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Relative dysregulation of isoforms of 113-hydroxysteroid dehydrogenase (113-HSD)
may underlie the pathogenesis of a spectrum of human diseases. Most investigations of
the role of 113-HSD activity in the aetiology of human disease have favoured analysis of
the cortisol turnover quotient, plasma cortisol half-life or plasma cortisol and cortisone
but have revealed no clear correlations. However, estimation of unconjugated steroid
excretion may be a more incisive investigative tool since the unconjugated corticosteroid
profile of urine reflects more accurately renal 113-HSD2 activity. This thesis describes
the development of three novel techniques for the sensitive estimation of unconjugated
corticosteroids in biological fluids. Two utilise reversed phase HPLC with either
fluorescence detection subsequent to derivatization with 7-(carboxymethoxy)-4-
methylcoumarin or UV absorbance detection. The third comprises a novel
radioimmunoassay for urinary free cortisone. These techniques were used to make a
comparison of urinary free cortisol:cortisone ratios and total cortisol:cortisone metabolite
ratios as indices of renal 11B3-HSD2 activity.

Previous studies of 113-HSD suggest that the enzyme is hormonally regulated.
However, much of this research predates the discovery of 113-HSD2 or fails to describe
the mechanisms which underlie the isoform specific regulation of 113-HSD. Extensive
studies of the steroidogenic and steroid metabolising properties of the choriocarcinoma
cell line, JEG-3, have established this cell line as a model of steroid metabolism and
particularly 11B-HSD2 activity in trophoblastic tissue. However, few studies have
attempted a systematic investigation of the hormonal regulation of 113-HSD2 in these
cells. Moreover, to date, there have been no reports of investigations of the regulation of
118-HSD in human skeletal muscle which expresses 113-HSD1 and is thus capable of
extensive interconversion of cortisone and cortisol. Thus this thesis describes a series of
novel investigations of the regulation of 113-HSD1 in skeletal myoblasts and 113-HSD2
in JEG-3 by steroid and peptide hormones and by pro-inflammatory and colony
stimulating cytokines. Finally, this thesis describes the strong associations between
glucocorticoid receptor and 113-HSD1 expression and key features of the metabolic
syndrome in human skeletal myoblasts from a cohort of men with varying degrees of
insulin resistance adiposity and blood pressure. Moreover, these studies also suggest a
role for 113-HSD1 in the regulation of glucocorticoid hormone action in skeletal muscle
and highlight the significance of dysregulation of isoforms of 113-HSD in the aetiology
of the metabolic syndrome.
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CHAPTER 1 — General Introduction

1.1 Biosynthesis and metabolism of the adrenal steroids

The adrenal cortex synthesises and secretes three main classes of steroid: the
glucocorticoids, cortisol (Kendalls compound F) and corticosterone, the
mineralocorticoids deoxycorticosterone and aldosterone and the adrenal androgens,
dehydroepiandrosterone, androstenedione and 118-hydroxy-androstenedione.
Additionally, the adrenal cortex secretes small amounts of the precursors of these
steroids into the general circulation including pregnenolone, 17a-hydroxypregnenolone,
progesterone, 17a-hydroxyprogesterone, 11-deoxycortisol and relatively small amounts
of the sex steroids testosterone and oestradiol. Moreover, the adrenal cortex exhibits a
unique histological zonation characterised by an outer layer of cells, the zona
glomerulosa, deficient in 170-hydroxylase activity and thus incapable of producing
cortisol or the adrenal androgens, which is dedicated to the synthesis of the
mineralocorticoid aldosterone, whilst the two inner layers of cells, the zona fasciculata
and the zona reticularis are responsible for the synthesis of the glucocorticoids and
adrenal androgens respectively. A schematic representation of the adrenal steroidogenic

pathway is illustrated in figure 1.1 (Page 3).

1.1.1 Regulation of adrenal function

The synthesis and secretion of cortisol is regulated by adrenocoricotrophic hormone
(ACTH) secreted by the anterior pituitary under the influence of corticotrophin releasing
hormone (CRH) which is itself a neural peptide comprising 41 amino acids secreted by
the hypothalamus!'!. In contrast, aldosterone production falls predominantly under the

control of the renin/angiotensin system and circulating levels of potassium!?.

ACTH (MW 4500), a straight chain peptide comprising 39 amino acids, is processed
from a large precursor molecule, proopiomelanocortin (POMC) (MW 28,500), which is
the product of a single messenger ribonucleic acid (mRNA) species. Subsequent post
translational modification of POMC results in the production of smaller biologically

active fragments which include B-Lipotropin (8-LPH), a- and B-melanocyte stimulating



hormone (a-MSH, 3-MSH), B-endorphin and the N-terminal fragment of POMC
(residues 1-18) which is responsible for the biological activity of ACTH. Binding of
ACTH to specific receptors on the outer surface of the adrenocortical cell membrane
results in the activation of adenylate cyclase with subsequent production cyclic AMP
(cAMP). Increased intracellular levels of cAMP result in augmented hydrolysis of
cholesterol esters, which expand the pool of free cholesterol available for steroid
biosynthesis’. ACTH also has an effect upon the level of expression of both the
steroidogenic enzymes and proteins responsible for the transport of cholesterol into the
mitochondrnal compartment where steroidogenesis is initiated by cleavage of the

cholesterol side chain at C,; .

CRH stimulates the secretion of ACTH in a pulsatile manner and in such a way that peak
levels of ACTH may be observed just prior to awakening'?!. This diurnal rhythmicity
provokes a similar response in the adrenal cortex and is thus reflected in circulating
levels of cortisol. Increases in ACTH secretion may be observed under conditions of
stress such as pain, trauma, hypoxia, acute hypoglycaemia, exposure to cold and

depression, such that they may override the normal diurnal thythmicity”.

Once initiated, adrenal steroidogenesis is committed to the formation of one of the three
classes of adrenal steroids. This is dependent upon histological location and a cascade of
enzymes which include a series of mixed function oxidases (hydroxylases), and a family
of hydroxysteroid dehydrogenases. The latter are characterised by a haem moiety
attached to an apoprotein found in all cytochromes but with a characteristic absorbance at
450mn, hence their classification as cytochrome P450 enzymes' ™. Indeed it is
considered probable that secondary to control of mobilisation of cholesterol esters to the
mitochondrial compartment by ACTH, the rate limiting step for adrenal steroid
biosynthesis is that of cytochrome P450 cholesterol side chain cleavage, which removes
6

a six carbon fragment from cholesterol to produce the unsaturated steroid pregnenolone!

(See figure 1.1, page 3)
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1.1.2 Metabolism of cortisol

It was not until the 1950's that paper chromatography was sufficiently developed to
isolate and characterise cortisol and its metabolites from human urine! %, It was these
studies, however, which established cortisol as the principal adrenocorticosteroid in man,

with a secretion rate of 30-80pumol/24hrs compared with a rate of 0.1-0.4pumol/24hrs for

aldosterone.

Cortisol has several important physiological roles. Primarily it exerts an effect on
carbohydrate metabolism by acting as an insulin antagonist, promoting a rise in blood
glucose by increasing the expression and activity of the hepatic enzymes which control
gluconeogenesis. Secondly, it stimulates the catabolism of proteins resulting in a
negative nitrogen balance with loss of protein from both muscle and bone. Furthermore it
is also known to exert a wide range of less specific physiological effects including
inhibition of the inflammatory response and suppression of the reticuloendothelial
system, increasing bone turnover with negative calcium balance and increasing cardiac
output and vascular tone. It has also been shown to have an effect on the transport of
sodium and potassium across cell membranes but the regulation of the extracellular

balance of sodium and potassium is principally under the control of aldosterone!’!.

In excess of 90% of circulating cortisol is bound to an a-globulin known as cortisol
binding globulin (CBG) or transcortin (MW 50,000), which has a high affinity for
cortisol and is synthesised in the liver. Furthermore, approximately 5% of cortisol is
weakly bound to serum albumin which leaves 2-3% unbound and as such may be
regarded as being biologically ‘active’’). CBG in plasma has a cortisol binding capacity
of about 550nmol/L ¥ and if total plasma cortisol increases significantly above this
level, the concentration of free steroid in the plasma rapidly exceeds its usual fraction of
10% of the total cortisol. Under these circumstances, significant increases in free cortisol
may be observed in the urine. Urinary excretion of cortisol by the kidney is greatly
hindered by its lipophylic nature. The metabolism of cortisol not only renders it
biologically inactive but also increases its polarity and hence its water solubility. Indeed,

less than 1% of secreted cortisol appears in the urine unchanged since most metabolic



products of cortisol are both polyhydroxylated and either sulphated or glucurono-

conjugated.

The biological potency of all corticosteroids 1s generally considered to be dependent
upon a functional hydroxyl group at carbon C;;. Thus dehydrogenation of the Cy;
hydroxyl to the 11-keto derivative results in a steroid with little or no biological
activity'!!. Cortisol may undergo such conversion to hormonally inactive cortisone under
the influence of the enzyme 113-hydroxysteroid dehydrogenase (113-HSD). Both
cortisol and cortisone are subject to metabolism in the liver, which commences with
reduction of the 4-ene-3-oxo configuration of ring A (See figure 1.2, page 7). Complete
A-ring reduction results in four isomers: (1) 58-H, 3B-OH; (2) 58-H, 3a-OH; (3) 5a-H,
3B-OH; (4) S5a-H, 30-OH with the 3a-hydroxy forms predominating in man (ratio of
3:1) ! The ratio of 5o and 5f forms is more variable and is dependent upon the steroid
being reduced, thus cortisol yields a preponderance of its 58 metabolite with a ratio of
about 5:1 . The tetrahydro-products of this metabolism: tetrahdrocortisol (THF ), Sa-
tetrahydrocortisol (5o-THF), tetrahydrocortisone (THE) and 5Sa-tetrahydrocortisone (Sa-
THE) then undergo rapid glucurono-conjugation at the 3a-hydroxyl position which
further increases their polarity and thus enables their excretion in urine. Approximately
30% of cortisol is excreted in the form of its tetrahydro-derivatives whilst another 30% is
further reduced at Cy and thus excreted in the form of the cortols and cortolones.
Hydroxylation of cortisol at Cq, to produce 6B-hydroxycortisol is a minor metabolic
pathway for cortisol and since it 1s not reduced in ring A it is excreted unchanged in the
urine. Whilst under normal physiological conditions only about 1% of cortisol is excreted
in this form its significance rises in conditions which result in hypercortisolism and in the
neonate where hepatic ring A reduction and glucurono-conjugation are not fully
deveiopedm’m. It is also of greater significance during pregnancy and following
oestrogen treatment when the normal mechanism of cortisol metabolism through the
tetrahydro derivatives appears to be impaired!'". Small quantities of steroids, namely
11B8,17,20a,2 1 -tetrahydroxy-4-pregnen-3-one from cortisol and the corresponding
trihydroxy-3,11-dione from cortisone, and 11§,17,20a,21-tetrahydroxy-5f-pregnan-3-



one which have undergone reduction at Cy but which have either an intact, or only a

partially reduced 4-ene-3-oxo configuration may also be found in urine!® (See figure 1.2,

page 7).

The principal site of corticosteroid metabolism in man has long been thought to be the
liver'™, however, an increasing body of evidence for extra hepatic metabolism of cortisol
has become available over the past four decades. Several studies have clearly

1617 oo

demonstrated that the mammalian kidney is a major site of cortisol metabolism
that several other tissues are also capable of cortisol metabolism, including the prostate,
thyroid, skeletal muscle and synovial membrane!"*'”!. Following work on the metabolism
of cortisol in the isolated perfused rat kidney, several studies have demonstrated that not
only is the kidney an important site for the conversion of cortisol to cortisone but also
that it is a site for the synthesis of the 20a- and 20B-reduced metabolites, dihydrocortisol
and dihydrocortisone and for the metabolism of corticosterone to 11-
dehydrocorticosterone, 20B-dihydrocorticosterone, Sa-hydroxy-4,5-
dihydrocorticosterone and 208-dihydro-1-dehydrocorticosterone! 2", Importantly, the
prolonged cortisol half-life frequently observed in patients with chronic renal failure has
been cited as evidence for reduced 11-deydrogenation of cortisol in the kidney™-*". This
is thought to be due to a relative deficiency in renal 113-HSD activity, as a consequence
of advancing tubular damage, and not to inaccessibility of cortisol to renal 113-HSD as a
result of reduced glomerular filtration. This is further supported by the observation that
strikingly low plasma cortisone levels are found in patients following bilateral
nephrectomy, and from this data it has been suggested that the kidney is the principal

source of 11-dehydrogenase activity and thus cortisone production in ma: i
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1.2 Adrenal steroidogenesis and metabolism in the foeto-placental unit
Changes in the maternal pattern of circulating corticosteroids and their metabolites which
result from the combined influences of foetal adrenal steroidogenesis and metabolism,
and from changes in the hormonal milieu necessary for the maintenance of pregnancy are
sufficiently profound to necessitate some consideration of the role of the adrenal gland

and its steroidal products in the foetal and neonatal period.

By day 25 of gestation, the foetal adrenal cortex may be identified at the cranial edge of
the developing mesonephros. Whilst the developing gland has been shown to express the
same array of steroidogenic enzymes as that found in the adult, quantitative differences
in the activities of these enzymes result in a profile of steroid secretion that is
significantly different from that seen at term'>!. The most significant difference is the
almost complete absence of 3B-hydroxysteroid dehydrogenase activity which results in
the secretion of large quantities of A’-3B-hydroxysteroids. Metabolism of the A>-3f3-
hydroxysteroids is performed by the foetal liver and adrenal gland, which express high
levels of 16a-hydroxylase and suiphoﬁ‘ansferasem 1 Thus, the larger part of the A>-3f-
hydroxysteroid output of the foetal adrenal is excreted in the maternal urine in the form

of 16a-hydroxylated sulphates.

By term, the human adrenal gland weighs about 4g, approximately equal to that of an
adult, and secretes up to 200mg of steraiéf‘dayml. Over the first year of life, there is a
reduction in size to about 1g in weight with extensive morphological remodelling of
cellular structure (involution). Changes in function closely follow this restructuring. The
bulk of steroidal material produced by the neonatal adrenal still consists of the A’-3p-
hydroxysteroids such as pregnenolone, 17-hydroxypregnenolone and
dehydroepiandrosterone (DHEA), though secretion of both cortisol and aldosterone is
significantly higher than that observed in the resting adult. Thus, the pattern of
corticosteroid metabolites excreted in the urine reflects this relative difference from the
adult state. As the neonatal adrenal cortex involutes during the first year of life, A>-3p-
hydroxysteroids gradually disappear from the circulation only to reappear again in late
childhood during 'adrenarche’.



1.3 11B-hydroxysteroid dehydrogenase: an historical perspective

The interconversion of cortisol and cortisone in various mammalian tissues was first
inferred from studies of the therapeutic effects of corticosteroids in the treatment of
arthritis™*" ", It was observed that suppression of the inflammatory response could be
elicited by the oral administration of cortisone, whereas direct injection of cortisone into
the affected joint produced no therapeutic response”” . Experimental evidence also
suggested that at least a proportion of administered cortisone was excreted as cortisol®'L
These observations led to the conclusion that enzymatic reduction of the 11-keto group
of cortisone could result in the formation of biologically active cortisol. This was later
confirmed when it was demonstrated that reversible interconversion of 11-hydroxy and

1 1-keto steroids occurs in the rat liver® due to the catalytic activity of the enzyme 118-
HSD!. However, it was also observed that the catalysis of 11-oxoreduction and 1 1B-
dehydrogenation was not represented by a uniform tissue distribution since many tissues
appeared to demonstrate predominantly dehydrogenase activity "> whilst others,
most significantly the liver">*, appeared to exhibit both oxoreductase and

dehydrogenase activity.

Several mechanisms were proposed to account for the differential behaviour of 113-HSD
in various tissues: Nicholas et al®”! postulated that variability in the ratio of 11-
dehydrogenase (11-DH) to 11-oxoreductase (11-OR) activity could be attributed to a
parallel variability in tissue redox potential. This hypothesis was not widely accepted
since several investigators demonstrated that the tissue specific ratio of catalytic activity
was maintained even when pyridine nucleotide cofactors were not limiting®**”}, A
second hypothesis suggested that the net preference of catalytic direction was dependent
upon local differences in tissue pH. However, pH changes within the physiological range
were considered too small to affect the ratio of 11-DH to 11-OR activity to any great
extent™ ™! A third hypothesis suggested the existence of several kinetically distinct
isoforms of 113-HSD which were expressed in a tissue specific manner and which
exhibited either 11-DH or 11-OR acﬁvitym*‘m. This latter suggestion was supported by
evidence for the existence of separate oxidative and reductive isoforms in several enzyme

systems including glyceraldehyde phosphate dehydrogenase!™!. Nevertheless, most



authors reported the results of their investigations in terms of the reversible catalytic
activity of a singe enzyme which was subsequently designated as EC 1.1.1.146 11-
hydroxysteroid:NADP+ 11-oxoreductase by the Nomenclature Committee of the

International Union of Biochemistry™*.

The debate surrounding the physical characterisation of 113-HSD stimulated work which

resulted in its isolation and purification from the microsomal fraction of liver

41,4546] 47,4%]

homogenates! and subsequently from other tissues including kidney!
gonads!”!, placenta®""" and lungl™"!. Selective synthetic detergent displacement
experiments suggested that hepatic 118-HSD exists as a multi-enzyme complex in which
11-DH and 11-OR occupies different orientations and presents different degrees of
accessibility to substrate within the microsomal phospholipid matrix!*. This suggested
that tissue specific conditions may alter the orientation or conformation of the enzyme
complex such that it adversely affects access of substrate or inhibits enzyme activity.
However, subsequent studies suggest that hepatic microsomal 113-HSD consists of a

single homogenous 34kDa protein that exhibits 11-DH but not 11-OR activity”” .

Following the screening and purification of positive clones from a rat liver
complimentary deoxyribonucleic acid (cDNA) expression library, a 1265bp cDNA
fragment containing an 861bp open reading frame was isolated®!. The predicted amino
acid sequence suggested a molecular weight of 31.7kDa, and the discrepancy with the
34kDa protein, previously identified, was thought to be due to glycosylation at Asn-X-
Ser sites at positions 158-160 and 203-205. Expression of the recombinant protein in
osteosarcoma, and Chinese Hamster Ovary cells in culture, revealed an enzyme which
encodes both 11-DH and 11-OR activities in a manner indistinguishable from the
activities in rat liver™'!. This suggests the possibility that 11-OR activity is relatively
unstable under experimental conditions since activity rapidly deteriorates in cultured
cells during prolonged incubation with substrate and cofactor, an observation which may
explain why rat liver microsomal extracts only demonstrate 11-DH activity.
Nevertheless, this work was taken as conclusive evidence that hepatic 113-HSD exists as

a single enzyme which expresses both 11-DH and 11-OR activities.

- 10 -



Early studies on the tissue distribution of 113-HSD were undertaken using antisera raised
in rabbits against the purified rat liver 34kDa microsomal protein®>. Western blot
analysis identified a 34kDa immunoreactive protein in liver, kidney, brain and testis and
additional species of 40kDa in kidney, 26kDa in brain, 47kDa in testis and 68kDa in
liver™!. These observations inspired speculation that the additional species identified in
these tissues were either the product of proteolysis, differential glycosylation or
dimerisation, or that they represented the tissue specific expression of unique isoforms of
11B-HSD. This latter hypothesis was further strengthened by Northemn blot analysis of
various tissues using a liver 113-HSD ¢DNA. These studies demonstrated that in the
liver, testis, lung, heart, hippocampus and colon, mRNA for 113-HSD consisted of a
single 1700bp species whilst in the rat colon there was a 3400bp species””®>" and in the
kidney at last four species of 11B-HSD mRNA were identified”>>*!

Further direct evidence for the existence of additional isoforms of 113-HSD came from
the analysis of enzyme activity in rabbit™™ ! and rat kidney[w, and from the
characterisation of 118-HSD expression in human placenta””, human kidney'**% and
rectal colon®’!. By 1994 there was an overwhelming body of evidence in support of the
hypothesis of the existence of several distinct isoforms of the 11B-HSD characterised in
the main by: the liver isoform, which expresses predominantly 11-OR activity, and the
kidney isoform, which expresses exclusively 11-DH activity!>*>***6183] Thege
characteristics were considered sufficiently different for them to be labelled respectively
as 11B-HSD type I (11B-HSD1), a low affinity, NADP/NADPH-dependent
dehydrogenase/oxoreductase (apparent K, for cortisol 2Zumol/L, cortisone 0.3umol/L)
and 11B-HSD type I (113-HSD?2), a high affinity (apparent K, for cortisol 50nmol/L),
NAD-dependent unidirectional dehydrogenase. It was not until 1995, however, that the
genes encoding 118-HSD2 was cloned. The human 113-HSD1 gene had already been
located to chromosome one, following work performed by Tannin ef o/°*! in 1991, and in

1995 the 118-HSD2 gene was located to chromosome 1622 1),
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1.4 Congenital and acquired deficiency of 11B-hydroxysteroid
dehydrogenase

1.4.1 Congenital deficiency of 11 -hydroxysteroid dehydrogenase type II: The

syndrome of apparent mineralocorticoid excess

In 1974, Werder ef al '’ described the clinical presentation of a three-year-old child with
persistent, severe hypertension, low plasma renin activity, subnormal plasma aldosterone
levels, antinatriuresis, hypokalaemia and metabolic alkalosis. It was also observed that
blockade of the mineralocorticoid receptor with spironolactone ameliorated many of the
pathological features of this condition. Three years later a similar presentation was
described in a three-year-old Zuni Indian girl®”. Extensive investigation of both plasma
and urinary steroid profiles revealed that in addition to severe hypertension with low
plasma renin activity, the child also exhibited a low basal plasma cortisol level and a
subnormal rise in plasma cortisol in response to administration of ACTH. Moreover,
urinary excretion of cortisol and 17-hydroxysteroid metabolites was significantly
reduced, as was the excretion of aldosterone. However, administration of ACTH
exacerbated the hypertension and hypokalaemia and suggested the existence of an
umidentified ACTH dependent steroid with mineralocorticoid-like activity. Whilst the
clinical and biochemical features of the syndrome shared important similarities with
those of primary mineralocorticoid excess, overproduction of any known
mineralocorticoid could not be detected and the epithet *Apparent Mineralocorticoid
Excess Syndrome” (AME) was adopted'®®.

To date there have been fewer than thirty reported cases of AME with the classical
features of low renin hypertension, hypokalaemia and metabolic alkalosis™ 7", Whilst
the more severe manifestations of untreated AME result in mortality from
cercbrovascular accident or cardiovascular disease secondary to hypertension ’and/ar

hypokalaemial’™"*"®! several other, more variable, clinical features have been reported

66,67

amongst patients with AME including: growth retardation'®*®”!, nephrocalcinosis

secondary to severe hypokalaemial”>7*%!] 821

[80.83]

, rickets™™, muscle weakness and frank

rhabdomyolysis



There are marked similarities between AME and the presentation of several other
hypertensive conditions including: Liddle’s syndrome!®, a hypertensive condition
caused by constitutive activation of the renal tubular sodium channel™!, and congenital
adrenal hyperplasia (CAH) caused by 113-hydroxylase deficiency or 17a-hydroxylase
deficiency. However, the biochemical features of the former distinguish this syndrome
from its clinically similar counterparts. AME is characterised by a reduction in the
concentration of circulating mineralocorticoid and a pronounced increase in the ratio of
excreted cortisol metabolites (THF, 5a-THF, the cortols and cortolic acids) compared
with those for cortisone (THE, the cortolones and cortoic acids)"***!. Similarly the
production of ['HJ-H,O as a consequence of the metabolism of ["H]-cortisol is barely

detectable whilst metabolism of ["H]-cortisone remains undiminished!®®"™,

In the majority of reported cases of AME a second biochemical feature has been
identified which is characterised by a significant increase in the ratio of urinary So-
THE/5B-THE 7385901 [ndeed, this observation gave rise to the suggestion that 5o
dihydrocortisol was responsible for the mineralocorticoid effects of AME but this
hypothesis was later discarded when it was demonstrated that there was no absolute
increase in the plasma concentration of Sa-dihydrocortisol but that the increase in the

50.:5p metabolite ratio represented a relative deficiency of 5f-reductase activity[68,69].

Secondary changes in the metabolism of cortisol have also been observed and include a
reduction in the rate of cortisol production, as measured by the sum of urinary cortisol

[68,90,92

metabolite excretion Fwhich, with the exception of the case reported by New er

al'®! is accompanied by normal serum cortisol levels. In addition, evidence that the half-

"1 suggests that the former

life of serum cortisol is increased in patients with AME!
observation is a consequence of suppression of the pituitary release of ACTH consistent
with a normally functioning hypothalamic-pituitary-adrenal (HPA) feedback mechanism.
This suggestion is further supported by the observation that a broad spectrum of ACTH
dependent steroids including deoxycorticosterone and corticosterone are also reduced
and that a normal increase in cortisol secretion follows stimulation by ACTH

administration in these patients!™. Furthermore, a relative increase in the fraction of



urinary free steroid excretion has been reported in patients with AME. Ulick ef o/

demonstrated that up to 43% of urinary cortisol metabolites were excreted in their
unconjugated form, compared with less than 1% in normal individuals, and that the
steroid components of this fraction comprised significant concentrations of 20q- and
20B-dihydrocortisol, and 6B3-hydroxycortisol which represent pathways of cortisol
metabolism which contribute only to a relatively small degree to the metabolism of

cortisol under normal circumstances.

The link between AME and a defect in the metabolism of cortisol was ultimately drawn
from empirical observations that a fall in blood pressure followed treatment of AME with
dexamethasone, aminoglutethimide and metyrapone whilst administration of cortisol or
ACTH caused an exacerbation of hypertensieﬁmm. Furthermore, Oberfield er all’!!
demonstrated that the effects of cortisol administration could be alleviated by the

mineralocorticoid receptor (MR ) antagonist, spironolactone.

In 1988 Stewart et al'”*! reported a case of AME in which a twenty one-year-old adult
male presented with hypertensive retinopathy, hypokalaemia and subnormal plasma
cortisone. The profile of urinary steroid metabolites and the extended half-life of 11a-
[Hl-cortisol suggested that the condition was identical with those previously reported in
children. The biochemical abnormalities, which were clearly indicative of a net reduction
in the conversion of cortisol to cortisone, gave rise to the suggestion that AME was the
consequence of a congenital deficiency of 113-HSD but that the syndrome was
characterised by a deficiency of 113-dehydrogenation whilst 11-oxoreduction was
unaffected. This hypothesis was strengthened by the observation of identical symptoms
in affected siblings{ﬂ’n’%’%}. However, it was not until the identification, characterisation
and the discovery of several mutations in the gene for 113-HSD2 that AME was finally
ascribed to a congenital deficiency of 118-HSD26%" JORL93961 Most of these mutations
have been reported to be premature stop sites or amino acid substitutions resulting in
proteins with varying degrees of enzyme activity. Indeed, expression studies on the

mutant cDNAs have revealed a high degree of correlation between genotype and
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phenotype such that a fatal, or very severe, phenotype may be explained on the basis of

specific mutations resulting in an enzyme with little or no catalytic activity'™®.

A variant of AME, referred to as AME type 2 has been described””!. The clinical
presentation is similar to AME type 1 but the urinary (So-THF+58-THF)/THE and 5a.-
THF/5BTHF ratios are both normal. These observations imply that whilst cortisol still
acts as a potent mineralocorticoid in the type 2 vanant, there is a deficiency of both 11-
OR and 11-DH activity in combination with a more generalised defect in steroid A-ring
reduction'!. Speculation that the latter defect is the primary metabolic error in the type 2
variant has yet to be proven but evidence in support of a deficiency of both 11-OR and
11-DH activity in AME type 2 has been provided by observations of the effects of
carbenoxolone (CBX), a potent inhibitor of both isoforms of 118-HSD****’! Indeed
treatment with CBX has been demonstrated to prolong the cortisol half-life but to have

no effect upon the urinary THE/THE ratiot>-'%!,

1.4.2 11-oxoreductase deficiency

Clinical deficiency of 11-OR activity has been described in very few cases' "' "%, The
condition is characterised by an inability to convert cortisone to cortisol, resulting in an
increase in the metabolic clearance of cortisol which in turn stimulates compensatory
overdrive in the HPA axis. The small number of cases so far described have all been in
female patients who have presented with bilaterally enlarged adrenal glands and ACTH-
driven hyperandrogenism resulting in hirsutism, dysmenorrhoea and infertility. Urinary
steroid profiles in these individuals has revealed a marked increase in the excretion of
cortisol and androgen metabolites and a 26 fold increase in the ratio of the tetrahydro
metabolites of cortisone (THE) to cortisol (THF+50~THF), whilst plasma and urinary
free cortisol levels remain within normal limits. Nevertheless, despite biochemical
features which are suggestive of 11-OR deficiency, no defects in the gene encoding 1153-

HSD1 have been identified in these patients!'™!
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1.4.3 Acquired deficiency of 11f-hydroxysteroid dehydrogenase

Relatively severe states of acquired mineralocorticoid excess, the clinical features of
which are not dissimilar to those of AME, have been reported in individuals who
habitually consume large quantities of liquorice!"™ %!, The mineralocorticoid effects of
liquorice have long been recognised but were originally thought to be due to direct
activation of MR by its active constituents, glycyrrhetinic acid (GE) and glycyrrizhic
acid (GD!"™'""l However, the relatively low affinity of GE and GI for the
mineralocorticoid receptor and the observation that the hypertensive effects of GE in
patients with Addison’s disease were abolished, suggested that cortisol was an essential
(109,111

component in the pathogenesis of liquorice induced hypertension

recognised that both GE and GI are competitive inhibitors of 118-HSD2 and that this is

I Tt is now
the principal mechanism underlying the mineralocorticoid properties of liquorice!"'?. In
support of this hypothesis, Stewart ef a/!'"*! demonstrated that following a 10 day regime
in which volunteers ingested 200g of confectionery liquorice, the urinary
cortisol/cortisone metabolite ratio and the half life of 11o-["H]-cortisol was increased
and, whilst plasma cortisol levels did not change, the 24hour excretion of urinary free
cortisol was markedly elevated. Moreover, the 50/58 reduced metabolite ratio was also
increased reflecting a decrease in 5B-reductase activity and resulting in a syndrome

which bore a striking similarity with AME type 1.

Carbenoxolone, the hemisuccinate derivative of GE, has been widely used for the
successful treatment of peptic ulceration. CBX, like GE and GI, has also been reported to
induce an hypertensive syndrome characterised by hypokalaemia with sodium and water
retention'"™. The effects of administration of CBX are analogous with those of GE and
GI in that the half-life of cortisol is prolonged and urinary free cortisol is increased,
however, plasma cortisone levels are not reduced and the urinary 5a-THF/THF and
(THF+50-THF)/THE ratios remain normal. These observations are consistent with the
hypothesis that ingestion of CBX promotes an acquired form of AME type 2 in which
there is reduced activity of both 11-DH and 11-OR "',
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The identification of a wide range of pharmaceutical and naturally occurring inhibitors of
114-HSD2 including, furosemide!' """ gossypol''™ and several flavenoids such as
naringenin!’ ¥l a constituent of citrus fruit has prompted several authors to propose a
wider link between exogenous and endogenous inhibitors of 118-HSD2, termed

02131 Degpite an inability to

glveyrrhetinic acid like factors (GALFs) and hypertensio
provide these substances with a unique identity, several studies have attempted to
quantify the excretion of GALFs in sub-populations of hypertensive patients by
exploring their effect upon the activity of 113-HSD using microsomal preparations.
Walker ef alt'™*!! using rat liver microsomes, demonstrated no correlation between GALF
levels and hypertension, plasma cortisol half-life or the urinary (THF+5a-THF)/THE
ratio. However, Takeda ef a/''*"), using human kidney microsomes, found that GALF
excretion was higher in a population of low-renin hypertensive patients compared with a
group of normotensive individuals, but that the urinary (THF+5a-THF)/THE ratio was
not correlated with GALF excretion. Despite obvious experimental differences and the
use of two different isoforms of 11B-HSD, these contradictory data have provided no
clear evidence for a relationship between GALFs, 11-HSD and hypertension and the

subject remains one of considerable controversy.

1.4.4 11p-hydroxysteroid dehydrogenase: guardian of the mineralocorticoid

receptor

The concept that the action of steroid hormones is mediated by intracellular receptor
activation was proposed over 20 years ago!"*Y. Research over the past two decades has
identified that thyroid, steroid and related hormones exert their effects through a group of
structurally related nuclear receptors which have come to constitute the "steroid-thyroid
hormone nuclear receptor superfamily’ (123
cloning of both the high-affinity, type I corticosteroid receptor termed the

mineralocorticoid receptor and the low-affinity, type Il corticosteroid receptor termed the

I The isolation, purification and cDNA

glucocorticoid receptor (GR) led to the recognition of significant sequence homology at
both the nucleotide and amino-acid levels for these receptors' 2**® This is particularly

apparent in the 66 amino acid C1 region within the DNA binding domain, which includes
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9 totally conserved cysteme residues forming the characteristic zinc finger structures and
across the entire C terminal ligand binding domain'"*"". In contrast, the hypervariable
amino terminal domain exhibits very low sequence homology between family members
and is involved in receptor transactivation. The region that determines specificity of
ligand binding for each receptor in the superfamily has been shown to be structurally and
conformationaly specific, although this specificity is not absolute even at ligand
concentrations within the physiological range. Indeed, in vitro ligand binding studies of
the purified hippocampal MR and the recombinant human MR expressed in COS cells,
has revealed that MR exhibits an equal affinity for both cortisol and aldosterone!!"'%*-
1331 The degree of overlap in ligand binding between the two receptors may be accounted
for by the high level of homology (57-60%) in the C-terminal, steroid binding region of
the two receptors!'?” while the low degree of homology (less than 15%) exhibited by the

N-terminal domains may explain their specificity for target genes'*"%]

The close sequence homology exhibited by the MR and GR, specifically at the C1 region
within the DNA binding domain and at the C terminal ligand binding domain, suggests
that ligand specificity is not afforded by the structural uniqueness of the receptor! ¢,
These observations are further confounding in the light of evidence which confirms that
the renal MR maintains aldosterone specificity despite overwhelming competition from
cortisol which, under physiological conditions, circulates at about ten times the
concentration of aldosterone'””. Such observations have resulted, inevitably, in the
conclusion that factors other than the receptor are responsible for aldosterone specificity
in mineralocorticoid target tissue. Several hypotheses have been postulated to account for
this phenomenon: Krozowski ef a/t'*” proposed that aldosterone specificity could be
afforded to the renal MR as a result of sequestration of circulating glucocorticoid by
extravascular CBG which effectively lowers the concentration of cortisol which is “free’
to bind with MR by greater than 95%. However, in contradiction with this hypothesis,
subsequent investigations'*? revealed that the specificity of renal MR was maintained in
10 day old rats despite extremely low levels of CBG and high levels of circulating
glucocorticoid. A clue to the conundrum of MR specificity was finally revealed in a

series of studies by Edwards et al®P¥ in which the in vitro binding of [H]J-
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corticosterone by adrenalectomised rat kidney sections was found to be significantly
enhanced when the animals were pretreated with the 113-HSD inhibitor, GE. These
observations prompted speculation that 113-HSD confers aldosterone specificity on the
renal MR by converting active glucocorticoid to its inactive 11-keto derivative, whilst
protection of the 11-hydroxyl group in aldosterone is afforded by its 11,18 hemiketal or

11,18,20 hemi-acetal configuration and thus retains its biological activity.

1.5 The molecular biology of 11B-hydroxysteroid dehydrogenase
1.5.1 Gene and protein structures of the 11 [-hydroxysteroid dehydrogenases
The gene for human 113-HSD1 comprises six exons spanning approximately 9kb and

encodes a protein of 292 amino acids with a relative mass of 34kDa !, whilst the human
11B-HSD2 gene comprises five exons with an approximate size of 6.2kb encoding a

41kDa protein of 405 amino acids'®! (figure 1.3, page 21).

Structural analysis has revealed that both isoforms may be considered to be members of
the short chain alcohol dehydrogenase (SCAD) superfamily®>'*”! Comparison of the X-
ray crystallographic structure of 113-HSD with a wide range of SCADs from both
bacterial and mammalian sources has identified a similar one-domain o/} folding pattern
which is considered to be characteristic of this enzyme superfamily!**. Similarly,
alignment of 113-HSD with 17B-hydroxysteroid dehydrogenase, 30,20B3-hydroxysteroid
dehydrogenase and ribitol dehydrogenase has revealed absolute conservation of a group
of structurally important sequence segments which, using the techniques of chemical
modification and site directed mutagenesis, have been identified as comprising essential

parts of the coenzyme binding site and catalytic centret3 U,

118-HSD1 and 113-HSD2 share only about 25% amino acid sequence homology which
is restricted to the structural components of the SCAD core. These include part of the
nucleotide cofactor binding site (residues 85-95 in 113-HSD1), absolutely conserved
tyrosine and lysine residues that function as catalysis and a region to the N-terminal side

of these residues which forms part of the steroid binding pocket in the SCAD
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Superfamﬂy{m’ "3 The hydrophobic N-terminal domain functions as part of the
transmembrane component of both isoforms of 113-HSD and contains a signal-anchor
motif which is responsible for the translocation of the enzyme to its subcellular
localisation in the endoplasmic reticulum. In 118-HSD1 this domain is also responsible
for luminal N-linked glycosylation which appears to be essential for correct protein
folding and stability since mutation of glycosylation sites using rat 113-HSD1 ¢cDNA or
inhibition of glycosyl transferase activity significantly inhibits 11-DH activity™*"*!.
However, inhibition of glycosylation has no effect upon 11-OR activity which suggests
that differential glycosylation of 113-HSD1 may play a role in the tissue specific
regulation of this enzyme. In contrast, post-translational modification of 11B3-HSD2 has

not been reported.



N-terminal extension  cofactor binding catalysis

v

11p-HSD1 iL E

11p-HSD2

N-terminal extension cofactor binding catalysis

Figure 1.3 Organisational structure of the genes encoding 113-HSD1 and 113-HSD2.
Numbered black boxes represent exons. Highly conserved amino acid sequences are shown and
identical residues within these regions are shaded in green.

Adapted from: White PC, Mune T, Fraser MR, Kayes KM, Agarwal AK. Molecular analysis of
11B-hydroxysteroid dehydrogenase and its role in the syndrome of apparent mineralocorticoid
excess. Steroids 1997;62:83-8
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1.5.2 Subcellular localisation of 11[-hydroxysteroid dehydrogenase

The subcellular localisation of 11B-HSD was first investigated in the liver™' and
subsequently in several other tissues including kidney''™®!, gonads™!, placenta® and
tung”®”. These investigations identified that 11B-HSD activity was restricted to the
microsomal and nuclear fractions of these tissues and that the cytosol and mitochondria
were devoid of enzyme activity. Moreover, the distribution of enzyme activity between
the nuclear and microsomal compartments was tissue specific, with high levels of
activity in kidney nuclei and variable levels in the nuclei of cells from the rat brain!*’-'*’!,
Subsequently, investigations into the subcellular localisation of 118-HSD2 using
confocal fluorescence microscopy of Chinese Hamster Ovary (CHO) and MDCK cells
transfected with a chimeric 113-HSD2 gene fused to the coding region for the green
fluorescent protein, demonstrated expression of the enzyme only in association with the
endoplasmic reticulum and nuclear envelope, the outer membrane of which is considered
to be part of the endoplasmic reticulum!*°!. In addition, 11B-HSD2 appears to be
orientated with the catalytic site of the enzyme towards the cytoplasmic surface of the
endoplasmic reticulum which is in absolute contrast with 11B-HSD1 which is orientated

towards the luminal side of the endoplasmic reticutum!'*7-**%,

1.5.3 Substrate specificity and cofactor dependence

Analysis of the substrate specificity of 113-HSD1, using purified rat liver microsomes,
suggests that a wide variety of naturally occurring steroids with a planar A/B ring
junction may serve as substrates for this enzyme!®’ I In contrast, the catalytic activity of
11B-HSD1 upon steroids with either an angled A/B ring junction (i.e. 5B-reduced
steroids) or an aromatic A ring configuration is significantly diminished™**). Whilst
modification of the substrate C,; side chain appears to have little etfect upon the catalytic
activity of 113-HSD, removal of either the 17- or 21-hydroxyl favours oxidation over
reduction at C;;. The introduction of halogens at C9 in the synthetic 11-hydroxysteroids,
dexamethasone and 9a-fluorocortisol, appears to inhibit their oxidation by 11p-HSD,
whereas reduction of the 11-keto 9a-halogenated steroid is enhanced”™'***" [ndeed it

is thought probable that the much greater potency of Sa-fluorocortisol over the naturally
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occurring non-halogenated steroids 1s due to 1ts decreased rate of inactivation by 113-

HSD!PH

Several groups of structurally diverse steroidal inhibitors of 113-HSD have been
identified. Whilst comparison of the relative potency of these inhibitors demonstraies
that the inclusion of 2a-CHj, 58-OH, 60/B-OH, 120-OH, 150-OH, 16¢-OH, 200-OH,
11-ox0, 18-0x0 or 16(17)-ene groups has little effect on 11-DH activity, steroids with an
11-hydroxyl group are invariably potent competitive inhibitors of 11-DH
activity®"*>!**! Fewer steroidal inhibitors of 11-OR activity have been identified but it
is thought likely that inhibition of 11-OR is dependent upon the orientation of the Cap

side chain in these steroids™>

1.5.4 Mutations of the 11 [-hydroxysteroid dehydrogenase type Il gene in AME
To date, eleven different mutations in the 113-HSD2 gene from studies of fifteen
kindreds have been identified. Of these mutations, all affect either enzymatic activity or
pre-mRNA splicing and, with the exception of a single patient who was foundtobe a
compound heterozygote for two different mutations, all affected individuals have been
found to carry homozygous mutations!™"*>**">* These data confirm AME as an
autosomal recessive disease and suggest that the incidence of mutations in the 113-HSD2
gene in the general population is relatively low. Consequently, AME is found most
frequently in populations in which consanguineous marriage is common. Interestingly,
six of the kindreds so far studied have been of Native American origin and whilst three of
these carry the mutation; L250P, L2518, the others are each homozygous for a different
mutation®®.

Of those mutations which have been identified, six have been expressed in mammalian
cell culture to determine their effects upon enzyme activity. The mutation; L250P,
L2518, a 3-bp substitution in exon 4 resulting in leucine-250-proline and leucine-251-
serine substitution, is completely inactive whilst R337HyY338, a 3-bp deletion in exon 5
resulting in an arginine-337-histidine substitution and a deletion of tyrosine at codon 338,

appears to have trace activity. R337C, a missense C-T mutation in exon 5, has in excess



of 50% of the activity of the wild type enzyme and the additional three missense C-T

%] The remaining five

mutations in exon 3 have varying degrees of trace activity{
mutations comprise; missense C-T mutations in exons 4 and 5, a 9-bp deletion in exon 4
resulting in tyrosine-232-serine substitution and deletion of glycine-233 and threonine-
234, a 1-bp deletion in exon 5 which introduces a premature stop signal (TGA) at codon
395, a further missense mutation (R374X) in exon 5 which codes a premature stop signal
resulting in a truncated protein lacking the terminal 32 amino acids and a final 11-bp
deletion mutation in exon 5 which also results in a truncated protein lacking the C-
terminal tail. A further non-coding mutation in intron 3 has been identified which
promotes skipping of exon 4 during processing of pre-mRNA which is presumed to

result in a protein which lacks a catalytic site and 1s therefore inactive.

Despite the small number of cases of AME, there is now a growing body of evidence to
suggest thaf there is a significant correlation between biochemical phenotype, as
determined by the precursor:product ratio, (THF+50-THF)/THE, and genotype™™!. This
is particularly true of those mutations which code a protein with partial catalytic activity
such as the C-T mutations, R186C and R208C in exon 3, R213C i exon 4 and the
R337C mutation in exon 5. Nevertheless, the degree of enzyme activity observed in
recombinant studies may not accurately reflect those activities observed ir vivo. Indeed, a
50% reduction in enzyme activity as a result of the R337C mutation appears to cause
significant impairment of renal cortisol metabolism yet heterozygous carriers of
mutations of the 113-HSD?2 gene are generally asymptomatic. Whatever the explanation
for these phenomena, there is considerable speculation that further investigation, using
appropriately selective and sensitive biochemical tools, may identify further mutations
which result in attenuated enzyme activity and which cause relatively mild forms of

AMEB!
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1.6 The tissue distribution and functional role of 11B-hydroxysteroid

dehydrogenase

1.6.1 Co-localisation of 11 -hydroxysteroid dehydrogenase with the
glucocorticoid and mineralocorticoid receptor

The tissue distribution of both isoforms of 11B-HSD has been extensively investigated in
a broad spectrum of mammalian species including man using both immunohistochemical
and in situ hybridisation techniques!®'>>"**]. These studies have revealed an intimate
relationship between 11B-HSD1 and the GRP®P"1%1%1 3nd between 11B-HSD2 and the
MRIMBI901621 118 HSD1 activity is found almost exclusively in glucocorticoid target
tissues such as liver and skeletal muscle””® whilst 118-HSD2 activity appears to be
limited to mineralocorticoid target tissue such as the distal convoluted tubule, renal
collecting ducts and colon'®'**'*! Indeed the close association between 11B-HSD1 and
the GR and between 11B-HSD2 and the MR adds strength to the hypothesis that 113-
HSD?2 confers aldosterone specificity upon the renal MR and has given rise to a second
hypothesis that the combined effects of 113-HSD2 and 113-HSD1 may be responsible
for regulating glucocorticoid accessibility to the GR and thus indirectly regulates tissue
sensitivity to glucocorticoid®'*! Indeed, the relationships which exist between GR,
MR and isoforms of 11p3-HSD have been investigated in a variety of tissues which serve
to illustrate the complexity which underpins the regulation of ligand-receptor interactions

and the cascade of physiological responses which result from receptor activation.

1.6.2 11f-hydroxysteroid dehydrogenase in the liver

The presence of 11B-HSD1 activity in the liver was first described by Caspi ez a/t'” in
1953, and subsequently in greater detail by Hurlock and Talalay in 1959 ™3] Bush er
al*® later established a Michaelis constant (Km) for 11-DH activity of 20uM with
NADP(H) as an efficient co-factor for the reaction in both directions. Despite an inability
to characterise 11-OR activity in rat liver microsomal extracts it is known that the
predominant direction of hepatic 113-HSD1 activity in man is the conversion of

cortisone to cortisol'' ™'l However, in the liver, 11-OR activity is expressed by Kupfer

-25.



cells and 11-DH activity by parenchymal cells, thus the net direction of hepatic 113-HSD

B4 1n the

[170.171]

activity 1s a product of the sum of the enzyme activity in these two cell types
rat, hepatic 113-HSD1 displays a marked sexually dimorphic pattern of expression
such that hepatic 11B-HSD1 expression in male rats is some eighteen fold greater than
that in females!’!!. This has been explained on the basis of the sexually dimorphic
pattern of growth hormone secretion in the rat!'™”). However, the hormonal regulation of

hepatic 11B3-HSD1 expression and activity is discussed in greater detail in chapter 3.

Investigations using mice with targeted disruption of the gene encoding 113-HSDI, have
suggested that 113-HSD1 plays a significant role in the regulation of hepatic
gluconeogenesis' *. In these animals, the expression of hepatic phosphoenolpyruvate
carboxykinase (PEPCK) and glucose-6-phosphatase (G6P), enzymes that catalyse the
rate limiting steps of gluconeogenesis, is markedly attenuated''*l. Moreover, earlier
studies suggest that the genes for both PEPCK and G6P are regulated by glucocorticoid-
inducible promoters and that in GR-deficient mice, expression of these genes is also
subnormal'' !, These investigations have prompted speculation that regeneration of
biologically activity glucocorticoid by hepatic 113-HSD1 11-OR activity is a key

[

determinant of intrahepatic gluconeogenesis in states of starvation'' >l Moreover,

disruption of the gene encoding 118-HSD1 in these mice was also found to confer
resistance to the development of hyperglycaemia which was observed in wild type litter

mates under conditions of stress or obesitymz].

174 and in isolated perfused

Investigations of the effects of CBX administration in man
rat liver'' ™! have suggested that CBX inhibits hepatic 118-HSD1 11-OR activity and that
this is accompanied by an increase in whole body insulin sensitivity and glucose disposal
measured by euglycaemic hyperinsulinaemic clamp!'”*. However, these studies also
suggested that CBX administration has no effect upon peripheral insulin sensitivity
measured by forearm glucose uptake. Importantly, these observations have been
explained on the basis of the inhibition of hepatic 113-HSD1 11-OR activity by CBX

resulting in a decrease in intrahepatic glucocorticoid concentrations and that this is
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associated with enhanced insulin dependent down-regulation of hepatic glucose
oatpuim‘ﬁ.

These observations have prompted speculation that the specific inhibition of hepatic 115-
HSD1 activity may represent an important therapeutic strategy for the treatment of

syndromes associated with insulin resistance!'’®!"",

1.6.3 11B-hydroxysteroid dehydrogenase in the kidney

The hypothesis that the renal MR is afforded aldosterone specificity as a result of
inactivation of glucocorticoid by 113-HSD came from observations of the clinical
features of AME as discussed earlier. Immunohistochemical studies of the distribution of
MR along the rat and human nephron have identified clear morphological segregation of
MR immunoreactivity to the distal convoluted tubule, connecting piece and initial
cortical collecting duct!'™. In contrast, however, investi gations using monoclonal
antisera to rat liver microsomal 113-HSD identified significant immunostaining in the
proximal convoluted tubule, medullary rays and interstitial cells of the renal
papillae!™***”. These data argued strongly against a role for 11-HSD in maintaining
renal MR specificity for aldosterone since the distance between 11B-HSD and renal MR
would be too great, and the capacity for 11-DH activity expressed by the NADP(H)
dependent Type I isoform of 113-HSD too low, to afford adequate protection against
physiological concentrations of glucocorticoid!™!. Nevertheless, earlier kinetic
investigations of the rat and rabbit kidney had already established evidence for a gradient
of 11-DH activity along the renal tubule such that conversion of cortisol to cortisone was
found to be 20-30% higher in distal rather than proximal convoluted tubule!®***7181 1t
was not until the subsequent identification and co-localisation of 113-HSD2, with a high
capacity for 11-DH activity, with the MR in the rabbit distal collecting duct that the
hypothesis that 11B-HSD confers mineralocorticoid specificity upon the renal MR was
ultimately accepted®'*!. The identification of 113-HSD1 in the proximal segments of
the renal tubule and its capacity for 11-OR activity suggests a role for this isoform in the
maintenance of glucocorticoid responsiveness by the GR which exhibits a more

generalised expression throughout the entire length of the nephron!’®',
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1.6.4 11p-hydroxysteroid dehydrogenase in the myocardium and vascular

smooth muscle

For over 50 years it has been recognised that the maintenance of vascular tone,
sensitivity of the vasculature to pressor agents and the intra- and extra-celiular levels of
sodium and potassium in peripheral blood vessels are influenced by glucocorticoids!™.
In rat vascular smooth muscle these effects are known to be mediated through both MR
and GR ""® and it is considered likely that the effects of both class of steroid proceed
by independent processes in that catecholamine responsiveness is dependent upon
activation of vascular GR whilst sodium/potassium transport is effected primarily
through MR H8S-187] This functional specificity led Funder er /™ to speculate that
vascular 11B-HSD confers mineralocorticoid specificity upon the MR in a similar
manner to that proposed for the kidney. The identification of both 113-HSD1 and 113-
HSD?2 in human vascular smooth muscle cells and the observation that inhibition of
vascular 11B-HSD2 in these cells results in an increase in angiotensin II binding, a
function attributable to activation of both MR and GR by cortisol!®”!, has been taken as
evidence in favour of a role for 113-HSD2 in conferring aldosterone specificity on
vascular MR. However, 1t has also been demonstrated in both rat and human vascular

[182,189] and functions to regenerate

smooth muscle cells that 11-OR activity predominates
active glucocorticoids from their circulating inactive 11-keto forms. Furthermore, it has
subsequently been shown that in the rat, the vascular wall is itself a site of corticosteroid
synthesis'"*"! the products of which exert paracrine or autocrine effects upon surrounding
tissue. Thus, whilst the significance of changes 1n the ratio of vascular 11-OR and 11-DH
in the pathogenesis of human hypertension remains unclear'"”"! there can be little doubt
that the regulation of vascular tone through the action of GR, MR and both circulating
and locally synthesised corticosteroid is dependent upon the combined effects of 1153-

HSD1 and 11B-HSD2.

Speculation that the heart may be considered a mineralocorticoid target tissue is
supported by the demonstration of MR in rat and human cardio-myocytes and fibroblasts

{191,192

of both the atria and ventricles | Nevertheless, a classical role for cardiac MR has

not been widely accepted and a second hypothesis which suggests a role for
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corticosteroids in the maintenance of normal cardiac structure has been postulated based
upon the observation that incubation of human cardiac fibroblasts with mineralocorticoid
leads to increased synthesis of fibroblast collagen!"”*"'*!. The subsequent identification
of 118-HSD1 in rat cardiac fibroblasts!"**! and both 11B-HSD1 and 11B-HSD2 in human
cardiac fibroblasts!””! suggest a more complex role for 11B-HSD isoforms in the

myocardium and vasculature than hitherto has been generally accepted.

1.6.5 11p-hydroxysteroid dehydrogenase in the gonads

In male patients, Cushing’s syndrome is frequently associated with hypogonadism, a
phenomenon which in the male rat may be reproduced following exposure to
pharmacological concentrations of glucocorticoidmg”i%}. Levels of 118-HSD activity
almost as high as those found in the liver have been identified in Leydig cells which do
not posses MR but do possess GR and, as a consequence, are glucocorticoid responsive.
Thus, it has been postulated that 11B3-HSD may function to protect the testis from excess
glucocorticoid in order to preserve testosterone synthesis. This hypothesis presupposes
that in the Leydig cell 11-DH activity predominates, however, there is a body of evidence
to suggest that the rat testis expresses abundant 113-HSD1 an isoform which, in the liver

[200

exhibits predominantly 11-OR activity, whilst 11-HSD2 is undetectable™™!. Earlier

studies have demonstrated that in the rat levdig cell, 118-HSD1 expresses both 11-DH
and 11-OR activity and that the relative proportion of these activities changes with
pubertal maturation such that prior to puberty 11-OR activity predominates whilst in the
mature Leydig cell 11-DH activity predominates”™”"*"*!. These data have led to
speculation that the ontogenic switch from 11-OR to 11-DH activity in the mature
Leydig cell 1s essential in order to prevent glucocorticoid down regulation of testosterone
biosynthesis subsequent to ghucocorticoid mediated maturation of testicular function
prior to puberty™"!. The mechanism underlying this switch in catalytic activity is unclear
but several authors have presented evidence for the hormonal regulation of the relative
11-DH and 11-OR activity of rat testicular 113-HSD1 in vitro by gluocorticoid,
oestradiol, testosterone, progesterone, leutienising hormone (LH) and epidermal growth

factor (EGF) P21 In contrast with the rat, human testis expresses both 118-HSD1 and



11B-HSD2 mRNA 1621 Thus the relative abundance of these 1soforms, which may also be
hormonally regulated, may play a significant role in the maturation and maintenance of

Leydig cell function in the human.

By analogy with the role of 113-HSD in the Leydig cell, ovarian 113-HSD may play an
equally important role. The ovary may be considered to be a glucocorticoid target tissue
and several studies have demonstrated a functional role for glucocerticoid in the
modulation of gonadotrophin action on granulosa cell function®***"!. Both 11B-HSD1
and 11B-HSD2 mRNA and activity have been detected in human granulosa cells though
in common with the expression of 11-OR and 11-DH activity in Leydig cells the
expression of these isoforms appears to follow a developmental pattern such that 11B-
HSD1 activity is abundant in the developing oocyte and leuteal body whilst 113-HSD2
appears to be expressed at higher levels in granulosa cells during follicular recruitment

209,210

and prior to ovulation I There is evidence to suggest that the developmental

regulation of 11B-HSD isoform expression in granulosa cells is gonadotrophin
dependent!' " This may represent a mechanism whereby preovulatory follicles are
protected from the anti-steroidogenic effects of excess glucocorticoid whilst ovulatory
and luteal follicles are afforded access to glucocorticoid which is required for the
completion of oogenesis or the process of follicular rupture®!. These observations
suggest an important role for the developmental regulation of follicular glucocorticoid

levels by isoforms of 11B-HSD in the maintenance of human fertility. However, whilst at

least one study has demonstrated an inverse relationship between follicular 113-HSD1

212

11-OR activity and successful pregnancy following in vitro fertilisation™'! subsequent

213

studies have demonstrated no such correlation”’!. Whilst there is no clear explanation
for the former observations at present, it has been suggested that an estimation of the
ratio of 118-HSD1 and 113-HSD?2 in follicles harvested for in vitro fertilisation may at
least be used as a marker of follicular maturity which in turn may assist in the process of

successful follicular selection*'?].
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1.6.6 11p-hydroxysteroid dehydrogenase in the foeto-placental unit
Extra-hepatic 11B-HSD activity was first described in placental tissue by Osinski*'*!
n1960. 1t is well established that passage of steroid hormones of maternal origin across
the placenta is inhibited by extensive catabolism to biclogically inactive compounds
before entry into the foetal circulation®™!. In 1957 Migeon ef a/*'! proposed a
hypothesis that suggested that one of the major roles of the placenta is the catabolism of
cortisol in order to protect the foetus from the relatively high levels of steroid in the
maternal circulation. This hypothesis has been given credence by work performed in late
gestation in humans®'*'"! which demonstrated a 28% conversion of cortisol to cortisone
across the placenta near term compared with a 4% conversion in the opposite direction.
At midgestation, however, in both humans and primates catalysis appears to be in the
reverse direction, with significant transplacental conversion of cortisone to cortisol
(35%) which is substantially greater than the rate of oxidation of cortisol to
cortisone''***11. Based on studies in both the human and baboon it would appear that
11B-HSD?2 is found predominantly in trophoblastic cells whereas 113-HSD1 resides

[222

primarily in the decidua I Importantly, the pattern of transplacental cortisol
metabolism is altered during gestation from 11-oxoreduction early in pregnancy to 11-
dehydrogenation near term. It is proposed that this mechanism exists because the foetal
adrenal does not develop the enzymatic capacity to produce significant levels of cortisol
de novo until late in gestation™*** and thus, since tightly regulated levels of cortisol are
required for the normal development of the foetus, the transplacental metabolism of
cortisol plays an important role, not only in protecting the foetus from high levels of
maternal cortisol, but also in the regulation of foetal organ growth and

development!? 23.224]

Significant changes in the net direction of 113-HSD activity have also been observed in

1552231 Throughout the second

foetal tissues during human pre and perinatal development
and early part of the third trimester the concentration of circulating 11-oxo-steroids
greatly exceeds that of 11-hydroxy-steroids in the foetus of most species. This is also
reflected in the finding that most foetal tissues express 11-DH activity in early gestation

but as gestation progresses 11-OR activity develops such that the net direction of 11f3-
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HSD activity in most organs post-partum is oxo-reductive. This is in marked contrast
with the transplacental metabolism of cortisol which is characterised by a shift from 11-
OR activity to 11-DH activity as gestation progresses and suggests that foetal tissue
metabolism of cortisol plays a key role in foetal maturation per se. Whilst it is not yet
known whether gestational shifts in the ratio of 11-DH/11-OR activity in different tissues
are species specific, nor when during development 113-HSD activity first appears, it is
widely accepted that these changes are intimately connected with the developmental

226}

maturation of individual organs and prepare the foetus for birth!

1.6.7 11f-hydroxysteroid dehydrogenase in other tissues

A complete discussion of the tissue specific expression and activity of isoforms of 11p-
HSD is beyond the scope of this thesis and as a consequence the following paragraphs
are meant to represent no more than an overview of 113-HSD expression in tissues
which are not traditionally regarded as classical mineralocorticoid or glucocorticoid

target tissues.

11B-HSD1 activity and mRNA has been described in the rat cerebellum, pituitary and
hypocampus'™*"! and, in cultured hipocampal cells, 11B-HSD1 expresses predominantly
11-OR activiwng}. Nevertheless, in the rat***! and sheep[m} 11B-HSD1 is also believed
to express 11-DH activity particularly in the hypothalamus and pituitary where it is
suggested to modulate the negative glucocorticoid feedback mechanism!®*#%!,
Moreover, 11B-HSD2 mRNA is also expressed in the rat brain but is confined to the
hypothalamus, nucleus tractus solitarus and subcommissural organ''®", however, the role

of 113-HSD2 in these regions of the brain is unclear.

Investigations of the foetal rat brain have demonstrated marked ontogenic changes in the

pattern of 113-HSD isoform expression during development which mirror developmental
changes in GR and MR expression'*’. Indeed, these studies have demonstrated that 115-
HSD?2 activity 1s expressed in all regions of the brain during midgestation, but is reduced

during the third trimester, whilst 113-HSD1 activity is not detected in the brain until the



third trimester. Furthermore, GR is expressed throughout the brain from midgestation,
but MR is not detected until the last few days of gestation. Thus, it has been suggested
that high levels of 113-HSD2 at midgestation may serve to protect GR in the developing
brain from activation by glucocorticoids whilst in late gestation, 113-HSD2 expression
declines and thus may allow activation of GR and MR by glucocorticoid and facilitate

neuronal and glial maturation®****!)

(2322331 roduction of

In the human foetal lung, the differentiation of alveolar cells
phosphatidyl choline, glycogen deposition and induction of the synthesis and secretion of
surfactant is dependent upon the action of glucocorticoids™* > 1t is likely that as a
consequence of an increase in 113-HSD1 11-OR activity during late gestation, reduction
of cortisone to cortisol in the foetal lung brings about the final events of tissue maturation
in this organ|173]. In the adult human lung, 113-HSD2 activity and protein has been
localised to the ductular cells of the tracheal and bronchial glands, type 11 alveolar cells
and ciliated bronchial epithelial cells which are also sites known to express MRZ%#7],
118-HSD1 activity and mRNA have also been detected in adult human fung™® although

the precise localisation of this isoform has not yet been described.

Investigations of 113-HSD isoform expression in the adrenal gland have revealed that the
midgestational human foetal adrenal gland expresses 113-HSD2 but not 11p-
HSD1¥82%%20 (hilst in the adult, the adrenal gland expresses 11B-HSD1 but not 115-
HSD2P24128] Western blot analysis suggests that 11B-HSD1 is not expressed in the
adrenal medulla, but is found in all three zones of the adrenal cortex, with highest levels
found in the zona reticularis®*'”. Whilst the role of isoforms of 11B-HSD in the human
adrenal gland remains unclear it has been suggested that, in the zona reticularis, 113-
HSD1 at the cortico-medullary junction may maintain the high levels of glucocorticoid
required for medullary catecholamine biosynthesis’™'*". The role of 11B-HSD2 in the

foetal adrenal gland is unknown.
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113-HSD2 has recently been localised to ductal and lobular epithehial cells in the human
breast where it co-localises with the MR, Moreover, higher levels of 113-HSD2
expression are observed in invasive carcinoma of the breast and inhibition of 113-HSD2
potentiates the antiproliferative effects of glucocorticoids in some breast carcinoma cell
lines**!. The expression of both 118-HSD1 and 113-HSD2 mRNA has been identified
in normal primary human osteoblasts in culture[246]. In contrast, these same studies
were unable to detect 11-HSD1 expression in osteosracoma-derived osteoblasts but the

level of GR expression in these cells was correlated with the level of 113-HSD2
expression. Moreover, in normal osteoblasts, 11-DH activity appears to predominate!?*®!
These observations, whilst speculative, have led to suggestions that the expression of
1isoforms of 113-HSD in human bone plays an important role in normal bone
homeostasis, and may be implicated in the pathogenesis of steroid-induced

OS‘iEOpOIGSiS[E%}.

High levels of 11B8-HSD1 but not 113-HSD?2 activity and mRNA have also been
identified in human adipose tissue/**"**!. Using primary cultures of adipose stromal
cells, these studies suggest that 113-HSD1 activity is higher in cells from omental rather
than subcutaneous sites and that in adipose tissue 11-OR activity predeminatesmg}.
Moreover, these studies also demonstrated that the differentiation of adipose stromal
cells into adipocytes is promoted by both glucocortoids and insulin and these
observations have given rise to speculation that the generation of cortisol as a
consequence of 113-HSD1 11-OR activity in omental adipose tissue may play an
important role in the development of central obesity™’]. Tmportantly, central obesity is
also strongly associated with reduced glucose tolerance, hyperinsulinaemia and other

250232 Moreover, mice with targeted disruption of

features of the metabolic syndrome!
the gene encoding 11B-HSD1 do not develop the hyperglycaemia associated with
obesity!' ", These observations have led to speculation that increased levels of active
glucocorticoid in insulin target tissue, as a consequence of increased conversion of

cortisone to cortisol by 113-HSD1 11-OR activity, may represent a common factor



{176

underlying the aetiology of the insulin resistance syndromes!'’® and is the subject of
yt gy ) i

further investigation in chapter four of this thesis.

1.7 11B-hydroxysteroid dehydrogenase in human disease

1.7.1 The role of 11-hydroxysteroid dehydrogenase in Cushing’s syndrome
Hypertension is a well-recognised, frequently observed, consequence of chronic
glucocorticoid excess characterised by both Cushing’s syndrome and exogenous
administration of glucocorticoid. Approximately of 75% patients with Cushing’s
syndrome have bilateral adrenal hyperplasia associated with elevated plasma ACTH
which is principally of pituitary origin (Cushing’s disease)™>>*! or of extra-pituitary or
“ectopic’ origin>. A smaller proportion of patients are characterised by ACTH
independent Cushing’s syndrome which is associated with either adrenal hyperplasia,
adenoma or carcinoma'””!. Over 80% of patients with ACTH dependent Cushing’s
syndrome have hypertension but this increases to over 95% in patients with the ectopic-
ACTH syndrome'™®!. Importantly, mineralocorticoid excess characterised by
hypokalaemic alkalosis is a feature of more than 95% of cases of the ectopic ACTH-
syndrome which is in marked contrast with other forms of Cushing’s syndrome in which

25735 i
(237298 These observations

fewer than 10% of patients suffer mineralocorticoid excess
have prompted speculation that the mineralocorticoid excess associated with the ectopic
ACTH syndrome may be caused by ACTH dependent steroids other than cortisol such as
deoxycorticosterone””!. However, most patients with ACTH-dependent Cushing’s
syndrome do not have elevated levels of plasma deoxycorticosterone (Saruta T, 1986)
and it is likely that the mineralocorticoid excess associated with the ectopic ACTH

syndrome is due to the effects of cortisol alone™®.

The hypertension associated with exogenous glucocorticoid is dependent solely upon
activation of the GR, since it is abolished by the GR antagonist, RU286, but is unaffected
by MR aﬂtageﬁisfsmm 31 However, it is likely that the hypertension associated with the
ectopic ACTH syndrome is mediated through activation of both GR and MR™*! and that

activation of the renal MR is a consequence of deficient inactivation of cortisol by renal

11B-HSD2.



Evidence in support of this hypothesis comes from the observation that an increase in the
plasma cortisol/cortisone and (THF+5a-THF)/THE ratios are frequently observed in
Cushing’s syndrome and that this may be indicative of a decrease in 113-HSD2
activity”***°] However, evidence has also been presented in which the total excretion of
THE in patients with Cushing’s syndrome is increased, indicative of significant 1153-
HSD?2 activity, despite increases in the (THF+50-THF)/THE ratio and the urinary free
cortisol:cortisone ratio”*. These observations suggest that, despite significant renal 113~
HSD2 activity, the mineralocorticoid hypertension associated with the ectopic ACTH
syndrome may be the consequence of substrate saturation of renal 113-HSD2 as a

consequence of high levels of circulating cortisol> 2%/,

1.7.2 The role of 11 -hydroxysteroid dehydrogenase in essential hypertension
There 1s now a broad spectrum of evidence to suggest that dysregulation of cortisol
metabolism may be implicated in the aetiology of essential hypertension. Several studies
have demonstrated that in a significant proportion of patients with essential hypertension
the plasma half life of 11a-[*H]-cortisol is prolonged, though few have been able to
clearly demonstrate any change in the urinary (THF+50-THF)/THE ratiol™-'%-%7]
Nevertheless, there is growing speculation that 113-HSD2 expressed in vascular smooth
muscle and myocardium may play a significant role in the regulation of vascular tone
through its effects upon the local metabolism of cortisol”***"1. Moreover, several studies
have demonstrated a clear correlation between vascular sensitivity to glucocorticoid and
essential hypertension'>’" 2. Whilst a degree of controversy still surrounds these data it
is possible to speculate that increased vascular sensitivity to glucocorticoid may result
from an increase in the half life of cortisol, due either to deficient inactivation of cortisol
by 113-HSD?2, increased conversion of cortisone to cortisol by 113-HSD1 or a

272)

combination of both effects'

1.7.3 The foetal origins of the metabolic syndrome
Several studies investigating possible mechanisms underlying the foetal origins of adult

disease have implicated the dysregulation of transplacental cortisol metabolism in the



2278 The observation that

later development of essential hypertension in the offsprin,
the administration of corticosteroids during pregnancy may lead to decreased foetal
weight is well documented?”*?*!_ It has also been reported that there is a strong positive
correlation between placental 113-HSD activity and foetal weight at term and an inverse
correlation between placental 11B-HSD activity and placental weight®*?*1 Edwards e
al**¥ hypothesised that deficiency of placental 11B-HSD at mid term could result in the
transplacental passage of maternal cortisol to the foetal compartment which results in
foetal growth retardation. Studies using rats treated with low-dose dexamethasone
support this hypothesis since, as 9a-fluoridated corticosteroids do not undergo significant
11B-HSD catalysed dehydrogenation dexamethasone crosses the placenta largely
unaltered and, in common with all glucocorticoids, may significantly retard intra-uterine
growth”™!. It was also noted that animals with a low birthweight as a result of

dexamethasone treatment also exhibited an increase in blood pressure in adulthood®*!

These data have prompted several authors to suggest that intrauterine exposure to high
levels of cortisol represents a link between the maternal environment and foetal
programming of adult disease!”*!. Whilst several extensive, though retrospective,
epidemiological studies have demonstrated a similar relationship between birth weight
and adult hypertension in man no clear relationship between birth weight, placental
weight and11B-HSD2 activity has been demonstrated and this field of research continues

to be an area of active debate!™>2%-271

1.8 Overview of the thesis

It is now generally accepted that the mineralocorticoid specificity of MR and the
regulation of glucocorticoid accessibility to GR occurs, predominantly as a consequence
of the interconversion of cortisol and cortisone by isoforms of 113-HSD. It is also
evident, as illustrated in the preceding discussion, that the preferred direction of catalysis
of 11B-HSD1 and the relative abundance of 113-HSD1 and 113-HSD2 may be regulated
in both a maturational and tissue dependent manner. However, despite a growing body of

evidence to suggest that the regulation of 118-HSD activity may be elicited by a number



of well characterised hormones, including sex steroids, the gonadotrophins and
glucocorticoid, a clear understanding of the mechanisms underlying these regulatory
processes remains elusive. By analogy with the physiological, biochemical and clinical
characteristics of acquired AME it has been postulated that relative dysregulation of 118-
HSD1, 11B-HSD?2 or, in some instances, both isoforms of 113-HSD may underlie the

. . 3,123,264.266,267.275.276.28
pathogenesis of a broad spectrum of diseases! ' 22%4200267273.276.287]

Most attempts to investigate the role of changes in 11B-HSD activity in the pathogenesis
of disease have revealed no clear associations. Whilst many of these studies have
favoured analysis of the cortisol turnover quotient (THF+35a-THF)/ THE ¥, plasma

171121 changes in cortisol

cortisol half-life!”***"! or plasma cortisol and cortisone ratios!
metabolism as a consequence of modest changes in 11B-HSD activity, while important ,
are likely to have been too small for accurate assessment by current technology.
Moreover, plasma cortisol, cortisone and the ratio of their metabolites reflect the
combined effect of both 113-HSD1 and 113-HSD2 such that changes in either 11-OR or
11-DH activity may be masked as a consequence of the opposing metabolic activity of
the other 1soform. Estimation of unconjugated steroid excretion which may exceed 43%

of total excreted steroid in AME compared with 1% in normal individuals’®*”

! may
prove to be a more promising avenue of investigation since it can be argued that the
unconjugated corticosteroid profile of urine reflects more accurately renal 113-HSD2
activity. However, the analytical estimation of urinary free steroid profiles is not

generally undertaken, principally because current techniques are insufficiently sensitive.

Nevertheless, there has been a growing awareness that the analysis of urinary free
cortisol and cortisone may hold potential as an index of renal 11B-HSD?2 activity™™ .
Indeed, these studies have demonstrated a clear relationship between diminished renal
11B-HSD2 activity and an increase in the urinary free cortisol:cortisone ratio in AME
types I and 11, acquired AME (as a consequence of liquorice ingestion) and in patients
with the ectopic ACTH syndrome and Cushing’s disease. This index may therefore be an

important diagnostic tool for the investigation of 113-HSD2 in vive. Importantly, it is
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likely that improvements in analytical techniques will facilitate the sensitive, non-
mnvasive monitoring of smaller changes in renal 113-HSD2 activity which may, through
their cumulative physiological consequences, progress to overt disease. Thus the search
for direct evidence of a relationship between dysregulation of 113-HSD and the
pathogenesis of disease depends not only upon the development of a clear understanding
of the mechanisms which underlie the hormonal regulation of 113-HSD but also upon
the establishment of a spectrum of analytical techniques which are sufficiently sensitive
to dissect the relatively modest variations in glucocorticoid metabolism attributable to

equally modest dysregulation of specific isoforms 113-HSD.

Thus, the second chapter of this thesis describes the development and evaluation of three
novel analytical techniques for the specific and sensitive estimation of unconjugated
corticosteroids in biological fluids. The early pages of the chapter describe the analysis of
unconjugated corticosteroids in plasma, urine and tissue culture media using solid phase
extraction and reversed phase high pressure liquid chromatography (HPLC). Two novel
techniques are described which employ either fluorescence detection subsequent to
derivatisation with 7-(carboxymethoxy)-4-methylcoumarin in the presence of 1-ethyl-3-
(-3-dimethylaminopropyl)-carbodiimide hydrochloride or UV absorbance detection. The
later pages of the chapter described the development of a radioimmunoassay for the
analysis of urinary free cortisone which, used in tandem with a second
radioimmunoassay for the analysis of urinary free cortisol, may be used to calculate the
urinary free cortisol:cortisone ratio. The remainder of the chapter describes a
comparison of urinary free cortisol:cortisone ratios and total cortisol:.cortisone metabolite
ratios as indices of renal 11f-HSD?2 activity in adults with hypopituitarism receiving

growth hormone and hydrocortisone replacement therapy.

Chapter three describes a series of studies in which the analytical techniques developed
in chapter two were used to characterise the differential regulation of 115-HSD1 in
human skeletal myoblasts and 113-HSD2 in JEG-3 cells in vitro. Analysis of mRNA and
protein is also described which demonstrates that the hormonal regulation of isoforms of

11B-HSD occurs at a pretranslational level.
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Chapter four extends the regulation studies discussed in the previous chapter to an
investigation of 1soforms of 113-HSD in the insulin resistance syndrome (IRS). It is well
recognised that hypercortisolaemia is frequently associated with insulin resistance,
hypertension, obesity and other features of the (IRS). However, there is a growing
awareness that increased tissue sensitivity to glucocorticoid, regulated not only by the
level of GR, but also by pre-receptor interconversion of biologically active cortisol with
its hormonally inactive 11-oxo-derivative, cortisone, by isoforms of 113-HSD, may also
represent a mechanism underlying the pathogenesis of the IRS. Indeed, in support of this
hypothesis it has been demonstrated that inhibition of 113-HSD1 is accompanied by a
significant increase in whole body insulin sensitivity!'"*!. Skeletal muscle comprises a
significant proportion of total body mass and, is the principal site for the manifestation of
insulin resistance and glucose intolerance. Therefore, chapter four describes the
associations between GR expression and its autoregulation by glucocorticoid and the
influence of 113-HSD1 upon tissue sensitivity to glucocorticoid in primary cultures of
skeletal myoblasts from a cohort of adult males with contrasting levels of insulin
resistance, adiposity and blood pressure, and describes the role of these observations on
current understanding of the aetiology of the IRS. This final chapter also reviews

proposals for future research.

Summary of Aims

1. To develop the analytical tools necessary for the sensitive and specific quantification
of unconjugated corticosteroids in biological fluids

2. To characterise the hormonal regulation of 113-HSD1 in human skeletal myoblasts
and 113-HSD2 in JEG-3 cells, a human choriocarcinoma cell line

3. To determine the role played by relative dysregulation of 115-HSD1 activity in

human skeletal myoblasts in the pathogenesis of the insulin resistance syndrome
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