secretory products are shaded. Enzymes: 1, cholesterol side-chain cleavage; 2, 3ß-
hydroxysteroid dehydrogenase-isomerase; 3, 21-hydroxylase; 4, 11ß-hydroxylase; 5, 18-
hydroxylase; 6, 18-hydroxysteroid dehydrogenase; 7, 17a-hydroxylase; 8, C17–20 lyase;
9, 17-hydroxysteroid dehydrogenase; 10, aromatase; 11, 16a-hydroxylase. From Colby
(1987)
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The functional consequences of toxicant actions on the adrenal cortex, in
addition to the anatomical regions of the gland that are affected by each toxicant,
are determined in part by the metabolic capabilities of different adrenocortical
cells. The profile of hormones that is synthesized by each steroid-secreting cell is
dictated by the sites of expression of the different P450-catalysed steroid
hydroxylases. For example, secretion of glucocorticoids and mineralocorticoids is
limited to the adrenal cortex because several of the P450 isozymes required for the
synthesis of these hormones are not expressed in other steroidogenic organs.
Similarly, the differential expression of some P450 enzymes among the anatomical
zones of the adrenal cortex results in zonal steroidogenic differences known as
functional zonation. Thus, the mineralocorticoid, aldosterone, is secreted only by
the cells of the zona glomerulosa, whereas the inner two zones of the gland, the
zona fasciculata and zona reticularis, are the sites of glucocorticoid and androgen
production. In addition to the uniqueness of the hormones produced by each zone,
there are zonespecific regulatory mechanisms controlling steroid secretion (Colby
1987). It is important for the toxicologist to be aware of these zonal differences
because, for example, the unique metabolic characteristics of certain adrenal cell
types may at times be responsible for the formation of toxic substances, causing a
cell-specific toxicity. In addition, the nature of any functional changes caused by
toxicants depends upon the physiological role(s) of the adrenal zone(s) affected. As
previously noted by Ribelin (1984), the zona fasciculata and zona reticularis are the
target sites for adrenal toxicants far more often than is the zona glomerulosa. Some
of the factors that may contribute to this differential susceptibility are discussed
below.

5.3 Substances Causing Adrenal Toxicity

About 10 years ago, Ribelin (1984) reviewed the literature on chemical-induced
lesions in endocrine organs, and found that the adrenal cortex was most frequently
cited. He noted that many different types of substances caused morphological
changes in one or more of the anatomical zones of the gland. Since then, additional
reports in the literature indicate that many other chemicals may also be adrenal
toxicants. This is particularly true if the definition of adrenal toxicant is taken
broadly, as favoured by this author, to include all substances causing either
morphologic or functional lesions in the gland. A number of adrenal toxicants have
been discussed in earlier reviews (Ribelin 1984, Colby 1988, Szabo & Lippe 1989,
Hallberg 1990, Colby & Longhurst 1992) and in-depth information on several of
these compounds is available in those articles. The substances listed in Tables 5.2 and
5.3 include some whose actions on the adrenal have been relatively well investigated
and others that are recent additions to the literature. There is obviously great
diversity in the chemical characteristics of adrenal toxicants, making it difficult to
classify them in accordance with any simple scheme. Table 5.2 arbitrarily includes
only substances used for therapeutic purposes (drugs) and Table 5.3 contains non-
therapeutic agents. It must be emphasized that the contents of Tables 5.2 and 5.3 are
representative only and are not intended to be comprehensive. However, the adrenal
toxicants included in Tables 5.2 and 5.3, in combination with those delineated in the
earlier reviews cited above, provide some indication of the scope of compounds that
can adversely affect the adrenal cortex.
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All of the substances identified in Tables 5.2 and 5.3 are thought to have intraadrenal
sites of action, that is, are direct-acting adrenal toxicants. For many other toxicants,
definitive conclusions about sites of action are precluded by the nature of the
investigations that have been done. In some cases, only in vivo approaches were

Table 5.2 Therapeutic agents that cause functional and/or
structural changes in the adrenal cortex

Table 5.3 Non-therapeutic compounds that cause functional and/or structural
changes in the adrenal cortex
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employed in assessing the actions of toxicants. Although in vivo investigations are
essential for establishing the toxicity of chemicals on the adrenal cortex, it is difficult
to determine the specific sites and mechanisms of action in such studies. Accordingly,
in vitro adrenal preparations are often employed for more in-depth analyses of toxicant
effects on the gland. The use of such in vitro techniques has contributed significantly
to a fuller understanding of the mechanisms of action of adrenal toxicants and has
provided relatively inexpensive and simple screening systems for substances that act
directly on adrenocortical cells. However, studies that are limited to in vitro
experimentation indicate only the potential for toxicity, which may or may not be
manifested in vivo. There are many protective and/or compensatory factors applicable
in vivo that cannot be predicted by in vitro studies alone. Thus, the optimal approach
to investigating the actions of adrenal toxicants would include a combination of in
vitro and in vivo approaches to establish both toxicological relevance and mechanism
of action.

Where the actions of adrenal toxicants have been pursued in some depth, the results
have revealed the same general mechanisms that are applicable to toxic substances in
other organs. These include covalent interactions with critical cellular macromolecules,
generation of highly reactive oxygen species, and interference with protein synthesis or
other important metabolic processes. In fact, many adrenal toxicants have adverse effects
in multiple organs, usually with the same mechanism of action at each site. It is the
specialized function of the adrenal cortex (ie steroidogenesis) or unique metabolic
characteristics of the gland that occasionally result in adrenal-specific lesions. For
example, interactions of chemicals with certain steroidogenic enzymes might be expected
to result in toxicities that are limited to the adrenal cortex. The absence or deficiency of
some protective mechanisms in the adrenal could also be a contributing factor. In some
cases, the reasons for adrenalspecific lesions have not yet been resolved. However, the
rapidly increasing information available on the cellular and molecular events associated
with the regulation and function of the adrenal cortex offers the prospect for a more
thorough understanding of the actions of adrenal toxicants in the near future.

5.4 Adrenal Characteristics Contributing to Chemical-induced Toxicity

There appear to be many reasons for the relatively high frequency of chemicalinduced
toxicities of the adrenal cortex. Certainly, the diversity of adrenocortical functions
and the associated extra-adrenal regulatory systems provide numerous target sites for
toxicants, as already noted. In addition, there are a number of intra-adrenal
characteristics that increase the vulnerability of the cortex to direct-acting toxicants
(Table 5.4). Some of these characteristics may account for the large number of chemicals
that adversely affect the adrenal cortex.

5.4.1 Adrenal Accumulation of Xenobiotics

Many xenobiotics accumulate at higher concentrations in the adrenal cortex than in
most other organs (Pyykkö et al. 1977, Castracane et al. 1982, Darnerud & Brandt
1985, Mohammed et al. 1985, Brandt 1987, Lund et al. 1988, Town et al. 1993).
There are several factors that probably contribute to this phenomenon. The high lipid
content of the adrenal cortex promotes the deposition and accumulation of lipophilic
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substances. Most xenobiotic chemicals that enter the body in significant quantities,
including potential toxicants, must be somewhat lipophilic in order to cross cell
membranes and be absorbed. Thus, the concentrations of such substances often reach
higher levels in the adrenal cortex and are retained for longer periods of time than in
other organs. In addition, many lipophilic substances circulate in the blood in
association with lipoproteins. The extensive uptake of plasma lipoproteins by
adrenocortical cells as a source of cholesterol for steroidogenesis may, therefore,
promote the transport of xenobiotics into the gland.

The blood supply to the adrenal cortex may also contribute to the accumulation of
toxicants in the gland. Blood flow to the adrenal is abundant, facilitating delivery of
all substances, including toxicants. The adrenal receives blood from branches of the
aorta, the phrenic arteries and the renal arteries. When calculated per unit weight of
tissue, the adrenal has one of the highest rates of blood flow in the body. In addition,
the unusual nature of the intra-adrenal vascular system may influence both the
frequency and localization of toxicant-induced lesions within the cortex. Adrenocortical
cells are supplied by a capillary system that drains from the outer to the inner regions
of the gland before uniting in a plexus at the border with the medulla (Vinson &
Kenyon, 1978, Hornsby, 1985). Thus, the blood supply to the inner zone(s) first
perfuses the outer regions of the cortex. This vascular arrangement could result in
steroid and/or xenobiotic metabolites that are produced by adrenal cells reaching
very high concentrations in the inner regions of the cortex, thereby increasing the
potential for toxicity. It is also possible that removal of toxic substances from the
blood by outer zone cells would diminish the amounts that are delivered to the inner
zone. In the latter case, the outer regions of the cortex would most likely be more
vulnerable to toxicity. The opposite would pertain if there were extensive uptake of
protective substances, such as antioxidants, in the outer regions of the cortex thereby
compromising the amounts available to inner zone cells and increasing the vulnerability
of the inner zones to toxicants. Thus, the nature of intra-adrenal blood flow may
have a variety of effects on toxicity, depending at least partly upon the mechanism of
action of the toxicant and the detoxication processes involved. Any of these effects
might contribute to the zone-specific actions that are characteristic of many adrenal
toxicants (Ribelin 1984).

5.4.2 Adrenal Bioactivation Reactions

Metabolism of exogenous substances that enter the body usually entails the enzymatic
conversion of biologically active compounds, including toxicants, to products having
little or no activity (Figure 5.4). The liver is the major site of such xenobiotic

Table 5.4 Adrenal characteristics
contributing to toxicity
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metabolism. However, it is now well established that many biologically inactive
chemicals can be converted to active metabolites, some of which cause toxicity (Hinson
et al. 1994) (Figure 5.4). These types of reactions take place in extra-hepatic tissues as
well as in the liver. The process of active metabolite formation from inactive or less
active precursors is known as bioactivation. Reactive metabolites that cause toxicity
are usually produced directly in their target organs because their short half-lives and
tendency to rapidly interact with cellular macromolecules preclude transport from
organ to organ. Thus, the toxicity of some compounds is limited to sites where the
activating enzyme(s) are expressed, accounting for some cases of organ-selective
toxicities.

The enzymes most often implicated in bioactivation reactions that cause toxicity
are cytochrome P450 isozymes (Hinson et al. 1994). Most of the P450-catalysed
reactions that occur in the adrenal cortex are associated with steroid hormone synthesis
(Hall 1986, Miller 1988, Simpson & Waterman 1988). However, adrenal metabolism
and/or activation of xenobiotics has been demonstrated in many species and, in fact,
is particularly prominent in the human foetal adrenal gland (Juchau & Pedersen 1973,
Colby & Rumbaugh 1980, Colby 1988, Hallberg 1990, Colby & Longhurst 1992).
The capacity for bioactivation of xenobiotics by the adrenal cortex probably contributes
to the high frequency of chemical-induced toxicities of the gland. The adrenal toxicants
listed in Tables 5.2 and 5.3 include some that require metabolic activation. Among
those that must be activated for the expression of their toxicity are 1-
aminobenzotriazole, dimethylbenz(a)anthracene (DMBA), o,p-DDD [1,1-dichloro-
2,2-bis(4-chlorophenyl)-ethane; mitotane], carbon tetrachloride, chloroform and
spironolactone. It is possible that metabolites mediate the actions of other adrenal
toxicants, but for most the involvement of bioactivation has not been explored.

5.4.2.1 Steroidogenic P450 isozymes

Some adrenal bioactivation reactions are catalysed by steroidogenic P450 isozymes,
but other isozymes have also been implicated. Among the steroidogenic isozymes,

Figure 5.4 Metabolic fate of xenobiotics in the body
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there is good evidence that activation by the P450c11 (11ß-hydroxylase) accounts for
the adrenotoxic effects of the DDT derivative, o,p’-DDD (Hart et al. 1973, Martz &
Straw 1980). The latter would explain the selectivity of o,p’-DDD toxicity for the
adrenal cortex, the sole site of P450c11 expression.

The most extensively investigated of the steroidogenic P450 isozymes, with respect
to a role in xenobiotic metabolism, is the P450c17 (17a-hydroxylase/C 17,20-lyase).
This isozyme has been found to catalyse the metabolism of several xenobiotics and
seems to be responsible for the conversion of the diuretic drug, spironolactone, to an
adrenotoxic metabolite (Kossor et al. 1991). Suhara et al. (1984), using a purified
and reconstituted enzyme preparation from pig testis, found that P450c17 catalysed
N-demethylation, denitration, hydroxylation and O-dealkylation reactions with a
variety of xenobiotic substrates. Similar studies were done by Mochizuki et al. (1988),
but with an enzyme preparation that was obtained from guinea pig adrenal glands.
These investigators found that their reconstituted 17a-hydroxylase/ C17,20-lyase
preparation catalysed aminopyrine N-demethylation, 2-nitropropane denitrification
and benzo(a)pyrene hydroxylation. A similarly reconstituted 21-hydroxylase system
had very little xenobiotic-activity (Mohizuki et al. 1988). The same investigators
found that pre-incubation of guinea pig adrenal microsomes with anti-P450c17
antibody to inhibit the P450c17, decreased benzo(a)pyrene hydroxylase activity (Figure
5.5). These results suggest that at least some of the xenobioticmetabolizing activity in
guinea pig adrenal microsomes is catalysed by the P450c17. The guinea pig P450c17
has recently been cloned and sequenced by Tremblay et al. (1994) and by us (Figure
5.6), making it now possible through expression experiments to unequivocally
determine the catalytic capabilities of this P450 isozyme.

Figure 5.5 Effects of anti-P450c17 (17a, lyase) IgG on steroid and benzo(a)pyrene
hydroxylase activities of guinea pig adrenal microsomes. ?, 21-Hydroxylase; •,
benzo(a)pyrene hydroxylase; ¦, 17a-hydroxylase. From Mochizuki et al. (1988)
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One of the adrenal toxicants that is known to be activated by the P450c17 is the
diuretic agent, spironolactone (Saunders & Alberti 1978). A number of investigations
revealed that spironolactone administration to experimental animals inhibited adrenal
steroidogenesis, apparently by decreasing cytochrome P450 concentrations and steroid
hydroxylase activities in the gland (Menard et al. 1975, 1979a,b, Greiner et al. 1976,
1978). Clinical studies similarly indicated abnormal adrenocortical function in some
patients treated with spironolactone (Sundsfjord et al. 1974, Abshagen et al. 1977,

Figure 5.6 Nucleotide and deduced amino acid sequences of guinea pig P450c17 cDNA.
The coding region stops at the position indicated by the asterisk. The one-letter amino
acid code is used in the second position of each codon. The polyadenylation signal is
underlined
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Tuck et al. 1981). The changes in adrenal steroid secretion in patients receiving
spironolactone were consistent with inhibition of some P450-catalysed steroid
hydroxylases (Tuck et al. 1981).

The results of in vitro experiments indicated that spironolactone was activated by
adrenal microsomes and that a reactive metabolite was responsible for the P450
degradation and inhibition of steroidogenesis that resulted (Greiner et al. 1978, Menard
et al. 1979a,b). The activation process was found to be NADPH-dependent and blocked
by cytochrome P450 inhibitors, implicating a P450 isozyme in the pathway leading to
the toxic metabolite. Further investigations demonstrated a close relationship between
17a-hydroxylase activity and the capacity for spironolactone activation. For example,
spironolactone caused P450 degradation only in organs that expressed the P450c17
such as adrenal cortex and testis, but not in non-expressing organs like liver and
kidney (Figure 5.7). In addition, degradation of adrenal P450 by spironolactone was
limited to those species having 17a-hydroxylase activity in the cortex (Menard et al.
1975, 1979a,b). Thus, in cortisol producers like guinea pigs and dogs, spironolactone
inhibited adrenal steroidogenesis, but in corticosterone-producing species like rats

Figure 5.7 Effects of pre-incubating adrenal, testicular, hepatic or renal microsomes with
spironolactone or 7a-thio-SL in the presence or absence of NADPH on cytochrome P450
concentrations. Values are expressed as a percentage of the corresponding control
values (microsomes pre-incubated without drug or NADPH). Each value is the mean ± SE
of 4–6 experiments. From Sherry et al. (1986)
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and mice that do not express the P450c17 in adrenal glands, steroidogenesis was not
affected by spironolactone. These and other observations indirectly linked the P450c17
to the activation and toxicity of spironolactone.

Studies by Sherry and co-workers (1986) demonstrated that the degradation of
adrenal P450 by spironolactone required at least a two-step activation process. These
investigations found that spironolactone was converted to its deacetylated metabolite,
7a-thiospirolactone (7a-thio-SL), by non-specific esterases prior to the P450-mediated
activation step (Figure 5.8). In the presence of NADPH, the 7a-thio-SL was then
further metabolized to cause the degradation of P450. Inhibition of 7a-thio-SL
production by esterase antagonists such as diethyl-p-nitrophenyl phosphate (DPNP)
completely prevented the NADPH-dependent degradation of P450 by spironolactone
(Sherry et al. 1986). In contrast, DPNP had no effect on the loss of P450 caused by
7a-thio-SL. Thus, 7a-thio-SL was established as an essential intermediate in the
activation pathway for spironolactone.

Definitive evidence for the involvement of the P450c17 in spironolactonemediated
P450 degradation was provided by the observations of Kossor and co-workers (1991).
They found that pre-incubation of guinea pig adrenal microsomes with anti-P450c17
antibody to inhibit the 17a-hydroxylase prevented the subsequent degradation of
microsomal P450 by spironolactone and by 7a-thio-SL (Figure 5.9). In contrast,
inhibition of the 21-hydroxylase (P450c21) in the same microsomal preparations had
no effect on P450 degradation by either compound. In addition, when a purified and
reconstituted 17a-hydroxylase system was incubated with 7a-thio-SL plus NADPH
there was a rapid loss of enzyme activity and of spectrally detectable P450 (Kossor et
al. 1991). Under the same conditions, spironolactone had no effect on the P450c17,
presumably because the purified enzyme preparation had no esterase activity,
precluding the formation of 7a-thio-SL. Thus, these investigations clearly established
that 7a-thio-SL was an obligatory intermediate in the actions of spironolactone on
adrenal steroidogenesis and that the P450c17 catalyses the activation of 7a-thio-SL.
The identity of the toxic metabolite of 7a-thio-SL remains unresolved, although the
involvement of a highly reactive sulfenic acid derivative has been proposed (Kossor et
al. 1991).

Figure 5.8 Chemical structures of spironolactone and its deacetylated metabolite, 7a-thio-
SL
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5.4.2.2 Non-steroidogenic adrenal P450 isozymes

Most adrenal xenobiotic metabolism seems to be catalysed by P450 isozymes that are
distinct from those involved in steroidogenesis. Few of these enzymes have yet to be
well characterized, but high activities have been demonstrated for some (Colby &
Rumbaugh 1980). For example, it is widely recognized from the work of Juchau and
co-workers (Juchau & Pedersen 1973) that the human foetal adrenal gland can
metabolize a variety of foreign substances. Adrenal metabolism during foetal
development may be of particular significance because of the low level of xenobiotic
metabolism by the foetal liver. Many xenobiotic substrates are metabolized more
rapidly by microsomal preparations from human foetal adrenal glands than those
from foetal livers (Juchau & Pedersen 1973, Colby & Rumbaugh 1980). However,
little is known about the P450 isozyme(s) involved in xenobiotic metabolism by the
foetal adrenal gland. It is also not known if metabolism of foreign compounds to
reactive metabolites by the foetal adrenal is a factor in the sensitivity of the foetus to
toxicants.

It has been known for more than 30 years that administration of 7,12-
dimethylbenz(a)anthracene (DMBA) to rats causes necrosis of the adrenal cortex
(Huggins & Morii 1961). A number of experimental observations led some
investigators to suspect that the adrenocorticolytic effect of DMBA was the result of
adrenal production of a reactive metabolite. For example, certain inhibitors of P450-

Figure 5.9 Effects of anti-P450c17 (17a, lyase) and control IgG on the 7a-thio-SL-
mediated degradation of P450 in adrenal microsomes. Microsomal suspensions were
pre-incubated with or without anti-P450c17 IgG or control IgG and then incubated with an
NADPH-generating system in the presence or absence of 7a-thio-SL. * p < 0.05 versus
corresponding NADPH-only value. From Kossor et al. (1991)
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mediated xenobiotic metabolism prevented or diminished the severity of DMBA-
induced adrenocortical necrosis. Some of the other evidence supporting this hypothesis
has been discussed in depth by Hallberg (1990). The results of numerous experiments
suggested that adrenal DMBA metabolism was catalysed by a unique P450 isozyme
having a number of characteristics unlike those of known adrenal enzymes. For
example, DMBA-induced adrenal necrosis occurs only in the rat and not in other
common laboratory animals like mice, hamsters and guinea pigs, suggesting that
expression of the activating enzyme is species-specific. An apparent ACTH requirement
for the adrenal toxicity of DMBA further indicated that the activation process might
be hormonally modulated (Hallberg 1990). Guenther and co-workers (1979) found
that the adrenal toxicity of DMBA was highly correlated with the concentration of an
apparent ACTH-inducible but unknown P450 isozyme in rat adrenal microsomes,
and with the rate of adrenal microsomal metabolism of polycyclic aromatic
hydrocarbons.

Recent findings by Jefcoate and co-workers may provide new insight into the
mechanism of DMBA-induced adrenal toxicity (Otto et al. 1991). These investigators
have partially purified a novel P450 (P450RAP) isozyme from rat adrenal microsomes
that catalyses DMBA metabolism with a regioselectivity different than that for the
major hepatic P450 isoforms. This newly identified P450 is immunochemically distinct
from the adrenal steroid hydroxylases, is ACTH-dependent, and could not be detected
in mouse or guinea pig adrenal microsomes. Taken together these observations strongly
suggest a role for P450RAP in the conversion of DMBA to a reactive adrenal metabolite.
It may now be possible to establish the identity of the toxic species produced and to
more clearly define the mechanism(s) responsible for the resulting adrenal necrosis.

The guinea pig adrenal cortex also contains an apparently unique microsomal
P450 isozyme that is associated with xenobiotic metabolism and bioactivation
reactions. In fact, the rates of metabolism of many foreign compounds by guinea pig
adrenal microsomes far exceed those by the corresponding hepatic preparations (Kupfer
& Orrenius 1970, Colby & Rumbaugh, 1980). Comparison of the patterns of
xenobiotic metabolism by adrenal and hepatic microsomal preparations suggested
catalysis by different P450 isozymes in the two organs. For example, guinea pig adrenal
and liver microsomes produced markedly dissimilar profiles of benzo(a)pyrene
metabolites (Table 5.5), indicating the involvement of different enzymes (Colby et al.
1982a). Differences between liver and adrenal in the metabolism of chlorinated
biphenyls have also been reported (Eacho et al. 1984). In addition, investigations on
the physiological factors affecting adrenal xenobiotic metabolism clearly indicated
that regulation was independent of both hepatic xenobiotic metabolism and adrenal
steroid metabolism. For example, adrenal xenobiotic-metabolizing activities increase
with ageing and are greater in male than female guinea pigs (Figure 5.10), but
microsomal 17a-hydroxylase and 21-hydroxylase activities do not change with age
and are not sex-dependent (Pitrolo et al. 1979, Colby et al. 1980, Martin & Black
1983). Similarly, neither age nor gender has any effect on the rates of hepatic xenobiotic
metabolism in guinea pigs (Figure 5.10). In addition, ACTH treatment decreases the
capacity for adrenal metabolism of foreign compounds, but increases 17a-hydroxylase
activity in guinea pig adrenal microsomes (Figure 5.11) (Colby et al. 1982b, Black et
al. 1989b, Colby et al. 1992). Hepatic metabolism of xenobiotics, in contrast, is
unaffected by ACTH. Observations such as these led investigators to conclude that
adrenal xenobiotic metabolism was catalysed by a different P450 isozyme than those
involved in adrenal steroidogenesis or in hepatic metabolism of xenobiotics.
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Figure 5.10 Maturational changes in adrenal and hepatic ethylmorphine demethylase
activities in male and female guinea pigs. Based upon Pitrolo et al. (1979)

Figure 5.11 Effects of ACTH administration to guinea pigs for 7 days on microsomal
benzo(a)pyrene (BP) hydroxylase and 17a-hydroxylase activities in the inner zone of the
adrenal cortex. * p < 0.05 (versus corresponding control value). Based upon Colby et al.
(1992)
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Recent studies with the P450 suicide substrate, 1-aminobenzotriazole (ART), further
demonstrated a divergence of steroid and xenobiotic metabolism in the guinea pig
adrenal cortex with respect to the P450 isozymes involved (Xu et al. 1994). Prior
investigations with ABT in other organs indicated that this compound was a non-
selective inhibitor of cytochromes P450. ABT undergoes a P450-catalysed oxidation,
resulting in the formation of benzyne which alkylates the prosthetic heme group of
cytochromes P450, causing irreversible loss of enzyme activity (see Murray & Reidy
1990). When guinea pig adrenal microsomes were incubated with ABT plus an
NADPH-generating system (for activation of the inhibitor), there was almost complete
loss of xenobiotic-metabolizing activities (Table 5.6). In contrast, ABT had no effect
on the activities of the microsomal 17a-hydroxylase and 21-hydroxylase (Table 5.6).
Similar experiments with adrenal mitochondrial preparations also demonstrated that
ABT had no in vitro effects on mitochondrial P450-mediated steroid metabolism (Xu
et al. 1994). These observations provide strong evidence that one or more non-
steroidogenic P450 isozyme(s) is (are) responsible for most of the xenobiotic-
metabolizing activity in the guinea pig adrenal gland. The apparent selectivity of ABT
for the isozyme(s) involved should make this compound a useful probe for further
investigations on the catalytic capabilities of the enzyme(s).

A major advance toward identification of a P450 isozyme that catalyses adrenal
xenobiotic metabolism was made by Black and co-workers who demonstrated the
presence of a 52 kDa protein in guinea pig adrenal microsomes that is
immunochemically related to P4501A1/1A2 (Black et al. 1989a,b, Black 1990). This
isozyme is highly localized to the zona reticularis of the cortex, the region of the gland
in which xenobiotic-metabolizing activities are greatest. In addition, the apparent
concentration of this P450 isozyme and the rates of adrenal xenobiotic metabolism
are similarly affected by a number of physiological variables such as aging, gender
and ACTH treatment. Thus Black and co-workers provided strong indirect evidence
that the 52 kDa isozyme is at least partly responsible for the metabolism of foreign
compounds by the guinea pig adrenal cortex.

A recent report in the literature suggests that the P450 isozyme described by Black
and co-workers may now have been cloned and sequenced. Jiang et al. (1995) isolated
a guinea pig adrenal microsomal protein that was immunoreactive with anti-P4501A1/
1A2 antibody, and N-terminal microsequencing of the protein revealed high homology
with the P4502D subfamily. Using a human P4502D6 full-length cDNA as a probe,

Table 5.6 Effects of incubating guinea pig adrenal microsomes with 1-aminobenzotriazole
(ABT) and/or NADPH on P450-catalysed xenobiotic and steroid metabolism

a p < 0.05 (versus corresponding control value). Based upon Xu et al. (1994).
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these investigators then isolated a number of positive clones from a guinea pig adrenal
cDNA library. Sequencing of an apparent fulllength clone (Figure 5.12) indicated that
it was a member of the P4502D subfamily and was designated P4502D16 (CYP2D16)
in accordance with the recommended nomenclature (Nelson et al. 1993). In order to
confirm that the isozyme was expressed in guinea pig adrenal glands, Northern blotting
was done with RNA obtained from adrenal inner (zona reticularis) and outer (zona
fasciculata plus zona glomerulosa) zone tissue using the P4502D16 clone as a probe.

Figure 5.12 Nucleotide and deduced amino acid sequences of guinea pig adrenal
P4502D16. The coding region stops at the position indicated by the asterisk. The one-
letter amino acid code is used in the second position of each codon. The polyadenylation
signal is bolded and the poly-A tail is underlined. From Jiang et al. (1995)
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A very strong band was detected with the inner zone RNA, but a relatively weak
band with the outer zone RNA (Figure 5.13). Thus, the intra-adrenal site of expression
of this P450 coincides with the location of xenobiotic-metabolizing activities and of
the 52 kDa protein described by Black and co-workers (Black et al. 1989a,b, Black
1990). It should now be possible to determine the overall significance of P4502D16
in adrenal xenobiotic metabolism by protein expression and related experimental
approaches. It would also be of interest to determine if this novel P450 isozyme has
an as yet unknown physiological role, perhaps related to steroid metabolism.

Localization of the P4502D16 to the zona reticularis of the guinea pig adrenal
cortex may account for the zone-selective actions of some adrenal toxicants, including
carbon tetrachloride (Hoerr 1931, Brogan et al. 1984, Ribelin 1984). It has been
known for more than 50 years that CC1

4
 causes necrosis of the adrenal cortex in

humans as well as in experimental animals (von Oettingen 1955). The adrenotoxic

Figure 5.13 Northern blot analysis of guinea pig adrenal RNA. Blotting was done using a
full-length P4502D16 cDNA as the probe. Lanes are labelled as follows: 1, adrenal inner
zone RNA; 2, adrenal outer zone RNA. From Jiang et al. (1995)
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effects of CCl
4
 are localized to the zona reticularis, with little or no effect on the outer

zones of the adrenal cortex (Brogan et al. 1984). Since the toxicity of CCl
4
 requires its

P450-mediated metabolism to a reactive product, probably the trichloromethyl radical
(Recknagel et al. 1989), it was proposed by Colby and co-workers (1981) that
activation occurred only in the zona reticularis of the gland. Subsequent investigations
by Brogan et al. (1984) demonstrated that the conversion of CCl

4
 to a metabolite that

covalently bound to protein and initiated lipid peroxidation (Figure 5.14) was catalysed
by microsomes from the zona reticularis but not from the outer zones of the guinea
pig adrenal cortex. In addition, enzyme inhibition studies excluded a role for either
the P450c17 or P450c21 in the adrenal activation of CCl

4
 (Colby et al. 1994),

implicating a non-steroidogenic microsomal P450 isozyme that is localized to the
zonal reticularis. Collectively, these observations suggest that P4502D16 may be
responsible for the zone-specific activation and toxicity of CCl

4
 in the guinea pig

adrenal cortex. Further investigations on this and other as yet uncharacterized adrenal
P450 isozymes are now needed to determine the overall significance of xenobiotic
metabolism in chemical-induced adrenocortical toxicity.

5.4.3 P450-Derived Oxygen Radicals and Lipid Peroxidation

The abundance of cytochromes P450 in the adrenal cortex may adversely influence
cellular responses to toxicants or even cause toxicity. The catalytic mechanism for all
P450-mediated reactions involves redox processes that generate reactive oxygen species
such as superoxide radical and hydrogen peroxide. Some superoxide may be continually
released into adrenal cells as a result of the normal ongoing catalytic cycles of
steroidogenic P450 isozymes (Hornsby & Crivello 1983a,b). In addition, it has been
proposed that the amounts of superoxide produced may be increased substantially by
the interactions of certain steroid metabolites known as ‘pseudosubstrates’ with adrenal
cytochromes P450 (Hornsby 1986, 1987, 1989).

Figure 5.14 Effects of CCI
4
 and/or NADPH on lipid peroxidation in guinea pig adrenal

inner and outer zone microsomes. Microsomes were incubated for 30 min and lipid
peroxidation was measured as the production of malonaldehyde. The data represent the
means±SE of six experiments. From Brogan et al. (1984)
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Pseudosubstrates are compounds that can bind to the active site of the P450, but for
steric or chemical reasons are not metabolized and stimulate superoxide production.
The adrenal cortex may be especially prone to such interactions because of the high
concentrations of hydroxylated steroid metabolites that may accumulate in some parts
of the gland and serve as pseudosubstrates for steroidogenic P450 isozymes. Although
the physiological and/or pathological significance of pseudosubstrate-P450 interactions
in the adrenal cortex remains to be resolved, the ongoing release of large amounts of
reactive oxygen species into the cell most likely increases the potential for an adverse
response to toxicants. Moreover, if pseudosubstrates tend to accumulate in certain
regions of the cortex as proposed (Hornsby 1986, 1987, 1989), this phenomenon
may contribute to the zone-specific actions of some adrenal toxicants.

The oxygen radicals produced by P450 isozymes can adversely affect cellular
function in a number of ways including by direct interactions with essential
macromolecules. Among the other potential mechanisms of particular relevance to
the adrenal cortex is initiation of lipid peroxidation, the oxidative degradation of
polyunsaturated fatty acids in cell membranes. This process, once initiated by free
radicals, can become self-propagating, ultimately compromising membrane integrity
and a host of membrane functions (Hornsby & Crivello, 1983a,b, Sevanian &
Hochstein, 1985). One of the well-known consequences of lipid peroxidation is

Figure 5.15 Time-course for the decrease in 21-hydroxylase activity in adrenal
microsomes resulting from the initiation of lipid peroxidation by incubation with ferrous
ion. Values are the means±SE of 4–6 determinations. O, Fe2+present during incubation; ?,
Fe2+ added after incubation; ?, control. From Brogan et al. (1983)
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inactivation of membrane-bound enzymes, including various P450 isozymes. (Logani
& Davies 1980, Cross et al. 1987, Tribble et al. 1987). Investigations in a number of
laboratories have demonstrated that initiation of lipid peroxidation in vitro causes
P450 degradation in adrenal mitochondria and microsomes and corresponding
decreases in the activities of some steroidogenic enzymes (Figure 5.15) (Kitabchi 1967,
Wang & Kimura 1976, Brogan et al. 1983, Imataka et al. 1985). Thus substances
that initiate lipid peroxidation may directly impact adrenocortical function by
inhibition of steroid hormone synthesis.

The adrenal cortex may be particularly susceptible to the adverse effects of lipid
peroxidation because of its high content of unsaturated fatty acids, substrates for
lipid peroxidation. It has been reported, for example, that the amount of lipid
peroxidation resulting from a non-specific stimulus is far greater in adrenocortical
than in hepatic mitochondrial or microsomal preparations (Staats et al. 1988a,b,
1989). In addition, a series of studies by Staats and co-workers (1988a,b, 1989)
demonstrated that there are zonal differences in adrenal lipid peroxidation. These
investigators found that lipid peroxidation in vitro was far greater with membrane
preparations from the zona reticularis of the guinea pig adrenal cortex than with
corresponding preparations from the outer zones of the gland (Figure 5.16). In vivo,
adrenal concentrations of lipofuscin, thought to be indicative of peroxidative damage,
are also greatest in the zona reticularis (Hornsby 1989). The apparent vulnerability
of zona reticularis cells to peroxidative injury may be partly responsible for the
frequency of chemical-induced injury in this region of the cortex (Hoerr 1931, Ribelin
1984).

Figure 5.16 Concentration-dependent effects of Fe2+ on lipid peroxidation in adrenal inner
and outer zone mitochondria. Lipid peroxidation was initiated with the concentration of
Fe2+ (ferrous sulfate) indicated and incubations were done at 37°C for 30 min. Values are
the means±SE of 6–8 experiments. From Staats et al. (1988a)
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Recent observations also suggest that lipid peroxidation in the adrenal cortex is
hormonally modulated. It has been demonstrated that ACTH administration to guinea
pigs causes a dose-dependent decline in ferrous ion-induced peroxidation in vitro in
adrenal mitochondrial and microsomal preparations (Figure 5.17). This effect might
be construed as another tropic action of ACTH, if by inhibition of lipid peroxidation,
adrenal P450 isozymes and steroidogenic function are preserved. The physiological
and toxicological significance of ACTH actions on adrenal lipid peroxidation, in
addition to the mechanism of action, now need to be investigated.

Perhaps because of its vulnerability to lipid peroxidation and/or other oxidative
damage, the adrenal cortex is extremely rich in antioxidant defense systems. As
discussed by Hornsby & Crivello (1983a,b) and by Hallberg (1990), adrenocortical
cells are relatively well equipped with a number of protective enzymes, including
superoxide dismutase (SOD) and catalase. However, most notable are the very high
concentrations of a-tocopherol and ascorbic acid found in the adrenals of many species.
Adrenal concentrations of both antioxidants are greater than those in any other organ
(Gallo-Torres 1980, Hornsby & Crivello 1983a,b). Nonetheless, very little information
is available on the mechanisms responsible for this localization or on the physiological
function of either antioxidant in the adrenal cortex. Both vitamins may, however,
represent important components of the antioxidant armamentarium that protects the
adrenal cortex from oxidant-induced injury.

a-Tocopherol, a fat-soluble vitamin, is localized principally in membranes and is a
potent inhibitor of LP (Machlin & Bendich 1987, Niki 1987). It has been demonstrated
by a number of investigators that a-tocopherol deficiency causes an increase in lipid
peroxidation in adrenocortical mitochondria and microsomes (Figure 5.18) and
compromises adrenocortical function (Kitabchi 1980, Staats et al. 1988b). An
important role of a-tocopherol and other antioxidants in the adrenal cortex may be to
protect P450 isozymes from oxygen radicals that are produced as byproducts of

Figure 5.17 Effects of ACTH pre-treatment on Fe2+

-
induced LP in adrenal microsomes.

Male guinea pigs were pretreated with 1,2 or 5 units of ACTH (cortrophin-zinc) daily for 3
days. Adrenal microsomes were prepared and incubated with Fe2+ as described
previously (Staats et al. 1988b). LP was assessed by the formation of malonaldehyde
(MDA) equivalents. Values are means±SE for four or five animals
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steroidogenesis or in response to toxicants (Hornsby & Crivello 1983a,b, Hornsby
1989). In the guinea pig adrenal cortex, Staats and co-workers (1988a,b, 1989) found
an inverse relationship between a-tocopherol concentrations and lipid peroxidation
activity in the different zones of the gland, indicating a modulatory role for a-
tocopherol. The results also suggest that regional differences in the distribution of a-
tocopherol or other antioxidants within the adrenal cortex may contribute to the
zone-selective effects of some toxicants.

Despite the abundance of ascorbic acid within adrenocortical cells, its significance,
like that of a-tocopherol, remains uncertain. Over the years, numerous conflicting
reports on the function of adrenal ascorbic acid have appeared in the literature. At
the concentrations found in the adrenal cortex (Hornig 1975, Hornsby & Crivello
1983a,b), ascorbic acid would be expected to have potent antioxidant activity. In
addition, although the water-soluble ascorbic acid is found in the cytosol of cells, it
appears to be functionally linked with a-tocopherol. Tappel first proposed that ascorbic
acid and a-tocopherol synergistically interact as part of an electron transport system
that terminates free radical chains (Tappel 1968). According to his hypothesis, the
tocopheroxyl radical formed in the course of free-radical scavenging is reduced back
to a-tocopherol by ascorbic acid, thereby enhancing the antioxidant effectiveness of
each a-tocopherol molecule. The high concentrations of both a-tocopherol and ascorbic
acid in the adrenal cortex would, therefore, be expected to serve as a potent antioxidant
system for the gland. However, the apparent amount of protection from free radicals
must be considered in relation to the level of oxidative stress within the adrenal cortex
which, as discussed above, may be substantial. Thus, it is impossible to know if even

Figure 5.18 Time-courses for Fe2 +-induced lipid peroxidation in adrenal mitochondria from
control and tocopherol-deficient guinea pigs. Mitochondrial preparations were incubated
with 1.0 mM ferrous sulfate at 37°C for the times indicated and lipid peroxidation
determined as malonaldehyde (MDA) equivalents. From Staats et al. (1988a)
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the large amount of antioxidant protection available to the adrenal cortex is sufficient
to meet its needs.

5.5 Factors Affecting Adrenocortical Toxicity

In addition to those characteristics that make the adrenal cortex uniquely
vulnerable to toxicants, there are a number of other factors that may participate
in the modulation of toxicity. For example, the overall impact of toxic substances
in any organ, including the adrenal cortex, depends in part upon the capacity for
detoxication reactions and other protective mechanisms. When metabolic
activation occurs in a target organ, the balance between activating and
inactivating processes, by controlling the steady-state level of the toxic metabolite,
is often the critical determinant of toxicity. As already noted, cytochromes P450
may effect activation or detoxication, depending upon the substrates and P450
isozymes involved. Among the other major enzymatic detoxifying reactions are
those catalysed by the phase II or conjugating enzymes, including the glucuronyl
transferases, sulfotransferases and glutathione transferases. Enzymes such as these
promote both the inactivation and excretion of a wide variety of both exogenous
and endogenous compounds. Although some of these reactions have been
demonstrated in the adrenal cortex, specific activities are generally far lower than
in the liver, the major site of xenobiotic metabolism (Hornsby & Crivello 1983a,b,
Hallberg 1990). It is possible that a relative deficiency of inactivating enzymes in
the adrenal is a factor that contributes to the frequency of chemical-induced
injuries in the gland. However, it should be noted that there has been a paucity of
research done on adrenal detoxication processes and any definitive conclusions
must await further investigation.

Many other factors, both physiological and pharmacological, also influence the
actions of adrenal toxicants. For example, the effects of some toxicants are known
to be species-specific, making it difficult to extrapolate the results of animal
studies to humans, particularly in the absence of clearly defined mechanisms of
action. Since many toxicants have been studied in only a single species, it is
presently impossible to assess the overall significance of species differences as a
factor affecting adrenocortical toxicity. Physiological variables such as age might
also be expected to affect adrenal toxicity. In the human foetus, for example,
adrenal xenobioticmetabolizing activities are very high (Juchau & Pedersen 1973),
increasing the potential for activation of protoxicants. Enzyme activities are
apparently much lower in adrenals from adults (Hallberg 1990). In guinea pigs, in
contrast, the rates of adrenal xenobiotic metabolism are relatively low in young
animals but increase progressively with ageing (Pitrolo et al. 1979). Many other
variables related to the actions of adrenal toxicants are similarly age-dependent.
However, in neither humans nor any other species has the influence of age on the
adrenal response to toxicants been systemically investigated.

Hormonal factors such as ACTH also affect a number of processes that influence
the severity of chemical-induced adrenal toxicity. These include bioactivation and
detoxication reactions, oxygen radical formation, lipid peroxidation, and
antioxidant concentrations in the gland. Unfortunately, reports in the literature do
not provide a sufficiently consistent pattern of effects to permit any general
conclusions about the impact of ACTH on toxicity. This is probably not surprising
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because of the diversity of factors that may interact in determining the toxicity of
any single compound. The simultaneous effects of multiple factors certainly
complicate any attempt to resolve the influence of specific variables on
adrenocortical responses to toxicants. However, such information is important for a
better understanding of predisposing influences on adrenal toxicity and should
constitute a productive area for future investigation.

5.6 Concluding Comments

Although the adrenal cortex has long been recognized as a toxicological target organ
for numerous chemicals, research on the mechanisms involved has been slow to
emerge. Most of the published research in this area has been of a descriptive nature,
but signs of change are apparent. Recent investigations have begun to provide
insight into the mechanisms responsible for the high incidence of chemicalinduced
lesions of the adrenal cortex. In addition, the rapid progress being made in our
understanding of the molecular biology of adrenocortical cells offers the opportunity
for new approaches to toxicological investigations. The utilization of molecular
techniques in studies on the actions of adrenal toxicants is now beginning to occur,
and should become the standard for further experimentation. Accordingly, it seems
likely that important new advances will be forthcoming in the near future which
should contribute to a more complete and in-depth understanding of adrenocortical
toxicology.
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6.1 Anatomy and Physiology

The adrenal medulla occupies the central area of the adrenal glands and comprises
approximately 10% of the volume of the gland. Although the general structure is
similar in all species, there are variations. In the mouse, rat and hamster the glands
are round, while in guinea pig, dog and man they are flat. In the primate species, the
marmoset, they are a flat triangular shape, while in the Rhesus monkey the glands are
elongated and flat.

In humans the blood supply to the gland includes three arteries, the superior
suprarenal artery which comes from a branch of the aorta, the median suprarenal
direct from the aorta, and the inferior suprarenal which branches from the renal
artery; some of the larger arterioles penetrate the capsule and go direct to the medulla.
The sinusoidal spaces of the medulla drain into larger veins, which unite and emerge
from the gland as the single suprarenal vein joining the vena cava. In the rat there is a
dual blood supply; numerous branches from the aorta penetrate the capsule and form
the network of cortical capillaries, while a number of smaller arteries and arterioles
pass through the cortex and form a medullary capillary complex. As in humans, a
single large vein drains the adrenal gland, the right joins the aorta and the left the
renal vein. Lymphatic capillaries, other than those associated with the larger veins,
have not been demonstrated. The innervation of the medulla is complex, and although
the major component comes from the splanchnic nerve, there are significant
contributions from other nerves. The splanchnic nerve fibres which supply the medulla
end in claw-like terminations around each cell; the number of synapses/cell (4–5)
remains unchanged throughout life (Tomlinson & Coupland 1990). In most species
the medulla is sharply demarcated from the cortex but in humans, where the adrenal
gland is divided into head, body and tail, the medulla is not present in the tail portion.
In the rat and hamster, sections of the medulla frequently show finger-like projections,
or small groups, of cortical cells (Figure 6.1), the extent and incidence varies with
strain. Some species of mammals, such as the mouse, have a well-developed adrenal
medulla at birth while others, including humans, do not. It is thought that in those
species with less welldeveloped medullas, the function is, for some time, performed
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by the aortic paraganglia (the organs of Zuckerlandl). Since species such as the mouse
do not possess these paraganglia, it is essential for them that the adrenal medulla is
fully functional at birth. The histological appearance of the cells of the medulla is
primarily of regular polyhedral chromaffin cells arranged in small groups or cords
surrounded by sinusoidal venules (Figure 6.2). The ‘glandular’ pattern is more clearly-
defined in some species, eg the marmoset, when compared with the rat (Figure 6.3).
The cytoplasm of the cells is extensive, and in sections stained with haematoxylin and
eosin stains more basophilic than cortical cells; nuclei are small, round and contain
little chromatin. Mitotic figures are rare in the medullary cells of the adult animal,
but in the rat it has been shown that a small proportion of cells do divide throughout
life (Malvaldi et al. 1968, Coupland & Tomlinson 1989, Jones & Clarke 1993).

Ultrastructural examination of medullary cells shows that the catecholamines,
adrenaline and noradrenaline, are present as granules, the latter being more electron-
dense. In mature rats and mice they are located in different cells, but in humans, and
immature rats, within the same cell. The traditional method for demonstrating
catecholamines is the chromaffin reaction; in sections stained with potassium dichlorate,
medullary cells stain a brown colour due to the oxidation of stored catecholamines.
This is an insensitive method which has been superseded by immunohistochemical
techniques which are specific for catecholamines and the synthesizing enzymes of the
biosynthetic pathways. These techniques can be used on formalin-fixed, paraffin-
embedded tissues (Verhofstad et al. 1985). Another component of chromaffin cells,
chromogranin A, can also be identified immuno-histochemically, and used to distinguish
chromaffin cells from sympathetic neurones (Fischer-Colbrie et al. 1985). In addition

Figure 6.1 Normal rat adrenal medulla. Small groups of cortical cells (C) interspersed
between the cells of the medulla. Haematoxylin & eosin (H & E)
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to the chromaffin cells, the medulla contains single, or grouped, ganglion cells (Figure
6.4) whose axons synapse around the chromaffin cells. In microscopic sections of the
medulla of rodents, ganglion cells are always few in number and may be absent. A
third cell type, possibly intermediate between chromaffin cells and ganglion cells, has
been designated a small-granulecontaining (SGC) cell.

The physiological functions of the medulla are centred around the activity of the
chromaffin granules. These complex structures have a variety of functions (Winkler
et al. 1986); other components of the chromaffin granules include neuropeptides and
encephalins. The function and control of these components is not as clearly understood
as that of the catecholamines for which the biosynthetic pathways are well known
(Hedge et al. 1987). The substrates for synthesis are phenylalanine and tyrosine. The
former is converted by phenylalanine hydroxylase to tyrosine, which is the initial
substrate in the catecholamine pathway. Tyrosine hydroxylase converts tyrosine to
dopa, the rate-limiting step in the pathway, and dopa is then converted to dopamine
by dopa carboxylase. These stages all occur in the cytosol. Dopamine then enters the
chromaffin granules to undergo conversion to noradrenaline by dopamine hydroxylase
and re-enters the cytosol for the final conversion to adrenaline by phenylethanolamine-
N-methyltransferase (PNMT). It is believed that two types of chromaffin cell exist;
one stores and secretes adrenaline, the other noradrenaline. PNMT is found only in
the adrenaline-secreting cells thus restricting the production to these cells. Synthesis
of PNMT itself may be induced by glucocorticoids, and the sinusoids which drain the
adrenal cortex contain high concentrations of cortisol, a potent glucocorticoid. Thus

Figure 6.2 Chromaffin cells. Regular polyhedral cells in small groups with extensive pale
cytoplasm and round pale nuclei containing little chromatin, and a small sinusoidal venule
(V). Haematoxylin & eosin (H & E)
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the function of the medulla is partly controlled by the adrenal cortex (Neville 1969).
In humans >80% of the catecholamines are stored in the adrenal as adrenaline; in the
Long-Evans rat the level is >90% (Tischler et al. 1985). Chromogranin proteins and
neuropeptides, in contrast to the catecholamines, are synthesized in the endoplasmic

Figure 6.3 Species differences in medullary architecture. Normal adrenal medulla of (A)
marmoset (Callithrix jacchus) and (B) rat showing differences in cell patterns.
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reticulum (ER) and stored in the Golgi apparatus. Medullary cells also contain serotonin
and histamine, but it is not known if they are synthesized in the cells or taken up from
the circulation.

Chromaffin cell function is regulated by humoral and neurogenic signals; the latter
predominate in the adult. The sequence of events which lead to medullary
catecholamine secretion is known as stimulus-secretion coupling. Sympathetic
stimulation causes release of acetylcholine from the pre-ganglionic nerve synapses at
the chromaffin cells which depolarizes the cell membrane and increases calcium
permeability. This increased intracellular calcium stimulates the release of
catecholamines from the chromaffin granules by exocytosis. The granules move to,
and fuse with, the cell membrane, releasing the catecholamines and other products
into the extracellular space. A number of additional factors have been identified in
the control of catecholamine synthesis. Other neurotransmitters and peptide hormones
react with their receptors and pass into the cells by transduction pathways that involve
adenosine monophosphate, protein kinase A, phosphatidylinositol and protein kinase
C. All of these pathways interact at many levels to regulate hormone synthesis (Tischler
& DeLellis 1988). Other factors which may modify function include steroid hormones
(Unsicker 1989) and the extracellular matrix (Doupe et al. 1985), in addition to growth
factors which act upon receptors for protein kinase.

Approximately 50% of the catecholamines secreted by the medulla circulate as
free hormone, the remainder is bound to albumin. Catecholamines are cleared from
the plasma by enzymatic conversion to other (inactive) products, uptake by other
tissues, and by enzymatic degradation and excretion through liver and kidneys. The
depletion of circulating catecholamines produces a reflex increase in splanchnic nerve

Figure 6.4 Medullary ganglion cells. Groups of large ganglion cells (G) surrounded by
chromaffin cells (C) in rat adrenal medulla.
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discharge to stimulate catecholamine secretion and biosynthesis of tyrosine hydroxylase
and other enzymes. Among the more important events which trigger catecholamine
production are hypoglycaemia, hypothermia, hypoxia and stress. Synthesis also
increases with age in the rat, where increased levels are related to increased splanchnic
nerve discharges observed after the age of 300 days (Ito et al. 1986). Differences have
been demonstrated between strains in the response to stress, with Wistar-Kyoto rats
showing two-fold higher levels of catecholamines, in response to foot shock, than
Brown-Norway rats (McMarty & Kopin 1978).

Catecholamines act on two major receptor types which are widely and differentially
distributed throughout the tissues: the a and ß receptors. In general, a receptor
stimulation is excitatory, causing effects such as vascoconstriction and muscle
contraction. Activation of ß

1
 receptors in the heart also has excitatory effects on

contractility, heart rate and conduction velocity. ß
2
 receptors mediate various metabolic

processes such as glycogenolysis and lipolysis, arteriolar dilatation, and relaxation of
bronchial and gastrointestinal muscle.

6.2 Non-proliferative Conditions

The adrenal medulla does not produce a large range of non-proliferative histological
change in any laboratory animal species, either spontaneous or induced. Among
reported spontaneous conditions inflammation is rare, although small inflammatory
cell infiltrates are not an uncommon finding (Figure 6.5). Necrosis is even less frequently
seen. In the mouse, virus infections may produce changes in medullary cells, although

Figure 6.5 Infiltrates in rat medulla. Two small foci of mixed inflammatory cell infiltration
(A) in rat adrenal medulla.
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the cortex is more commonly involved. The type and incidence of the response to the
virus varies with the strain. Mouse hepatitis virus may produce syncitia in medullary
cells and adenovirus, cellular disintegration and inflammation (Barthold 1983).
Spontaneous physiological changes have been demonstrated frequently with many of
the conditions which fall loosely into the category of stress. An example is that reported
by Kvetnansky et al. (1971) where catecholamine levels were shown to rise in rats
during and after stress induced by immobilization. Relatively little has been published
on the toxic effects of chemicals in the adrenal medulla; one reason may be the difficulty
of demonstrating changes in medullary function. Clearly a sustained increase in
catecholamines may have important effects on many distant organs, but the causal
relationship to altered adrenal function may not be recognized in the absence of any
obvious morphological change in the adrenal glands. Toxicological pathologists are
likely to encounter few non-proliferative changes in the medulla. Focal necrosis (Figure
6.6) has been reported after administration of cysteamine hydrochloride (McComb et
al. 1981), acrylonitrile (Szabo et al. 1980) and pyrazole (Szabo et al. 1981). It is not
known if the necrosis is a direct effect of these chemicals on the cells. Fatty change in
medullary cells (Figure 6.7) has been seen in rats treated with triparanol (Lullman-
Rauch & Reil 1974) and tamoxifen (Lullman & Lullman-Rauch 1981), and
cynomolgus monkeys treated with a novel anti-neoplastic agent (Gopinath et al. 1987).
Other histological changes include intracytoplasmic eosinophilic inclusion bodies,
which are predominately periodic acid-Schiff positive, and have been reported in rhesus
monkeys treated with polychlorinated biphenyls and also by guinea pigs treated with
a dioxin derivative (McConnell & Tally 1977). This range of structural changes is
small, as might be expected in a tissue of uniform cells and structure.

Figure 6.6 Necrosis of adrenal medulla. Large central area of medullary necrosis (N) in
rat adrenal medulla.
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Changes in function are more frequently reported since many chemicals can, non-
specifically, produce stimulation of the sympathetic nervous system with a resultant
increase in catecholamine levels. Such effects can be of short duration as other pathways
are initiated to counter the increase, and medullary cells will also rapidly return to
normal when the cause of the stimulation has been removed. Changes in catecholamine
synthesis should result in a change in medullary cell size, but this may be difficult to
detect. Adrenal gland weight is not a good indicator of medullary hypertrophy since
the medulla contributes such a small proportion to the weight of the whole gland
and, because of the presence of groups of cortical cells, accurate enucleation and
isolation of the medulla is impossible. Morphometric analysis of individual cell size is
difficult as care must be taken with fixation of the tissue to avoid shrinkage of the
cells. Also, as the proportion of medullary cells present in a microscopic section varies
with the plane of section, it is difficult to standardize the numbers of cells examined,
and multiple sections should be analysed. Similarly, although the splanchnic nerve is
the chief source of sympathetic stimulation, other factors are involved and it is not
possible to surgically denervate the medulla to study the effects of sympathetic
stimulation.

Since catecholamines have widespread activity in the body, the toxicity of some
xenobiotics can be attributed to effects produced by increased secretion. Thyroid
hormones cause hypertrophy of the whole adrenal gland, but particularly the medulla
(Hopsu 1960). Noradrenaline cells are more sensitive to increased thyroid hormones,
and are decreased in volume and catecholamine content; reduced circulating levels of
thyroid hormones have the opposite effect with an increase in noradrenaline and

Figure 6.7 Fatty change in adrenal medulla. Fat vacuoles in medullary chromaffin cells
rat adrenal medulla.
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adrenaline secretion. Long-term administration of growth hormone (GH) to rats causes
medullary hypertrophy without increased catecholamine levels (Evans et al. 1948). In
mice, GH did not affect adrenal weight, but increased catecholamine levels (Hopsu
1960).

Reserpine causes a reflex increase in the activity of cholinergic nerves in the medulla
(USDHHR 1982), with a consequent stimulation of adrenal catecholamines. Nicotine
is known to directly stimulate nicotinic acetylcholine receptors and has been shown
to increase adrenal catecholamine levels in rats (Boelsterli et al. 1984), and circulating
adrenaline levels in guinea pigs (Hexum & Russet 1987). Insecticides are another
class of chemicals which have been shown to affect several endocrine glands including
the adrenal medulla. Chlordecane significantly reduces adrenaline levels and increases
noradrenaline; the mechanism is thought to be an inhibition of PNMT, with a
subsequent decreased adrenaline synthesis. In addition chlordecane may inhibit
mitochondrial function with decreased uptake into storage granules (Baggett et al.
1980). Another insecticide, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTH),
administered to rats decreased adrenaline levels and tyrosine hydroxylase activity
(Ambrosio & Mahy 1989).

Administration of sugar alcohols (polyols), such as mannitol and xylitol, to rodents
produced hypertrophy of the adrenal medulla (Salsbury 1980, Boelsteri & Zbinden
1985, Bär 1988). These compounds are thought to produce their effects by altering
calcium homeostasis; they have been shown to increase calcium absorption from the
intestinal tract (Roe & Bar 1985) and thus may increase intracellular calcium and
influence catecholamine production. Few other compounds have been reported in the
literature as medullary toxins but those that have are reviewed by Ribelin (1984) and
Colby & Longhurst (1992).

6.3 Proliferation Conditions

The low incidence of inflammatory and degenerative changes in the adrenal medulla
is in marked contrast to the frequency of proliferative lesions seen in the rat. In this
respect, the rat differs markedly from humans and other laboratory animal species.
Hyperplasia involves both adrenaline- and noradrenaline-producing cells (Tischler et
al. 1985), but the hyperplastic cells are thought to have normal innervation (Tomlinson
& Coupland 1990). Diffuse hyperplasia occurs when the medullary cells are increased
without nodular formation or cortical compression (Figure 6.8). It is a bilateral and
multicentric condition and varies with strain; the incidence in a range of rat strains
has been cited by Tischler & Coupland (1994). In male Wistar rats the number of
adrenaline-producing cells increases by 40%, and noradrenaline cells by 60%, in
animals aged 2 years. In the Long-Evans rat (which is Wistar-derived) the ratio of
medulla to cortex changes with age, and at 2 years is almost double that at 1 year
(Tischler et al. 1985). The individual cells may be hypertrophied and, ultrastructurally,
show increased numbers of lysosomes.

Nodular hyperplasia also occurs frequently as a spontaneous and induced
condition of the adrenal medulla. The frequency of the condition is clearly genetically
controlled, and those strains prone to develop the condition spontaneously are more
likely to do so in response to a variety of stimuli such as hormones and xenobiotics
(Boelesterli & Zbinden 1985). Nodules of hyperplastic cells may be located in any
part of the medulla, but are often positioned at the juxta-cortical region of the



Figure 6.8 Diffuse medullary hyperplasia. Small groups of darker stained hyperplastic
cells (H) scattered through rat medulla.

Figure 6.9 Nodular medullary hyperplasia. Nodule of hyperplastic cells (H) at the juxta-
cortical region rat medulla.
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medulla (Figure 6.9). The cells are usually smaller than normal, polygonal in shape
with a high nuclear/cytoplasmic ratio; the cytoplasm is basophilic and the cells may
show mitotic figures. This condition has been described in different strains by various
authors including Yeakel (1947), Strandberg (1983) and Roe & Bar (1985). The
distinction between hyperplasia of medullary cells and neoplasia
(phaeochromocytoma) is somewhat arbitrary, with some pathologists ignoring the
condition of hyperplasia and defining all proliferative lesions as neoplastic
(Hollander & Snell 1976). This has made the published data for the incidences of
medullary tumours unreliable. Roe & Bar (1985) have described a five-point grading
system for hyperplasia from Grade 1, with only one or two small hyperplastic
nodules, to Grade 5, with a hyperplastic nodule occupying at least two-thirds of the
medulla. They suggest that a Grade 6 would, therefore, represent a benign
phaeochromocytoma. The diagnostic criterion distinguishing a large hyperplastic
lesion from a tumour is an absence of compression of adjacent medulla and cortex;
tumours, however small, should have a clear margin and show some degree of
compression. There is a growing acceptance for this type of progressive development
from hyperplasia to neoplasia in the rat adrenal medulla. Hyperplasia and neoplasia
are more common in male rats, but the incidence varies with strain. It is apparent
that, whatever the initial stimulus, any prolonged or abnormal type of stimulation of
catecholamines can cause medullary cell proliferation. Support for this is provided by
the work of Greenberg et al. (1986) who demonstrated the expression of
protooncogenes after increased stimulation.

Polyols added to the diet at concentrations up to 20% increase the incidence of
medullary hyperplasia (Roe & Bar 1985). The mechanism, as for the hypertrophy
produced by polyols, is thought to be increased calcium absorption. In the
gastrointestinal tract calcium is absorbed with monosaccharides. It has been suggested
that polyols are poorly absorbed in the upper part of the tract (stomach and duodenum)
and breakdown, to the more absorbable monosaccharides, occurs throughout the
tract; on account of this more calcium is absorbed than occurs with more digestible
carbohydrates. Increased calcium entry into the cells is ultimately responsible for
stimulation of catecholamine production and the hypertrophy and hyperplasia of the
chromaffin cells. The incidence of spontaneous medullary hyperplasia is also increased
in rats with severe chronic progressive nephropathy (CPGN). This degenerative
condition impairs the animal’s ability to handle calcium overload. It is known that
overnutrition, in animals-fed ad libitum, increases the incidence of CPGN (Saxton &
Kimball 1941, Bras & Ross 1964, Yu et al. 1982). In addition, the excessive dietary
intake of calcium and vitamin D in animals with impaired renal function has widespread
effects, with parathyroid hyperplasia, metastatic calcification and an increased
incidence of proliferative lesions in the medulla.

Hormones are another group of stimuli known to influence adrenal activity and
may also increase proliferative medullary lesions. A clear relationship exists, in the
rat, between anterior pituitary hormones and adrenal medullary hyperplasia, but as
with all endocrine functions this is a complex, multifaceted relationship. Medullary
hyperplasia and neoplasia may be induced by the administration of GH (Moon et al.
1950) and GH is 40% homologous with pituitary prolactin and, in high concentrations,
can bind to prolactin receptors. Prolactin release in the rat is associated with stress
(Minamitani et al. 1987), and is also associated with increased production and secretion
of catecholamines. In many strains prolactin-secreting pituitary tumours are common
(Lee et al. 1982). The pituitary prolactin production is controlled by dopamine which
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acts as an inhibitor; thus any xenobiotic which inhibits dopamine itself, which includes
psychotropic agents, may increase prolactin secretion and consequently medullary
hyperplasia and neoplasia.

The most common tumour of the adrenal medulla is the phaeochromocytoma
which may be benign or malignant and is usually unilateral. As with all tumours the
incidence varies with strain but, as with hyperplasia, phaeochromocytomas are more
common in males (Cheng 1980), with some strains such as the Fischer 344 reporting
incidences of 17% in males and 3.5% in females (Tischler & DeLellis 1988). Malignant
phaeochromocytomas are uncommon and distant metastases rare (Goodman et al.
1979). A relationship between the incidence of spontaneous phaeochromocytomas
and CPGN was first observed by Oilman et al. (1953). The mechanism, as for medullary
hyperplasia, is likely to be due to effects on calcium homeostasis. The histological
appearance of the tumours is of small cells showing a degree of nuclear pleomorphism
and a more intense basophilia. Compression of adjacent tissue is invariably present
and there is usually a clearly-defined margin (Figure 6.10). Increasing atypia and
mitotic activity may be seen with the larger tumours (Figure 6.11). The appearance of
phaeochromocytomas in the rat is different from that of other species including humans,
where the tumours retain the pale frothy appearance of the normal medullary cell. In
addition, changes in blood pressure were reported to be minimal in rats while they are
a common feature of the tumour in man (Ribelin et al. 1984). This led to speculation
that the rat phaeochromocytoma is different from other species, however more recent
ultrastructural and functional studies tend to disprove this. The tumours show
chromaffin granules and increased production of noradrenaline only (Bosland & Baer
1984). The reason for this is probably clarified by the work of Tischler et al. (1990)
who demonstrated that in phaeochromocytomas induced by a phosphodiesterase

Figure 6.10 Phaeochromocytoma rat adrenal. Large phaeochromocytoma (P) below
medulla (M) showing a clearly defined margin and compression of the cortex.



Figure 6.11 Phaeochromocytoma rat adrenal. Phaeochromocytoma showing
disorganized architecture, cellular atypia and mitotic figures.

Figure 6.12 Ganglioneuroma rat adrenal. Ganglioneuroma (G) below medulla (M)
showing scattered ganglion cells in a neuromatous stroma.
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inhibitor, tyrosine hydoxylase and dopamine hydroxylase could be identified but not
PNMT, the enzyme which converts noradrenaline to adrenaline; this is consistent
with the tumour’s inability to produce adrenaline. Phaeochromocytomas may be
induced by a variety of chemicals which have been reviewed by Russfield (1966) and
Ribelin (1984). Other agents which have been shown to produce these tumours include
growth hormone (Moon et al. 1950), nicotine (Eränkö 1955, Boelsterli et al. 1984),
reserpine (USDHHR 1982, Diener 1988), an anti-inflammatory drug (Mosher &
Kircher 1988), polyols (Roe & Bär 1985) and synthetic retinols (Kamm 1982,
Kurokawa et al. 1985). These compounds, for which the effects on adrenal function
are known, have been shown to affect catecholamine production prior to tumour
development. Other species show varying incidences of phaeochromocytomas. They
are uncommon in mice although they have been induced by polyoma virus (Tischler
et al. 1993). In the hamster they are among the most common spontaneous tumours
to occur (Chvédoff et al. 1980).

Ganglioneuroma is an uncommon medullary tumour. The distinguishing feature
of this tumour is the presence of ganglion cells (Figures 6.12 and 6.13) and this and
other features have been described by Glaister et al. (1977) and Reznik & Ward
(1983). There are no data on the induction of this type of tumour by any chemical or
other stimulus.

6.4 Summary and Conclusions

In comparison with other organs such as the kidney, and even the adrenal cortex,
toxic effects in the adrenal medulla are infrequent. This would seem to be an

Figure 6.13 Ganglioneuroma rat adrenal. Higher-power view of ganglioneuroma to show
scattered ganglion cells and neuromatous stroma.



Adrenal medulla as a toxicological target organ

179

inconsistent observation when one considers the widespread activities of
catecholamines and the diverse stimuli which affect them. It is possible that our
inability, until recently, to detect functional changes may account for this. As yet
little is known of the effects of variables such as age, sex and hormonal status in
the normal rat or in those with induced medullary lesions. Even less is known in
other common laboratory species such as the mouse and dog. Further
investigations of the physiological control and function of the organ should prove
fruitful and contribute to our understanding of the medulla and its response to
toxins.
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7.1 An Introduction to Hormonal Modulation of Toxicity

Hormones of a particular endocrine axis have been used experimentally and clinically
to modulate toxic insult against a component gland within the same endocrine axis.
For example, hormones from the hypothalamo-pituitary-gonadal axis have been used
to ameliorate testicular toxicity. Glode et al. (1981) reported that a GnRH analogue
(D-Leu6 GnRH) could protect against cyclophosphamide-induced testicular damage
in mice. There have been similar reports in rat and dog and this has led to the suggestion
that the use of GnRH analogues may be useful in a clinical setting for the protection
of the testes in cancer chemotherapy (reviewed in Garside & Harvey 1992). Sex steroids
are also known to protect the testes from toxic insult: in the mouse, both progesterone
(Wolkowski-Tyl & Preston 1979) and oestrogen (Gunn et al. 1965) are protective
against the necrotizing effects of cadmium to the testes. Other structurally-related
steroids, such as the natural and synthetic glucocorticoids corticosterone and
dexamethasone, are without such effect, and the necrotizing potential of cadmium to
the testes and other organs and tissues is not modulated by these compounds, at least
in the mouse (Wolkowski-Tyl & Preston 1979). In the rat, however, progesterone
does not protect the testes from cadmium, indeed the reverse is true since progesterone
has been reported to significantly exacerbate and enhance cadmium toxicity, especially
to the liver (Shiraishi et al. 1993). Thus, different steroids with structural similarity
but differing pharmacological activity can modulate toxicity in different ways and
this is species-dependent.

Whilst it can be appreciated how hormones within an axis can modulate toxicity
to a constituent gland where endocrine mechanisms are operative (for example, the
use of hormones to protect the testes from cytotoxic insult has the rationale that
quiescent or hormonally suppressed testes are less vulnerable to toxic insult, eg
Morris & Shalet 1990, Garside & Harvey 1992), it is less clear how hormones alter
toxicity in non-endocrine target organs. For example, it is not currently known
how progesterone (a steroid with relatively few pharmacological actions) pre-
treatment can exacerbate the general toxicity and hepatoxicity of cadmium in rats
(Shiraishi et al. 1993). However, the literature related to hormone interactions in
toxicity is broad, and that devoted to the glucocorticosteroids and their role in
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modulating toxicological responses in non-endocrine tissues such as brain, liver
and kidney is relatively advanced, where the pharmacological basis for the interaction
with a toxicant is known. The glucocorticosteroids have an enormous range of
fundamental metabolic, physiological and pharmacological actions (eg effects on
DNA, RNA and protein synthesis, carbohydrate and protein metabolism, anti-
inflammatory, weak mineralocorticoid and immunosuppressive actions and enzyme
induction—see earlier chapters). Therefore, more than any other class of steroids,
the glucocorticosteroids have the potential for interacting with toxicants within the
context of a whole-body response.

The literature on glucocorticosteroid modulation of toxicity has partly developed
from the need to better explore how, and which, factors in the endocrine stress response
influence toxic responses. For reviews and discussion of stress and toxicity see Vogel
(1987, 1993) and Harvey (1994). Indeed, early research was conducted by Selye, for
example, on the influence of steroids and stress on the toxicity and disposition of
tetraethylammonium bromide (Kourounakis & Selye 1976). The widespread clinical
use of the glucocorticosteroids and the real potential for polypharmacy and drug
interactions has elevated this literature from a position of research interest, to one of
clear clinical relevance. Furthermore, as the glucocorticosteroids have been shown in
certain incidences to prevent toxicity (methylprednisolone protects against cisplatin
nephrotoxicity in the rat, eg Koikawa et al. 1993) there is again the possibility of
major clinical applications where drug toxicity can be modified by the use of
glucocorticosteroids.

This chapter reviews the literature relating to glucocorticosteroid modulation of
experimental toxicity. Studies in this area conducted on laboratory rodents typically
involve the administration of natural or synthetic glucocorticosteroids with a toxicant,
and the effects this treatment has on a target organ is then studied with respect to the
effects of the toxicant and steroid alone. Target organs most frequently studied are
the brain, liver and kidney and this review is consequently organized by target organ.
A summary of glucocorticosteroid modulation of toxicity is given in Table 7.1 and
this is organised by chemical. Steroids most frequently employed include corticosterone,
cortisol (hydrocortisone), prednisolone, methylprednisolone, dexamethasone and less
frequently triamcinolone and 9a-fluorocortisol and interactions have been reported
with natural toxins (eg kainic acid, aflatoxin B1, trichothecene mycotoxins and vitamin
D), drugs and other pharmacologically active agents (eg methotrexate, paracetamol,
cisplatin, cephaloridine, isoproterenol and adrenalin) and chemicals (eg carbon
tetrachloride, paraquat, tetraethylammonium bromide, dimethylaminoazobenzene and
2,3,7,8-tetrachlorodibenzo-p-dioxin). The literature specifically related to
glucocorticosteroid interactions with natural toxins has been previously reviewed
elsewhere (Harvey et al. 1994).

7.2 The Brain and Neurotoxity

Glucocorticoids in general exert catabolic and, in excess, degenerative actions
throughout the body, including the brain and especially the hippocampus (McEwen
et al. 1986, Miller 1992). The hippocampus is rich in corticosteroid receptors and
this fact has allowed Sapolsky and co-workers to progress a programme of research
investigating interactions of corticosterone with neurotoxicants in the
hippocampus.
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Sapolsky (1985) investigated synergy between corticosterone (administered in
dose levels to rats producing a prolonged blood concentration similar to that which
occurs physiologically in the stress response) and 3-acetylpyridine. 3-Acetylpyridine
(a neurotoxic antimetabolite which inhibits ATP synthesis) was microinfused into
Ammons horn where it destroyed dentate gyrus neurons. Rats that had been
pretreated with corticosterone (as recently as 24 h before 3-acetylpyridine treatment)
showed markedly greater volume (five-fold increase) of hippocampal damage
compared with controls treated with 3-acetylpyridine only. Conversely,
adrenalectomy reduced the degree of damage of 3-acetylpyridine treatment.
Employing a similar experimental protocol, Sapolsky (1986a) examined potential
synergy between corticosterone and a second neurotoxic agent, kainic acid (an
exitotoxin operating on glutamate sensitive neurons). Rats were adrenalectomized
or treated with 10 mg/day corticosterone subcutaneously and then had a
microinfusion of kainic acid into the hippocampus. As in the previous study,
corticosterone pre-treatment resulted in a marked increase in the volume of
hippocampal damage following microinfusion of kainic acid, whereas adrenalectomy
reduced the degree of damage, compared with controls treated with kainic acid
only. Thus, the neurotoxicity of several agents can be exacerbated by corticosterone
manipulation. Sapolsky (1986a) proposed that glucocorticoid exposure appeared
to damage the hippocampus by inducing a state of ‘metabolic vulnerability’ in
hippocampal neurons, which resulted in impaired capacity to survive a toxic insult.

In subsequent work, the mechanism of glucocorticoid-induced neuronal vulnerability
to toxic insult was investigated and Sapolsky (1986b) reported that administration of
brain fuels such as mannose, fructose, glucose or ß-hydroxybutyrate reduced
hippocampal damage following the co-administration of corticosterone with either
kainic acid or 3-acetylpyridine. The critical feature of exacerbation of neurotoxicant
activity by corticosterone appears to revolve around glucose ultilization, which is a
fundamental peripheral action of glucocorticoids. A second mechanism may involve
neuronal calcium regulation and Elliott & Sapolsky (1992) have shown that in cultured
hippocampal neurons, corticosterone resulted in a large increase (23-fold) of neuronal
calcium following kainic acid treatment compared with control cultures. It is worth
noting that in vitro, corticosterone-induced reductions of viability of hippocampal
neurons subjected to toxic insult from kainic acid, 3-acetylpyridine or paraquat (a
superoxide radical generator) can be clearly demonstrated using extremely low
concentrations of corticosterone (10-9 M) (Sapolsky et al. 1988). Presumably, the
sensitivity of the hippocampus to corticosterone exacerbation of neurotoxic insult is
a function of corticosteroid receptor concentration, and this may also account for the
finding that relatively acute duration changes in corticosterone exposure are effective
in altering neuronal response to toxic insult (Sapolsky 1985).

7.3 The Liver and Hepatotoxicity

As the major site of metabolism, the liver is a target for glucocorticoids where they
modulate carbohydrate, protein and lipid metabolism, and induce glycogen deposition
and gluconeogenesis (eg Haynes & Murad 1991). Glucocorticoids are also inducers
of various cytochrome P450 isoenzymes (eg Ortiz de Montellano 1986, Ruckpaul &
Rein 1989, Timbrell 1991) but may inhibit other enzymes including aryl hydrocarbon
hydroxylase (Bogdanffy et al. 1986). In specific studies in rats, the detoxification of
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benzo(a)pyrene by ethanol is mediated by corticosterone (Bogdanffy et al. 1984), and
corticosterone has also been shown to mediate ethanol induction of liver tryptophan
oxygenase (Moerland et al. 1985). In vitro, corticosterone, hydroxycortisone and
dexamethasone increase the activity of ?-glutamyltransferase in a highly differentiated
hepatoma (Fao) cell line (Barouki et al. 1982). Additionally, hepatomegaly caused by
perfluorooctanoic acid (a non-metabolizable peroxisome proliferator) has been shown
to be dependent on corticosterone (Thotassery et al. 1992). Thus, glucocorticoids,
and specifically corticosterone, exert specific metabolic-toxicokinetic, in addition to
general biochemical, effects in the liver.

Lloyd & Franklin (1991) examined the modulation of carbon tetrachloride
hepatotoxicity by corticosterone pre-treatments and adrenalectomy in rats. They found
that when rats were treated with corticosterone (20–40 mg/kg intraperitoneally) and
then treated with carbon tetrachloride (1 ml/kg) 30 min later, hepatotoxicity (measured
by blood enzyme markers such as alanine aminotransferase and also by
histopathological examination of livers) was increased compared with controls treated
with carbon tetrachloride only. Adrenalectomy afforded some protection in carbon
tetrachloride hepatotoxic challenge. The exacerbation of carbon tetrachloride
hepatotoxicity by corticosterone is consistent with the concept of corticosterone-
induced ‘metabolic vulnerability’ to toxic insult.

Harvey et al. (1993) investigated the effect of corticosterone, cortisol
(hydrocortisone) or pregnenolone 16a-carbonitrile pre-treatments on subsequent
hepatic response to paracetamol in rats. In this study, rats were pre-treated for 6
days with 20 mg/kg/day corticosterone or cortisol or pregnenolone 16a-
carbonitrile, given subcutaneously, followed by a single dose of paracetamol orally
(1600 mg/kg) on Day 6. Paracetamol markedly increased absolute and relative liver
weights and, interestingly, both corticosterone and cortisol pre-treatment
attenuated this response. Levels of reduced glutathione in the liver were measured
and cortisol pretreatment was shown to produce extreme depletion 48 hr after
paracetamol, which was much more marked than that occurring in rats given
paracetamol only or with corticosterone pre-treatment. Pregnenolone 16a-
carbonitrile protected against paracetamol-induced glutathione depletion (which is
consistent with a previous report in hamsters by Madhu & Klaasen 1991). The
dose of paracetamol markedly increased blood concentrations of aspartate
aminotransferase, alanine aminotransferase and sorbitol dehydrogenase (which are
markers for hepatotoxicity) and whilst the highest concentrations overall were
detected in the corticosterone pretreatment group 24 hr after paracetamol, these
failed to achieve statistical significance compared with results from rats given
paracetamol only. Thus hepatoxicity was enhanced rather than strongly
exacerbated. Madhu et al. (1992) report similar findings in the mouse. In their
study, very high dose dexamethasone pre-treatments (75 mg/kg given
intraperitoneally for 4 days) enhanced paracetamol (500 mg/kg intraperitoneally)
hepatotoxicity and of particular note was that dexamethasone treatment with
paracetamol reduced liver glutathione content, which is consistent with the effect
of cortisol reported by Harvey et al. (1993) in the rat.

The results from these paracetamol studies broadly agreed with Lloyd &
Franklin’s (1991) work on carbon tetrachloride in that corticosterone, cortisol and
dexamethasone predisposed the liver to toxic insult. However, whilst corticosterone
in the rat (Harvey et al. 1993) and dexamethasone in the mouse (Madhu et al. 1992)
moderately enhance paracetamol liver toxicity, cortisol appears to possess the most
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potent action as this compound promoted an almost complete paracetamol-induced
depletion of liver glutathione in rats at equivalent, or lower dose levels than the other
two steroids (Harvey et al. 1993). As glutathione depletion is a prerequisite factor in
paracetamol hepatoxicity, with the benzoquinone imine metabolite being the
proximal cause of liver damage, the depletion caused by cortisol pre-treatment is
significant and warrants further study.

In fact, cortisol has been previously demonstrated to markedly exacerbate the
hepatotoxicity of aflatoxin B1 (Chentanez et al. 1988). In this study, rats were treated
for 7 days with cortisol in the dose range 1–10 mg/kg and then treated with 3 mg/kg
aflatoxin B1. The cortisol pre-treatment group showed marked exacerbation of
aflatoxin toxicity, compared with aflatoxin B1-treated controls, as evidenced by
increased mortalities, increased activity of plasma glutamic pyruvic and oxaloacetic
transaminases and increased plasma triglycerides (it should be noted that
glucocorticoids increase the rate of carboxylation of pyruvate to oxaloacetate in liver
mitochondria; Haynes & Murad 1991. Chentanez et al. (1988) also reported a dose-
related increase in hepatic necrosis in cortisol pre-treated rats subsequently treated
with aflatoxin B1, and the mechanism of action was attributed to increased aniline
hydroxylase activity and 2,3-epoxide formation. This in turn facilitated binding to
hepatic DNA and proteins and lipid peroxide formation.

Although the consensus of reports suggest that pre-treatment regimes of natural
glucocorticoids such as corticosterone and cortisol exacerbate hepatotoxic insult
from a variety of chemicals, there are reports of protective effects. Sudhir &
Budhiraja (1992) have reported that hydrocortisone (cortisol) has a protective
effect against carbon tetrachloride hepatotoxicity in rats. Similarly, in a
histopathological study of changes caused by the venom of the Egyptian snake,
Naja nigricollis, Mohamed et al (1974) found that the co-administration of
hydrocortisone ameliorated venom-induced hepatotoxicity. In this study, mice were
injected with venom (0.2 mg/kg) alone or in combination with hydrocortisone (1.0
mg/kg) intraperitoneally. The livers of animals that had also received
hydrocortisone showed less vacuolation and diminished cellular infiltration of the
portal tracts compared with livers from mice treated with venom only.
Interestingly, Mohamed et al. (1973) reported that whilst hydrocortisone protected
the liver from venom toxicity, this was not the case in the kidney (see next section).
Indeed, it is apparent from the studies reviewed that there is no consistency as to
whether the natural or synthetic glucocorticosteroids protected from or
exacerbated hepatotoxicity. This draws attention to the dangers of over
generalizing the effects of glucocorticoids and of ignoring the specific mechanism of
action of the co-administered toxicant.

7.4 The Kidney and Nephrotoxicity

The natural glucocorticosteroids, particularly corticosterone, possess weak
mineralocorticoid activity and promote water and sodium retention in the nephron.
Although the relative potency of the natural glucocorticoids is much lower than that
of aldosterone, their higher blood concentration allows compounds such as
corticosterone and cortisol to exert biologically relevant effects on the kidney (eg
Bowman & Rand 1984). The concentration of solutions containing excreted toxicants,
and the subsequent re-absorption of these solutions by co-administered corticosteroid
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Figure 7.1 Outer cortex of kidney sampled 96 hr after treatment [haematoxylin & eosin
(H&E) x 220]. (a) Section from a rat treated with cephaloridine only, showing severe toxic
nephrosis characterized by coagulative necrosis of the convoluted proximal tubules and
granular cytoplasm. NT, Necrotic tubule, (b) Section from a rat treated with cephaloridine
and methylprednisolone, showing only slight evidence of toxic nephrosis and clearly
indicating [when compared with (a)] a protective effect of methylprednisolone against
cephaloridine-induced nephrotoxicity. Note also the granular appearance to the
cytoplasm, (c) Section from a rat treated with methylprednisolone only, demonstrating the
lack of adverse effects on the kidney of the treatment regime employed with this steroid.
This is indistinguishable from controls. From Harvey et al. (1995).
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Figure 7.2 Inner cortex of kidney sampled 96 hr after treatment [haematoxylin & eosin (H
& E)×220]. (a) Section from a rat treated with cephaloridine only, showing severe toxic
nephrosis characterized by gross distension of the terminal pars recta by exfoliated
cellular debris. EC, Exfoliated cellular debris. Note the granular appearance of the
cytoplasm, (b) Section from a rat treated with cephaloridine and methylprednisolone,
showing only slight damage (note also proteinaceous fluid-filled tubule and the granular
cytoplasm) with resolution through cellular regeneration (note mitotic figures) and clearly
indicating [when compared with (a)] a protective effect of methylprednisolone against
cephaloridine-induced nephrotoxicity. FT, Proteinaceous fluid-filled tubule; arrows mark
mitotic figures, (c) Section from a rat treated with methylprednisolone only, demonstrating
the lack of adverse effects on the kidney of the treatment regime employed with this
steroid. This is indistinguishable from controls. From Harvey et al. (1995).
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action, may be a mechanism contributing to the nephrotoxic profiles of toxicants.
Additionally, the kidney, as with other organs and tissues, is a parimary target for the
other general effects of glucocorticoids (eg metabolic effects, enzyme induction) and
this may also affect toxicity.

There have been several recent studies of glucocorticoid toxicity interactions in the
kidney. Koikawa et al. (1993) have recently reported a protective ‘prophylactic’ effect
of methylprednisolone on cisplatin (an alkylating agent used in cancer chemotherapy)-
induced nephrotoxicity in the rat. In this study, rats were injected subcutaneously
with methylprednisolone in the dose range 10–50 mg/kg up to 4 hr before cisplatin
injection (6.5 mg/kg administered intravenously) and methylprednisolone pre-treatment
significantly reduced blood urea nitrogen and creatinine levels compared with rats
treated with cisplatin alone. Koikawa et al. (1993) suggest that the protective effects
of methylprednisolone may be related to the stabilization of lysosomal membranes,
although there may be other factors involved.

The protective effect of glucocorticoid pre-treatment on cisplatin-induced
nephrotoxicity in the rat has been confirmed. Reznick & Gambarayan (1994) treated
rats intraperitoneally with a single dose of cisplatin (7.5 mg/kg) with or without a
single intramuscular dose of triarncinolone (4 mg/kg administered 6 hr before cisplatin).
These results showed that cisplatin resulted in marked elevations of serum urea and
creatinine on the third day after treatment but that pre-treatment with triamcinolone
significantly reduced these parameters. Histopathology confirmed that whilst cisplatin
caused extensive lesions of the S3 segment of the proximal tubule (ranging from
decreases in microvilli to loss of brush border and necrosis), the structure of the renal
cortex was normal, with only slight damage to renal medulla, in rats treated with
triarncinolone.

Taken together, the results of Koikawa et al. (1993) and Reznick &
Gambarayan’s (1994) studies suggest that glucocorticoids protect in cisplatin-
induced kidney toxicity and this has implications for the potential clinical use of
these steroids in cisplatin cancer chemotherapy. The use of two different steroids,
methylprednisolone and triarncinolone, points to a common pharmacological
mechanism of drug interaction. Harvey et al. (1995) investigated whether
glucocorticoids could protect in the nephrotoxicity of other agents. Cephaloridine
was administered subcutaneously to rats (3750 mg/kg) with or without
methylprednisolone (100 mg/kg administered 2 hr before cephaloridine). Results
showed that methylprednisolone significantly protected against cephaloridine-
induced nephrotoxicity as evidenced by kidney weights, blood urea and creatinine
and histopathology. Indeed, histopathology revealed marked toxic nephrosis and
coagulative necrosis of the proximal convoluted tubules in the outer cortex and
gross distension by exfoliated cell debris in the medulla of cephaloridine-treated
rats, whereas those treated with methylprednisolone showed only slight nephrosis
[see Figures 7.1(a)-(c) and 7.2(a)-(c)].

Despite the evidence that glucocorticoids protect against nephrotoxicity there is
one report of exacerbation. Mohamed et al. (1974) studied the interaction between
hydrocortisone and the venom from the snake Naja nigricollis in mice. Although
hydrocortisone had a protective effect in venom-induced hepatotoxicity, nephrotoxicity
was exacerbated. Histopathological examination of the kidneys revealed that those
from mice treated with hydrocortisone and venom were more severely affected
(showing a greater degree of ‘round cell infiltration’ and cytoplasmic vacuolation)
than those from mice treated with venom only.
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7.5 The Heart and Cardiotoxicity

Interactions between glucocorticoids and selective cardioactive compounds have been
known for many years. The potentiation of catecholamine cardiotoxicity by adrenal
corticoids is well documented (eg Kimura et al. 1968 and references therein), and one
mechanism is by corticosteroids altering electrolytes. In the study by Kimura et al.,
(1968), the potassium-displacing cardiotoxic effectiveness of adrenalin was markedly
intensified by pre-treatments with 9a-fluorocortisol in rats and cats. However, in a
more recent study corticosterone has been shown to enhance the cardiotoxicity of
adrenalin and induce hypersensitivity in rats by inhibiting the biosynthesis of
prostaglandins (Rascher et al. 1979).

Similarly, the cardiotoxicity of isoproterenol (a ß-adrenergic agonist) has been shown
to be enormously potentiated in rats pre-treated with a 25 mg pellet implant of
desoxycorticosterone acetate (Guideri et al. 1974). In this study, desoxycorticosterone
resulted in greatly increased sensitivity to isoproterenol and produced severe
arrhythmias, ventricular fibrillation and death at a dose which was otherwise without
any effect on the heart. Guideri et al. (1974) also found that hydrocortisone (cortisol)
was less effective than desoxycorticosterone acetate in sensitizing the myocardium to
the effects of isoproterenol. Given that electrolyte disturbances, and prostaglandin
synthesis inhibition, are recognized mechanisms in the potentiation of the toxicity of
cardiostimulants (ie catecholamines, ß-adrenergic agonists) differences in these
properties of corticosteroids could account for their differences in potentiating
cardiotoxic effects.

The studies previously mentioned have tended to examine the effects of
glucocorticoid pre-treatments or concurrent treatment with cardioactive compounds
in intact animals in vivo. Different effects of glucocorticoids can be produced when
these experimental situations are varied. For example, methylprednisolone and
hydrocortisone have been reported to protect the ischaemic myocardium and reduce
infarct size (largely by direct coronary vasodilation and possibly anti-inflammatory
actions and lysosomal membrane stabilization) in isolated perfused hearts, or
following coronary arterial ligation in vivo, in rats, cats and dogs (Brachfeld 1976
and references therein). It is possible that chemicals causing or exacerbating ischaemia
may have their adverse effects similarly modified. Overall the effects of the co-
administration of corticosteroids will depend on when they are given in relation to
toxic insult, in addition to their specific properties (ie the steroids’ potential for
causing electrolyte imbalance or anti-inflammatory effects) and the mechanism of
action of the cardiotoxic agents.

7.6 General Toxicity

There are reports of glucocorticoid toxicity interactions which are general in nature
or single reports of an effect in an organ. English et al. (1987) have reported that
the general toxicity of methotrexate (a folic acid antagonist used in cancer
chemotherapy) varies in the rat according to time of day and endogenous
corticosterone rhythm. Abolishing endogenous corticosterone secretion increased
toxicity (using haematologic, liver and kidney markers) and interestingly the
method chosen was the administration of dexamethasone (a synthetic
glucocorticoid used here to suppress endogenous corticosteroid secretion). This
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apparently ambiguous finding suggests that corticosterone specifically (rather than
simply a glucocorticoid) alters methotrexate toxicity and the mechanism probably
revolves around differences in the properties of the two steroids, perhaps involving
mineralocorticoid actions.

Further studies have shown that the toxicity of a diverse range of chemicals is
modified by glucocorticoids. For example, hydrocortisone pre-treatment does not
affect pulmonary oedema induced in rats by ozone exposure (Giri et al. 1975) but
hydrocortisone, dexamethasone or triamcinolone pre-treatments are effective in
diminishing the toxicity of tetraethylammonium bromide by increasing its urinary
excretion (Kourounakis & Selye 1976). Both corticosterone and dexamethasone are
reported to enhance the toxicity of vitamin D

2
 in rats (Kunitomo et al. 1989) and

corticosterone significantly ameliorates dextran-induced shock in rats (Kogure et al.
1986). The administration of cortisol to rats has been shown to enhance the
appearance of liver tumours induced by dimethylaminoazobenzene, whereas
corticosterone was without effect (Lacassagne et al. 1966). The lethality of T-2 toxin,
a trichothecene mycotoxin, is reduced by the co-administration of dexamethasone
(Tremel et al. 1985). In this study, an intravenous dose of 0.75 mg/kg T-2 toxin killed
two-thirds of rats, but administration of dexamethasone (1.6 mg/kg intravenously)
shortly before or after the T-2 toxin resulted in a four-fold reduction in lethality, and
particularly reduced lung oedema and diarrhoea (presumably indicative of
gastrointestinal toxicity). This finding has also been confirmed in mice, where both
prednisolone and hydrocortisone pre-treatments reduced T-2 toxin lethality (Mutoh
et al. 1988).

Several studies have involved surgical removal of either the pituitary (resulting in
adrenocortical underactivity) or adrenal (removal of endogenous corticosterone).
Hypophysectomy has been reported to significantly aggravate the toxicity of 2,3,7,8-
tetrachlorodibenzo-p-dioxin in rats and normal tolerance to this toxicant is restored
if corticosterone is given (Gorski et al. 1988). Adrenalectomy induces
hypersensitivity to ammonia intoxication in the rat and administration of
hydrocortisone hydrochloride restores normal sensitivity (Lee et al. 1977). It is
apparent that in both of these studies, the removal of endogenous corticosterone
enhances toxicity, but it should be noted that both procedures result in significant
alteration of endocrine status involving hormonal systems other than endogenous
glucocorticosteroids.

7.7 Mechanisms of Glucocorticosteroid Modulation of Toxicity

It is clear from the literature reviewed that there are multiple mechanisms involved
in glucocorticoid modulation of toxicity and this is not least evident from findings
that glucocorticoids can both enhance or protect against toxicity. Indeed, it has
been previously noted that the direction of glucocorticoid modulation of toxic
response depends on the pharmacological and toxicological properties of the chemical
toxicant, the pharmacological properties of the glucocorticosteroid, the target organ,
the temporal relationship of the steroid-toxicant co-administration regime, in
addition to strain, sex, species and, in certain instances, age considerations (Harvey
et al. 1994).

The diverse range of pharmacological, physiological and metabolic actions of
the glucocorticosteroids certainly allows equally diverse modes of interaction with
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toxicants, and it is worthwhile briefly reviewing examples of mechanisms of
glucocorticoid modulation of toxicity as suggested in the literature. Sapolsky (1986a)
suggested that the mechanism by which corticosterone exacerbated kainic acid
hippocampal neurotoxicity involved glucocorticoid-induced metabolic vulnerability.
The glucocorticoids are well known to exert catabolic and, in excess, degenerative
actions throughout the body, including the brain and especially the hippocampus
which is rich in corticosterone receptors (McEwen et al. 1986, Miler 1992).
Corticosterone is therefore suggested to weaken the tolerance of hippocampal
neurons to survive an additional toxic challenge (Sapolsky 1986a). Sapolsky’s
hypothesis of metabolic vulnerability lends itself to extrapolation to other organs
and tissues as the catabolic and degenerative metabolic actions of glucocorticoids
occur generally throughout the body. There are several lines of evidence in support
of a metabolic mechanism of glucocorticoid-induced sensitivity to neurotoxicity.
Firstly, the use of metabolic fuels such as mannose, fructose, glucose and 3-
hydroxybutyrate can ameliorate hippocampal damage following the co-
administration of corticosterone with either kainic acid or 3-acetylpyridine (Sapolsky
1986b). Second, 3-acetylpyridine is a neurotoxic antimetabolite that inhibits ATP
synthesis and kainic acid is an excitory neurotoxin which by its nature increases
metabolic demand and both, therefore, induce toxicity by metabolic mechanisms.
The primary role of the glucocorticoids is the regulation of glucose metabolism
and, as such, the potential for interaction with metabolically active neurotoxicants
is clear. Elliott & Sapolsky (1992) have also shown that in cultured hippocampal
neurons, administration of corticosterone results in a large increase of neuronal
calcium following kainic acid treatment, compared with control cultures, and whilst
this may be an energetic effect dependent on neuronal glucose transport it may also
implicate other mechanisms operative in glucocorticoid modulation of neurotoxicity.
Interestingly, it has been reported that dexamethasone enhances vitamin D

2
 toxicity,

and the mechanism of this was that the steroid substantially increased hypercalcaemia
and tissue calcification above that which normally occurs with vitamin D

2intoxication (Kunitomo et al. 1989).
In the liver, the exacerbation of carbon tetrachloride hepatoxicity by corticosterone

has been attributed to increased mono-oxygenase activity and the increased generation
of free-radical and reactive metabolites (Lloyd & Franklin 1991). Similarly, the
enhancement of paracetamol toxicity by corticosterone, cortisol and dexamethasone
(Madhu et al. 1992, Harvey et al. 1993) has been associated with marked reduction
of liver glutathione therefore allowing more free reactive metabolite to induce
cytotoxicity through free-radical and covalent binding mechanisms. In the kidney,
Koikowa et al. (1993) attributed the protection against cisplatin-induced nephrotoxicity
by methylprednisolone to stabilization of the lysosomal membrane. In contrast, Reznick
& Gambarayan (1994) suggest that glucocorticoids, specifically triamcinolone, protect
the kidney from cisplatin-induced nephrotoxicity by suppressing inflammatory
responses and local tissue swelling resulting from cisplatin. Anti-inflammatory actions
of glucocorticoids may also be the mechanism of modulation of trichothecene
mycotoxicity in reducing pulmonary oedema and local gastrointestinal effects typical
of these toxins (Tremel et al. 1985, Mutoh et al. 1988, Hunder et al. 1994).

One generic mechanism of glucocorticoid influence on cellular toxicity concerns
the role of these steroids in the regulation of P-glycoprotein and multi-drug resistance
(mdr) gene expression. The multi-drug resistance phenotype is associated with the
over-expression of a plasma transmembrane phosphoglycoprotein (P-glycoprotein).
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P-Glycoprotein is thought to act as an ATP-dependent efflux pump, the function of
which is to pump foreign chemicals out of the cell. The over-expression of P-
glycoprotein confers multi-drug resistance which is a particular problem in cancer
chemotherapy. Glucocorticoids have been shown to alter the activity of this system.
Fardel et al. (1993) analysed doxorubicin P-glycoprotein-mediated efflux in cultured
rat hepatocytes also treated with dexamethasone and reported that intracellular
doxorubicin concentrations were higher in dexamethasone-treated cells. Thus,
doxorubicin was actively being pumped out of cells not exposed to dexamethasone,
and this correlated with P-glycoprotein induction. The use of mdr gene probes showed
that dexamethasone modulated P-glycoprotein induction through mdr 1 gene
regulation. Although the relevance of the mdr-P-glycoprotein-efflux pump is
obviously most apparent in the transport of cytotoxic anticancer drugs (Fardel et
al. 1993) and conferring multi-drug resistance to cancer cells, it may also be a
potentially important aspect of modulation of general cytotoxicity in certain cells
exposed to toxic insult. The fact that dexamethasone can regulate this system not
only implicates glucocorticoids in the modulation of cytotoxicity at a molecular
level, but may also have clinical applications in blocking multi-drug resistance in
cancer.

Although glucocorticoids are often suggested to alter toxicity by inducing
various metabolic enzymes and thereby potentially altering toxicant metabolism,
disposition and excretion (eg Szabo 1979, Kourounakis & Selye 1976), it is an
important point that many studies employing co-administration regimes of a
glucocorticoid with a toxicant are single-dose designs, allowing little opportunity
for significant enzyme induction to occur. This is further emphasized by the use of
natural steroids in the physiological dose range (eg Lloyd & Franklin 1991) and,
where steroid administration is at the same time, slightly before or slightly after
toxicant administration. The use of relatively high doses of synthetic steroids in
long-lasting depot regimes could afford opportunity for significant enzyme
induction, where blood concentrations of the steroid remain elevated for prolonged
periods of time, but this must be coincident with toxicant exposure. Therefore,
glucocorticosteroid interactions with drugs and chemicals, and the subsequent
modulation of toxic respones, can occur through a variety of mechanisms, several
of which may be concurrently operative, such that it is not possible to readily
predict the direction of effect. Finally, the nature of the interaction is as much a
function of the mechanism of action of the toxicant as it is the steroid, and is also
dependent on the target tissue and general factors such as the temporal
relationships of the co-administration regime.

7.8 General Conclusions

The general implications arising from this review of glucocorticoid modulation of
toxicity fall broadly into two areas. The first concerns regulatory toxicology of new
medicinal and chemical compounds, where regulatory guidelines stipulate that the
highest dose level tested should be the maximum tolerated dose (MTD). The MTD is
therefore a clear toxic insult and challenge which is expected to produce toxicity and
morbidity, is likely to be noxious, and can be considered stressful to tolerate. Indeed,
Miller (1992) has recognized that the MTD is stressful and the consequences of stress-
toxicity interactions, involving adrenocortical products, has been discussed in Chapter
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1 of this volume and by Vogel (1987, 1993) and Harvey (1994). The main consideration
is to what extent is toxicity at the MTD due to glucocorticosteroid interactions or due
to the chemical toxicant alone. This is more than an academic argument since species
differences in adrenocortical activation, endocrinology and toxicological profile of
drugs and chemicals must be fully understood before extrapolation can be made to
humans. The literature on glucocorticosteroid administration with drugs and chemicals
that examines interactions and the modulation of toxicity is not, however, confounded
by considerations of stress, and information may be gained concerning the use of
excessive dose levels on toxicity profiles.

The second implication arising from glucocorticosteroid modulation of toxicity
concerns clinical pharmacology and toxicology. The finding in animal models that
glucocorticosteroids can ameliorate toxicity is worthy of investigation in terms of
clinical application. One important area is the use of glucocorticosteroids to
ameliorate general non-target cytotoxicity resulting from aggressive cancer
chemotherapy regimes. The clinical efficacy of cisplatin is tempered by toxicity to
the kidney and there are at least two reports in rats where methylprednisolone and
triamcinolone are shown both biochemically and histopathologically to protect the
kidneys from cisplatin toxicity (Koikawa et al. 1993, Reznick & Gambarayan
1994). Glucocorticosteroids are frequent additions to multi-agent cancer
chemotherapeutic regimes for certain conditions but are not necessarily included to
block side-effect toxicity (or indeed for their potential in modulating the mdr-P-
glycoprotein-efflux pump system which modulates the development of the cellular
multi-drug resistance phenotype (Fardel et al. 1993) as previously discussed).
Conversely, animal models have also shown that glucocorticosteroids can
exacerbate toxicity and, whilst these studies often employ excessive dose levels of
steroid and drug (eg paracetamol) in an acute exposure regime, consideration
should be given to the clinical situation where lower therapeutic dose levels are
used for longer periods of time. The chronic use of anti-inflammatory steroids and
analgesics containing paracetamol, for example, is extremely common creating a
potential for drug interaction and adverse reactions. An additional consideration is
the tolerance of drugs in patients with adrenal dysfunction syndromes such as
Cushing’s syndrome or Addison’s disease, where drug toxicity may occur as a result
of altered endogenous glucocorticosteroid status.

Finally, glucocorticosteroids can both enhance and protect against experimentally-
induced toxic insult, and the mechanisms of action depend on the pharmacology of
the steroid, the pharmacology of the toxic agent, the target organ, the temporal
relationship of the co-administration regime, in addition to species, sex and age
considerations. That glucocorticosteroids modulate toxicity implicates the adrenal
gland as a potential endogenous modulator of toxicity and in the whole-body response
to chemical insult.
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Glucocorticosteroids

Deleterious effects on neurons and potential exacerbation of
environmental neurotoxicity

LAURA J.MCINTOSH and ROBERT M.SAPOLSKY

Stanford University, California

8.1 Introduction

Glucocorticosteroids (GCs) are hormones secreted by the adrenals to co-ordinate the
body’s response to a multitude of stressors. This endocrine response can be evoked by
physical stressors, such as strenuous exercise, and also psychological stressors, such
as the worry caused in response to life events and difficulties. Secretion of GCs serves
to mobilize energy from storage sites and divert it primarily to cardiovascular,
pulmonary, sensory and muscle tissues—places where the need for oxygen and glucose
is urgent in order to respond to the perceived demand for action. To help provide this
energy, GCs suppress systems that are not crucial in this perceived emergency, including
digestion, growth, reproduction and immunity. Although these physiological responses
are essential for responding to an acute stressor, the identical responses are also triggered
by chronic stressors, and therefore serve as the basis of pathology to the systems
involved. When exposure to GCs is prolonged (due to stress, pathologic hypersecretion
as in Cushing’s syndrome, or exogenous administration of synthetic GCs such as
prednisone, hydrocortisone or dexamethasone), myopathy, fatigue, hypertension, ulcers
and increased risk for adult-onset diabetes and neuron death are a few of the noted
consequences (Munck et al. 1984). This chapter is concerned with the latter
consequence, namely neuron death. The purpose of this chapter is not only to give a
short review of the current literature, but also to draw attention to the ramifications
of GC effects to neurotoxicology.

Who are the individuals likely to be affected by the deleterious effects of GCs on
neurons? Any person with chronically high levels of GCs, particularly if that
individual has a concurrent neurological insult such as a stroke, seizure or
hypoglycaemic episode. High levels of GCs can be iatrogenic or a function of
individual circumstance. Sixteen million prescriptions for GCs (including
corticosteroids such as prednisone or hydrocortisone) are written annually in the US
to control autoimmunity or as an anti-inflammatory agent (Eufemio 1990). Another
population recognized to be at risk for stress-related injury are those individuals who
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reach old age. Not only do older organisms have higher basal levels of circulating
GCs, but they have a decreased capacity to respond appropriately to stressors. This
means that homeostasis can be disrupted with a lesser stressor, or that the ability to
terminate the stress response and re-establish homeostasis is diminished. Finally,
those persons whose lives contain a succession of unrelieved physical or
psychological stressors can be included in the group with an elevated stress response
and who are at risk for stress-related disease and neuron death [for a review see
Sapolsky (1992)].

8.2 Glucocorticoid Neurotoxicity and Neurodegeneration

The negative effects of GC overexposure include damage to the brain.
Pharmacologic GC concentrations are particularly damaging to the brain region
involved in learning and memory, the hippocampus (Aus der Muhlen & Ockenfels
1979). The hippocampus appears to be targeted as a result of its high
concentrations of corticosteroid receptors (McEwen et al. 1986). Decreasing GC
exposure over an individual’s lifespan (by surgical or behavioural means) prevents
the hippocampal neuron loss and cognitive impairments typical of aging (Landfield
et al. 1981, Meaney et al, 1988, 1991). Conversely, experimentally induced stress
over the course of a few weeks causes atrophy of dendritic processes, which is
thought to be the first step in subsequent neuron loss (Woolley et al. 1990,
Watanabe et al. 1992, Magarinos & McEwen, 1993). Months of stress, or
pharmacologic elevation of GCs into the stress range, may serve to accelerate
senescent pyramidal neuron loss (Sapolsky et al. 1985, Kerr et al. 1991, Mizoguchi
et al. 1992, Talmi et al. 1993, Levy et al. 1994). Furthermore, the neurotoxicity of
both GCs and stress increases with age (Kerr et al. 1991, Levy et al. 1994).
Recognizing species differences, it is important to demonstrate the relevance of
these studies to humans. Sustained stress will also preferentially damage the
primate hippocampus (Uno et al. 1989, 1991), and microimplantation of GC-
secreting pellets into the primate hippocampus for 1 year causes mild but
demonstrable damage, as compared to the contralateral hippocampus exposed to
cholesterol (Sapolsky et al. 1990). Finally, in humans who oversecrete GCs
(Cushing’s syndrome), increasing concentrations of circulating GCs are associated
with selective hippocampal atrophy (Starkman et al. 1992).

The demonstration that GCs could damage neurons during ageing suggested that
behavioural manipulations which caused long-term diminution of GC concentrations
might be protective. In support of this, we demonstrated that aged rats that had been
neonatally handled (a phenomenon long known to lower adult GC concentrations)
were spared the hippocampal neuron loss, neuroendocrine dysfunctions and
cognitive deficits typical of old age (Meaney et al. 1988, 1991).

It was then reported that GCs and stress were not only capable of damaging the
neurons outright, but were capable of ‘endangering’ them. This means that under
circumstances where GC exposure is not yet sufficient to kill neurons, their ability to
survive other, coincident challenges is nevertheless compromised. As a result, stress
and/or GC concentrations in the stress range exacerbate the toxicities of various
neurological and neurotoxic insults, and removing the capacity for GC production
(adrenalectomy) reduces damage. This has been shown for epileptic seizures and
excitotoxin exposure in two areas of the brain, the striatum and hippocampus
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(Sapolsky 1985a,b, Theoret et al. 1985, Stein & Sapolsky 1988, Uhler et al. 1994,
Supko & Johnston 1994, Smith-Swintosky 1995); moreover, stress itself will worsen
seizure damage to the hippocampus (Stein-Behrens et al. 1994b). Furthermore,
hypoxic-ischemic damage to other brain regions such as the cortex, caudate and
hippocampus is worsened by GCs (Sapolsky & Pulsinelli 1985, Koide et al 1986,
Hall 1990, Miller & Davis 1991). GCs will also exacerbate the toxicity of
hypoglycemia or exposure to antimetabolites (Sapolsky 1985a,b, 1986, Bennett et al.
1993), cholinergic or serotenergic neurotoxins (Johnson et al. 1989, Amoroso et al.
1993, Hortnagl et al. 1993) and oxygen radical generators (Sapolsky et al. 1988,
McIntosh & Sapolsky, 1994) in the hippocampus. As an additional demonstration of
the endangering effects of GCs, inhibition of adrenal steroidogenesis with the drug
metyrapone following seizures or hypoxia-ischemia reduces hippocampal damage
(Stein & Sapolsky 1988, Morse & Davis 1990, Miller & Davis 1991,
SmithSwintosky 1995).

GCs also impair the capacity of cultured neurons and glia to survive in vitro
versions of these insults (Sapolsky et al. 1988, Virgin et al. 1991, Mizoguchi et al.
1992, Tombaugh et al. 1992), indicating that the GC effect is not a function of
peripheral physiological changes. The endangerment is not caused by non-GC
steroids, and is mediated by the type II GC receptor (Packan & Sapolsky, 1990,
Tombaugh & Sapolsky 1993). As further support for the receptor specificity, the
neuronal endangerment is also caused by the type II receptor ligands dexamethasone,
RU28362 or methylprednisolone (Koide et al. 1986, Hall 1990, Mizoguchi et al.
1992, Hortnagl et al. 1993).

Thus GCs can be endangering.1 However, it is important to emphasize some
caveats and controversies that have arisen concerning GC neuroendangerment.

(i) Obviously not all insults to the brain are exacerbated by GCs. Examples of
non-endangerment include trimethyllead and trimethyltin in the hippocampus
(Sapolsky, Krigman & Theoret unpublished data, O’Callaghan personal
communication), excitotoxins in the hypothalamus or cerebellum (Sapolsky
1985a), and cholinergic toxins in the septum or parietal cortex (Amoroso et al.
1993, Hortnagl et al. 1993). In general, it is the regions of the brain with higher
concentrations of GC receptors—the hippocampus, cortex, striatum—which are
most vulnerable to the endangerment.

(ii) One report suggests that the GC endangerment is due to the increase in body
temperature brought on by steroids, a well-known route by which hypoxic-ischemic
damage is worsened (Morse & Davis 1990). However, a number of other
investigators have reported that GCs augment hypoxic-ischemic damage even after
controlling body temperature (Sapolsky & Pulsinelli 1985, Koide et al. 1986, Miller
& Davis 1991).

(iii) One study suggested that GC toxicity and endangerment, both in vivo and in
vitro, occur only when accompanied by minimal testosterone concentrations
(Mizoguchi et al. 1992). The authors showed that stress was neurotoxic in the
hippocampus only in castrated (male) rats, and that testosterone supplementation
prevents GC endangerment of cultured hippocampal neurons. This is intriguing, given
the authors’ suggestion that the typical decline in testosterone concentrations with
age in rats would explain why the neurotoxic potential of stress becomes more

1 Throughout this chapter, GC ‘toxicity’ refers to the capacity of the steroid to damage neurons, whereas
‘endangerment’ refers to GC augmentation of the toxicity of another insult.



L.J.McIntosh and R.M.Sapolsky

208

pronounced with age (Kerr et al. 1991, Levy et al. 1994). As arguments against the
conclusions of this single study, the literature above demonstrating GC toxicity and
endangerment has been carried out with females or gonadally-intact males.

(iv) There are some inconsistencies as to the robustness of GC endangerment in the
perinatal brain. For example, GCs do not exacerbate excitotoxin damage in the
neonatal hippocampus (Barks et al. 1991), yet do so in the neonatal striatum (Supko
& Johnston 1994). As another example, one study indicated that GCs increased
mortality due to infarction in neonatal rats (Altman et al. 1984), while other studies
have failed to replicate that finding and have shown, in fact, that GCs decrease ischemic
damage (Barks et al. 1991, Chumas et al. 1993, Tuor et al. 1993). Finally, in vitro
studies using fetal tissue have shown GC endangerment (Sapolsky et al. 1988, Virgin
et al. 1991, Mizoguchi et al. 1992, Tombaugh et al. 1992). This lack of complete
agreement has prompted us to try to evenly balance our own studies in this area
between in vitro approaches, with the advantage afforded by numerous reductive
techniques only applicable to monolayer cultures, and in vivo approaches in adults,
with the advantage afforded by testing the physiological relevance of in vitro
observations.

In recent years, a number of groups have sought to understand the mechanisms
underlying GC endangerment. Apoptotic internucleosomal cleavage of DNA, the
mechanism by which GCs lyse lymphocytes, is not likely to be the answer (Masters et
al. 1989). Instead, the deficit may lie with a reduced ability to meet cellular energy
demand. The insults exacerbated by GCs are energetic in nature, in so far as they
either disrupt energy delivery/production or pathologically elevate energy demand.
All cause profound drops in ATP and phosphocreatine levels, and their toxicities can
all be buffered with energy supplementation (Auer & Siesjo 1988, Beal 1992). As the
strongest evidence of the energetic nature of the GC endangerment, it is prevented by
coincident supplementation of rats or cultures with excess energy (glucose, mannose
or ketones) (Sapolsky 1986a, Sapolsky et al. 1988, Tombaugh et al. 1992).

Recent work has indicated a likely mechanism by which GCs induce this
metabolic endangerment. GCs inhibit glucose transport in tissues such as adipocytes
and fibroblasts, as part of a strategy to divert energy to muscles exercising during
a stressor (Munck 1971). This effect involves both translocation of pre-existing
glucose transport molecules from the cell membrane to intracellular storage sites,
as well as inhibition of transcription of the glucose transporter gene (Horner et al.
1987, Garvey et al. 1989). Similarly, GCs inhibit local cerebral glucose utilization
in numerous brain regions (Kadekaro et al. 1988, Freo et al. 1992) and inhibit
glucose transport in cultured neurons and glia (Horner et al. 1990, Virgin et al.
1991). As with the phenomenon of GC endangerment, the inhibition of glucose
transport is not triggered by non-GC steroids, and is type II receptor-mediated
(Horner et al. 1990).

The inhibition of glucose transport by GCs is of the order of 25–30% in the
brain, versus 70% in peripheral tissues. Such mild inhibition is unlikely to kill neurons
outright, and GCs do not depress basal ATP concentrations. However, GCs accelerate
the decline in ATP concentrations in cultured hippocampal neurons and glia following
ischemia or aglycemia (Tombaugh & Sapolsky 1992, Lawrence & Sapolsky 1994).
Similarly, GCs by themselves do not affect cytochrome oxidase activity in
hippocampal somas, but exacerbate the decline in activity induced by sodium azide
(Bennett et al. 1993).

What are the consequences of this metabolic endangerment? Which of the numerous
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derangements in a neuron during a neurological insult are worsened by GCs and
hasten neuronal death? One feature GCs appear to impair in neurons is the ability to
contain glutamate and calcium cascades.

There is considerable evidence that various neurological insults result in an
accumulation of excitatory amino acid (EAA) neurotransmitters, such as
glutamate, in brain synapses. This causes longlasting depolarization of the post-
synaptic neuron, with subsequent mobilization of cytosolic calcium, and delayed
neuron death. This cascade now constitutes a central dogma of cellular
neuropathology. Of great relevance to GC endangerment, the toxicity of this
cascade is extremely sensitive to energy availability (Beal 1992). A paucity of
energy enhances EAA accumulation, through membrane depolarization and
increased vesicular release, and also by the reversal of sodium gradient-dependent
EAA re-uptake pumps. EAA uptake by both neurons and glia is disrupted by the
aberrant ionic gradients caused by energy failure. Thus, more EAAs are released
into the synapse and persist longer. This, in turn, mobilizes more cytosolic calcium
through a number of different routes. Cytosolic calcium will persist longer in
energy deficient cells because of the costs of calcium sequestration and efflux. As
the most explicit demonstration of the energydependency of this cascade, glucose
availability will determine whether glutamate functions as a neurotransmitter or a
neurotoxin (Novelli et al. 1988, Cox et al. 1989, Lysko et al. 1989, Zeevalk &
Nicklas 1991, Simpson & Isacson 1993).

One may then speculate that GCs, by disrupting neuronal energetics, exacerbate
the toxicity of these varied insults by exacerbating steps in the EAA/calcium cascade.
As indirect evidence for this scenario, phenytoin, which inhibits EAA release, protects
against GC- and stress-induced hippocampal damage (Watanabe et al. 1992), while
antagonism of the NMDA receptor blocks GC endangerment (Armanini et al. 1990),
and GC-induced atrophy of dendritic processes (reviewed in McEwen 1992).
Furthermore, stress and GCs cause an EAA-dependent increase in hippocampal
metabolism (Krugers et al. 1992).

More direct evidence also suggests that GCs exacerbate this EAA/calcium cascade.
Elevated GC levels increase the magnitude of seizure-induced glutamate and aspartate
accumulation in the hippocampus (Stein-Behrens et al. 1992). This is physiologically
relevant: an increase in GC concentrations from the circadian trough to the peak
doubles glutamate accumulation, while a rise into the stress range causes a four-fold
increase (Stein-Behrens et al. 1994a). As would be expected, stress itself enhances
extracellular EAA concentrations in the cortex and hippocampus (Moghaddam 1993)
in a GC-dependent manner (Lowy et al. 1993, Moghaddam et al. 1994). GCs also
exacerbate anoxia-induced EAA accumulation in hippocampal cultures, and this is
due to inhibition of EAA uptake, rather than enhancement of release (Virgin et al.
1992, Chou et al. 1994).

Given these GC effects upon EAA trafficking, it is not surprising that GCs elevate
resting levels of free cytosolic calcium in cultured hippocampal neurons (Elliott &
Sapolsky 1993) and augment the magnitude and duration of calcium mobilization
following EAA stimulation (Elliott & Sapolsky 1992, 1993). In support of this, GCs
enhance calcium currents in hippocampal neurons (Kerr et al. 1992). GCs appear to
enhance calcium mobilization more by impairing the removal of free calcium from
the cytosolic compartment (either by binding, sequestering or efflux) than by enhancing
calcium entry (Elliott & Sapolsky 1993). This is similar to the response seen with
glucose deprivation (de Haas Johnson, Brooke & Sapolsky unpublished data).
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Given the effects of GCs on calcium concentrations, it is not surprising that GCs
exacerbate calcium-dependent degeneration following an insult. In both the cortex
and the hippocampus, GCs augment kainate-induced, calcium-dependent proteolysis
of the cytoskeletal protein spectrin, and accumulation of the tau protein (Elliott et al.
1993, Lowy et al. 1994). Increments in GC exposure in the physiological range augment
these degenerative endpoints, as does stress itself (Stein-Behrens et al. 1994b), while
blockade of GC secretion with metyrapone decreases such degeneration (Smith-
Swintosky et al. 1995).

These GC effects upon the EAA/calcium cascade appear to arise from the disruptive
effects of GCs upon energetics. Supplementation with excess sugars reverses the GC
effects upon extracellular EAA accumulation (Stein-Behrens et al. 1992), free cytosolic
calcium mobilization (Elliott & Sapolsky 1992) and cytoskeletal pathology (Elliott et
al. 1993).

In recent years it has become clear that the generation of reactive oxygen species
(ROS) is probably the single most damaging and important consequence of calcium
excess (reviewed in Coyle & Puttfarcken 1993). Antioxidants rescue neurons from
various insults, including EAAs, thereby underscoring the power of oxygen radicals
as inducers of cell death. Depletion of ascorbic acid and glutathione, two cytosolic
antioxidant molecules, correlates with onset of oxidative damage in blood endothelium,
(Frei et al. 1989, Mak et al. 1992), and use of an oxygen radical trapping compound
protects against EAA toxicity in neuronal culture (Lafon-Cazal et al. 1993) and in
vivo (Carney & Floyd 1991). Protection is also demonstrated by lipophilic antioxidants
such as idebenone and a-tocopherol which attenuate EAA damage in neuronal cultures
(Miyamoto et al. 1990, Schubert et al. 1992) and during ischemia (Yamamoto et al.
1983). Enzymatic antioxidants such as superoxide dismutase (SOD) and catalase also
protect against ischemic injury in vivo (Liu et al. 1989, Truelove et al. 1994) and in
vitro (Rosenbaum et al. 1994).

If GCs increase intracellular calcium concentrations during insults, they should
also increase the resulting generation of reactive oxygen species (ROS) and the extent
of oxidative damage.

The little that is known about interactions between GCs and oxygen radicals suggests
that GCs may be important regulators of oxygen radical processes. GCs exacerbate
the neurotoxicity of the ROS generators paraquat and adriamycin in hippocampal
cultures (Sapolsky et al. 1988, McIntosh & Sapolsky 1994). Recently, Liu et al. (1994)
indicated that immobilization stress produced increased markers for lipid peroxidation
and decreased radical scavenging activity in plasma, and that treatment with
glutathione attenuated those changes. Since damage for ROS may result from increased
ROS production and/or from decreased antioxidant protection within cells, we have
analysed the effects of GCs on the activity of antioxidant enzymes in various brain
regions, and observed that the hormones can inhibit the activity of catalase and
glutathione peroxidase in a tissue-specific manner. It is unclear at the present time
whether the effect of GCs on ROS-mediated neuron death is due to increased
production of ROS or a lowering of antioxidant defenses.

Thus, our working model is that GCs disrupt glucose transport in neurons and
glia, causing an energetic vulnerability. This then impairs the capacity of the neuron
to survive any coincident insult which carries an energetic cost. Such insults can include
those activating the EAA/calcium/ROS cascade, as described earlier, or neurologic
insults which, while energetic in nature, may not involve that particular cascade
(Hortnagl et al. 1993).
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8.3 Possible Relevance of GCs to Environmental Neurotoxins

It is within the framework of energy vulnerability, glutamate accumulation, calcium
dysregulation and ROS generation that it seems plausible for GCs to exacerbate the
action of neurotoxicants that also impact those systems. Candidate neurotoxicants
include toluene, manganese and methylmercury, and it is worth reviewing the features
of their toxicities.

Methylmercury is a heavy metal which can damage cortical and cerebellar neurons
when present in the low micromolar range (Sarafian & Verity 1991, Atchison &
Hare 1994, Bondy 1994). Its environmental relevance is derived from its release by
grain, chemical, mining and lumber industries, its presence in incinerator waste, and
in leachate from landfills.

The mechanisms underlying methylmercury neurotoxicity are complex, but
ultimately converge in the generation of ROS. Initially, this organometal causes the
release of calcium into the cytosolic compartment via an IP3-sensitive pool in the
smooth endoplasmic reticulum (ER) (Atchison & Hare 1994). As a result, even
relatively low concentrations of the compound can collapse transmembrane potentials
in mitochondria (Kauppinen et al. 1989, Bondy & McKee 1991). This will dramatically
worsen the cytosolic accumulation of calcium since depolarized mitochondria can no
longer function as a high capacity site for calcium sequestration. When cytosolic
calcium levels are extremely high, the mitochondrial uptake pumps for calcium will
reverse their direction, leading to calcium efflux into the cytoplasm (reviewed in
Sapolsky 1992, Chapter 10), and attendant protease activation and ROS generation.
Finally, at higher methylmercury concentrations, synaptic and even axonal membranes
will depolarize (Shrivastav et al. 1976, Kauppinen et al. 1989), and allow influx of
extracellular calcium through voltage-gated channels. Not surprisingly, given these
effects, methylmercury disrupts oxidative phosphorylation and protein synthesis (Verity
et al. 1975) and suppresses ATP concentrations (Sarafian et al. 1989).

One of the main consequences of pathologic elevation of free cytosolic calcium in
a neuron is generation of ROS. This can arise from calcium-dependent activation of
phospholipase A

2
 and the arachidonic acid route of ROS generation, or from calcium-

dependent generation of xanthine oxidase. Moreover, direct disruption of oxidative
phosphorylation and mitochondrial potentials is another potent route for ROS
generation. Commensurate with that, methylmercury generates ROS and causes lipid
peroxidation (LeBel et al. 1990, 1992, Sarafian & Verity 1991), and may suppress
antioxidant activity within brain tissue (Yee & Choi 1994). As correlative evidence
suggesting that such ROS are important, their generation is more pronounced in brain
tissue destined to be damaged by systemic methylmercury exposure (LeBel et al. 1992).
More directly, the toxicity can be significantly decreased with vitamin E (Chang et al.
1978, Shukla et al. 1988). Furthermore, the ROS generation is related to release of
iron, as the neurotoxicity can also be prevented by iron chelation (Kauppinen et al.
1989, LeBel et al. 1992).

The second compound to consider is toluene, an organic solvent used in a wide
range of industrial procedures, and which has demonstrated neurotoxic properties
throughout the brain. Many of its mechanisms of action are similar to those of
methylmercury, in that it also generates ROS (Mattia et al. 1991), collapses
mitochondrial membrane potentials (Bondy 1991), and mobilizes free cytosolic calcium
concentrations (Bondy 1991). Unlike methylmercury, however, toluene does not
depolarize synaptic membranes. Whether it causes the lipid peroxidation predicted to
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result from high intracellular calcium is not certain (Bondy 1991, Mattia et al. 1991).
As further potential sources for oxidative damage, toluene reduces glutathione levels
(Mattia et al. 1991) and stimulates phospholipase activity, a likely source of arachidonic
acid release (LeBel & Schatz 1990).

Finally, manganese has long been recognized for its capacity to damage the basal
ganglia and striatum. Its preferential accumulation in those regions probably arises
from their high iron-binding capacity (Hill & Switzer 1984). Manganese compounds
generate various reactive chemical species, including hydrogen peroxide and
glutathionyl radical. On account of its concentration in the basal ganglia system,
manganese is also able to generate the cyclized o-quinone form of dopamine (Donaldson
et al. 1982, Graham 1984, Halliwell 1984, Segura-Aguilar & Lind 1989, Shi 1990),
a route of ROS production which is thought to be particularly damaging (Donaldson
et al. 1981, Bondy 1994). Low micromolar concentrations of manganese cause
substantial ATP depletion and calcium accumulation in the striatum (Brouillet et al.
1993) and, to a lesser extent, the hippocampus (Sloot et al. 1994).

The environmental relevance of manganese derives from the exposure to it by
miners and steel workers (Barbeau et al. 1976) in whom extrapyramidal motor
disorders resembling Parkinsonism arise more often than in the general
population. In addition, methylcyclopentadienyl manganese tricarbonyl (MMT),
a manganese derivative added to gasoline to replace lead as an anti-knocking
agent, disrupts monoamine levels in multiple brain regions, including the
hippocampus (Komura & Sakamoto 1994). MTT has been used in Canada since
1977 and has repeatedly been considered for introduction in the US (Lynam et al.
1994). Studies in Canada show increased manganese concentrations in air
corresponding to traffic density (Loranger et al. 1994), and in food plants grown
on soils exposed to high MMT emissions (Brault et al. 1994). Garage mechanics,
taxi drivers, and persons in congested urban areas are considered particularly at
risk from MMT toxicity, although the levels determined during occupational
exposure studies meet currently acceptable standards (Abbott 1987, Lynam et al.
1994, Zayed et al. 1994).

At present, very little is known about whether GCs or stress interact with the
toxicity of these compounds. However, it is quite plausible that they do, for the
following reasons.

(i) All of these compounds can damage areas of the brain demonstrated to be
vulnerable to GC endangerment and are regions that contain demonstrable
concentrations of GC receptors (McEwen et al. 1986).

(ii) Each compound has been shown to generate ROS.
(iii) At least some of their mechanisms of action are ones shown to be sensitive to

exacerbation by GCs.
(iv) GCs might exacerbate oxidative insults through an additional, little-recognized

route. Ascorbic acid appears to be transported into cells via glucose transporters (Padh
et al. 1985, Washko & Levine 1992). As discussed earlier, GCs decrease the numbers
of such transporters on the cell surface in tissues throughout the body (a mechanism
likely to underly its inhibition of glucose uptake in various tissues, including the brain),
potentially reducing this route of antioxidant uptake and thereby reducing cellular
antioxidant defenses against these compounds.

(v) Rat intestinal epithelial cells show repressed levels of the mitochondrial form of
SOD, Mn-SOD, after GC treatment. Moreover, in the lung, GCs may attenuate
developmental increases in antioxidant enzyme level in a dose-dependent fashion
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(Asayama et al. 1992), although the opposite has also been observed (Frank et al.
1985, Langley et al. 1993).

It should also be emphasized that some GC actions suggest protection from oxidative
insults, aside from a possible tissue-specific increase in antioxidant enzymes, as outlined
below.

(i) GCs are well-known for their capacity to inhibit the synthesis of prostaglandins,
a potent source of oxygen radicals. This occurs via inhibition of phospholipase A

2and may thus potentially decrease some of the routes of toluene-mediated damage.
However, it is far from conclusive whether GCs inhibit prostaglandin synthesis in the
brain (Jane et al. 1982, Shapira et al. 1988).

(ii) GCs decrease spinal cord damage after injury. This has been interpreted as
arising from GCs, because of their steroidal structure, protecting against peroxidative
attack secondarily to their altering of membrane fluidity (cf. Hall 1990). However,
this is a ‘megadose’ phenomenon, requiring vastly supraphysiological GC
concentrations.

(iii) In contrast to the situation just described in intestinal epilethial and lung cells,
GCs appear to increase the activity of SOD, catalase and glutathione peroxidase
(GSPx) in glomerular epithelial cells, thereby decreasing the degree of cell damage
during exposure to oxygen radical generating systems (Yoshioka et al. 1994).

(iv) In neonatal animals, GCs produced precocious gut closure that reduced
absorption and retention of mercury and manganese given in the diet (Kargacin &
Landeka 1990).

One study (Mattia et al. 1991) unexpectedly provides a hint that there may indeed
be a damaging synergy occurring between at least one of these neurotoxicants and
GCs. The authors demonstrated that toluene generated ROS both in vivo and in
vitro preparations of brain tissue. They then reported that the in vivo generation
was inhibited with the drug metyrapone, which was described as a ‘mixed function
oxidase inhibitor’. The authors were apparently unaware of the primary clinical
use of metyrapone as a steroidogenesis inhibitor which selectively blocks adrenal
release of GCs (Cheng et al. 1974, Haynes & Murad 1985). The authors’ in vitro
data with metyrapone were not as clearcut as were their in vivo data. This suggests
that the protective effects of metyrapone may have primarily been via inhibition of
GC secretion. Exposure to these toxins is a major stressor, stimulating considerable
GC secretion. For example, toluene exposure raises GC concentrations from the 1–
10 µg/dl range to 25–35 µg/dl in mice over the course of weeks (Anderson et al.
1983, Hsieh et al. 1991), levels similar to those seen in response to substantial
stressors. To appreciate this, such GC concentrations are sufficient to quadruple
seizure-induced glutamate accumulation in the hippocampus (Stein-Behrens et al.
1994a). The metyrapone finding suggests that the normative and considerable GC
stress-response that accompanies exposure to toluene is enough to augment its
generation of ROS. These findings echo reports that metyrapone will decrease seizure-
induced neuron death (Stein & Sapolsky 1988), seizureinduced cytoskeletal
degeneration (Smith-Swintosky et al. 1995) in addition to ischemia-induced damage
to the hippocampus (Morse & Davis 1990).

8.4 Conclusions

The literature reviewed in this chapter demonstrates that glucocorticoids can exert
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a number of deleterious effects upon neurons, compromising their ability to survive
a wide variety of neurologic insults. These findings suggest that glucocorticoids
might exacerbate the damaging effects of any of a number of environmental
neurotoxicants, including those discussed. This remains a largely unexplored area.
The possibility that elevated GC concentrations affect populations who contact
neurotoxicants either occupationally (especially manufacturing and farm workers)
or in the environment in general (through food, water and airborne sources) needs
to be examined. If studies suggest an interaction between GCs and these
compounds, such findings might ultimately be of clinical relevance for three
reasons.

(i) Synthetic GCs (such as prednisone, hydrocortisone, dexamethasone or
triamcinalone) are prescribed in vast quantities to control asthma, arthritis,
autoimmune disease and other disorders. As noted earlier, approximately 16 million
such perscriptions are written annually in the US (Eufemio 1990). Potentially,
populations with known exposure to these compounds might have to be viewed as
contraindicated for GC perscriptions.

(ii) Acute exposure to particularly high concentrations of some neurotoxic
compounds might well take place in the context of a workplace accident that would
be viewed as stressful (ie would be accompanied by elevated GC secretion). This
might impact the extent of neuropathology caused by the exposure.

(iii) Exposure to the compounds themselves have either been documented to be, or
are likely to be, direct stimulants of GC secretion.

Finally, separate from the possibility of studies that stimulate inquiry into the
epidemiology of GC effects upon industrial exposure to these compounds, such
studies would be of heuristic value for understanding the mechanisms of
neurotoxicity of these compounds. If GCs augment neuron death caused by one of
these compounds while, for example, failing to augment a particular cellular effect of
that compound, that diminishes the importance of that effect in the process of the
neuron death. A similar insight would be gained if, conversely, GCs augment a
particular cellular effect of a compound without augmenting its overall toxicity. This
is critical because it is not always clear if the parameter being measured is related to
the actual cause, rather than being merely a correlate, of the neuron death. Thus,
continued study may cast light on the basic mechanisms of neuron death, in addition
to aiding the understanding of potential modulators of certain environmental
neurotoxicants.
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9.1 Introduction

The major role of glucocorticoids in the foetus is to prepare it for transition from an
intrauterine to an independent existence. At physiological doses, glucocorticoids are
responsible for maturation of the foetal lung, thyroid, gastrointestinal tract, adrenal
medulla and numerous other tissues. They are responsible for the induction of various
enzyme systems that are necessary after birth but which have little or no function
prenatally, and they also stimulate the deposition of glycogen in the foetal liver. In
some species these functions are closely linked to the mechanisms involving parturition.
At pharmacological doses and beyond, however, glucocorticoids (both natural and
synthetic) are potentially harmful to the developing embryo/foetus and a review of
such consequences is the primary aim of this chapter. Since corticosteroids play an
essential and intrinsic role in the stress response in mammalian species, the effects of
stress on in utero development are also reviewed.

9.2 Glucocorticoids and Developmental Toxicity in Laboratory Animals

9.2.1 Cortisone

Since its discovery as a potent cleft palate inducer in mice (Baxter & Fraser 1950)
cortisone has become a major tool in research into the aetiology of facial clefts. Different
strains of inbred mice exhibit differing susceptibilities to cortisone-induced cleft palate
(Kalter 1954, 1962, Fraser & Fainstat 1951). In the A/J strain all surviving offspring
of mothers treated with a standard dose of cortisone on Days 11 to 15 post coitum
had cleft palate but, in the C57 BL/6J (C57) mouse treated under identical conditions,
only 20–25% of offspring were affected (Kalter 1954, 1981, Riddle & Fraser 1976).
The 50% effective dose (ED

50
) of cortisone for cleft palate induction in the A/J strain

was 115 mg/kg compared with 687 mg/kg in the C57 strain (Biddle & Fraser 1976).
A difference in timing of palatal closure has been established—the A/J strain closes
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later—which may make A/J mice more susceptible than the C57 strain (Riddle 1977).
It has also been established that the synthesis and metabolism of glucocorticoids differ
among adult mice of varying strains (Badr & Spickett 1965). Another approach to
explaining differences in strain sensitivity may lie in the demonstration that significantly
different levels of cytoplasmic glucocorticoid receptors exist in the oro-facial region
of these strains (Salomon & Pratt 1976, 1979). Significant differences in sensitivity to
cortisone-induced cleft palate have also been noted with other strains (Vekemans et
al. 1979).

Cortisone has been shown to produce cleft palate in rabbits (Fainstat 1954, Walker
1967) and multiple malformations in dogs (Nakayama et al. 1978). Despite initial
failings to produce cleft palate in rats (Gunberg 1957, Curry & Beaton 1958, Czabo
et al. 1967, Walker 1971), administration of very high doses has been found to elicit
cleft palate, eye defects and CNS malformations (Buresh & Urban 1970, Wilson et al.
1970). The hamster appears quite refractory to cleft palate induced by cortisone (but
not some other corticosteroids) (Shah & Kilistoff 1976) but, in this species, cortisone
treatment has led to retardation of skeletal growth (Shah & Kilistoff 1976). Retarded
growth has also been found to occur in rats (Walker 1971), mice (Kaduri & Ornoy
1974) and in chicks (Moscona & Karnofsky 1960). Ornoy & Horowitz (1972) found
that administration of cortisone to rats from Days 8 to 20 post coitum led to changes
in cartilage and bone ground substance and inhibited ossification, but postnatal studies
revealed these effects to be reversible.

9.2.2 Corticosterone

Corticosterone, the primary glucocorticoid in the mouse, has also been found to
produce cleft palate in rats (Buresh & Urban 1970), mice (Blaustein et al. 1971) and
hamsters (Shah & Kilistoff 1976). Administration to rats during the second half of
pregnancy resulted in significantly smaller foetal adrenals at term (Lemmen et al.
1977). There was also atrophy of the adrenal cortex. There appeared to be little, if
any recovery by the 14th day postnatally.

9.2.3 Deoxycorticosterone

Deoxycorticosterone has been reported to induce cleft palate, CNS malformations
and eye defects in rats (Buresh & Urban 1970) and cleft palate in hamsters (Tedford
& Risley 1950). Walker (1965) was not able to induce malformations in mice with
this corticosteroid. Grollman & Grollman (1962) reported persistent hypertension in
offspring of rats treated with deoxycorticosterone during pregnancy. Although a
mineralocorticoid, deoxycorticosterone produces similar effects to the principal
glucocorticoids. It is, however, the only corticosteroid reviewed that has not been
shown to produce cleft palate in mice.

9.2.4 Hydrocortisone

Like cortisone, hydrocortisone is teratogenic in mice (Kalter & Fraser 1952, Pinsky
& DiGeorge 1965) and differing susceptibilities have been established between
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inbred mice strains. Hydrocortisone administered on Days 11–14 post coitum results
in 20% cleft palate in the C57 mouse but 95% in the brachymorphic bm/bm strain
(Pratt et al. 1980). The ED

50
 for cleft palate induction was ~40 mg/kg for A/J and bm/

bm mice compared to 325 mg/kg for C57 mice. The findings also indicate that both
A/J and bm/bm strains normally exhibit a delay in palatal shelf rotation and elevated
levels of cyclic AMP which appear to be predisposing factors for cleft palate
induction. Cytoplasmic glucocorticoid receptor densities in bm/bm mice were,
however, more similar to C57 mice than to the A/J strain, suggesting that this is not a
causative factor in strain difference. Cleft palates have been produced in hamsters
(Shah & Travill 1976) and multiple malformations in rats (Gunberg 1957) and
guinea pigs (Hoar 1962), and brain malformations in rabbits (Kasirsky & Lombardi
1970). Aoyama et al. (1974) found hydrocortisone-17-a-butyrate ineffective in
producing malformations in rats and mice whereas Yamada et al. (1981) found
omphalocele, cleft palate and oedema in rats and cleft palate, open neural tube
defects and umbilical hernia in rabbits with hydrocortisone-17-butyrate 21-
propionate. Hydrocortisone sodium phosphate produced rib and vertebral defects in
mice, but no facial clefts (Fujii et al. 1973). When administered from Day 14 post
coitum onwards to rats, hydrocortisone caused demasculinization of male offspring
as evidenced by shortened anogenital distance and lowered testis weight (Dahlof et
al. 1978).

9.2.5 Betamethasone

Betamethasone has been shown to cause cleft palate in rats (Walker 1971, Mosier et
al. 1982), mice (Walker 1971) and rabbits (Ishimura et al. 1975). It has also been
shown to cause omphalocele in rats in addition to retardation of skeletal growth and
of calcification of bones, decreased foetal weight and impaired growth of foetal heart,
liver, adrenals, kidneys and skeletal muscle (Mosier et al. 1981, 1982). Epstein et al.
(1977) demonstrated increased liver growth and function in rhesus monkeys and also
found evidence of neuronal injury in the brain. When given to this species during late
gestation there were inhibitory effects on lung maturation and adrenal insufficiency
(Johnson et al. 1981). The butyrate propionate form of betamethasone has produced
growth retardation and foetal death in the absence of malformation in the rat
(Takeshima et al. 1990) and a low incidence of cleft palate in rabbits (Saijo et al.
1990).

9.2.6 Dexamethasone

Dexamethasone has been found to produce cleft palate in mice (Pinsky & DiGeorge
1965), rats (Vannier et al. 1969), rabbits (Clavert et al. 1961), hamsters (Shah &
Kilistoff 1976) and dogs (Robens 1974). Pinsky & DiGeorge (1965) considered this
compound more potent at inducing cleft palate than hydrocortisone. Neural tube
defects have been reported in the rabbit (Buck et al. 1962) although none were found
in this species with the 17-valerate form (Esaki et al. 1981). As with betamethasone,
dexamethasone caused omphalocele in rats in addition to retardation of skeletal growth
and calcification and impaired growth of soft tissues (Mosier et al. 1981, 1982).
Cranium bifidum and aplasia cutis congenita were produced in rhesus monkeys when
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dexamethasone was given during organogenesis (Jerome & Hendrickx 1988), and
adrenal insufficiency was produced in this species when this compound was given late
in gestation (Challis et al. 1974). There was atrophy of the foetal adrenal accompanied
by marked reduction in secretion of C

19
 steroids for placental aromatization. Atrophy

of the foetal adrenal has also been seen in rats following treatment throughout the
second half of pregnancy (Lemmen et al. 1977). There were no signs of recovery by
14 days post partum.

9.2.7 Desoximethasone

Miyamoto et al. (1975) tested desoximethasone in pregnant rats and mice. Cleft palate
and oedema were found in mice but only delayed ossification in rats.

9.2.8 Beclomethasone

Beclomethasone induced cleft palate and vertebral abnormalities in mice (Esaki et al.
1976) and cleft palate in rabbits (Oguro et al. 1970). There were no malformations in
rhesus monkeys (Tanioka 1976) but abortion and reduced growth were observed. In
rats, only reduced foetal growth was noted (Furuhashi et al. 1979).

9.2.9 Triamcinolone

Triamcinolone administration has resulted in cleft palate in mice (Walker 1965),
rabbits (Walker 1967), rats (Rowland & Hendrickx 1983) and hamsters (Shah &
Kilistoff 1976). In the rat, omphalocele, undescended testes and foetal growth
retardation were frequent observations (Rowland & Hendrickx 1983). A range of
craniofacial and brain abnormalities were found in three species of subhuman
primates following triamcinolone treatment (Parker & Hendrickx 1983, Tarara et al.
1989). In mice, Walker (1965) found triamcinolone to be far more potent than
cortisone at inducing cleft palate and this is evidently the case for all the above
species. This appears to be due to pharmacokinetic factors, in the rat at least
(Rowland et al. 1983), where plasma concentration and plasma and foetal half-life of
triamcinolone were markedly higher than for cortisol. In hamsters, triamcinolone-
induced palatal clefts resulted from delayed reorientation of the palatal shelves from
a vertical to a horizontal plane in the foetus whereas hydrocortisone, administered
under identical conditions, produced clefts by preventing fusion between the two
horizontal shelves (Shah 1980).

9.2.10 Prednisolone

Prednisolone treatment has been found to result in cleft palate in rabbits (Walker
1967), hamsters (Shah & Kilistoff 1976) and mice (Pinsky & DiGeorge 1965).
Pinsky & DiGeorge found prednisolone to be a more potent teratogen than
hydrocortisone. Jaw, tongue and head defects, but no cleft palates, have been
found in rats (Kalter 1962). Using the 17-valerate 21-acetate form, Koga et al.
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(1980a,b) produced growth retardation and omphalocele in rats and cleft palate
in rabbits.

9.2.11 Methylprednisolone

Treatment with methylprednisolone has resulted in cleft palate in mice (Walker 1971)
but not rats (Walker 1971) nor rabbits (Walker 1967).

9.2.12 Prednisone

Growth of mice offspring exposed to prednisone during gestation is significantly
retarded and results in diminished full-term birth weight (Reinisch et al. 1978). Cleft
palates have been produced in mice (Zawoiski 1980). Zawoiski (1980) found that
while L-glutamic acid attenuated the cleft-inducing activity of cortisone, it had no
effect on the incidences of clefts following prednisone or prednisolone treatment,
suggesting a different mechanism of action between these agents.

9.2.13 Diflucortolone

Diflucortolone administered subcutaneously has produced cleft palate in mice and
rabbits (Ezumi et al. 1977a, 1978) but not rats (Ezumi et al. 1977b). Gunzel et al.
(1976) found that dermal applications of diflucortolone produced cleft palate,
omphalocele and vertebral defects in rabbits but absence of tail, omphalocele and
growth retardation in rats.

Glucocorticoids may also play an indirect role in the teratogenicity of other
chemicals. Sullivan-Jones et al. (1982) showed that three diverse agents, haloperidol,
2,4,5-trichlorophenoxyacetic acid (2,4,5-T) and phenytoin, could produce cleft palate
and lip in A/J mice identical to those seen with cortisone. Corticosterone was measured
in the treated dams and significantly increased plasma levels were found, there being
a linear relationship between cleft lip/palate and maternal cortisone levels.

A summary of the teratogenic activity of glucocorticoids is presented in Table 9.1.
The evidence shows, then, that glucocorticoids are structural teratogens in a wide
variety of animal species; the mouse is the most susceptible, although there are marked
strain differences within this species. The synthetic corticoids appear far more potent
than do those compounds that occur naturally. For example, dexamethasone is 200
times as potent as cortisol at producing cleft palate in A/J mice but only 25 times as
potent therapeutically in man. The relative cleft palate inducing potencies of
triamcinolone and cortisol show differences of a similar order of magnitude (Rowland
& Hendrickx 1983).

Corticosteroid administration results in embryotoxicity, embryolethality and
teratogenicity. Whilst the most frequently reported malformation is cleft palate, it has
not been as well recognized that a wide range of other abnormalities has been noted
depending on the species, agent and time of administration. Cortisone inhibits the
closure of the embryonic secondary palatal shelves but there are marked strain
differences. In addition to delaying palatal shelf elevation, cortisone severely reduces
the extent of contact between the palatal shelves in A/J embryos, with contact down
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Table 9.1 Summary of Teratogenic Activity of Glucocorticoidsa
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to only 4% of that found in controls (Diewert & Pratt 1981). The palatal shelves in
cortisone-treated animals are markedly smaller than those found in controls but cell
density is much higher. This, associated with the reduced shelf size, suggests that
formation and accumulation of extracellular matrix components such as hyaluronic
acid is inhibited. Thus, glucocorticoids appear to act to cause cleft palate by interfering
with palatal mesenchymal cell function (Salomon & Pratt 1978). However, mechanisms
are not as simplistic as this—clefting occurs in a different way with, for example,
triamcinolone (Shah 1980). It is advisable to refer to a specialist work on the
mechanisms involved in cleft palate formation.

9.3 Stress and Developmental Toxicity in Laboratory Animals

Animal studies investigating the developmental toxicity of stress have produced
conflicting results. By and large, the rat and mouse have been the only species subjected
to close scrutiny with regard to effects evident at caesarean section or at birth, and
stressors used have varied between noise, heat, food deprivation and restraint.

In mice, Nawrot et al. (1980) have produced embryolethality and retarded
embryonic/foetal growth but no malformations using extremely high frequency
(jetengine-type) noise during organogenesis. Trains of 100 decibel white noise,
administered half-hourly for 6 min at a time, during organogenesis of mice, led to
reduced maternal weight and embryolethality but had no effect on embryonic growth
or malformation rate (Kimmel et al. 1976). There have also been negative findings
where high-frequency white noise during Days 6–15 of pregnancy in mice had no
effect on the course and outcome of pregnancy (Nawrot et al. 1981). Terada (1974)
imposed a daily routine of enforced physical activity on a treadmill for 30 min/day
on Days 9–16 post coitum. Embryolethality, slight reduction in foetal weight and
retarded skeletal development were found, but no malformations. Training before
pregnancy was shown to abolish the embryolethality but skeletal retardation was
still present.

There have been numerous publications reporting the occurrence of stress-induced
malformations in mice. Beyer & Chernoff (1986) reported offspring with fused and/
or supernumerary ribs and exencephaly following 12-h restraint. However, the skeletal
changes may have been an indirect effect since they appeared to correlate well with
loss of maternal weight. Cook et al. (1982) have reported exencephaly, open eye, cleft
lip and fused sternebrae following high-frequency noise stress during pregnancy.

Table 9.1 (Cont.)

Note: a Adapted from Schardein (1985).
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Probably the most startling observation is that of Rosenzweig & Blaustein (1970)
who produced a 70% incidence of cleft palate in A/J mice using restraint and food
deprivation: the control incidence was just 1%. As with the glucocorticoids, the A/J
mouse seems to be susceptible to stress-induced facial clefting. Meskin & Shapiro
(1971) have shown a significant increase in cleft lip and palate in this strain when
they were transported by air from supplier to laboratory between Days 12–15 post
coitum.

Cleft palate has also been seen at high incidence in mice by Barlow et al. (1975a, b)
who demonstrated this to be a result of endogenous corticosterone release with findings
similar to those resulting from exogenous corticosteroid administration. In mice, plasma
corticosterone levels are elevated during pregnancy, reaching a peak of ~14 µg/ml on
Day 16 which is ~60 times the basal rate in non-pregnant mice (Barlow et al. 1974).
In mice subject to restraint stress for 24 h on Day 14 post coitum or to isolation plus
food deprivation, cortisone levels were elevated to ~70 µg/ml of plasma compared
with 12 µg/ml in non-stressed concurrent controls.

Increased resorption rate has been seen in rats subject to restraint stress, especially
when applied late in gestation (Euker & Riegle 1973); conversely, Beyer & Chernoff
(1986) were unable to produce any effect on rat embryos following 12-h immobilization
coupled with food and water deprivation. Similarly conflicting results have been noted
in rats subject to noise stress. Geber (1966) reported an increased resorption rate and
decreased foetal weight following noise stress in combination with flashing lights for
a 6-min period every half hour throughout pregnancy. A regime of 100 decibels white
noise throughout pregnancy that was embryotoxic in mice had no effect in rats (Kimmel
et al. 1976). Geber (1966) also demonstrated that his combination of audiogenic and
visual stress could increase the incidence of malformations of varying morphology.
However, no malformations have been detected in rats following restraint stress alone
(Barlow et al. 1978) or noise stress alone (Kimmel et al. 1976).

Since stress will lead to a significant elevation in plasma corticosteroid levels, and
since glucocorticoids are teratogenic and embryotoxic in laboratory animals, it is
tempting to assume that the developmental toxicity described above following stress
is in consequence of elevated glucocorticoid levels. Indeed, Barlow et al.’s (1974) data
provide strong evidence for this argument. However, many stress procedures have
resulted in reduced maternal weight gain and reduced food and water intakes or have
used food and water deprivation, and these factors may have been indirectly or even
directly involved aetiologically. With Gebers’ experiments in rats, described above,
the author concluded, but without empirical evidence, that malformations were
consequent upon hypoxia in the uterine environment due, perhaps, to a catecholamine-
mediated vasoconstriction. Cook et al. (1982) found that maternal catecholamine
levels were measurably increased in mice following a regime of noise stress that induced
a range of malformations.

The data are conflicting. Negative and positive studies are difficult to compare due
to considerable interstudy difference in experimental variables. It does appear likely
that, under the right conditions, stress is a developmental toxicant in both rats and
mice. The implications when conducting developmental toxicity studies must be
considered, especially for mice which show an exaggerated stress response. The
procedure itself, if stressful, such as intravenous dosing, or maternal toxicity might
lead indirectly to false positives. Most experienced investigators will have learnt to
treat findings of cleft palate in mice with caution before concluding that their
experimental drug is a teratogen.
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So far, this section has concentrated on those manifestations of stress-induced
developmental toxicity that are readily observable at caesarian section or at birth.
Prenatal stress has also been implicated as a ‘behavioural teratogen’, an allembracing
and somewhat misleading term which encompasses delayed or aberrant behavioural
maturation, impaired activity, impaired rate or extent of learning, adaptation or
problem-solving or any other measure of compromised behavioural competence.
Behavioural teratogenicity follows the same rules as apply to classical structural
teratogenicity, in particular the type and magnitude of the response being a function
of the stage of development at which the agent acts. Indeed, there is a complex
interaction of factors such as prior experience of the mother, strain of animal tested,
the type of stressor, whether cross-fostering techniques are employed and the types
of measurements used. There is an extensive literature on the postnatal effects of
stress administered prenatally: many stressors have been employed at varying stages
of gestation and a wide range of possible behavioural targets have been investigated.
For this reason it is impracticable to provide a detailed review of the literature here,
however examples of various prenatally administered stressors and their postnatal
outcomes are presented in Table 9.2 in an attempt to demonstrate the scope of the
problem. This list is by no means exhaustive, and the reader should also consider
that the numerous negative reports have not been listed. The positive findings are
sufficient to conclude that, in laboratory species at least, stress is a development
toxicant both in terms of ‘defects of the body as well as of the mind’. One important
observation is that in both rats (Ader & Conklin 1963) and mice (Beck & Gavin
1976), the most commonly used species in experimental teratology, maternal handling
during pregnancy has been shown to elicit postnatal behavioural deficits. Thus,
when conducting developmental toxicity studies particular attention must be given
to standardizing handling and other stressful experimental procedures to avoid false-
positive findings.

9.4 Glucocorticoids and Developmental Toxicity in Man

The demonstration in the 1950s that corticosteroids could induce developmental
toxicity in a wide range of laboratory animal species, coupled with the awareness of
drug-induced teratogenicity in man elicited by the thalidomide tragedy, prompted
exhaustive studies in man, and numerous reports have consequently appeared. Some,
perhaps understandably, have concentrated on an association between glucocorticoid
therapy and cleft lip and/or palate, whereas others have extended their remit to an
association with any developmental defect.

As a class, glucocorticoids have not been implicated as causing developmental
defects in man. Bongiovanni & McFadden (1960) found only two instances of cleft
palate in their group of 260 women treated with corticosteroids during pregnancy.
Only three cases of facial cleft out of a cohort of 428 mothers were reported by
Serment & Ruf (1968): there was a small and insignificant number of defects of
other systems. The Collaborative Perinatal Projects retrospective survey of 50000
pregnancies in 12 US medical centres from 1951 to 1965 contained a cohort of 145
mothers treated with glucocorticoids and corticotropins during the first trimester.
There was no evidence of association with malformations, although it must be
cautioned that numbers were limited (Heinonen et al. 1977). Other major surveys
providing a negative association between glucocorticoid therapy and developmental
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defects have included those of Kullander & Kallen (1976), Richards (1972), Walsh
& Clark (1967) and Yackel et al. (1966). Where positive associations between
corticosteroid therapy and developmental toxicity have been suggested, this has
invariably been attributed to cortisone. Increased pregnancy wastage (abortion and
still birth) and prematurity has been noted (Reilly 1958), and some authors (Harris
& Ross 1956, Popert 1962) have reported an increased incidence of facial cleft but
the data are far from convincing. Malformations other than facial cleft have also
been reported to follow cortisone treatment during pregnancy. Hydrocephalus and
gastroschisis have been noted in two separate cases (Malpas 1965), and other diverse
defects have been reported elsewhere (Guilbeau 1953, Warrell & Taylor 1968).
Individual case reports of malformation associated with cortisone therapy have
appeared in the literature. In addition to facial cleft, isolated cases of limb and heart
defects, anencephaly, cyclopia and Aicardi’s syndrome have been presented (Doig
& Coltman 1956, Popert 1962, Noda et al. 1963, Chhabria 1981). There was no
morphological consistency in the defects noted. A more detailed collection of
references to surveys and case reports on glucocorticoid therapy in pregnancy may
be found in Schardein (1985).

With regard to other corticosteroids there have been few convincing case reports.
A case of hydrocephalus has been noted following maternal treatment with
prednisone throughout pregnancy (Editorial 1974). Reinisch et al. (1978) studied a
large sample of children of women treated with low dosages of glucocorticoids for
infertility and maintenance of pregnancy such that the offspring were exposed
throughout gestation. The results indicate that growth of offspring exposed to
prednisone during gestation is significantly retarded leading to diminished full-term
birth weight. Conversely, the Collaborative Perinatal Project (Heinonen 1977)
reported only one malformed child among 43 pregnancy exposures to prednisone.
There have been numerous references to normal pregnancy outcome following
prednisolone treatment during the susceptible period of pregnancy (Board et al.
1967, Schardein 1978, Snyder & Snyder 1978).

No malformations were found in a cohort of pregnant women given
dexamethasone at a sensitive stage (Serment & Ruf 1968). The results of the
Collaborative Perinatal Project (Heinonen et al. 1977) for ‘other corticosteroids
and corticotropins’ (ie excluding cortisone, hydrocortisone and prednisone but
including methyl prednisolone (16 cases), prednisolone (15), triamcinolone (8),
dexamethasone (8), corticotropin (6), paramethasone (2), desoxycorticosterone (2),
aldosterone (1) and betamethasone (1)] showed a normal incidence of two malformed
children among 56 pregnancies.

Glucocorticoids have been used extensively during pregnancy for many years and
there is a wealth of literature concerning pregnancy outcome. It would seem most
likely that these agents, administered under normal therapeutic circumstances, do not
significantly increase the rate of spontaneously occurring developmental defects in
man.

9.5 Stress During Pregnancy and Developmental Toxicity in Man

The belief that a profound and sudden impression made on the mothers mind, be
it by sight, sound or touch, can in some way alter the development of the child
with which she is pregnant has been established since ancient times and has become
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known as the theory of Maternal Impression (Ballantyne 1904, Warkany 1977).
It was by maternal impression that ancient medicine, legend and folklore accounted
for the occurrence of all kinds of congenital abnormalities, from birthmarks to
monsters. In its original concept, impressions during pregnancy, or even at the
time of conception, will influence the development of the child by producing a
kind of photographic image on the offspring. There is thus a marked similarity
between the thing producing the impression and the resulting defect in the offspring,
so that the sight of a hare during pregnancy can be responsible for a hare-lip in
the child or the sight of a man with an amputated leg can be responsible for a
congenital loss of limb. The theory is not restricted to the past nor to primitive
minds. Until relatively recently, there have been frequent accounts in the medical
press. Two such stories, published in 1960, concern children with phocomelia. In
the first case (Lussier 1960), the mother was convinced that her son’s deformities
had been caused by her mother-in-law who had a habit of rowing with her. In one
argument 3 months into the pregnancy, the mother-in-law seized her by the
shoulders to stop her walking past. She was not injured but was emotionally
disturbed by the encounter. In the second account, Turner (1960) describes ‘a very
specific and severe emotional stress, applied early in an otherwise normal
pregnancy, which may have caused profound teratogenic effects of a predicted
type in the offspring’. The mother, a 16-year-old unmarried Australian, told her
own mother that she was expecting when she was ~ 5–6 weeks pregnant. In the
hearing of several witnesses the mother then cursed the girl, saying that if she
continued with the pregnancy the baby would be born ‘without arms and legs and
blind’. A strikingly similar case has been reported more recently (Stevenson 1985).
That a belief in maternal impressions still exists in modern civilized society has
been amply demonstrated by two surveys conducted in Australian and American
antenatal clinics (Pearn & Pavlin 1971, Snow et al. 1978). The results of the
survey were broadly in agreement: in the USA 77% of the patients interviewed
believed that external factors such as strong emotional states on the part of the
mother could permanently disfigure or even kill her unborn child.

The ancient belief in maternal impression has evolved into a modern and perhaps
more acceptable counterpart with the tenet that maternal frights, worries, shocks or
stress can produce malformation or some other unwanted pregnancy outcome in a
non-specific way so that the impression and the defect are in no way similar. Sensory
perception activates the hypothalamic-pituitary-adrenal (HPA) axis, among other
centres, which results in increased maternal adrenal hormone release (Moore 1963).
Steroids in the serum of pregnant women may reach four-fold the levels recorded in
non-pregnant females (Robinson et al. 1955), so additional stressinduced quantities
may exceed theoretical levels for the production of abnormalities.

In a retrospective analysis conducted by Stott (1957), the data indicated that early
childhood, mental retardation and congenital malformation were significantly more
common for pregnancies associated with stress such as illness, harassment and/or
distress of the expectant mother, shocks and accidents. In another retrospective survey
the same worker also reported that emotional shocks during early pregnancy occurred
more frequently in the mothers of Down syndrome children than in mothers of children
suffering from other types of mental retardation (Stott 1961). Strean & Peer (1956)
concluded from their retrospective study of children with cleft palate or hare-lip that
the mothers suffered from a high incidence of physiological, emotional or traumatic
stress whilst pregnant. Other retrospective surveys of this type (Gunder 1963, Newton
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et al. 1979, Berkowitz 1981) have indicated that mothers of pre-term babies had a
higher rate of stressful events or, at least, reported greater stress levels during pregnancy
than did controls. A similar survey (Williams et al. 1975) failed to show any such
correlation. Several surveys have concentrated on pregnancies among inmates in mental
hospitals. Turner (1956) found that among 100 psychotic patients suffering severe
emotional stress during pregnancy, 13 infants with ‘difficult behaviour’ were born.
Blomberg (1980) reported a higher incidence of malformations among patients
suffering emotional stress due to unwanted pregnancies. The problem with the majority
of these retrospective surveys is that other, possibly confounding, variables were
uncontrolled. In the studies on mental patients, for example, there remains the distinct
possibility that malformation and behavioural disturbance in offspring was due to
antipsychotic therapy to control stress rather than the stress itself. Furthermore,
retrospective studies run the risk that mothers will be quick to come up with some
cause or other once they knew their baby was malformed, but are less likely to suggest
any pregnancy complication if they thought that their baby was normal. One
retrospective analysis that did not rely on the vagaries of the mind, comparing only
fact with fact, analysed the birth records in Los Angeles County for the years 1970–
1972 taking into account the area where the mother lived in relation to Los Angeles
International Airport (Jones & Tauscher 1977). The data suggested that residence
under an airport landing pattern where noise exceeds 90 decibels may be a factor
causing birth defects.

Prospective surveys have also implicated stress as a developmental toxicant. Davids
(1961, 1962) indicated that women who were later to experience complications in
the delivery room or were to give birth to children with abnormalities were markedly
more anxious during pregnancy. Crandon (1979) used an anxiety test administered in
late pregnancy in conjunction with Apgar scores in the offspring. Apgar scores in a
group of severely anxious patients were significantly lower than in normal patients.
Another study (Grimm 1961) found that in 11 patients exhibiting marked anxiety, 10
went on to have adverse pregnancy outcomes including one case of congenital defect,
four miscarriages and five neonatal deaths. Other prospective clinical surveys have
demonstrated a relationship between stress and adverse pregnancy outcome (Gorsuch
& Key 1974, Standley et al. 1979, Omer et al. 1986). Grimm & Venet (1966) and
Newton & Hunt (1984) in their prospective surveys were unable to establish a clear
relationship between maternal stress and adverse pregnancy outcome, although the
latter report did show that major events such as the death of a family member or
friend were associated with a greater risk of low birth weight or prematurity.

The reports described above by no means represent an exhaustive account of the
literature but, in general, there are numerous accounts associating stress, in the broadest
sense, with developmental toxicity. Data where no association has been found are
considerably less common, but perhaps only since negative results tend to appear of
little interest and are frequently not published.
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10.1 Introduction

Activation of the hypothalamus-pituitary-adrenal (HPA) axis by a variety of stressors
results in the secretion by the adrenal cortex of glucocorticoids. The primary
physiological function of these hormones is in the preparation for physical activity
and the stimulation of blood glucose. It is well established that glucocorticoids influence
virtually all aspects of immune and inflammatory responses, the consensus being that
in most instances the effects are immunosuppressive or anti-inflammatory in nature.
Indeed, synthetic corticosteroids have found widespread application in the clinical
manipulation of immune reactivity and remain one of the most effective treatments
available for allergic disease. The purpose of this chapter is to consider the nature,
relevance and mechanisms of action of the immunotoxic and immunemodifying
properties of glucocorticoids.

10.2 The Immune System

Some form of host recognition of, and host response to, foreign material is
phylogenetically ancient. Even the most primitive members of the animal kingdom
display rudimentary natural immunity. Such innate or natural immune function is
preserved in the vertebrates, but here there has evolved also a sophisticated adaptive
immune system capable of mounting specific responses that confer protection against
potentially harmful antigens. The cellular vector of adaptive immune responses is the
lymphocyte and it is this cell that is able to recognize and respond to antigen in a
specific manner and that provides the immunological memory necessary for the
subsequent provocation of secondary immune responses. While lymphocytes play a
pivotal role in the induction and expression of immune reactivity they do not operate
in isolation, and effective immunity is dependent upon complex and concerted
interactions between various tissues, cells and molecules that are regulated in time
and space. The primary purpose of the immune system is protection of the host from
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infection and malignant disease. To achieve this two major arms of the immune system
have developed and these are reflected in the main populations of lymphoid cells. B
lymphocytes are required for humoral (serum-borne) immunity that provides protection
against extracellular bacterial infection. In response to antigen B lymphocytes divide
and differentiate. The end-cell of B lymphocyte differentiation is the plasma cell that
has the synthetic and secretory machinery to manufacture and export large amounts
of antibody reactive with the inducing antigen. With the participation of other
molecules (complement) and host cells (phagocytes), antibody serves to eliminate
bacteria and other pathogenic micro-organisms. Other infectious agents reside within
cells (facultative intracellular bacteria) or are obligate intracellular parasites (viruses).
The cell membrane protects such pathogens from the attention of antibody and here
the mechanism of host resistance is dependent upon cell-mediated immunity effected
by T lymphocytes. These cells have two primary responsibilities, the first of which is
recognition, and subsequent elimination, of host cells that display novel antigens as a
consequence of either infection or malignant transformation. The second major
function of T lymphocytes is the qualitative and quantitative regulation of immune
responses. Many of the functions of T lymphocytes are effected via, and are regulated
by, cytokines: a family of proteins and glycoproteins produced by lymphoid and non-
lymphoid cells that collectively play a pivotal role in the induction and elicitation of
controlled and directed immune responses.

If the immune system is impaired then susceptibility to infectious and/or malignant
disease is increased significantly. There exist many examples of congenital and acquired
immunodeficiency disorders where the absence or functional inadequacy of one or
more components of the immune system is associated with reduced host resistance. It
is now apparent that the integrity of immune system can be influenced markedly by a
number of factors and that chemicals and drugs may have profound effects on immune
responses.

10.3 Immunotoxicology

Immunotoxicology may be defined as the study of adverse health effects resulting
from the interaction of chemicals and drugs with the immune system. As such
immunotoxicology embraces two main forms of insult. Immunotoxicity denotes
the potential of drugs or chemicals to cause adverse effects secondary to
immunosuppression resulting from damage to, or operational impairment of,
immune function. Here the concern is that the induced immune deficit will translate
into a reduced capacity to resist infectious disease or tumour development. There
are available myriad methods for experimental evaluation of the immunotoxic
properties of chemicals. These include examination of the ability of lymphocytes
to respond to antigenic stimuli by proliferation, differentiation or the production
of cytokines or antibody. Other methods can be used to examine the integrity of
phagocyte function, the complement system and other aspects of adaptive or natural
immune activity.

The other way in which chemicals and drugs may cause adverse effects through
interaction with the immune system is by stimulation of specific immunological
responses. The adverse health consequences that result from the induction of specific
immune responses are known collectively as allergy. Xenobiotics may provoke various
forms of allergic disease including contact hypersensitivity (allergic contact dermatitis),
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hypersensitivity of the respiratory tract (allergic asthma and rhinitis) and a variety of
systemic allergic reactions that not infrequently resemble autoimmune disease.

The immunotoxicity of glucocorticoids will be considered here in the context of
both induced immunomodulation and allergic disease. Attention will focus on the
nature and significance of immunosuppressive actions, the induction of lymphoid cell
apoptosis, and the influence of glucocorticoids on immediate-type (IgE antibody-
mediated) hypersensitivity reactions.

10.4 Immunosuppressive and Immunoregulatory Properties of
Glucocorticoids

The influence of glucocorticoids on immune function has a long history and some
examples of the changes reported are summarized in Table 10.1. A number of general
points can be made regarding the effects observed. First, different immune cell
populations and different immune processes vary with respect to their sensitivity to
the action of glucocorticoids. Thus, for instance, T lymphocyte function and
cellmediated immunity appear in general terms to be more sensitive than do B
lymphocytes and humoral immunity. It is the case also that the influence of
glucocorticoids on the induction of primary immune responses is greater than on
established or secondary responses. The corollary is that in experimental studies the
magnitude of induced alterations is to an important extent dependent upon the time
of administration of glucocorticoids. There are, in addition, significant species
differences in susceptibility to the action of these hormones. For instance, species

Note: Summarized from Fauci 1978/9, Gillis et al 1979, Cupps &
Fauci 1982, Hall & Goldstein 1984, Kelso & Munck 1984, Munck
et al. 1984, Spreafico et al. 1985, Ader et al. 1990, Descotes 1990,
Stam et al. 1993.

Table 10.1 Changes in immune function induced by corticosteroids
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differ with respect to the magnitude, duration and reversibility of lymphopaenia
associated with glucocorticoid treatment (Spreafico et al. 1985). Finally, accurate
interpretation of the direct effects of corticosteroids on aspects of immune function is
complicated frequently by their potent anti-inflammatory activity.

The therapeutic benefits that derive from glucocorticoids, such as prevention of
transplant rejection and treatment of allergic disease, are a function of their
immunosuppressive and anti-inflammatory properties. These same properties can be
modelled in vivo and in vitro using pharmacological concentrations of the drugs.
There is evidence, however, that at physiological concentrations glucocorticoids exert
more subtle regulatory influences on the immune system and under such conditions
may enhance some immunological responses (Hall & Goldstein 1984). Indeed, the
complete absence of adrenal and circulating corticosterone may be associated with
depressed immune reactivity (Wiegers et al. 1993, Kusnecov & Rabin 1994). Under
normal circumstances the immunosuppressive properties of glucocorticoids possibly
serve to maintain homeostatic control and prevent an unwanted over-reaction of the
immune system that could result in autoimmunity (Munck et al. 1984, Besedovsky &
del Rey 1991, Ader et al. 1995). Such a role is reflected in experimental models of
autoimmunity. The Lewis strain of rat is susceptible to the induction of experimental
allergic encephalomyelitis (EAE). This is a T lymphocyte-mediated autoimmune
condition, characterized by progressive neurological dysfunction and an
inflammatory cell infiltration of the central nervous tissue, that is induced by
injection of encephalitogen (heterologous spinal cord tissue) emulsified in adjuvant.
The susceptibility of Lewis strain rats is due, at least in part, to a defective HPA axis
resulting in reduced levels of glucocorticoids (Sternberg et al. 1989). Spontaneous
recovery of Lewis rats from clinical symptoms is dependent upon endogenous
corticosteroids. Adrenalectomy or treatment of rats with a glucocorticoid receptor
antagonist results in exacerbated disease and death (Bolton & Flower 1989,
MacPhee et al. 1989). In contrast, other strains of rat such as Brown Norway and
PVG are resistant to the development of EAE and this is the result of relatively high
concentrations of circulating corticosteroids that serve to protect completely against
the development of symptoms (Mason et al. 1990). In this case the critical role of
endogenous steroids is presumed to be control of T lymphocyte responses (Peers et al.
1995).

There is increasing evidence that signalling pathways between the endocrine and
immune systems are bidirectional and that products of the immune response may
regulate the HPA axis by triggering the secretion of hypothalamic corticotrophin
releasing factor (CRF) and/or pituitary hormones. It was observed some time ago
that maximal antibody responses in mice and rats were associated with a transient
increase in the concentration of serum cortisone, and that an elevation of serum
cortisone could be stimulated in animals by the administration of soluble products of
activated T lymphocytes (Besedovsky et al. 1975, 1981, Besedovsky & Sorkin 1977).
The thesis is that immune activation triggers an increased secretion by the adrenal
cortex of glucocorticoids that in turn serve to constrain the vigour of induced immune
responses (Besedovsky et al. 1979).

The molecular basis for stimulation during immune responses of increased
glucocorticoid levels is almost certainly cytokines produced by activated cells.
Interleukin 1 (IL-1) stimulates secretion of CRF and increases the plasma
concentration of adrenocorticotrophic hormone (ACTH) (Besedovsky et al. 1986,
Berkenbosch et al. 1987, Sapolsky et al. 1987). Balance is provided by the
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transcriptional and translational regulation of IL-1 production by glucocorticoids
(Knudsen et al. 1987, Kern et al. 1988, Lew et al. 1988). The negative regulation
by corticosteroids of cytokine synthesis may represent the pivotal event in many of
their immunosuppressive properties. In addition to blocking IL-1 production,
glucocorticoids have been reported to inhibit the production of, among others,
interleukins 2, 3 and 4 (IL-2, IL-3 and IL-4), interferon ? (IFN-?) and granulocyte/
macrophage colonystimulating factor (GM-CSF) (Gillis et al. 1979, Arya 1984,
Munck et al. 1984, Culpepper & Lee 1985, Grabstein et al. 1986, Gessani et al.
1988, Ader et al. 1990, Stam et al. 1993). The regulation by glucocorticoids of the
T cell growth factor IL-2 has attracted particular attention. The transcription of
the human IL-2 gene induced by treatment with phorbol ester and calcium
ionophore is inhibited by glucocorticoid hormones (Vacca et al. 1990). Recently, a
more detailed understanding of the mechanism has been derived. Glucocorticoid
hormones are known to control gene expression by activating intracellular
receptors (glucocorticoid receptors; GR) belonging to the steroid/thyroid
hormone/retinoic acid receptor superfamily of nuclear rrans-acting factors that
bind to specific consensus sequences (Wright et al. 1993). It has been shown that
the dexamethasone-activated GR selectively impairs the synergistic co-operation
between nuclear factor of activated T cells (NAFT) and AP-1 enhancer elements to
inhibit IL-2 gene transcription (Vacca et al. 1992). More recently still, it has been
proposed that a critical event in the induction of immunosuppression by
glucocorticoids is regulation of the transcription factor NF-KB that is required for
the synthesis of many cytokines. It has been shown that dexamethasone induces
the synthesis of IKBa, an inhibitory protein that associates with NF-KB and
prevents its translocation to the nucleus (Scheinman et al. 1995; Auphan et al.
1995).

One interesting observation is worthy of consideration in the context of
glucocorticoid-mediated regulation of cytokine synthesis. Daynes & Araneo
(1989) demonstrated in immunized mice that treatment with glucocorticoids has a
differential influence on cytokine growth factors; production of IL-4 was
increased, but IL-2 was significantly depressed. These data are of potential
importance as an increased synthesis of IL-4 will favour the development of Th

2
-

type T helper (Th) cell responses and the stimulation of humoral immunity. A
cautionary note is necessary, however, since in other investigations it has been
found that the production in vitro by activated human peripheral blood T
lymphocytes of IL-4 is inhibited in a dose-dependent manner by glucocorticoids
(Stam et al. 1993). These apparently conflicting data may reflect species
differences in susceptibility to glucocorticoids or more subtle variations in
experimental design. Notwithstanding these considerations, a variable
susceptibility of immunoregulatory cytokines to the action of glucocorticoids may
have important implications for the development of allergic disease, and this is
discussed later. In summary, the immunosuppressive properties of glucocorticoids
at pharmacological levels that have been of proven value in the clinic reflect a
more subtle immunoregulatory influence at physiological concentrations.
Complex interactions between the HPA axis and the immune system exist and are
characterized by hormonal cross-regulation. A key element of the
immunoregulatory properties of glucocorticoids resides in their ability to influence
negatively the transcription and translation of cytokines. This property, combined
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with a potent capacity to induce the programmed cell death of certain lymphoid
populations, forms the basis of glucocorticoid-mediated immunotoxicity.

10.5 Glucocorticoids and Lymphoid Cell Apoptosis

It is increasingly apparent that programmed cell death of thymocytes and of T
lymphocytes plays a vital role in the development and regulation of the immune system
and in the pathogenesis of chemical-driven immunotoxicity (Cohen et al 1992, Schwartz
& Osborne 1993, Ashwell et al. 1994, McConkey et al. 1994, Kroemer 1995). It is
well established that immature cortical thymocytes are sensitive to glucocorticoid-
induced apoptosis (Wyllie 1980, Nieto et al. 1992, Schwartzman & Cidlowski 1994).
Bilateral adrenalectomy or treatment with a glucocorticoid receptor antagonist has
been found to cause a rapid increase in the size of the thymus followed by a depletion
of thymocytes through programmed cell death (Gonzalo et al. 1993, Kroemer 1995).
There is increasing evidence also that certain populations of mature T lymphocytes,
immature B cells and natural killer (NK) cells may be sensitive to glucocorticoid-
induced apoptosis (Garvy et al. 1993, Migliorati et al. 1994). There is no doubt that
apoptosis caused by glucocorticoids is stimulated via the glucocorticoid receptor and
that the vigour of the response correlates closely with affinity of the ligand for the GR
(Cohen & Duke 1984, Compton & Cidlowski 1986, Schwartzman & Cidlowski
1994). Apoptosis is dependent upon downstream events resulting from receptor
activation for which the DNA binding domain of the GR is required (Nazareth et al.
1991). This observation, combined with the fact that de novo protein and RNA
synthesis are necessary, indicates that apoptosis is dependent upon altered gene
expression. In thymocytes treated with glucocorticoids, cell death is associated with
the elevated expression of a comparatively small number of genes (Baughman et al.
1991, Owens et al. 1991). However, the gene products stimulated by steroids and
their relevance for apoptosis have still to be elucidated. Clearly the mechanisms involved
in triggering cell death are complicated and subject to regulatory events which prevent
glucocorticoids inducing apoptosis in all cells that express functional receptors. A
central event appears to be elevated concentrations of calcium in target cells. It is
proposed that a cycloheximide-sensitive increase in cytosolic calcium induces, via a
calmodulin-dependent mechanism, the activation of endonucleases and the
interneucleosomal cleavage of chromatin (Kizaki et al. 1989, McConkey et al. 1989,
1994).

In many cell types it has been found that oncogene expression may be decisive in
the regulation of programmed cell death. Much attention has focused on bcl-2, the
expression of which blocks apoptosis, extending the lifespan of cells that would
otherwise have been triggered for programmed cell death. Resistance to glucocorticoid-
induced DNA fragmentation and cell death is conferred by the bcl-2 gene (Miyashita
& Reed 1992). The differential susceptibility of lymphoid cell populations to
programmed cell death triggered by glucocorticoids may at least in part be a function
of bcl-2 expression (Schwartzman & Cidlowski 1994). An additional influence is
provided by growth factors that protect against apoptosis. In the case of immune cells
it has been shown that the T cell growth factors IL-2 and IL-4 can rescue thymocytes
and more mature T lymphocytes, including cytotoxic T cells, from glucocorticoid-
induced programmed cell death (Nieto & Lopez-Rivas 1989, Nieto et al. 1990,
Migliorati et al. 1992, 1994), probably via a protein kinase C (PKC)-dependent
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mechanism. It is of considerable interest that the survival factors for functional
subpopulations of Th cells differ. Th

2
 cells are rescued from glucocorticoid-induced

apoptosis by IL-4, but not by either IL-1 or IL-2. In contrast, the equivalent rescue
factor for Th

1
 cell populations is IL-2 (Zubiaga et al. 1992). The ability of their

respective cytokine products (IL-2 and IL-4, respectively) to protect Th
1
 and Th

2
 cells

from induced DNA damage and cell death may have important implications for the
development of selective immune responses.

Much of the information regarding induced lymphoid cell death derives from
investigations employing supraphysiological concentrations of glucocorticoids. There
is evidence, however, that increased levels of endogenous glucocorticoids, stimulated
for instance by the administration of mitogen-stimulated lymphocyte supernatants,
are also able to cause thymocyte apoptosis in situ (Gruber et al. 1994).

Apoptosis of thymocytes represents an important component of the developmental
process during the maturation of immune function and provides a mechanism whereby
those cells that express a receptor with too high an affinity for ‘self (and consequently
represent a threat of autoimmunity) can be eliminated. Although, as described above,
mature T lymphocytes are less susceptible, it is likely that here as well programmed
cell death may be important for maintenance of the integrity of immune function
(Cohen et al. 1992). The potential role of endogenous glucocorticoids in these processes
is presently unclear, although they may serve to accentuate or modify the susceptibility
of thymocytes and mature lymphocytes to programmed cell death induced by other
stimuli (Kroemer 1995).

A variety of chemicals may exert their immunotoxic effects by the stimulation of
thymocyte apoptosis. One such chemical is 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), a very potent rodent immunotoxicant that causes thymic atrophy secondary
to depletion of cortical thymocytes. This depletion of immature thymocytes is mediated
via the induction of apoptosis (McConkey et al. 1988). There exist many similarities
between glucocorticoid-induced thymocyte cell death and that stimulated by TCDD
(McConkey et al. 1988, 1994, McConkey & Orrenius 1989). It appears that TCDD
may mimic the responses induced by glucocorticoids and McConkey et al. (1994)
have suggested that potential synergism between TCDD and glucocorticoids, rather
than an independent effect of the former alone, may be responsible for the thymic
atrophy associated with exposure to this chemical.

10.6 Glucocorticoids and IgE-Mediated Hypersensitivity Reactions

As defined above, allergy is a collective term used to describe the adverse health
effects that may result from stimulation of a specific immune response. Allergic disease
characteristically develops in two phases. Following first exposure of the susceptible
individual to an inducing protein or chemical allergen a specific immune response is
initiated which, if of sufficient magnitude, renders the subject sensitized. Following
subsequent exposure of the now sensitized individual to the same inducing agent an
accelerated and more vigourous secondary immune response is provoked that results
in elicitation of a hypersensitivity (allergic) reaction. Allergic diseases are classified
conventionally on the basis of the speed with which symptoms appear following
challenge of the sensitized subject. Those that develop most rapidly after exposure
(within minutes or hours) are described as immediate-type hypersensitivity reactions.
Examples include atopic dermatitis, allergic conjunctivitis and respiratory



I.Kimber

250

hypersensitivity reactions such as asthma and rhinitis. The most important effector
molecule of immediate-type hypersensitivity is IgE antibody. After exposure to the
inducing allergen the susceptible individual will mount a specific IgE antibody response.
This antibody distributes systemically and associates via membrane receptors with
mast cells that are found in virtually all vascularized tissue, including the skin and
respiratory tract. During the elicitation phase, mast cell-bound IgE is cross-linked by
the allergen. This in turn triggers mast cell degranulation and the release of preformed
and newly synthesized inflammatory mediators such as histamine and leukotrienes.
These factors initiate a local inflammatory response at sites of allergen exposure that
is recognized clinically as allergic hypersensitivity.

There has been considerable interest in the influence of glucocorticoids on IgE
antibody production and immediate-type hypersensitivity reactions. As mentioned
previously, glucocorticoids remain one of the most effective treatments for allergy.
Herein lies an apparent paradox as there is reason to believe that glucocorticoids are
able to augment IgE antibody responses.

The production of IgE antibody is regulated actively during immune responses. It
has been shown in the mouse that the stimulation and maintenance of IgE responses
is dependent upon the availability of IL-4, a cytokine produced by Th

2
 lymphocytes

and by other cells (Finkelman et al. 1988b, Mosmann & Coffman 1989, Kuhn et al.
1991, Mosmann et al. 1991). Conversely, IFN-?, a product of Th

1
 cells, inhibits IgE

antibody formation (Finkelman et al. 1988a). These same cytokines also serve to
regulate reciprocally IgE responses in humans (Del Prete et al. 1988, Pene et al. 1988).
The vigour of induced IgE antibody production in response to antigenic stimulation
will as a consequence reflect the relative availability of IL-4 and IFN-? in the micro-
environment (Kimber & Dearman 1994).

It has been found that glucocorticoids are able to potentiate in vitro the IL-4-
dependent production of IgE by human peripheral blood mononuclear cells
(Fischer & Konig 1991, Nusslein et al. 1992, 1994, Klebl et al. 1994). The
influence of glucocorticoids on IgE synthesis in vivo is more controversial.
Consistent with the results of some previous studies (Posey et al. 1978, Settipane et
al. 1978), it has been reported recently that treatment of asthma patients with a 7-
day course of prednisone caused an increase in serum IgE concentrations (Zieg et
al. 1994). In other investigations, however, similar treatment was found not to
influence significantly IgE levels (Johansson & Juhlin 1970, Henderson et al. 1973,
Klebl et al. 1994). The reasons for such variations are unclear but possibly reflect
differences in experimental design and/or patient selection. The studies of Zieg et
al. (1994) are of particular interest as here a significant elevation of serum IgE was
associated with alterations in cytokine secretion. Comparisons were made of the
mitogen-stimulated production of IL-4 and IFN-y by lymphocytes isolated from
patients before and after treatment with prednisone. While treatment resulted in a
very substantial impairment of IFN-y production, the synthesis of IL-4 was
unaffected. Changes in cytokine production were paralleled by a reduction in the
frequency of peripheral lymphocytes expressing IFN-? as judged by
immunocytochemical staining (Zieg et al. 1994). These data suggest that an
important component of the influence of glucocorticoids on IgE synthesis may be
alterations in the balance between immunoregulatory cytokines. Although some
investigators have found glucocorticoids to suppress IL-4 production in vitro (Wu
et al. 1991, Byron et al. 1992), comparatively high (supraphysiological)
concentrations are required. Importantly, glucocorticoids even at nanomolar
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concentrations inhibit mitogen-driven IFN-? transcription and synthesis (Gessani et
al. 1988). It can be proposed that cytokines differ with respect to glucocorticoid-
induced inhibition of production, with the synthesis of IFN-? being more sensitive
than that of IL-4. This may be one reason why at some concentrations
glucocorticoids promote humoral immune responses and the synthesis of IgE. The
apparent inconsistency arising from the value of corticosteroids in the treatment of
allergy, despite the fact that they may serve to potentiate IgE antibody production,
can be explained on the basis that the main therapeutic benefits derive from
depression of local inflammatory reactions. The development of IgE-dependent
immediate-type hypersensitivity reactions is associated with an accumulation at the
inflammatory site of eosinophils and T lymphocytes. In respiratory
hypersensitivity, eosinophils acting together with infiltrating T lymphocytes are
required for chronic bronchial inflammation and injury (Gleich 1990, Bentley et al.
1992, Corrigan & Kay 1992). The toxic granule proteins of eosinophils, such as
major basic protein, and eosinophil-derived leukotrienes have been implicated in
many of the pathologic features of asthma, including airway hyperreactivity,
vascular leakage and the damage and sloughing of epithelium (Flavahan et al.
1988, Gundel et al. 1991). For their participation in inflammatory reactions
eosinophils must be recruited from the blood. Eosinophils express the GR and
glucocorticoids are known to inhibit this process (Schleimer & Bochner 1994).
Several investigations have demonstrated that glucocorticoid treatment reduces the
number of eosinophils present in the airways of patients with asthma (Adelroth et
al. 1990, Laitinen et al. 1992). Glucocorticoids may affect directly the ability of
eosinophils to adhere to endothelial cells, to migrate along chemotactic gradients,
or to survive within inflammatory sites. Additionally, these processes could be
influenced indirectly by the glucocorticoid-induced inhibition of cytokines known
to regulate the development, migration and function of eosinophils (Schleimer &
Bochner 1994). For instance, the survival of eosinophils is maintained by relevant
growth factors such as GM-CSF and IL-5: cytokines that are down-regulated by
corticosteroids.

In summary, glucocorticoids have complex effects on the induction and elicitation
of immediate-type hypersensitivity responses. Under certain conditions glucocorticoids
may potentiate IgE antibody responses, secondary possibly to inhibition of IFN-?
production. Depression of IFN-? synthesis by glucocorticoids, while IL-4 production
is spared, may have an important influence on Th cell function and the quality of
immune responses. Certainly such an observation would be consistent with the view
that cell-mediated immune responses exhibit a greater susceptibility to glucocorticoids
than does humoral immunity. Despite the potential to augment IgE production,
glucocorticoids have proven value in the treatment of asthma and other allergic diseases.
This therapeutic benefit derives from antiinflammatory properties and, importantly,
the ability of glucocorticoids to modify eosinophil function.

Given the anti-inflammatory effects of glucocorticoids it is of interest that they are
sometimes implicated as the cause of human allergic disease. A number of synthetic
corticosteroids have been associated with cutaneous allergic reactions, including contact
hypersensitivity and contact urticaria (Whitmore 1995).

10.7 Concluding Comments
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There is no doubt that glucocorticoids can interact with and influence the immune
system in many ways and that the results of such interactions may be manifested as
immunosuppression or immunotoxicity. Such adverse effects represent a
pharmacological extension of the more subtle immunoregulatory properties of
glucocorticoids that are displayed under physiological conditions and that are required
for the normal homeostatic regulation of immune function. It is probably wisest to
view glucocorticoids as an important component of the immune-endocrine network
that have the potential to stimulate significant changes in the immune system.
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11.1 Introduction

It is salutary to consider that, although the corticosteroids have been in major clinical
use for over 40 years, it is still necessary on occasion to remind practitioners of their
inherent dangers. They are very much two-edged weapons.

In the early days of corticosteroid research, corticosteroids were classified as either
glucocorticoids or mineralocorticoids. The distinction was not clear-cut since many
of the then available corticoids had both properties. Research since those days has
tended to produce more specific compounds, although all glucocorticoids still have
some mineralocorticoid action and vice versa. The two classes differ in their toxicity
spectrum and therefore a brief description of their differences is appropriate in this
context. Tables 11.1 and 11.2 show examples of both types of corticoids.
11.2 Glucocorticoids
Grahame-Smith & Aronson (1984) have produced an excellent summary of the
properties of glucocorticoids. They have effects on protein, carbohydrate and fat
metabolism; they induce the mobilization of proteins and amino acids from skeletal
muscle, skin and bone. Enzymes involved in gluconeogenesis are induced by
glucocorticoids and the mobilized amino acids are converted in the liver to glucose
and then glycogen. Large doses of glucocorticoids cause hyperglycaemia and are
diabetogenic. Body fat is redistributed by glucocorticoids leading to obesity, ‘buffalo
hump’ and ‘moon face’.

Glucocorticoids have anti-inflammatory and immunosuppressant properties. They
prevent capillary vasodilatation and increased vascular permeability which normally
lead to tissue oedema and swelling. They have inhibitory effects on the cellular
components of the acute inflammatory response, inhibiting the migration of leucocytes
and phagocytic activity. They inhibit certain aspects of chronic inflammation including
capillary and fibroblast proliferation and the deposition of collagen. Their
immunosuppressant effects are mediated via inhibition of lymphocyte functions; the
response of both B-cells and T-cells to antigens are suppressed and this results in
impairment of humoral and cellular immunity.
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The potency of some glucocorticoids relative to hydrocortisone are shown in
Table 11.1.

11.3 Mineralocorticoids

Mineralocorticoids (Table 11.2), as their names implies, have major actions on mineral
and electrolyte metabolism. They act on the distal convoluted tubule of the kidney,
enhancing sodium and water reabsorption and potassium and hydrogen ion excretion
(Grahame-Smith & Aronson 1984).

In this chapter, discussions will be orientated towards two major headings: first,
the adverse effects of corticosteroids, and second, their drug interactions with other
therapy. Both these types of adverse events are largely predetermined and predictable
from their pharmacological and metabolic actions. Reviews on adverse effects with
corticosteroids have been published by Dahl (1985) (topical), Stead & Cook (1989)
(inhaled), Seal & Compton (1986), O’Donnell (1989) and Barnes (1995) (inhaled).

11.4 Adverse Effects of Corticosteroids

Adverse effects are directly related to the dosage and duration of treatment. Two
categories of toxic effects occur in the therapeutic use of corticosteroids. First, there

Table 11.1 Corticosteroids with major glucocorticoid effects

Table 11.2 Corticosteroids
with major mineralocorticoid
effects

Note: Unless otherwise stated, figures in parentheses indicate
antiinflammatory potency relative to hydrocortisone. Agents without
potency comparators are mainly used by topical application.
a Systemic potency as measured in thymus involution test in rodents.
b Systemic potency as assessed by dosage comparisons.
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are those effects resulting from continued doses in excess of normal physiological
requirements (hypercorticism), and second, there are those effects resulting from
withdrawal of the extended use of higher doses (hypocorticism).

11.5 Hypercortism

11.5.1 General Effects

With prolonged treatment, with all dosage forms, all the features of Cushing’s syndrome
may occur: moon face, buffalo hump, supraclavicular fat pads, obesity, striae, acne,
hirsutism, bruising, and osteoporosis with an increased risk of spontaneous fractures.
There is also an increased susceptibility to infection, hyperglycaemia and glycosuria
and enhancement of latent diabetes mellitus, and fluid and electrolyte disturbances
which may worsen hypertension and evoke cardiac failure in susceptible individuals.
An effect on tissue repair is manifest in delayed wound healing and increased liability
to infection. Acute psychotic reactions, most commonly occurring in women and
middle-aged patients, are associated with the use of glucocorticoids.

Corticosteroids may interfere with the normal anti-inflammatory responses and
this may result in suppression of the clinical signs and symptoms of peptic ulcer disease
and ulcer perforation, although studies on the association between corticosteroids
have produced conflicting results (Anonymous 1987, Piper et al. 1991, Guslandi &
Tittobello 1992). There may be myopathy characterized by weakness of the proximal
musculature of arms and legs and associated shoulder and pelvic muscles, and
respiratory muscles (Decramer & Stas 1992), and hypercoagulability of blood with
thromboembolic episodes. A brief review of some of these adverse events is given
below.

11.5.2 Bones and Joints

Corticosteroid-induced avascular necrosis of bone, together with its diagnosis and
treatment, has been reviewed by Nixon (1984), Lukert & Raisz (1990) and Capell
(1992). It is one of the most disabling complications of therapy and is found in patients
with a variety of disease states. Even short courses of high-dose corticosteroids may
be associated with its development. Rizzato & Montemurro (1993) have shown that
exogenous corticosteroid-induced bone loss is fully reversible in patients under 45
years of age after steroid treatment for sarcoidosis was withdrawn. This report of
reversibility needs confirmation in elderly people where the capacity for recovery of
bone mass could be reduced.

Laan et al. (1993) have shown that glucocorticoid-induced bone loss may vary in
different parts of the skeleton, with the anterior cortical rim of the vertebral body
being more susceptible to the steroid’s effects than other regions. The ‘calciumsparing’
use of deflazacort appears to offer a degree of protection against both decreased
calcium absorption and bone loss (Aicardi et al. 1993, Gennari 1993). Laan et al.
(1992) have described vertebral osteoporosis in rheumatoid arthritis patients treated
with low-dose corticosteroids. Treatment of corticosteroid-induced osteoporosis has
included the use of oestrogens and androgens, sodium fluoride, calcitonins and
bisphosphonates.
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11.5.3 Eyes

11.5.3.1 Glaucoma

Repeated use of glucocorticoids or their continued application to the eye may be
followed by an increase in intraocular pressure. The extent to which this happens
depends on the age of the patient and his/her genetic make-up. Fortunately, the
raised pressure is usually totally reversible upon withdrawal of the corticosteroid.
Recent reports have implicated periocular steroid and topical steroid drops in the
genesis of raised intraocular pressure and glaucomatous damage (Nielsen &
Sorensen 1978, Vie 1990, Aggarwal et al. 1993, Butcher et al. 1994) in addition
to the formation of cataracts (Costagliola et al. 1989).

The onset of raised intraocular pressure in man is usually a matter of weeks
after local, and months after systemic, therapy (David & Berkowitz 1969) This
occurs in ~30% of patients receiving local therapy and in a lower percentage when
the steroid is given systemically. Severe increases of intraocular pressure
resembling those of acute glaucoma have been reported, and cupping of the optic
discs and visual-field defects produced by the raised pressure are similar to those
of openangle glaucoma. The changes are usually reversible providing treatment is
withdrawn.

The mechanism of steroid-induced ocular hypertension may involve increased
aqueous production, but an increase in resistance to the outflow tract seems to be
the most important contributing factor. The trabecular network, which separates
the anterior chamber from the canal of Schlemmn, contains collagen strands and
a single layer of endothelial cells. Corticosteroids may cause swelling of the
collagen strands by increasing viscosity and water-binding capacity of the
mucopolysaccharides. This would block the outflow tract and increase resistance.
Other effects of topical corticosteroids that could raise outflow resistance include
increased vasoconstriction and pupil dilatation, both being a potentiation of the
normal sympathetic tone of the eye. The use of topical steroids applied to the face
may evoke ocular hypertension or glaucome. Aggarwal et al. (1993) have reported
five such cases which demonstrate the potentially blinding complications of topical
facial steroids.

11.5.3.2 Posterior subcapsular cataracts

Black and co-workers in 1960 first described posterior subcapsular cataracts (PSC)
in rheumatoid arthritis patients on long-term corticosteroid therapy. Since then there
have been numerous articles in the literature reporting varying indices of the
association of PSC and long-term corticosteroid therapy in adults. In contrast to
glaucoma, reports related to lens changes following local therapy have been few,
whereas the majority of reports have been with systemic dosage (Tripathi et al.
1992).

There is some evidence to suggest that PSC complications of systemic
corticosteroid treatment are more common in children (Braver et al. 1967), with
lower dosage and shorter periods of therapy than is common with adults (Fürst et
al. 1966). Kaye et al. (1993) have examined ocular complications of long-term, low-
dose prednisone therapy in children and found no evidence of predisposition to
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higher intraocular pressure than control children, although they were more likely to
develop PSCs.

With regard to the aetiology of the disease, steroid-induced cataract is almost always
bilateral; the lesion usually occupies the polar region of the posterior cortex, just
within the posterior lens capsule. It extends forward into the cornea irregularly but its
borders are sharply defined (Oglesby et al. 1961). Vision is not usually impaired early
in the development of a steroid-induced cataract, and slit-lamp examination is necessary
for early detection. It has been suggested that the most important factor in steroid-
induced PSC cataract formation in adults may be variability in individual susceptibility
to the side-effects of corticosteroids and that possibly constitutional (genetic) factors
may be important dominants (Skala & Prchal 1980).

11.5.3.3 Exophthalmos

It has been known for some time that corticosteroids will induce ophthalmos in
experimental animals (Williams 1953, 1955, Aterman & Greenberg 1954). The first
reports of steroid-induced exophthalmos in humans came from Slansky et al. (1976).
They reported four cases associated with high doses of prednisone of from 3 to 12
year’s duration. In one of these cases there was a reduction in exophthalmos when the
prednisone dosage was reduced from 25 to 5 mg per day. In these patients the
exophthalmos accompanied other known complications of prolonged corticosteroid
therapy including hyperglycaemia, posterior subcapsular cataract, and elevated
intraocular tension.

11.5.4 Growth

In children, growth retardation occurs and epiphyseal closure may be delayed
(Grahame-Smith & Aronson 1984, Fletcher 1986, Polito & Di Toro 1992). This has
also occurred with doses of inhaled steroids higher than 400 µg daily (Priftis et al.
1991, Wolthers & Pedersen 1992). Hughes (1987) has reviewed the effects of
corticosteroids on the growth of children. Gibson et al. (1993) have assessed growth
retardation after dexamethasone by knemometry.

11.5.5 Infections and Infestations

It is by now so well known that corticosteroids can suppress immune function and
increase susceptibility to, and the severity of, any bacterial, fungal, viral or parasitic
infection, that there is little new that can be added to the warnings that have been
expressed so frequently in the past. Some examples of increased susceptibility to
infection are provided below.

11.5.5.1 Tuberculosis

Tuberculosis is a major bacterial infection of concern in this respect, and it has long
been known that manifestations of tuberculous infection or aggravation of existing
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tuberculosis, as well as reactivation of completely quiet disease, can occur during
treatment with corticosteroids (Espersen 1963, Home 1990, McGowan et al. 1992).

11.5.5.2 Bacterial meningitis

Corticosteroids have been used for their anti-inflammatory effects in the hope of
controlling oedema in bacterial meningitis. However, an editorial in the Lancet (1982)
reviewed the use of corticosteroids in meningitis and concluded that there was no
unequivocal evidence of benefit from their use in pyrogenic meningitis. Indeed, it was
suggested that harm might possibly be done by lessening CSF penetration by penicillins
since they only cross the blood-brain barrier well when the meninges are inflamed
(Hieber & Nelson 1977). The general opinion is that more study is needed in adults
and neonates, as well as in children, to assess fully the benefits of corticosteroids in
bacterial meningitis and to weigh these benefits against their risk (Bahal & Nahata
1991, McGowan et al. 1992).

11.5.5.3 Viral infections

Since the pioneering work of Findlay & Howard (1952) on the influence of
corticosteroids and corticotrophin on the multiplication of many viruses, it has been
known that viral infections may run a very severe course in patients on corticosteroid
treatments. Infections with herpes virus seem especially dangerous (Duckworth 1973,
Charasse et al. 1992). In his review on corticotrophin and corticosteroids, Erill (1991)
has emphasized that corticosteroid treatment in patients receiving a renal transplant
may increase susceptibility to infection and he cited a report of fatal hepatic necrosis
caused by disseminated type 5 adenovirus infection in a recipient of a kidney from a
2-year-old victim of drowning (Norris et al. 1989).

Chickenpox (varicella) is of current concern since it is normally a minor illness, however,
it may be fatal in patients who are immunosuppressed, whatever the cause. There are ~
30 fatalities annually from chickenpox in the UK, one-third of which are associated with
immunosuppressions. Manifestations of fulminant illness include pneumonia, hepatitis
and disseminated intravascular coagulation. A rash is not necessarily a prominent feature
(Committee on Safety of Medicines/Medicines Control Agency 1994).

Systemic corticosteroids substantially increase the risk of severe chickenpox (Dowell
& Bresee 1993), and the risk of severe herpes zoster is also likely to be increased by
corticosteroids. All patients taking systemic corticosteroids for purposes other than
replacement should be regarded at risk, unless they have had chickenpox. Currently,
there is no good evidence that topical, inhaled or rectal preparations are associated
with an increased risk of severe chickenpox (Committee on Safety of Medicines/
Medicines Control Agency 1994).

11.5.5.4 Fungal infections

Fungal infections may run a more severe course in corticosteroid-treated patients and
such patients frequently have a greater susceptibility to them. Erill (1991) cited a
report of two cases of fatal disseminated aspergillosis developing in patients who
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received a short course of high-dose corticosteroid therapy prior to liver transplantation
(Brems et al. 1988). Apart from systemic fungal infections, it has long been known
that topical infections due to yeasts are also a hazard during long-term corticosteroid
treatment; for example, Dennis & Itken (1964) reported monilial infection after the
use of an aerosol containing dexamethasone in asthmatic patients. Five of 25 treated
patients developed infection of the oropharanx, and two an infection of the larynx
with Candida albicans.

Fungal infections feature predominantly among the opportunistic organisms which
can cause disease during the development of infections with HIV virus. The fungi
encountered are the same as those found in other situations characterized by depressed
cell-mediated immunity.

Corticosteroids have been used to reduce the inflammatory response in
Pneumonocystis carinii pneumonia (PCP) (a common complication of AIDS) and
reduce the likelihood of death (Bozzette et al 1990, Kovacs & Masur 1990, National
Institutes of Health 1990, McGowan et al. 1992) although other groups have expressed
reservations (Chmel 1990, Sattler 1991). Bernstein et al. (1994) have described a case
of a patient admitted with severe PCP whose treatment included high-dose steroids.
Overwhelming cryptococcal disease developed, contributing to his death. Mahaffey
et al. (1993) have described two cases of PCP in AIDS treated with adjuvant
corticosteroid therapy which led to overwhelming coccidiomycosis.

PCP may be associated with various non-AIDS immunodeficiency states. For
example, Bernstein et al. (1993) have reported two patients with ulcerative colitis
who developed PCP during high-dose corticosteroid therapy. Varma et al. (1993)
have reported a case of invasive pulmonary aspergillosis and nocardiosis in an
immunocompromised host following high-dose, prolonged corticosteroid therapy for
glomerulonephritis.

11.5.5.5 Malaria

Glucocorticoids, such as dexamethasone, can reduce the vasogenic oedema associated
with some types of cerebral disease, and because of this they have been used extensively
since the 1960s in the treatment of cerebral malaria (Plasmodium falciparum) on the
assumption that cerebral oedema is a consistent feature of that disease. Only a few
investigators argued against this uncritical acceptance of the use of corticosteroids
and a review in the British Medical Journal by Hall in 1976 concluded that a controlled
trial of corticosteroids in falciparum malaria was long overdue because the value had
not been established. In such a controlled study, Warrell et al. (1982) compared the
steroid with placebo and showed that dexamethasone significantly increased the
duration of coma and the incidence of complications including pneumonia and
gastrointestinal bleeding. It was therefore concluded that dexamethasone was
deleterious in cerebral malaria and that it should no longer be used.

11.5.6 Psychotic Reactions

Euphoria is extremely common with corticosteroid treatment and though minor mood
elevation could well reflect relief from physical distress, there is still an appreciable
incidence of drug-induced euphoria. Patients may also develop severe mental
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complications and the risk of psychosis has been judged to be ~5% in patients on
daily doses of 40 mg or more of prednisone (Boston Collaborative Drug Surveillance
Program, 1972, Hall et al. 1979). Psychoses usually resolve with dosage reduction or
controlled withdrawal of the steroid although antipsychotic medication may be
indicated if the symptoms are severe or prolonged (Klein 1992, Travlos & Hirsch
1993). Mental disturbances have been reported after a brief dental administration of
dexamethasone (MacKay & Eisendrath 1992).

11.5.7 Skin Conditions

Corticosteroids have been associated with skin manifestations since their early use. For
example, rosacea-like lesions and skin atropy have occurred in patients using topical
hydrocortisone which had hitherto been regarded as a relatively safe form of treatment
(Guin 1981). Skin thinning and purpura occurred in patients receiving inhaled steroids
(Capewell et al. 1990, Shuttleworth et al. 1990). Oral and topical steroids are known to
produce acne (Plewig & Kligman 1973, Kaidbey & Kligman, 1974), and inappropriate
use of topical steroids on the face can result in a condition which simulates acne and
perioral dermatitis (Plewig & Kligman 1973). Hypersensitivity to topical steroids is
becoming increasingly recognized; patients with stasis dermatitis and leg ulceration
appear to be especially sensitive (Wilkinson & English 1992).

In general, the more potent a topical steroid the more severe the unwanted effects
(Drug and Therapeutics Bulletin 1995). It is not only systemic and topical steroids
that may cause skin problems since high-dose inhaled corticosteroids are known to
have systemic effects on the skin; Hughes et al. (1992) have described a 75-year-old
patient who developed acne whilst using an inhaled glucocorticoid.

11.6 Hypocortism

Suppression of the pituitary-adrenal axis occurs inevitably to a greater or lesser extent
with all corticosteroid usage. Withdrawal of the steroid after treatment, unless this is
done gradually to allow recovery of normal adrenocortical function, will then result
in hypoadrenalism, which may result in Addisonian crisis.

In stressful episodes, the adrenal cortex is unable to supply the endogenous
corticosteroids that are required of it. Surgical and anaesthetic trauma are perhaps
the best examples of controlled stressful episodes and historically the first report came
in 1952 when a 34-year-old man, who had been treated for 18 months with cortisone
for rheumatoid arthritis, had a cup arthroplasty on his hip. He developed irreversible
shock and died (Fraser et al. 1952). There have been many such examples since (see
review by Fletcher 1968).

Corticosteroids can cross the placental barrier and cause foetal adrenal failure;
early cases have been reviewed by Bongiovanni & McPadden (1960) and Oppenheimer
(1964). Children may be particularly sensitive to hypoadrenalism. Zwaan et al. (1992)
reported a case of acute adrenal insufficiency in a 7-year-old asthmatic girl after
discontinuation of inhaled corticosteroid therapy. The use of spacers may improve
safety with inhaled corticosteroids. They not only improve efficacy of asthma treatment,
but they may also reduce adverse effects including suppression of the pituitary-adrenal
axis (Prahl & Jensen 1987, Brown et al. 1990,
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Table 11.3 Interactions involving corticosteroids
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Keeley 1992). Heifer & Rose (1989) have reviewed corticosteroids and adrenal
suppression.

11.7 Drug Interactions Involving Corticosteroids

The spectrum of drug-drug interactions involving corticosteroids is limited and the
mechanisms involved are largely well understood. For example, glucocorticoids can
induce cytochromes P450 CYP3A3, 3A4, 3A5 and 3A7, and may compete for
metabolism with a number of drug substances including nifedipine, cyclosporin,
erythromycin, lidocaine, midazolam, quinidine and warfarin which are metabolized
by the same enzyme systems (Gonzalez 1993). It is not surprising therefore that
interactions between some of these drugs and individual corticosteroids have been
reported in the clinic. Such interactions normally occur after oral or pareriteral dosage
since generally interactions do not occur when the steroids are used topically or by
inhalation.

The pharmacokinetics of corticosteroids can be modified by concomitant use of
P450-inducing (eg with phenytoin or rifampicin) or -inhibiting drugs (eg cimetidine)
and these interactions are largely predictable. The glucocorticoid actions of
corticosteroids will influence the actions of insulin and oral hypoglycaemics, and
mineralocorticoid effects can, by Na+ and water retention, reduce the effects of
hypotensives and greatly influence the adverse effects of concomitant diuretics or
other potassium-losing drugs. These effects may underlie significant clinical
interactions. Many of these interactions were discovered during the early use of steroids
and are now well recognized. Table 11.3 summarizes some of these established
interactions. Generally, such interactions do not occur with inhaled corticosteroids or
topical preparations unless dosage is high and prolonged. Interactions are largely
confined to oral or systemically administered steroids.

Table 11.3 (cont.)
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Adverse Drug Reactions and the
Adrenal Glands

A Pharmacoepidemiological Approach

RONALD D.MANN
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12.1 A Pharmacoepidemiological Approach

Pharmacoepidemiology is the study of the use of, and the effects of, drugs in large
numbers of people [1], It involves the use of hypothesis-generating techniques which
signal possible adverse drug reactions (ADRs) and hypothesis-testing techniques which,
in formal studies, confirm or refute such signals. The data presented in this chapter
originate from the UK but the same messages appear in the data of the Food and
Drugs Administration (FDA) in the USA and the World Health Organization’s (WHO)
Collaborating Centre at Uppsala, Sweden.

In the UK there are two principal methods of generating hypotheses regarding
possible ADRs: these are the yellow card scheme run by the Committee on Safety of
Medicines (CSM) and Prescription-Event Monitoring (PEM) run by the Drug Safety
Research Unit (DSRU) at Southampton. There are also two principal methods of
hypothesis-testing: these are the studies conducted, using record-linkage, by the
Medicines Evaluation and Monitoring Organization (MEMO) in Tayside, Scotland,
and studies using the computerized general practitioner research database now known
as GPRD but originally known as the VAMP database. These hypothesis-testing systems
will not be further described as the data to be discussed originate from the database
of the CSM.

The yellow card scheme [2] began in 1964 in response to the thalidomide disaster
which produced an estimated 10000 deformed babies in the countries in which this
drug was widely used in early pregnancy [3]. Yellow cards (in various forms) are
widely available to all prescribers in the UK; advice on the reporting of suspected
ADRs is equally widely available. The great advantage of the scheme is that it allows
the reporting of suspected reactions occurring with any drug on the UK market and
throughout the whole of the lifetime of each licensed medicine. The great disadvantage
is that there is gross under-reporting so that the number of reports is only a very poor
indicator of the true incidence of the reaction. Nevertheless, the scheme is of proven
worth and will, for the foreseeable future, represent the only affordable means of
detecting rare ADRs.

PEM relies on the fact that all National Health Service (NHS) prescriptions in
England are sent, by the dispensing pharmacists, to a central Prescription Pricing
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Authority (PPA). The DSRU receives, under confidential cover, electronic copies of all
of the prescriptions for the newly-marketed drugs which are being monitored.
Questionnaires (green forms) are then, after an appropriate interval, posted to the
doctors who originated the prescriptions for each individual patient. These green
forms seek a number of items of information, including a dated account of any events
which may have occurred in the individual subjects. These data, when computerized,
are linked with the prescribing data in order to look for events or clusters of events
which might represent ADRs. The great advantage of the method is that it allows
rapid monitoring of the early ‘real world’ experience of the drug and it does this in
large cohorts of patients. The principal disadvantage is that not all of the doctors
complete and return the green forms so that response rates vary from approximately
50 to 75%.

The monitoring of the safety of medicines requires all of these methods which
serve different purposes because of their contrasting strengths and weaknesses.
However, the pharmacoepidemiological data of greatest interest in respect of ADRs
and the adrenals are those of the yellow card scheme.

In keeping with this pharmacoepidemiological approach, this chapter will be
concerned only with the clinical literature and will omit consideration of the very
extensive literature on animal and laboratory studies, It will also largely omit reports
on the treatment of neoplasia affecting the adrenal glands for in most of these studies
the effects are intended and do not represent ADRs.

12.2 Anatomy and Physiology of the Adrenal Glands

The adult adrenal glands each weigh 4–5 g. They are situated at the upper poles of the
kidneys. The structure and principal hormonal products are summarized in Table
12.1.

Before birth the adrenals are much larger and the cortex is dominated by an
innermost fetal zone which degenerates soon after birth. The zona glomerulosa (the
outermost active layer of the cortex) synthesizes and secretes mineralocorticoids,
principally aldosterone. The zona fasciculata produces cortisol (hydrocortisone). The
zona reticularis and the fetal zone synthesize the weak adrenal androgens, principally
DHEA (dehydroepiandrosterone) and its sulphate. The differentiation of function
between the three zones of the cortex depends on the presence or absence of a few
specific enzymes. Oestrogens are known to impair cortisol synthesis (although there

Table 12.1 The hormonal products of the adrenal glands

Note: DHEA, Dehydroepiandrosterone.
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has been only one yellow card between 1990 and 1995 reporting adrenal insufficiency
in association with the use of oestrogens; in this case the drug cited was ethinyloestradiol
and the outcome was fatal).

The mineralocorticoids of the adrenal are physiologically important. The enzyme
renin is secreted by the juxtaglomerular apparatus of the kidney. Renin acts upon a
circulating substrate of hepatic origin to release the decapeptide, angiotensin I.
Angiotensin I is then converted by angiotensin-converting enzymes (ACE) in the
tissues, including the lung, to produce the active octapeptide, angiotensin II. The
synthesis and secretion of aldosterone are controlled by a number of factors,
principally the concentration of angiotensin II and the extracellular sodium and
potassium concentrations. Aldosterone itself acts on intracellular mineralocorticoid
receptors in the distal renal tubule to promote sodium uptake and potassium
excretion.

12.3 Pathways to Adverse Reactions Affecting the Adrenals

These pathways provide potential for important drug interactions and adverse
drug events. The angiotensin-converting enzyme inhibitors (ACE inhibitors),
such as captopril, enalapril, lisinopril and ramipril, inhibit the conversion of
angiotension I to angiotensin II. They are used in the treatment of hypertension
and heart failure and, although effective and generally well tolerated, they can
cause very rapid hypotension in some patients. For this reason ACE inhibitor
therapy in patients with severe heart failure should be initiated in hospital;
initiation in hospital is also recommended for patients with mild to moderate
heart failure in circumstances which include pre-existing electrolyte disturbances,
hypotension, high-dose diuretic therapy, renal impairment and age 70 years or
greater. Heart failure patients can also suffer dangerous hyperkalaemia
(especially if potassium-sparing diuretics have been used). Profound first-dose
hypotension and substantial deterioration of renal function have also been fairly
frequently described in these patients but are not always directly drug-
attributable. Thus it is essential to be familiar with the prescribing information
when using drugs of this important and very useful class.

The glucocorticoids, principally cortisol (hydrocortisone) in man, markedly affect
glucose homeostasis; they also have catabolic effects on muscle and they enhance
hepatic gluconeogenesis. They inhibit the immune system, the processes of repair and
the synthesis of collagen in bones and soft tissues. Their endocrine effects are very
diverse for they affect the action of many other hormones. If they are absent the
response of stress of any kind is grossly diminished in a way that is of considerable
clinical importance.

In the adult the weak adrenal androgens seem to be of only very limited
importance.

The adrenal medulla receives a sympathetic nerve supply which causes the
secretion of adrenaline in response to stress. The blood supply of the medulla comes
largely from the adrenal cortex and is rich in cortisol. The last stage of the synthesis
of adrenaline is cortisol-dependent so that pituitary corticotrophin (ACTH) and
adrenal cortisol insufficiency results in adrenaline deficiency. Glucocorticoids and
adrenaline interact at a number of target tissues and in asthma synthetic analogues of
these hormones are used together.
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The trophic hormones driving adrenal activity can also have profound clinical
effects. Chronic ACTH excess produces hypertrophy of the adrenal cortex and
alterations in the blood vessels. Multiple nodules can develop in the adrenal glands
and become almost autonomous; they can also undergo malignant change. Chronic
ACTH insufficiency results in adrenal atrophy, the clinical picture being mainly of
glucocorticoid, rather than mineralocorticoid, deficiency.

12.4 Diseases of the Adrenal Cortex and Relevant Adverse Drug
Reactions

12.4.1 Adrenocortical Insufficiency

Causative conditions include ACTH deficiency, congenital enzyme disorders and acute
or chronic destruction of the adrenal. Acute destruction (eg in meningococcal
septicaemia) produces the Waterhouse-Friderichsen syndrome which may be associated
with massive circulatory collapse and death. Chronic destruction of the adrenals is
most frequently due to tuberculosis or autoimmune disease and produces the features
of Addison’s disease.

Thomas Addison (1793–1860), an English physician at Guy’s Hospital, London,
UK, was a contemporary of Bright and Hodgkin. His monograph ‘On the constitutional
and local effects of disease of the suprarenal capsule’ was published in 1855 and
represents the beginning of endocrinology. The key clinical features of Addison’s disease
(as it was named by Trousseau in Paris) are pigmentation in the mouth, skin creases
and pressure areas; hypotensive crises accompanied by salt and water loss,
hyperkalaemia, hypercalcaemia and hypoglycaemia; and associated vitiligo,
myxoedema or pernicious anaemia.

Drugs can cause adrenocortical insufficiency: glucocorticoid therapy is a major
cause of secondary insufficiency and is a substantial clinical problem; glucocorticoid
metabolism can be enhanced by drugs such as rifampicin and carbamazepine.

Yellow card reports to the CSM from 1964 to 1995 inclusive provide the totals for
adrenal insufficiency given in Table 12.2.

The numbers given in Table 12.2 are small and, of course, one or two reports are
seldom helpful, but where the evidence is a little stronger most of the reports are
associated with the systemic or topical use of glucocorticoids. The glucocorticoids
mentioned in Table 12.2 are prednisolone, clobetasol, cortisone, beclomethasone,
betamethasone and prednisone.

The glucocorticoids, as a class, include fludrocortisone (the mineralocorticoid
activity of wbich is so high that its anti-inflammatory activity is of no clinical relevance);
hydrocortisone and cortisone (which have marked mineralocorticoid effects so that
they are not used systemically for long-term anti-inflammatory purposes though
hydrocortisone is used for adrenal replacement therapy and intravenously in
emergencies such as anaphylaxic shock and topically in the management of
inflammatory skin conditions); prednisolone and prednisone (both of which have
predominantly glucocorticoid activity although prednisone is only active after
conversion to prednisolone in the liver); betamethasone and dexamethasone (which
have very high glucocorticoid and very low mineralocorticoid activities so that they
are used when water retention would be a disadvantage) and beclomethasone (which,
like some of the esters of betamethasone, exerts a marked topical effect on the skin
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and lungs so that it is used in dermatology and in the management of asthma by
inhalation). There is a very extensive literature on adrenal suppression (and related
investigations) associated with the use of these steroids given orally, systematically or
intramuscularly [4–32] in adults or children. Similar studies involving intra-articular,
periocular, extradural and intrathecal use have also been reported [33–38]. Comparable
observations have been made following the inhalational [39–64] and topical or
cutaneous [65–75] use of these agents. Clobetasol occupies the second position in
Table 12.2. This is a highly potent steroid used in restricted amounts for the short-
term treatment only of severe, resistant, inflammatory skin disorders unresponsive to
less potent corticosteroids. Studies of this drug and its potentiality for causing adrenal
suppression have been reported not only to the CSM but also elsewhere [76–77].

Etomidate, an anaesthetic induction agent, also appears in Table 12.2. It has been
known since 1983 that this agent can have an undesirable suppressant effect on
adrenocortical function [78–97]. Other reports have appeared suggesting that various
anaesthetic agents can, in some circumstances, have similar effects [98–101].

The effect of rifampicin, (the subject of three reports in the CSM data provided in
Table 12.2) on steroid metabolism has already been mentioned. This agent is now regarded
as a key component of almost all antituberculous regimens. The drug induces hepatic
enzymes which accelerate the metabolism of several drugs, including corticosteroids. The
degree of adverse effect can reach the proportions of an Addisonian crisis [102–106].

Ketoconazole is noted above as being the subject of two reports to the CSM. This
is an imidazole antifungal better absorbed than most drugs of its therapeutic class but
associated with a well-established risk of fatal hepatotoxicity. The literature is, however,
fairly persuasive [107–118] that the drug can cause adrenal suppression and there are
reports of its use in the treatment of Cushing’s syndrome.

Table 12.2 Reports to the CSM on adrenal insufficiency

Note: a Single reports only with each drug. Source: CSM (personal
communication).
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Busulphan (an alkylating agent most frequently used in chronic myeloid leukaemia)
and salbutamol (an anti-asthma drug) complete Table 12.2. In both instances
confounding by indication or the effects of co-administered agents may account for
the infrequent reports to the CSM (although the early report on structure-activity
relationships for ulcerogenic and adrenocorticolytic effects of alkyl nitriles, amines
and thiols of Szabo and Reynolds [119] is of interest in this regard).

Other drugs which do not appear in Table 12.2 but which can cause adrenal
suppression are aminoglutethimide (which has largely replaced adrenalectomy in
postmenopausal women with advanced breast cancer [120–133] and trilostane,
which has similar uses. Both are powerful adrenal antagonists capable of producing a
‘medical adrenalectomy’ so that replacement therapy may be needed. These drugs
have also been used in treating advanced cancer of the prostate and in selected cases
of Cushing’s syndrome. Medroxyprogesterone acetate and megestrol acetate are
progestogens largely used as second- or third-line therapy in breast cancer;
glucocorticoid effects at high dose may lead to a cushingoid effect but adrenal
suppression can also occur [134–136]. Tetracosactrin, an analogue of corticotrophin
(ACTH), is used to test adrenocortical function; ACTH is no longer commercially
available in the UK but the literature contains reports of studies of adrenal
responsiveness to ACTH and its analogues [137–140]. A drug not much met with in
developed countries is Suramin, a trypanocide used in the treatment of the early
stages of African trypanosomiasis and as an antihelmintic in the treatment of
onchocerciasis; it has been tried in the treatment of AIDS. It is given by slow
intravenous injection and can cause severe immediate reactions. There have been a
number of reports of adrenal insufficiency associated with its use [141–145].
Cyproterone acetate is an anti-androgen used in the treatment of severe
hypersexuality and sexual deviation in the male. It is also used in prostatic cancer and
in the treatment of severe acne and hirsutism in women. Precautions in its use include
monitoring adrenocortical function regularly. Reports are concerned with secondary
adrenal insufficiency due to the drug and with the site of action of its anti-adrenal
steroidogenic effect; a number of authors have also explored its use in different
indications [146–157].

Adrenal suppression can, of course, reach the proportions of an Addisonian crisis
with many of these agents. Acute adrenal insufficiency after the discontinuation of
inhaled steroids has been reported, as has primary adrenocortical failure masked by
the administration of exogenous steroids [158]. Acute adrenal failure can follow
haemorrhage into the adrenal and such bleeding has been reported following the use
of ACTH [159–163] or anticoagulants [164–173].

12.4.2 Adrenocortical Excess

Excess activity of the adrenal cortex (Cushing’s syndrome) ie either ACTHdependent,
ACTH-independent or of a mixed aetiology which can include the alcohol-induced
pseudo-Cushing’s syndrome. ACTH-dependent causes include those of pituitary origin
(eg the pituitary basophil adenoma of Cushing’s disease), those due to ACTH secretion
from ectopic sites (eg oat cell carcinoma, pancreatic carcinoma or phaeochromocytoma)
and the iatrogenic effects of ACTH therapy. Doctors, by using drugs which produce
adrenocortical excess, probably cause a large proportion of cases of Cushing’s
syndrome. ACTH-independent causes include adrenal adenoma or carcinoma and
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excessive glucocorticoid therapy. The administration of such therapy is the other way
that doctors cause Cushing’s syndrome.

Harvey Gushing (1869–1939), a US neurosurgeon, is credited with having reduced
the mortality rate in brain surgery from 90 to 8%. He published his monograph on
The pituitary body and its disorders’ in 1912. One of his accomplishments was his
two-volume study of The life of Sir William Osler’ (1926). This study, one of the very
finest of medical biographies, won him the Pulitzer Prize.

The main clinical features of Cushing’s syndrome are central obesity, ‘moon face’,
‘buffalo hump’, unenlarged wrists and ankles, proximal myopathy, osteoporosis,
abdominal striae and deficient wound healing, depression and psychosis, hypertension
and associated diabetes mellitus. Many of these features appear alone or together
when glucocorticoids (eg hydrocortisone) are administered in excessive quantities.

Yellow card reports to the CSM from 1964 to 1995 inclusive provide the totals for
suspected cases of Cushing’s syndrome and hyperadrenalism given in Table 12.3.

Again, one or two cases are seldom reliably informative. The significant role played
by the glucocorticoids is to be expected. Beclomethasone, clobetasol, betamethasone
and prednisolone together account for 23 of the 38 yellow card reports given in Table
12.3 for drugs used as single (non-combination) products. The literature contains
many studies of hyperadrenalism resulting from the systemic [174–185] or topical
[186–202] use of glucocorticoids; studies involving ACTH and its effects in this context
are also numerous [203–207].

Medroxyprogesterone (Depo-Provera) is a long-acting progestogen given by
injection and, whilst most often used as a contraceptive, it also finds uses in some
forms of malignant disease and in the management of menstrual disorders. The
literature contains three reports of Cushing’s syndrome induced by
medroxyprogesterone and a study of the possible place of the drug in male
contraception [208–211].

Ethinyloestradiol completes the drugs individually listed in Table 12.3; the two
relevant reports are concerned with combination products. In addition to this
information, studies are available in the literature reporting increased adrenocortical

Table 12.3 Reports to the CSM on hyperadrenalism

Note: a Single reports only with each drug. Source: CSM (personal
communicatio n).
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responsiveness to exogenous ACTH in oral contraceptive users; the effect of oral
contraceptive treatment of the serum concentration of dehydroisoandrosterone
sulphate, and the effect of these contraceptives on adrenal cortical function [212–
215]. However, it seems unlikely that oral contraceptives cause hyperadrenalism or
Cushing-like states.

Mixed pictures have been reported and Young et al. from Liverpool, UK have
entered a case of unrecognized Cushing’s syndrome and adrenal suppression due to
topical clobetasol propionate into the literature [216]. Alcohol can also produce a
well-known pseudo-Cushing’s syndrome [217–222]. A very large number of additional
drugs have also been occasionally reported as causing hyperadrenalism but it is difficult
to be sure that the association is causative in many of these situations.

12.5 Disorders of Aldosterone Secretion

The basic structures of the mineralocorticoid system (renin, angiotensin I and II and
aldosterone) have already been briefly mentioned. In addition, the heart is now known
to be involved in salt and water homeostasis through the peptide atrial naturietic
(ANP) which is produced by the endocrine cells of the right atrium; ANP acts on the
renal tubule to cause a sodium diuresis.

12.5.1 Hypoaldosteronism

This may be part of overall adrenal cortical deficiency or it may occur in patients
with a normal output of glucocorticoids. Aldosterone deficiency results in sodium
depletion, hypotension and hyperkalaemia. The condition may be primary (due to
an enzyme deficiency late in the aldosterone pathway), or secondary (due to
isolated renin deficiency). The latter occurs in diabetes and in autonomic
neuropathy, since beta-adrenergic stimulation normally provokes the secretion of
renin.

12.5.2 Hyperaldosteronism

This may be primary (Conn’s syndrome) or secondary. Primary aldosteronism is a
rare cause of mild hypertension and hypokalaemia. In Chinese patients, aldosteronism
can cause hypokalaemic paralysis which can be associated with adrenal adenoma or
hyperplasia.

Secondary hyperaldosteronism is common in patients with heart failure, severe
hypertension, cirrhosis or nephrosis. Increased renin production leads to sodium
retention and potassium secretion. Rarely, the condition is due to a renin-secreting
tumour of the kidney.

The conditions are treated with an aldosterone antagonist, such as spironolactone,
or with drugs that act on the distal tubule sodium pump, such as amiloride.

The literature includes a discussion regarding pseudo-aldosteronism associated with
the topical use of 9-alpha-fluoroprednisolone [223–227]. In addition, glycyrrhizin,
liquorice-containing laxatives and carbenoxolone have been reported to induce
prolonged pseudo-aldosteronism [228–230].
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12.6 Diseases of the Adrenal Medulla

12.6.1 Adrenal Medullary Insufficiency

This condition is of importance in hypopituitarism and generalized autonomic
neuropathy (the Shy-Drager syndrome) in which they may be impairment of the
response to hypoglycaemia.

12.6.2 Adrenal Medullary Excess

Phaeochromocytomas are tumours of the adrenal medulla. They are rare causes of
hypertension. Most tumours of this type secrete noradrenaline and cause episodes of
headache, sweating, palpitations, flushing and anxiety. Reports that imipramine,
pethedine, phenothiazine or metoclopramide can provoke a phaeochromocytomal
hypertensive or shock crisis have appeared in the literature. It has also been reported
that haemorrhagic necrosis of a phaeochromocytoma can be associated with
phentolamine administration. There have also been reports of pulmonary oedema
following propranolol therapy in cases of phaeochromocytoma [231–239].

12.7 Disadvantages of the Corticosteroids

The corticosteroids readily produce type A adverse reactions, overdose or prolonged
use exaggerating the physiological effects of the drug administered.

Glucocorticoid effects include diabetes, osteoporosis, avascular necrosis of the
femoral head, mental disturbances (including serious psychoses, sometimes with severe
depression involving a risk of suicide, and sometimes with euphoria), muscle wasting
(which can produce proximal myopathy), peptic ulceration (which may proceed to
haemorrhage or perforation) and Cushing’s syndrome. In such patients withdrawal
must be gradual in order to avoid the onset of adrenal insufficiency. In children there
may be suppression of growth, and in pregnancy there may be adverse effects on the
development of the adrenals in the child.

It is of importance that administration of these steroids may suppress the clinical
signs of infection so that septicaemia may be masked and tuberculosis allowed to
advance rapidly and extensively prior to diagnosis. Chickenpox and measles pose
particular problems in non-immune patients given corticosteroids and, unless they
have had chickenpox, all patients receiving oral or parenteral corticosteroids for
purposes other than replacement should be considered to be at risk of severe
chickenpox. Passive immunization with varicella-zoster immunoglobulin is needed in
non-immune exposed patients receiving systemic corticosteroids or given these agents
within the preceeding 3 months. There is no good evidence that risks of this kind are
associated with the use of topical, inhaled or rectal corticosteroids but it is essential
that clinicians attending non-immune corticosteroid-treated patients exposed to
chickenpox or measles should consult the CSM warnings given in the British National
Formulary (BNF).

Both systemic and topical adverse effects can occur when corticosteroids are applied
to the skin. The topical effects can include irreversible striae atrophicae, increased
hair growth, perioral dermatitis in young women, local acne and cutaneous
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depigmentation. Topical corticosteroids, although they have important uses in the
eye, can cause severe problems: in the presence of infection due to herpes simplex
virus they aggravate the condition and may cause loss of sight or even of the eye; in
predisposed patients use may also lead to steroid glaucoma.

Adrenal suppression can result from the long-term use of corticosteroids which, by
depressing the secretion of corticotrophin, may lead to adrenal atrophy. In such patients
the withdrawal of steroids must be very gradual in order to avoid precipitating acute
adrenal insufficiency, hypotension and death. Adrenal atrophy may persist for months
or years and any illness, stress or surgical intervention can precipitate acute adrenal
insufficiency. Thus all patients taking corticosteroids should carry ‘steroid cards’.
These warn doctors that the patient is, or has been, receiving steroids. Reintroduction
of steroid therapy may be needed to cover intercurrent illnesses, emergencies or
operations. The information on the steroid card is particularly essential for
anaesthetists.

Mineralocorticoid effects include sodium and water retention, potassium loss and
hypertension. They are most marked with fludrocortisone; intermediate with cortisone,
hydrocortisone, corticotrophin and tetracosactrin; less marked with betamethasone
and dexamethasone; and are minimal with methylprednisolone, prednisolone,
prednisone and triamcinolone.

12.8 Conclusion

The adrenal glands can be affected by many drugs which can either suppress or enhance
the functions of these important endocrine structures. This chapter has been concerned
with a pharmacoepidemiological approach to these problems but it should be read in
association with systematic reviews of the subject [240].
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13

Experimental Adrenal Toxicity
Significance of findings and relevance to man

A.D.DAYAN

St Bartholomew’s Hospital Medical College, London

13.1 Introduction

The toxicologist, like any other scientist, may work analytically by dissecting mechanisms
before turning to the synthesis needed to relate them to the pathogenesis of toxic effects.
Or, and this type of study is no less demanding, he or she may act more like a clinician
or natural historian of disease, observing man or animals affected by a substance, collating
functional and structural findings and effects, and arguing back from their pattern to
the likely causal processes and ultimately to the responsible toxicant.

Toxicology has yet another, and perhaps better known, facet in which empirical
knowledge of effects, and often analytical understanding of pathogenic mechanisms,
is combined with information about exposure to predict the likelihood and nature of
the risk posed by a substance if man were exposed to it.

This complexity of experimentation, observation and prediction helps to explain
why the toxicologist should approach any discussion about ‘relevance’ and ‘significance
for man’ (or other species) with some reserve. In the case of the adrenal, there is need
for particular circumspection since the structure of the organ is complex, its functions
are manifold, and there are many hints from pharmacology and physiology of local
and distant mechanisms and actions that may well be important in toxicity, but which
we do not yet understand in sufficient detail to be able to make a straightforward
interpretation. Despite the considerable learning presented in this book, the enquiring
but not disingenuous toxicologist might still wonder, for example, whether there are
still disorders to be uncovered that involve endorphins, prostaglandins and the adrenal
medulla and cortex, since these ephemeral messengers are certainly secreted by the
medulla and they can affect the activities of medullary and cortical cells. An analogous
question might be concerned with the nature of the extreme sensitivity of adrenal
cortical blood vessels and cortical cells to endotoxin, as demonstrated by the spectacular
haemorrhagic necrosis found in endotoxic shock in the clinic (Waterhouse-Friedeichsen
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syndrome) and the laboratory. How many summated factors influence aldosterone
secretion in relation to water and electrolyte metabolism? How is the differentiation
effected of cortical cells towards gluco- or mineralocorticoid secretion? Once adrenal
cortical cells are committed to steroidogenesis, what basic processes may switch them
to progression from hyperplasia to neoplasia, with or without interruption of
steroidogenesis, and so on?

The purpose of this section in brief is to point out that there are still many gaps in
our understanding of the adrenal, even in one species, and relating effects seen in an
experiment in vitro or in animals to what may happen in man must be done with
caution and with as much respect for present ignorance as for current knowledge.

13.2 General Questions About the Adrenal and Toxicity

When considering the toxicology of the adrenal and its general implications in risk
assessment—for this is a chief goal of much work on toxicity—there are pointed
questions to be asked of any set of data or protocols intended to produce useful
information, of any regulatory application, and especially of any attempt to invoke
the adrenal in understanding a local or a distant toxic action.

Working backwards from consequence to cause, as is often necessary in applied
toxicology, layers of increasingly focused questions concerning the evidence that the
adrenal is involved in the toxic effect present themselves to the interested observer.

The clinical observer would seek answers to the following questions. What changes
in the behaviour and appearance of the organism in body growth rate and proportions,
and in steroid-sensitive tissues, are there that are compatible with an effect on adrenal
function? Are there appropriate changes in resting or stimulated behaviour, in the external
genitalia, in sexual maturity and performance, or in blood pressure and water and
electrolyte balance, perhaps apparent in the urine and faeces? Has bone or subcutaneous
tissue been affected by an excess of glucocorticoids? Effects on other systems can be
deduced from an understanding of the physiological actions of adrenal corticoids.

The physiologist and clinical biochemist would look for changes in blood pressure,
in fluid and electrolyte balance, in nitrogen and calcium balance, renal function, the
state of the pituitary, and the state of the genital tissues and sexual activity. Their
questions might also cover effects on the immune systems (eg an increased incidence
or severity of common or unusual infections), on the nervous system (sedation,
aggressiveness, learning and memory) and on development.

The pathologist will wish to know about the size, appearance and weight of the
adrenals, about the straightforward light microscopic appearance of the zones and
their cells, about probable secretory activity (initially perhaps as altered fat staining
in the cortex or changes in chromaffin granules in the medulla, and subsequently via
more refined cytochemical procedures), and about the other tissues and organs
influenced by adrenal secretions, or that might affect or be affected via humoral and
neural signalling systems.

The biochemist and pharmacologist will seek out their assays of endocrine and
paracrine hormones, their precursors and metabolites, perhaps the receptors or
enzymes, and ultimately the genes and their regulatory elements.

From any of these, or better still several supporting lines of evidence, will come acceptance
that the adrenal is somehow involved in the toxic process. It is important that the types of
information overlap and are mutually supportive, or at least are consistent with each
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other, since this not only confirms the toxic action but may well suggest its probable
nature and more promising directions of enquiry at the next level of mechanistic analysis.
That ultimate toxicological enquiry is likely to involve detailed investigation of the process
of steroidogenesis and its control, or correspondingly of catecholamine or other
neurotransmitter synthesis, release and re-uptake, and of the appropriate receptors.

The importance of evaluating the mutually supportive components of the pattern of
effect applies at the laboratory level and is equally important when making a risk assessment
for a compound during development or for regulatory purposes. Any discrepancy, assuming
appropriate observations have been made and there is a reasonable interpretation of the
data, must raise a question about the adequacy of the toxicity experiments, or about the
degree of confidence in the interpretation offered. A conventional subacute or chronic
toxicity test may appear to be a standardized investigation, from which only limited types
of data can be obtained. In fact, if clinical, biochemical and histopathological results are
combined and evaluated together, taking account of all the observed changes (or their
absence) and their nature, it is possible to discern much about the detailed pathogenesis
and source of a toxic action. If this information is then related to the dose applied, or
more importantly to the internal dose (exposure), by taking account of toxicokinetics and
metabolism, the results even of routine studies provide a powerful means for surveillance
to detect an effect, and they provide a valuable minimum set of data to permit an initial
analysis of the mechanism of the toxic effect. The complexity of the adrenal and its
physiological regulation affords a pointed example of a further example of the need for a
comprehensive assessment of every toxic response, but especially one that involves so
complex an organ, and one which is influenced by many neural and endocrine mechanisms,
and which, in turn, may affect many other body functions and tissues. The multiplicity of
direct and indirect target organ effects and consequences, and the need, therefore, to
evaluate the full pattern of toxic actions, is also apparent when the adrenal and reproductive
toxicity are considered.

Toxicity affecting steroidogenesis might result in a direct action on gonadal steroid
production, or it might just influence steroid metabolism in the adrenal cortex and so
influence the genital tract by disturbing hypothalamo-hypophyseal activity, in addition
to exposing end-organ receptors to an abnormally high concentration of steroid
precursors and metabolites released from adrenal cortical cells, resulting in activation
or tachyphylaxis. The end result is likely to be loss of, or at least impairment of, fertility.
Should there be successful fertilization, the course of gestation and the necessary adaptive
maternal responses might be impaired, and secondary virilization or feminization of the
developing foetus is possible, affecting overall growth and the development of many
viscera and external organs. Disorders of adrenal function during lactation or in the
maturation phase after weaning may also affect growth and genital development at the
functional and anatomical levels. Equally, behavioural development may be altered.

Thus, there are many ways in which adrenocortical toxicity in the maternal or
paternal animals of the parental generation may affect reproduction, even culminating
in persisting behavioural and anatomical changes in the F

1
 generation.

13.3 The Need for Comprehensive Evaluation of Toxicity Involving the Adrenals

Sufficient has been written in the previous section to show that comprehensive
functional and pathological observations are necessary if toxicity affecting the adrenal
is suspected, or if there are distant physiological, biochemical or structural changes
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that might be due to disturbance of the quantity or nature of secretions from the
adrenal cortex or medulla. This requires careful examination of clinical, laboratory
and pathological findings, whether in man or animals, to reveal and define the
occurrence and pattern of the toxic action.

In addition, there are many similarities between various specialized transport and
synthetic pathways in the adrenal and other organs, so toxic effects on particular
functions, or changes in other organs, should trigger more detailed examination of
the adrenal.

As examples, consider the close relationship between the cytochrome P450 enzymes
involved in steroidogenesis in cells in the adrenal cortex and the gonads, and in the
liver and elsewhere, including aromatases in the brain. Inhibition or induction at one
site may also affect the others to some degree, although there are sufficient differences
for many responses to be quite divergent. Similarly, the metabolism of neurotransmitter
catecholamines and neuropeptides in the medulla, and the diverse autonomic receptors
located there, may be affected by toxic processes that are mainly apparent elsewhere
in the autonomic innervation of other peripheral tissues.

Detection of toxicity affecting any component of the adrenal, or dependent on
adrenal abnormalities, requires a synoptic evaluation of many different types of data.
Until this has been done the real toxic hazard of a chemical will not have been
adequately explored, and any risk cannot be properly evaluated.

The importance of looking both inwards at the adrenal and outwards at dependent
tissues is well illustrated by several serious and even fatal illnesses of man, including
acute adrenal failure secondary to various actions at the pituitary or hypothalamic
level, haemodynamic disorders due to phaeochromocytomas, virilization due to
abnormal corticosteroid synthesis, electrolyte disorders secondary to abnormal
mineralocorticoid synthesis, and so on.

13.4 Risk Assessment and Toxicity Affecting the Adrenal

As with toxicity affecting other tissues and organs, albeit often more generalized in its
consequences, risk assessment of toxicity affecting the adrenal requires recognition
and characterization of the hazard, and its correlation with the dose, or better still the
exposure to the substance and any toxic metabolite.

Consideration of physiological differences between species comes next, which may
involve divergence in control mechanisms and receptors, in cellular and metabolic
processes and their enzymes in the adrenals, and differences in the nature of the
hormones produced, in addition to the responses of their target tissues. Examples
include the principal production of corticosterone in the rat and of cortisol in primates,
analogous differences in the detailed patterns of androgens and oestrogens in those
species (and in their potency of action on genital tissues), absence of the striking
clinical features of the human Cushing’s syndrome in the rodent, and so on. To these
must be added the conventional awareness of species differences in toxicokinetics
and xenobiotic metabolism, determining exposure to the ultimate toxicant at the site
of action. The final and most difficult step is the prediction of risk in man, based on
knowledge of the dose-exposure-response relationship and understanding of the sources
of divergence in the nature of the response.

This approach, which is conventional, should suffice for the evaluation of non-neoplastic
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risks, including those rare substance and processes that may affect fertility, or foetal and
postnatal development via an action involving the adrenal.

Neoplasms of the adrenal cortex, as in other organs under endocrine control, usually
evolve along a well-defined sequence of hyperplasia (secondary to loss of feedback
inhibition), adenoma and carcinoma. The same progression, at least to adenoma
formation and perhaps ultimately to carcinoma, may also be seen in man, although
the development of independent autochthonous tumours in man, whether benign or
malignant, is probably much less common than in the rat or mouse. Adrenocortical
neoplasms do not always secrete gluco- or mineralocorticoids; and if they do, the
detailed systemic physiological and pathological effects differ considerably between
species. This is not as important a factor in quantitative consideration of risk as the
probability that a harmful effect will occur, but it must be considered in a comprehensive
account of the consequences of the risk, as in any cost-utility analysis of a candidate
drug or other chemical.

Adrenal medullary neoplasms, whether the neuroblastomas of early life or the
more differentiated phaeochromocytomas more common in later life, may secrete
catecholamines, often with profound haemodynamic consequences. This complication
appears to be more common in man than in other species, but blood pressure and
other physiological consequences have not been systematically investigated in the
rodent and other laboratory species.

The analyst of risks revealed in the laboratory will be aware of toxic responses
peculiar to individual species—such as the ability of sugar alcohols uniquely to produce
phaeochromocytomas in the rat—however, the same concern exists whenever
extrapolation is attempted from animals to man.

13.5 Conclusions

Toxicity affecting the adrenal gland should be investigated and assessed in the same
thorough manner as are the actions of xenobiotics on any other organ. Such a statement
conceals much complexity, however, since detection of such an effect may require
evaluation of many distant functional and pathological body processes and tissues, in
addition to comprehensive examination of the adrenal itself, and of the other organs
that control it via endocrine and neural mechanisms.

Xenobiotics may affect the adrenal directly, eg glutethimide, many antifungal
imidazole derivatives and etomidate, or by disturbing its endocrine regulation via an
effect, say, on ACTH secretion by the pituitary, or on fluid and acid-base control.

The need is for comprehensive attention to the features and clues to primary and
more distant effects on the adrenal, or of its effects on other functions and tissues.
Risk analysis additionally requires conventional accounting for species-specific factors
and toxicokinetics, before a prediction can be made as to whether a given exposure
will have a particular effect in another species, and the nature of such an effect.

The ultimate step is to consider the cost and utility of that risk, which once more
musfr reflect a multiplicity of potential dysfunctions and lesions due to the complexity
of the adrenals and their physiological roles.

The adrenal and its toxicological study represent an excellent model for studying
integrated physiological and pathological mechanisms in health and disease, and thus
for displaying the comprehensiveness required of any rigorous and comprehensive
toxic risk assessment.
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82, 109
11-deoxycortisol 32, 82, 84, 86
deoxycortone acetate 262
Depo-Provera 285
depression 56, 62, 66, 71, 105, 285, 287 and

ACTH secretion 88 ketaconazole treatment 70
dermatitis 244, 249, 268, 287
desoximethasone 226, 228
desoxycorticosterone acetate 186, 197
detoxication 156
developmental toxicity, glucocorticoid 223–42

in laboratory animals 223–9
in man 232–3
and stress 233–5

dexamethasone 68–9, 83, 86, 288
as an anti-inflammatory 101
developmental toxicity 225–6, 227–8, 233
dexamethasone 21-mesylate 54
dexamethasone oxetanone 54
and gluconeogenesis 97

and lipoprotein metabolism 98
and modulation of toxicity 14, 185, 186–8,

190–1, 197–200
potency 108, 262, 282, 288
regulation of insulin gene 94–5
treatment 214
side-effects of 106, 205, 207, 265, 267

dextran: toxic interactions with glucocorticoids
187

dextran-induced shock 15, 198
diabetes 205, 263, 285, 286, 287
diacylglycerol 43, 44
diazepam 44
diazepam-binding inhibitor (DBI) 43
diethyl-p-nitrophenyl phosphate (DPNP) 143
diffuse medullary hyperplasia 173, 174
diflucortolone: developmental toxicity 227, 228
3,4-dihroxyphenyl(catechol) nucleus 35
20,22-dihydroxycholesterol 85, 86
dihydroxymandelic acid 65
dihydroxyphenylalanine (DOPA) 36
dimethylaminobenzene 187, 188, 198
7,12-dimethylbenz(a)anthracene (DMBA) 9, 13,

33, 136, 139, 144–5
dioxins 171, 187, 188, 198, 249
diphenylhydantoin 11
disulfiram 37
diuretics 270, 281
DMNM 136
DOPA 36
DOPA decarboxylase 36, 37
dopamine 35, 36, 107, 167, 176, 212

agonists 39
and aldosterone secretion 41
receptors 105

dopamine ß-hydroxylase 35, 36, 105, 167, 178
Down’s syndrome 234
doxorubicin 95, 200
drug interactions involving corticosteroids

(listed) 269–71
drug reactions, adverse (ADRs) 279–300
Drug Safety Research Unit (DSRU) 279–80

EEG in adrenal insufficiency 106
eicosenoids 103
electrolyte balance 30, 57, 107

and aldosterone secretion 41
disturbances 281
and cardiotoxicity 197
effect on adrenal cortex morphology 30
see also mineralocorticoids

embryology, adrenal 23
embryotoxicity see developmental toxicity
enalapril 281
encephalins 88
endocrine toxicity

modulation of see adrenal  modulation
types and models of 4–12

endorphins 301
endothelin 39, 41, 107
endotoxins 102

shock 97, 301
endozapine 43
enhancer elements 93
environmental neurotoxicity 211–14
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enzymes in catecholamine biosynthesis 37
in steroid biosynthesis 31, 32, 33, 83–4, 89
see also cytochrome P450 enzymes

eosinophils 100, 104, 251
ephedrine 72, 73
epileptic seizures 205, 206–7
Escherichia coli: endotoxin 11, 13
ethanol: detoxification by 190
ethinyloestradiol 285–6
ethymorphine demethylase 147
etomidate 6, 9, 67, 69, 73, 136

and adrenal insufficiency 283
euphoria 105, 267, 287
excitatory amino acid (EAA) neurotransmitters

209
exencephaly 229
exercise 38, 44
exopthalmos 265
experimental allergic encephalomyelitis (EAE)

246
eyes

defects 224, 229, 233
effects of hypercortism 264–5

faeces: sodium content 57
feminization 303
fibroblasts 97, 104
flavin mono-oxygenase 99
fludrocortisone 68, 282, 288
fludrocortisone acetate 262
flumethasone pivalate 262
flunisolide 262
9a-fluorocortisol 186, 188, 197
fluoromethalone acetate 262
9-a-fluoroprednisolone 286
5-fluorouracil 11
fluprednisolone 262
foetus

adrenal gland
androgen production 42
development 23, 57, 63, 65, 165–6
foetal zone 25, 27
microsomal activity 35
xenobiotics and 139, 144, 156

feminization of 303
growth retardation 225, 226, 227, 233
see also developmental toxicity

Food and Drugs Administration (PDA) 279
footshock stress 12
free radicals 34, 46, 106, 134, 151–6, 199
fructose 189, 199
fructose 1,6-diphosphatase 97
frusemide 41
fungal infections 266–7

 
GABA 55

antagonists 57
GABA-agonistic neurosteroids 62
GABA

A
 receptors 44, 57

GABAergic agonists 55, 60, 66
ganglion cells 27
ganglioneuroma 177, 178
gastric juice: sodium content 57
gene regulation

and glucocorticoids 90–5
and intracellular receptors 55

glaucoma 264, 288
glia 56, 207, 208, 209
glomerular filtration rate 56, 106, 107
glucagon 54–5, 97–8
glucocorticoid myopathy 96
glucocorticoids

actions of 53–7, 90, 95–9, 105–7, 131–2
anti-inflammatory effects 99–104, 199, 243
glucose homeostasis 54–5, 96–9, 131–2, 281
mechanism 89–95
mineralocorticoid activity 106–9, 191,

269–71
and catecholamine synthesis 35, 167–8
control of secretion 36, 38–9, 42–4
and developmental toxicity 223–42
drug interactions 14–16, 269–71
immunotoxicity 243–56
as modulators of toxicity see adrenal

modulation
molecular and systems pharmacology 81–128
receptors 38, 54, 88, 89–95, 98, 104, 207, 247
antagonists 107
DNA binding domain 91, 92, 93
signal transduction pathway 88–9, 90
response elements (GRE) 90, 93–4
nGRE 95
and stress 10, 230
structure and synthesis 6, 7, 81, 82, 83–9
see also Addison’s disease; corticosteroids;

Cushing’s syndrome
gluconeogenesis 54–5, 96–9, 131–2
glucose 3, 14–15, 54–5, 189, 199

see also gluconeogenesis
glucose-6-phosphatase 54
glucuronyl transferase 156
glutamate 209, 211, 213
γ-glutamyl transferase 13, 190
glutathione 34, 190–1, 199, 210, 212
glutathione peroxidase (GSPx) 213
glutathione-S-transferase 99, 156

Ya isozyme 99
glutathionyl radical 212
glycerol phosphate dehydrogenase 105
glycogen 96, 98, 132
glycogen phosphorylase 54
glycogen synthase 54
glycosaminoglycans 56
glycyrrhetinic acid 60, 62, 73
glycyrrhizin 286
GnRH 12, 185
gossypol 136
granulocytes 103, 104

colony stimulating factors (G-CSF and
GM-CSF) 100, 103, 247, 251

growth hormone (GH) 9, 62, 63, 105, 175, 178
growth hormone releasing hormone (GHRH) 56
growth, impaired 56–7, 225, 265

and Cushing’s syndrome 98
guanabenz-related amidinohydrolases 33

H295 cells 87
haemorrhage, adrenal 30, 67
haemorrhagic necrosis 301
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HDL 31, 98
heart

ANP secretion 41
modulation of cardiotoxicity 197–8

heat shock proteins see hsp 90
heparin 30, 73
hepatotoxicity, modulation of 185, 189–91, 196,

199, 200
herpes virus 266, 288
high density lipoproteins (HDL) 31, 98
hippocampus

enzyme expression in 105
glucose transport in 97
neurotoxicity in 5, 14, 106, 188–9, 199, 206–

10, 212, 213
receptors in 38, 57, 88

hirsutism 62, 263, 284, 287
histamine 56, 101, 169, 249
HPA axis 38–9, 57, 87, 88–9, 132–3

and immune system 234, 243, 246, 247
and stress 10, 12, 13

hsp90 90, 91 domain 92
human umbilical vein endothelial cells

(HUVECs) 101
hydrocephalus 233
hydrocortisone

adverse effects 98, 106, 205
comparative potency 108, 288
developmental toxicity 224–5, 228
diurnal variation 88 drug interactions 270
in glucose homeostasis 96, 281
metabolic pathways 83, 86
modulation of toxicity 14, 15, 186–7, 191,

197–8
pharmacological uses 62, 68–9, 107, 206,

214, 262, 268, 282
structure 82, 84

hydrocortisone hydrochloride 187, 198
hydrocortisone sodium phosphate 225
hydrocortisone-17-a-butyrate 225
hydrogen peroxide 151, 212
3-hydroxybutyrate 189, 199
22R-hydroxycholesterol 85
17a hydroxylase 31, 32, 70, 71, 140–3, 148
21 hydroxylase 32, 68, 140, 143, 148
11ß hydroxylase 32, 67, 68, 70, 140, 142
6ß hydroxylase 68
20a,22R-hydroxylase 68
3-methoxy-4-hydroxymandelic acid 65
17a-hydroxypregnenolone 32, 82, 84
17a-hydroxyprogesterone 32, 82, 84
3ß hydroxysteroid dehydrogenase ?4,5

isomerase 32, 33, 71
11ß-hydroxysteroid dehydrogenase (11ß-HSD)

60, 62, 63, 65, 86
hydroxyurea 11, 12, 13
hyperadrenalism 285
hyperaldosteronism 30, 286
hypercalcaemia 282
hypercortism 263–8, 284–6
hypercortisolaemia 66, 70
hyperglycaemia 96
hyperkalaemia 281, 286

hyperplasia 173, 174, 175, 302, 305
hypersensitivity reactions 249–51
hypersexuality 284
hypertension

antihypertensives 30, 40, 281
in apparent mineralocorticoid excess 86
in Cushing’s syndrome 66, 106–7, 205, 262,

285
in MAO inhibitor therapy 63
in phaeochromocytoma 68, 287
in secondary hyperaldosteronism 286

hypoaldosteronism 30, 286
hypocortism 268–71, 282–4
hypoglycaemia 96

and ACTH production 38
in Addison’s disease 280
and catecholamine release 44, 170
and neurotoxicity 205, 207

hypokalaemia 86, 286
hypophysectomy 198
hypotension 67, 68, 281, 282, 286, 288
hypothalamo-pituitary-adrenal axis see HPA

axis
hypothermia 170
hypoxia 170, 230
hypoxic-ischemic neuron damage 207, 213

idebenone 210
IgE 103
IgE-mediated hypersensitivity 249–51
IgG Fc receptors 103
imipramine 287
immunosuppression/regulation 13, 99–104, 244

by glucocorticoids 55–6, 245–7
and viral infections 266

immunotoxicity: and glucocorticoids 243–56
indirect toxicity 5, 8, 11–12
infarction, adrenal 30
infections 38, 287

see also viruses
inflammation 99–104, 107, 250–1

in allergies 249–50
inflammatory cell infiltration in medulla 170
inositol biphosphate 107
inositol monophosphate 107
inositol triphosphate(IP

3
) 44, 107

insulin 54, 136
gene regulation 94–5
and glucose regulation 96–7
interactions with corticosteroids 271

insulin-like growth factor (IGF-1) 56–7
interferon ? (IFN-?) 102–4, 247, 250, 251
interleukin 1 (IL-1) 88, 100–3, 246–7, 248
interleukin 2 (IL-2) 88, 103–4, 247–8
interleukin 3 (IL-3) 103, 247
interleukin 4 (IL-4) 247–8, 250
interleukin 5 (IL-5) 103, 251
interleukin 6 (IL-6) 88, 103
interleukin 8 (IL-8) 102
meta-iodobenzylguanidine (mIBG) 73
ion channels 55
iron

chelation and neurotoxicity 211
and lipid peroxidation 153

ischemia 207, 208, 210, 213
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isocaproaldehyde 85
isocarboxazid 72
isoproterenol and cardiotoxicity 13–14

toxic interactions with glucocorticoids 186,
188, 197

itraconazole 71

kainic acid toxicity 5, 8, 14
modulation of 187, 188, 189, 199, 210

kepone 136
ketoconazole 4, 9, 33, 69, 70, 136

and adrenal insufficiency 283
kidney 3, 16, 60, 63, 71

aldosterone effects 57, 86
cortisol metabolism 60
glomerular filtration rate 56, 106, 107
microsomal P450 activity 142
renal transporter systems 107
see also nephrotoxicity; renin-angiotensin

kinins 101

L-aromatic amino acid decarboxylase (LAAD)
inhibitors 71, 73

LDL cholesterol 98
lecithin-cholesterol acyltransferase (LCAT) 98
leucocytes 99–106

leukotrienes 101, 102, 249, 251
leukotriene B

4
 103, 104

levodopa 71, 73
Leydig cells 86
ligand-gated ion channels 55, 56
lipase 98
lipid droplet storage 31

metabolism 131–2
effects of glucocorticoids 96, 97, 98

peroxidation 34, 46, 106, 151–6, 210, 211–12
in adrenal cortex 30–1
in liver toxicity 191

lipocortin 90, 101
lipofuscin 153
lipopolysaccharide (LPS) 102, 103
lipoproteins 31, 46, 98
liquorice 60
lisinopril 281
lithium 11
liver 3, 4, 5, 13, 16, 153

angiotensinogen regulation 40, 94
catecholamine degradation 63
glucocorticoid receptors in 91
glucose regulation 54, 96–9, 131–2, 281
microsome activity 68, 70, 142
steroid metabolism 60, 66, 86
tumours 198
xenobiotic metabolism 99, 138–9, 145–7
see also hepatotoxicity

low density lipoproteins (LDL) 31
lung 40, 57, 198, 199
17,20 lyase 32, 140–3
lymphatic malignancies 100
lymphoblastic leukemia 100
lymphocytes 97, 243

B-lymphocytes 56, 100, 102–3, 244–5, 248, 261

lysis by glucocorticoids 100
T-lymphocytes 100, 104, 244, 245–51, 261

T
helper

-lymphocytes 102, 103–4, 247, 248
lymphoid cell apoptosis 247–9
lysosomal enzymes 103

 
macrophage inflammatory proteins (MIP) 102
macrophages 56

and inflammation 99–104
migration inhibitory factor 102

major histocompatibility complex (MHC) 102–3
malaria 267
malathion 45
male contraception 285
malonaldehyde (MDA) 151, 154
mammary tumour virus (mouse) 93
mammary tumours in rats 13
manganese 211, 212
mania 66
mannitol 173
mannose 103, 189, 199
mast cells 101
maternal impression theory 234
maximum tolerated dose (MTD) 11, 200–1

and corticosterone production 12
and stress 5, 13, 16

mdr-P-glycoprotein-efflux pump 200, 201
measles 287
Medicines Evaluation and Monitoring

Organisation (MEMO) 279
medroxyprogesterone acetate 284
medroxyprogesterone (Depo-Provera) 285
medrysone 262
medulla, adrenal 6, 7, 301

diseases of
and adverse reactions 287
fatty change 171
ganglioneuroma 177, 178
hyperplasia 173, 174, 175
medullary insufficiency/excess 287
necrosis 171
see also phaeochromocytoma

embryonic derivation 23
hormones see catecholamines
morphology 24, 27–8, 165–6, 168
vasculature and innervation 28, 29–30,

165–6
as a toxicological target organ 71–3, 165–82

megestrol acetate 284
melanocyte-stimulating hormone (MSH) 36, 41
melengestrol 136
membranes

a-tocopherol in 154–6
lipid peroxidation of 151–6
see also cholesterol; receptors

meningitis 266
menstrual cycle: aldosterone secretion in 41–2
meprednisone 262
mesoderm 23
metaclopramide 287
metamphetamine 13
metamyelocytes 100
methotrexate 15, 271

GCs and toxicity 197–8
modulation of toxicity of 186, 188
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methoxamine 58
methyl parathion 45
methylcyclopentadienyl manganese tricarbonyl

(MMT) 212
methylmercury 211
methylnoradrenaline 58
methylprednisolone 106, 260, 288

developmental toxicity 227, 229
in man 233
as modulator of toxicity 186, 188, 192–5,

196–7, 199, 201
neuronal endangerment 207

methylxanthines 5, 6, 8, 11
metoclopramide 41
metyrapone 69

inhibitory effects 6, 33–4, 60, 62, 70, 207
and modulation of toxicity 213

mianserine 11
microsomes 35, 142–4, 150–1

21-hydroxylase activity in 152
lipid peroxidation in 154
see also cytochrome P450

mineralocorticoids
actions of 54, 55, 57, 86, 106–7, 131–2, 262
potencies 15–16, 107–9
therapy 68
see also aldosterone

mitochondria 27
benzodiazepine receptors 44
enzyme systems 31, 83–6, 134
lipid peroxidation in 154
steroid catalysis in 83
see also cytochrome P450 enzymes

mitotane see o,p’-DDD
models of endocrine toxicity 4–12
modulation of toxicity see adrenal modulation
monaldehyde 153
monoamine oxidase (MAO) 63, 65

inhibitors 68, 71, 72, 73
monocytes 56, 100, 102, 103
mood: effect of glucocorticoids 56
‘moon-face’ 261, 263, 285
morphology see adrenal morphology
MPTH insecticide 173
multi-drug resistance (mdr) 201

gene 199–200
muscarinic receptors 44
muscle atrophy 96
myelocytes 100
myopathy 205
myxoedema 282

 
nadolol 58
Naja nigricollis venom 15

modulation of toxicity 187, 191, 196
natural killer (NK) cells 245, 248
necrosis in adrenal medulla 171
Nelson’s syndrome 67
neonate

death and stress 235
neurotoxicity in 208
precocious gut closure in 213
urine steroid profile 65

neoplasia
adrenocortical 69, 70, 302, 305

medullary see ganglioneuroma;
phaeochromocytoma

nephrotoxicity 188, 199, 286
modulation of 191–7

neural tube defects 225, 233
neurally-active steroids 55, 57, 66
neuroblastoma 68, 305
neuron damage/death see neurotoxicity
neuron defects 225
neuropeptides 167, 168–9

regulation 105
secretion 35

neurotoxicity environmental 211–14
glucocorticoids and 204–14
modulation of 14–15, 188–9
and stress 106

neurotransmitters 29, 57
neutrophils 99–100, 104
nicotine 9, 136, 173, 178
nicotinic receptors 44
nifurtimox 136
nigericin 136
N-methyl-D-aspartate (NMDA) 57, 209
nocardiosis 267
nodular medullary hyperplasia 173, 174, 175
noise

as stressor 229, 230
as teratogen 235

non-steroidal anti-inflammatory drugs (NSAIDs)
54, 73

noradrenaline 35–6, 44–5, 59, 65, 105, 166–7
in proliferative/non-proliferative conditions

170–8, 287
nucleosomes 94

oat cell carcinoma 284
obesity 261, 263
oedema 99, 101, 225, 226, 266–7
oestradiol 61
oestrogen 6, 7, 10, 31, 54

effect on rat adrenal 28
as modulator of toxicity 185
in neonatal urine 65
in pregnancy 66
receptors 94
synthesis inhibition 68

oestrone 61
oligodendrocytes 105
omphalocele 225, 226, 227
onchocerciasis 282
organophosphates 45
osteoporosis 56, 104, 263, 285, 287
ouabain compounds 31
overnutrition 175
oxygen radicals 34, 151–6, 189, 207, 210, 211–13
ozone 187, 198

P450 see cytochrome P450
P450X1A gene subfamily 83–4
P-glycoprotein 95, 199–200
pancreatic cell carcinoma 282
paracetamol 186, 188, 190–1, 199, 201
paraganglia 166
paramethasone 233
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paramethasone acetate 262
paraquat 187, 188, 189, 210
parietal cortex 207
Parkinson’s disease 63
pathology, adrenal see adrenal pathology
PCBs 136, 171
PD132301–2 136
peptidyl-glycine alpha-amidating

monooxygenase 105
perfluorooctanoic acid 187, 190
pernicious anaemia 282
peroxidation damage see lipid peroxidation
pethedine 287
phaeochromocytoma 68, 175, 176, 177–8, 284,

305
hypertensive crisis 287
treatment 73

phagocytes 102, 104, 244
pharmacology see adrenal pharmacology
phenelzine 72
phenobarbital 3, 4, 5, 8, 11, 99
phenothiazine 287
phenoxybenzamine 58
phentolamine 58, 287
phenylalanine hydroxylase 167
phenylephrine 58
phenylethanolamine-N-methyltransferase

(PNMT) 35, 36, 37, 167–8, 173
phenytoin 136, 209, 227
phocomelia 234
phosphatidylcholine 99, 101
phosphatidylinositol 169
phosphatidylinositol biphosphate 44
phosphodiesterase inhibition 6, 178
phosphoenolpyruvate carboxylase (PEPCK) 94,

95, 97
phosphoglyceraldehyde dehydrogenase 97
phospholipase A

2
 211, 213

phospholipase C-inositol phosphate 89
phrenic arteries, inferior 28
phthalates 8
pituitary gland 4

effect of MSH on aldosterone secretion 41
gonadotrophin inhibition 71
gonadotrophins 8 hypophysectomy 198
prolactin-secreting tumours 175–6
see also HPA axis

placenta 65
Plasmodium falciparum (malaria) 267
Pneumocystis carnii pneumonia 267
pneumocytes 57
polychlorinated biphenyls (PCBs) 136, 171
poly cyclic aromatic hydrocarbons 99, 145
polymorphonuclear leucocytes 97, 104
polyols 175, 178
polyoma virus 178
posterior subcapsular cataracts (PSC) 264–5
potassium balance see electrolyte balance
prazosin 58
pre-natal stress 229–32, 233–5
prednisolone 14, 108, 262

adverse reactions 282, 283, 285, 288
developmental toxicity of 226–7, 228, 233
drug interactions 270

and modulation of toxicity 187, 188, 198
prednisone 108, 109, 250, 262

adverse effects 205–6, 214, 264–5, 268, 282,
283, 288

and developmental toxicity 227, 228, 233
prednylidene 262
pregnancy and adrenal cortex 42, 65, 66, 230

and adrenoceptors 59
stress in 229–32, 233–5
see also developmental toxicity

pregnandiol 61
pregnenediol 61
pregnenetriol 61
pregnenolone 6, 7, 44

metabolism 61
in neonate urine 65
pregnenolone 16a carbonitrile 190
17-OH pregnenolone 61
pregnenolone sulphate 57
in steroid synthesis 32, 82, 83, 84, 85, 86

premature birth and stress 235
prepro-neuropeptide Y 105
Prescription-Event Monitoring (PEM) 279–80
primary toxicity 4–10
procaterol 58
progesterone 6, 7, 54

metabolism 61
as modulator of toxicity 185
in neonate urine 65
17-OH-progesterone 61
in steroid biosynthesis 31, 32, 82, 84

programmed cell death (apoptosis) 247–9
prolactin 105, 175
promoter elements 93, 94, 95
promyelocytes 100
proopiomelanocortin 36, 88, 95
propanolol 58, 287
propylthiouracil 8
prostaglandins 56, 101, 197, 213, 301

PGE
2
 103

13,14-dihydro-15-keto-PGF
2a

 37
prostate cancer 284
protein kinase A 42, 169
protein kinase C 43, 44, 169, 248
protein metabolism 96–9, 131–2
protein synthesis 211
proximal myopathy 287
pseudo-aldosteronism 271, 286
pseudo-Cushing’s syndrome 284, 286
psychoses 105, 235, 263, 267–8, 285, 287
puberty 27, 42
pulmonary oedema 198, 199
pyramidal neuron loss 206
pyrazole 171
pyridoxal phosphate 37
pyruvate kinase 54
 
ramipril 279
rat adrenal

anatomy 24, 166, 168, 169
lesions 170, 171, 172, 174, 176–8

rauwolscine 58, 59
reactive oxygen species (ROS) see oxygen

radicals
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receptors
ACTH 42
adrenoceptors 58–9, 73, 107, 170
angiotensin II 42
cell surface 55, 57
intracellular 54, 55
mineralocorticoid 54, 55, 57, 60, 86, 106–7
muscarinic 44
nicotinic 44
oestrogen 94
see also glucocorticoid receptors

renal arteries 28
renal transporter systems 107
renin-angiotensin system 40–2, 106, 133, 281, 286
renin-secreting tumours 286
reserpine 173, 178
respiratory hypersensitivity 244, 249
restraint stress 12, 230, 231
retinoic acid 54
retinols: and phaeochromocytoma 178
rheumatoid arthritis 263
rhinitis 99, 244, 249
Rhodobacter sphaeroides toxin 11
rifampicin 282, 283

and adrenal insufficiency 282
corticosteroid interaction 270

RNA polymerase binding 93
RU486 33, 54, 73, 107, 136
RU28362 207

 
S-adenosyl methionine (SAM) 37
salbutamol 282, 284
saliva: sodium content 57
saralasin 44, 73
secondary toxicity 4–6, 8, 10–11
seizure 205, 213
sepsis 97
septum 207
serotonin 41, 169
sex differences 27, 28

in aldosterone secretion 41
in corticosteroid metabolism 63
in response to ACTH 39

sexual deviation 284
Shy-Drager syndrome 287
sinusoids, medullary 29
skeletal growth retardation 224–6, 229
skin atrophy 268
skin disorders: treatment 282–3
smallpox vaccination 271
snake venom 15, 187, 191, 196
sodium azide 208
sodium balance see electrolyte balance
sodium canrenoate 57
sorbitol dehydrogenase 190
spironolactone 6, 69, 107, 136

bioactivation of 139, 141–3
and cytochrome P450 enzymes 34–5
metabolites of 140, 143
as mineralocorticoid antagonist 9, 30, 33, 57,

71, 73, 286
7a-thiol-spironolactone 34, 143

splanchnic nerve 29, 44, 165, 169–70, 172
stasis dermatitis 268
steroid hydroxylase enzymes 89

steroid hydroxylase inducing proteins (SHIPs) 89
steroids see corticosteroids
sterol carrier protein

2
(SCP

2
) 89

stomach 63
stress 10, 86, 97

and ACTH 38, 39, 88
and activation of HPA axis 12
in anaesthesia 67
and anticoagulant therapy 30
and catecholamine release 44, 170, 171
and CNS enzymes 105
and developmental toxicity

in laboratory animals 229–32
in man 233–5

glucocorticoids and 55–6, 86, 109
and maximum tolerated dose 200–1
and neuron death 106, 205–9
pre-natal 229–32, 233–5
response to 23, 281
and toxicity 4, 5, 6, 8, 11, 188
modulation of 12–16

striae 263, 285, 287
striatum 207, 208, 212
stroke 205
styrene epoxide 63
suicide 287
sulfotransferases 156
superoxide dismutase (SOD) 34, 154, 210, 212,

213
superoxides see oxygen radicals
suprarenal vein/artery 165
suramin 71, 136, 284
surfactant secretion 57
sweat: sodium content 57
sympathetic ganglia 29
sympathetic neurones, medullary 166
sympathomimetics 271
systemic lupus erythematosus (SLE) 99

 
T-2 toxin 198
T-lymphocytes see lymphocytes
tachycardia 68
tamoxifen 136, 171
TATA-box 93, 94
TCDD 136
teratogenesis see developmental toxicity
testis

atrophy of 8
cytochrome P450 activity 140, 142
effects of toxins on 4, 5, 12, 185
hydroxysteroid activity in 86

testosterone 5, 7, 61, 81, 82, 86, 132
and glucocorticoid endangerment 207–8

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
187, 188, 249

tetracosactrin 284, 288
tetraethylammonium bromide 187, 188, 198
 ∆9-tetrahydrocannabinol 11, 136
tetrahydrocortisol 61, 62
tetrahydrocortisone 61
3a-tetrahydrodeoxycorticosterone 57
theophylline 6, 11
thiols 284
thromboembolism 263
thromboxanes 101
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thymus 100
atrophy 249
hymocytes 100, 247–9

thyroid hormones 54, 59, 172
thyroid stimulating hormone (TSH) 5
thyrotrophin-releasing hormone (TRH) 86
timolol 58
tixocortol pivalate 262
TNF 97, 101, 102, 103
a-tocopherol 34, 154–6, 210, 211
toluene 211–12, 213
toxaphene 136
toxic nephrosis 192, 193, 194, 195, 196
toxicity, adrenal see adrenal toxicity
toxicity, modulation of see adrenal modulation
transcortin 90
transcription factors 94–5
tranylcypromine 72
triamcinolone 98, 106, 108, 186, 187, 188, 262,

288
developmental toxicity of 226–9, 233
hypertensive effects 106
and lipid metabolism 98
modulation of toxicity by 21, 186, 187, 188,

196, 198, 201
potency 108

triaryl phosphates 136
tricothecene mycotoxins 187, 188, 198, 199
trilostane 33, 69, 71, 282
tripananol 171
trypanosomiasis 284
tryptophan oxygenase 13, 190
tuberculosis 263–4, 282, 287
tumour necrosis factor 88
tyramine 63
tyrosine 6, 7, 24, 35, 36, 167
a-methyl-p-tyrosine 37
tyrosine aminotransferase (TAT) 93, 97

gene for (rat) 94
tyrosine hydroxylase 36, 37, 45, 170, 178

 
ulcerative colitis 267
ulcers 205

healing drugs 271
umbilical hernia 225
uridine diphosphate glucuronyltransferase

(UDPGT) 5
urine

excretion of steroids 60, 64
in men/women 63
in neonate 65

sodium content 57
uterine hypoxia 230

 
VAMP database 279
varicella 266, 287

immunization (passive) 287
vasculature, adrenal 28, 30
vasoactive intestinal peptide (VIP) 105
vasoconstriction 40
vasodilation: by ACTH 29, 30, 99, 101
vasogenic oedema 267
vasopressin (AVP) 38, 56, 87
venom 15, 187, 191, 196
vertebral defects 229
vinblastine sulfate 11
virilization 303
viruses 93, 178, 266, 287, 288
vitamin C see ascorbic acid
vitamin D

2
 15

and medullary hyperplasia 175
modulation of toxicity of 187, 188, 198, 199
receptors 90

1,25-dihydroxyvitamin D
3
 54

vitamin E see a-tocopherol
vitiligo 282

 
warfarin 30, 73, 271
Waterhouse-Friderichsen syndrome 282, 301
World Health Organisation (WHO) 279
wound healing 56, 104, 263, 285

 
xamoterol 58
xanthine oxidase 211
xylitol 9, 173

 
yohimbine 58, 59

 
zinc-finger motifs 92
zona fasciculata 6, 7, 28, 280

comparative morphology 24, 25, 26, 27
effects of ACTH 30
hormone production in 31, 83, 87, 89, 134, 135
necrosis 9
toxicants and 70

zona glomerulosa 6, 7, 9, 28, 280
in aldosterone biosynthesis 31, 34, 39–42, 83,

134, 135
comparative morphology 24, 25, 26, 27
effects of ACTH 30
effects of electrolytes 30
innervation 29

zona intermedia in rat 25, 27
zona reticularis 6, 7, 28, 280

comparative morphology 24, 25, 26, 27
effects of ACTH 30
effects of toxicants 70, 83, 150–1
hormone production in 31, 134, 135
lipid peroxidation in 153
necrosis 9

Zuckerland, organs of 166
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