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Relative dysregulation of isofbrms of 1 ip-hydroxysteroid dehydrogenase (1 ip-HSD) 
may underlie the pathogenesis of a spectrum of human diseases. Most investi^tions of 
the role of 1 ip-HSD activity in the aetiology of human disease have favoured analysis of 
the Cortisol turnover quotient, plasma Cortisol halNi& or plasma Cortisol and cortisone 
but have revealed no clear correlations. Howeva^, estimation of unconjugated steroid 
excretion may be a more incisive investigative tool since the unconjugated corticosteroid 
profile of urine rejects more accurately renal 11P-HSD2 activity. This thesis describes 
the development of three novel techniques for the sensitive estimation of uncoigugated 
corticosteroids in biological fluids. Two utilise reversed phase HPLC with either 
flucMjescence detection subsequent to derivatization with 7-(caiboxymetho]qf)-4-
methylcoumarin or UV absorbance detection. The third comprises a novel 
radioimmunoassay 6)r urinary firee cortisone. These techniques were used to make a 
comparison of urinary free cortisol cordsone ratios and total Cortisol cortisone metabolite 
ratios as indices of renal lip-HSDZ activity. 
Previous studies of 11P-HSD suggest that Ae enzyme is hormonally regulated. 

However, much of this research predates the discovery of 11 p-HSD2 or 6i ls to describe 
the mechanisms which underlie the isofbrm specific regulation of 11P-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 11P-HSD2 activity in trophoblastic tissue. However, &w studies have 
attempted a systematic investigation of the hormonal regulation of 11P-HSD2 in these 
cells. Moreover, to date, there have been no reports of investigatiorK of the regulation of 
11P-HSD in human skeletal muscle \\iiich expresses 11 P-HSDl and is thus capable of 
extensive interconversion of cortisone and Cortisol. Thus this thesis describes a series of 
novel investigations of the regulation of 11 P-HSDl in skeletal myoblasts and 11P-HSD2 
in JEG-3 by steroid and peptide hormones and by pro-inflanmiatory and colony 
stimulating cytokines. Finely, this thesis describes the strong associations between 
glucocorticoid receptor and 1 ip-HSDl e;q)ression and key Matures of the metabolic 
syndrome in human skeletal myoblasts &om a cohort of men with vaiying degrees of 
insulin resistance adiposity and blood pressure. Moreover, these studies also suggest a 
role for 1 ip-HSDf in the regulation of glucocorticoid hormone action in skeletal muscle 
and highlight the significance of dysregulation of isofbrms of 1 ip-HSD in the aetiology 
of the metabolic syndrome. 
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CHAPTER 1 - (GleEMizrail Introduction 

1.1 Biosynthesis and metabolism of the adrenal steroids 

The adrena] cortex synthesises and secretes three main classes of steroid: the 

glucocorticoids, Cortisol (Kendall^ compound F) and corticosterone, the 

mineralocordcoids deo^qrcorticosterone and aldosterone and the adrenal androgens, 

dehydroepiandrosterone, androstenedione and 1 ip-hydroxy-androstenedione. 

Additionally, the adrenal cortex secretes small amounts of the precursors of these 

steroids into the general circulation including pregnenolone, 17a-hydroxypregnenolone, 

progesterone, I7a-hydroxyprogesterone, Il-deoxycordsol 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 IVa-hydroxylase activity and dius incapable of producing 

Cortisol or the adrenal androgens, which is dedicated to the synthesis of t k 

mineralocordcoid aldosterone, Wiilst 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 

paAway is illustrated in figure 1.1 (Page 3). 

1.1.1 wAigwW/wwdfoM 

The synthesis and secretion of Cortisol is regulated by adrenocoricotrophic hormone 

(ACTH) secreted by the anterior ptuitaiy under the influence of cordcotrophin releasing 

hormone (CRH) which is itself a neural peptide comprising 41 amino acids secreted by 

the hypothalamuŝ Î 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 (mKNA) species. Subsequent post 

translational modification of POMC results in Ae production of smaller biologically 

active &agments which include P-Lipotropin (P-LPH), a- and ^-melanocyte stimulating 
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hormone (a-MSH, P-MSH), ^-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 esta^, vAich expand the pool of &ee cholesterol available for steroid 

biosynthesis^ l̂ 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 

mitochondrial compartment where steroidogenesis is initiated by cleavage of the 

cholesterol side chain at Czi 

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^ l̂ 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 rhythmicity^ l̂ 

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 (hydro^grlases), and a 6mily 

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 enzymeŝ '̂ ' 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 

a six carbon fragment from cholesterol to produce the unsaturated steroid pregnenolonê ^^ 

(See 6gure 1.1, page 3) 
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1.1.2 

It was not until the 1950*8 that paper chromatography was sufficiently developed to 

isolate and characterise Cortisol and its metabolites &om human urinê "̂'°̂ . It was tbese 

studies, however, which established Cortisol as the principal adrenocordcosteroid in man, 

with a secretion rate of30-80pmol/24hrs compared with a rate of 0. l-0.4p,mol/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 pwoteins 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 siq^pression 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 Ae extracellular 

balance of sodium and potassium is principally under the control of aldosteronê ^ .̂ 

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'^^l 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 firee s^oid in the plasma rapidly exceeds its usual fraction of 

10% of the total cordsol. 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 lipo^Aylic 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 
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products of Cortisol are both polyhydroxylated and either sulphated or glucurono-

conjugated. 

The biological potency of all corticosteroids is generally considered to be dependent 

upon a functional hydroxyl group at carbon Cn- Thus dehydrogenation of the C, i 

hydroxyl to the 11-keto derivative results in a steroid with little or no biological 

activity^^ l̂ Cortisol may undergo such conversion to hormonally inactive cortisone under 

the influence of the enzyme 1 ip-hydroxysteroid dehydrogenase (1 ip-HSD). Both 

Cortisol and cortisone are subject to metabolism in the liver, which conmiences wilh 

reduction of the 4-ene-3-oxo configuration of ring A (See Ggure 1.2, page 7). Complete 

A-ring reduction results in four isomers: (I) 5P-H, 3P-OH; (2) 5p-H, 3a-OH; (3) 5a-H, 

3P-OH; (4) 5a-H, 3a-0H with the 3a-hydroxy forms predominating in man (ratio of 

3:1) The ratio of 5a and 5p forms is more variable and is dependent upon the steroid 

being reduced, thus Cortisol yields a preponderance of its metabolite with a ratio of 

about 5:1 The tetrahydro-products of this metabolism: tetrahdrocordsol (THF), 5a-

tetrahydrocortisol (5a-THF), tetrahydrocortisone (THE) and 5a-tetrahydrocortisone (5a-

THE) then undergo rapid glucurono-conjugation at the 3a-hydroxy] position \^tich 

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 C20 and thus excreted in the form of the cortols and cortolones. 

Hydroxylation of Cortisol at Ce, to produce 6p-hydroxycortisol is a minor metabolic 

pathway 6)r Cortisol and since it is not reduced in ring A it is excreted unchanged in the 

urine. Whilst under normal physiological conditions only about 1% of cordsol is excreted 

in this form its significance rises in conditions which result in hypercortisolism and in the 

neonate w6ere hepatic ring A reduction and glucurono-conjugation are not fully 

developed^'^ It is also of greater significance during {»Tegnancy and following 

oestrogen treatment when the normal mechanism of Cortisol metabolism throu^ the 

tetrahydro derivatives appears to be impaired̂ ^̂ ^ Small quantities of steroids, namely 

11P, 17,20a,21 -tetrahydroxy-4-pregnen-3-one from Cortisol and the corresponding 

trihydroxy-3,ll-dione from cortisone, and lip,17,20a,21-tetmhydroxy-5P-pregnan-3-
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one Wiich have undergone reduction at C20 but which have either an intact, or only a 

partially reduced 4-ene-3-oxo configuration may also be found in unnê ^̂  (See figure 1.2, 

page?). 

The principal site of corticosteroid metabolism in man has long been thought to be the 

liver̂ '̂ ,̂ however, an increasing body of evidence for extra hepatic metabolism of Cortisol 

has become available over the past four decades. Several studies have clearly 

demonstrated that the mammalian kidn^ is a m^or site of Cortisol metabolism '̂""'̂  and 

that several other tissues are also capable of Cortisol metabolism, including the prostate, 

thyroid, skeletal muscle and synovial membranê ^̂ '̂ l̂ 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 20p-reduced metabolites, dihydrocortisol 

and dihydrocortisone and for the metabolism of corticosterone to 11-

dehydrocorticosterone, 20p-dihydrocorticosterone, 5a-hydroxy-4,5-

dihydrocorticosterone and 20p-dihydro-l-dehydrocorticosterone^'^'^^^. Importantly, the 

prolonged Cortisol half-life frequently obsa^^ed in patients with chronic renal failure has 

been cited as evidence for reduced 11-deydrogenation of Cortisol in the kidney^ '̂̂ l̂ This 

is thought to be due to a relative deficiency in renal 11P-HSD activity, as a consequence 

of advancing tubular damage, and not to inaccessibili^ of Cortisol to renal 1 ip-HSD as a 

result of reduced glomerular filtration. This is further supported by the observation that 

strikin^y low plasma cortisone levels are found in patients following bilateral 

nephrectomy, and from this data it has been suggested Aat the kidney is the principal 

source of 11-dehydrogenase activity and thus cortisone production in man̂ ^̂ . 
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1.2 Adrenal steroidogenesis and metabolism in the fbeto-placental nnit 

Changes in the maternal pattern of circulating corticosteroids and their metabolites which 

result from the combined influences of foetal adrenal steroidogenesis and metabolism, 

and &om changes in the hormonal milieu necessary for the maintenance of pregnancy are 

sufficiently profound to necessitate some consideration of the role of t k adrenal gland 

and its steroidal products in Ae 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 6)und in the adult, quantitative dif&rences 

in the activities of these enzymes result in a {M ôfile of steroid secretion that is 

significantly difkrent 6om that seen at term^ l̂ The most significant difference is the 

almost complete absence of 3p-hydroxysteroid dehydrogenase activity which results in 

the secretion of large quantities of A^-3P-hydroxysteroids. Metabolism of the A -̂3p-

hydroxysteroids is performed by the Aetal liver and adrenal gland, which express high 

levels of 16a-hydroxylase and sulphotransferasê ^^ .̂ Thus, the larger part of the A -̂3P-

hydroxysteroid output of the fbetal adrenal is excreted in the maternal urine in the form 

of I6a-hydroxylated sulphates. 

By term, the human adreml gland w e i ^ about 4g, approximately equal to that of an 

adult, and secretes up to 200mg of steroid/day^^ l̂ Over the first year of li&, there is a 

reduction in size to about Ig 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 Aan that (^served 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 &om the circulation only to reappear again in late 

childhood during 'adrenarche'. 



13 lip-bydroxysteroid dehydrogenase: an historical perspective 

The interconversion of Cortisol and cortisone in various mammalian tissues was first 

inierred &om studies of the therapeutic efkcts of corticosteroids in the treatment of 

arthritiŝ '̂̂ ^̂ ^̂ . ft was observed that suppression of the inflammatory response could be 

elicited by the oral administration of cortisone, whereas direct iigection of cortisone into 

the aSected joint produced no therapeutic responsê ^ .̂ Expenmental evidence also 

suggested that at least a proportion of administered cortisone was excreted as cortisol̂ '̂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 Wien it was demonstrated that reversible interconversion of 11-hydroxy and 

11-keto steroids occurs in Ae rat live/̂ ^^ due to the catalytic activity of the enzyme 11P-

However, it was also observed that the catalysis of 11-oxoreduction and l ip-

dehydrogenadon was not represented by a uniform tissue distribution since many tissues 

appeared to demonstrate predominancy dehydrogenase activitŷ ^̂ "̂ ^̂ ^ whilst others, 

most significantly the liver̂ '̂ "̂ ,̂ appeared to exhibit both oxoreductase and 

dehydrogenase activity. 

Several mechanisms were proposed to account for the differential behaviour of 11P-HSD 

in various tissues: Nicholas et al̂ '̂  postulated that variability in the ratio of 11-

dehydrogenase (II-DH) to 11 -oxoreductase (11 -OR) activity could be attribukd 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 Wien pyridine nucleotide cofactors were not limitingf̂ '̂ ^ .̂ A 

second hypothesis suggested that the net preference of catalytic direction was dependmt 

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 

isofbrms of 11P-HSD vAich were expressed in a tissue specific manner and vdiich 

exhibited either 11-DH or 11-OR activitŷ '°'̂ ^̂ . This latter suggestion was supported by 

evidence for the existence of separate oxidative and reductive isofbrms in several enzyme 

systems including glyceraldehyde phosphate dehydrogenasê '*̂ .̂ Nevertheless, most 
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authors reported the results of their investigations in terms of the reversible catalytic 

activity of a singe enzyme vAich was subsequently designated asECl.l.I.1461I-

hydroxysteroid:NADP+ 1 l-oxoreductase by the Nomenclature Committee of the 

International Union of Biochemistry^^l 

The debate surrounding the physical characterisation of 11P-HSD stimulated work which 

resulted in its isolation and purification fmm Ihe microsomal Aaction of liver 

homogaiateŝ ^^^^ and subsequently &om other tissues including Iddneŷ ^̂  '̂ ^ 

gonadŝ ^̂ ,̂ placentâ ^̂ "'̂ '̂ ^ and lunĝ ^̂ l Selective synthetic detergent displacement 

experiments suggested that hepatic 11P-HSD exists as a multi-enzyme complex in which 

11-DH and 11-OR occupies different orientations and presents difkrent degrees of 

accessibility to substrate within the microsomal fAospholipid matrix̂ ^̂ .̂ 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 11P-HSD consists of a 

single homogenous 34kDa protein that exhibits 11 -DH but not 11 -OR activitŷ ^̂ "̂ ^̂ . 

Following the screening and purification of positive clones from a rat liver 

complimentaiy deoxyribonucleic acid (cDNA) expression library, a 1265bp cDNA 

fragment containing an 861bp open reading 6ame was isolated^^ l̂ The predicted amino 

acid sequence su^ested a molecular weight of 31 TkDa, 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, revved an enzyme which 

encodes both 11-DH and 11-OR activities in a manner indistinguishable &om the 

activities in rat liver^^l This suggests the possibility that 1 l-OR activity is relatively 

unstable under experimental conditions since activity rapidly deteriorates in cultured 

cells during {R ôlonged 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 11P-HSD exists as 

a single enzyme Much expresses both 11-DH and 11-OR activities. 
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Early studies on the tissue distribution of 11 ̂ HSD were undertaken using antisera raised 

in rabbits against the puriGed rat liver 34kDa microsomal protein̂ ^̂ l Western blot 

analysis identified a 34kDa immunoreactrve protein in liver, kidn^, brain and testis and 

additional species of 40kDa in kidney, 26kDa in brain, 47kDa in testis and 68kDa in 

liver̂ ^̂ l These observations inspired speculation that the additional species identified in 

these tissues were either the product of proteolysis, dif&rential glycosylation or 

dimerisation, or that they represented the tissue specific expression of unique isofbrms of 

I ip-HSD. This latter hypotl^sis was Airther strengthened by Northern blot analysis of 

various tissues using a liver 1 ip-HSD cDNA. These studies demonstrated that in the 

Uver, testis, lung, h^rt, hippocampus and colon, mRNA for 11P-HSD consisted of a 

single I700bp species Wiilst in the rat colon there was a 3400bp specieŝ ^"^^ and in the 

kidney at last four species of 1 ip-HSD mRNA were identified^^^ .̂ 

Further direct evidence for the existence of additional isofbrms of 11P-HSD came fî om 

the analysis of enzyme activi^ in rabbif and rat kidneŷ ^̂ ,̂ and from the 

characterisation of 1 ip-HSD expression in human placenta^^ ,̂ human kidneŷ '̂̂ ^̂  and 

rectal colon^^ l̂ By 1994 there was an overwhelming body of evidence in support of the 

hypothesis of the existence of several distinct isofbrms of the 1 ip-HSD characterised in 

the main by: the liver isofbrm, Wiich expresses predominantly 11 -OR activity, and the 

kidney isofbrm, vAich ex;»%ses exclusively 11-DH acdvity^ '̂̂ '̂̂  ̂ '̂̂ l̂ These 

characteristics were considered sufficiently different for than to be labelled respectively 

as 1 Ip-HSD type I (1 ip-HSDl), a low affinity, NADP/NADPH-dependent 

dehydrogenase/oxoreductase (apparent fQn fbr Cortisol 2umol/L, cortisone O.3umol/L) 

and np-HSD type n (11P-HSD2), a h i ^ affinity (aRiarent Km fbr Cortisol 50nmol/L), 

NAD-dependent unidirectional dehydrogenase. It was not until 1995, however, that the 

genes encoding 11P-HSD2 was cloned. The hnman 11 ̂ HSDl gene had already been 

locakd to chromosome one, following work per&rmed by Tannin gf in 1991, and in 

1995 the 11P-HSD2 gene was located to chromosome 16q22 
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1.4 Congenital and acquired deficiency of lip-bydroxysteroid 

dehydrogenase 

1.4.1 CbMgewiW /f: I%e 

aywdrowg ^ wiwerafocordcAw/ eccayf 

In 1974, Werder ef a/ described the clinical ;»esentation 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 Matures of this condition. Three years later a similar presentation was 

described in a three-year-old Zuni Indian girl̂ ^̂ l 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 t k excretion of aldosterone. However, administration of ACTH 

exacerbated the hypertension and hypokalaemia and suggested the existence of an 

unidentiGed ACTH depeikient steroid with mineralocordcoid-like activi^. Whilst the 

clinical and biochemical features of the syndrome shared important similarities with 

those of primaiy mineralocordcoid excess, overproduction of any known 

mineralocorticoid could not be detected and the epithet Apparent Mineralocorticoid 

Excess Syndrome^ (AME) was adopted^^l 

To date there have been fewer than thirty reported cases of AME with the classical 

features of low renin hypertension, hypokalaemia and metabolic alkalosis^^^^l Whilst 

the more severe mani6stations of untreakd AME result in mortality Wm 

cerebrovascular accident or cardiovascular disease secondary to hypertension and/or 

hypokalaemia °̂'̂ ^^^ ,̂ several other, more variable, clinical Matures have been reported 

amongst patients with AME including: growth retardation^ '̂̂ ,̂ nephrocalcinosis 

secondary to severe hypokalaemia^^'^^'^, ricketŝ ^ ,̂ muscle weakness and Aank 

rhabdomyolysis^ '̂̂ l̂ 
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There are marked similarities between AME and the presentation of several other 

hypertensive conditions including: Liddle's syndromê ^ ,̂ a hypertensive condition 

caused by constitutive activation of the renal tubular sodium channel̂ ^^ and congenital 

adrenal hyperplasia (CAH) caused by 1 ip-hydroxylase deficiency or l7a-hydroxylase 

deficiency. However, the biochemical features of the former distinguish this syndrome 

Aom 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 6)r cortisone (THE, the cortolones and cortoic acids)^^'^^l Similarly the 

production of [̂ Hj-HzO as a consequence of the metabolism of [""Hj-cortisol is barely 

detectable v\Ailst metabolism of [^H]-cortisone remains undiminished̂ '̂̂ ^̂ . 

In the m^ohty of reported cases of AME a second biochanical feature has been 

identified which is characterised by a significant increase in the ratio of urinary 5a-

THF/5p-THF Indeed, this observation gave rise to the suggestion that 5a-

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 5a-dihydrocortisol but that the increase in the 

5a:5p metabolite ratio represented a relative deficiency of 5p-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 

metabolite excretion^ '̂̂ ^^^ which, with the exce^Aion of the case reported by New ef 

is accompanied by normal serum Cortisol levels. In addition, evidence that the half-

life of serum Cortisol is increased in patients with AMÊ ^̂  suggests that the former 

observation is a consequence of suppression of the pituitary release of ACTH consistent 

with a normally flmctioning hypothalamic-pituitary-adrenal (HPA) &edback mechanism. 

This suggestion is fnrther 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 patientŝ ^̂ .̂ Furthermore, a relative increase in 6 e Aaction of 



urinary Aee steroid excretion has been reported in patients with AME. Ulick e/ 

demonstrated that up to 43% of urinary Cortisol metabolites were excreted in their 

nncoigugated form, compared with less than 1% in nrnmal individuals, and that the 

steroid components of this fraction comprised significant concentrations of 20a- and 

20P-dihydrocortisol, and 6p-hydroxycordsol which represent pathways of Cortisol 

metabolism \;Aich 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 Allowed treatment of AME with 

dexamethasone, aminoglutethimide and metyrapone whilst administration of Cortisol or 

ACTH caused an exacerbation of hypertension^^ '̂̂ .̂ Furthermore, OberGeld ef 

demonstrated that the effects of Cortisol administration could be alleviated by the 

mineralocorticoid receptor (MR) antagonist, spironolactone. 

In 1988 Stewart ef reported a case of AME in which a twen^ one-year-old adult 

male presented with hypertensive retinopathy, hypokalaemia and subnormal plasma 

cortisone. The {R ôfile of wioaiy steroid metabolites and the extended Wf-life of 1 la-

[^H]-cortisol suggested Aat tl^ 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 11P-HSD but that the syndrome was 

characterised by a deficiency of 11 P-dehydrogenation whilst 11-oxoreduction was 

unaffected. This hypothesis was strengthened by the observation of identical symptoms 

in affected sibhngŝ ^ '̂̂ '̂̂ '̂ l However, it was not until the identification, characterisation 

and the discovery of several mutations in the gene for 1IP-HSD2 that AME was finally 

ascribed to a congenital deficiency of 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, e)q)ression studies on the 

mutant cDNAs have revealed a h i ^ degree of correlation between genotype and 
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phenolype 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 unnary (5a-THF+5p-THFyTfIE and 5a-

TF{F/5pTHF ratios are both normal. These observations imply that v\^lst cordsol still 

acts as a potent mineralocorticoid in the type 2 variant, there is a deGciency of both 11-

OR and 11-DH activi^ in combination with a more generalised defect in steroid A-ring 

reduction^^ l̂ Speculation that the latter de6ct 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 %»̂ ovided by observations of the effects of 

carbenoxolone (CBX), a potent inhibitor of both iso&rms of 1 Indeed 

treatment with CBX has been demonstrated to prolong the Cortisol half-life but to have 

no e@ect upon the urinary THF/THE ratiô ^̂ '̂ '''̂ ^ 

1.4.2 

Clinical deficiency of 11-OR activity has been described in veiy few caseŝ ^̂ '"'̂ .̂ 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, dysmenorrboea and in&rtili^. 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+5a-THF), whilst plasma and urinary 

firee Cortisol levels remain within normal limits. Nevertheless, despite biochemical 

features which are suggestive of 11-OR deficiency, no de6cts in the gene encoding 11 p-

HSDl have been identified in these patients^"*). 
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1.4.3 Xciywirggf cfgAyAvgaMagg 

Relatively severe states of acquired mineralocorticoid excess, the clinical Matures of 

)A^ch are not dissimilar to Aose of AME, have been reported in individuals Wio 

habitually consume large quantities of liquoricê ^̂ ^̂ ^̂ . The mineralocorticoid efkcts of 

liquorice have long been recognised but were originally thought to be due to direct 

activation of MR by its active constituents, glycyntetinic acid (GE) and glycyrrizhic 

acid However, the relatively low afRnity of GE and GI 6)r 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 

component in the pathogenesis of liquorice induced hypertension '̂*^ " It is now 

recognised that both GE and GI are competitive inhibitors of 11P-HSD2 and that this is 

the principal mechanism underlying the mineralocorticoid properties of liquorice^'In 

support of this hypothesis, Stewart ef demonstrated that following a 10 day regime 

in which volunteers ingested 200g of confectioneiy liquorice, the urinary 

cortisol/cortisone metabolite ratio and the half life of 1 la-[^H]-cortisol was increased 

and, whilst plasnm Cortisol levels did not change, the 24bour excretion of urinary 6ee 

Cortisol was madcedly elevated. Moreover, the 5a/5p reduced melaboltle ratio was also 

increased reflecting a decrease in 5P-reductase activity and resulting in a syndrome 

which bore a striking similarity with AME type I. 

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 wiA sodium and water 

retention̂ ^̂ ^̂ . 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 6ee Cortisol is increased, 

however, plasma cortisone levels are not reduced and the urinary 5a-THF/THF and 

(THF+5a-THF)/THE ratios remain normal. These observations are consistent with the 

hypothesis that ingestion of CBX promotes an acquired Arm 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 pharmaceutica] and naturally occurring inhibitors of 

11P-HSD2 including, furosemide^"^"^, gossypol̂ '̂̂  and several flavenoids such as 

narin^nin^"^\ a constituent of citrus fhnt has i^ompted several authors to propose a 

wider link between exogenous and endogenous inhibitors of 11P-HSD2, termed 

glycyrrhetinic acid like factors (GALFs) and hypertension̂ '̂ '̂̂ ^̂ l Despite an inability to 

provide these substances with a unique identity, several studies have attempted to 

quantify die excretion of GALFs in sub-populations of hypertensive patients by 

exploring their efkct upon the activity of 1 ip-HSD using microsomal preparations. 

Walker ef 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 using human kidney microsomes, fbimd that GALF 

excretion was higher in a population of low-rsnin hypertensive padaits 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 difleraices and the 

use of two different isofbrms of I ip-HSD, these contradictoiy data have provided no 

clear evidence Air a relationship between GALFs, I ip-HSD and hypertension and the 

subject ranains one of considerable controversy. 

1.4.4 gwan&w: Ae WrngmfecofgicoM 

The concept that the action of steroid hormones is mediated by intracellular receptor 

activation was proposed over 20 years agô '̂ ^̂ . 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 vinch have come to constitute the 'steroid-thyroid 

hormone nuclear receptor super^mily" The isolation, purification and cDNA 

cloning of both the high-afBnity, type I corticosteroid receptor termed the 

mineralocorticoid receptor and Ae low-affinity, type H corticosteroid receptor termed &e 

glucocorticoid receptor (GR) led to the recognition of significant sequence homology at 

both the nucleotide and amino-acid levels for these receptorŝ ^̂ '̂̂ l̂ This is particularly 

a]̂ )arent in the 66 amino acid CI region within the DNA binding domain, which includes 
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9 totally conserved cysteine residues forming the characteristic zinc Gnger structures and 

across the entire C terminal ligand binding domain̂ ^̂ .̂ In contrast, the hypervariable 

amino terminal domain exhibits very low sequence homology between 6mily members 

and is involved in receptor transactivation. The region that determiiKS specificity of 

ligand binding fbr each receptor in the superfamily has been shown to be structurally and 

confbrmationaly specific, although (bis specificity is not absolute even at ligand 

concentrations within the physiological range. Indeed, m vrfm ligand binding studies of 

the purified hippocampal MR and the recombinant human MR oqxessed in COS cells, 

has revealed that MR exhibits an equal affinity for both Cortisol and aldosterone^ 

The degree of overlap in ligand binding between the two receptors may be accounted 

for by the hig^ level of homology (57-60%) in the C-terminal, steroid binding region of 

the two receptorŝ ^^^ while the low degree of homology (less Aan 15%) exhibited by the 

N-terminal domains may e?q)lain their specificity for target genes^^ '̂̂ l̂ 

The close sequence homology exhibited by the MR and GR, specifically at the CI region 

within the DNA binding domain and at the C terminal hgand binding domain, suggests 

that hgand specificity is not afforded by t k structural uniqueness of the receptor^^ '̂̂ l̂ 

These observations are further con6)unding in the light of evidence which confirms that 

the renal MR maintains aldosterone specificity despite overwhelming competition &om 

Cortisol which, under physiological conditions, circulates at about ten times the 

concentration of aldosterone^^^ .̂ Such observations have resulW, inevitably, in the 

conclusion that factors other than the receptor are responsible 6)r aldosterone specificity 

in mineralocorticoid target tissue. Several hypotheses have been postulated to account for 

this phenomenon: Krozowski e/ proposed that aldosterone specificity could be 

afkrded to the renal MR as a result of sequestration of circulating glucocorticoid by 

extravascular CBG which ef&ctively lowers the concentration of Cortisol which is " t̂ee' 

to bind with MR by greater than 95%. However, in contradiction with this hypothesis, 

subsequent invesdgationŝ ^^^^ revealed that the specificity of renal MR was maintained in 

10 day old rats despite extremely low levels of CBG and h i ^ levels of circulating 

glucocorticoid. A clue to the conundrum of MR speciGcity was finally revealed in a 

series of studies by Edwards e/ in which the m Wfm binding of 
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cordcosterone by adrenalectomised rat kidney sections was fbimd to be significantly 

enhanced when the animals were pretreated with the 11P-HSD inhibitor, GE. These 

observations prompkd speculation that 11 p-HSD confers aldosterone specificity on the 

renal MR by converting active glucocorticoid to its inactive 11-keto derivative, whilst 

protection of the 11-hydroxyI group in aldosterone is afforded by its 11,18 hemiketal or 

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

1.5 The molecular biol*^ of lip-hydroiysteroid dehydrogenase 

1.5.1 Gewg aAwcAfrgy (Ae 

The gene for human 1 Ip-HSDl comprises six exons spanning approximately 9kb and 

encodes a protein of292 amino acids with a relative mass of 34kDa whilst the human 

11P-HSD2 gene comprises five exons with an approximate size of 6.2kb eiKoding a 

4lkDa protein of405 amino acidŝ ^̂ ^ (figure 1.3, page 21). 

Structural analysis has revealed that both isofbrms may be considered to be members of 

the short chain alcohol dehydrogenase (SCAD) superfamilŷ ^̂ ^̂ .̂ Comparison of the X-

ray crystallografAic structure of 1 ip-HSD with a wide range of SCADs Aom both 

bacterial and mammalian sources has identified a similar one-domain o/p Mding pattern 

which is considered to be characteristic of this enzyme superfWily '̂̂ l̂ Similarly, 

alignment of 1 Ip-HSD with 17p-hydroxysteroid dehydrogenase, SoJZOP-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 centrê  

1 ip-HSDl and 11P-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 1 ip-HSDl), absolutely conserved 

tyrosine and lysine residues that function as catalysis and a region to the N-taminal side 

of these residues which forms part of the steroid binding pocket in the SCAD 
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superfamilŷ ^̂ ^̂ '*̂ l The hydrophobic N-terminal domain fimctions as part of the 

transmembrane component of both isofbrms of lip-HSD and contains a signal-anchor 

motif which is responsible for the translocation of Ae enzyme to its subcellular 

localisation in the endoplasmic reticulum. In 1 Ip-HSDl 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 11 P-HSDl cDNA or 

inhibition of glycosyl transferase activity signiScantly inhibits 11-DH activity^^ '^l 

However, inhibition of glycosylation has no effect upon 1 l-OR activity which suggests 

that differential glycosylation of 11 P-HSDl may play a role in the tissue specific 

regulation of this enzyme. In contrast, post-translational modification of I lp-HSD2 has 

not been reported. 
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Figure 1.3 Organisational structure of the genes encoding lip-HSDl and Ilj3-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, Eraser MR, Kayes KM, Agarwal AK. Molecular analysis of 
11 P-hydroxysteroid dehydrogenase and its role in the syndrome of apparent mineralocorticoid 

excess. Steroids 1997;62:83-8 
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1.5.2 (fgAyATOggMgfg 

The subcellular localisation of 1 ip-HSD was first investigated in the liver̂ *̂ ^ and 

subsequently in several other tissues including kidneŷ ^̂ ,̂ gonadŝ ^̂ L placentâ ^̂ ^ and 

lungf̂ .̂ These investigations identified that 11P-HSD activity was restricted to the 

microsomal and nuclear factions of these tissues and that the cytosol and mitochondria 

were devoid of enzyme activity. Moreover, the distribution of enzyme activi^ between 

the nuclear and microsomal compartments was tissue speciGc, wiA high levels of 

activity in kidney nuclei and variable levels in the nuclei of cells from the rat brain̂ '̂ '̂̂ '̂ l̂ 

Subsequently, investigations into the subcellular localisation of 11P-HSD2 using 

confbcal fluorescence microscopy of Chinese Hamster Ovary (CHO) and MDCK cells 

transfected with a chimeric 11 p-HSD2 gene fused to the coding region for the green 

fluorescent protein, demonstrated e^qiression of the enzyme only in association with the 

endoplasmic reticulum and nucl«»r envelope, the outer manbrane of vdnch is considered 

to be part of the endoplasmic reticulum̂ '̂**'̂ . In addition, 11P-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 1 ip-HSDl which is orientated 

towards the luminal side of the endoplasmic reticulum '̂̂ ^ 

1.53 

Analysis of the substrate speciGcity of 1 Ip-HSDl, using puriGed rat liver microsomes, 

suggests that a wide variety of naturally occurring steroids wiA a planar A/B ring 

junction may serve as substrates &r this enzymê '̂ l̂ In contrast, the catalytic activity of 

1IP-HSDI upon steroids with either an angled A/B ring junction (i.e. 5|3-reduced 

steroids) or an aromatic A ring configuration is significantly diminished̂ '̂ '̂*̂ .̂ Whilst 

modification of the substrate Cn side chain appears to have little e&ct upon the catalytic 

activity of 1 ip-HSD, removal of either the 17- or 2I-hydroxyl favours oxidation over 

reduction at Cn. 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^ '̂̂ ^^^ \̂ Indeed it 

is thought probable that Ae much greater potency of 9a-fluorocortisol over the naturally 
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occurrmg non-halogenated steroids is due to its decreased rate of inacdvation by 11 (3-

Several groups of structurally diverse steroidal inhibitors of 11 g-HSD have been 

identiSed. Whilst comparison of the relative potency of these inhibitors demonstrates 

that the inclusion of Za-CHg, 5P-OH, 6a/p-OH, l2a-OH, l5a-OH, 16a-OH, 20a-OH, 

11-oxo, 18-oxo 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 

activitŷ ^̂ '̂ ^̂ '̂ ^̂ . Fewer steroidal inhibitors of 11-OR activity have been identified but it 

is t h o u ^ likely that inhibition of 11-OR is dependent i ^ n Ae orientation of the C20 

side chain in these steroidŝ ^ l̂ 

1.5.4 MwWww w AAfE 

To date, eleven different mutations in the 11P-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 patiait Wio was found to be a 

compound he^rozygote for two different mutations, all afkcted individuals have been 

found to cany homozygous mutations^^ These data conGrm AME as an 

autosomal recessive disease and suggest that the incidence of mutations in the 11P-HSD2 

gene in the general population is relatively low. Consequently, AME is found most 

frequently in populations in Wiich consanguineous marriage is common. Interestingly, 

six of the kindreds so far studied have been of Native American origin and )A%ilst Aree of 

these carry the mutation; L250P, L251S, the others are each homozygous 6)r a different 

mutation^^l 

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, 

L251S, a 3-bp substitution in exon 4 resulting in leucine-250-proline and leiK:ine-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 ^osine at codon 338, 

appears to have trace activity. R337C, a missense C-T mutation in exon 5, has in excess 
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of 50% of the activity of the wild type enzyme and the additional three missense C-T 

mntations in exon 3 have varying degrees of trace acdvi^^^. The remaining five 

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 I-bp deletion in exon 5 which introduces a premature stop signal (TGA) at codon 

395, a further missense mutation (R374X) in exon 5 Wiich codes a premature stop signal 

resulting in a truncated protein lacking Ae terminal 32 amino acids and a Cnal 11-bp 

deletion mutation in exon 5 which also results in a truncated p-otein 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 Wiich is presumed to 

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

Despite the small number of cases of AME, there is now a growing body of evidence to 

suggest that there is a significant correlation between biochemical pheno^rpe, as 

determined by the precursorproduct ratio, (THF+5a-THF)/THE, and genotype^^l This 

is particularly true of 6ose mutations %*ich code a protein with partial catalytic activity 

such as the C-T mutations, RI86C and R20&C in exon 3, R213C in 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 w v/wo. Indeed, a 

50% reduction in enzyme activi^ as a result of the R337C mutation afqiears to cause 

significant impairment of renal Cortisol metabolism yet heterozygous carriers of 

mutations of the 11P-HSD2 gene are generally asymptomatic. Whatever the explanation 

for these {Aenomena, there is considerable speculation that further investigation, using 

appropriately selective and sensitive biochemical tools, may identi^ further mutations 

which result in attenuated enzyme activity and which cause relatively mild forms of 
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1.6 The tissue distribution and functional role of 1 ip-bydroxysteroid 

dehydrogenase 

1.6.1 ^ 1 w&A (Ag 

The tissue distribution of boA isofbrms of 11 ̂ -HSD has been extensively investigated in 

a broad spectrum of mammalian species including man using both immunohistochemical 

and m hybridisation techniqueŝ '̂̂ ^^^^ .̂ These studies have revealed an intimate 

relationship between 1 ip-HSDl and the between 11P-HSD2 and the 

^̂ [148,160-162] activity is found almost exclusively in glucocorticoid target 

tissues such as liver and skeletal muscW^^ whilst 11P-HSD2 activity appears to be 

limited to mineralocorticoid target tissue such as the distal convoluted tubule, renal 

collecting ducts andcolon̂ ^̂ ^̂ ^ Indeed the close association between lip-HSDl and 

the GR and between 11P-HSD2 and the MR adds strengA to Ae hypothesis that 11P-

HSD2 confers aldosterone specificity upon the renal MR and has given rise to a second 

hypothesis that the combined ef&cts of 11P-HSD2 and 1 ip-HSDl may be responsible 

for r^;ulating glucocorticoid accessibility to the GR and thus indirectly regulates tissue 

sensitivity to glucocorticoid^ los. i66| the relationships which exist between GR, 

MR and isofbrms of I ip-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 firom lecq^tor activation. 

1.6.2 w 

The presence of 11 P-HSDl activity in the liver was first described by Caspi ef in 

1953, and subsequently in greater detail 1^ Hurlock and Talalay in 1959 Bush ef 

later established a Michaehs constant (Km) for 11-DH activity of 20pM with 

NADP(H) as an efficient co-f^tor for the reaction in bodi directions. Despite an inability 

to characterise 11-OR activity in rat liver microsomal extracts it is known that the 

predominant direction of hepatic 1 ip-HSDl activity in man is the conversion of 

cortisone to cortisol̂ ^^^^ l̂ However, in the hver, 11-OR activity is expressed by Kup6r 
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cells and 11 -DH activity by parenchymal cells, thus the net direction of hepatic 1 ip-HSD 

activity is a product of the sum of the enzyme activity in these two cell types^^l In the 

rat, hepatic 1 ip-HSDl displays a marked sexually dimorphic pattern of expression̂ ^̂ ^̂ ^̂  

such that hepatic 11 P-HSDl expression in male rats is some eighteen fold greater than 

that in 6maleŝ ^^ l̂ This has been explained on the basis of the sexually dimorphic 

pattern of growth hormone secretion in the rat̂ '̂ ^̂ . However, the hormonal regulation of 

hepatic 1 ip-HSDl expression and activity is discussed in greater detail in cha][Aer 3. 

Investi^itions using mice with targeted disruption of the gene encoding 11P-HSDI, have 

suggested that 1 ip-HSDl plays a significant role in the regulation of hepatic 

gluconeogenesis^^^l In these animals, the ê q r̂ession of hepatic phosphoenolpyruvate 

carbo3grkinase (PEPCK) and glucose-6-phospbatase (G6P), enzymes that catalyse the 

rate limiting steps of gluconeogenesis, is markedly attenuated^ Moreover, earlier 

studies suggest that the genes for both PEPCK and G6P are regulated by glucocorticoid-

inducible promoters and that in GR-deRcient mice, expression of Aese ^nes is also 

subnormal̂ '̂ ^̂ . These investigations have prompted speculation that regeneration of 

biologically activity glucocorticoid by hepatic 1 ip-HSDl 11-OR activity is a key 

determinant of intrahepatic gluconeogenesis in states of starvation^^ l̂ Moreover, 

disruption of the gene encoding 1 Ip-HSDI in these mice was also found to confer 

resistance to the (kvelopment of hyperglycaenua ̂ ^ch was observed in wild type litter 

mates under conditions of stress or obesitŷ ^̂ \̂ 

Investigations of the effects of CBX administration in man̂ ^̂ "̂^ and in isolated perfused 

rat liver* have suggested that CBX inhibits hepatic I ip-HSDl 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 efkct upon peripheral insulin sensitivity 

measured by forearm glucose uptake. Importantly, these observations have been 

explained on the basis of die inhibition of hepatic 11 P-HSDl 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 

outpuf̂ ^̂ ^ 

These observations have prompted speculation that the speciGc inhibition of hepatic 1 ip-

HSDl activity may represent an important therapeutic strategy iw the treatment of 

syndromes associated with insulin resistance '̂̂ '̂̂ .̂ 

1 .63 

The hypothesis Aiat Aie renal MR is afforded aldosterone speciGcity as a result of 

inactivation of glucocorticoid by 1 l^-HSD came from observations of the clinical 

Matures of AME as discussed earlier. Immunobistochemical 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 duct̂ ^ l̂ In contrast, however, investigations using monoclonal 

antisera to rat liver microsomal I ip-HSD identiGed significant immunostaining in the 

proximal convoluted tubule, medullary rays and interstitial cells of the renal 

p a p i l l a e ^ T h e s e data argued strongly against a role for 1 Ip-HSD in maintaining 

renal MR specificity for aldosterone since the distance between 11P-HSD and renal MR 

would be too great, and tlK capacity 6)r 11-DH activity e^qxessed by the NADP(H) 

dependent Type 1 isofbrm of 1 Ip-HSD too low, to afford adequate protection against 

physiological concentrations of glucocorticoid '̂'̂ l Nevertheless, earlier kinetic 

investigations of the rat and rabbit kidn^ had alrea(^ established evidence for a gradient 

of 11-DH activity along the renal tubule such that conversion of cordsol to cortisone was 

found to be 20-30% higher in distal rather than proximal convoluted tubulê ^̂ '̂ '̂̂ ^̂ '̂ ^̂ . It 

was not until the subsequent identiGcation and co-localisation of 11P-HSD2, with a high 

capacity for 11 -DH activity, with the MR in the rabbit distal collecting duct that the 

hypothesis that 1 Ip-HSD conkrs mineralocorticoid specificity upon the renal MR was 

ultimately accepted^^^^ l̂ The identification of 1 ip-HSDl in the proximal segments of 

the renal tubule and its capacity for 11-OR activity suggests a role for this isofbrm in the 

maintenance of glucocorticoid responsiveness by the GR Wiich exhibits a more 

generalised expession thmu^out the entire length of Ae nefdiron^^ '̂l 
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1.6.4 j w* f%g wQwam&ww awf raycWar 

ff»ooA mwfck 

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-cellular levels of 

sodium and potassium in peripheral blood vessels are influenced by glucocorticoids^^^l 

In rat vascular smooth muscle these effects are known to be mediated through both MR 

and GR agj 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 This functional specificity led Funder e/ to speculate Aat 

vascular 1 Ip-HSD confers mineralocorticoid specificity iqx)n the MR in a similar 

manner to that proposed for the kidn^. The identifi(ationofboth lip-HSDl and lip-

HSD2 in human vascular smooth muscle ceDs and the observation that inhibition of 

vascular 11P-HSD2 in these cells results in an increase in angiotensin n binding, a 

function attributable to activation of both MR and GR by cortisol̂ '̂ L has been taken as 

evidence in 6vour of a role 6)r np-HSD2 in con&rring aldosterone specificity on 

vascular MR. However, it has also been demonstrated in both rat and human vascular 

smooth muscle cells that 11-OR activity predominates '̂̂ ^^^ and fimctions to regenerate 

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, Wiilst the significance of changes in the ratio of vascular 11-OR and 11-DH 

in the pathogenesis of human hypertension remains unclear̂ ^̂ ^ there can be little doubt 

that the regulation of vascular tone through the action of GR, MR and bodi circulating 

and locally synthesised corticosteroid is dependent upon the combined effects of 11P-

HSDl and llp-HSD2. 

Speculation that the heart may be considered a mineralocorticoid target tissue is 

supported by the demonstration of MR in rat and human (ardio-myocytes and fibroblasts 

of both the atria and ventricles '̂̂ ^^ l̂ 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 syndiesis of fibroblast coUagen '̂̂ '̂ ^ l̂ The subsequent identification 

of lip-HSDl in rat cardiac fibroblasts '̂̂ ^ and both lip-HSDl and 11P-HSD2 in human 

cardiac fibroblasts^ suggest a more complex role for lip-HSD isofbrms in the 

myocardium and vasculature than hitherto has been generally accepted. 

1.6.5 w Ag gowadk 

In male patients. Gushing's syndrome is Aequently associated with hypogonadism, a 

phenomenon vvinch in the male lat may be reproduced following exposure to 

pharmacological concentrations of glucocordcoid^^ '̂̂ ^ .̂ Levels of 1 ip-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 1 ip-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 bo(^ of evidence 

to suggest that the rat testis expresses abundant 11 p-HSDl an isofbrm which, in Ae liver 

exhibits predominantly 11-OR activity, whilst lip-HSD2 is undetectabW '̂̂ l Earlier 

studies have demonstrated that in Ae rat leydig cell, 11 P-HSDl expresses both 11-DH 

and 11-OR activity and that the relative proportion of these activities changes with 

pubertal maturation such that prior to pubaty 11-OR activity predominates whilst in the 

mature Leydig cell 11-DH activity predominates^^''^^l These data have led to 

speculation that the oncogenic switch firom I l-OR to I l-DH activity in the mature 

Leydig cell is essential in order to prevent glucocorticoid down regulation of testosterone 

biosynthesis subsequent to glucocorticoid mediated maturation of testicular function 

prior to puberly^^ l̂ The mechanism underlying this switch in catalytic activi^ is unclear 

but several authors have ̂ M êsenkd evidence Ar the hormonal regulation of the relative 

11-DH and 11-OR activity of rat testicular 1 ip-HSDl m by gluocorticoid, 

oestradiol, testosterone, progesterone, leutienising hormone (LH) and epidermal growth 

fwtor (EGF) In contrast with the rat, human testis expresses both 11 P-HSDl and 
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np-HSD2 mRNA Thus the relative abundance of these isofbrms, 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 1IP-HSD in the Leydig cell, ovarian 11P-HSD may play an 

equally important role. Tbe ovary may be considered to be a glucocorticoid target tissue 

and several studies have demonstrated a ftmcdonal role for glucocorticoid in Ae 

modulation of gonadotrophin action on granulosa cell Amction^^'^^l Both 1 Ip-HSDl 

and 11P-HSD2 mRNA and activity have been detected in human granulosa cells though 

in common vyith the expression of 11-OR and 11-DH activity in Leydig cells the 

expression of these isofbrms appears to follow a developmental patten such that 11 p-

HSDl activi^ is abundant in the developing oocyte and leuteal bo(^ whilst 11 p-HSD2 

appears to be expressed at higher levels in granulosa cells during fbllicular recruitment 

and prior to ovulation^ '̂̂ ''̂ l There is evidence to suggest that the developmental 

regulation of 1 ip-HSD isofbrm expression in granulosa cells is gonadotrophin 

dependent̂ ^̂ l̂ This may represent a mechanism whereby preovulatory Wlicles are 

protected &om the and-steroidogenic effects of excess glucocorticoid whilst ovulatory 

and luteal follicles are af&rded access to glucocorticoid which is required for the 

completion of oogenesis or the process of fbllicular rupturê '̂̂ l These observations 

suggest an important role for the developmental regulation of fbllicular glucocorticoid 

levels by isofbrms of 11P-HSD in the maintenance of human ferdli^. However, Wiilst at 

least one study has demonstrated an inverse relationship between j&llicular 11 p-HSDl 

I l-OR activity and successful pregnancy following m vAm fertilisation̂ ^̂ ^̂  subsequent 

studies have demonstrated no such correlation^^ Whilst there is no clear explanation 

fbr the fbrmer observations at present, it has been suggested that an estimation of the 

ratio of 1 Ip-HSDl and 11P-HSD2 in follicles harvested fbr m v/fw fertilisation may at 

least be used as a marker of fbllicular maturity which in turn may assist in the process of 

successful fbllicular selection^^^ l̂ 
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1.6.6 wf fAgybgAy-pfecemW 

Extra-hepatic 1 ip-HSD activity was first described in placental tissue by Osinskî ^"^ 

inl960. It is weU established that passage of steroid hormones of maternal origin across 

the placenta is inhibited by extensive catabolism to biologically inactive compounds 

before entiy into the foetal circulation^^In 1957 Migeon ef proposed a 

hypothesis that suggested that one of the m^or roles of the placenta is the catabolism of 

Cortisol in order to protect the foetus &om the relatively h i ^ levels of steroid in the 

maternal circulation. This hypothesis has been given credence by work performed in late 

gestation in humanŝ ^̂ "̂̂ '̂  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 

cortisonê ^^^ '̂̂ . Based on studies in both the human and baboon it would appear that 

11P-HSD2 is Aund ;*edominantly in trophoblastic cells whereas 1 ip-HSDl resides 

pimarily in the decidua^^l Importantly, the pattern of transplacental Cortisol 

metabolism is altered during gestation &om 11-oxoreducdon early in pregnancy to 11-

dehydrogenation near term. It is proposed that this meckmism exists because the foetal 

adrenal does not develop the enzymatic c^^acity to produce significant levels of Cortisol 

Movo until late in gestation^^'^^^ and thus, since tightly regulaW levels of Cortisol are 

required for the normal developmait of the foetus, the transplacental metabolism of 

Cortisol plays an important role, not only in protecting the foetus fi-om high levels of 

maternal Cortisol, but also in the regulation of foetal organ growth and 

development̂ ^̂ '̂̂ '̂*̂  

SigniGcant changes in the net direction of 11P-HSD activity have also been observed in 

foetal tissues during hionan pre and perinatal development̂ ^^^"^ .̂ Throu^out the second 

and early part of the third trimester the concentration of circulating I l-oxo-steroids 

greatly exceeds that of I l-hydroxy-steroids in the 6)etus of most species. This is also 

reflected in the Gnding 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 11 p-
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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 6)etal tissue 

metabolism of Cortisol plays a key role in 6)etal maturation ^e. Whilst it is not yet 

known whether gestational shifts in the ratio of 11-DH/l 1-OR activity in different tissues 

are species specific, nor Wien during development 1 Ip-HSD activity Grst appears, it is 

widely accepted that these changes are intimately connected with the develo^ental 

maturation of individual organs and prepare the foetus for birlĥ ^̂ .̂ 

1.6.7 

A complete discussion of the tissue specific expression and activity of isofbrms of 1 ip-

HSD is beyond the scope of this Aesis and as a ctmsequence the following ̂ xuagraphs 

are meant to represent no more than an overview of 11P-HSD expression in tissues 

which are not traditionally regarded as classical mineralocorticoid or glucocorticoid 

target tissues. 

11 P-HSDl activity and mRNA has been described in the rat cerebellum, pituitary and 

hypocampus^^^ and, in cultured hipocampal cells, lip-HSDl e)q)resses predominantly 

11-OR activi^^^l Nevertheless, in the rat̂ ^̂ ^ and sheep^^^ 1 ip-HSDl is also believed 

to express 1 l-DH activity particularly in the hypothalamus and pituitary where it is 

suggested to modulate the negative glucocorticoid 6edback mechanism^^ '̂̂ l̂ 

Moreover, 11P-HSD2 mRNA is also expressed in the rat brain but is confined to the 

hypothalamus, nucleus tractus solitarus and subcommissural organ̂ '̂ ,̂ however, the role 

of 11P-HSD2 in these regions of the brain is unclear. 

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

pattern of 1 ip-HSD iso6)rm expression during development which mirror developmental 

changes in GR and MR e^qxession^^ l̂ Indeed, these studies have demonstrated that 11P-

HSD2 activity is expressed in all regions of the brain during midgestadon, but is reduced 

during the third trimester, whilst 11 P-HSDl activity is not detected in the brain until the 
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third trimester. Furthermore, GR is expressed throughout the brain from midgestation, 

but MR is not detected until the last days of gestation. Thus, it has been suggested 

that high levels of 11 p-HSD2 at midgestation may serve to protect GR in the developing 

brain from activation by glucocorticoids vAdlst in late gestation, 11 p-HSD2 expression 

declines and thus may allow activation of GR and MR by glucocorticoid and facilitate 

neuronal and glial maturadon̂ ^̂ '̂ ^̂ l 

In the human foetal lung, the differentiation of alveolar cellŝ ^̂ '̂̂ ^̂ ,̂ production of 

phosphatidyl choline, glycogen deposition and induction of the synthesis and secretion of 

sur&ctant is dependent upon the action of glucocorticoids^'^^l It is likely that as a 

consequence of an increase in lip-HSDl 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 oi^an[173]. In the adult human lung, 11P-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 MR̂ ^̂ "̂ .̂ 

11 P-HSDl activity and mRNA have also been detected in adult human lunĝ ^̂ ^ although 

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

Investigations of 11P-HSD isofbrm ê qpression in the adrenal gland have revealed that the 

midgestational human foetal adrenal gland expresses 11P-HSD2 but not 11(3-

A t̂ilst in Ae adult, the adrenal gland expresses 1 ip-HSDl but not 1 ip-

Western blot analysis suggests that 11 P-HSDl 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 reticulariŝ ^ °̂\ Whilst the role of isofbrms of 11P-HSD in the human 

adrenal gland remains unclear it has been suggested that, in the zona reticularis, l ip-

HSDl at the cortico-medullary junction may maintain the high levels of glucocorticoid 

required for medullaiy catecholamine biosynthesiŝ '̂°̂ . The role of 11P-HSD2 in the 

foetal adrenal gland is unknown. 
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11P-HS02 has recently been localised to ductal and lobiilar epithelial cells in the human 

breast where it co-localises with the Moreover, higher levels of 11P-HSD2 

e)q)ression are observed in invasive carcinoma of the breast and inhibition of 11P-HSD2 

potentiates the antipmlikrative ef&cts of glucocorticoids in some breast carcinoma cell 

lineŝ '̂*̂ ^ The expression of both 1 ip-HSDl and 11P-HSD2 mRNA has been identified 

in normal primary human osteoblasts in culture[246]. In contrast, these same studies 

were unable to detect 1 Ip-HSDI ex^wession in osteosracoma-denved osteoblasts but the 

level of GR expression in these cells w%s correlated wiA the level of IIP-HSD2 

expression. Moreover, in normal osteoblasts, I l-DH activity appears to pr^lominate^^l 

These observations, vAilst speculative, have led to suggestions that the expression of 

isofbrms of I Ip-HSD in human bone plays an important role in normal bone 

homeostasis, and may be implicated in the patho^nesis of steroid-induced 

osteoporosiŝ '̂̂ l̂ 

High levels of 11 P-HSDl but not 11P-HSD2 activity and mRNA have also been 

identified in human adipose tissuê ^̂ "̂̂ .̂ Using primary cultures of adipose stromal 

cells, these studies suggest that 1 ip-HSDl activity is higher in cells j&om omental rather 

than subcutaneous sites and that in adipose tissue 11-OR activity predominateŝ ^^ \̂ 

Moreover, these studies also demonstrated that the difkrentiation 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 cordsol as a 

consequence of 11 P-HSDl 11 -OR activity in omental adipose tissue may play an 

important role in the development of central obesitŷ '̂̂ l̂ Importantly, central obesi^ is 

also strongly associated with reduced glucose tolerance, hyperinsulinaemia and other 

features of the metabolic syndrome*^^^^ .̂ Moreover, mice with targeted disruption of 

the gene encoding 1 ip-HSDl do not develop the hyperglycaemia associated with 

obesity '̂̂ l̂ 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 Iip-HSDl 11-OR activity, may represent a common 6ctor 
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underlying the aetiology of the insulin resistance syndromeŝ ^̂ ^̂  and is the subject of 

further investigation in chapter four of this thesis. 

1.7 1 Ip-hydroxysteroid dehydrogenase :n human disease 

1.7.1 w* f aymfrome 

Hypertension is a well-recognised, fi^quently observed, consequence of chronic 

glucocorticoid excess characterised by boA Cushing's syndrome and exogenous 

administration of glucocorticoid. Approximately of 75% patients with Gushing's 

syndrome have bilateral adrenal hyperplasia associated with elevated plasma ACTH 

which is principally of pituitary origin (Gushing's disatsey^^"^^ or of extra-pituitary or 

'ectopic' origin̂ ^̂ .̂ A smaller proportion of patients are characterised by AGTH 

independent Gushing's syndrome which is associated wiA either adrenal hyperplasia, 

adenoma or carcinomâ ^̂ .̂ Over 80% of patients with AGTH dependent Gushing's 

syndrome have hypertension but this increases to over 95% in patients with the ectopic-

AGTH syndrome^^l Importantly, mineralocorticoid excess characterised by 

hypokalaemic alkalosis is a 6ature of more than 95% of cases of the ectopic AGTH-

syndrome which is in marked contrast with other forms of Gushing's syndrome in which 

fewer than 10% of patients suffer mineralocorticoid excess^^^'^l These observations 

have prompted speculation Aat the mineralocorticoid excess associated with the ectopic 

AGTH syndrome may be caused by AGTH dependent steroids other than Cortisol such as 

deoxycorticosterone^^^ .̂ However, most patients with AGTH-dependent Gushing'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 AGTH 

syndrome is due to the e%cts of cwtisol alone^^l 

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 antagonistŝ "̂ "̂̂ ^̂ .̂ However, it is likely that Ae hypertension associated with the 

ectopic AGTH syndrome is mediated through activation of both GR and and that 

activation of the renal MR is a consequence of deficient imctivation of Cortisol by renal 

llp-HSD2(̂ ^ ]̂. 
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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 11P-HSD2 

activitŷ ^̂ '̂ ^̂ l However, evidence has also been presented in which the total excretion of 

THE in patients with Gushing's syndrome is increased, indicative of significant 11P-

HSD2 activity, despite increases in the (THF+5a-THF)/THE ratio and 6 e urinary &ee 

cordsolicordsone ratiô ^̂ .̂ These obs^vations suggest that, despite significant renal 1 ip-

HSD2 activity, the mineralocorticoid hypertension associated with the ectopic ACTH 

syndrome may be the consequence of substrate saturation of renal 11P-HSD2 as a 

consequence of high levels of circulating cortisol^^'^^'^l 

1.7.2 fo/g (kAyf&vggwafg m ggfewfW AjygftgfMWM 

There is now a broad spectrum of evidence to suggest that (^sregulation of Cortisol 

metabolism may be implicated in Ae aetiology of essential hypertension. Several studies 

have demonstrated that in a significant proportion of patients with essential hypertension 

the plasma half li& of 1 la-[^-cortisol is prolonged, though few have been able to 

clearly demonstrate any change in the urinary (THF+5a-THF)/THE ratio^^ ^̂ '̂̂ ^̂ l 

Neverlheless, there is growing speculation timt 11P-HSD2 expressed in vascular smooth 

muscle and myocardium may play a significant role in the regulation of vascular tone 

through its efkcts upon the local metabolism of cortisol̂ "*̂ ^̂ ^̂ . Moreover, several studies 

have demonstrated a clear correlation between vascular sensitivity to glucocorticoid and 

essential hypertension̂ ^̂ ''̂ '̂ .̂ 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 hfe of Cortisol, due either (kficient inactivation of Cortisol 

by 1 Ip-HSD2, increased conversion of cortisone to Cortisol by 11 P-HSDl or a 

combination of both eflectŝ ^^ .̂ 

1.7.3 

Several studies investigating possible mechanisms underlying the foetal origins of adult 

disease have implicated the dysregulation of transplacental cordsol metabolism in &e 
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later development of essential hypertension in the o9spring^^^^^\ The observation that 

the administration of corticosteroids during pregnancy may lead to decreased foetal 

weij^t is well docwnented^ '̂̂ '̂̂ . It has also been reported that there is a strong positive 

correlation betweai placental 1 ip-HSD activity and foetal weig ît at tarn and an inverse 

correlation between placental 1 ip-HSD activity and placental weight̂ ^̂ '̂̂ l̂ Edwards ef 

that deficiency of placental 11 p-HSD at mid term could result in the 

transplacental passage of maternal Cortisol to Ae foetal compartment Wiich results in 

ketal growth retardation. Studies using rats treated with low-dose dexamethasone 

support Ais hypothesis since, as 9a-fluoridated corticosteroids do not undergo significant 

11 p-HSD catalysed dehydrogenadon dexamethasone crosses the placenta largely 

unaltered and, in common with all ghicocordcoids, 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^^ l̂ 

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^^^l Whilst several extensive, Aough retrospective, 

epidemiological studies have demonstrated a similar relationship between birth weight 

and adult hypertension in man no clear relationship between birth wei^t, placental 

weight andl 1P-HSD2 activity has been demonstnî kd and this field of research continues 

to be an area of active debate^^^^^"^. 

1.8 Overview of the thesis 

It is now generally accepted that the mineralocorticoid specificity of MR and the 

regulation of glucocorticoid accessibili^ to GR occurs, predominantly as a consequence 

of the interconversion of cordsol and cwdsone by isofbrms of 11 p-HSD. It is also 

evident, as illustrated in the preceding discussion, that the preferred direction of catalysis 

of 11P-HSD1 and the relative abundance of 11P-HSD1 and 11P-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 11P-HSD activity may be elicited by a number 
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of well characterised hormones, including sex steroids, the gonadotrophins and 

glucocorticoid, a clear understanding of Ae mechanisms underlying these regulatory 

processes remains elusive. By analogy with the ;Wiysiological, biochemical and clinical 

characteristics of acquired AME it has been postulated that relative dysregulation of 11P-

HSDl, 11P-HSD2 or, in some instances, bo A isofbrms of 1 l^-HSD may underlie the 

pathogenesis of a bmad spectrum of diseaseŝ ^ '̂̂ '̂̂ '̂ '̂̂ ''̂ ^"^^ '̂̂ . 

Most attempts to investigate the role of changes in 11 p-HSD activity in the patho^nesis 

of disease have revealed no clear associations. Whilst many of these studies have 

favoured analysis of the Cortisol turnover qmtient (THF+5a-THFyrHE plasma 

Cortisol half̂ lifW^̂ "̂ ^ or plasma Cortisol and cortisone ratioŝ ^̂ '̂ ^̂ ,̂ changes in cordsol 

metabolism as a consequence of modest changes in I ip-HSD activity, while important, 

are likely to have been too small for accurate assessment by current technology. 

Moreover, plasma cordsol, cortisone and the ratio of their metabolites reflect the 

combined effect of boA 11 P-HSDl and 11P-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 isofbrm. Estimation of unconjugated steroid excretion which may exceed 43% 

of total excreted steroid in AME compared with 1% in normal individuaW^̂ '̂ ^̂  may 

pNTOve to be a more prmnising avenue of investigation since it can be argued that the 

unconjugated corticosteroid proGle of urine reflects more accurately renal 11P-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 urinaiy free 

Cortisol and cortisone may hold potential as an index of renal 1 lp-HSD2 activity^^^l 

Indeed, these studies have demonstrated a clear relationship betwe^i diminished renal 

11P-HSD2 activity and an increase in t k urinary See cortisol:cortisone ratio in AME 

types I and H, acquired AME (as a consequence of liquorice ingestion) and in patients 

widi the ectopic ACTH syndrome and Cushiî g's disease. This index may therefore be an 

important diagnostic tod for the investigation of 11 ̂ HSD2 m vhw. Importantly, it is 
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likely that improvements in analytical techniques will facilitate the sensitive, non-

invasive monitoring of smaller changes in renal 11P-HSD2 activity Wiich may, through 

their cumulative {Aysiological consequences, progress to overt disease. Thus the search 

for direct evidence of a relationship between (^sregulation of 11 p-HSD and the 

pathogenesis of disease depends not only upon the develo^ent of a clear understanding 

of Ae mechanisms which underlie the hormonal regulation of 11P-HSD but also upon 

the establishment of a spectrum of analytical techniqiKs vAnch are sufficiently sensitive 

to dissect the relatively modest variations in glucocorticoid metabolism attributable to 

equally modest dysregulation of specific isofbrms 1 ip-HSD. 

Thus, the second chapter of this thesis describes the development and evaluation of three 

novel analydca] techniques for the specific and sensitive estimation of unconjugated 

corticosteroids in biological fluids. The early pages of the chapter describe the analysis of 

unconju^ted corticosteroids in plasma, urine and tissue culture media using solid phase 

extraction and reversed phase h i ^ pressure liquid chromatography (HPLC). Two novel 

techniques are described which em^doy either fluorescence detection subsequent to 

derivatisation with 7-(carboxymethoxy)-4-methylcoumarin in the presence of l-ethyl-3-

(-3-dimethylaminopropyl)-caibodiimide hydrochloride or UV absorbance detection. The 

later pages of the chapter described the development of a radioimmunoassay for the 

analysis of urinary f i ^ cortisone which, used in tandem with a second 

radioimmunoassay 6)r the analysis of urinary Aee Cortisol, may be used to calculate the 

urinary Aee cortisoLcortisone 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 1 ip-HSDl 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 11 P-HSDl in 

human skeletal myoblasts and 11P-HSD2 in JEG-3 cells m vffro. Analysis of mRNA and 

protein is also described which demonstrates that the hormonal regulation of isofbnns of 

lip-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 isofbrms of 11P-HSD in Ae insulin resistance syndrome (IRS). It is well 

recognised that hypercortisolaemia is Aequently associated with insulin resistance, 

hypertension, obesity and other features of the (IRS). However, tho ê is a growing 

awareness that increased tissue sensitivity to glucocorticoid, regulated not only by 6 e 

level of GR, but also by {»%-receptor interconversion of biologically active Cortisol with 

its hormonally inactive 11-oxo-derivative, cortisone, by isofbrms of 1 ip-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 11 P-HSDl is accompanied by a 

significant increase in \&%ole body insulin sensitivity '̂̂ '̂ l Skeletal muscle comprises a 

signiGcant ̂ opordon of total body mass and, is the principal site for the manifestation of 

insulin resistance and glucose intolerance. There&re, chapter four describes the 

associations between GR expression and its autoregulation by glucocorticoid and the 

influence of 1 ip-HSDl 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 1 ip-HSDl in human skeletal myoblasts 

and 11P-HSD2 in JEG-3 cells, a human choriocarcinoma cell line 

3. To determine Ae role played by relative dysregulation of 11 P-HSDl activity in 

human skeletal myoblasts in the pathogenesis of the insulin resistance syndrome 

- 4 0 -



([]]E]L/SLP ]r]E)]& 3% - ]PklbBlHi<)d d(ytr4*l()]p][a(;:ilt 

2.1 INTRODUCTION 

2.1.1 QMowAWvf /!« AwAynca/ pgmpgafre 

The close structural similanty of the corticosteroids and their relatively low 

concentrations in body fluids pose pro6)und analytical challenges which, despite 

significant improvements in analytical technique, have yet to be totally overcome. The 

earliest methods for the analysis of steroids were based upon the use of fluorimetric or 

colounmetnc end points, however, their principal shortcomings, namely lack of 

specificity, the requirement for large sample volumes and in die case of fluorimetric 

analysis the requirement 6)r potentially dangerous reagents, limited their practical use in 

the clinical field̂ ^̂ '̂ ^̂ l By the end of the 1970's the range of analytical procedures 6)r 

the measurement of specific and groups of corticosteroids had increased to include: paper 

chromatogra^y^^^^ thin layer chromatography (TLC^^^ ,̂ gas-liquid chromatogmphy 

(GLC)̂ ^̂ ,̂ gas chromatography high performance liquid chromatography 

ultra-violet (UV) spectroscopy^^^, nuclear magnetic resonance (NMR) 

spectroscopy and mass spectrometry Nevertheless, it was the development of 

immunoassay technology in the early 1970's that provided the tools 6)r the relatively 

simple quantification of single steroids in biological fluids. 

The lipophylic nature of the corticosteroids and their association with specific binding 

proteins in the circulation has placed considerable restrictions upon Ae evolution of 

quantitative analytical procedures 6)r routine use in the clinical laboratory. The r^idity 

and potential for automation that is inherent in direct steroid analysis, requiring neither 

extraction nor prior chromatographic treatment, has resulted in a marked rise in the 

popularity of this genre of assay in the clinical field. However, the reduction in 

specifici^ and sensitivity that these techniques impose result in considerable 

deterioration in precision. Thus, despite their value as tools fbr the diagnosis of weU 

characterised, overt disease the relatively high imprecision associated with these 

techniques renders them unsuitable fbr defining robust but smaller cMnges in steroid 

biochemistiy. Importantly, an abili^ to detect smaller changes in steroid biochemistry 
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if persistent, may contribnte to the pathogenesis of disease, would be pertinent to 

the development of spedHc Aerapeutic regimes thus maximising efRcacy A^ l̂st 

minimising side e%cts and cosL 

2.1.2 

Analytical excellence, which represents the highest degree of specifici^ and sensitivity, 

danands the inclusion of three %»incipal steps: extraction of steroid Aian its biological 

matrix; Anther purification of the analyte from interWng substances and quantification. 

2.1.2.1 

The metabolic products of most steroids undergo extensive hydroxylation or corrugation 

forming increasingly polar species which results in an array of structurally similar 

analytes vAiich often share identical polar extraction characteristics. Whilst it is not 

recommended to rely solely upon solvent extraction for the discrimination of steroids 

with similar polarity, the literature is replete with examples of the efGcient use of 

selective solvent extraction^^^ Furthermore, the principles of liquid-liquid extraction 

are sufGciently versatile to include steps ̂ ^ch disrupt protein-binding and extract 

steroids from dieir lipoprotein matrix. The extraction of steroid from lipoprotein, 

however, often requires the addition of ammonium sulphate or pentylaminê ^^"^ .̂ 

Similarly the ef&cts of protein binding in matrices other than plasma have been 

investigated, several studies have demonstrated that even in saliva signiGcant 

interference &om protein binding may be observed in assays Wiich do not incorporate a 

solvent extraction step^^. 

Consideration should also be given to the analysis of steroids in urine. Thus selective 

extraction of uiKX)igugated steroids may be achieved by judicious use of organic solvents 

such as diethyl-ether or ethyl acetate. However, the coryugated steroids usually require 

hydrolysis prior to analysis, and several techniques have been developed in order to 

overcome the difficulties associated with quantitative recoveiy of steroids laior to and 

following hydrolysis. The direct analysis of steroid coigugates following extraction &om 

urine has been achieved by several authors and ofkrs important alternatives to their 
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analysis following hydrolysiŝ ^^^ '̂̂ l Nevertheless, by analogy with the analysis of 

steroids in plasma most authors agree that extraction of steroids Aom urine is obligatory 

for accurate, quantitative analysiŝ '̂̂ '̂̂ .̂ 

2.1.2.2 exAwdow 

The use of a solid phase for the quantitative extraction of steroids from biological 

material has gained in popularity over the past thirty years. The wide variety of solid 

phase media including neutral Amberlite XAD-2 and ion exchange resinŝ ^̂ ^̂  have 

been used extensively but the development of octadecylsilane (ODS) coated 

microparticulate silica in syringes or cartridges has almost entirely superseded Aese 

matehalŝ ^̂ ^̂ . The principle of the latter technology is based upon a mixture of adsorption 

and reverse phase partition between the hquid phase and the caibon chain which is bound 

to silanol groups on the surface of the microparticulate sihca. The ability to vary the 

length of the carbon chain and the degree to v*ich it is substituted with hydroxyl, phenyl 

or amino groups significantly improves the degree of selectivity Wnch can be performed 

during extraction. In addition, the presence of untreated silanol groups on the silica 

results in a degree of adsorption which has been utilised to great ef&ct in the separation 

of vitamin D metabolites^^. The application of sohd phase extraction to Ae quantitative 

analysis of corticosteroid profiles in urine has become almost universal. Techniques were 

initially developed far the extraction of single steroid specieŝ ^̂ "̂"̂ ^̂  but the power of this 

methodology for the quantitative extraction of large groups of steroids has greatly 

enhanced its usefulness. 

2.1.3 

Examples of the use of paper chromatography for the separation of steroids prior to 

quantification may still be seen̂ '̂ "̂ ^̂  however, thin layer chromatography is more 

widely used̂ ^̂ ^̂ ^̂  and careful selection of sugqaort medium and nmning solvent can 

provide highly satis&ctory separations of steroid mixtures. 

The development of column chromatography based upon the earlier principles of 

differential partition between a stationary solid phase and a liquid mobile phase resulted 
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in significant improvements in steroid analysis. Unfortunately, apart from a few notable 

exceptions thaie has been relatively little development of these techniques over the past 

three decades^ '̂̂ l̂ Size exclusion or gel filtration' column cbromat*%raphy has perhaps 

maintained a higher degree of popularity and many examples of its use may still be found 

in the literature. Most of these make use of hydroxy alkoxy-Se^Aadex such as LH-20 or 

Lipidex 5000 or the combined use of ODS packed SPE cartridges and diethylaminoethyl 

substituted Sephadex ion exchange column chromatography which has been successfully 

used &r the Aactionation of urinary steroids into their free, glucuronide and sulphated 

factions prior to analysis by GLC Applications which make use of substituted 

Sephadex have also been described^^l 

2.1.4 (ray cAfOfwaAiyropAy 

Gas chromatography relies upon the partition of analytes between a gas mobile phase and 

a thermostable liquid phase which is suf^rted iqwn a solid matrix. Whilst adsorption to 

the support medium and inconsistency in paddng Aequently resulted in poor 

chromatographic resolution, peak shape and sensitivity in earlier techniques, the advent 

of 0.2mm internal diameter capillary columns fabricated fî xm fiised silica has largely 

overcome these difficulties. H i ^ temperatures, usually in excess of200°C, are requned 

in order to vaporise steroids and their conjugates prior to chromatografidiy and this is 

fî equently accompanied by thermal degradation. Furthermore, the presence of exposed 

hydroxyl groups may also result in poor resolution due to adsorption during 

chromatography. Prechromatographic derivatisation with dimettyldichlorosilane, 

trimethylchlorosilane, trimethylsilylimidaziole (TSIM), bistrimethylsilylacetamide (BSA) 

or bistrimethyletdfluoroacetamide (BSTf A) amongst others, effectively removes 

exposed hydroxyl groups and increases the themia] stability and volatility of 

hydroxysteroids and is now universally performed. 

Four methods of GC detection are commonly used: Flame ionization detection (FID) is 

generally too insensitive for steroid analysis; the nitrogen-phosphorus detector (NPD) is 

more sensitive but requires the presence of nitrogen atoms, commonly introduced to 

steroids by formation of derivatives such as methyloximes^^^l Electron câ iAure 
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detection, despite its high sensitivity is not widely used due to difRculties with detector 

contamination and the requirement for the formation of halogenated sHyl ether 

derivatives^^ l̂ Most of these detection systems have been superse^d by the use of GC 

coupled with mass spectrometiy (MS) Wuch is Aequently as sensitive as electron-

capture detection but has the added advantage of improved selecdvi^. 

The application of GC-MS to the analysis of urinary steroid profiles has changed little 

since it was first introduced in the 1960's Most modem procedures, with minor 

modifications, rely upon the formation of methyloxime trimethylsilyl ether derivatives 

following release of the steroids 6om their glucuronic acid and sulfAate conjugateŝ ^̂ "̂ ^̂ . 

The most significant methodological development in this field has been the shift 6om 

using packed glass columns to fused silica ca^xllaiy columns which has resulted in a 

simpler intaiace between die gas chromatogra^ and mass spectrometer and improved 

chromatographic resolution. 

Where steroids have been shown to behave in an unpredictable manner during 

derivatisadon, for example Ae 18-oxygenated steroids such as IS-hydroxycortisol; stable 

isotope dilution using deuterated internal standards has greatly improved precision̂ ^^ .̂ 

The lack of sensitivity of these techniques has confined their application in the routine 

field to the analysis of urine. However, within the past decade there has been some 

progress in the analysis of plasma. Unfortunately, with the exception of a few procedures 

for the analysis of Cortisol, cortisone and their metaboliteŝ ^̂ ^̂ ^̂ , the difficult of 

producing steroid extracts Aom a lipid rich plasma matrix has limited their application to 

the C]8 and C]9 steroidŝ ^̂ ^̂ . 

2.1.5 (HPLQ 

The chromatographic analysis of steroids by HPLC has become an increasingly 

important area of research as reliable and sensitive equipnent at relatively low cost has 

become available. The principles of HPLC have evolved from a background of paper, 

thin layer chromatography and column chromatography and much of the developmental 

research dmt has been invested in these earlier techniques can be applied with equal 
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success to HPLC. Analysis of steroids by HPLC has key advantages over other methods: 

i) h i ^ temperatures are not required and material may be recovered from the column for 

furdier analysis; ii) chromatographic resolution is siqierior to that of paper 

chromatography and TLC, and, iii) the choice of method of detection is considerably 

broader than those available for GC. 

The selection of column packing material, length and intenal diameter of the column, 

choice of detection system and the sta^oids to be analysed all have significant influences 

upon the outcome of their Ghromatogr )̂hy. The literature is replete with examples of the 

HPLC of steroids making use of adsorption, partition, ion-exchange, reverse-phase and 

reversed-phase ion-pair chromatography. However, reverse-phase columns packed with 

microparticulate silica coated with Ĉ g, Cg, Cz and phenyl materials together with polar 

solvent binary and tertiary mobile phases are now widely used 5)r many a{]plications. 

Careful selection of the type of stationary ;Aase, its particle size, porosity and level of 

residual uncapped silanol groups, as for solid phase extraction, can greatly influence 

chromatographic selectivity^^^. More recently, applications \;\*ich make use of 

immcAilised cyclodextrins (rrmcrocyclic polymers of glucose Wiich are capable of 

forming inclusion complexes with steroids) have been introduced with some success into 

steroid chromatographŷ ^^ '̂̂ l̂ Similarly, graphitised carbon, which has been used as an 

inert stationary phase far the separation of oestrogen coiyugateŝ '̂ ^̂  may ofkr advantages 

over silica due to its microcrystaline structure Wiich does not contain unreacted silanol 

groups. Indeed, incomplete capping of silanol groups on some reverse-phase columns 

may have deleterious effects aside from deterioration in peak shape and chromatographic 

resolution. Intramolecular hydrogen bonding between uncapped silanol groups and the 

18-hydroxylated steroids can lead to ring closure between Cig and Czo/zi or in the 

presence of methanol, a Aequently used component of mobile phases, the formation of 

methyl ethyl ketals. Dimerisation and isomerisation of susceptible steroids may also be 

observed. 

Selection of mobile phase is frequently based upon those used in equivalent TLC systems 

and has been reviewed by Hara e/ Whilst isocratic chromatogr^Ay has been used 
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for the separation of relatively simple mixtures of steroidŝ ^̂ ^̂  the separation of more 

complex mixtures is best achieved using gradient elntion. The addition of pH 

modiGerŝ ^̂ ,̂ ion-pair reagentŝ ^̂ ^̂ , the inclusion of phosphate saltŝ ^̂ ^ and the use of 

ternary and quaternary solvent systemŝ ^^^ have ach been used with some success for 

the analysis of steroids. 

In contrast to GC, HPLC is normally performed at ambient temperatures and the 

requirement for derivatisation of steroids prior to chromatography in order to ensure 

thermal stabili^ and volatili^ is therefore unnecessary. However, the lack of selectivity 

and structural information obtained by conventional methods of HPLC detection has 

restricted its uses. Techniques which inter&ce HPLC and MS have re-established HPLC 

as an important and versatile implement in the evolution of steroid chromatography. 

Within the past (kcade HPLC-thermospray mass spectrometrŷ ^̂ "̂ ^̂ , HPLC-electrospray 

mass spectrometry and HPLC-heated nebulisation mass spectrometrŷ ^^^ interfaces have 

been developed. Sensitivities in the low picomolar range have been reported for many of 

these techniques and are at least equivalent with GC-MS^^^'^l 

2.1.6 cArowWoynyAy (/KaAforAawce dkfeaiioA 

UV absorbance detection has long been a favoured technique since many of the naturally 

occurring steroids have some UV absorbance characteristics. T k ot,P-unsaturated ketone 

in the A-ring of the natural steroids absorbs UV li^it with a maximum at 240imi and 

with an extinction coefficient between 12,000-20,000. Those steroids which exhibit an 

aromatic A-ring (the oestrogens) have an absorption maximum at 280nm and isolated 

carbonyl groups absorb between 275-285nm. Unfortunately, UV absorbance detection is 

relatively insensitive wiA detection limits in the nanomolar range, at best, for many 

steroidŝ ^̂ \̂ UV absorbance detection has also been used with some success for steroids 

that do not naturally absorb in the UV spectrum. Agnus ef demonstrated a 

detection limit of 2nM by UV absorbance for pregnaiwlone using a column containing 

immobilised cyclodextrin and with testosterone, as a component of the mobile phase, as a 

probe. However, those steroids which do not absorb UV light, including most of the 
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urmaiy steroid metabolites, must undergo chemical modiGcation phor to 

chromatography in order to form UV-absorbing derivatives. 

For most UV applications, it is accepted that the positive identification of steroid species 

can be made if the chromatogram demonstrates an homogenous peak with elution times 

identical with those of a reference compound. Nevertheless, such assunq t̂ions cannot 

always be made especially of chromatograms of steroids 6om biological fluids. This is 

particularly the case when complex chromatograms of extracts &om urine are examined, 

since it may not be possible to recognise homogeneity simply by inspection. Several 

mechanism have been proposed in order to overcome this difficult, such as a second 

chromatografAy on an alternative column, the use of a second solvent system or the use 

of the photodiode array UV absorbance detector. This instrument is capable of 

monitoring the column efRuent at several wavelengths and may be used to provide UV-

spectra which impM ôves analytical conSdence and chromatographic selectivity^^^ l̂ 

Alternatives to UV absorbance detection and mass spectrometry have also been explored 

and picomolar detection limits have been reported with the use of re6active index 

detection^^^ ,̂ electrochemical detection^^^, fluorescence d^ection^^^ and flow 

through mdioactivity detectorŝ ^^ .̂ Of these alternative, few have found greater 

application to the analysis of steroids than fluorescence detection. 

2.1.7 wAA dgfecffow. 

Of the naturally occurring steroids, 6w, with the exception of the oestrogens, 

demonstrate native flwrescence. However, most steroids demonstrate greater or lesser 

fluorescence in acid solution. One of tiK earliest procedures Wiich made use of 

fluorescence detection for the chromatographic analysis of corticosteroids was devised 

by Sweat in 1954 and later modified for application to the analysis of free 11-

hydroxycorticosteroids in human plasma by Mattingly^^ '̂l They demonstrated that in 

strong sulphuric or phosphoric acid corticosteroids with an 11-hydroxyl group form 

fluorophores with excitation maxima and minima of 470-475nm and 520-530nm 

respectively. However, the development of fluorescence was highly variable and several 
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investigators reported the 6)rmation of muhiple fluorescent productŝ ^̂ l̂ Furthermore, 

injection of material at low pH onto HPLC columns was found to result in deterioration 

in chmmatographic resolution and the steroid fluorofAores were fbund to be relatively 

unstable at ambient tanpmiatures. However, modification of the technique to include 

extraction of the fluorophore into ethyl-acetale subsequent to acid hydrolysis produced 

detection limits for cmtisol and cordcosterone of 0.29pnol pm̂  injection, improved 

stability and limikd the Armation of multiple fluorescent pioducts^^ l̂ 

An alternative approach to fluorescence detection, which exploits the characteristics of 

naturally fluorescent molecules as derivatising agents 6)r steroids, has been extensively 

examined. These procedmes ofler several advantages in that i) there is little variation in 

fluorescence yield between steroid daivadves, and, ii) careful selection of bolh the 

derivatising agent and the chemical reaction involved in forming the derivative can result 

in a h i ^ degree of selectivity over that achieved by chromatographic separation alone. 

The early history of fluorescence derivatisation is almost exclusively devoted to the 

development of derivatives for peptide and protein analysis using sulphtmyl chlorides 

such as 5-dimethylaminonaphthalene-l-sulphonyl chloride (dansyl chlorideŷ ^̂ .̂ These 

reagents were shown to react with primary and secondary amino groups at alkaline pH 

and with phenols, imidazoles and alcohols at lower pH. Yet despite their successful 

application to the analysis of amines, amino acids, phenols, catechols and certain drugs 

and their metabolic in body fluids^^^\ they have bad little application to the analysis of 

steroids. However, the hydrazine derivative of 5-dimethylaminonaphthaline (daiKyl 

hydrazine) which reacts readily wiA aldehydes and ketones, by analogy with the 

formation of coloured 2,4-dinitropheylhydrazine derivatives, has been used to form 

fluorescent products with those corticosteroids vAich exhibit a keto group such as 

Cortisol, cortisone and some of their metabokteŝ ^^ l̂ 

Functional groups amongst the steroids tend to be restricted to hydroxyl, keto or phenolic 

groups and there is a paucity of data in the literature relating to fluorescence derivatising 

agents for these groups. However chlorides of carboxylic acids react 6eely not only with 
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primary and secondary amines and alcohols but also, under appropriate conditions, with 

tertiary amines and alcohols. Whilst Aey are more susceptible to hydrolysis than their 

sulphonyl counterparts, the mpidity with Wnch they react at ambient temperatures makes 

thfoiieoiuieidly stdtaiyk;lxxr;qpplicatioritotbea*ib}Qoa±iori(dF;Mi><>oluirui<ieTî ^ 

Of those that have found application to the analysis of steroids, caibonyl chlorides 

derived from 7-hydroxycoumarin demonstrate characteristics which are highly 

favourable. This molecule and many of its derivatives are highly fluorescent in the solid 

state, in solution and vAen adsorbed onto alumina with excitation and emission maxima 

of 310-320rmi and 375-395rmi respectively. Their steroid derivatives are also highly 

fluorescent, stable and exhibit excellent chromatographic characteristics. Seveml 

fluorescent acylating agents have been synAesised from 7-hydroxycoumarin but most 

require melhylation of the 7-hydroxyl group in order to prevent se]f<X)ndensation̂ ^̂ ^̂ . 

Several authors have reported highly sensitive analyses of hydroxy steroids using 7-

[(chlorocarbonyl)methoxy]-4-methylcoumarin as a derivatising agent̂ ^̂ '̂ ^̂  and have 

demonstrated that it is at least equivalent in sensitivity with l-anthroyl nitrile and 

considerably more sensitive than alternatives such as 4-dimethyamino-l-naphthoyl 

nitrile, 2-metbyl-I,r-binaphthalene-2'-carbonyl nitrile^^ l̂ Indeed, the intensity of the 

reactions of carbonyl chlorides ensures that all primary, most secondary, except those 

which show signiRcant steric hindrance, and many tertiary alcohols become derivadzed 

which is often not the case with more gentle reactions swh as those demonstrated by 1-

anthoyl nitrile. 

Post column derivatisation in HPLC has received relatively little attention due the 

restrictions imposed by the speed of reaction which must be rapid and ofkn necessitates 

the use of high temperatures and post column mixing of reagents which frequency 

precipitates loss of sensitivity due to peak sp^ading. Indeed, with notable excepdonŝ '̂̂ ,̂ 

few techniques have made use of post column derivatisation which has been largely 

superseded by precolumn derivatisation of corticosteroids. 
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2.1.8 

The introduction of radioimmunoassay in 1960 and of competitive binding assay the 

same yeaî ^̂ ^ proved to be of profbuiKi significance in the history of steroid analysis. 

Steroids represent a population of molecules with little native antigenicity since their 

small size prohibits activation of an immune response. However, steroids may be 

rendered immunogenic by conjugation with carrier proteins such as bovine serum 

albumin, bovine thyroglobulin or keyhole limpet baemocyanin. The linkage is generally 

made between a free amino group on the carrier f*^otein and the carbô q̂ l group of an 

acid derivative of the steroid. The method and site of linkage, the length of the spacer 

arm, the number of haptens linked to Ae carrier and the tertiaiy structure of the 

immunogenic molecule have significant efkcts upon the charackristics of antisera 

produced in this way and of&rs the potential for the design of highly specific antisera 

capable of marked selectivity between steroids which share considerable structural 

similarity^^^ .̂ 

The close structural relationship between many of the corticosteroids and particularly 

between Cortisol and cortisone, has greatly limited the usefulness of many antisera 

designed for use in radioimmunoassay. Most antisera exhibit marked cross reactivity 

with both Cortisol and cortisone such that direct radioimmunoassay of either steroid in 

their biological matrix without prior selective extraction or extensive chromatographic 

purification frequently results in data that are potentially compromised. Indeed, the 

paucity of literature on the radioimmunoassay of cortisone without extensive, multistep, 

pre-analytical purification, highli^ts the problems of analytical inaccuracy imposed by 

poor antibody specificity^^^l Despite these drawbacks, the radioimmunoassay of urinary 

6ee Cortisol subsequent to extraction with organic solvent has been used to great efkct in 

the diagnosis of Cushing's syndrome for the past three decades and illustrates the 

potential of this analytical tool for Ae relatively rapid analysis of large numbers of 

specimens^^l 
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2.1.9 f y b r aW WAco/ywgaW cofdcoffgrowk 

The significance of variations in biochemical phenotype and their close correlation with 

genotype in AME together wiA the characteristic changes in urinaiy steroids in 11-OR 

deAciency clearly illustrates the importance of the sensitive and specific d^ermination of 

steroid profiles in biological fluids. Indeed, it has been suggested that biochemical 

analysis of steroid profiles in specific groups of patients may identify more modest 

changes in 1 ip-HSD activity related either to mutations which have oiUy minor ef&cts 

upon enzyme activity or to enzyme inhibrdon or regulation by specific agents yet to be 

identiGed^^l Moreover, since the cloning of 1 lp-HSD2 and recognition of its role in the 

pathogenesis of AME there is general agreement that deficiency of renal 11P-HSD2 

activity may be responsible 6)r some forms of essential hypertension^ '̂̂ ^^ '̂̂  and that an 

unambigiwus marker of altered I activity could be an imporWit tool for 

defining altered 11P-HSD2 activity with respect k) the aetiology of hypertension in Aese 

cases. 

The complex interplay of hepatic steroid metabolism and the interconversion of Cortisol 

and cortisone by both isofbrms of 11P-HSD requires careful dissection of the 

mechanisms unckrlying the pathogenesis of disease associated with changes in tbe 

perifdieral metabolism of Cortisol. This goal depends not only upon the development of 

analytical techniques which are sufficiently robust to detect relatively modest changes in 

steroid metabohsm but also the establishmait of m vz/ro models which enable a closer 

explomtion of the molecular mechanisms undedying these biochemical Matures, 

unhindered by the complexity of metabolic interactions encountered m Many 

investigations have exploited the latter suggestion and examples of //% v/fro models of 

1 Ip-HSD activi^ are abundant in the literature^^ '̂̂ ^^ l̂ However, the difficulties 

inherent in the quantitative analysis of corticosteroids in biological fluids are equally 

translated to their measurement in cell culture media v/fro and may have a significant 

impact upon the accurate analysis of enzyme kinetics. Indeed, many studies have made 

use of relatively crude techniques including TLC and paper chromatogmphŷ ^̂ '̂̂ ^̂  and 

have made d&s assumption that metabolism of either Cortisol or cortisone m vffro is 

limited to Aeir interconversion by 1 ip-HSD and that further metabolism either does not 
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take place or is too insignificant to aflect the analytical outcome. Nevertheless, it is well 

recognised that several primary and tumour cell lines used for the analysis of 11P-HSD 

activity exhibit marked steroidogenic or staoid metabolising capabilities vAich are 

almost catain to afkct the outcome of kinetic analyses and hormonal regulation of 11 p-

HSD. 

2.1.10 

Whist the importance of GC-MS in the analysis of steroids is well estabhshed, little 

development in GC methodology has occurred over ± e past decade. In contrast, HPLC 

techniqws which make use of UV diode-array, fluorescence and MS dekction have 

gained in populari^ as the technology has become more robust and cost effective. 

Nevertheless, very few applications have been published which make use of these 

alternatives 6)r the investigation of dysfunction of Ae peripheral m^abolism of Cortisol, 

despite their potential for the production of sensitive, selective and cost effective 

analytical techniques. Furthermore, advances in the design and production of specific 

antisera have provided an o;^rtunity to re-examine the application of 

radioimmunoassay technology to the analysis of Cortisol and cortisoiK in biological 

fluids. This latter technology, in contrast with its chromatographic counterparts, has the 

added advantage of relatively large scale throughput which may be used to great eflect in 

screening large numbers of specimens prior to selection for more rigorous analysis by 

chromatography. Thus, the aims of this study were to develop sensitive and specific 

techniques for the quantitative analysis of corticosteroids in biological fluids using: 

1. HPLC with fluorescence detection for the sensitive analysis of unconjugated 

steroid profiles in plasma and urine; 

2. HPLC with UV detection for the rapid analysis of Cortisol and cortisone in 

tissue culture media as an aid to the study of the regulation of 11P-HSD M 

v/fro; 

3. radioimmunoassay techniques 6)r the rapid analysis of unconjugated Cortisol 

and cortisone in biological fluids for the analysis of large numba^ of 

specimens. 
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2J2 Method Development I: Reversed Phase HPLC of Corticosteroids 

with Fluorescence Detection Using 7-[(chlorocarbonyl)methoiy]-4-

methylcoamarin 

2.2.1 METHODS 

General chemicals and solutions were obtained &om Sigma Chemical Company Ltd 

(Poole, Dorset, UK) and were of HPLC grade unless otherwise stated. Radiolabeled 

steroids were suĵ l̂isd by Amersham International PLC (Amersham, Bucks, UK). 

2.2.1.1 

This was adapted from the methods of Karisson e/ and Baker & Colliŝ ^̂ l̂ 25ml 

chloro6)rm was dried by addition of Ig anhydrous sodium sulphate. I9.2ml thionyl 

chloride containing Ig 7-(carboxymethoxy)-4-methylcoumarin (CMMC) was heated 

under reflux for thirty minutes. 19.2ml dry chloroform was added and reflux heated until 

all solid was dissolved. Excess thionyl chloride was removed by distillation and the 

liquid replaced with hexane. The resulting yellow crystalline pNiecipitate was filtered and 

dried under vacuum then re-crystallised 6om ethyl acetate containing 5% thionyl 

chloride. The resulting yellow crystals were 6eed of solvent in vacuo, lOOpg was 

dissolved in lOOml acetonitrile and lO îl was analysed by HPLC using a Bio Rad Model 

2700 solvent delivery system, AS-IOOT HRLC autosampler with integral Rheodyne 

model 7010 injection valve fitted with a 200^il injection loop (Bio Rad Laboratories Ltd. 

Hemel Hempstead, Hertfordshire). The column effluent was monitored using a Perkin 

Elmer model 3000 fluorescence spectrophotometer equipped with an Spl Qow cell 

(Perkin Elmer Ltd, Connecticut, USA) with excitation and emission maxima of 3l5nm 

and 380nm respectively. Chromatography was pedbrmed using a Waters Nova-Pac Cig 

60A 4|im 300x3.9mm I.D. analytical HPLC column (Millipore (U K.) Ltd./Waters 

Chromatography Division, Watford, Hertfordshire, UK) with either 100% acetonitrile or 

100% dichlommethane at a flow rate of 1 Oml/minu^ or with a Shodex GPC KF-806M 

300x8nmi LD. analytical column (Pheiwmenex U.K. Ltd. Macclesfield, Cheshire, UK) 

with 100% tetrahydrofuran (l .Oml/minute). InAared spectrometry performed at the 
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University of Portsmouth, UK. Mass spectrometiy was performed at the Department of 

Chemistry, Southampton University, UK. 

2.2.1.2 CorgfcoffkroMf f o A f e x A w a i M w awf 

Stock solutions of CCMMC (lOOmM) and 4-dimethyaminopyridine (DMA?) (lOOmM) 

were prefxired using anhydrous dichloromethane as solvent Stock solutions (200pM) of 

cordcosterone, cordsol, cortisone, 11-deoxycorticosterone, 17a-hydroxypregnenolone, 

17a-hyroxyprogesterone and pregnenolone were also prepared using acetonitrile as 

solvent. Using a modification of the method of Karlsson gf 100^1 of each steroid 

solution was evaporated under a stream of dry nitrogen in 12x100mm, g^ass, wide 

necked, screw topped tubes (L.1P (Equipment & Services) Ltd. Shipley, West Yorkshire, 

UK). 15^1 DMA? (lOOmM) and lOOpl CCMMC (23mM) were added, mixed and 

evaporated as previously described. The contents of each tube were reconstituted with 

5ml 30% acetonitrile/HiO immediately prior to solid phase extraction. Individual Sep 

Pak Plus Ct8 cartridges (Millipore (U.K) Ltd.) fitted wrth 20ml glass luer-lock syringes 

(Jencons Scientific Ltd. Lei^ton Buzzard, Bedfordshire, UK) were prepared by passing 

5ml methanol followed by 10ml H2O under vacuum at a flow rate of 0.5ml/minute 

throuĝ i each cartridge. The derivatisation reaction mixture was transferred to the 

syringes and allowed to pass tbrou^ the cartridge followed by 10ml H2O and 10ml 30% 

acetonitrile/HzO under vacuum at a flow rate of 0.5ml/minute. The steroids were 

recovered firom the cartridge with 3ml acetonitrile and evaporated to dryness as 

previously described. The extracts were reconstituted in 1 OOpl mobile phase immediately 

prior to use and a lOpl sample was injected onto a Waters Nova-Pac C]g 6OA 4|Lmi 

300x3.9mm ID. analytical HPLC column (Millipore, UK) which was used throughout 

Four mobile phases, under isocratic conditions, were examined (100% acetonitrile, 100% 

methanol, 70% acetonitrile/H20,70% meAanol/H20) at a flow rate of 0.7ml/minuk. The 

HPLC column was allowed to equilibrate 6)r 2 hours between each change of mobile 

phase. 
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2.2.1.3 Dgfemwwdow eygfwwwM reocigkM cowdBwwf/or (Ae 

corgk<?ffler0a& 

All reactions were performed using 7pg Cortisol and 7pg cortisone. Serial dilutions of 

CCMMC and DMAP over the concentration range 500 — lOmM were prepared using 

dichloromethane as solvent Two series of reaction conditions were evaluated: (a) lOOpl 

DMAP (lOOmM) with lOOpJ CCMMC (I-500mM); (b) IOO|il CCMMC (50mM) with 

100p,l DMAP (l-500mM). A second series of reactions were per&rmed using lOÔ il 

CCMMC (25mM) at temperatures of 110, 80,50 and 37°C in s^ed, screw topped, wide 

necked, glass tubes with incubation periods spanning 2 -120 minutes. Derivatisation and 

solid phase extraction were performed as previously described using 70% 

acetonitrile/HzO as mobile phase (0.7ml/minute) (2.2.1.2). Peak height was recorded. 

2.2.2 RESULTS 

2.2 J!. 1 

The molecular mass of CCMMC was calculated to be 252.0189 (CizHgClO )̂ with a yield 

of 61.64%. Infrared absorption maxima were identified at 1795,1700,1610,1385,1265, 

1160,1137 and 915cm'̂  and were found to be consistent with data produced by Karlsson 

ef and with the structural formula of CCMMC. The molecular mass and principal 

ionic fragments of CCMMC was conBrmed by El-Mass spectrometry. The melting point 

of CCMMC was found to be 131-132°C. Homogeneity of the product was assumed Brom 

finding a single chromatographic peak which was apparent under all chromatographic 

conditions examined. 

2.2.2.2 

The instantaneous and complete derivatisation of corticosteroids using CCMMC in the 

presence of DMAP at room temperature has been reported by Karlsson ef In this 

study, multiple chrMnatographic peaks &om the derivatisation of single steroids were 

observed, and provided evidence of incomplete derivatisation despite optimal 

concentrations of CCMMC and DMAP. 
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2.2.2«; reacdow com&Wow/or <Ag ffgmfa&af^ow cofg&oai&rofldk 

w&A CCMMC 

Ihtle icnj)nô %5nnK%itjii<jeii\%itK%itk)n ed3%(%fnic]f()c<%irre%iTAn&ti(%)rK3G%d&3Bh(yns oiP(](ZA/[N{(] 

in excess of 50niM and concentrations of DMAP equimolar wiA CCMMC produced the 

highest yield (Agures 2.1 and 2.2, page 58). At concentrations greater than Aose of 

CCMMC, DMAP inhibited derivatisation. Increasing reaction time at 110°C resuhed in a 

deterioration in derivatisation efBciency (figures 2.3 and 2.4, page 59). Omission of 

DMAP inhibited derivatisation at temperatures below 50°C but did not limit the 

formation of multiple derivatives. 
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Figure 2.1 The effect of changing the concentration of CCMMC on the 
derivatisation of Cortisol and cortisone: reactions were performed using 7pg steroid with 
lOOjil DMAP (lOOmM). Derivatisation efficiency was determined from the peak height of the 
major steroid derivative. Each point represents the mean and standard deviation of triplicate 
analyses. 
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Figure 2.2 The effect of changing the concentration of DMAP on the derivatisation 
of Cortisol cortisone with CCMMC: reactions were performed using 7ng steroid with lOOfil 
CCMMC (50mM). Derivatisation efficiency was determined from the peak height of the major 
steroid derivative. Each point represents the mean and standard deviation of triplicate analyses. 
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Figure 2.4 The effect of temperature on the derivatisation of Cortisol with 
CCMMC in the absence of DMAP: reactions were performed using Tjjg Cortisol with 
lOOjil CCMMC (25mM). Derivatisation efficiency was determined from the peak height of the 
major steroid derivative. Each point represents the mean and standard deviation of triplicate 
analyses. 

- 5 9 



2.2L3 SWJMAdULRry 

The fbrmalion of multiple derivatives from single analytical species is a common f^Hng 

of p^e-column derivatisation techniques^^^. The confbrmadoml onaitadcm of hydroxy! 

moeties have important implications for their relative susceptibility to acylation and there 

are few exceptions to the role that among the saturated steroids equatorial hydroxyls are 

more readily acylated than axial hydroxyls in the same position^^^. Moreover, primary 

alcohols are more susceptible to acylation than are secondary alcohols, and tertiary 

alcohols rarely undergo acylation. Cortisol may be considered to have only one acylable 

hydroxyl; this is a primary alcohol situated at Czi. The Cn hydroxyl is tertiary as is the 

1 Ip-hydroxyl which is strongly hindered by steric interactions with the two P-methyl 

groups at Cio and Cn, and by Ae P-hydrogen at Cg and suggest that for Cortisol, at least, 

only one product of denvatisadon wiA CCMMC would be likely. Nevertheless, in this 

study at least two derivatisation products were suggested by the observation of multiple 

chromatographic peaks. By comparison with cortisone and 17-hydroxypregnenolone, 

lAiiich also yielded two derivatives, and with 17a-hydr[)xyprogester(me vAich yielded 

only one derivative, it is possible to speculate that in addition to derivatisation at the Cn 

hydroxyl, the tertiary alcohol at Cn in Cortisol and cortisone was also susceptible to 

derivatisation, though to a lesser extent than that observed at Cn. These observations 

probably represented the {g^oducts of incomfdete denvadsatiom as a result of sub-optimal 

reaction conditions, particularly in the case of the terdaiy alcohol at C,?. However, 

attempts to reduce the formation of multiple steroid derivatives with CCMMC by 

manipulation of reaction conditions and reagent concentrations had little effect Indeed, 

under all reaction conditions examined, CCMMC produced multî de daivatives with 

Cortisol, cortisone and corticosterone. Subsequait studies using the more polar, 

polyhydroxylated corticosteroid metabolites, including THF, 5a-THF, THE and the 

cortols and cortolones, also resulted in the 6)rmation of multiple derivatives. Selective 

solid phase extraction of the less polar corticosteroid derivatives by increasing the 

organic solvent content of Ae wash solution from 30% to 38% so that the more polar 

derivatives were eluted to waste resulted in little improvement Indeed, increasing the 

oi^anic component to 40% resulted in significant loss of Ihe derivatized steroid. The 

improvement in chromatc^ra^c selectivity that was achieved in this exercise was not 
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considered to be adequate to o%et the reduction in sensitivity that it imposed. Moreover, 

the tendency of acid chlorides to readily undergo hydrolysis to the parent carboxylic acid 

in the fxesence of water and the storage difSculties this imposed of&red additional 

incentive to examine alternatives to derivatisation with CCMMC. 
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2 3 Method Development H: Reversed Phase HPLC of Corticosteroids 

with Fluorescence Detection Using 7-(carboiymethoiy)-4-

methylcoumarm and l-ethyl-3-(3-d:metbylaniinopropyl)-carbod:in::de 

hydrochloride 

The reaction of acid chlorides with pnmaiy and secondary alcohols occurs rapidly at 

ambieid: temperatures and results in the formation of esters with the elimination of HCl. 

By comparison, esterification reactions which are performed under the influence of 

coupling reagents such as carbodiimides may be considered to be relatively gentle. These 

reactions exploit the phenomenon of facilitated carboxylic acid activation which may 

then undergo condensation esterification with alcohols with the eUmination of wEtter. The 

literature is replete with descriptions of the use of carbodiimides in reactions which 

require activation of carboxylic acids, examples of which include; the formation of 

antigenic conjugates of steroids, drugs and peptides for use in the production of specific 

antiserâ ^̂ ,̂ polyethylene immobilisation of polypeptides for C-terminal sequencinĝ ^^^ 

and as carboxyl modifying agents for protein synthesiŝ ^̂ "̂  as well as for tbe pre-colunm 

derivatisation of 21-hydro;qf-steroids with 2-(4-caiboxyphenyl)-5,6-

dimethylbenzimidazole (CDB) catalysed by l-isopropyl-3-(3-

dimethylaminopmpyl)carbodiimide perchlorate (IDC) prior to HPLC analysiŝ ^^ .̂ The 

efficiency of derivatisalion with IDC and CDB was found to be 46% for die synthetic 

corticosteroid, dexamethasone, with detection limits between 0.54 and 27.4 

pmol/injection for dexamethasone and Cortisol respectiveiy^^^l Whilst the technique 

produced only one derivative for each steroid, the procedure was significantly 

complicated by Ae requirement for chonical synthesis of the fluorophore. Moreover, 

both CDB and IDC were found to be relatively unstable in solution at the concentrations 

required for reaction̂ ^̂ ^̂  

Thus, the parent carboxylic acid of CCMMC, CMMC, may be considered to be superior 

to CDB both in terms of its stability in solution at room temperature, and in that it has a 
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high flwrescence yield, well documented fluorescence charac^sties and is available as 

an inexpaisive, pure commercial preparadon̂ ^̂ '̂ ^̂ . 

23 .1 METHODS 

23.1.1 Dewag&gfiWA, w A f pAofg amf ^KPLC 

lOOmM stock solutions of CMMC, DMA? and I-ethyl-3-(-3-dimethylaminopropyl)-

caibodiimide bydrocbloride (EDC) were prepared using anhydrous acetonitrile as 

solvent. lOOpl of cordcosterone, Cortisol, cortisone, 11-deoxycorticosterone, 17a-

hydroxypregnenolone, 17a-hyroxyprogesterone and pregnenolone (200jiM) was 

evaporated to dryness (2.2.1.2). 50^] EDC (lOOmM), 50|id DMAP (lOOmM) and IOO|il 

CMMC (lOOmM) were added. The reaction vessels were sealed with screw tops and 

placed in a heating block at 70°C for 40 minutes after which time 4m] acetonitrile/HzO 

(30% vÂ ) was added and vortex mixed to ensure complete solvation. The steroid 

derivatives were recovered 6om solution by solid phase extraction (2.2.1.2) prior to 

isocratic HPLC using a Waters Nova-Pac Cig 60A 4pm 300x3.9mm ID. analytical 

HPLC colimm (Millipore, UK) with acetonitrile/HzO (40% v/v 0.7ml/minute) as mobile 

phase. 

23.1.2 cowcgwffWow ̂ C A f A f C DM/iP 

/ o r (Ag wAA CMAfC 

All reactions were performed using 7ng Cortisol and 7|Lig cortisone. Serial dilutions of 

CMMC, EDC and DMAP over the concentration range 1-lOOmM were prepared using 

acetonitrile as solvent. Three series of reaction conditions were evaluated: (a) 50pl 

DMAP (50mM), 50 îl EDC (50mM) with I00|il CMMC (I-lOOmM), (b) lOOjul CMMC 

(25mM), 50^1 DMAP (50mM) with 50^1 EDC (1-lOOmM), (c) lOOpl CMMC (50mM), 

50^1 EDC (50mM) with 50^1 DMAP (l-lOOmM) Derivatisation, solid ptase extraction 

and chromatography were per&rmed as pieviously described (2.3.1.1 and 2.2. L2). 
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2 3 . 1 3 apfAwoM owdf dwfa&»« reocdow / o r dAe 

6&5rfvdQdb%Kd%*M «yr(%Pf%*c«WM&%rowwBpi*%%&(]7kfAdRr 

7 îg cordsol, 100|LiI CMMC (25mM), SOjul DMA? (25mM) and 50|iU EDC (25mM) were 

used throughout Derivatisation reactions were per&rmed at tmiperatures of 180,110,70 

and 50°C in sealed, screw topped, wide necked, glass tubes wiA incubation periods 

spanning 20-240 minutes (2.3.1.1). Solid ̂ Aase extraction and chromatography were 

per&rmed as ixeviously described (2.2.1.2. and 2.3.1.1). 

23.1.4 w&A CMAfC wse oAgmodhfe 

25mM stock solutions of EDC, l-cyclohexyl-3-(2-moiphoIinoethyl)carbodiimide meAo-

p-toluensulfbnate, l<yclohexyl-3-(-3-dimethyIanunopropyl)caibodiimide perchlorate 

and 50mM stock solutions ofDMAP, 4-piperidinopyridine, pyridine and triethylamine 

were prepared using acetonitrile as solvent. All reactions were performed using 7ng 

Cortisol Two series of reactions were evaluated: 

(a) lOOinl CMMC (50mM), 50|jl EDC (25mM), 50|uj DMAP, 4-piperidinopyridine, 

pyridine or triethylamine (50mM); (b) lOOpl CMMC (50mM), 50^1 DMAP (50mM), 

50^1 EDC, l-cyclohexyl-3-(2-morpholinoethyl)caibodiimide metho-p-toluensulfbnate or 

l-cyclohexyl-3-(-3-dimediylaminopr(qyl)carbodiimide perchlorale (25mM). 

Derivatisation, solid phase extraction and chromatography were performed as previously 

described (2.2.1.2 and 2.3.1.1). 

2.3.1.5 (pOwMtygf/corffcoffgrowk dlerrvafkeff 

wAA CMMC 

20nmol of 5a-dihydrocortisol, 5p-dihydrocortisol, 5a-dihydrocortisone, 5^-

dihydrocortisone, 6p-hydroxycortsol, 11-deoxycortisol, 11-deoxycorticosterone, 17a-

hydroxypregnenolone, 17a-hydroxyprogesterone, 20{t-dihydrocortisol, 20^-

dihydrocortisol, 20a-dihydrocortisone, 20p-dihydrocortisone, a-cortol, P-cortol, a-

cortolone, P-cortolone, corticosterone, Cortisol, cortisone, dehydroepiandrosterone. 
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fluorandrenolide, pregnenolone, progesterone, 5a-THF, THF and THE (200|iM) was 

derivatized separately by heating at 70°C for 120 minuks in sealed glass screw-topped 

reaction vessels with lOOpl CMMC (25niM), 50|il DMAP (50mM) and 50pl EDC 

(25mM). A mixture of the steroids (20riM of each) contained in separate reaction vessel 

were also derivatized. Chromatography was performed using a Wata3 Nova-Pac Cig 

60A 4^m 300x3.9mm ID. analytical HPLC column (Millipore, UK) using: 

(a) isocratic conditions with mobile phases comprising: (i) acetonitrile/HzO (40% v/v 

0.7ml/minute) (ii) acetonitrile/HzO (30% v/v 0.7ml/minute) 

(b) {xogrammed gradient elution with mobile phases comprising: (i) acetonitrile/HzO (40 

—70% v/ V 0.7ml/minute) over 90 minutes, with acetonitrile/HzO (70% v/v, 

0.7m]/minute) for 20 minutes (ii) acetonitrile/(50mM KH2PO4,]0mM acetic acid) (40 

-70% v/v 0.7ml/minute) over 90 minutes, with acetonitnle/(50mM KH2P04,10mM 

acetic acid) (70% v/v 0.7ml/minute) for 20 minutes. 

23.1.6 ^ CMMC 

Triplicate solutions containing 4,8,20 and 40|ig Cortisol and approximately 50,000dpm 

[1,2,6,7-^-cortisol (Amersham Intermtional pic, Buckinghamshire, UK) (specific 

activity 63.0 Ci/mmol) in 200pj acetonitrile were prepared. A 50|il sample of each 

solution was dispensed into a glass scintillation vial (L.l.P (equipment & services) Ltd) 

and evaporated under a stream of dry nitrogen. The remaining solution was evaporated 

and derivatized (figure 2.6, page 69). The derivatized steroid was reconstituted in 1 lOjul 

acetonitrile/(50mM KH2PO4,l0mM acetic acid) (40 —70% v/v). 50^1 samples were 

injected for HPLC (figure 2.6, page 69). Thirty minutes after ii^ection, the column 

effluent was collected 6)r 10 minutes (Model 204 Fraction Collector, Millipore UK) and 

evaporated under a stream of dry nitrogen 250pl acetonitrile/HzO (40% v/v) and 4ml 

Optiphase scintillation fluid (Pharmacia Wallac Ltd(U.K.), Milton Keynes, UK) %%s 

added to all vials which were capped and mixed to ensure the formation of an 

homogenous emulsion. Each vial was counted by liquid scintigraphy (model 1215 liquid 

scintilation counter (Pharmacia, UK). Quench correction was per&rmed by recounting 
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each vial after the addition of 100,000dpm [^-standards (Pharmacia, UK) (Appendix 

23.1.7 wrwg amf 

Five specimens of urine were selected at random. Urinary free Cortisol was measured by 

radio-immunoassay (RIA) (2.5.1). 10,000dpm [1 J2,6,7-^-cortisoI was added to 

duplicate lOml aliquots of each specimen. Iml of each specimen was counted by liquid 

scintigraphy (2.3.1.6). Extraction of corticosteroids was performed using a modification 

of the method of Shackleton e/ The specimens were centrifuged (3000 x g, 

lOminutes) and duplicate 4ml aliquots were passed through prepared Sep Pak Plus Cig 

cartridges (figure 2.6, page 69) fitted with 20ml glass luer-lock syringes (Jencons 

Scientific Ltd, UK), Allowed by 2xlOml washes with H^O. Steroids were eluted &om the 

cartridge with 3ml acetonitrile. The eluate was evaporated to dryness under a stream of 

dry nitrogen and the residue was reconstituted with 5ml ethyl acetate. The organic matrix 

was washed with 2ml carbonak buf&r (50mM, pH8.5), centrifuged (3000 x g, 10 

minutes) and the lowa^, aqueous layer aspirated to waste. The solvent was evaporated 

and the residue was reconstituted in 1 lOpl acetonitnle/(50mM KH2P04,10mM acetic 

acid) (40 -70% v/v). Duplicate SOjiU samples were dispensed into a glass scintilation 

vials and counted by liquid scintigraphy (2.3.1.6). 

Five plasma specimens were selected which exhibited varying degrees of jaundice, 

lipaemia and haemolysis. Plasma Cortisol was measured by RIA at the Department of 

Endocrinology, Southampton General Hospital 40,000dpm [l,2,6,7-%]-cortisol was 

added to triplicate 5ml aliquots of each specimen. 1ml of each specimen was counted by 

liquid scintigraphy (2.3.1.6). Protein was removed by the addition of Iml acetonitrile to 

1ml of plasma followed by centrifugation (3000 x g, lOminutes). The supemakint was 

decanted into a separate glass tube containing 5ml H2O. Solid phase extraction and hquid 

scintigraphy was then performed as previously described (2.3.1.7). 
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2.3.1.8 dk^cffow omf recovay qf 

comdc«GAa%MWbJ%www/da&mw:gMwfw*img 

Three solutions containing 5a-dihydrocortisol, Sp-dihydrocordsol, 5a-dihydrocortisone, 

5Ph<iUiy(&n&c*MndstHiet(SpLipydb%xx)%>0Ttsol, 11 dkaoxgncoitisol, llndkaaxsncoiticcKAenKMiê , 19\%-

]kytbM)x)TpregpneiK)k)rK%, 2(k]><Uiiydh%*ccHlisol,I%Ô L4iih}xtn)C<Mliscd,IZOk%4jihĝ dro 

20P-dihydrocortisone, a-cortol, P-cortoI, a-cortolone, P-cortolone, corticosterone, 

Cortisol, cortisone, dehydroepian6osterone, pregnenolone, 5a-THF, THF and THE at 

concentrations of 20,5 and IpM were prepared using acetonitrile as solvent lOOpl of 

each solution containing 80pl fluorandrenolide (6pM) as internal standard was 

evaporated under a stream of diy nitrogen. Derivadsation and solid phase extraction was 

performed as described in figure 2.6, page 69. The extracts were reconstituted in 240p] 

acetonitriIe/(50mM KHzPOî lOmM acetic acid) (40 -70% vÂ ) and a 50pl sample was 

iiyected onto the HPLC (figure 2.6, page 69). Calibration &[ta for each steroid was 

produced by computer assisted linear regression analysis using peak hei^t as the 

response factor (BioRad HRLC integration software V3.1, BioRad Laboratories Ltd, 

UK). Three urine specimens of varying concentration and composition and three pooled 

plasma specimens which exhibited varying degrees of lipaemia and haanolysis were 

obtained. 1 OOnM and 250nM of the steroids listed above vas added to a 1 OOml aliquot of 

each specimen. Duplicate 4ml and 1ml aliquots of each urine and plasma specimen 

respectively were extracted, derivatized and analysed by HPLC (figure 2.6, page 69). 

Within-batch imprecision was estimated by the analysis of ten replicates of pooled 

plasma and urine specimens. Between-batch imprecision was calculakd by the analysis 

of pooled plasma and urine specimens once in each of ten individual anal^es to which 

lOOnM of each of the above listed steroids had been added. Limits of detection were 

calculated by the analysis of serial dilutions of urine and plasma specimens over the 

range (1:1—1:64) and were esdmated to be equivalent with a sigrml to noise ratio of 

three. 
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Figure2.5 Schematic representation of the derivatisation of hydroxysteroids with 7-(carboxymethoxy)-4-
methylcoumarin in the presence of l-ethyI-3-(-3-dimethylaminopropyl)-carbodiimide hydrochloride and 4-

dimethylaminopyridine. 



Steroids were derivatized by incubating at 70°C for 120minutes in sealed 
screw-capped reaction vessels using 100ml CMMC (25mM), 50ml EDC 

(50mM) and 50m] EDC (50niM). The reaction mixture was cooled and 5ml 
acetonitrile/HiO (40% v/v) was added. The reaction mixture was vortex mixed 

to ensure complete solvation 

Individual Cig Sep Pac Plus cartridges were prepared by passing 5ml methanol 
followed by 10ml HiO under vacuum at a flow rate of 0.5ml/minute through 

each cartridge. The derivatisation reaction mixture was transferred to the 
syringes and allowed to pass through the cartridge followed by 10ml H2O and 

10ml 30% acetonitrile/HzO washes under vacuum at a flow rate of 
0.5m]/minute. The steroids were recovered from the cartridge with 3ml 
acetonitrile and evaporated to dryness under a stream of dry nitrogen. 

Dried extracts were reconstituted in 100ml mobile phase immediately prior to 
use and a 10ml sample was injected onto a Waters Nova-Pac Cjg 60A 4mm 

300x3.9mm I D. analytical HPLC column (Millipore, UK). Chromatography 
was performed using programmed gradient elution with mobile phases 

comprising: acetonitrile/(50mM KH2P04,10mM acetic acid) (40 —70% v/v) at 
0.7ml/minute over 130 minutes, and held at acetonitrile/(50mM 

KHiPO^/lOmM acetic acid) (70% v/v) at 0.7ml/minute for 20 minutes. The 
column was allowed to equilibrate to acetonitrile/(50mM KH2PO4,1 OmM 

acetic acid) (40 -70% v/v) for 20 minutes between each injectioa The column 
effluent was monitored at excitation and emission maxima at 315nm and 

380nm respectively 

Figure 2.6 Flow diagram illustrating the process of derivatisation, solid phase 
extraction and reversed phase chromatography of corticosteroids. 
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23 .2 RESULTS 

2.3.2.1 DgMva&affoM, eicArgcdbM awf fWLC 

Mgw^CAfMC 

Preliminary investigations indicated that derivatisation with CMMC, DMAP and EDC 

produced only one fluorescent product for each of the steroids evaluated. However, 

subsequent studies revealed that the more polar steroids, namely THF, THE, the cortols 

and cortolones Aequently prodiKed multiple derivatives when the derivatising reagents 

had been prepared more than 24hours prior to reaction. Isocratic chromatography was 

found to be inadequate to effect chromatographic resolution of all of the steroids 

examined in this study. Programmed gradient elution (acetonitrile/HzO (40 -70% v/v), 

0.7ml/minute over 90 minutes, with a 20 minute extension (acetomtrile/HiO (70% vAr), 

0.7ml/minute) improved chromatographic resolution but co-elution of P-cortol with a-

cortolone and inc(HnpIete separation of 5a-THF and cortisone proved to be persistent 

failings of all chromatographic conditions investigated. Nevertheless, by carefiil 

computer aided integration it was possible to subtend an artiScial baseline between 5a-

THF and cortisone such that they could be accurately analysed simultaneously. 

23.2.2 rgacdbm c o w M o w / b r (Ae 

WACMMC 

Optimal derivatisation was obtained using I00)il CMMC (25mM), 50|ul DMAP (50mM), 

50^1 EDC (25mM) (Figures 2.7,2.8 & 2.9, pages 71 & 72) and whilst there was little 

observable diflaence in derivatisation efficiency using carbodiimides other than EDC, 

there was a marked deterioration in derivatisation efficiency with all of the alternatives to 

DMAP evaluated in this study. Marked deterioration in derivatisation efficiency was 

observed when the reaction was performed at temperatures in excess of 70°C whilst at 

50°C the reaction progressed too slowly for convenience (Figure 2.10, page 72). 

Schematic re^yesentations of the derivatisation reaction, solid pAase extmction and 

chromatography used throughout this stuc^ are presented in figures 2.5 & 2.6, pages 68 

&69. 
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Figure 2.7 The effect of changing the concentration of CMMC on the derivatisation of 
Cortisol and cortisone: reactions were performed using 7pg steroid with SOjil DMAP (50mM) 
and 50jxl EDC (50mM). Derivatisation efficiency was determined from the peak height of the 
steroid derivative. Each point represents the mean and standard deviation of triplicate analyses. 
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Figure 2.8 The effect of changing the concentration of EDC on the derivatisation of 
Cortisol with CMMC: reactions were performed using 7pg steroid with lOOjil CMMC (25mM) 
and 50pJ DMAP (50mM). Derivatisation efficiency was determined from the peak height of the 
steroid derivative. Each point represents the mean and standard deviation of triplicate analyses. 
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Figure 2.9 The effect of changing the concentration of DMAP on the derivatisation of 
Cortisol with CMMC: reactions were performed using 7jig steroid with lOOjil CMMC (25mM) 
and 50).il EDC (50mM). Derivatisation efficiency was determined from the peak height of the 
steroid derivative. Each point represents the mean and standard deviation of triplicate analyses. 
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Figure 2.10 The effect of temperature on the derivatisation of Cortisol with CMMC: 
reactions were performed using 7jjg steroid with lOOjil CMMC (50mM), 50pl EDC (50mM) and. 
Derivatisation efficiency was determined from the peak height of the steroid derivative. Each point 
represents the mean and standard deviation of triolicate analvses. 
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2.3.2.3 Efficiency of derivatisation of corticosteroids with CMMC 

Derivatisation efficiency was calculated to be 58.9 ± 2.8% (mean ± SD), 57.2 ± 1.4%, 

57.4 ±2.1% and 59.7 ±3.1% for 4,8,20 and 40|Lig Cortisol respectively. Mean 

derivatisation efficiency was estimated to be 58.3 ± 1.2%. 

2.3.2.4 Recovery of [1,2,6, J-^HJ'-cortisol from plasma and urine 

The recovery of [1,2,6,7-'H]-Cortisol from plasma and urine specimens with 

concentrations of Cortisol over the range 140-990nM and <30-1380nM respectively is 

illustrated in table 2.1. Mean recovery of [1,2,6,7-^H]-cortisol from plasma and urine was 

95.3 ± 2.0% (mean ± SD) and 98.3 ± 1.6% respectively. 

Table 2.1 Recovery of [1,2,6,7- H]-cortisol from plasma and urine 

Specimen Cortisol [ia,6,7-^Hl-cortisol [1,2,6,7-^Hl-cortisol Recovery% SD 
(HM) added (dpm) recovered (dpm) 

Urine 
140 41.235 40,543 98.3 1.6 
400 42.672 40,889 95.8 1.8 
560 40,054 40,246 100.4 2.4 
690 43.209 42,645 98.7 1.4 
990 46,001 45,243 98.4 1.9 

Plasma 
<30 38,452 36,124 93.9 2.4 
120 38,650 37,652 97.4 1.6 
230 41,126 39,100 95.1 1.7 
500 39,422 38,.342 97.3 2.8 

1,380 41,643 38.651 92.8 1.6 

Extraction was performed in triplicate using 1ml plasma or 4ml urine containing 
40000dpm or lOOOOdpm [1,2,6,7-^H]-cortisol respectively. Mean dpm are illustrated 
which have been corrected for counting inefficiency, quenching and diflf^ences in 

sample volume. 
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23.2.5 /Mgar&y am/ dk^cdow 

cor((cofggro«& ̂  reveryg^f/yAafg ^Zworeycgwce dkrfm6a&yw wf% 

CMAfC 

The cbmmatograpbic separation of selected corticosteroids derivatized with CMMC is 

illustrated in Sgure 2.11, page 75. Calibration curves were calculated using computer 

assisted linear regression using peak height as the calibration factor. Limits of detection 

were estimated to be 3 .0 ± 2.0 nM (plasma) and 6.0 ± 2.2 nM (urine) 6)r all steroids 

examined. 

2.3.2.6 jggcovay amf wgyrecKfOW 

Representative chromatograms of the derivatized extracts of plasma and urine are 

illustrated in figures 2.12 & 2.13 page 76. In contrast with those obtained 6om aqueous 

standard fxepaiations, the chrcmatograms for both plasma and urine extracts exhibited 

significant increases in baseline noise and extended perturbation of the baseline at the 

solvent front, a phaiomenon vAich frequently ptvented the accurate quantification of 

6p-hydroxycortisol, 20a- and 20p-dihydrocortisol. The presence of a significant number 

of unidentified peaks in the chromatogram was also characteristic of the extracts from 

plasma and urine. This latter phenomenon imposed a level of complexity upon the 

interpretation of the chromatograms that could only be successfiilly negotiated with the 

aid of electronic superimposition of chromatograms prepared fmm aqueous standards. 

Nevertheless, mean analytical recovery of corticosteroids fî om plasma was found to be 

92.0 ± 9.9% (mean ± SD) (lOOnM) and 91.7 ± 7.9% (250nM) whilst recovery from urine 

was 90.2 ± 10.0% (lOOnM) and 87.7 ± 8.1% (250nM) (appendix 2). Analytical 

imprecision (CV%) was estimated to be 10.9 ± 4.9% (within-batch) and 12.9 ̂  6.1% 

(between-batch) for the analysis of urine whilst analytical imprecision for plasma was 

13.7 ± 9.5% (within-batch) and 15.6 ± 10.4% (between-bak:h) (appendix 3). 
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Figure 2.11 Chromatogram of selected corticosteroid/CMMC derivatives by 
reversed phase HPLC with fluorescence detection: The chromatogram illustrates 

peaks for: (1) 6p-hydroxycortisol, (2) 20a-dihydrocortisol, (3) 20a-dihydrocortisone, 
(4) 20p-dihydrocortisol, (5) 20p-dihydrocortisone, (6) a-cortol, (7) P-cortol, (8) a-cortolone, 

(9) p-cortolone, (10) Cortisol, (11) cortisone, (12) 5a-THF, (13) THF, (14) THE, 
(15) 5a-dihydrocortisol, (16) 5P-dihydrocortisol, (17) corticosterone, 

(18) 5a-dihydrocortisone, (19) 5p-dihydrocortisone, (20) 11-deoxycortisol, 
(21) fluorandrenolide (22) 11-deoxycorticosterone, (23) 17a-hydroxypregnenolone, 

(24) dehydroepiandrosterone, (25) pregnenolone. 
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Figure 2.12 
Chromatogram of urine 
extract 
corticosteroid/CMMC 
derivatives by reversed 
phase HPLC with 
fluorescence detection: 
The chromatogram 
represents the products of 
derivatisation from 4ml 
urine. The chromatogram 
illustrates peaks for: 
1. a-cortol 
2. p-cortol 
3. p-cortolone 
4. Cortisol 
5. cortisone 
6. THF 
7. THE 
8. fluorandrenolide 
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Figure 2.13 
Chromatogram of plasma 
extract 
corticosteroid/CMMC 
derivatives by reversed 
phase HPLC with 
fluorescence detection: The 
chromatogram represents the 
products of derivatisation from 
1ml plasma. The 
chromatogram illustrates 
peaks for: 
1. Cortisol 

2. cortisone 
3. fluorandrenolide 

0.00 30.00 60.00 90.00 120.00 150.00 
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2.4 Method Development HI: Reversed Phase HPLC of Corticosteroids 

with UV Absorbance Detection 

2.4.1 METHODS 

2.4.1.1 jSxAwafow f g v e r y g f f w A A (7K 

Stock solutions (ZOOjuM) of androstendione, corticosterone, Cortisol, cortisone, 11-

deoxycorticosteroiK, 1 l-deoxycortisol, 20a-dihydrocortisol, ZOP-dilgrdrocortisol, 20a-

dihydrocortisone, ZOp-dihydrocortisone, 6p-hydroxycortisol, 17a-hydm)grprogesterone 

and ]XOgesterone were prepared using anhydrous acetonitrile as solvent. Aqueous 

solutions of each steroid (500nM) and a mixed aqueous solution containing 500nM of 

each steroid were prepared. Solid ;Aase extraction of steroids was performed using a 

modification of the method of Lykkesfeldt e/ 4ml of each steroid solution 

containing lOÔ il dexamethasone (25nM) as internal standard was diluted to 10ml with 

H^O and passed throu^ prepared Sep-Pac Plus C]g cartidges (2.2.1.4) under vacuum at a 

flow rate of 0.5ml/minute. The cartri(%es were washed with 10ml H2O and the steroids 

were recovered with 5.0ml ethyl/acetateidietbyl-ether (4:1 v/v). The eluate was washed 

by shaking with 2.0ml IM NaOH saturated with Na2S04, centrifuged (3000 xg, 5 

minutes) and the lower, aqueous layer was aspirated to waste. The washing process was 

repeated using 2.0ml 1% acetic add saturated with NagSO .̂ The organic layer was 

evaporated to dryness under a stream of dry nitrogen and reconstituted in 240|nl 

acetonitnle/(50mM KH2P04,10mM acetic acid) (40 -70% v/v) and a 160^1 volume was 

irgected onto a Waters Nova-Pac Cig 6OA 4nm 3(X)x3.9mm LD. analytical HPLC column 

(Millipore, UK). Chromatography was ef%^ed using programmed gradient elution (table 

2.2, page 79) and the column efOuent was monitored for UV absorbance at 254nm using 

a Model 1790 programmable UV/VIS spectrophotometer fitted with an 8^1 Sow cell 

(BioRad,UK). 

77-



2.4.1.2 /wm (kmg cwAwre wa&z 

Recovery of [1 ̂ ,6,7-^H]-cortisol from plasma and urine was estimated as previously 

described (2.3.1.7 and 2.3.1.8). Recovery of [l,2,6,7-^H]-cortisol from tissue culture 

medium (DMEM, Sigma Chemical Company, Fancy Road, Poole, Dorset, UK) 

containing 10% foetal calf serum (PCS) (Sigma, UK) was estimated as described for 

urine. 

2.4.1 omifyf&W wgyrewwA, AwAf gwW rgcovgrx 

Aqueous solutions containing 500,250,100,50 and 25nM androstendione, 

corticosterone, cordsol, cortisone, 11-deoxycorticosterone, 11-deoxycortisol, 20a-

dihydrocortisol, 20p-dihydrocortisol, 20a-dihydrocortisone, 20p-dibydrocortisone, 6^-

hydroxycortisol, 17a-hydroxyprogesterone were prepared. Urine and plasma specimens 

were selected as previously described (2.3.1.7 and 2.3.1.8). l(X)nM and 250nM of each of 

the steroids listed above was added to lOml DMEM containing 10% PCS and to 10ml 

aliquots of each urine and plasma specimen. 1ml acetonitrile was added to duplicate Iml 

aliquots of each plasma specimen containing 100^1 dexamethasone (25pM) as internal 

standard. The protein ̂ aiecipitate was removed by caitrifugation (3000 x g, 10 minutes). 

The dep%)teinised superrKdant and 4ml aliquots of each standard, uriite and DMEM 

specimen containing 100|nl dexamethasone (25 îM) as internal standard were extracted 

and subjected to HPLC analysis (2.4.1.1). Calibration, limits of detection and analytical 

im;%ecision was estimated as previously described (2.3.1.9) 
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Table 2.2 Programmed gradient elation of corticosteroids by 
reversed phase HPLC with UV detection 

Time % Mobile Phase % Mobile Phase Flow Rate 
(Minutes) A B (ml/minute) 

0 85 15 0.8 
20 18 82 0.8 
30 0 100 1.3 
45 85 15 0.8 

Mobile phase A = {50mM KH2PO4, lOmM acetic acid) 
Mobile Phase B = (acetonitrile/mobile phase A (65:35 v/v)) 
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2.4^ RESULTS 

2.4.2.1 Agcovgfy 4 7̂  /rom amf gfKfwg cwAwrg 

mgdKg 

The recovery of []^,6,7-^H]-cordsol frmn plasma and wine specimens with 

concentrations of Cortisol over Ae range 140-990nM and <30-1380nM respectively is 

illustrated in table 2.1, page 73. Mean recovery of [ly2,6,7-^]-cortisol from plasma and 

urine was 98.6 ± 1.0% (mean ± SD) and 98.5 ± 0.8% respectively. The recovery of 

[l,2,6,7-^H]-cortisol from DMEM containing 10% FCS was 98.2 d: 1.0% (mean ± SD). 

2.4.2.2 Ga&Ana&fW; amf /iyr Ag 

The chromatographic separation of selected corticosteroids with UV detection is 

illustrated in Ggure 2.14, page 81. Calikation curves were calculated using computer 

assisted linear regression using peak height as the calibration factor. Limits of detection 

were estimated to be 10.1 ± 0.9 nM (Mean ± SD) (plasma), 16.9 ± 2.9 nM (urine) and 1.6 

±0.8 nM (DMEM) for all steroids examined. 

2.4.2«) 

Representative chromatograms of the extracts of plasma and urine are illustrated in 

figures 2.15 & 2.16, page 81. Mean analytical recovery of corticosteroids from urine was 

6)undto be 95.5 ± 3.6% (mean ± SD) (lOOnM) and 95.5 ± 3.6% (250nM) whilst 

recoveiy from plasma was 97.8 ± 3.2% (lOOnM) and 96.3 ± 4.8% (250nM) and from 

DMEM was 98.9 ± 2.5% (lOOnM) and 96.5 ± 3.0% (250nM) (appendix 4). Analytical 

imprecision (CV%) was estimaW to be 8.0 ± 2.4% (within-batch) and 11.6 ± 2.9% 

(between-batch) for the analysis of urine whilst analytical imprecision for plasma was 6.5 

± 1.7% (within-batch) and 8.9 ± 1.8% (between-batch) and for DMEM was 6.1 ± 1.2% 

(within-batch) and 8.3 j: 2.4% (between-batch) (appendix 5). 
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Figure 2.14 Chromatogram of 
selected corticosteroids by 
reversed phase HPLC with 
UV detection: The chromatogram 
illustrates peaks for: 

1. 6p-hy(lroxycortsol, 
2. 20a-dihydrocortisol 
3. 20p-dihydrocortisol 
4. 20a-dihydrocortisone 
5. 20p-dihydrocortisone 
6. Cortisol 
7. cortisone 
8. dexamethasone 
9. corticosterone 
10. 11-deoxycortisol 
11. 11-deoxycorticosterone 
12. 17a-hydroxyprogesterone 
13. androsteonedione 

0.00 9 . 0 0 18.00 36.00 1 4. progesterone. 

Figure 2.15 Chromatogram of 
urine extracts by reversed 
phase HPLC with UV 
detection: Steroids were extracted 
from 4ml urine. The chromatogram 
illustrates peaks for: 

1. 6p-hydroxycortsol 
2. 20a-dihydrocortisol 
3. 20P-dihydrocortisol 
4. 20a-dihydrocortisone 
5. 20p-dihydrocortisone 
6. Cortisol 
7. cortisone 
8. dexamethasone 

0.00 2 7 . 0 0 3 6 . 0 0 

JUA JUL 

Figure 2.16 Chromatogram of 
plasma extracts by reversed 
phase HPLC with UV 
detection: Steroids were extracted 
from 4ml urine. The chromatogram 
illustrates peaks for: 

1. Cortisol 
2. cortisone 
3. dexamethasone 
4. 17a-hydroxyprogesterone 
5. androstenedione 
6. progesterone 

0 . 0 0 9 .00 18.00 2 7 . 0 0 3 6 . 0 0 
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2.5 Method Development IV: Radioimmunoassay of Urinary Free 

Cortisone 

It may be assumed that antigen/antibody interactions are governed by the law of mass 

action such that the equilibrium, or afRnity constant (^) , is given by the expression:-

[/fg]+[^s] 

Where is given as the association constant and A.] is the dissociation constant, 

is the molar concentration of antibo^/antigen complex, is die molar concentration 

of free antigen and is the molar concentration of free antibody. Thus uwier ideal 

conditions, the ratio of &ee to bound antigen is a linear function̂ ^̂ \̂ Whilst the 

mathematical model of the ideal antibody/antigen interaction follows relatively simple 

critena, the production of antibodies i ^ c h exhibit these characteristics is considerably 

less strai^tfmward. 

Polyclonal antisera constitute a source of antibody that arises fî om a mixed population of 

activated B-lymphocytes and represents a source of antibody with mixed afRnity 

constant k contrast, monoclonal antisera are the %»̂ oduct of a clonal cell line which 

expresses antibody with a uni6)rm affinity constant Whilst many excellent monoclorW 

antisera have been raised against steroids, few have demonstrated the degree of 

specificity and afBnity of their polyclonal counterparts: a phenomenon due, at least in 

part, to a degree of co-operativity between antibodies in polyclonal antisaa with 

difkrent clonal ancestry. Therefore it may be more appropriate to discuss the binding 

phenomena of polyclonal antisera in terms of avidity rather than afBnity, since antibody 

avidity may be consida^ed to be the sum of the effects of several binding reactions with a 

given antigen̂ ^̂ ^̂ . Consequently, the development of immunoassays with the potential for 

the greatest sensitivity require antisem which demonstrate maximum avidi^ 6)r the 

overall binding reaction whilst maintaining only marginal cross reactivity with 

structurally related antigenic species. Thus, in accordance with the law of mass action the 
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maximmn potential sensitivi^ of a competitive immunoassay is given by the 

expression:-

and is achieved when the ratio of bound to free antigen is 0.3 
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2.5.1 METHODS 

2.5.1.1 fAmdow awff wmwwy /ree corgkowe 

Polyclonal rabbit and-coitisone (N137) raised against 21-ace(y]-cortisone-3-

caiboxymethyloxime-keyhole limpet haemocyanin coiyugate emulsified in Freund's 

adjuvant was su^iHed by Dr. P Wood (Endocrinology Unit, Department Of Chemical 

Pathology, Southampton General Hospital, UK). N137 was diluted 1:50 in tris-BSA 

(50mM tns[hydroxymethyl]aminomethane pH 7.5 containing 0.5% (w/v) bovine senim 

albumin). 1ml aliquots were 6eeze dried and stored at -20°C. [^^^-cortisone was 

synthesised using the chloramine-T me&od of Hunter and Greenwood̂ ^̂ ^̂  whaeby 21-

acetyl-cortisone-3-carboxymethyloxime was linked to [^^I]-histamine, purified by thin 

layer chromatography and stored in absolute ethanol at 4°C. A stock solution containing 

cortisone (ImM) in absolute ethanol was used to prepare a working standard containing 

cortisone (500nM) in tris-BSA. 500pJ of tris-BSA or working standard were extracted by 

repeated inversion with 5ml dichloromethane. The phases were separated by 

centrifngation (3000 x ^ 5 minutes) and the iqyper, aqueous layer was aspirated to waste. 

Duplicate 400pl aliquots of the remaining oi^anic phase were dispensed into 5 x 60mm 

glass tubes (L.I.P (Equipment & Services) Ltd. UK) and evaporated to dryness under a 

stream of diy nitrogen. 300pl [^^I]-cortisone (10nCi/300|Lil) in tris-BSA, lOOpl N137 

(serial dilutions 1:625-1:20,000 in tris-BSA) was added to the tubes which were 

incubated at 37°C for two hours. Antibo(^ bound [^^I]-cortisone was separated by the 

addition of lOOjil Donkey-anti-sheep/goat SacCel (IDS Ltd, Bolden, Tyne & Wear, UK) 

to all tubes which were incubated at 25°C for 30 minutes. I ml HzO was added to all 

tubes which were then centrifuged (3000 x g, lOminutes) at 4°C. The supernatant was 

aspirated to waste and bound ['^I]-cartisol estimated using a model 1260 multi-

gamana counter (Pharmacia Wallac Ltd, UK). 

2.5.1.2 f w p o m 

500p,l of cortisone (lOOnM and 250nM) in tris-BSA were dispensed into duplicate 12 x 

100mm, g^ass, wide necked, screw topped tubes. 500^1 tris-BSA was added to all tubes. 

5ml of (i) dichloromethane, (ii) chloroform, (iii) die&yl-ether, (iv) ethyl<icetate or (v) 
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ethyl-acetate:diethyl-ether (4:1 vA') was added to each tube. Extraction and 

radioimmunoassay was pedbrmed using N137 at a dilution of 1:5000 (2.5.1.1). The 

assay was standardised against serial doubling dilutions of cortisone (500 - 7.8nM) 

prepared using absolute ethanol as solvent 40^1 of each solution was dispensed into 

duplicate 5 x 60mm g^ass tubes, evaporated to dryness under a stream of dry nitrogen and 

assayed directly (without extraction) 1^ radioimmunoassay (2.5.1.1). 

2.5.1.3 

5nmol and lOnmol cortisone was added to duplicate 100ml aliquots from ten urine 

specimens of varying composition and with urinary 6ee cortisone in the range 50-

210nM (measured by HPLC with fluorescence detection) which were extracted with 5ml 

chloroform and analysed by radioimmunoassay using N137 at a dilution of 1:5000 

(2.5.1.1). The assay was standardised against serial doubling dilutions of cortisone (500 -

7.8nM) prepared using tris-BSA as solvenL 500 îl of each solution was extracted and 

assayed as described above. 

2.5.1.4 

Antibody cross reactivity was estimated by Mrs C Glenn (Endocrinology Unit, 

Departmmt Of Chemical Pathology, Southampton General Hospital, UK). Cross 

reactivity was deGned as: ([^3a/4g]/[Cn4g]) x 100; where was defined as the 

amount of cortisone required to produce a 50% displacement of bound ['^]-cortisone 

and [CrXg] was defined as the cross reactir:g antigen required to reduce binding to Â e 

same degree. 

2.5.1.5 A) wnmoy/rgg 

cor&owe 

[l,2,6,7-^H]-cortisone was synthesised Aom [l,2,6,7-^H]-cortisol (section 3.2.3). 

40,000dpn/ml [I,2,6,7-^H]-cortisone was added to six urine specimens of varying 

composition and with urinary free cortisone in the range 40-500nM (assayed by HPLC 

with fluoresceiK^e detection (figure 2.6, page 69)). 50]ul of each specimen was placed into 
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20m] glass scindlation vials containing 4ml Optiphase (Pharmacia Wallac, UK) and 

analysed by liquid scintigraphy (2.3.1.6). SOOpJ of each specimen was extracted with 5ml 

chloroform (2.5.1.1) and assayed for immunoreactive cortisone (2.5.1.1). 800|n] of the 

organic extract was dispensed into duplicate 5 x 60mm glass tubes and evaporated to 

dryness under a stream of dry nitrogen, reconstituted in 20|Lil chlorofbrm and spotted onto 

general-purpose silica-coated TLC plates (Sigma, UK) which were developed in 

chlorofbrm/ethanol (92:8 vAf) and scarmed using a Bioscan 200 imager (Peitin Elmer, 

USA). The area corresponding with [1,2,6,7-^-cortisone was excised &om each TLC 

plate and eluted with 3 x 10ml absolute ethanol. The silica was removed by 

centrifugation (3000 x g, 5minutes). The supernatant was filtered through glass wool and 

evaporated to dryness under a stream of dry nitrogen. The residue was reconstituted in 

1ml tris-BSA and split into two equal fractions, one of Â diich was assayed for 

immunoreactive cortisone (2.5.1.1) whilst the second was analysed by liquid scintigraphy 

(2.3.1.6). 

2.5.1.6 Aw&y am/ mWpffco/ iwyrgcKww 

Serial dilutions of three urine specimens (urinary f ^ cortisone = 450,385 and 260nM 

(estimated by HPLC with fluorescence defection (figure 2.6, page 69))) were assayed for 

immunoreactive cortisone (2.5.1.2). Within-batch imprecision was estimated by the 

analysis of ten replicates of three urine specimens. Between-batch imprecision was 

calculated firom the mean coefRcient of variation of duplicate analyses across the 

working range of tlK assay (10-500nM). The limit of detection was defined as: the 

measured mean plus two standard deviations divided by the initial slope of the dose 

response curve for 20 replicates at a cortisone concentration of OnM 

2.5.1.7 wrmwy 

This was originally developed at the Endocrinology Unit, Department Of Chemical 

Pathology, Southampton General Hospital, UK^^ .̂ 500pl urine buffered with 500pJ tris-

BSA was extracted with 5ml dichloromethane (2.5.1.1). lOOpj ['^I]-cortisol 

(lOnCi/lOOul) in tris-BSA and lOOpl of polyclonal sheep-anti-cortisol HP/S/631 

(Guildhay, Guildford, Sussex, UK) diluted 1:2000 in tris-BSA, was added to the extracts 
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which were incubated at 37°C 6)r an hour. Antibody bound ['^]-cortisol was separated 

by the addition of lOOjil Donk^-anti-sheep/goat SacCel as previously described 

(2.5.1.1). 

2.5.2 RESULTS 
2.5.2.1 xAanmOwM, amff recovefy cwrAkoMe/wm 

w m g 

Maximum displacement of lOnCi [^^]-cortisone Arom N137 by unlabeled cortisone 

(500nM) was achieved at an antibody dilution of 1:5,000 (figure 2.17, page 89). The 

extraction of cortisone (lOOnM and 250nM) was estimated to be 98.7 ± 1.3%, 94.6 ^ 

3.1%, 85.5j: 1.3%,76.2± l.l%and23.8j:0.5%(meanj:SD), using chloroform, 

dichloromethane, ethyl-acetate, ethyl-acetate:diethyl-ether (4:1 v/v) and diethyl-ether as 

solvent respectively. Maximum recovery was obtained using 5ml chloroform as 

extmction solvent and was used throu^iout the remainder of these studies. Recovery of 

50nM and lOOnM cortisone added to ten urine specimens was 94.5 ± 3.9% and 94.0 ± 

4.2% respectively. 

2.5.2.2 CroAf 

Specific antigenic cross reactivity with antiserum N137 was estimated to be 100% with 

5a-tetrahrdocortisone, 20% with prednisolone, 18% with 5P-dihydrocartisone, 1.1% 

with 17a-hydroxy-ll-keto-pregnanolone, 1.0% with ll-dehydrocorticosteroneandO.5% 

with 5P-tetrahydrocortisone. All other steroids examined in this study showed a cross 

reactivity of <0.1%. Immunoreactivity attributable to cortisone was estimated to be 90.7 

i 11.0% (mean ± SD) over the ran^ 41 - 488nM (table 2.3, page 88). Serial doubling 

dilutions of three urine specimens (urinaiy fiee cortisone = 450,385 and 260nM) 

demonstrated no appreciable deviation 6om lin«irity (î  = 0.998 1 0.003, mean ± SD). 

2.5.23 AAw&y oW wyrecmow 

Limits of detection for the radioimmunoassay of urinary 6ee cortisone by 

radioimmunoassay with N137 were estimated to be 6nM. Within-batch imprecision 
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(CV%) was estimated to be 4.8,6.7 and 8.4% (urinaiy free cortisone = 400,250 and 

70nM) whilst between-batch imprecision {CV%) was less than 15% across the analytical 

range (10-500nM) {figure 2.18, page 89). 

Table 23 An estimation of N137 immunoreactivity attributable to urinary free 
cortisone. 

Immunoreactive 
cortisone 

(nM) 

Immunoreactivity attributable 
to urinary free cortisone 

(%) 

Immunoreactivity not 
attributable to cortisone 

(nM) 
41 72.8 11.2 
102 86.8 13.5 
125 86.9 16.4 
248 98.1 4.7 
301 103.8 -

488 95.7 21 
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2.6 Method Development V: Methodological Comparisons 

2.6.1 METHODS 

2.6.1.1 CoMyarkom Mfimwy /ree coffkof coftkowg Ay HFLC amf J&L4 

24 hour urine collections from a cohort of302 male and 189 female volunteers were 

sull ied by Dr. DI Phillips, MRC Unit, Southampton General Hospital, UK. Urine 

samples were stored at -70°C in 5ml aliquots prior to analysis. Of Aese, 54 specimens 

were selected at random and urinary free Cortisol, cortisone and cordsolicordsone ratios 

were estimated by HPLC with fluorescence detection (figure 2.6, page 69), HPLC wilh 

UV detection (2.4.1.1) and RIA (2.5.1.1 & 2.5.1.7). The remaining specimens were 

analysed by RIA and the data were used to construct rekrence intervals. Statistical 

comparison was made using Deming linear regression̂ ^̂ ^̂ . Spearman rank correlation 

coefficients, Wilcoxon signed ranks test 5)r paired data. Difference analysis was 

performed using the method of Bland and Altman^^ .̂ 

2.6.1.2 Cbwyawow wAA 

corgMofrcorfKowe mgfoAof&g rodof 

Eight 24 hour urine collections from each of 7 adult hypopituitary patients (three male 

and four female age range 47-64 years) with combined growth hormone and ACTH 

deficiency were supplied by Dr. N Taylor, Department of Clinical Biochemistry, Kings 

College Hospital, UK Prior to commencing the study, all patients were receiving 

hydrocortisone (5-20mg at 06:00,12XX) and 18:00 hrs) and thyroxine replacement. Four 

of the patients (male:female ratio 1:1) wae also receiving sex steroid replacement All 

patients gave written infbnned consent and the stu^ was approved by the Royal London 

Hospital Ethical Committee 

On commencement of the study, the patients were given increasing doses of 

hydrocortisone (twice daily: on rising and at 18:00hrs), lOmg twice daily for the first 

week, 20mg in the morning and lOmg in the evening 6)r the second week, aM 40mg in 
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the morning and 20mg in the evening for the third week. At Ae end of each week, 24 

hour mine specimens were collected. 

Growth hormone treatment was then commenced at a dose of 0.125 units/kg/week as a 

single, evening, abdominal injection for 4 weeks. The growth hormone dose was 

increased to 0.25 units/kg/week for the remainder of the study (11 weeks). 

Ei^t weeks after commencement of growth hormone treatment during which time the 

patients had received their normal maintenance hydrocortisone replacement, the dose of 

hydrocortisone was again adjusted at weekly intervals and 24 hour urine specimens were 

coDected as previously described. However, changes in the hydrocortisone dose were 

randomised in order to obviate possible efkcts of prolonged growth hormone therapy. 

Urine samples were stored at -20°C prior to analysis. 

Urinary steroid metabolite profiles were measured by gas chromatography^^ l̂ Total 11-

hydroxy-cortisol metabolites was calculated as the sum: (THF + 5a-THF + a-cortol + 

(p-cortol + P-cortolone)*0 5). 11-oxo-cortisol metabolites was calculated as the sum: 

(THE + a-cortolone + (j3-cortol + P-cortolone)*0.5). Urinary free cortisol:cortisone 

ratios were estimated by HPLC with fluorescence detection (figure 2.6, pa^ 69) and 

radioimmunoassay (2.5.1.1 and 2.5.1.6). Statistical comparison between analytical 

techniques was made using Deming linear regression̂ ^̂ ^̂  difkrence analysis. Spearman 

rank correlation coefRcients and the Wilcoxon-Mann-Whitney test for two independent 

samples. Comparison of the eSects of hydrocortisone and growth hormone replacanent 

upon urinary &ee Cortisol :cortisone ratios and total Cortisol cortisone metabolite ratios 

was made using the Wilcoxon signed rank test. 
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2.6.2 RESULTS 

2.6.2.1 CowyariyoM wnwo/y/y^gg corAkoZ a/xff corfMowg Zy AM*LC aŵ f J(Z)4 

Urinaiy &ee Cortisol measured in 54 twen^-fbur hour urine collections was 113.8 ± 

6.4nM (mean ̂  SD) with a range of concentrations spanning 6.5 - 805nM. Urinary free 

cortisone was 110.8 ± 1.9nM with a range of 8.7 — 341nM. Close agreement (indicated 

by Spearman correlation) was observed between all analytical techniques (f < 0.0001) 

(table 2.4, page 93) Wiich was conGrmed by dif&rence analysis and the Wilcoxon 

matched pairs signed ranks test which suggested that there were no statistically 

significant difkrences between urinaiy free Cortisol or cortisone measured by either 

HPLC with fluorescence detection, HPLC with UV detection or RIA (table 2.5, page 93 

& figure 2.19, pf^e 95). Moreover, difkrence plots also suggested that there were no 

concentration dependent differences between measurements by any of the analytical 

techniques examined. Neither was there evidence of methodological bias (figure 2.20, 

page 96). However, difference plots did suggest that the greatest methodological 

differences were between urinary free Cortisol concentrations estimated by RIA and 

HPLC with eiAer UV or fluorescence detection. 

Similarly, estimation of urinary free cortisol:cortisone ratios by HPLC with fluorescence 

detection, HPLC with UV detection or RIA showed close agreement (table 2.5, page 94) 

which was also confirmed by difference analysis and the Wilcoxon matched pairs signed 

ranks test, (table 2.6, page 94 & figure 2.21, page 97). 

2.6.2.2 Mfieryo//or wnrnwy/reg amf (wrgkome fAg 

wmmfy raAw ggAwaW f y AM 

After logarithmic transformation, the refiaence interval for urinaiy Bee Cortisol was 

102.6 (21.2 - 480.3) nM (mean and 95% confidence interval) and 63.0 (8.7 — 309.3) nM 

for urinary free cortisone. The reference interval for the urinary free Cortisol icortisone 

ratio was 0.84 (0.56 -1.24). 
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Table 2.4 Correlation between urinary free Cortisol and cortisone estimated by 
radioimmunoassay, HPLC with fluorescence detection and HPLC with UV 

detection 
RIA HPLC(UV) 

Urinary Free Cortisol 
HPLC (UV) rs = 0.92(0.87 -0.95) * 

HPLC (Fluorescence) Ts = 0.89(0.82 -0.94) r. = 0.98 (0.97- 0.99) 

Urinary Free Cortisone 
HPLC (UV) Ts = 0.92(0.87 -0.95) * 

HPLC (Fluorescence) Ts = 0.89(0.82 -0.94) r. = 0.98 (0.97- 0.99) 

Data illustrates Spearman rank correlation coefficient and 95% confidence intervals for 
54 paired analyses (urinary free Cortisol, 6.5 - 805nM, urinary free cortisone, 8.7 — 

341nM) 
P < 0.0001 for all observations. 

Table 2.5 Differences between urinary free Cortisol and cortisone estimated by 
radioimmunoassay, HPLC with fluorescence detection and HPLC with UV 

detection. 

Urinary Free Cortisol 
HPLC (UV) 5.10 (-0.75- 12.55), f = = 0.0843 * 

HPLC (Fluorescence) 7.05 (-1.10- 14.45),? = = 0.0923 0.60 (-2.15- 3.65), f = 0.6920 

Urinary Free 
Cortisone 
HPLC (UV) 1.60 (-0.65--3.90),f = 0.1579 * 

HPLC (Fluorescence) 1.80 (-0.45--3.65),P = 0.1140 4)45(^L35-- 1.60), P = 0.6719 

Data illustrates difference between the means and 95% confidence intervals and the 
statistical significance of the differences using the Wilcoxon matched pairs signed 

ranks test for 54 analyses (urinary free Cortisol, 6.5 - 805nM, urinary free cortisone, 
8 .7-34]nM) 
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Table 2.6 Correlation between urinary free cortisohcortisone ratios estimated by 
radioimmunoassay, HPLC with fluorescence detection and HPLC with UV 

detection 

RIA HPLC(UV) 
Spearman correlation 
HPLC(UV) rs = 0.81 (0.76 -0.86) * 

HPLC (Fluorescence) r, = 0.78 (0.72 -0.84) r, = 0.94 (0.91-0.97) 

Data illustrates Spearman rank correlation coefficient and 95% confidence intervals for 
54 paired analyses. 

P < 0.0001 for all observations. 

Table 2.7 Differences between urinary free cortisol:cortisone ratios estimated by 
radioimmunoassay, HPLC with fluorescence detection and HPLC with UV 

detection. 

MA HPLC (UV) 
WUcoxon signed ranks 
HPLC (UV) 0.016 (-0.018 - 0.50), P = 0.6303 * 
HPLC (Fluorescence) 0.030 (-0.011 - 0.71), P = 0.3944 0.014 (-0.019 - 0.47), P = 0.4535 

Data illustrates difference between the means and 95% confidence intervals and the 
statistical significance of the differences using the Wilcoxon matched pairs signed 

ranks test for 54 analyses. 
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Figure 2.19 Deming r^ression analysis of urinary free Cortisol and cortisone by 
HPLC with fluorescence detection, IIV detection and radioimmunoassay: 
Comparisons were made using 54 paired analyses (urinary free Cortisol, 6.5 - 805nM, 

urinary free cortisone, 8.7 - 341nM). 

95-



80 

60 

40 

20 

1 . 0) 
E -20 Q 
aP -40 

- 1 0 0 

^ 

.. 
AV • 

• 

A ' 
• 

• 

- ' — ' - 1 1 —1 1 1 1 

150 300 450 600 750 900 

Mean [cortisoq (RIA& HPLC (UV)) 

80 

60 

40 

20 

g 0 

-40 

- 6 0 

- 80 

« 

• • 

• V ^ 

• r* ' 

50 

40 4 

30 

20 

o 10 

*X 

s. 
I 
Q - 1 0 

0 -

- 2 0 -I 

-30 

-40 4 

-50 

% • • 

0 150 300 450 600 750 900 

30 

20 

10 -

0 

8 
I -10 

t -20 
Q 
^ -30 

-40 

-50 

-60 

f : 

V * / \ % * \ # *—* * • 

so 100 150 200 250 300 

Mean [cortisone] (RIA & HPLC (UV)) 

350 

30 

20 

10 -

0 i 
i -10 Q 

- 2 0 -

-30 

-40 

0 150 300 450 600 750 900 

Mean [Cortisol] (RIA & HPLC (fluorescence)) 

0 50 100 150 200 250 300 350 

Mean [cortisone] (RIA & HPLC (fluorescence)) 

40 

30-

2 0 -

1 0 -

0 -

- 1 0 

- 2 0 

-30 

-40 • 

-50-

- 6 0 

• 

• • 

0 50 100 150 200 ^ 300 350 

Mean [cortisone] (HPLC (fluorescence) & (UV)) 
Mean [Cortisol] (HPLC (fluorescence) & (UV)) 
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2.6.2.3 CoMyarwoM wwxafy/rgg corAofreofAow w&A ôA:/ 
corf&o/rcor^owg WKAiAo&k ra&»$ 

The Wilcoxon-Mann-Whitney test for two independent samples revealed a significant 

diGerence between the urinaiy &ee cortisolicortisone ratio and total cortisol:cortisone 

metabolite ratio (difference between the medians and 95% confidence interval = 0.205 

(0.054 — 0.336), f <0.05). There was a weak but significant correlation between the 

urinary cortisoLcortisone ratio (estimated by both RIA and HPLC with fluorescence 

detection) and total cortisol:cortisone metabolite ratio (table 2.8, page 100 and figure 

2.22, page 101). However, this correlation was signiGcantly weakened by the marked and 

unique disparity observed between the urinary free Cortisol :cortisone ratio and total 

cortisol:cortisone metabolite ratio in the urine specimens from patient one (figure 2.23, 

page 102). Omission of these data from the statistical analysis improved the apparent 

correlation between urinaiy free cortisol:cortisone ratio and total cortisol:cortisone 

metabolite ratio (figure 2.22, page 101). 

Difference plots revealed a marked difference between the urinary free Cortisol :cortisone 

ratio and total Cortisol cortisone metabolite ratio (figure 2.22, page 101). Moreover, the 

magnitude of die dif&ience between the urinaiy 6ee cortisoLcortisone ratio and total 

cortisol:cortisone metabolite ratio increased in parallel with the total cortisol:cortisone 

metabolite ratio (figure 2.22, page 102). These data are consistent with the empirical 

observation that changes in the total cortisol:cortisone metabolite ratio were mirrored by 

greater changes in the urinary 6ee cortisoLcortisone ratio (figures 2.22 & 2.23, pages 101 

& 102). 

Incremental doses of hydrocortisone prior to growth hormone treatment resulted in a 

significant increase in the total Cortisol:cortisone metabolite ratio ( f < 0.001) which was 

mirrored by greater increases the urinary 6ee cortisol:cortisone ratio ( f < 0.001) (W)le 

2.9, page 103). Parallel changes were also observed in urinaiy free Cortisol and urinary 

free cortisone (table 2.10, page 104). In contrast, incremental doses of hydrocortisone 

subsequent to growth hormone treatment did not result in the increase in the total 

cortisol:cortisone metabolite ratio or urinary 6ee cortisoLcordsone ratio which had been 
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observed prior to growth hormone treatment (table 2.9, page 103). Indeed, there were no 

statistically significant changes in total cortisohcordsone metabolite ratios or urinary 6ee 

cortisol:cortisone ratios subsequent to growth hormone treatment despite increasing 

doses of hydrocortisone. Thus, statistical analysis comparing total Cortisol icortisone 

metabolite ratios prior to and subsequent to growth hormone treatment revealed that, 

with the exception of hydrocortisone dose I, growth hormone treatment appeared to 

attenuate the increase in total Cortisol cortisone metabolite ratio which accompanied 

increases in replacement hydrocortisone prior to growth hormone treatment. 

In contrast, statistical analysis comparing urinary 6ee Cortisol :cortisone ratios prior to 

and subsequent to growth hormone treatment revealed that growth hormone treatment 

appeared to significantly increase the urinary 6ee cortisol:cortisone ratio at 

hydrocortisone dose 1 ( f < 0.05) whilst growth hormone treatment appeared to have had 

no significant eHect upon the urinary free cortisol:cortisone ratio at hydrocortisone dose 

2. However, at hydrocortisone dose 3, growth hormone treatment appeared to 

significantly decrease in the urinary free cortisol:cortisone ratio ( f < 0.05). 

Summary: 

1. increasing doses of hydrocortisone prior to growth hormone treatment resulted in a 

statistically significant increase in both total cortisolicortisone metabolite ratio and 

urinary free Cortisol :cortisone ratio 

2. increasing doses of hydrocortisone subsequent to growth hormone treatment had no 

statistically significant effect upon either the total cortisolicortisone metabolite ratio 

or the urinary j&ee cordsolicortisone ratio 

3. growth hormone treatment attenuated the increase in total Cortisol:cortisone 

metabolite ratio which accompanied increasing doses of hydrocortisone prior to 

growth hormone treatment 

4. growth hormone treatment increased in the urinaiy free cortisol:cortisone ratio at 

dose 1, had no effect at dose 2 and increased the urinary 6ee cortisoLcortisone ratio 

at dose 3. 
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Table 2.8 Correlation between urinary free cortisohcortisone ratios and total 
Cortisol metabolite ratios in seven hypopituitary patients receiving hydrocortisone 

and growth hormone therapy 

Spearman correlation 
HPLC (Fluorescence) Ts = 0.37(0.11 - 0.59), f <0.01 
HPLC (Fluorescence) (patient 1 removed) Ts = 0.62 (0.39 - 0.77), f <0.0001 

RIA rs = 0.34 (0.08 - 0.57), f <0.02 
RIA (patient 1 removed) rs = 0.57 (0.33 - 0.74), f <0.0001 

Data illustrates Spearman rank correlation coefficient and 95% confidence intervals 
P < 0.0001 for all observations. Marked disparity was observed between urinary free 
cortisohcortisone ratios and total Cortisol metabolite ratios for patient one. Thus the 

statistical analysis was performed both including and omitting these data. 
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Figure 2.22 Correlation between urinary free cortisolrcortisone ratios and total 
cortisolrcortisone metabolite ratios in hypopituitary patients receiving combined growth 
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Figure 2.23 Comparison of urinary free cortisolrcortisone ratios with total 
Cortisol: cortisone metabolite ratios, plots show xirine Cortisol: cortisone and total metabolite ratios 

from adult hypopituitary patients with combined growth hormone and ACTH deficiency before and 
after growth hormone therapy (GH) during varying doses of hydrocortisone replacement: dose 1 = 

lOmg bd; dose 2 = 20mg am. lOmg p.m.; dose 3 = 40mg a.m. 20mg p.m. 
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Table 2.9 The effect of hydrocortfeone and growth hormone replacement on 
urinary free cortisoI:cortisone ratios and total cortisolxortisone metabolite 

ratios. 

Urinary Free 
CortisohCortisone Ratio 

Total CortsiolrCortisone 
Metabolite Ratio 

Before Growth Hormone 

Dose 1 0.82 (0.42 -1.25) 1.22(1.02 -1.96) 

Dose 2 

Dose 3 

After Growth Hormone 

1.20 (0.43-

2.01(0.80-

-1.60)^ 

3.76)^ 

1.53(1.30-

1.87 (1.45 -

-2.23)^ 

2.70)^ 

Dose 1 

Dose 2 

Dose 3 

1.27(0.79-

1.20(0.20-

1.36 (0.30-

-2.02)^ 

2.67)"" 

3.59)^ 

1.50(0.74-

1.22(0.87-

1.07(0.92-

1.79)™ 

1.51)^ 

1.74)^' 

Data illustrates median (range). Urinary free Cortisol :cortisone ratios were estimated by 
radioimmunoassay whilst total cortisol:cortisone metabolite ratios were estimated by 
gas chromatography 

Hydrocortisone replacement; dose 1 = lOmg bd; dose 2 = 20mg a.m. lOmg p.m.; dose 3 
= 40mg a.m. 20mg p.m. 

Prior to growth hormone treatment: 
dose 1 vs dose 2; V = 0.016, dose I vs dose 3: F == 0.016, dose 2 vs dose 3; 
= 0.047 

Subsequent to growth hormone treatment; 

dose 1 vs dose 2: = l.OOO, V = 0.469, dose 1 vs dose 3: ^P = 1.000, ^P = 

0.688, dose 2 vs dose 3:^P = 0.688, V = 0.469 

Prior to growth hormone treatment vs subsequent to growth hormone treatment: 

= 0.047, dose 2: = 0.688 dose 3: = 0.031, dose 1; 

dose 1: = 0.815,dose 2: = 0.047, dose 3: = 0.016 
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Table 2.10 The effect of hydrocortisone and growth hormone replacement on 
urinary free Cortisol and cortisone. 

Urinary Free 
Cortisol (nmol^4hrs) 

Urinary Free Cortisone 
(nmol/24hrs) 

Before Growth Hormone 

Dose 1 

Dose 2 

Dose 3 

After Growth Hormone 

Dose 1 

Dose 2 

Dose 3 

128.2(71.3 - 383.0) 

238.6(128.4 - 601.4)^ 

850.5(512.7-3589.7) 
be 

454.9 (94.1 -1034.9)= 

230.7(61.4-1099.1)' 

156.6(90.4-2914.6) 

dh 

efi 

150.9(41.8-539.4) 

237.9(118.9 - 505.2) 

492.1(244.0 - 957.1)̂  
be 

m 
348.0(68.7 - 608.4) 

303.5(39.9-408.8)''^ 

289.7(90.4 - 819.6) 
klo 

Data illustrates median (range). Urinary free Cortisol and cortisone ratio vras estimated 
by radioimmunoassay. 

Hydrocortisone replacement: dose 1 = lOmg bd; dose 2 = 20mg a m. lOmg p.m.; dose 3 
= 40mg a m. 20mg p.m. 

Prior to growth hormone treatment: 
dose 1 vs dose 2: V = 0.016, dose 1 vs dose 3: = 0.031, dose 2 vs dose 3: V 
= 0.031 

Subsequent to growth hormone treatment: 

dose 1 vs dose 2: = 0.688, V = 0.438, dose 1 vs dose 3: = 0,844, ^P = 

0.844, dose 2 vs dose 3: ^ = 0.219, V = 0.469 

Prior to growth hormone treatment vs subsequent to growth hormone treatment: 
dose \ :^P = 0.\56,dose2; V = 0.813,dose3: V = 0.063, 

m n 
dose 1: f = 0.313, dose 2; P = 0.688, dose 3: F = 0.094 
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Figure 2.24 Box-whisker plot comparison of urinary free cortisolrcortisone ratios with total 
cortisohcortisone metabolite ratios. Urine cortisolrcortisone and total metabolite ratios from adult 
hypopituitary patients with combined growth hormone and ACTH deficiency before and after growth 

hormone therapy (GH) during varying doses of hydrocortisone replacementr dose 1 = lOmg bd; dose 2 = 
20mg a.m. lOmg p.m.; dose 3 = 40mg am. 20mg p.m. (The significance of the difference pre- and post 

growth hormone treatment is shown) 
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2.7 DISCUSSION 

2.7.1 g f fPLC w A A C M M C 

cor&rofferowk 

One of the principal aims of this study was to develop an HPLC technique for the 

analysis of urinary free corticosteroid ̂ ofiles as an aid to the quantification of small 

changes in the peripheral metabolism of cordsol. The early pages of Ais chapter describe 

the development and evaluation of a novel technique for the analysis of urinaiy 6ee 

corticosteroids which makes use of reversed phase HPLC with fluorescence detection 

after derivatisation with EDC and CMMC. The satis6ctory chromatographic separation 

and quantification of corticosteroids and their metabolites, subsequent to derivatisation 

wiA EDC and CMMC, was found to be susceptible to even modest variations in 

laboratory technique and reagent preparation. Additionally, fluctuations in laboratory 

temperature, although minimised by the use of a column beater, had very significant 

effects upon retention times and chromatographic selectivity, the cwoUaiy of which was 

co-eludon of cortisone and 5a-THF and an inability to effect the resolution of the 5a-

and 5p-metabolites of Cortisol and cortisone. 

Moreover, the analysis of both plasma and urine by this method was characterised by a 

marked deterioration in signal to noise ratio and by an exaggeration of baseline 

perturbation at the solvent front with the subsequent loss of chromatographic resolution 

and sensitivity. Whilst this had little impact upon Ae accurate analysis of corticosteroids 

in plasma it prevented the estimation of 6P-hydroxycortisol in urine in almost every 

sample and the deterioration in signal to noise ratio finequently limited analysis solely to 

the quantification of Cortisol and cortisone. Nevertheless, when the chromatography was 

performed under ideal conditions, the data produced were reproducible and at least 

equivalent in sensitivity with alternative HPLC techniques with fluorescence detection 

and demonstrated marked improvements in chromatographic resolution and selectivity 

over most altemativeŝ ^̂ '̂̂ '̂̂ '̂ '̂ ^̂ .̂ 
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Uiine is notable lor its tendency to significant variation in composition, in the 

concentration of its many constituents and for it to contain natural fluorophores of dietary 

origin̂ ^̂ l̂ Despite rigorous pre-analytical extraction, &w techniques have overcome 

these difficulties and background Auoiescence contamination is a cwnmon 6iling of 

procedures which make use of this potentially sensitive method of detection^^^^ . In 

keeping with previous reportŝ '̂ '̂'̂ ,̂ the analysis of urinary free steroid profiles by 

HPLC with fluorescence detection in this study was frequently complicated throu^ 

contamination. It is likely that this contamination originated not only from dietary 

fluorophores, but also with phenols, catechols and both primary and secondary amines of 

endogenous and dietary origin \;̂ iuch have also been show to undergo coupling reactions 

with caibodiimide catalysed reactions^^^^l Moreover, the concentration of urinary 6ee 

steroids (particularly the dihydro- and tetrahydro-derivatives of Cortisol and cortisone) in 

the patient groups investigated in this study, were found to be below the limits of 

detection for this technique (4.0 - S.OnM, 8-12ng injection). Nevertheless, \»*en the 

specimen ẑ ypeared to be relatively free of contaminants, the procedure was found to 

represent a 5 to 6 6)ld improvement in sensitivi^ compared with postcolumn 

derivatisation techniques using dansyl hydrasinê ^̂ ^̂  and was at least equivalent to the 

most sensitive of precolumn derivatisationtechniques^^^'^^'^^l 

The limitations imposed upon chromatographic determination of urinary steroid profiles 

as a consequence of the 6)rmation of multiple derivatives encountered in Ihis study are 

by no means unique. This phenomenon is commonly encountered even in GC-MS 

applications, examples of which are typified by the formation of the syn- or anti-isomeric 

oxime derivatives of Cortisol and 16-hydroxy-dehydroepiandrosterone and also by the 

formation of two products of tetrahydrocorticosterone which are separated 

chromatogra^Aically by approximately one minute^^ l̂ The second of these two M̂̂ oducts 

co-elutes with THF necessitating an additional chrmnatographic step for accurate 

quantification^^^l In addition, marked analytical imprecision, which 6)r some steroids 

can exceed 25%, is regularly reported for GC-MS techniques. This is likely to reflect the 

multiplicative combination of incomplete or inefficient hydrolysis of steroid conjugates 

and variabilis in recovery since internal staiwlards are usually added ]mor to 
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derivatisation and hence do not correct 6)r initial loss of steroids during extraction^^ '̂̂ ^ .̂ 

Thus, in this study, the addition of internal standard prior to solid phase extraction was 

reflected in a significant improvement in analydcal imprecision (10.916.6% for all 

steroids examined) despite little difference in recovery of steroid from urine when 

compared with analogous techniques. 

In order to execuk satisfactory chromatographic resolution most methodologies employ 

extended run times which utilise either thermal or solvent gradient ehition. In order to 

overcome the increase in peak width observed in the later eluting peaks it is often 

necessary to include two or more internal standards vWiich elute at time points flanking 

the chromatographic run. The linear mathematical relationship between peak height and 

peak width enables correction for changes in peak height throu^out the chromatography 

but is only accurate if detector response is identical for all analytical species. This is not 

the case for GC-flame ionisation detectors or GC-MS since detector response is 

dependent upon mass and the conversion to Sl-units requires additional 

calibration^^^'^l This disadvantage is obviated by HPLC with fluorescence detection in 

which there is a linear relationship between excitation, emission and concentration under 

conditions vdiere quenching does not occur. In this study, there was little discernible 

difference in peak height between steroid conjugates, nor an appreciable change in 

fluorescence intensi^ as a result of changes in mobile ^Aase composition Furthermore a 

linear relationship between concentration and peak height was observed for all steroids 

investigated. 

In common with the observations made of the analysis of the dihydro- and tetrahydro-

derivatives of Cortisol and cortisone in urine, in the patient groiq)s investigated in Ais 

study, in plasma, unconjugated forms of these metabolites were also found to be below 

the limits of detection for this technique. Nevatheless, the marked deterioration in 

baseline noise observed during the analysis of urine extracts was less pronounced for the 

analysis of plasma extracts and, as a consequence, plasma Cortisol and cortisone were 

reproducibly quantifiable in all of the specimens analysed in this study. Importantly, 

these observations are in marked contrast with previous studies Wuch made use of 
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CCMMC (the acid chloride derrvatrve of CMMC) and which reported prolonged baseline 

perturbation at the solvent &ont (in excess of Airty minutes in an overall 

chromatographic run time of 3 hours) and significant baseline noisê ^̂ .̂ The relatively 

large sample volume (Iml) required for plasma steroid analysis employed in this study is 

a common 6iling of techniques for the analysis of plasma steroidŝ ^̂ "̂̂ "̂̂ ^ and is a 

consequence of the relatively low levels of uncorgugated steroid which are (bund in 

plasma. Moreover, the extraction of steroids 6om plasma is complicated by their 

differential {fotein binding. However, in the stMy reported herein, this was overcome by 

protein precipitation and as a consequence, recovery of steroids added to plasma was 

found to be in excess of 73%. 

The apphcation of high sensitivity chromatographic techniques for the analysis of steroid 

profiles has several advantages over more traditional a;^roaches involving sequential 

radioimmunoassay. However, the limitatiorK of sensitivity and t k complexities of 

steroid extraction have prevented the successful analysis of urinary unconjugated 

steroids, including Cortisol and cortisone, by GC-MS. However, improvements in GC 

and MS technology over the past five years have in part ameliorated these deficiencies 

through the judicious use of deuterated internal standardisation, nano-electrospray mass 

spectrometry and precursw ion monitoring such that the accural (^termination of 

urinary unconjugated Cortisol and cortisone by GC-MS is now a feasible though costly 

altemative^'^^'^^ Interestingly, within the same time6ame the inter&cing of HPLC 

with MS has not improved to the same extent and Wiilst ̂ hniques 6)r the analysis of 

corticosteroids which make use of HPLC coupled to pardcle-beam-intaface and 

chemical-reaction-'inter6ce mass spectromekrŝ *̂̂ '̂ ^̂ ^ have been reported, they ofkr no 

advantages over GC-MS. 

2.7.2 wAA 

The difficulties encountered in the quantitative analysis of urinary free corticosteroid 

profiles usir:g HPLC with fluorescence detection in this stu(^ prompted an expansion of 

parallel investigations using a method based upon HPLC with UV detectiorL This latter 
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study was also designed to analyse the regulation of 11 p-HSD activi^ in cultured cells 

m W/ro and will be explored in greater depth in chapters 3 and 4. 

There is a considerable volume of material related to 11P-HSD activity m vzAro and it 

must be noted that many investigations have made use of thm layer chromatography 

techniques &r the analysis of interconversion of Cortisol and cortisone (corticosterone 

and 11-dehydrocorticosterone A)r studies of 11P-HSD activity in the rat) which are 

notable for their robustness and speed of execution rather than their speciScity or 

accuracy"*̂ '̂ '̂ ''̂ "'̂ l̂ Nevertheless, within the past decade HPLC technology has been 

more widely used to investigate enzyme kinetics m and whilst most 

procedures have been capable of accurate evaluation of Cortisol and cortisone 

concentrations in tissue culture media none have been reported to be sufficiently robust 

for the accurate determination of steroid profiles in plasma and urine. 

In this study, the combined stringency of solid ][Aase extraction and precise gradient 

elution comprises a novel technique which, (kspite a relative lack of sensitivity, by 

comparison with fluorescence (ktection, and the limited range of steroids dekcted by UV 

absorbance at 254nm is well suited to the rapid analysis of uncoigugated corticosteroids 

in tissue culture media, urine and plasma. Indeed, the exclusion of corticosteroids 

without an a,P-unsaturated ketone in steroid ring A 6om the chromatogram reduced the 

number of chromatograiAic peaks which ensured more discrimiimting chromatographic 

resolution of 6p-hydroxycortisol and cortisone than was possible with HPLC with 

fluorescence detection. 

In common with the observations made in section 2.7.1, many of the more polar 

uncoiyugated metabolites of Cortisol and cortisone in uhne were at concentrations below 

the UV detection hmit for this technique (16.9 ± 2.9iA{, 50ng/iiyection). However, 

accurate quantification of both urinary &ee Cortisol and cortisone was possible in each of 

the specimens analysed in this study using either HPLC with fluorescence detection or 

HPLC with UV detection. This latter fmding is of particular significance in the light of 

data firom several more recent investi^dons which have made use of the urinary 6ee 
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cordsoLcortisone ratio as an index of renal 11(3-HSD2 activitŷ "̂̂ ^^ and in which this 

ratio has been used in combination wilh the total cordsolicortisone metabolite ratio and 

Ae (THF+5a-THFyTHE ratio to characterise total body changes in 1 ip-HSDl activity 

by excluding the contribution made by changes in 1 lp-HSD2 activity^^^^^l Thus, in the 

study reported herein, the inabili^ to detect the more polar unconjugated corticosteroid 

metabolites in any of the urine specimens investigated, suggests that the analysis of 

urinary free corticosteroid ;»oSles using HPLC with fluorescence detection or HPLC 

with UV detection is likely to be limited to conditions in which the excretion of urinary 

Aee corticosteroids is significantly raised above the normal However, there is 

considerable potential for the use of either technique in the assessment of relatively small 

changes in the metabolism of Cortisol and cortisone by isofbrms of 11P-HSD which may 

contribute to the aetiology of many other more common disuses such as the insulin 

resistance syndromê ^^ '̂̂ '̂̂ '̂̂ l̂ 

The close correlation in the measurement of Cortisol and cortisone exhibited between the 

two HPLC techniques in this study ( r̂  = 0.98) demonstrates the robustness of these 

methodologies. However, the relative complexi^ and expenditure in terms of time 

imposed upon the analysis of corticosteroids using HPLC with fluorescence detection 

compared with the alternative technique of HPLC with UV detection may be considered 

suGicient incentive to favour the former technique as a "̂ re&rence method^ against which 

alternative techniques may be assessed. Moreover, in situations Wiere a h i ^ rate of 

throughput is a limiting factor and the material is relatively simple in composition, it is 

clear that the technique based upon HPLC with UV detection developed in this study 

provides signiGcant improvements in specificity over earlier techniques based upon TLC 

and paper chromatography in which monitoring of enzyme cataly^d interconversion of 

Cortisol and cortisone was monitored using tritiated tracer steroids, often at substrate 

concentrations considerable below the fQn of the enzymê '̂̂ ^ .̂ 

By comparison with urine, the corticosteroid composition of plasma is relatively simple. 

However, few liquid chromatographic techniques have been reported far the analysis of 

corticosteroid {a^ofiles in plasma principally as a consequence of poor analytical 
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sensitivity and the limitations of specimen size. Despite the poorer sensitivity of HPLC 

with UV detection compared with HPLC with fluorescence detection described in this 

study, the former technique was more robust and simple to per&rm than the latter. 

Moreover, the identiGcation of specific peaks in the chrwnatogram was generally more 

easily achieved using HPLC with UV detection compared with HPLC with fluorescence 

detection since the latter technique 6equently resulted in a more cmnplex chromatogram 

which may have been Ae consequence of either multi;^e (krivative formation or the 

derivatisation of unknown species in plasma. 

The diagnosis of inborn arors of corticosteroid biosynthesis such as congenital adrenal 

hyperplasia (CAH) and monitoring of Aeiapeutic efRcacy has long relied upon steroid 

speciAc radioimmunoassay or urine steroid profiling using GC-MS^^ l̂ It is certainly true 

that the majority of cases of CAH are represeited by mutations in the 21 a-hydroxylase 

gene and may be identified biochemically as a consequence of a raised plasma 17a-

hydroxyprogesterone which is commonly determined by radioimmunoassay. However, 

the rarer forms of CAH require a more extensive, time consuming and costly diagnostic 

program in order to identify the characteristic abnormalities in the ;»^ofile of Cortisol 

precursors and/or metabolites. Moreover, the more common, non-classical forms of CAH 

Wiich include non-classical 21a-hydroxylase deficiency, non-classical 1 Ip-hydroxyalse 

deficiency and non-classical 3p-hydroxysteroid dehydrogenase deficiency may also be 

diagnosed upon the basis of an abnormal {dasma steroid profile following ACTH 

challenge (reviewed by New Nevertheless, it is likely that relatively small 

changes in the plasma steroid profile also characterise these conditions in the absence of 

ACTH challenge but their detection requires techniques Wiich are sufficiently specific 

and sensitive. Whilst outside the scope of this thesis the potential for the analysis of 

plasma corticosteroid proGles and thus the rapid and cost elective diagnosis of CAH 

which is apparent in the HPLC techniques described in this chapter is clear and deserves 

further exploration. 

- 1 1 2 -



2 . 7 3 ^ w n m w y c o / i & o w e awf dkg aj^waflwA 

MnmarKj^gg con&o^rcor6owg nafof 

Despite Ae advantages of specificity Wuch are afforded by the chromatographic 

determination of Cortisol and cortisone in biological fluids there can be little argument 

that the technology is time consuming and poorly suited to studies based upon large 

numbers of specimens. The development of a specific radioimmunoassay for urinary free 

cortisone and its use in combination with an established radioimmunoassay for urinary 

free Cortisol in Ais study was designed to address this inconvenience. Previous attempts 

to develop speciGc antisera to cortisone have been Austiated by extensive cross-

reactivity with either Cortisol or its metabohtes and has necessitated extensive specimen 

pre-treatment in the form of chromatography using either TLC or low 

pressure systems using celi^ or diatomaceous earth '̂̂ ^^ l̂ 

The marked improvements in specificity exhibited by the anti-cortisone antiserum, N137, 

used in this stu(^ obviated the requirement for extensive chromatographic specimen 

pretreatment and enabled quantification of cortisone in urine subsequent to liquid/liquid 

extraction using chloroform. The irtclusion of a steroid extraction step prior to 

radioimmunoassay in this study was required in order to differentiate between 

uncorgugated and conjugated steroid species, since cross reactivity with the relatively 

high concentrations of steroid coi^ugates in urine was anticipated and the marked 

differences in pH, salt and urea concentration Wiich are characteristic of urine make a 

significant impact upon antibody-antigen interactions. 

Despite a high degree of specificity, NI37 exhibited significant speci:Gc cross reactivity 

with 5a-tetrahydrocortisone (100%) and 5|3-dihydrocortisone (18%). However, neither 

steroid was at detecW)le concentrations in any of the urine specimens investigated in this 

study by HPLC with either fluorescence or UV detection. Nevertheless, it must be 

recognised that changes in the metabolism of Cortisol or cortisone as a consequence of 

disease might result in significant increases in either of these cross-reacting species in 

urine and could potentially give erroneous results. Moreover, in a subsequent series of 

kinetic studies designed to analyse the regulation of 1IP-HSD2 in cultured cells 
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(discussed in detail in chapter 3 of this thesis), N137 cross reactivity with 5^-

dihydrocortisone was sufGciently significant to necessitate the use of an alternative 

technique. 

At concentrations of urinaiy 6ee cortisone in the range 40 - 500nM the fraction of N137 

immunoreactivity attributable to urinary cortisone was estimated to be greater (ban 

90% and served to illustrate the high degree of specificity exhibited by this antiserum. 

This conclusion was supported by the close correlation observed between the RIA and 

HPLC estimations of urinary free cortisone and the absence of dose dependent 

differences between the two techniques. This is in maited contrast with the cross 

reactivity exhibited by most anti-cortisol antisera which in some instances has been 

estimated to give a 'true' Cortisol results which reflects between 20 - 70% of the &ee 

Cortisol in the specimen^^l This latter observation may be considered to be a source of 

highly significant error in the estimation of urinary 6ee Cortisol by RIA and may oglain 

the considerably greater scatter in the measured dif%rences between Ae two methods 

compared with that observed for cortisone. 

Thus, the diGerences observed in the estimation of urinary fr̂ ee Cortisol rcortisone ratios 

by RIA compared with HPLC may be a reflection of the relatively poorer specificity 

exhibited by anti-cortisol antisera than to any other methodological 6cb)r. Interestingly, 

despite Ae former observations, statistical comparison of urinary &ee Cortisol and 

cortisone estimated by radioimmunoassay and HPLC in this study revealed no significant 

differences between the methods. However empirical inspection of the data suggests a 

marginally positive bias in urinary free Cortisol estimated by radioimmunoassay 

compared with HPLC which may have achieved statistical significance if the sample 

number had been greater. These observations serve to hig^ight the difficulties and 

importance of accurate analysis ^̂ ihen relatively modest imprecision in measurement may 

have a significant effect upon the calculation of a meaningful ratio. Indeed, it is likely 

that the relatively poorer specifici^ of the urinaiy Cortisol RIA was responsible for the 

minor variation in reference interval calculated in this study compared with that which 

has been previously reported using GC-MS^^l Without recourse to a recognised 
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reference method it is difGcult to speculate as to which is the more accurate though it is 

probable that the reproducibility of the techniques reported in this thesis renders the 

re&rence interval recorded herein no less valid than any oAer. 

The evidence provided by this study suggests that there is little difkrence in the 

cortisol:cortisone ratio obtained by HPLC compared with that obtained by RIA, but the 

latter techniqw oflers the potential for the analysis of large numbers of specimens at 

little cost and in relatively short periods of time compared with many of the 

chromatogmphic techniques published to date. Nevertheless, it must also be recognised 

that the imprecision inherent in the analytical per&rmance of two RIA's, one for Cortisol 

and a second for cortisone, represents the product of the imprecision of both assays and 

as a consequence is hkely to be greater than would be expected of a single analytical 

step. Thus, it may be more appropriate to estimate urinary 6ee cortisoLcortisone ratios 

by RIA as a preliminary aimlysis of large population studies in order to select sub-

populations of individuals Wio show statistically significant variation 6om the reference 

interval for Airdier investigation by more rigorous chromatographic techniques. 

2.7.4 coTK&gyfrcorg&owg w&A 

mgAiAoZ&eraflMW 

The dynamic equilibrium v&ich maintains appropriate circulating levels of Cortisol may 

be considered to be regulated by a complex interplay between HP A control of Cortisol 

secretion and the tissue specific interconversion of Cortisol and cortisone by isokrms of 

1 ip-HSD. Most authors agree that Cortisol circulates at a concentration that exceeds 

cortisone by a factor of yet the urinary free cortisol:cortisone ratio is 

most commonly reported to be between 0.5 and unity^^" '̂̂ ^^ and whilst Ais confirms 

the pro6)und role of 11P-HSD2 in the renal metabolism of Cortisol, it also implies 

signiScant conversion of cortisone to Cortisol by 1 ip-HSDl in otha^ tissues. Moreover, it 

is prudent to consider the relative contribution that regulation of Aie dehydrogenase or 

oxo-reductase activity of systemic 11 p-HSDI may have upon the respective half-life of 

either Cortisol or cortisone in the circulation and hence the fraction of Cortisol to which 

the kidney is exposed. Therefore, analysis of plasma Cortisol and cortisone or of urinary 
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excretion of tbeir conjugated metabolites alone poorly reflects ± e contribution to Cortisol 

metabolism effected by individual isofbrms of 11P-HSD. 

Speculation that the urinaiy free Cortisolicordsone ratio provides a more specific marker 

of renal metabolism of Cortisol and, more significantly, of renal n(3-HSD2 activity than 

the total uriimry cortisol:cortisone metabolite ratio has been reported by several 

authorŝ '̂̂ ^ l̂ This is funded upon the premise that the kidney is the principal source of 

cortisone in the human circulation[17] and that the urinary excretion of uncoigugated 

steroid is a reflection of renal Cortisol metabolism uncomplicated by metabolism 

attributable to 11 p-HSDl in liver and other tissues, b support of this hypothesis, 

investigations contemporary with this stu(^ have reported marked increases in the 

urinary free cortisolicortisone ratio compared with more modest increases in the total 

urinary cortisol:cortisone metabolite ratio in response to treatment with 

carbenoxolone^^^. Whilst the mineralocordcoid like effects of GE and GI are believed to 

be caused solely by inhibition of renal 11P-HSD2 with consequential disturbances in the 

(THF + 5a-THF)/THE ratio, carbenoxolone inhibits both isofbrms of 11P-HSD resulting 

in a prolonged Cortisol half hfe but with relatively little effect upon the (THF + 5a-

THF)/THE ratiô ^̂ '*'̂ ^̂ . Thus it may be hypothesised that, as a consequence of inhibition 

of both isofbrms of 11|3-HSD, the equilibrium of systemic interconversion of Cortisol and 

cortisone remains unaltered and is thus reflected in a normal (THF + 5a-THF)/THE ratio 

whilst the rise in the urinary 6ee cortisolzcortisone ratio may be attributable to the 

inhibition of renal 11P-HSD2 alone. 

2.7.5 Ag /rgg corgkofrcorAwowg m 

In this study, the relationship between the urinary cortisol:cartisone metabohte ratio and 

the urinaiy Aee Cortisol :cortisone ratio was examined in a cohort of hypopituitaiy adults 

receiving hydrocortisone replacement and growth hormone therapy. Whilst an in depth 

analysis of the role of growth hormone and glucocorticoid replacement and its possible 
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regulation of isofbrms of 1 ip-HSD in these patients is outside the scope of this thesis, 

± i s study illustrates the significance of the urinary Aee cortisoLcortisone ratio as a 

maiter of renal 11P-HSD2 activity. 

Growth hormone therapy in growth hormone deficient adults is frequently associated 

with sodium and water retention which has been attributed, at least in part, to activation 

of the renin angiotensin system^^l However, A&tilst the hormonal regulation of isofbrms 

of 11P-HSD is explored in greater detail in chapter 3 it has been suggested that the 

antinatriuretic properties of growth hormone may be the product of changes in the 

peripheral metabolism of glucocorticoid as a consequence of growth hormone dependent 

regulation of I ip-HSDl [̂ 7V92.403.406,407] glucocordcoid̂ ^̂ '̂̂ '̂̂ ^̂ ^ in a tissue specific 

and, in the case of growth hormone, sexually dimorphic maimer. 

In this study a strong correlation was evident between the urinary free cortisol:cortisone 

ratio and the total cortisolicortisone metabolic ratio. However, in the absence of 

exogenous growdi hormone, whilst increasing doses of hydrocortisone were 

accompanied by a statistically significant rise in the urinary total cortisol:cortisone 

metabolite ratio there was a signiAcantly greater rise in the urinary 6ee cortisoLcortisone 

ratio. Indeed, in this study, both positive and negative changes in the total 

cortisoLcortisone metabolite ratio were always reflected in parallel but markedly greater 

changes in the urinary free cortsiolicordsone ratio. Prior to growth hormone treatment 

this effect was most particularly pronounced at the highest dose of hydrocortisone 

replacement. While speculative, this may perhaps, reflect saturation of renal conversion 

of Cortisol to cortisone by renal 1 ip-HSDZ. Interestingly, there is also evidence to 

suggest that glucocorticoids increase 1 ip-HSDl 11-OR activity in human skeletal 

muscle (presented in chapter 3), human adipose tissuê '̂*̂ ^ and in the rat liver̂ ^̂ '̂ ^̂ ^ 

These observatioiK suggest that increasing the dose of replacement hydrocortisone might 

also be accompanied by an increase in the total Cortisol :cortisone metabolite ratio. 

Moreover, the additional Cortisol generated as a consequerKie of glucocorticoid induction 

of 1 ip-HSDl 11-OR activity in the liver and other tissues may be presented to the 
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kidney alongside the administered Cortisol and this too conld explain the rise in urinary 

6ee cordsohcordsone ratio observed in this study 

In common with previous observations, this study has demonstrated that in hypopituitary 

patients, growth hormone therapy results in an attenuation of Ihe rise in urinary total 

cortisoLcortisone meWwlite ratio which normally accompanies increasing doses of 

replacement hydrocortisonê ^ '̂̂ ^^ .̂ This observation may be explained on the basis of 

several possibilities: i) down-regulation of hepatic 1 ip-HSDl 11-OR activity in liver and 

other tissues resulting in a decrease in the conversion of cortisone to Cortisol, ii) up-

regulation of renal 11P-HSD2 11 -DH activity %%ich may result in an increase in 

circulating cortisone, iii) a combination of both events. Whilst down-regulation of human 

and rat hepatic 1 ip-HSDl activity by growth hormone has been reported by several 

audiorŝ '̂ '̂̂ "̂ "̂̂  at Ae time of this study, none have studied the effects of growA 

hormone on human renal 11P-HSD2. 

When total Cortisol :cortisone metabolite ratios and urinary free cortisol:cortisone ratios 

were compared prior to and subsequent to growth hormone treatment, small but 

significant diS^nces, which were dependent upon the dose of hydrocortisone 

replacement, became apparent between the two indices. Thus, subsequent to growth 

hormone treatment, a dose of lOmg bd hydrocortisone was associated with an increase in 

the urinary 6iee cortisol:cortisone ratio consistent with an ai^)aient decline in renal 11P-

HSD2 1 l-DH activity whilst growth hormoiK treatment had no significant effect upon 

the total cordsolicortisone metabolite ratio. At the second dose of hydrocortisone 

replacement (20mg a.m.; lOmg p.m) growth hormone treatment had no significant effect 

upon die urinary free cortisol:cortsione ratio but resulted in a decline in the total 

cortisol:cortisone metabolite ratio consistent with a decline 11 P-HSDl I l-OR activity in 

hepatic and other tissues. However, growth hormone treatment at the highest dose of 

hydrocortisone replacement (40mg a.m.; 20mg p.m) was associated with a decrease in 

both the urinary 6ee cortisol:cortisone ratio and the total cortisol:cortisone metabolite 

ratio which is consistent with an apparent increase in renal 11P-HSD2 11-DH activity or 

a decline in 1 ip-HSDl 11 -OR activity in hepatic and other tissues. 
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These apparently paradoxical data may be explained on the basis of diSerential eOects of 

growth hormone and hydrocortisone upon renal 11P-HSD2 11-DH activity. Inhibition of 

renal 11P-HSD2 in ACTH-deHcient patients by growth hormone has recently been 

reported by Walker ef Using grow& hormone doses identical with those described 

in this thesis and a dose of hydrocortisone replacement of 20mg a,m. and lOmg p.m.. 

Walker ef aZ noted a three fold increase in Ae urinary 6ee cortisol:cortisone ratio as a 

consequence of growdi hormoiK therapy. However, this compares with only a 50% 

increase in urinary Aee Cortisol :cortisone ratio reported in this stu(^. 

The effects of Cortisol upon renal 11P-HSD2 activity are less well recognised. However, 

m vfA-o studies of 11P-HSD2 activity in JEG-3 cells, a choriocarcinoma cell line, 

presented in chapter 3 of this thesis provides evidence to suf^rt the suggestion that 1113-

HSD2 activity may be increased as a coiKequence of exposure to h i ^ levels (l-2nM) of 

Cortisol Thus, whilst speculative, the apparent inhibition of renal lip-HSD2 activity 

induced by growth hormone at the lowest dose of hydrocortisone replacement in this 

study, may have been ofket by an opposing induction of renal 11|3-HSD2 activity as a 

consequence of higher intrarenal Cortisol concentrations as the replacement dose of 

hydrocortisone was increased. Moreover, tbe dechne in total cwtisol cortisone metabolite 

ratio effected by growth hormone treatment is consisknt with a decline in 11 P-HSDl 11-

OR activity in hepatic and other tissues and may also have contributed to the All in 

urinary f i ^ cortisol:cortisone ratio as a consequence of reduced generation of Cortisol 

from cortisone. 

It is not clear why there should have been a difference observed between the changes in 

urinary free cortisolicortisone ratios in this study and those reported by Walker ef 

However, the latter study employed GC-MS analysis of urine specimens collected 

overnight with the results e^qxessed as a steroidzcreatinine ratio compared with 24hour 

urine collections used in this study. 

As discussed in the introduction to this thesis and in greater detail in chapter 3, it is well 

recognised that 11P-HSD activity may be regulated by a number of factors including 
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thyroid hormoneŝ ^̂ '̂ '̂ '̂ ^̂ ^ and sex steroidŝ ^ '̂l Growth hormone is known to increase 

the peripheral 5'-deiodination of thyroxine (T4) to triiodotyrosine (T3) and that 

thyroid hormones may play a role in the regulation of hepatic 1 ip-HSDI activitŷ '̂̂ ^ 

(discussed in greater detail in chapter 3). However, in the study reported herein, thyroid 

hormone status was monitored in each ][mtient throughout the period of investigation and 

only minor changes in thyroid hormones were observed. 

These observations serve to illustrate the complexity of interrelationships which 

contribute to the regulation of 11P-HSD as determined by either urine or plasma 

measurements of Cortisol and cortisone and h i ^ i ^ t s Ae need for caution when 

attributing growth hormone, or indeed any other hormone, with the function of direct 

regulation of this enzyme. Nevertheless, the data presented in this study strongly suggest 

a role not only for growth hormone in the regulation of boAi hepatic 1 ip-HSDl and renal 

1 ip-HSDl but also suggest that regulation of renal 11P-HSD2 by growth hormone may 

itself be modiGed ^ucocorticoids. The outcome of such regulatory efkcts may 

therefore have profound imphcations for patients receiving combined growth hormone 

and hydrocortisone replacanent therapy, hideed, growth hormone therapy in humans has 

been reported to induce a state of glucose intolerance and insulin insensitivitŷ ^^ '̂̂ ^ .̂ 

However, this is likely to be independent of the regulation of I ip-HSDl 11-OR activity 

by growth hormone since inhibition of 11 |)-HSD1 11-OR activity by carbenoxolone 

increases hepatic insulin sensitivity as a consequence of a reduction in the intrahepatic 

conversion of cortisone to cortisol̂ ^^ l̂ There is also growing speculation that increased 

generation of Cortisol &om cortisone by 1 ip-HSDl in insulin target tissues may also 

contribute to the development of insuhn resistance as a consequence of increased 

glucocorticoid hormone action̂ ^̂ '̂̂ ^̂ '̂ '̂̂ ^̂ .̂ Thus up-regulation of 1 ip-HSDI 11-OR 

activi^, particularly in insulin target tissues, by exogenous glucocorticoid in patients 

already receiving growA hormone therapy might be expected to exacerbate the insulin 

resistance which accompanies growth hormone therapy. 

The observations reported in the preceding paragraphs make it clear that an unambiguous 

analysis of the m v/vo regulation of isofbrms of 11 p-HSD by growth hormone and 
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cordsol clearance in these patients prior to and subsequent to growth hormone treatment 

and at each of the hydrocortisone dose legimens would be required to establish putative 

efkcts of growth hormone and hydrocortisone iqx)n renal 1 ip-HSDZ. These data could 

be used as an aid to the interpretation of the value of urinary &ee cortisoLcortisone ratios 

in such a clinical context and gain insight into the possible effects of the hormonal 

regulation of I Ip-HSDl 11-OR activity in other tissues. Importantly, the hormonal 

regulation of isofbrms of I ip-HSD and its significance in the development of insulin 

resiskmce will be examined in chapters 3 and 4 of this Aesis. 
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CHAPTER 3 - The hormonal regulation of l ip-
hydroxysteroid dehydrogenase 

3.1 INTRODUCTION 

There is a significant body of evidence Wiich supports Ae hypothesis that the regulation 

of isofbrms of 1 ip-HSD may be mediated through the actions of a number of hormones 

and growth factors. However, much of this research either predates the discovery of 11P-

HSD2 or fails to characterise the mechanisms Wnch tmdeiiie the regulation of 11P-HSD 

in an isofbrm specific manner. Moreover, many of the investigations performed m vh'o 

have selected to stu(^ enzyme function in animal models which, as a consequence of the 

considerable interspecies variation, not only in the tissue speciGc expression of 1 ip-

HSD iso6)rms, but also in their mechanism of hormonal regulation'^compromise the 

interpretation of their observations. Nevertheless, these data have served to highlight the 

principles underlying the hormonal regulation of iso&rms of 1 ip-HSD and support the 

growing speculation that changes in enzyme activity may imderlie the aetiology of a 

broad spectrum of diseases including essential hypertension^^^ '̂ ^̂ ^ insulin 

resistancê ^̂ ^ '̂ '̂̂ ^̂ , glucose intolerance and central obesitŷ ^̂ ^̂ . Thus, a clearer 

undeKtanding of the mechanisms underpinning the tissue specific pattern of agression 

and difleraitial regulation of isofbrms of I Ip-HSD may provide important insij^its for 

the treatment of human disease. 

3.1.1 ^ 

The tissue specific regulation of 1 ip-HSD activity by glucocorticoid has been explored 

in a number of studieŝ ^̂ "̂ ^̂ '̂ ^̂ ^̂ .̂ The ectopic ACTH syndrome is characterised by 

high circulating levels of ACTH and plasma Cortisol and by an increase in the urinary 

free cortisol:cortisone ratio. This latter observation has been cited as evidence 6)r the 

inhibition of renal 11P-HSD2 either by ACTH or ACTH-dependent steroids. 

Importantly, Walker ef using rat renal cortex and later Diederich ef using 

human kidney slices demonstrated that while ACTH had no effect upon renal 11P-
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HSD2 activity, the ACTH-dependent steroids: cordcosterone, 1 &-hydroxycorticosterone 

and 1 Ip-hydroxy-androstendione (Wiich are themselves substrates for 11 p-HSD2) were 

capable of a dose dependent inhibition of renal 11P-HSD2 activity. This is in maited 

contrast with the observations of Li ef who demonstrated that administration of 

dexamethasone, deoxycorticosterone and 9a-fluorocortisol to adrenalectomised rats 

results in an increase in renal 11P-HSD2 activity of30-50% but a decrease in 11 p-HSD2 

mRNA by 30-70% which may represent an increase in the rate of mKNA clearaiKe as a 

consequence of translation to functional protein. However, the contradictory evidence 

presented by Diederich ef and Li ef may represent difkrences between 

experiments performed m v/vo compared with those performed m v/fro. Earlier studies 

were unable to danonstrate regulation of raial 11P-HSD2 activity by corticosterone, 

dexamethasone or aldosterone in rat kidney tubuleŝ ^̂ ^̂ . However, Diederich er 

was able to demmistrate Aat the catalytic capacity of renal 11P-HSD2 could be saturated 

at high concentrations of Cortisol and suggested that this may represent one mechanism 

whereby the plasma and urinaiy free cortisohcortisone ratio may be increased in the 

ectopic ACTH syndrome. 

Contemporaiy studies of the regulation of rat adrenal 11P-HSD2 activity were also 

unable to demonstrate a direct inhibitory effect of ACTH '̂̂ l̂ In contrast, later 

investigations demonstrated that 11P-HSD2 activity in rat adrenal cells 6(Mn the zona 

fasciculata was decreased after incubation with ACTH; an eSect that was observed even 

when endogenous corticosterone production inhibited by me1yraponê '*̂ l̂ 

Importantly, Ae effects of metyrapone are likely to be due to inhibition of corticosterone 

production because it has no efkct upon 11P-HSD2 activity, at least in sheep kidney 

microsomeŝ ^^ .̂ 

In isolated rat renal collecting ducts arginine vasopressin (AVP) increases renal 11P-

HSD2 activity; an efkct that is reduced following adrenalectomy and restored by 

infusion of aldosterone but not glucocordcoid^^^ .̂ These observations are in direct 

conflict with an earlier report by the same author̂ ^̂ ^̂  but may reflect methodological 
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difBcuIties in obtaining appropriate tissue by micro-dissection. However, the latter report 

does suggest a role for aldosterone in the regulation of renal 11P-HSD2 activity and 

hence sodium and water homeostasis. 

Adrenalectomey and hig^ salt diet results in a decrease in 11P-HSD2 activi^ in the distal 

colon of weanling ratŝ ^̂ .̂ Importantly, the administration of dexamethasone to 

adrenalectomised rats prevents the decrease in 11P-HSD2 activity in the distal colon and 

administration of the potent mineralocorticoid, deoxycorticosterone acetate, to rats fed a 

high salt diet results in a marked increase in 11P-HSD2 activitŷ '̂ ^̂ l Later studies using 

explant cultures of rat distal colon have confirmed the indwtion of 11 ̂ HSD2 activity by 

glucocorticoid and aldosteronê ^^ .̂ These observations suggest a role for both 

glucocwticoids and mineralocordcoids in the regulation of 11P-HSD in the 

gastrointestinal tract 

Amongst the earliest evidence for the effects of glucocorticoids on 11 p-HSDl comes 

from studies of human skin fibroblasts m Theses studies demonstrated that 

w^iilst 11-OR activity predominates in these cells, incubation with glucocorticoid results 

in a marled induction of botb 11-OR and I l-DH activities; an efkct that is potentiated 

by the removal of serum frmn the culture medium. 

In common with 11 p-HSDI activity in the liver and skin, 11 (3-HSDl activity in human 

adipose stromal cells is predominantly lip-HSDl ll-OR activity in human 

adipose stromal cells has been shown to increase as a consequence of exposure to 

glucocorticoid^^^l Since this mechanism could result in an increase in the intracellular 

conversion of cortisone to Cortisol it has been postulated that, since 11 P-HSDl 11-OR 

activity is hi^er in omental rather than subcutaneous adipose tissue, this phenomenon 

may play a significant role in the pathogenesis of central obesity. Similarly, hepatic 11P-

HSDl is considered to play an important role in the regulation of gluconeogenesis by 

regenerating active glucocorticoid frcwn its biologically inactive 11-oxo-derivative^'^^l 

Several studies have demonstrated induction of 11 P-HSDl 11-OR activity and mRNA 
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expression in primary cultures of rat hepaWcytes^'^ '*' and in 2S FAZA cells, a rat 

hepatic cell line, by glucocorticoids[409] whilst the latter has shown that the sequences 

Wiich respond to g^ucocwdcoid lie within the region 1800 bp of the transcription start 

siteAxr lip-HSDl. 

3.1.2 f ^ Ao/Twowgy 

The sexually dimorphic expression of 11 P-HSDl and 11P-HSD2 has been frequently 

cited as evidence for the hormonal regulation of these enzymes by sex skroids. Hepatic 

11P-HSDl mRNA and 11 -OR activity is significantly hi^ia^ in the male rat compared 

with the and evidence for similar sexual dimo^xhism in 1 lp-HSD2 comes 

from studies of urinary 6ee cortisol:cortisone ratios in man̂ '̂̂ ^̂ ^ and 11P-HSD2 mRNA 

expression in the mousê ^̂ ^̂ . There is a growing body of evidence to s i^est that 

oestradiol increases renal llp-HSD2 11-DH activity '̂̂ ^ but suppresses hepatic l ip -

HSDl 11-OR activi^^^'^ and that progesterone, at least in the human, also acts to inhibit 

hepatic I ip-HSDl I l-OR activity but has no efkct iqaon levels of I ip-HSDl 

mRNA^^°l Moreover, administration of testosterone has been shown to increase hepatic 

11P-HSD 111 -OR activity in female rats to the same levels as those seen in intact males 

and ablation of the pituitary eliminates the sexually dimoqAic oqaression of hepatic I ip-

HSDl However, these observations are likely to have been aHected not only by 

sexual differences in Ae secretion of growth hormone, which decreases hepatic 1 ip-

HSDl I l-OR a c t i v i t y ^ ^ ^ ^ b u t also by a relative decrease in steroidogenesis as a 

consequence of loss of gonadotrophin secretion. 

Further evidence for the control of 11P-HSD activity by sex steroids is provided by the 

observation that administration of estrogens to pregnant baboons at mid-gestation results 

in an increase in placental 11-PHSD2 11-DH activity at In support of these 

earlier observations, more recent evidence suggests that in torn placenta, oestradiol has 

little or no effect upon 11P-HSD1 11 -OR activity but markedly decreases 11P-HSD2 II-

DH and that this effect is enhanced by progesterone^^^ .̂ Whilst the net direction of 

Cortisol and cortisone intwconversion throughout gestation may be Ae pmduct of 
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ontogenic diSerences in the relative abundance of decidua and placental trophoblast 

v&ich exp^ss I Ip-HSDl and 1 lp-HSD2 respectively, it should be recognised that 

regulation of enzyme activity by sex steroids may also play a role in the regulation of 

transplacental glucocorticoid metabohan throughout gestation. 

Normal decidualisadon of the endometrium is an oestrogen dependent process and is 

essential for successful implantation of the trophoblast and maintenance of pregnancy. 

High concentrations of circulating glucocorticoid, such as those seen in Cushing's 

syndrome or in conditions of chrimic stress not only suppress pituitary secretion of LH 

but also render target tissues resistant to oestradiol̂ ^^ l̂ Glucocorticoids are also thought 

to exert teratogenic effects on the implanting embryo and inhibit trophoblast invasion̂ ^^ .̂ 

Thus, it has been suggested that Ae regulation of glucocorticoid hormone action in the 

endometrium by isofbrms of 11 p-HSD may play a role in trophoblastic 

implantation^ '̂̂ '̂̂ l Importantly, the e)q)ression and activity of 1 ip-HSDl and 11)3-

HSD2 in the endometrium appears to be r^^ulated by sex steroids. Indeed, it has been 

clearly demonstrated that 11 P-HSDl activity may be enhanced by the synergistic action 

of oestradiol and progesterone in cultured endometrial stromal cellŝ ^̂ '̂̂ ^̂  and that in the 

rat both 11 P-HSDl and IIP-HSD2 expression is low at di-oestrus but rises markedly at 

pro-oetsrus, an eAect which may be induced by oestradiol in ovariectomised animalŝ ^̂ .̂ 

These observations have given rise to the hypothesis that 1 lp-HSD2, expressed in 

endometrial strcrnial cells and myometrial cells, acts to prokct the decidual matrix 6om 

glucocorticoid responsive proteases whilst I ip-HSDl 11-OR activity, expressed in 

luminal and glandular epithelial cells and in eosinophils in both the endometrial stroma 

and myometrium, acts to regenerate glucocorticoid which is required 6)r the normal 

physiology of the epithelium '̂̂ l̂ 

The hypertensive efkcts of progesterone are well recognised and are thought to derive 

not only from direct activation of the MR but also, in part, to inhibition of isofbrms of 

11 It has been demonstrated that a numba^ of endogenous substances may 

inhibit 1 ip-HSD activity inclikiing the I l a - and 1 l|)-hydroxy metabolites of 

progesteronê "̂ ^̂ ^ and it has been hypothesised that this ef&ct may play some role in the 
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deveIo{»nent of human hypertension. In contrast, administration of 

dehydroepiandrosterone sulphate to spontaneously hypertensive rats results in an 

antihypertensive effect aixl a marked increase in the r&et conversion of corticos^one to 

dehydrocorticoskrone in the kidney; an observation Wiich has been interpreted as 

indicative of an increase in renal 11P-HSD2 activitŷ '̂ ^̂ l 

Both oestradiol and testosterone have been shown to inhibit 11 P-HSDl 11-OR activity 

whereas progesterone increases 1 ip-HSDl activity in the rat testis^^ .̂ It is generally 

accepted that the principal role of 1 ip-HSD in the Leydig cell is to protect androgen 

biosynthesis 6om the inhibitory effects of glucocordcoid̂ ^̂ ^̂ . This impli% that Leydig 

cell 1 ip-HSD e)q)resses predominantly 11-DH activity and whilst the human testis 

expresses both 1 ip-HSDl and 1 lp-HSD2 6 e rat testis expresses only 1 Ip-HSDl, 

the isofbrm wiiich, in the liver, is generally considered to favour 11-OR activity. Whether 

this anomaly may be explained on the basis of hormonal regulation of the relative 

abundance of 11-OR and 11-DH activities of 11 P-HSDl in the rat testiŝ ^̂ '̂ ^̂  or by the 

existence of a novel isofbrm of 1 remains unclear. 

3.1.3 (kAydSroggAOfg Ay AyroM Aonwoway 

Few investigations have provided clear evidence for the regulation of isofbrms of l ip-

HSD by thyroid hormones. Indeed, most of these studies either predate the discovery of 

1 ip-HSD2 or suggest that the regulation of I ip-HSD isofbrms is effected 

indirectly^^ '̂'*''̂ '̂ l Moreover, there appears to be considerable interspecies variation in 

the response of 1 ip-HSD activity to the effects of thyroid hormones and that effects 

measured m v/vo are AequenUy not observed //z 

Nevertheless, indirect evidence for the regulation of 1 ip-HSD by thyroid hormones in 

man comes Aom the observation that hyperthyroidism is fijequently accompanied by an 

increase in the urinary total cortisol:cortisone metabolite ratiô ^̂ ^̂  whilst hypothyroidism 

is accompanied by an increase in the half-life of plasma cordsol̂ ^^^ More recently, 

Whorwood e/ demonstrated that administration of Th-iodothyronine (T3) to 
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norma] adult rats results in a decline in hepatic and pituitary 11 P-HSDl 11-DH activity 

and mRNA expression but produces no effect on 11-DH activity or gene e^qxession in rat 

kidney or distal colon̂ ^̂ ^̂ . 

Evidence for interspecies variation in response to thyroid hormone m Wfro comes from 

investigations which demonstrate that T3 increases hepatic 1 ip-HSDl 11-OR activity in 

rat hepatocytes but has no effect on hepatic 11 P-HSDl 11-OR activity in human 

hepatocyteŝ ^"'̂ . In another series of studies. Pacha gf was unable to detect any 

effect of T3 on 1 ip-HSD2 activity either m vzvo or in explant cultures of seven day old 

rat distal colon̂ ^^ .̂ 

3.1.4 omf&M 

Hypertension, central obesity and glucose intolerance are characteristics of 

hypercordsolaemia and may be explained iq)on the basis of insulin resistance as a 

consequence of the role of Cortisol in intermediary carbohydrate metabolism as an insuhn 

antagonist Whilst this subject is dealt with in greater depth in chapter fbiir of this thesis 

it is appropriate here to highlight the intimate relationship which exists between 

glucocorticoid and insulin and to postulate a possible role for insulin regulation of 

Cortisol metabolism through regulation of isofbrms of 1 ip-HSD. 

Glucocorticoids are believed to efkct their role on glucose metabolism by inhibitii% 

peripheral insulin-dependent glucose uptake and throu^ enhanced hepatic 

ĝ iiconeogenesiŝ ^^^ .̂ It has been pioposed that increases in circulating levels of Cortisol 

or changes in Ae level of hepatic glucocorticoid as a consequence of an increase in the 

conversion of cortisone to Cortisol by hepatic 1 ip-HSDl 11-OR activity may contribute 

to the glucose intolerance observed in l^rpercortisolaemia. 

Few studies have investigated the regulation of 11P-HSD by insulin and of these many 

are contradictory or 6 i l to distinguish between the regulation of 11 P-HSDl 11-OR and 

1 ip-HSDl 11-DH activity. However, Hammami and Siiterî ^^^ demonstrated that insulin 

- 1 2 8 -



decreases both lip-HSDl 11-OR and 11-DH activity in skin fibroblasts and Liu e/ 

observed that insulin and growth hormone inhibit 11 p-HSDl 11-OR activity in rat 

hepatocytes in culture. These observations were conSrmed in another stuc^ using intact 

2S-FAZA cells, a rat hepatoma cell line, Wiich demonstrated that inmlin and IGf-l 

inhibit llp-HSDl ll-DHactivity^'^l 

1 ip-HSDl 11-OR acdvi^ in adipose stromal cells &om omental fat is increased aAer 

exposure to glucocorticoid and insulin, a mechanism that would ensure continued 

e)qx)sure to glucocorticoid and thus maintain the metabolic eHects of Iqfpercortisolaemia 

in this tissuê '̂̂ l̂ Similarly, I ip-HSDl 11-OR activity and mRNA expression in white 

adipose tissue and the adipocyte cell lines 3T3-F442A and 3T3-L1 are also increased by 

insulin and dexamethasonê ^^ .̂ Thus, 1 ip-HSDl in both hepatic and adipose tissue may 

represent important mechanisms for Ae regulation of Ae metabolic effects of 

glucocorticoid. 

In streptozotocin induced insulin dependent diabetic &male rats renal 11 p-HSDl 11-OR 

activity and mRNA expression is identical with unaffected rats whilst renal 11P-HSD2 

activity and mRNA e]q)ression is diminished. Administration of subcutaneous insulin to 

diabetic rats resulted in a return to normal levels of renal 11 ̂ HSD2 activi^ and mRNA 

and a normalisation of blood pressure. These data have been cited as evidence for the 

hormonal regulation of renal 11P-HSD2 by insulin^^l However, insulin spears to have 

no efkct upon 11P-HSD2 activity from explant cultures of 7 day old rat distal colon̂ ^̂ ^ 

Wiich suggests that Ae regulation of 11P-HSD2 by insulin may be tissue or cell type 

specific. 

3.1.5 

Few investigations have examined the role of cytokines and growth 6ctors in Ae 

regulation of isofbrms of 11 p-HSD. However, more recently investigations have 

hig^ighted a role fbr cytokines and growA factors in Ae regulation of 11 p-HSD. 
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lEpidermaj gpowfb factcKrlsas Ibesn shiownto icKanease Iip-H2y[)I activity in rat 

IjGyijigc%iUsfi(Hii1}cHliii«b%ctiin<i;&dkx%iaie<3k}noisexiinib̂  Î kyvfeTner, tM:fH%b}C)rk:]gro\vt]i 

factor, epdermal growth factor, basic fibroblast growth factor and transforming growth 

jGactortweta 1 tk) jOKAzyppeir Ik) ]ban/e an effect on llft-HSUOl 11-()R activity (xririRJSLAiin 

primaiy cultures of rat hepatocytes[169]. 

Evagelatou ef noted that cells from the follicular aspirates of women undergoing 

fertilisation treatment comprised a high proportion of leukocytes. Importantly, RT-

PCR analysis revealed that these cells expressed 1 ip-HSDl mRNA but not 11P-HSD2 

mRNA but investigations of I ip-HSD activi^ were performed using cell homogenates 

by measuring 11-DH activity. Nevertheless, removal of the leukocytes resulted in a 

marked decline in gmnulosa cell 11-DH activity. Incubation with the interleukins, IL-5 

and IL-6 resulted in an increase in granulosa cell 11 -OH activity in the presence or 

absence of leukocytes whilst IL-4 and interferon-gamma (IFNy) only induced 11-DH 

activity in granulosa cells vAich were depleted of leukocytes. IL-2 had no effect upon 

11-DH activity. 

The anti-inflammatory effects of glucocorticoids are well recognised and are effected 

through glucocorticoid receptor mediated down regulation of phospholipase-A2 

transcripdon^^ .̂ The {Mio-inflainmatory cytokines, IL-IP and tumour necrosis factor 

alpha (TNF-a), which increase the transcription of phospholipase-A2 have also been 

shown to increase I ip-HSDl 1 l-OR activity in rat glomerular mesangial cells m 

from diese observations it has been hypothesised that upregulation of 11P-

HSDl activity may represent auto-regulation of the mechanism of inflammadon by pro-

inflammatory cytokines. 

3.1.6 

A growing awareness that the activity of 11P-HSD may be altered, either as a 

consequence of̂  or indeed, as the primary cause of a number of human diseases adds 

significance to 6 e preceding discussion on the regulation of 11P-HSD by a diverse range 
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of hormones, growth factors and cytokines. However, the available evidence suggests 

that the study of 11P-HSD is complicated not only by differences in regulation between 

cells m vfAro c(Hnpared with those m but also by interspecies differences in boA the 

tissue distribution of the two isofbrms and in Iheir response to (he regulatory effects of a 

variety of hormones. Whilst it is possible to overcome the former difBcul^ by restricting 

investigations of the regulation of 1 ip-HSD solely to w v/vo studies, this solution does 

rK)t overcome Ihe additional difficult of dissecting differential regulation of 11P-HSD in 

an isofbrm specific manner. Nevertheless, m studies o@^ ±e potential to 

investigate the regulation of speciGc isofbrms of 1 ip-HSD in a controlled environment 

The introduction to this chapter reviews the evidence for the hormonal regulation of 

isofbims of 11P-HSD and, by analogy with deficiency of enzyme activity in AME and 

1 l-oxoreductase deficiency, postulates a role for the dysregulation of 11P-HSD in the 

aetiology of a number of human diseases. Investigations of the regulation 11P-HSD have 

been reported in abroad range of human tissues and cells including those of the liver, 

kidney, testis, ovary, vascular smooth muscle and adipose tissue. However, to date, there 

have been no reports of investigations of the regulation of 1 ip-HSD in human skeletal 

muscle vAich represents an important glucocorticoid target tissue and which comprises 

as much as 40% of the total body mass in the adult male. Moreover, human skeletal 

muscle is known to express 1 Ip-HSDl and is thus capable of extensive 

interconversion of cortisone and cortisoL 

The regulation of 11|3-HSD2 has been investigated in an equally broad spectrum of 

human tissues. 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 metabohsm and particulaiiy 11P-HSD2 activity in trophoblastic tissue. However, 

&w studies have attempted a systematic investigation of the hormonal regulation of 1113-

HSD2 in these cells. 

131 



Thus the aims of this study were to investigate the regulation of 1 l^-HSDl in skeletal 

myoblasts and 11P-HSD2 in human choriocarciooma (JEG-3) cells by steroid and 

peptide hormones and by pro-inflammatoiy and colony stimulating cytokines and growth 

factors. These investigations served as an important pre-requisite to a clear understanding 

of the physiological role of 1 ip-HSD in the aetiology of the metabolic syndrome 

discussed in chapter 4. 
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3.2 Materials and Methods 

General chemicals and solutions were obtained 6om Sigma Chemical Company Ltd 

(Poole, Dorset, UK) and were of molecular biology grade unless otherwise stated. 

Radiolabeled steroids were supplied by Amersham International PLC (Amersham, 

Bucks, UK). 

3.2.1 

3.2.1.1 

Phosphate Bufkred Saline (PBS) was ;x̂ epared by dissolving 8g NaCl, 0.2g KCl, 1.44g 

Na2HP04 and 0.24g KH2PO4 in 800ml HzO, the pH was ac^usted to pH7.4 with 1 ON HCl 

and the volume a(^usted to IL with H2O. 

3.2.1.2 

Stock solutions (200|nM) of 5a- and SP-dihydrocordsol, 5a-dihydrocortisone 5a- and 

5p-tetrahydrocortisol, 5a-tetrahydrocortisone, 6P-hydroxycortisoI, II-

deoxycordcosterone, 11-deoxycortisol, 17a-hydroxypregnenolone, I7a-

hydroxyprogesWrone, 17P-oestradiol, a- and P-cortol, a- and (3-cortolone, 

androstenedione, carbenoxolone, cordcosterone, Cortisol, cortisone, 

dehydroepiandroserone, pregnenolone, {H ôgesterone, testosterone and the glucocorticoid 

receptor antagonist RU38486 were prepared using absolute ethanol as solvent and stored 

at-20°C. 

3.2.1.3 gnwA 

All peptide hormones were supplied in cell culture tested lyophilised 6)rm (Sigma 

Chemical Company Ltd), reconstituted according to manufactures instructions and stored 

in lOOjul aliquots at—70°C unless otherwise stated. 

3,3%5-triiodo-L-thyronine (sodium salt) (T3) reconstituted with sterile PBS to provide a 

150p,M stock solution. 

Insulin-like growA factor-1 (IGf-1) reconstituted with sterile PBS to provide a 50mg/L 

stock solution. 

- 1 3 3 -



Human adrenocordcotrphic hormone (ACTH) was reconstituted with staile PBS 

containing 0.1% acetic acid to ;»Dvide a lOmg/L stock solution. 

Human recombinant tumour necrosis 6ctor aifAa (TNF-a) ( expressed in E. coli) was 

reconstituted with steiile H2O to provide a lOmg/L stock solution. 

Human recombinant interleukin-ip (IL-IP), human recombirant inteiieukin-2 (IL-2), 

himian recombinant interleukin-6 (IL-6) and human recombinant interleuldn-7 (IL-7) (all 

expressed in E. coli) were reconstituted with sterile Ĥ O to provide lOmg/L, lOmg/L, 

lOmg/L and 5mg/L stock solutions respectively. 

Human insulin (50,000 lU), human chorionic gonadotrophin (hCG) (500,000 lU), human 

growth hormone (45,000 lU) and human luteinising hormone (LH) (20,000 lU) were 

siqq)lied in lyophilised 6)rm in dry nitrogen (National Institute For Biological 

Standardisation and Control (NIBSC), Potters Bar, Hertfordshire, UK). Each peptide was 

reconstituted in 5ml sterile PBS containing 0.1% acetic acid The solution was sterilised 

by passing it through a 0.2pm filter, aliquoted into 1ml volumes and stored at -70°C. 

3.2.2 Twfffg 

Dulbecco's modified eagles medium (DMEM) was obtained in 500mi bottles and stored 

at 4°C. Foetal calf serum (FCS) was obtained in batches, filtered throu^ a 0.45pm 

sterile filkr (Sigma Chemical Company Ltd) and stored in aliquots (50ml) at —70°C. 

Non-essential and essential amino acids were obtained as lOOx and 50x stock solutions 

and stored at —70°C. 0.5% (w/v) trypsin/ethylenediaminetetra-acetic acid (trypsion-

EDTA) solution was prepared by diluting 5ml of a I Ox stock solution (Sigma Chemical 

Co, containing 5.0g porcine trypsin and 2.0g EDTA.4Na per litre in 0.9% NaCl)) in 45ml 

Hanks' balance salt solution (HBSS) immediately prior to use. 

3.2.1.1 CggfMgy 

All cell lines were incubated at 370C in a humidified atmosphere of 95% air: 5% CO2. 

Cells used fbr experiments performed in the absence of FCS were incubated for 48 hours 

in FCS &ee tissue culture medium prior to kinetic analysis. 
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JEG-3 Cells: A human clonal choriocarcinoma cell line. Cells were grown in 25cm^ 

flasks (Greiner labortecknik, Frickenhausen, Germany) to 80% confluence 

(approximately 8.2 x 10̂  cells/Oask) in a growlh medium of DMEM (without phenol red) 

wiA 0.1 Ig/L sodium pyruvate containing 200U/ml paiicillin, SOpgW streptomycin, 

O.Sm^ml L-glutamine and 10% PCS. Culture medium was replaced at two day intervals 

and the cells were passaged once eveiy 7-10 days at a ratio of 1:6. Experiments were 

performed in DMEM without pAenol red containing either 10%FCS or in the absence of 

PCS. 

Myoblasts: These were normal human skeletal myoblasts supplied by Dr. CB 

Whorwood at the Endocrine and Metabolism Unit, University Department of Medicine, 

University of Southampb>n. Primary cultures of skeletal myoblasts were estabhshed on 

matrix {mAein-coated flasks following mechanical and trypsin JEDTA disaggregation of 

tissue minces obtained at biopsy. The protocol was optimised to yield maximal numbers 

of viable satellite cells, which unlike other muscle cells retain the ability to proliferate, 

from an ahquot of each biopsy (15-50mg). 

The establishment and proliferation of human skeletal cells, which exist as either 

mononuclear myoblasts or as a syncytium of fused multinwlear myotubes, was 

per&rmed by modification of the methods {xeviously described by Blau ef Hurel 

ef and Sarabia ef Tissue was obtained by Bergstrom needle biopsy (26-

143mg) of the /ofera/K 6om 14 Caucasian men aged 40 — 60 years. Two to three 

biopsies of muscle tissue was obtained 6om each subject during the procedure. The 

biopsies were immediately trans&rred to transp(Mrt medium (Hams PIO containing 20% 

PCS, l,OOOU/ml penicillin, 50|ig/ml streptomycin and l|Lig/ml amphotericine B) 

maintained at 4°C and micro-dissected in order to free them of fat and connective tissue. 

The remaining tissue was Gnely chopped to pieces that were smaller than Imm^ with 

scissors. Tissue minces were washed three times with ice-cold serum free medium, re-

suspended in sterile cell dispersal solution (0.05% trypsin, 0.05M EDTA in PBS) which 

had been pre-warmed to 37°C, transferred to sterile 50ml conical flasks and shaken at 

190rpm for 60 minutes at 37°C. Optimum conditions 6)r cell dispersal (optimised for 
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yield and cell viability) were determined empirically. Tissue debris was allowed to settle 

l{Mr()rK:irtundeL TThesmpanaatawot iPMis centrHiagpxl (5fM) x ĝ , rcxim ik:n]pK;ratLnn:)(m(l11iBcell 

pellet as re-suspended in cell growth medium (DMEM with 0.1 Ig/L sodium pyruvate 

containing 200U/ml penicillin, 50|jg/ml streptomycin, 0.3mg/ml L-glutamine, 0.25)ig/ml 

amphotericine B and 20% PCS). The ceDs were washed twice with growth medium and 

Tveixstlien pdaded orMk)|geJatir̂ %IhHX)n(*:tui(:o@dx%l l()cra pwabni chslies ion jgrcnadliiiiechtmi 

suf^lemenkd with 1% chick embryo extract and 10-25% coixlitioned medium from 

highly i*oli6rating myoblasts and placed in a humidiGed atmosphere of 95% air:5% 

CO2 in a dedicated incubator (Biohit, Wolf Laboratories Ltd, UK). Culture medium was 

replaced twice weekly but involved removal and replacement of only 75% of the total on 

each occasion. The period to 90% confluence was largely dependent upon the yield of 

viable satellite cells but varied between 6-9 weeks. 

Cells were passaged once every 21-28 days at a ratio of 1:3 and &d with 5ml culture 

medium at 4 day intervals. Experimental analyses were per&rmed on 80-90% sub-

confluent cells between passages 3-10 in DMEM without phenol red containing either 

20%FCS or in the absence of PCS. 

3.2.1.2 frgggmg, fjkmwMg oW paffoge cefk 

Cells were stored in liquid nitrogen in 1.2ml Nalgene cryogenic vials containing up to 

lO^cells. Vials of cells were gently thawed 6)r 2-3 minutes in a 37°C water bath. The 

cells were trans&rred to a 50m] conical tube (Greiner Labortechnik, Germany) using a 

sterile disposable pipette and 5ml of culture medium was added one drop at a time and 

gently mixed to avoid cell lysis. A further 5ml tissue culture medium was added and Ae 

cells were centrifuged for 1 minute at lOOOrpm. The siq)ematant was discarded and the 

cells were su^nckd in lOml growth medium and pipetted into two 25cm^ tissue culture 

flasks. 

Cells were passaged at 80-90% confluence. The growth medium was removed and 

replaced with 5ml PBS wash which was gently swirled over the cells and aspirated to 

waste. 1ml 0.25% trypsin-EDTA solution was added to the flask, swirled over the cells 
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and immediately removed. The cells were incubated at 37°C in a humidified atmosphere 

of 95% air 5% CO2 for a period of 10-15 minutes in order that the cells should become 

detached. 2ml culture medium was added to the flask using a sterile disposable pipette 

and cell aggnsgates were dispersed by repeated gentle aspiration. Sufficient additional 

growth medium was added to the flasks to divide the cells into an appropriate number of 

clean 25cm^ tissue culture flasks. 

Cells to be stored for later use were passaged as described above and suspended in PCS 

containing 10% (v/v) DMSO. 0.5-lnil of cell suspension was pipetted into Nalgene 

cryogenic vials, which were snap frozen in a dry ice/methanol bath and placed at -70% 

for 2-3 hours before fmally storing in liquid nitrogen to allow gradual super &eezing to -

140OC. 

3 .23 /w v&ro jyfiAggif JEG-J c d k 

JEG-3 cells were grown to 80-90% subconfluence in a 25cm^ tissue culture flask as 

previously described (3.2.2.1). The cells were grown in a serum fî ee growth medium for 

a period of 24 hours. The growth medium was removed and 3m] serum free growA 

medium containing 250^Ci [1^,6,7-^-cortisol (speciGc activity 63.0Ci/mmol) 

suspended in 50fil ethanol was added to the flask. The cells were incubated at 37% in a 

humidiAed atmosphere of 95% air 5% CO2 6)r 24 hours. The growth medium was 

decanted into glass 50ml sto;̂ )ered conical flasks and the steroids were extracted by 

repeated inversion with 25ml dichloromethane. The phases were separated by 

centrifiigation (3000 x g for 5 minutes at room temperature) and the organic layer was 

transferred to a clean glass container. The growth medium was treated with a fiirtber 2 

washes with dichloromethane Allowed by 3 washes with trichlorometham. The wganic 

phases were pooled and evaporated to dryness under a stream of dry nitrogen. The 

extract was resuspended in 25̂ U dichloromethane and resolved by two way TLC using 

chlorofbrm/ethanol (92:8 v/v) as the mobile phase. Separate chromatograms to \^iiich 

Cortisol, c(«tis(me or a mixed standard containing Cortisol and cortisone waie resolved 

simultaneously. The TLC plate containing [^-labelled steroid examined using a 
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radioimager (2.5.1.6) and the region of the TLC plate corresponding to cortisone (aAer 

comparison with the standard preparations) was removed. The silica was dispersed in 

10ml trichloromethane, filtered Arou^ g)ass wool and evaporated to dryness under a 

stream of diy nitrogen. The extract was reconstituted in ethanol to give 5000dpm/|Lil (35.8 

fmol/^l). 

3.2.4 (WyAvygwafg maifpmfK 

3.2.4.1 

HPLC mobile pAases were prepared Aesh for each chromatographic analysis as described 

in table 2.2 (page 79). Krd)s Ringer Bicadxmate (KRB) buffer comprised 118mM NaCl, 

3.8mMKCl, I.19mMKH2P04,2.54mMCaa2.2H20,1.19mMMgS04.7H20,25mM 

NaHCOg. The solution was charged with 95% 02:5% CO2 5)r greater than one hour 

followed by addition of 11.1 mM glucose and 0.2% bovine serum albumin (BSA). Stock 

solutions of nicotinamide adenine dinucleotide phosphate (NADP), reduced nicotinamide 

adenine dinucleotide phosphate (NADPH), nicotinamide adenine dinucleotide (NAD) 

and reduced nicotinamide adenine dinucleotide (NADH) (l .2SmM) were prepared by 

addition of sterile Ĥ O to pre-weighed lyophilised cofactor in glass vials. 

3.2.4.2 Awadc (kAydlroggmKg acffr&K 

cgfk im ewAwrg 

JEG-3 Cells - 1 ip-HSD activity was measured in triplicate 25cm^ flasks of 80-90% sub-

confluent cells. Cells waie incubated in DMEM (without ̂ dienol red) in both the ;»esence 

and absence of 10% PCS containing a range of concentrations of cordsol (32.25 -

lOOOnM) for 12 hours at 37°C in an atmosphere of 95% air: 5% CO2. 

Skeletal myoblasts - 1 ip-HSD activity was measured in triplicate 25cm^ flasks of 80% 

sub-confluent cells. Cells were incubated in DMEM (wi&out phenol red) in both die 

p^esence and absence of 20% PCS containing a range of concentmtions of cortisone 

(32.25 - lOOOnM)) 6)r 48 hours at 37°C in an atmosphere of 95% air 5% CO2. 

- 138-



The rale of reacbon, V, was calculated from the mass of reaction product formed by a 

known mass of protein in one hour (pmoles of reaction product fbrmed/mg protein/bour). 

Kinetic coiKtants (apparent and were established using Hanes plots of [S]/V 

versus [S], where [S] is the substrate concentration, the intercept on the abcissa is the Km 

and the slope is I/Vmax. 

3^.4.3 EM&wafiww 6* 

1 ip-HSDl activity in myoblasts estimated by irtcubating flasks of pre-treated cells 

with 5ml growth medium containing cortisone (350nM) whilst 11P-HSD2 activity in 

JEG-3 cells was estimated by incubating flasks of pre-treated cells with 5ml growth 

medium containing Cortisol (350nM) such that the percent conversion of substrate to 

product by 11P-HSD activity was less than 50%. Thus JEG-3 cells were incubated for a 

period of 12 hours whilst myoblasts were incubated for periods up to 96 hours. The 

steroid products of this incubation were extracted and 11 ̂ HSD activity in was estimated 

from the rate of conversion of substrate to product (pmol/mg protein/hour). The 

supematants were then subjected to steroid analysis by solid phase extraction and HPLC 

with UV detection as previously described (2.4.1.1). 

3.2.4.4 JDwaifc 

80% sub-confluent monolayers of JEG-3 cells in 75cm^ flasks containing 10ml serum 

6ee DMEM (without phenol red) were dislodged using a cell scraper, tnmsfsrred to 15ml 

conical polypropylene centrifuge tubes (Greiner Labortecbnik, Germany) and centrifuged 

at 200 X g for 5 minutes. The supanatant was aspirated to waste and the cell pellet was 

resuspended in 2ml ice cold KRB containing 2mM phenyhnetbylsulfbnyl fluoride 

(PMSF) and homogenised by sonication (5x 5 sec<md pulses at 20,000Hz). The {â otein 

concentration of the homogenate was determined (3.2.5). Img protein was added to 4ml 

oxygenated KRB containing 2mM PMSF, NAD, N AHDH, NADP or NADPH (1.0 mM) 
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and either Cortisol or cortisone at a range of concentrations (50 - 2000nM) and incubated 

at 37°C for 120 minutes. All assays were performed in duplicate and included control 

reactions containing iw protein in order W (kfine the badcground level of product 

fbnnatioiL Immediately following incubation the reaction tubes were sn;^ cooled to 4°C 

and centrifbged at 3000 x g to pellet cell debris. The supematants were then subjected to 

steroid analysis by solid phase extraction and HPLC with UV detection as previously 

described (2.4.1.1). 

3.2.5 aW Aomoggwa&y 

Based upon the method of Bradfbrd^^^ in which binding of protein to Coomassie Blue in 

acidic solution results in a shift in absorbance maximum from 465nm to 595nm with a 

linear response up to a protein concentration of 1.4mg/ml. A stock solution of bovine 

serum albumin containing 1.4mg/ml protein in 20ml H2O was prepared and stored at -

20°C in 500^1 aliquots. Seriai doubling dilutions were (Hiepared using H2O as solvent to 

cover a concentration range of 0.125 - 1.4mg/ml. Duplicate 0.1ml aliquots of each 

standard or specimen were pipetted into clean glass tubes, mixed with 5.0ml Bradford 

reagent (Sigma Chemical Company Ltd) and incubated at room tanperature for 10 

minutes. Absorbance at 595nm was estimated spectrophotometrically. 

3.2.6 

Total RKA was isolated from monolayer cultures of cells grown in 25cm^ flasks using a 

single step acidified pAenol/chlorofbm extraction method (RNAzol B, Bio^nesis, Poole, 

UK) as described by Chomczynski ef Tissue culture medium was removed and 

0.5ml of KNAzol B was added to each 25cm^ flask. The solution was swirled over the 

cells and left to stand at 4°C for 15 minutes. Each flask was rotated to collect the lysate 

as a discrete pool Wiich was trans&med into a 1.5ml eppendorf tube. 50^1 

chlorofbnn:isoamyl alcohol (24:1) was added and Ae suspension was mixed by repeated 

inversion and allowed to stand at 4°C for 30 minutes. Samples were centrifuged at 

10,000 X g for 20 minutes at 4°C and the aqueous layer containing total RNA was 

removed using a pasteur pipette and trans&rred to a clean 1.5ml eppendorf tube. 300^1 

ice cold isopropanol was added to the tube which was mixed and placed at -20OC for 2-

-140-



12 hours to [Mcipitate the RNA. The precipitate was pelletted by centrifugation at 

10,000 X g for 20 minutes. The supernatant was aspirated to waste and the pellet was 

washed with 500pl 70% ethanol/HzO, centhAiged at 10,000 x g for 10 minutes. The 

supernatant was aspirated to waste and the peUet allowed to dry prior to being 

resuspended in 40|LU DEPC treated HzO. 

3.2.7 

Quantification of RNA and assessment of its integrity was determined 

spectrophotometrically at 260 and 280imi (1 absorbance unit at 260imi = 40^gRNA/ml 

and an absorbance ratio (260:280nm) of less than 1.0 was considered to represent 'poor 

quality' RNA) and by comparison with calf liver 28S and 18S ribosomal RNA markers 

(Pharmacia, Ui[̂ )sala, Sweden) electrophoresed on a 1.0% agarose gel stained with 

ethidium bromide. 

3.2.8 f m o A - c e w y g f & f y e iPTWCR 

First strand cDNA was synthesised from lOpg total RNA using reverse transcriptase 

(RT)-driven primer extension from random hexamers. lOĵ g RNA and 250ng random 

hexamers was suspended in sterile diedgrl pyrocarbonate (DEPC) treated H2O to a 

volume of 22|il in a sterile DEPC treated 0.2ml thin walled polypropelene polymerase 

chain reaction (PCR) tube (Sigma Chemical Co) which was heated to 70°C for 5 minutes 

and snap cooled to 4°C. 8pl 5x Srst strand buffer (250mM Tris-HCI (pH 8.3), 375mM 

KCl, 15mM M^lz), 4|il diAioAreitol (DTT) (lOOmM), 2|il deo:^ucleoside tri-

phosphate (dNTP) mix (lOmM each of deoxyadenosin tri-phosphate (dATP), 

deoxyguanosintri-phospbate (dGTP), deoxycytosine triphosphate (dCTP) and 

deoxythymidine tri-phosphate (dTTP)) and lOunits of RNAsin (RNAse inhibitor, 

Promegi UK, Southampton) was added, mixed and incubated at 25°C for 10 minutes and 

then at 42°C for 2 minutes. 200 units Superscript II (Life Technologies, GibcoBrl, 

Paisley, Scotland) was added and incubated at 42°C 6)r one hour. The reaction was 

terminated by heating to 70°C Air 15 minutes. 5-10% of this reaction served as a 

template for the PCR amplification. 5pl first strand cDNA was suspended in 5jil lOx 
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PCR (lOOmM Tiis-Ha (pH 9.0), SOOmM KCl, 1% triton X-lOO), 3|nl MgCk 

(25niM), lp.1 dNTP mix (lOmM each), 32pmol sense and antisense primers, 5 units Taq 

DNA polymerase and sterile DEPC treated H2O to a final volume of SOfil. PGR reaction 

conditions were 94°C for 5 minutes followed by 17-35 cycles (optimised to ensure that 

PGR amplification was within the logarithmic phase of the reaction which was quantified 

by digital camera imaging of the gel and use of Bio Image 2-D electrophoresis analysis 

software (Millipore UK)) of 94°C for 1 minute (denature), 56°C for 2 minutes (anneal), 

74°C for 2 minutes (extend). A final 4 minute extension at 74°C was included. cDNAs 

including pT7/T3 hGRa cDNA fi-agment, pT7/T3 hGRP cDNA fi-agment, pT7/T3-hGRa 

full length cDNA, 11 p-HSDl/pcDNAI, hi lp-HSD2/pGEM4Z, hMR cDNA and hNa/K 

ATPase al cDNA served as positive controls for the PGR step. Negative controls 

included PGR of non-reverse transcribed RNA samples and omission of primers firom 

both RT and PGR reactions. 

Table 3.1 RT-PCR primer sequences and predicted product sizes 

Primer Sequence Predicted Size 

Na/K-ATPase Sense 5'-ATATGGAAGAGAGTTGAGGCG-3' 652 
Antisense 5'-GGGAATTCTTCGGATGAGAGT-3' 

MR Sense 5'-AAGTTGGCTGTTGAGGAGGAA-3' 612 
Antisense 5'_TTTTCGGGGAGGAACGAAGG-3' 

GRp Sense 5'-AGTTAGAGGTGGATGAGGAAAT-3' 585 GRp 
Antisense 5'-TCGTATAGTTGTGGATGAGCAT-3' 

llp-HSDl Sense 5'-GTGGAGTGGGATGGCTTTTTATG-3' 571 llp-HSDl 
Antisense 5'-AGTTGGTTGGAGAATAGG-3' 

Gra Sense 5'-ACTTAGACCTGGATGACCAAAT-3' 487 
Antisense 5-TTGAATAGTGATGGTGTTATGG-3' 

11P-HSD2 Sense 5'-ACCGTATTGAGTTGAACAAGC-3' 477 11P-HSD2 
Antisense 5'-TGAGTGAGTGTGTCTTGAAGG-3' 
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3.2.9 <k̂ A%{ggmzfg 

Northern blot analysis was performed with assistance Aom Dr. CB Whorwood at the 

Endocrine and Metabolism Unit, University Department of Medicine, Universi^ of 

Southampton. 

3.29.1 

Formamide and formaldehyde were deionised by mixing with AG 501 -X8 small mixed 

bead resin (Bio-Rad) at a ratio of Ig/lOml for Ihour at room temperature. The resin was 

removed by titration through Whatmaim 3M ;»per. Formamide was stored as Iml and 

50ml aliquots at -20%. Gel loading dye comprised ImM EDTA (pH8.0), 0.25% 

bromophenol blue, 0.25% xylene cyanol and 50% glycerol in H2O treated with DEPC. 

MOPS (3-(N-mor{diolino)-propanesul{Aonic acid) electrophoresis buff^ (xlO) 

comprised 41. 8g MOPS (0.2M), 16.6ml 3M DEPC treated sodium acetate (50mM) and 

20ml 0.5M DEPC treated EDTA (lOmM), pH af^usted to 7.0 with 6M NaOH and 

brought to a final volume of 1 litre. The buffer was DEPC treated, autoclaved twice and 

stored at room temperature in foil coated bottles. Tris-EDTA (TE) buSkr comprising 

lOmM Tris[hydro]qfmethyl]aminomethane hydrochloride (Tris-HCl) and ImM EDTA 

(pH&.O) was prepared 60m stocks of IM Tris-HCl and 0.5M EDTA. 

3.2.9.2 

cDNA probes were radiolabeled with [^^P]-dCTP (3000Ci/mmol, Amersham 

International, UK) by oligonucleotide random priming of Ae cDNA Aagment using 

commercially available kits (Amersham Intematioml, UK and Pharmacia, Uppsala, 

Sweden). cDNA was suspended to a concentration of 5-25ng/nl in TE buffer. 25-50ng of 

DNA was denatured by heating to 100°C for 5 minutes and snap cooled on ice. 10^1 

reagent mix (comprising lOOmM dATP, dGTP and dTTP, random hexanucleotides in 

0.5M Tris-Cl and 80mM magnesium chloride), 5^1 [̂ ^P]-dCTP (50nCi), sterile H2O to a 

volume of 49pl and Ipl of the Klenow fragment of E. coh DNA polymerase I were 

added, mixed gently, microcentrifuge pulse spinned and incubated at 37°C for greater 

than 1 hour. 
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Anitsense human 1 ip-HSDl cRNA probes (1 .2Kb) were synthesised from the full length 

human 1 Ip-HSDl cDNA, subcloned into Bluescript KS, using T3 KNA polymerase, 

following linearisation with (methodology based upon that described by 

Whorwood e/ cRNA probes were radiolabelled by incorporation of [̂ ^P]UTP 

(3000Ci/mmol) as described by Stewart ef 5^1 of 5 X transcription buffer (200mM 

Tris-HCl (pH7.5), 30mM magnesium chloride, lOmM spermidine and 50mM sodium 

chloride), 2.5pl DTT (lOOmM), l^il RNasin (ribonuclease inhibitor, 40 units, stored at -

20°C in a bufkr (ximprising 20mM HEPES-potassium hydroxide (pH7.6), 50mM KCl, 

5mM DTT and 50% glycerolX 4|il of a mixture of ATP, TTP and OTP (each at 1 OmM), 

2.5^1 UTP (lOOmM), Ipig of linearised template, 5pl (50Ci) [̂ ^P]-UTP, 2^1 RNA 

polymerase (20-30 units) and DEPC treated H2O to bring the volume to 25 îl were added 

sequentially to a sterile e]^ndorf tube at room temperature. The reaction mixture was 

incubated at 37°C for 3-4 hours. The DNA template was then digested by irKubation 

with 1.5 units RNase free DNase I (RQl) for 15 minutes at 37°C. The reaction was 

halted by addition of 1 EDTA (200mM), the volume increased to 100|Lil by addition of 

DEPC treated H^O. The p%)be was then vortex extracted with 1 volume of Ths-HCl 

(pH7.5) saturated pbenol-chloro6)rm-isoamylalcohol (25:24:1) followed by 1 volume of 

chloro&rm-isoamyl alcohol (24:1) and centriAiged (13,000 x g). The u^qxr aqueous 

layer was transferred to another eppendorf tube containing 0.1 volumes of 3M sodium 

acetate (pH5.2), 2.5 volumes of ethanol and 20g yeast tRNA, vortex mixed and the probe 

precipitated by placing at —70°C for greakr than I hour. Following centrifuging (13,000 

X g 6)r 10 minutes) the pellet was washed with 70% ethanol, suspended in lOO îl DEPC 

treated Ĥ O and stored at -70OC.) 

3.2.9 

Total RNA (30-50ng/lane) from cultured skeletal myoblasts was electrophoresed 

alongside RNA molecular weight markers (Amersham Pharmacia Biotech, Buckingham, 

UK) in a 20x20cm 1.5% agarose/15% fbrmaldehyde/lx MOPS gel at a constant current 

of 100mA (5volts/cm), for 4-6 hours followed by trans&r to Hybond membranes as 

described by Whorwood ef g/l)6p7.4]4.4aO] samples were thawed on ice and 30-50ng 
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total RNA from cultured myoblasts pipetted into sterile eppendorf tubes containing 5pJ 

lOx 3-[N-moqAiolino]propanesulphonic acid (MOPS) buAer (0.2M MOPS, 16.6ml 3M 

DEPC treated sodium acetate (50mM) and 20ml 0.5M DEPC treated EDTA (1 OmM), 

which was ac^usted to pH 7.0 with 6M NaOH and brought to a final volume of 1 litre 

with HzO), 9|ul formaldehyde and 25|Lil deionised fbrmamide. DEPC treated HzO was 

added to bring &e volume to 50^1. The secondary structure of the RNA was destroyed by 

heating to 65%]! for 15 minutes and snap cooled on ice. Gel loading dye (5|il) was added, 

pulse centrifuged and the samples were electroĵ Aoresed alongside RNA molecular 

weight markers (Amersham Pharmacia Biotech, Buckin^iani, UK) in a 20x20cm 1.5% 

agarose/15% fbrmaldehyde/lx MOPS gel at a constant current of 100mA (5voWcm), 

for 4-6 hours. The gel was washed in trans&r buffer (3.0M NaCL 300mM tri-sodium 

citrate) 6)r 20 minutes and placed on a wick of Whatmann 3M paper soaked in trans6r 

buffer on a perspex bridge sitting in a tank of transfiâ  buffer. Hybond N^ nylon 

membrane (Amersham International) was soaked in H2O, Aen in transfer buffer for up to 

5 minutes and laid over the gel. Two pieces of Whatmann 3M paper soaked in transfer 

buf&r were placed over the membrane and the parts of the wick not covered by the gel 

were sealed with {maSlm. Paper towels were placed on top of Ae gel to a height of 4 cm 

which were covered with a perspex platform and a 500g weight to facilitate overnight 

capillary transfer of RNA to the membrane. The immobilised RNA was crosslinked with 

UV radiation (1200joules) and the membrane was stored in heat-sealed bags at 4°C. 

Membranes were hybridised with either cDNA or cRNA probes A)r 11 P-HSDl and 18S 

in either 0.17M NaH2P04,0.59M Na2HP04,5mM EDTA, 7% sodium dodecylsulphate 

(SDS), 200 îgAnI denatured salmon sperm DNA buffer (pH7.2) at 65̂ *0 for cDNA 

probes or 50% deionised farmamide, 2xSSPE (0.36MNaCl, 0.02MNaH2P04,0.002M 

EDTA, pHS.O), 5x Denhardfs solution (0.02% ficoll, 0.02% polyvinylpyrrolidone, 0.1% 

BSA), 10% dextran sulphate, 0.1% SDS, 200ng/ml denatured salmon sperm DNA buffer 

at 42°C for cDNA probes or 63°C for cRNA probes. Membranes were washed in saline 

sodium citrate buf&r (3.0M NaCl, 300mM tri-sodium citrate) containing 0.1% SDS (10 

minutes at room temperature) and up to a maximum stringency of saline sodium citrate 

(0.l5MNaCl, 15mMtn-sodium citrate):0.l% SDS (30 minutes at 6&°C). Membranes 
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underwent phosphorimage analysis (Molecular Dynamics Model 850 Phosphorimager, 

Amersham Pharmacia Biotech, Buckin^am, UK) and were exposed to autoradiographic 

film (Dupont-Cronex, GRI, UK) between inknsif^ing screens at—70°C 6)r 1-10 days 

such that the signal fell within the linear range of the film. Prior to rehybridisation, 

cDNA probes were removed from the membranes by washing with 1%SDS (3 hours at 

70°C). cRNA probes were removed by pouring boiling 0.1%SDS onto the membrane and 

allowing it to cool to room temperature in a shaking waterbath. 

3.2.9.4 JVorfAgTM AW coWWowf 

cDNA Probes 

Radiolabeled cDNA probes were denatured by heating to 95°C for 5 minutes, snap-

cooled to 40c and added to 0.17M NaH2P04,0.59M NazHPO ,̂ 5mM EDTA, 7% SDS, 

200pg/ml denatured salmon sperm DNA buffer (pH7.2) at a concentration of 0.5ng/ml 

for 16 hours at 65°C with manbraiKs eitha^ in heat sealed bags in polypropylene boxes 

in shaking water baths or in 30cm long glass bottles (Hybaid, Middlesex, UK) in 

ctmvection ovens wiA the RNA side inner most lining the bottle. Membranes were then 

washed in saline sodium citrate buffer (3.0M NaCl, 300mM tri-sodium citrate) for 10 

minutes at room temperature, followed by washes of increasing stringency to a maximum 

of saline sodium citrate (0.15M NaCl, 15mM tri-sodium citrate) containing 0.1% SDS at 

65°C 6)r 1 hour and washed in saline sodium citrate (0.15M NaCl, 15mM tri-sodium 

citrate) at room temperature. 

cRNA Probes 

Membranes were prehybridised in hybridisation buffer comprising 50% deionised 

fbrmamide, saline sodium {Aosphate/EDTA buGRâ  (0.36M NaCl, 0.02M NaHiPOt, 

0.002M EDTA, pH8.0), 5x Denhardt's solution (0.02% ficoll, 0.02% 

polyvinylpyrrolidone, O.I%BSA), 10% dextran sulphate, 0.1% SDS, 200jLig/ml 

denatured salmon sperm DNA buffer at 42°C for greater than 6 hours. 15ng of probe was 

then heated to 65°C for 15 minutes, snap cooled on ice and pipetted into the bag or bottle 

containing the membrane and 10ml hybridisation buffer and incubated at precisely 63°C 

for 16 hours. Membranes were then washed in sahne sodium citrate buGer (3.0M NaCl, 
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300mM tri-sodium citrate) containing 0.1% SDS fbr 30 minutes at room temperature 

followed by saline sodium citrate bufl^ (0.3M NaCl, 30mM tri-sodium citrate) 

containing 0.1% SDS at 68°C Ar 20 minutes. 

3.2.10 7 

3.2.10.1 

Sample loading bufkr comprised lOOmM Tris-HCl (pH6.8), 4% SDS, 0.2% 

bromophenol blue, 10% p-ma^captoetlmnol (added immediately prior to use) and 20% 

glycerol. A stock solution of 5x Tris-Glycine electrophoresis buffer comprised 125mM 

Tris-base, 1.25M glycine and 0.5% SDS. Tris buffered saline with Tween 20 (TBST) 

comprised lOmM Ths-Cl (pHS.O), 150mM NaCl and 0.05% Tween 20. Gel transfer 

buf&r comprised 39mM glycine, 48mM Tris-base, 0.037% SDS which was prepared in 

20% HPLC grade methanol. Blocking buG&r comprised 20g nonAt powdered milk 

(Marvel; Premier Brands Ltd, StaGbrd, UK) in 100ml TBST. SDS molecular weight 

markers, comprised 8 pre-stained proteins (rabbit myosin (205kDa), P-galactosidase 

6om E.coli (116kDa), bovine albumin (66kDa), chicken ovalbumin (45kDa), bovine 

carbonic anhydrase (29kDa), soybean trypsin inhibitor (20. IkDa), bovine a-Iactalbumin 

(14.2kDa) and bovine aprotinin (6.5kDa)) in 62mM Tris-HCl (pH7.5), 2% SDS, O.OImM 

EDTA, lOOmM DTT, 4M urea, 0.005% bromophenol blue and 30% glycerol. 

3.2.10.2 

Adherent cells were washed with ice cold PBS (x3), gently dislodged using a cell scraper 

and transferred to I5ml conical polypropylene centrifuge tubes (Greiner Labortechnik, 

Germany) in 5ml PBS containing ImM PMSF and centhfuged at 200 x g fbr 5 minutes. 

The supernatant was aspirated to waste and the ceU pellet was re-suspended in 300jLil 

lysis bufler (PBS containing ImM PMSF, 2% SDS, 0.5mM EDTA) at room temperature 

in 1.5ml E;^)endorf tubes. The cells were lysed by repeated 6eeze Aaw cycles (four 

times at —70°C). lOÔ il trichloroacetic acid (TCA) solution (100% trichloroacetic acid in 

HzO w/v) was added to the lysate and vortex mixed briefly. The larger fillamentous 

precipitate, consisting principally of nucleic acid was allowed separate under gravity and 
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the supernatant, containing cdlular protein suspended as a fine micropardculate 

precipitate, was transferred to a second 1.5nil Eppendorf tube. The ]ysate was centrifuged 

(3000 X g for 5 minutes at 4°C) to sediment the cellular protein precipitate whilst the 

supernatant was aspirakd to waste. The cellular protein pellet was washed twice with 

750]Lil TCA solution (2.5% w/v) and residual TCA solution was neutralised with 25)il 

tris-base (3M) and complete solublisation cellular proteins was achieved following 

addition of a fbrlha^ 25m] H2O containing ImM PMSF. The protein solution was stored 

at —70°C until analysis. The protein concentration of the lysate was determined using Ihe 

method of Bradford (3.2.3.4). 

3.2.103 AigMmzfiwf: Awwam Wfg of Afyg 

Approximately 250mg of human liver and kidney cortex (stored at —70°C) were 

homogenised separately in 2ml ice cold PBS containing ImM PMSF. The homogenate 

was centrifuged and treated as Axr cell lysates (3.11.2) 

3.2.10.4 

10ml of 12% SDS-polyaciylamide resolving gel was prepared by mixing 4.0ml 30% 

acrylamide solution, 2.5ml 1.5MTris-HCl (pH8.8), O.Iml 10%SDS and 3.3ml H2O Wiich 

was polymerised with 100^1 Aeshly prepared 10% ammonium persulphate and 5p.l 

tetramethylethylenediame (TEMED). SufBci«it gel mix for a Bio-Rad mini-protean II 

electrophoresis gel forming apparatus (BioRad, UK) was poured between glass plates to 

fill 60 — 80% of the volume for a gel width of 0.8mm (8cm x 10cm). Approximately 1ml 

isopropanol was carefully leered onto the surface of the setting gel );^ch was allowed 

to set for one hour after which period the isopropanol was decanted to waste and the gel 

was washed with H2O. A 5% polyacrylamide stacking gel vMts prepared by mixing 330 îl 

30% acrylamide with 250^1 of IM Tris-HCl (pH6.8), 20pl 10% SDS and l.4ml H2O 

which was polymerised with 20pl of Aeshly prepared 10% ammonium persulplmte and 

2^1 TEMED. The stacking gel was poured onto the surface of the resolving gel and a 

teflon comb (10 lanes for a 30pl sample volume) was inserted. The gel allowed to 
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polymerise for a minimum of 30 minutes after which time Ae teflon comb was removed 

and (be wells were washed with H2O. Cell lysates were diluted with an equal volume of 

sample loading buf&r and heated to 95°C for 5 minutes to denature the ̂ oteins. Sam^ ês 

(10 - lOO îg protein/lane) and SDS molecular weight markers were loaded onto the 

stacking gel and a voltage equivalent to 20 volts/cm was applied for 30 - 45 minutes. 

3.2.10^ 

fMawAramgy 

The gel was removed &om the glass plates by immersing in transf^ bufler, the stacking 

gel was removed and Ae resolving gel was allowed to equilibrate in transf^ buffer for 30 

minutes. Six pieces of Whatmann 3M paper and one piece of immobilon P manbrane 

(NGllipore Ltd, Watford, UK) were cut to the size of the gel. The membrane was 

hydrated by brief immersion in methanol Allowed by 2 minutes in H2O prior to 

equilibration for 10 - 15 minutes in transfer bufkr. The Whatmann 3M paper and Biorad 

mini Proton H gel transblot system Slter pads were also equilibrated by soaking in 

transfer bufler for 10 minutes. A 'transfer sandwich' consisting of a stack of 3 sheets of 

Whatmann 3M paper Allowed by the gel, the membrane and the second set of three 

sheets of Whatmann 3M paper were placed between the transblot system filter pads, 

placed into a cassette and inserted into the transblotting tank containing ice cold transfer 

buGer. Transfer of the proteins v\%s ejected using a current of 150 - 200mA (100 volts) 

6)r one hour. In order to confirm complete electrophoredc trans&r the gel was stained 

with Coomassie Blue by horizontal shaking in staining solution (Ig Coomassie Blue in 

250ml 95% ethanol, 50ml glacial acetic acid and 200ml H2O) for 2 hours. Gels were de-

stained by washing in 25% ethanol: 10% glacial acetic acid ovemi^t. 

3.2.10.6 AMmwfMMkfgcffoM wsmg a cAemfZwfMMggceMf 

Following electropheredc transf^, the membrane was washed in TBST for 5 minutes. 

The membranes were blocked in 10ml blocking buffer at room temperature for I hour 

with gentle horizontal shaking. The membrane was rinsed twice with 25ml TBST 

followed by a 15 minute wash in 25ml TBST prior to overnight incubation with 10ml 
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phmaiy antibody (eitba^ afKnity purified sheep polyclonal aodboc^ raised against amino 

acids 19-33 of human 1 ip-HSDl or afGnity purified sheep polyclonal antibody raised 

against amino acids 137-160 and 334-358 of human np-HSD2 obtained fî om The 

Binding Site, Birmingham, UK) diluted in TBST containing 0.1% non-6t milk (1:500 

for sheep anti-human 11P-HSDI or 1:1000 for sheep anti-human 11P-HSD2) on a 

horizontal shaker. The primary antibody was removed and the membrane rinsed 

twice with 25ml TBST and washed with 25ml TBST (x3) for 10 minutes ;mor to 

incubation with secondary antibody (anti-sheq) IgG coiyugated with horse-radish 

peroxidase (The Binding Site, Birmingham, UK)) diluted in TBST containing 5% non-fat 

milk (1:40,000 for 1 ip-HSDl or 1:50,000 6)r 11|3-HSD2) 6)r one hour at room 

temperature. The secondary antibody was removed and the membraiKS were rinsed twice 

with 25ml TBST and washed with25ml TBST (x3) for 10 minutes. lip-HSDl and 1 ip-

HSD2 was visualised using the supersignal enhanced chaniluminescence system (Pierce 

& Wairiner (UK) Ltd, Chester, UK). 1ml freshly prepared chemiluminescence substrak 

was ^iplied to the membrane which was subsequently sealed in clear polythene 

membrane and exposed to Kodak BioMax Light autoradiographic fihn within its linear 

range. 

3.2.11 

cg&y 

Adherent myoblasts or JEG-3 cells in lOcm^ petri dishes were washed with PBS, air 

dried and fixed with either 10% fbrmol saline or 4% paraformaldehyde. 5-6 20mm 

diameter circles per dish of cells were created using a hydrophobic resin to allow 

multiple parallel immunostaining with different antisera. Non-specific immunostaining 

was diminished by incubation with 5% serum 6om the species 6om which the secondary 

antisera were raised (Dako A/S, Denmark) diluted in PBS for I hour at room 

temperature. The cells were washed with PBS (x3) incubated with primaiy antisera 

skeletal muscle desmin antiserum at 1:10 - 1:100, mouse monoclonal sarcomeiic alpha-

actirnn antiserum at 1:100 — 1:1000, mouse monoclonal anti-human Gbroblast sur6ce 

protein antiserum at 1:500 — 1:2000, mouse monoclonal anti a-smooth muscle actin at 

1:500 - 1:2000, sheep monoclonal anti-human 11 ̂ HSDl antiserum atl:10-l:I00 and 
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sheep monoclonal anti-human 11P-HSD2 antiserum at l :10- l :100 (The Binding Site, 

Birmingham, UK) for either 2 hours at room temperature or overnight at 4°C in a 

humidified box. Antisera were gaepared by dilution in PBS containing 0.05% TweeQ-20. 

Omission of primaiy antisera, adsorption of {mmary antisera with a^ îropnate purified 

proteins and Ae use of non-immune sera (Dako A/S, Denmark) served as negative 

controls for speciGc immunostaining. The cells were washed a furAer three times in PBS 

prior to incubation with horse-radish peroxidase conjugated anti-rabbit IgG, anti-mouse 

IgG or anti-sheep IgG secondary antisera at 1:1000 -1:5000 &r a further 1 hour at room 

temperature. Immunostaining was detected following brief incubation with 

diaminobenzadine and visualised under light microscopy. 

3.2.12 ffo/wwrnaf m 

Awwam f jWeW amf JEG-J cfAk 

Monolayer cultures of normal human skeletal myoblasts (3 .2.2 .1) and JEG-3 cells wa^e 

grown to 90% sub-confluence in 25cm^ flasks. Cells used for experiments performed in 

the absence of FCS were maintained in FCS free growth medium for a period of 48 hours 

prior to experimentation. Stock solutions of steroids, peptides and growth f^ors (table 

3.2&3.3, page 152) were preparedas previously d%cribed(3.2.1.2&3.2.1.3), added to 

growth medium (firml ethanol concentration <0.1% v/v) at concentrations and in 

combinations as illustrated in tables 3.2,3.3 & 3.4, page 152 & 153 and exposed to 

triplicate flasks of cells for up to 96 hours after v^ich period the growth medium was 

removed and Ae cells were washed Aree times with 5ml hormone 6ee growth medium 

Estimation of 1 ip-HSD activity and Ae kinetic constants. Km and in intact cells 

and homogenates of JEG-3 cells was performed as previously described (3.2.41,3 .2.4.2, 

3.2.4.3 & 3.2.4.4). Assays were also perGormed in Ae presence of Ae glucocorticoid 

recepWr antagonist, RU 38486 (500 - 2000mM). Statistical comparison of 11 p-HSD 

activi^ (expressed as the rate of conversion of cortisorK b) Cortisol 6)r 11 p-HSDl or 

Cortisol to cortisone for 11P-HSD2) was made using Ae unpaired't' test after 

logarithmic transformation of Ae data or the Marm-Whitney U' test 
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Table 3.2 Concentration of steroid hormones with which human skeletal myoblasts and 
JEG-3 cells were incubated prior to assay of lip-hydroxysteroid dehydrogenase activity 

Steroid Myoblasts JEG-3 cells 
5a- & 5P-dihydrocortisol 
5a-dihydrocortisone 
5a- & 5p-tetrahydrocortisol 
5a-tetrahydrocortisone 
6p-hydroxy Cortisol 
1 l-deoxycorticosterone 
11-deoxycortisol 
17a-hydroxypregnenolone 
17a-hydroxyprogesterone 
18-hydroxycorticosterone 
a - & P-cortol 
a - & P-cortolone 
Corticosterone 
Cortisol 
Cortisone 
Pregnenolone 
Carbenoxolone 
Androstenedione 
Dehydroepiandrosterone 
Testosterone 
17p-oestradioI 
Progesterone 

50-1000nM 

50-200nM 
5-200nM 

50 - 500nM 
5-200nM 
0.05-2nM 
10 - 500nM 

50-2000nM 

50-1000nM 
50 - 2000nM 
5 0 - lOOOnM 
0.05 - 50nM 
50 - 500nM 

Table 3 3 Concentration of peptide hormones and growth factors with which human 
skeletal myoblasts and JEG-3 cells were incubated prior to assay of l l p -

hydroxysteroid dehydrogenase activity 

Peptide/Growth Factor Myoblasts JEG-3 cells 
ACTH - 5 - 500ng/L 
FSH - 50-200IU/L 

growth hormone 0.05-5nM 0.05 - 5nM 
LH - 50-200IU/L 

hCG - 3 -30kU/L 
IGF-1 50 - 500p@/L 50-1000^ig/L 
Insulin 10-l00}iU/ml 10-100}iU/ml 

T3 5 - 200pM 50-200pM 
IL-lp 5-20ng/L 50-200ng/L 
IL-2 5-20ng/L 50 - 200ng/L 
IL-6 5-20ng/L 50 - 200ng/L 
IL-7 5-20ng/L 50 - 200ng/L 

TNF-a 5-20ng/L 50-200ng/L 
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Table 3.4 Combinations and concentration of peptides, steroids and growth factors with 
which human skeletal myoblasts and JEG-3 cells were incubated prior to assay of l i p -

hydroxysteroid dehydrogenase activity 

Myoblasts JEG-3 cells 
Insulin (10 - lOOjiU/ml) & Cortisol (100 - 500nM) 
Insulin (10 - lOOjjU/ml) & cortisone (100 - 500nM) 
Cortisol (200 - SOOiiM) & carbenoxolone (200nM) 
Cortisone (200 - 500nM) & carbenoxolone (200nM) 

Cortisol (500nM) & RU 38486 (2^M) 

Insulin (10 - lOOpU/ml) & Cortisol (0.5 - 2^iM) 

Cortisol (0.5 - 2\M) & carbenoxolone (2}iM) 

Progesterone (500nM) & 17P-oestradiol (50nM) 
Cortisol (2uM) & RU 38486 (4#M) 
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3 3 Results 

33 .1 Awfwam fWefW Myot&KA JEG-J 

cg& 

The chaiacteristic morphology of skeletal myoblasts (Ggure 3 .1a, page 155) and their 

spontaneous and serum deprivation-induced fusion to form m^ukinuclear myotubes 

(figure 3. lb) in association with positive immunohistochemical staining for skeletal 

muscle desmin (figure 3.1c) and sarcomeric a-acdnin and negative staining for human 

fibroblast sur&ce antigen and a-smooth muscle actin, confmned a yield of greater Aan 

99% proliferating human skeletal myoblasts. Positive immurwhistochemical staining for 

1 ip-HSDl was found to be distributed evenly throughout the cytoplasn with no staining 

within the nuclear compartment (figure 3. Id). Positive staining for 11P-HSD2 was not 

observed. Similarly in JEG-3 cells, positive immunohistochemical staining Ar 1 Ip-

HSD2 was found to be Aroughout the cytoplasm. However, tlKre appeared to be 

maitedly greater staining in the cytoplasm surrounding the nucleus and indeed there was 

also a low level of positive staining within the nuclear compartment (figure 3.2a/b, page 

156). 
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Figure 3.1 Morphological and immunohistochemical characterisation of human 
skeletal myoblasts, (a) morphology of human skeletal myoblasts grown in tissue culture (b) 
spontaneous and experimentally induced myotube formation. Immunohistochemical 
characterisation of skeletal myoblast phenotype was confirmed by positive staining for 
sarcomeric alpha-actinin (c) and negative staining for human surface fibroblast surface 
antigen (data not shown) (d) immunohistochemical staining for 1 ip-HSDl 
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a b 

Figure 3.2 Morphological and immunohistochemical characterisation of JEG-3 cells 
(a) characteristic morphology of JEG-3 cells (x40) (b) positive immunostaining for 11P-
HSD2 in JEG-3 cells was observed throughout the cytoplasm and within the nuclear 
compartment. 
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3.3.2 m AwwaM Âe/lgW wyoA/ayA ««</ 

JEG-j cefk 

3.3.2.1 fAg/g/g/ myoMawA gagpr&yf 77yg-Aj;(Â a%yff̂ eroM/ dleÂ AKroggwayg 

0yg 7 f«*mM«orgac^g />ro^gm aw^ 

Qualitative analysis of gene expression in myoblasts by RT-PCR using primers specific 

for lip-HSDl, 11|3-HSD2, and sodium/potassium-ATPase a l subunit (Na/K-ATPase-

a l ) (table 3.1, page 142) revealed expression of lip-HSDl mRNA while 11P-HSD2 

mRNA was not observed (figure 3.3b, page 158). Western blot analysis using a sheep 

anti-human-11(3-HSD1 primary antiserum revealed a single 34kDa immunoreactive 

protein (figure 3.3c). In intact cells from a normal healthy subject the apparent Km and 

Vmax for the conversion of cortisone to Cortisol was 476nM and 94pmol/mg protein/hour 

and 437nM and 46pmol/mg protein/hour in the presence and absence of 20% FCS 

respectively (Figure 3.3a). Conversion of Cortisol to cortisone, indicative of 11-DH 

activity was undetectable. 
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Figure 3.3 Characteristics of lip-hydroxysteroid dehydrogenase in human skeletal 
myoblasts: (a) Kinetic analysis (Hanes plot) of 11 |3-dehydrogenase activity in intact 
human skeletal myoblasts in the presence and absence of 20% FCS revealed no 
significant difference in the affmity (Km) of lip-HSDl for cortisone. However, serum 
removal resulted in a significant decline (f<0.0001) in the maximum velocity ( V m a x ) of 
11-oxoreductase activity, (data points represent the mean & SEM of triplicate analyses) 
(b) RT-PCR analysis revealed lip-HSDl but not 11P-HSD2 mRNA expression in 
human skeletal myoblasts (c) Western blot analysis of 34kDa 11 P-HSDl immunoreactive 
protein in skeletal myoblasts (90|ag myoblast protein and lO îg liver protein loaded onto 
the gel). 1 ip-HSDl immunoreactive protein was also detected in tissue from human liver 
which was used as a positive control but was not detected in JEG-3 cells. 
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33 .2 .2 eayrexf fk^ffrogewa$g (lyg f f 

wwMM«<yfeaafvg /yrofigw: amf adKK&K 

Qualitative analysis of gene exfxession in JEG-3 cells by RT-PCR using pimers speciGc 

for 1 ip-HSDl and 11^HSD2 (table 3.1, page 147) revealed abundant expression of 

I ip-HSD2 but not 1 ip-HSDl mKNA (figure 3.4c, page 160). Western blot analysis 

using a sheep anti-human-11P-HSD2 ;minary antiserum revealed a single 44kDa 

immunoreactive protein (Ggure 3.4d). The apparent Km and Vmâ  for the conversion of 

Cortisol to cortisone in JEG-3 cell homogenates to v^ch ImM NAD had been added vms 

80nM and 50pmol/mg protein/hour respectively (figure 3.4a). In intact cells the apparent 

Km and Vmax for Cortisol was 44nM and 147pmol/mg protein/hour and 53nM and 

125pmol/mg protein/hour in the presence and absence of 10% PCS respectively (Figure 

3.4b). Conversion of cortisone to Cortisol, indicative of 1 l-OR activity was not observed 

eiAer in intact cells or homogenates. Conversion of Cortisol to cortisone or of the reverse 

reaction was not observed in homogenates when incubated in the presence of NADP or 

NADPH. This is consistent with the absence of 1 Ip-HSDl gene expression in these cells. 

3«3.3 Ay 

3.3.3.1 w Awwam ftgkW wyoAfagA 

OMgf /EG-J cefk M ^ y4C7Vf aMff precwfyorf coff&oZ amf 

I l-OR activi^ in myoblasts and 1 l-DH activity in JEG-3 cells was unafkcted by pre-

treatment with ACTH, 5a- and 5p-dihydrocortisol, 5a-dihydrocortisone, 5a- and 5p-

tetrahydrocortisol, 5a-tetrahydrocortisone, 6p-hydroxycortisol, 11-deoxycorticosterone, 

11-deoxycortisol, I7a-hydroxypregnenolone, 17a-hydroxypmgesterone, a- and ^-cortol, 

a - and P-cortolone, cordcosterone or pregnenolone. 
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Figure 3.4 Characteristics of ll|3-hydroxysteroid dehydrogenase in JEG-3 cells: 
Kinetic analyses (Hanes plots) of NAD dependent 11 P-dehydrogenase activity in (a) 
JEG-3 cell homogenates (b) intact JEG-3 cells in the presence and absence of 10% PCS 
revealed no significant difference in the affinity (Km) of Ilj3-HSD2 for Cortisol. 
However, serum removal resulted in a significant decline (P<0.05) in the maximum 
velocity (Vmax) of 11-dehydrogenase activity (data points represent the mean ± SEM of 
triplicate analyses) (c)RT-PCR analysis revealed 11 (3-HSD2 but not llp-HSDl mRNA 
expression in JEG-3 cells, (d) Western blot analysis of 44kDa 11P-HSD2 
immunoreactive protein in JEG-3 cells (40|ig total cell protein/lane loaded onto the gel). 
11P-HSD2 immunoreactive protein was also detected in tissue firom human kidney which 
was used as a positive control but was not detected in human skeletal myoblasts. 
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3.33.2 f d g A y A % ! g ^ g w a g g 6y ^Afcocof&r<)nf m 

Afffmiff f W e W myoAWA if oQ^cW af a /?reAr(m$&zdo«a/ kweZ amf m&o&jkaf f y 

Pre-treatment of myoblasts with a range of concentrations of Cortisol or cortisone (50 -

llO(K)njVI)jR)r $̂8lM]%aT;iT%gulteclinaL(iose(k;p«an(k;nt hacitgise to ll|gMH<y[)l rnftfi/l, 

immimoreactive protein and 11-OR activity ( f < 0.05), at concentrations of cordsol 

greater than lOOnM (figure 3.5a, 3.6a,b,d pagel62 & 163). Pre-treatmeirt with Cortisol 

under serum free conditions enhanced 11-OR activity by a 2-3 Wd greater extent than 

Wien in the presence of serum (figure 3.9, page 169). furthermore, in keeping with the 

changes in 1 Ip-HSDl mRNA and 34kDa immunoreactive protein, multiple kinetic 

analyses of enzyme activity revealed that pa^treatment of myoblasts with 500nM 

Cortisol had no significant e@ect on the afBnily of 11 P-HSDl &r cortisone but increased 

the maximum velocity of Ae reaction (̂ na%) by 40% (figure 3.5b) ( f <0.001). Co-pre-

treatment of myoblasts with cortisone and carbenoxolone abolished the induction of 11P-

HSDl mRNA e^qiression and 11-OR activity which was observed following pre-

treatment of the cells with cortisone alone (figure 3.5a, 3.6c). Pre-treatment of myoblasts 

with caibenoxolone alone had no effect upon 11-OR activi^ (figure 3.5a). Co-pre-

treatment of myoblasts with Cortisol (500nM) and the glucocorticoid receptor antagonist, 

RU38486 (2pM) completely abolished the increase in 11-OR activi^ which was 

observed following pre-treatment of myoblasts with Cortisol alone (figure 3 .5a). 

- 161 



a 60 

3 
0 
1 

! 
o> 
I 
0 
1 
g 

1 <u 

i o 

50 

40 

30 

20 

10 

basal 

3 
0 a 

1 
Q. 
cn 

I 
o 
E 
a. 

CO 

200nM 
Cortisol 

SOOnM 
Cortisol 

18 

200nM 
cortisone 

SOOnlVI 
cortisoB 

200nM 
CBX 

SOOnM 
cortisone 
+ 200nM 

CBX 

200nM 
Cortisol+ 

4)LIM 
RU38486 

No pretreatment with Cortisol 
Km = 476nM 
Vmax = 94 pmoi/mg/hr 

Pretreatment with SOOnM Cortisol 
Km = 441 nM 
Vmax = 135 pmoUmg/hr 

-500 -250 250 

[S] (nM) 

500 750 1000 

Figure 3.5 Regulation of lip-hydroxysteroid dehydrogenase in human skeletal 
myoblasts by glucocorticoid: (a) analyses of lip-HSDl ll-oxoreductase activity in 
skeletal myoblasts revealed a dose dependent induction of ll-oxoreductase activity 
following pre-treatment with Cortisol and cortisone. Co-pre-treatment of skeletal 
myoblasts with cortisone and carbenoxolone abolished the induction of ll-oxoreductase 
activity which was observed follovwng pre-treatment of the cells with cortisone alone. 
Co-pre-treatment of skeletal myoblasts with Cortisol and the glucocorticoid receptor 
antagonist, RU38486, completely abolished the increase in ll-oxoreductase activity 
which was observed tbllowing pre-treatment of myoblasts with Cortisol alone (the data 
are represented by the mean ± SEM of triplicate analyses) (b) Kinetic analysis of 1 Ip-
HSDl activity in skeletal myoblasts (Hanes plot) revealed no significant change in the 
affinity (Km) of lip-HSDl for cortisone following pre-treatment with glucocorticoid. 
However pre-treatment vwth SOOnM Cortisol induced a significant increase (P<0.001) in 
the maximum velocity (Vmax) of ll-oxoreductase activity (the data points are expressed 
as the mean ± SEM of triplicate analyses) 
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Figure 3.6 Regulation of lip-hydroxysteroid dehydrogenase mRNA in human 
skeletal myoblasts by glucocorticoid: (a/b) Northern blot analysis of the glucocorticoid-
induced dose dependent increase in lip-HSDl mRNA expression (1.4kb) in human 
skeletal myoblasts (data illustrates RNA from triplicate analyses and each lane represents 
RNA pooled from triplicate flasks), (b) Histogram of quantitative change in lip-HSDl 
mRNA/18S rRNA ratio (from (a)) (c) Northern blot analysis of the dose dependent 
induction of llp-HSDl mRNA expression in skeletal myoblasts following co-pre-
treatment with cortisone & carbenoxolone (d) Western blot analysis of the dose dependent 
induction of 34kDa lip-HSDl protein in skeletal myoblasts following pre-treatment with 
glucocorticoid (90|ig total cell protein/lane loaded onto the gel). 
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3.3.3.3 (fg^drogewafg ^ g/wcocorCfcoẑ  z/* 

yE(?-^ c^Zk 

In common with the regulation of 11 P-HSDl 11 -OR activity in myoblasts, pre-treatment 

of JEG-3 cells with Cortisol (2|JLM) for 24 hours also resulted in a significant inonease in 

44kDa 11P-HSD2 immunoreacdve protein and 11-DH activity (pre-treatment with 2 îM 

Cortisol induced a 17% increase cf basal activi^, f <0.002; n = 10) (figure 3.7a/b, page 

165). Multiple kinetic analyses of enzyme activity revealed that pre-treatment of JEG-3 

cells wiA 2000nM Cortisol had no significant effect on the afGnity of 11 p-HSD2 for 

Cortisol but increased the Vnum by 25% ( f <0.001). However, in contrast with 

glucocorticoid regulation of I l-OR activity in myoblasts, the magnitude of 11-DH 

induction by Cortisol was not increased by removal of serum 6om the growth medium. 

Nevertheless, induction of 1 l-DH activity as a consequence of pre-treatment with 2nM 

Cortisol alone was was unaffected by co-;»Te-treatment with Cortisol (2|iM) and RU38486 

(4f^M). Pre-treatment of JEG-3 cells with RU38486 alone had no efkct upon 11-DH 

activity. Importantly, pre-treatment of JEG-3 cells with cortisone had no efkct upon 

44kDa 11P-HSD2 immunoreactive protein or 11-DH activity. 
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Figure 3.7 Regulation of lip-hydroxysteroid dehydrogenase in JEG-3 cells by 
glucocorticoid: (a) analysis of 11|3-HSD2 activity in JEG-3 cells revealed a dose 
dependent induction of 11-dehydrogenase activity by Cortisol whilst cortisone had no 
detectable effect upon 11-dehydrogenase activity. Co-pre-treatment of JEG-3 cells with 
Cortisol and the glucocorticoid receptor antagonist, RU38486, did not affect the 
induction of 11-dehydrogenase activity effected by Cortisol alone (all data points are 
expressed as the mean ± SEM of triplicate analyses) 
(b) Western blot analysis confirmed the induction of 44kDa 1 ip-HSD2 immunoreactive 
protein following pre-treatment of JEG-3 cells with glucocorticoid. Co-pre-treatment of 
JEG-3 cells with Cortisol and the glucocorticoid receptor antagonist, RU38486, had no 
effect upon the glucocorticoid-induced increase in 44kDa lip-HSD2 immunoreactive 
protein effected by Cortisol alone (10|j,g total cell protein/lane loaded onto the gel). 
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3.3.4 jfggwWwM fWyd̂ rgiĝ gMafg fy w &**«%:% 

aN&*dba&zf myo66uA 6 akgpeamdbaMf ggpow aanwwMjGzcdEWTP 

Pre-treatment of myoblasts with insulin at a concentration of 20nU/ml in the fwresence of 

20% PCS bad no statistically significant efkct iqxm 1 ip-HSDl 11-OR activity. 

]Hb)vye\%3̂ jnthefH%%&en<x;()fsK%ninitl*ere vMis:i!%{9iifk%inti%xiwKaicHairilipL132y[)l 11-()R 

activity following pre-treatment with 40|iU/ml insulin (21.8% reduction in 1 Ig-HSDI 

11-OR activity c t basal activity, f <0.01) (figure 3.8a, page 168). Similarly, pre-

treatment with 20pU/ml insulin under serum 6ee conditions had no efkct upon 11P-

HSDl 11 -OR activity im^st {»e-treatment with 40jnU/ml insulin under serum free 

conditions induced a significant increase in 1 ip-HSDl 11-OR activi^ (19.8% increase in 

1 ip-HSDl 11-OR activity cf basal activity, f <0.05) (Figure 3.8a). Western blot 

analysis revealed parallel, but mwh greater, clmnges in 34kDa immunoieactive protein 

(figure 3.8b). In common with earlier experiments, kinetic analysis of 11 ̂ -HSDl activity 

revealed that pe-treatment of myoblasts with 100p.U/ml insulin had no effect upon the 

afRnity of lip-HSDl for cortisone (Km = 445 ± 6.1; mean ± SEM) but caused a 19% 

decline in Vma* in the presence of 20% PCS ( f <0.01) whilst serum removal induced a 

6% increase in Vmax which, however, 6iled to achieve statistical signiGcance ( f = 0.14). 

Pre-treatment of JEG-3 cells with insulin both in the presence and absence of 10% PCS 

had no detectable effect upon 11-DH activity ( f = 0.2, n = 10). 

3 3 . 5 ^ rnfwA* 

In the presence of 20% PCS the marked increase in 1 ip-HSDl 11-OR activity effected 

by pre-treatment with 200nM Cortisol alone (1.3 fold cf basal, f <0.05) was attenuated 

by co-pre-treatment with both insulin (20 - lOO)iU/ml) and Cortisol (200nM). However, 

insulin had no ef&ct on the markedly greater increase in 11 |3-HSD1 11-OR activity 

which resulted as a conseqiKnce of pre-treatment with 500nM Cortisol alone (1.5 fold cf 

basal, f <0.05) (Ggure 3.9a, page 169). In contrast, under serum fî ee conditions, the 

induction of 1 ip-HSDI 11-OR activi^ effected by 200nM Cortisol alime (1.7 fold cf 

basal, f <0.02) was markedly increased as a consequence of co-pre-treatment with 
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20p,U/m] insulin and 200nM cordsol (2.1 A)Id cf basal, <0.0005). However, co-pre-

treatment with lOOpU/ml insulin and 200nM Cortisol did not further enhance 11-OR 

activi^. The markedly greater induction of I ip-HSDl 11-OR activity Allowing pre-

treatment with 500nM Cortisol under serum 6ee conditions (2.4 fold cf basal, f 

<0.0001) was also further enhanced (4 fold cf basal, f <0.0001) as a consequence of co-

pre-treatment with lOOpU/ml insulin and 500nM Cortisol (figure 3.9b, page 169). 

Northern blot aralyses revealed parallel marked changes in 1 Ip-HSDl mRNA (Ggure 

3.10, page 170). Co-pne-treatment of JEG-3 cells with insulin and Cortisol did not fiulher 

change the increase in 11-DH activi^ induced by pre-treatmeot with 2pM cordsol alone 

(P = 0.528; n= 10) 

33.6 m Awww: fjWeKcf myoAWA » 

Pre-treatment of myoblasts with T3 (5 — 500pM) or GH (0.05 — 5nM) had no effect upon 

either 11 P-HSDl 11 -OR activity. In marked contrast however, pre-treatment of 

myoblasts with IGF-1 (50 - 200^ig/L) in the presence of 20% FCS resulted in a 

significant dose dependent decline in 11-OR activity ( f <0.02) v\^lst in the absemce of 

serum similar pre-treatment of myoblasts resulted in a dose dependent increase in 11 -OR 

activity (P <0.05) (Ggufe 3.11, page 171). However, 34k[ki 1 ip-HSDl immunoreactive 

protein was unaffected by pre-treatment with IGF-1. 11P-HSD2 11 -DH activity in JEG-

3 cells was unaf&ckd by pre-treatment vyith T3, GH and IGF-1. 
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Figure 3.8 The differential regulation of lip-hydroxysteroid dehydrogenase type 
I by insulin in human skeletal myoblasts is dependent upon serum factors: 
Kinetic and Western blot analyses of lip-HSD 1 in skeletal myobalsts revealed a dose 
dependent decrease in 11-oxoreducatse activity (a) which was paralleled by a dose 
dependent decline in 34kDa lip-HSDl immunoreactive protein (b) following pre-
treatment with insulin in the presence of 20% fetal calf serum (FCS). However, pre-
treatment of skeletal myoblasts with insulin in the absence of FCS was accompanied 
by a dose dependent increase in 11-oxoreducatse activity which was paralleled by a 
dose dependent increase in 34kDa 11|3-HSD1 immunoreactive protein (60|^g total cell 
protein/lane loaded onto the gel) (b) (the data are expressed as the mean ± SEM of 
triplicate analyses) 
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Figure 3.9 Regulation of lip-hydroxysteroid dehydrogenase 11-oxoreductase 
activity in human skeletal myoblasts by glucocorticoid & insulin in 
combination: (a) Co-pre-treatment of skeletal myoblasts with Cortisol and insulin in 
the presence of 20% fetal calf serum (FCS) attenuated the induction of llp-HSDI 
ll-oxoreductase activity effected by Cortisol alone, (b) In the absence of FCS, co-
pre-treatment of skeletal myoblasts with Cortisol and insulin induced a markedly 
greater increase in 11-oxoreductase activity than that which was effected by the same 
concentration of Cortisol alone (the data are expressed as mean ± SEM of triplicate 
analyses). 
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Figure 3.10 Regulation of lip-hydroxysteroid dehydrogenase mRNA expression in 
human skeletal myoblasts by glucocorticoid & insulin in combination: Serum 
removal resulted in a marked decline in llp-HSDl mRNA expression. However, under 
serum free conditions the addition of 200nM Cortisol to the growth medium resulted in a 
marked increase in lip-HSDl mRNA expression. In the absence of foetal calf serum, 
co-pre-treatment of skeletal myoblasts with Cortisol and insulin induced a markedly 
greater increase in lip-HSDl mRNA expression than that which was effected by the 
same concentration of Cortisol alone (the data are expressed as mean ± SEM of triplicate 
analyses using RNA pooled from three different flasks of human skeletal myoblasts ). 
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Figure 3.11 The differential regulation of lip-hydroxysteroid dehydrogenase type 
I by IGF-1 in human skeletal myoblasts is dependent upon serum factors: (a) 
analysis of lip-HSDl ll-oxoreducatse activity in human skeletal myobalsts revealed a 
dose dependent decrease in 11|3-HSD1 ll-oxoreducatse activity following pre-
treatment with IGF-1 in the presence of 20% foetal calf serum. However, pre-treatment 
of skeletal myoblasts with IGF-1 in the absence of foetal calf serum was accompanied 
by a dose dependent increase in ll-oxoreducatse activity, (b) However, pre-treatment of 
human skeletal myoblasts with IGF-1 either in presence or absence of foetal calf serum 
had no effect on 34kDa 11|3-HSD1 immunoreactive protein (90pg total cell protein/lane 
loaded onto the gel) (the data are expressed as the mean ± SEM of triplicate analyses) 
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33.7.1 f/j^^ffraag^fgrowf fkAyd^eggmme 0 y e 2 /i-oxorgdwcAKg acdw^; iw 

Afffmw f W e W myoAWA 6 f^regwfa^ff Ay fLY-^g owf TWFa 

Analyses of lip-HSDl activity in myoblasts subsequent to pre-treatment with ILl-p and 

TNFa (5-20ng/L) revealed a marked increase in 11|3-HSD1 11-OR activity which, in 

order to maintain the percent conversion of substrate to less than 50% necessitated that 

analysis of 1 ip-HSDl 11-OR activity was estimated &om the rate of conversion of 

cortisone to Cortisol over a period of 24 hours (cf 48 - 96 hours for previous 

e)q)eriments). In the presence of 20% PCS, 5ng/L ILl-p induced a 4 fold increase ( f 

<0.0001) in I ip-HSDl 11-OR activi^ which was enhanced subsequent to ]xe-treatment 

with higher concentrations of ILl-P (lOng/L) (figure 3.12a, page 174). Similarly, pre-

treatment of myoblasts with 5ng/L TNFa induced a 2.5 fold in increase ( f <0.0001) in 

11P-HSD I I I -OR activity imAich also increased with hig^r concemtmtions of TNFa 

(20ng/L). Pre-treatment of myoblasts with ILl-p and TNFa under serum free conditions 

was accompanied by more modest increases in 11 p-HSDl 11-OR activity than those 

observed in the presence of 20% FCS. However, compared with basal 1 ip-HSDl 11-OR 

activity ILl-P and TNF-a induced a relative increase in I ip-HSDl 11-OR under serum 

6ee conditions such that 5ng/L ILl -P induced a 4.9 Md increase(f <0.0001) in 11P-

HSDl 11-OR activity rising to a 6.2 fold increase ( f <0.0001) following pre-treatmmit 

with 20ng/L ILl-p, \\tilst 5ng/L TNFa induced a 3.9 6)ld ( f <0.0001) increase in 1 ip-

HSDl 11-OR activity rising to a 4.4 fold (Z' <0.0001) increase following pre-treatment 

with 20ng/L TNFa. Multiple kinetic analyses of 1 l|3-HSDl 11-OR activity in myoblasts 

subsequent to pre-treatment with 20ng/L TNFa compared with basal activi^ revealed a 

marked increase in Vmax whilst remained unalkred (apparent Km and Vmax under 

basal conditions = 476nM and 97pmol/mg protein/honr and 437nM and 46pmol/mg 

protein/hour in the presence and absence of 20% FCS respectively, Wiilst {g^e-treatment 

with 20ng/L TNFa resulted in an apparent Km and = 438nM and 4l7pmol/mg 
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protem/bour and 440nM and 370pmo]/mg ̂ otein/hour in the presence and absence of 

20% FCS). Semi-quantitative non-competitive RT-PCR and Western Mot analysis 

revealed parallel changes in 1 ip-HSDl mRNA and 34kDa immunoreactive protein 

(figure 3.12c/d, page 174). 

33.7.2 2 acfWifx w 

JEG-J ce&y 6 dliwwregKWa/ f y waf TTVFa 

Parallel analyses of 11P-HSD2 11-DH activity in JEG-3 cells revealed a statistically 

significant dose dependent dechne (y* <0.05) in 11P-HSD2 11-DH activity subsequent to 

pre-treatment with ILl-P and TNFa (50-200ng/L) (figure 3.13a, pa^ 175) vAiich was 

unaffected by removal of serum from the growth medium. However, Western blot 

analysis revealed no detectable change in 44kDa 11P-HSD2 immunoreactive protein 

(figure 3.13b). 

3.3.73 TVieAAgf 2 m 

adfwQ; M Awmaw fAefeAif myoA&MA « A y fL-2, 

orZL-7 

Pre-treatment of myoblasts and JEG-3 cells with IL-2, IL-6 and IL-7 had no detectable 

effect upon either 11-OR or 11-DH activity. 
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Figure 3.12 Regulation of llp-hydroxysteroid dehydrogenase in human skeletal 
myoblasts by IL-1(3 and TNFa: (a) Analysis of 11|3-HSD 1 activity in skeletal myoblasts 
following pre-treatment with IL-1(3 and TNFa in the presence and absence of 20% fetal 
calf serum revealed a dose dependent induction of 11-oxoreductase activity (the data are 
represented by the mean ± SEM of triplicate analyses) (b/c) Semi-quantitative non-
competitive RT-PCR analysis of skeletal myoblasts following pre-treatment with IL-ip 
and TNFa confirmed parallel dose dependent increases in lip-HSDl mRNA (d) Kinetic 
analysis of lip-HSDl activity in skeletal myoblasts (Hanes plot) revealed no significant 
change in the affinity (Km) of llp-HSDl for Cortisol following pre-treatment with IL-ip 
and TNFa. However pre-treatment with 20ng/L IL-ip or TNFa induced a significant 
(f<0.0001) increase in the maximum velocity (Vmax) of 11-oxoreductase activity (the data 
points are expressed as the mean ± SEM of triplicate analyses) 
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Figure 3.13 Regulation of lip-hydroxysteroid dehydrogenase in JEG-3 cells 
by IL-ip and TNFa: (a) Analysis of lip-HSD2 11-dehydrogenase activity in 
JEG-3 cells following pre-treatment with either IL-ip or TNFa in the presence of 
10% foetal calf serum revealed a dose dependent decline in 11P-HSD2 11-
dehydrogenase activity (b) However, Western blot analysis revealed that pre-
treatment of JEG-3 cells with IL-1|3 or TNFa had no effect upon 11|3-HSD2 
44kDa immunoreactive protein. Removal of serum from the growth medium did 
not significantly alter the cytokine-induced changes in 11P-HSD2 11-
dehydrogenase activity which were observed in the presence of serum. Pre-
treatment with either IGF-1 or growth hormone had no detectable effect upon 
11|3-HSD2 11-dehydrogenase activity (20pg total cell protein/lane loaded onto 
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Pre-treatment of myoblasts wiA DHE A (500nM) in the presence of 20% PCS was 

accompanied by a modest but significant decrease in 11 P-HSDl 11-OR acdvi^ (14% 

decrease, 7̂  < 0.05). However, changes in 11 P-HSDl 11 -OR activity as a consequence of 

pre-treatment wiA DHEA at concentrations below 500nM 6iled to achieve statistical 

significance (figure 3.14a, page 177). Moreover, Western blot analysis failed to reveal a 

decline in 34kDa immunoreactive protein following pre-treatment of myoblasts with 

DHEA (figure 3.14a). Pre-treatment of myoblast with the more potent androgens, 

testosterone and androstenedione at both physiological and supmphysiological 

concentrations (5 - 200nM), had no effect upon 11P-HSDI 11-OR activity. Removal of 

serum from the growth medium did not significantly alter the eGects of DHEA, 

testosterone or androstenedione. 
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Figure 3.14 Regulation of lip-hydroxysteroid dehydrogenase in human skeletal 
myoblasts by dehydroepiandrosterone, androstenedione and testosterone: (a) 
Analyses of 1 ip-HSDl 11-oxoreductase activity in human skeletal myoblasts following 
pre-treatment with dehydroepiandrosterone (DHEA) revealed a dose dependent decline 
in 11-oxoreducatse activity (b) however. Western blot analysis failed to reveal a parallel 
decline in lip-HSDl 34kDa immunoreactive protein (10|ig total cell protein/lane 
loaded onto the gel). Pre-treatment with either androstenedione or testosterone had no 
detectable effect upon lip-HSDl 11-oxoreductase activity (the data are represented by 
the mean ± SEM of triplicate analyses). 
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JEG-3 cells pre-treated wilh pro^sterone (5 - 5Q0nM) for 12 hours revealed no 

significant change in ] ] ̂ HSD2 11 -DH activity (500nM pnogesterone: f = 0.06, n = 10) 

whilst similar pre-trKitment with 17p-oestradiol in the presence of 10% PCS was 

accompanied by a statistically significant increase in 11P-HSD2 11 -DH activity only 

when the concentration of 17p-oestradiol exceeded 50nM (jxe-treatment of JEG-3 cells 

with 50nM 17|3-oestradiol resulted in a 27% increase in 11P-HSD2 11-DH activity, f 

<0.0001, n = 10). Lower concentrations of 17p-oestiadiol also aM)eared to increase 11(3-

H8D2 11-DH activity but the change in activity failed to reach statistical significance 

(figure 3.15a, page 179). Parallel experiments performed using serum 6ee growth 

medium revealed that pre-treatment of JEG-3 cells with 17p-oestradiol had similar 

effects iqx)n 1 lp-HSD2 11-DH activity, such that 50iA417p-oestradiol induced a 16% 

increase in 11 p-HSD2 11 -DH activity (/* <0.05) vAilst changes in 11P-HSD2 11 -DH 

activity at lower concentrations of 17p-oestradiol failed to reach significance. Co-pre-

treatment of JEG-3 cells with 17p-oestradiol (50nM) and progesterone (500nM) was 

accompanied by an increase in 1 lp-HSD2 11-DH which paralleled that observed in 

e)q)eriments where cells has been pre-treated with 50nM 17p-oestradiol alone. Western 

blot analysis revealed that changes in 11P-HSD2 11 -DH activity were paralleled by 

changes in 44kDa 11P-HSD2 immunoreactive protein (figure 3.15b, page 179). Pre-

treatment with LH, FSH, hCG and with the aixlrogens, testosterone, DHEA and 

androstendione had no effect upon 11P-HSD2 11-DH activily. 11 p-HSDl 11-OR activity 

in myoblasts was unaffected by pre-treatment with either 17j3-oestradiol or progesterone. 

- 178 



a 
160 

140 

1 120 

2 100 
o> 
I 80 
0 
1 

i 
8 20 

60 

40 

prog = progesterone 
17P-E2 = 17p-oestradioI 

basal InM 
17P-E2 

5nM 
17P-E; 

SOnM 
17P-E2 

SOnlVI 
prog 

lOOnM 
prog 

500nM 
prog 

SOnM 
17P-E2 + 
SOOnM 
prog 

44kDa 

basal InM 
17P-E2 

SOnM 
17P-E2 

Figure 3.15 Regulation of lip-hydroxysteroid dehydrogenase in JEG-3 cells by 17^-
oestradiol and progesterone: (a) Analysis of 11P-HSD2 11-dyhydrogenase activity and 
Western blot analyses of 11P-HSD2 44kDa immunoreactive protein in JEG-3 cells 
following pre-treatment with either 17P-oestradiol revealed an small but significant 
(P<0.001) increase in 11P-HSD2 11-dehydrogenase activity when cells were pre-treated 
with supra-physiological concentrations of 17p-oestradiol. Pre-treatment of JEG-cells 
with progesterone had no effect upon 11P-HSD2 11-dehydrogenase activity (the data are 
represented by the mean ± SEM of triplicate analyses). Co-pre-treatment of JEG-3 cells 
with 17P-oestradiol and progesterone had no effect upon the induction of 1 lp-HSD2 11-
dehydrogenase activity effected by 17p-oestradiol alone, (b) 17P-oestradiol dependent 
changes in lip-HSD2 11-dehydrogenase activity were paralleled by increases in l ip-
HSD2 44kDa immunoreactive protein (lOjiig total cell protein/lane loaded onto the gel). 
Removal of serum from the growth medium did not significantly alter the oestrogen-
induced changes in 11P-HSD2 11-dehydrogenase activity which were observed in the 
presence of serum. 
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3.4 Discussion 

3.4.1 mRAM arngf OMMUfMoreadivg 

/yrefem wiAwMawfAgkWwyoAAwA 

In common with previous studieŝ '"̂ '̂'̂ '̂̂ , morphological analysis of skeletal myoblasts 

&om the vastus lateralis of human male volunteers revealed greater than 99% 

proliferating myoblasts Wiich were capable of undergoing spontaneous and serum-

deprivation transformation to myotubes. However, in populations of cells that are at 

different stages of maturation, myotube formation is rarely uniform and thus cells in 

culture represent an heterogenous population of myoblasts and myotubes. Therefore, in 

this study, levels of I ip-HSDl expression and activity were measured exclusively in 

myoblasts in order to ensure uni&rmily of experimental conditions across a large number 

of tissue culture flasks. Immunohistochemical analysis of intact myoblasts revealed 

positive staining fbr 11 P-HSDl immunoreactive protein distributed throug^wut the 

cytoplasm. Importantly, this was co-localised with positive immunohistoclKmical 

staining fbr glucocorticoid receptor (See chapter 4). These observations lend strength to 

Ae hypothesis that 1 Ip-HSDl may play a role in the regulation of glucocorticoid 

sensitivity in skeletal muscle wtich represents an important glucocorticoid target 

tissuê '̂̂ ^̂ '̂ ^̂ .̂ Neither 11P-HSD2 mRNA, immunoreactive protein nor 11P-HSD2 11-

DH activity was detected in these cells and kinetic analysis of 11 p-HSDl 11 -OR activity 

in intact cells revealed an apparent Km and Vmax for cortisone of476nM and 94pmol/mg 

protein/hour and 437nM and 46pmol/mg {H ôteio/honr in the presence and absence of 

20% PCS respectively and are consistent with the cloned native 11()-HSD1 iso&rm 

These data are in agreement with the kinetic constants fbr 1 ip-HSDl reported in human 

hepatocytes (Km 6)r cortisone of 382nM) human adipose stromal cells (Km A)r 

cortisone of270nM) and human colonic lamina prô mia cells (Kg, fbr cortisone of 

500nM) Importantly, the discrepancies in kinetic constants repoited fbr 11 p-HSDl 

activity in human hepatocytes and adipose stromal cells compared with those reported in 

the present study may be a reflection of methodological dif&rences since the former 

studies calculated kinetic constants from Lineweavei/Burk transformations of Ae 

rectangular hyperbola obtained from empirical estimation of enzyme catalysed reactions. 
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vWiich are intrinsically less precise, and used [^-labelled substrate and TLC in order to 

estimate conversion of substrate to product. This latter methodology, whilst rapid, does 

not take account of metabolism of substrate by pathways other than by 11 P-HSDl and, 

as a consequence, the kinetic analyses rqx)rted in these studies are likely b) represent 

only an approximation of the kinetic constants for 11 P-HSDl in these cells. Moreover, 

human hepatocytes in culture are more accurately described as hepatic stellate cells and, 

as a consequence, 11 p-HSDl activity in these cells may not be considered to be truly 

representative of hepatic 1 ip-HSDl activity m 

3.4.2 WMmMworeaafyg 

In this study, 11P-HSD activity in both intact JEG-3 cells and homogenates was 

expressed exclusively as a h i ^ affinity NAD^ dependent 11-dehydrogenase. Kinetic 

analysis of 11P-HSD2 activity in intact cells revealed apparent Km and for cordsol 

of 44nM and I47pmol/mg protein/how respectively. These data are in agreement with 

the kinetic constants for 11P-HSD2 reported in human kidney (K^ and for Cortisol 

of 60nM and 1 lOpmol/mg px)tein/hour respectively) and placenta (Km and VmR, for 

Cortisol of 55nM and 300pmol/mg protein/hour respectively)̂ ^^ l̂ Moreover, RT-PCR 

and Western blot analysis confirmed the presence of 11P-HSD2 but not 11P-HSDI 

mRNA and immunoreactive protein in these cells. The discrepancy between apparent Km 

for intact cells and homogenates (Km = 44nM and 80nM respectively), vAiilst not 

inconsistent with ;»evious reportŝ ^̂ ^̂ , may be attributed to minor differences in 

experimental kinetic analysis since conversion of Cortisol to cortisone in cell 

homogenates was necessarily small resulting in relatively greater imprecision in 

quantificatioii Nevertheless, Ae variation in 11(3-HSD2 kinetic constants reported in 

previous studies using cell homogenateŝ "̂ ^̂ ^ may be a reflection of melhodological 

artifact since these investigations employed relatively large concentrations of added co-

factor and relied upon accurate measurement of Ae conversion of [^-labelled substrate 

by TLC. Moreover, the concentration of [^-labelled substrate in these studies was 

necessarily at concentrations which were several orders of magnitude below the Km 11 p-
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HSD2 and, to date, there are no data Wiich confirm that [^-labelled Cortisol or 

corticosterone undergo catalysis by isofbrms of I ip-HSD in a manner analogous with 

native steroid. 

The existence of a high afKnily NADP^ dependent 11-DH, termed 1 ip-HSDS, has been 

suggested by contemporary studies of Cortisol metabolism in JEG-3 cell homogenates to 

which apgiropriate cofactors had been added̂ ^̂ l̂ Nevertheless, in the study reported 

herein, NADP^ dependent conversion of Cortisol to cortisone, suggestive of 11P-HSD3 

activity, was not observed. Importantly, Ae detection of 11P-HSD3 activity has not been 

confirmed in these or oAer cells, neither has Ais iso6)rm yet been cloned. 

Immunohistochemical analysis of JEG-3 cells revealed 11P-HSD2 immunoreactive 

protein distributed predominantly in the cytoplasm immediately surrounding the nucleus 

with some positive staining within the nucleus itself This conArms the findings of 

previous studieŝ "̂ ^̂ ^ which reported NAD^ dependent 1 ip-HSDl activi^ in the nuclear 

Action of JEG-3 cell homogenates equivalent with that measured in the mitochondrial 

fraction. The role of 1IP-HSD2 in the nucleus of these cells has been neglected in the 

literature. However, localisation of 11P-HSD2 to the nuclear compartment has been 

reported in other tissues including the luminal and glandular epitheha of human 

endometrial celW"̂ ^̂ , human cortical collecting ducts and human colon̂ ^̂ '̂ '̂ ^̂ l In 

classical mineralocordcoid target tissues the mineralocorticoid receptor may be 

distributed, unbound to ligand, to both the nuclear and cytoplasmic cmnpartments. Thus 

in these tissues, the presence of 11P-HSD2 activity in the nuclear compartment is not 

inconsistent with the proposed role of 11P-HSD2 as an efGcient guardian of the 

mineralocorticoid receptor, preventing activation by cortisol̂ '̂̂ ^ l̂ However, JEG-3 

cells, a model of trophoblastic tissue, are not generally considered to represent classical 

mineralocorticoid target tissue and thus the role of 11P-HSD2 in the nuclear 

compartment in these cells remains unclear. 
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3.43 Afyowwaf rggw&ifMM dk ĝfno|̂ a:ayg w gg^cW 

af A /yw^frawAa&ywa/ Waf 

Investigations of the substrate specificity of ia)A)rms of 1 ip-HSD have revealed a 

spectrum of steroid substrates 6 r these enzymes, some of which were capable of 

competitive inhibition of enzyme activity (reviewed by Monder However, in the 

study reported herein, kinetic analyses were performed following the removal of growth 

medium containing the potent regulators of isofbrms of 11P-HSD to which ± e cells had 

been previously exposed. Thus, in this study, changes in enzyme activity as a 

consequence of exposure to steroid and peptide hormones, was independent of possible 

competitive inhibition and presumably would have been dictated by transcriptional or 

transladonal regulation of aizyme expression. Indeed, throu^out this study, most 

kinetic, NorAem and Western blot analyses revealed parallel changes in 1 Ip-HSD 

activity, mRNA e^qwession and immunoreactive protein. Moreover, multijide kinetic 

analyses of 1 ip-HSDI in skeletal myoblasts and 11P-HSD2 in JEG-3 cells revealed that 

increases or decreases in enzyme activity were rejected in parallel changes in the 

maximum velocity of the enzyme catalysed reaction (Vn^x), Wiilst the afBnity (Km) of 

the enzyme 6)r its substrate renmined unaltered. These observations are consistent with 

the pre-transladonal regulation of the quantity of functional 11P-HSD protein in these 

cells. 

3.4.4 Awmaw fAefeW 

Recent studies have provided evidence for the pre-translational regulation of 11P-HSD 

by glucocorticoids Wiich is both iso6)rm and tissue speci6c '̂̂ ^ '̂̂ '̂'̂ l̂ FurAermore, 

changes in the pattern of cordsol metabolism and excretion in conditions of cordsol 

excess such as the ectopic ACTH syndrome and Cushing's syndrome have given rise to 

speculation that elevated levels of ACTH or ACTH-dependent steroids may result in the 

dysregulation of isofbrms of 11P-HSD '̂̂ .̂ 
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In common with investigations of 1 ip-HSD activity in rat tissueŝ ^^^ and human kidney 

sliceŝ '*^^ Ais study demonstrated that ACTH are does not regulate 11 p-HSDl in 

liumamidkeletal ]nTy{dbIastsor lI|3-R[SlD2inJTS(}-3 ceJls. l̂ uTtheaTiKyre, (xfllwesMhanawi 

precursors of Cortisol and aldosterone biosynthesis examined in this study, none had any 

detectable eGect upon the acdvi^ of 11P-HSD in skeletal myoblasts or JEG-3 cells. This 

is in marked contrast with previous studies Wiich demonstrated inhibition of 11P-HSD2 

activi^ in human kidney slices by corticosterone and 18-hydroxycorticosterone^^^ .̂ 

However, these experiments were perfbmied under conditions likely to reflect 

competitive inhibition of IIP-HSD2 activity which, by extrapolation to the kidney 

vfvo, lends support to 6 e hypothesis that inhibition of renal 11P-HSD2 activity by 

ACTH-dependent steroids may underlie the changes in the pattern of urinary steroid 

excretion observed in patients with the ectopic ACTH syndiome^^^ (discussed in the 

introduction to this thesis). 

Previous studies of 11P-HSDI activity have reported the glucocorticoid-dependent 

induction of lip-HSDl in a spectrum of human and animal tissues and cells in 

culture^^^^^*^ ̂ ^ ^ . In Ais study, pre4reatment of skeletal myoblasts with 

physiological concentrations of glucocorticoid induced a dose dependait increase in 11 ̂  

HSDl 11-oxoreducatse activity, mRNA and immunoreactive protein. These observations 

provide evidence for the pie-translational induction of 1 ip-HSDl gene expression by 

Cortisol in these cells. Moreover, co-pre-treatment of skeletal myoblasts with the GR 

antagonist, RU38486, abolished the glucocordcoid-induced increase in I ip-HSDl 

mRNA, immunoreactive protein and 11-OR activity, suggesting that the induction of 

1 ip-HSDl by Cortisol is mediated throu^ activation of the GR. Importantly, pre-

treatment of skeletal myoblasts with cortisone, which is generally considered to be 

biologically inactive, also resulted in the induction of 11 p-HSDl mRNA, 

immunoreactive protein and 11-OR activi^. However, when cells were co-pie-treated 

with cortisone and equimolar concentrations of carbenoxolone, an inhibitor of both 

isofbrms of 1 ip-HSD, the induction of 11 P-HSDl 11-OR activity effected by cortisone 

alone was abolished. Importantly, 11 p-HSDI 11-OR activity in skeletal myoblasts was 
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unaffected by pre-treatment with carbenoxolone alone. These observations suggest that 

induction of 1 Ip-HSDl 11-OR activity by cortisone is dependent upon the conversion of 

cortisone to cordsol. This represents the 'autoregulation' of 11 P-HSDl by the products 

of its own catalytic activi^, a phenomenon Wuch, //z v/vo, would have the efkct of 

amplif^g glucocorticoid hormone action by increasing the intracellular concentration of 

available Cortisol. Similar observations have also been recently reported from studies of 

human adipose stromal cells in which indiK^on of 11 P-HSDl 11-OR activity was noted 

following incubation with cortisone but was abolished by co-incubation with 

carbenoxolone and cortisone^^^l These data support the hypothesis in favour of the 

existence of a mechanism of glucocorticoid receptor-mediated up-regulation of 11 p-

HSDl 11-OR activity v&ich is the direct consequence of the catalytic conversion of 

cortisone to Cortisol by 11 P-HSDl itself Importantly the concentrations of Cortisol used 

in this stu(^ were equival^t with those found in the general circulation and thus 

represent Cortisol levels to lAiiich tissues may be exposed throughout the course of a 

normal 24 hour period. 

It is widely accepted that 11 p-HSDI plays a significant role in the maintenance of tissue 

sensitivity to glucocorticoid by modulating the accessibility of active glucocorticoid to 

the glucocorticoid receptor. Thus, g^ucocorticoid-dependent induction of 11 P-HSDl, 

mediated through activation of the glucocorticoid receptor, has the potential to increase 

the intracellular availability of active glucocorticoid which, in the absence of counter-

regulatory mechanisms, would be likely to increase tissue sensitivity to glucocorticoid. 

The significance of this phenomenon in the aetiology of human disease is the subject of 

further investigations in chapter 4 of this thesis. 

Removal of foetal calf serum 6om the medium in which skeletal myoblasts were grown 

induced a marked decline in 1 ip-HSDl 11-OR activity under basal conditions. However, 

pre-treatment of skeletal myoblasts with either Cortisol or cortisone under conditions of 

serum depwrivation resulted in a 2-3 fold greater induction of 11 P-HSDl I l-OR activity 

than that which was observed following pre-treatment wiA Cortisol or cortisone in the 

presence of serum. Whilst these latter observations confirm the Bndings of previous 
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investigations of 1 ip-HSDl activity in skin fibroblastŝ '̂ '̂̂ ,̂ there is no clear evidence of a 

mechanism to explain the eflects of serum removal upon the regulation of lip-HSDl by 

glucocorticoid. Indeed, serum removal also reduces the level of GR expression in these 

celW^^^ which might be predicted to result in a reduction in glucocorticoid sensitivity 

which would inhibit the glucocorticoid-induced up-regulation of I ip-HSDl expression, 

hnportantly, foetal calf serum comprises a complex mixture of binding proteins, growth 

fwtors, cytokines and hormones which may serve as independent regulators of enzyme 

activi^ in cells in culture. Thus, in this study, oqieriments were performed both in Ae 

presence and absence of foetal calf serum in order to highlight and overcome the 

confounding effects of enzyme regulation by serum components of the growth medium. 

Kinetic and Western blot analysis of 11P-HSD2 in JEG-3 cells following pre-treatment 

with Cortisol at concentrations 2-3 fold those normally detected in the circulation 

revealed a dose dependent increase in 11P-HSD2 11 -DH activity Wiich was paralleled 

by changes in 11P-HSD2 immunoreactive protein. These observations are in agreement 

with reports of similar findings in e3q)lant cultures of rat distal colon̂ ^̂ l̂ However, 

following pre-treated with concentrations of Cortisol equivalent with those in the general 

circulation, 1IP-HSD2 11-DH activity in JEG-3 cells remained unchanged. Interestingly, 

co-pre-treatment of JEG-3 cells widi Cortisol and the glucocorticoid recep^r antagonist, 

RU38486, did not attenuate Ae induction of 11P-HSD2 activity and immunoreactive 

protein effected by Cortisol alone. This is in agreement with observations of 

glucocorticoid induction of 1IP-HSD2 activity in the Ishikawa endometrial cell linê ^̂ .̂ 

Whilst speculative, these observations may be explained upon the basis that the 

glucocorticoid-mediated induction of I lp-HSD2 in JEG-3 cells is mediated by some 

unknown mechanism other than through the GR. Alternatively, these observations may 

be a reflection of the use of too low a concentration of RU38486. Importantly, pre-

treatment of JEG-3 cells with cortisone at concentrations had no effect iqwn 11P-

HSD2 I l-DH activity. Together, these data support the hypothesis Aat induction of I ip-

HSDl expression in skeletal myoblasts by cortisone occurs as a consequence of the 

conversion of cortisone to Cortisol by 1 ip-HSDI itself 
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The observation that central obesitŷ ^̂ '̂ ^̂ ^ and insulin resistancê ^^ '̂̂ ^ are Aequendy 

associated with glucocorticoid excess has prompted considerable interest in the 

relationship between gliKxxx)rticoids and insulin. Moreover, evidence fbr ± e regulation 

of isoArms of 11P-HSD by insulin^^'^' U4:>o,44.c,46i] a j j e j to Ae growing debate 

surrounding the mle of I ip-HSD in (he development of glucocordcoid-dqiendent insulin 

resistancê ^̂ ^̂  

In this study, pre-treatment of skeletal myoblasts with insulin, in the presence of 20% 

6)etal calf serum, induced a dose dependent decline in 11 p-HSDl 1 l-OR activity and 

11 p-HSDI 34kDa immunoreactive protein. These observations are in agreement with 

previous reports Vi^ch describe an insulin induced decline in 11 p-HSDl 11-OR activity 

and mRNA expression in rat hepatic 2S FAZA cells^^^ and primary cultures of rat 

hepatocytes^^ '̂l However, in contemporary studies of I ip-HSDl activity in human 

adipose stromal celW^^ and explant cultures of rat distal colon̂ '*̂ ^̂  insulin was observed 

to have no effect upon 1 Ip-HSDl activity. These observations suggest that the regulation 

of 1 ip-HSDl by insulin is cell-type specific and that the evidence to date hig^ig^ts a 

role for insulin regulation of 1 ip-HSDl in tissues that are important targets for the action 

of both insulin and glucocorticoid. 

In conditions such as non-insulin dependent diabetes melitus (NIDDM) and the 

metabolic syndrome the principal sites of insulin resistance are recognised to be skeletal 

muscle not least because it rep«esenls 25-40% of adult body mass'̂ ^^^ l̂ Since 

glucocorticoids are potent antagonists of insulin action̂ ^̂ ^̂  and 1 ip-HSDl serves to 

regenerate Cortisol from cortisone, it is likely that the sensitive down-regulation of 11P-

HSDl by insulin in insulin target tissue represents an important legulatoiy mechanism 

underlying the maintenance of tissue insulin saisitivity. Indeed, v ^ n skeletal myoblasts 

were pre-treated with insulin and glucocorticoid in combination in the presence of 6etal 

calf serum, the induction of 11P-HSD1 11 -OR activity effected by glucocorticoid alone 
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was markedly altenuated. These observations suggest that in skeletal myoblasts, down 

regulation of 11P-HSD I I I -OR activity by insulin antagonises the induction of 11P-

HSDl 11 -OR activity by Cortisol. Thus, in these cells under normal circumstances, 

glucocordcoid-mediated induction of 11 ̂ HSDI may be balanced a counter-

regulatoiy inhibition of 1 ip-HSDl expression by insulin. In normal physiology this may 

be predicted to maintain levels of intracellular cwdsol below those vAiich would 

otherwise induce insulin resistance in these ceUs. It is likely, however, Aat these effects 

are tissue specific since incubation of 3T3-F442A and 3T3-L1 adipocyteŝ '̂ ]̂ and human 

adipose stromal cellŝ '̂'̂  with insulin and glucocorticoid alone and in combination 

appears to induce lip-HSDl activity and thus ampli^ glucocorticoid hormone action in 

these cells. 

In malted contrast with the observations made when skeletal myoblasts were pre-treated 

with insulin in the presence of foetal calf serum, pre-treatment of these cells with insulin 

under serum 6ee conditions induced a dose dependent incnsase in 34kDa 

immunoreactive protein and 1 ip-HSDl 11-OR activity. This is in contradiction with 

previous reports of a decline in 11 P-HSDl 11 -OR activity in skin fibroblasts following 

incubation wiA insulin under serum 6ee conditionŝ ^^ .̂ Moreover co-pre-treatment of 

skeletal myoblasts with insulin and glucocorticoid in combination, under serum free 

conditions, induced a marked increase in 1 ip-HSDl mRNA, 34kDa immunoreactive 

protein and 11-OR activity Wiich was greater than the sum of the induction observed 

following pre-treatment of these cells with either glucocorticoid or insulin alone. Whilst 

the a{^)aiently contradictory observations of 11 P-HSDl activity in skeletal myoblasts and 

skin fibroblasts may be obtained on the basis of the tissue specific regulation of 1 ip-

HSDl by insulin, there is as yet no clear explanation for the opposite eflect of serum 

removal on the insulin-dependent regulation of 1 ip-HSDl in these cells. 

In contrast with 11P-HSDI, there have been very few investigations of the regulation of 

11P-HSD2 by insulin. In this study, insulin had no detectable effect upon 11P-HSD2 

activity in JEG-3 cells. This in contrast with previous investigations of the streptozocinr 
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induced insulin dependent diabetic rat in which administration of insulin increases renal 

I ip-HSD2 activitŷ *̂̂ . Nevertheless, these effects may be tissue or cell-type specific and 

the insulin-induced up-reguladon of renal 11P-HSD2 11-DH activity observed in the rat 

model may re]%esent a mechanism for accelerated metabolic durance of glucocorticoid 

Wiich is paralleled by an insulin-induced decrease in 11 P-HSDl 11-OR activity in 

insulin target tissue. Whilst the former mechanism reduces circulating levels of 

glucocorticoid the latkr reduce intracdlular levels of glucocorticoid and thus both 

mechanisms may serve to reduce levels of glucocorticoid hormone action and preserve 

insulin sensitivi^ in insulin target tissues. However, these observations come fî om 

pharmacologically induced insulin dependent diabetes mellitus in the rat and may not 

truly reflect glucocorticoid metabolism in insulin dependent diabetes mellitus man. 

3.4.6 m fAgfgfig/ 

am/ ce/k f y groWk Aormwwg am/ 

The m vĥ o investigation of hectic 1 ip-HSDl has revealed evidence for the indirect 

down-regulation of 1 l^HSDl in this tissue by growA hormonê '̂ '̂̂ '*'̂ '̂̂ .̂ To date 

there have beai 6 w reports of the regulation of 1 ip-HSD by growth hormone in tissues 

other than those of hepatic or renal origin"^ '̂̂ '̂̂ ' However, growth hormone had no 

detectable eHect upon either I ip-HSDl in skeletal myoblasts or 1 ip-HSD2 in JEG-3 

cells even when t k cells were eqiosed to supraphysiological concentrations of growth 

hormone. 

The metabolic effects of growth hormone are varied but include the mobilisation of fatty 

acids &om triacylglycerols in adipose tissue and the stimulation of hepatic 

glycogenolysis. However, nmny of Aese ef&cts are mediated by the insulin-like growA 

Actors, IGF-1 and IGF-2 which are ^nthesised and secreted by the liver in response to 

growth hormone. In this study, pre-treatment of skeletal myoblasts with IGF-1 in the 

presence and absence of 20% foetal calf serum resulted in changes in 11 p-HSDl 11 -OR 

activity and 11 P-HSDl 34kDa immunoreactive protein wiuch mirrored Aose observed 

when the cells were pie-treated with insulin under similar conditions. In common with 
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observations made earlier in this study of the regulation of 11P-HSD by insulin, IGF-1 

had no detectable eflect upon 1 lp-HSD2 activity in JEG-3 cells. 

Evidence from previous m vfwo studies in humans and rats has supported the hypothesis 

Aat growth hormone inhibits both hepatic 11 P-HSDl and renal 11P-HSD2 

activity^ '̂ i.40).406| ^ of IGF-1 in the regulation of iso&rms of 1 Ip-HSD 

has not been addressed and data 6om this study implies Aat such regulation of this 

enzyme by growth hormone occurs indirectly and may be mediated through the action of 

IGF-1. Indeed, evidence in support of an indirect effect of growth hormone upon 11 p-

HSD activity comes from studies of gender difkrences in lip-HSD activi^ in growdi 

hormone deficient ratŝ ^^ and in human subjects wiA hypopituitarisms^^ These studies 

have demonstrated that in the female, w v/w growth hormone secretion is constant and 

tends to inhibit hepatic 1 Ip-HSDl expression Wiilst the male pattern of growth hormone 

secretion is pulsatile and has no effect upon hepatic 11 p-HSDl. However, Albiston ef 

showed that the regulation of 11P-HSDI by growth hormone in the fianale rat may 

be dependent upon levels oestrogen. Indeed, a madced relationship between hepatic l ip-

HSDl activity and levels of android and gynoid fat has been reported in hypopituitaiy 

patientŝ '̂ '̂ l 

3.4.7 w: Awmam 

The anti-inflammatoiy properties of glucocorticoids are ef&cted as a consequence of the 

inhibition of key mediators of the immune response. Thus, Cortisol inhibits the secretion 

of IL-1 which reduces the stimulation of CD4^ monocytes and IL-2 receptor expression. 

This, in turn also diminishes the synthesis and secretion of IL-2 in CD4^ and CD8^ cells 

and impairs lymjpAocyte prolif^tion^^^. This cascade of events is dependent upon the 

level of glucocorticoid hormone action at sites of inflammation, i ^ c h is itself dependent 

upon intracellular levels of active glucocorticoid and levels of functional This 

has led to suggestions that local conversion of cortisone to Cortisol by 11P-HSDI is a key 

determinant of the extent of inflammation at sites of tissue injury^^l 
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Recent v/A-o investigations of I ip-HSDl activity have revealed evidence for the 

paracrine regulation of this enzyme by the pro-inflammatory cytokines, IL-ip and TNF-

a, vWiich are synthesised and secreted at sites of tissue inflammation^^l In common 

with these earlier studies, pwe-treatment of skeletal myoblasts with concentrations of IL-

1P and TNF-a equivalent to those found in the general circulation resulted in a 5-fbld 

increase in 1IP-HSDI 11-OR activity. These observations suggest that in skeletal muscle 

tissue, induction of 11 ̂ HSDl 11 -OR activity by this mechanism would be predicted to 

be accompanied by an increase in intracellular levels of Cortisol as a consequence of Ae 

local conversion of cortisone to cordsol. Moreover, in the absence of counter-regulatoiy 

mechanisms, higher intracellular levels of Cortisol would result in an increase in 

glucocorticoid hormone action which would be accompanied by a decrease in local 

inflammation. Thus, while speculative, the sensitive up-regulation of 1 ip-HSDl 11-OR 

activity by IL-lp and TNF-o, in skeletal muscle may re^xesent an important mechanism 

underlying 6 e tig)it control of local inflammation and muscle tissue repair following 

injury or infectious insult 

In addition to the role of promoting the intracellular regeneration of Cortisol from 

cortisone throu^ up-reguladon of 11 P-HSDl, circulating levels of IL-1P may also 

stimulate the release of CRH from the hypothalamus^^^ and ACTH from Ae 

pituitaiy^^ .̂ Indeed, during episode of infectious insult, IL-1 p is believed to excite an 

increase in hypothalamic-pituitaiy responsiveness to both endogenous and exogenous 

stimulation which results in an increase in glucocorticoid secretion which in turn 

ameliorates the metabolic stress induced by inkctious challenge^^l 

In this study IL-1 P and TNF-a induced a small, but significant decline in 11P-HSD2 11-

DH activity in JEG-3 cells. Whilst the concentration of IL-1 P and TNF-a required to 

induce the down-regulation of 11P-HSD2 11 -DH activity in these cells was an order of 

magnitude greater than that required to up-regulate 1 ip-HSDl 11-OR activity in skeletal 

myoblasts it must be remembered that the degree of regulation of I ip-HSD is isofbrm 

specif c and is likely to be dependent upon the expression of appropriate signalling 

- 1 9 1 -



pathways. Thus, if renal 11P-HSD2 activity is regulated by IL-ip and TNF-a in a similar 

manner to that observed in JEG-3 cells, this may represent a mechanism which results in 

a reduction in the metabNic clearance of cordsol. The combined evidence ibr increased 

hypothalamic-pituitary-adrenal activity, sensitive up-regulation of 11 ̂ -HSDl and down-

regulation of renal 11P-HSD2 as a consequence of exposure to IL-ip lend support to the 

hypoAesis that these phenomena represent an auto-regulatory mechanism in order to 

limit the extent of the inflammatory response. 

Recent investigations have reported a marked increase in circulating levels of TNF-a in 

obese patients and in patients with NTDDM. Moreover, these studies have also revealed 

that serum levels of TNFa correlate with hyperinsulinaemia and decreased insulin 

sensitivity^^^^^ and that in obesity, TNFa is over-eiqaressed not only by adipose tissw 

but also by skeletal mua)letissuê '̂ °̂'̂ '̂l Furthermore, serum levels of TNFa fall and 

insulin sensitivity increases as a consequence of dietary and pharmacological treatment 

ofobesity^'^'^^l 

The mechanism of TNFa induced insulin resistance is complex but is thought to involve 

down regulation of GLUT-4 gene ê qpression thereby decreasing insulin-stimulated 

glucose transport̂ ^̂ ^̂ . TNFa also exerts direct ejects upon insulin receptor signalling by 

inhibition of insulin receptor ̂ rosine kinase through increased phsophorylation of 

insulin-receptor substrate-l From the observations made in this study, it is possible 

to speculate that the paracrine, or indeed intracrine, induction of lip-HSDl in muscle 

tissue by TNFa may contribute to the insulin resistance of obesity as a consequence of 

increased intracellular levels of glucocorticoid and thus increased levels of glucocorticoid 

hormone action. Furthermore, by analogy wiA AME, down-regulation of renal 1 ip-

HSD2 activity by TNFa in obesity derived insulin resistance may account for the 

hypertension which fi^uently accompanies obesity, NIDDM and the metabolic 

syndrome. 
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3.4.8 ^Aydrot̂ ernKg m A«»MM fAefgAif 

wyoAAwA f y f^roRg 

Indirect evidence A)r the regulation of 1 Ip-HSD by androgens has come 6om studies of 

the sexually dimorphic expression of isoArms of 11 p-HSD in the rat̂ '̂  '̂ '̂ , in 

and in the mousê ^̂ l̂ Most of these studies imply that m v/vo regulation of I l^-HSD 

occurs as a consequence of the potent androgenic efkcts of testosterone, hi the present 

study, pre-treatment of skeletal myoblast and JEG-3 cells with a range of concentrations 

of the potent androgens, androstenedione and testosterone, bad no detectable efG:ct upon 

1 ip-HSDl 11-OR activity or 11P-HSD2 11-DH activity. However, exposure to DHEA, a 

relatively week androgen, significantly attenuated 11 P-HSDl 11-OR activity in skeletal 

myoblasts but had no detectable efkct iqwn 1 lp-HSD2 11-DH activity in JEG-3 cells. 

These observations coirGrm previous reports of a DHEA-dependent decline in hepatic 

I ip-HSDl in spontaneously hypertensive rats following treatment with DHEA-

sulphatê '̂ ^̂ l However, DHEA-sulphate treaW rats showed a marked increase in renal 

11P-HSD2 activity. Nevertheless, the difference between the observations made by 

Homma e/ and those made of 11P-HSD2 activity in JEG-3 cells in the study 

reported in this thesis may reflect differences in species and cell-type specific regulation 

of 11P-HSD2 by DHEA. Furthermore, the observations of Homma ef suggest Hiat 

the activity of hepatic steroid sulphatases may also play a significant role in mediating 

the effects of administered DHEA-sulphate on 11 p-HSDl activity. This leads to the 

intriguing possibility that despite the relatively low levels of DHEA in the general 

circulation, enzymatic de-sulphation of DHEA-sulphate, vAich circulates at ̂ miolar 

concentrations, by steroid-sulphatase activity may play a role in the tissue specific 

regulation of isofbrms of 1 ip-HSD activity in a variety of tissues. Moreover, recent 

reports have suggested that the age relaW decline in DHEA-sulpWe levels is associated 

with an increased risk of cardiovascular disease and insulin resistance^^^^^. However, 

to date, there is no evidence 6)r age related changes in 1 ip-HSDl activi^ in man. 

Importantly in this study, the failure of androstenedione and testoskrone to effect the 

regulation of 1 Ip-HSDl 11-OR activity in skeletal myoblasts suggests that regulation of 
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11 P-HSDl by DHEA is not mediated by the androgen receptor and the mechanism 

underlying the regulation of 1 Ip-HSDI by DHEA awaits explanation. Interestingly, in 

contrast with the DHEA-dependent decline in 11 P-HSDl 11-OR activity. Western blot 

analysis &iled to detect a decline in 1 ip-HSDl 34kDa immunoreactive protein. These 

observations suggest that down-regulation of I ip-HSDl activity following e:q)osure to 

DHEA in skeletal myoblasts may be dependent upon post-translatioml modiScation of 

IIP-HSDI proteirL Indeed, peptide sequence studies have revealed two possible TSf-

glycosylation sites in the cloned rat lip-HSDl at}i203 andTS1158 and inhibition of 

g^ycosylation using tunicamycin in a vaccinia virus expression system results in partial 

inhibition of 1 ip-HSDl Il-DH activity but does not aflect lip-HSDl 11-OR activity^^l 

Moreover site directed mutagenesis of the two glycosyladon sites in Chinese hamster 

ovary cells have shown that modification of the first site decreases 1 ip-HSDl 11-DH 

and 11-OR activity by 25% and 50% respectively whilst mutation of the second site 

results in complete abolition of catalytic activity[144]. These data suggest that N-

glycosylation is required for 1 Ip-HSDl activity in the rat. However, there is no evidence 

that N-glycosylation is required for human 11 g-HSDl activity. In contrast, human 11 p-

HSD2 contains only one possible N-glycosylation site. However, Western blot aimlyses 

have revealed contradictory evidence diat human 11P-HSD2 is N-glycosylated m 
^ 2̂42,454,4781 

3.4.9 2 in ./EG-J cefk ̂  

In common with previous investigations of the regulation of 1IP-HSD2 in the rat̂ ™̂̂  and 

baboon̂ ^̂ ^̂ , in this study, pre-treatment of JEG-3 cells with 17p-oestiadiol resulted in an 

increase in 1 lp-HSD2 activity. However, recent studies of 11P-HSD2 1 l-DH activity in 

term placenta, indicate that 17p-oestradiol decreases the expression of 11P-HSD2 11 -DH 

activity and that Ais efkct was enhanced by progesterone in a dose dependent 

manner̂ ^̂ .̂ In contrast, in die present study, pre-treatment of JEG-3 cells with 

progesterone had no detectable efkct on I ip-HSD2 activity whilst co-pre-treatment of 

JEG-3 cells with 17P-oestradio]. Moreover, co-pre-treatment of JEG-3 cells with 17(3-
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oestradiol and progesterone in combination did not alter the induction of 11P-HSD2 

efkcted by 17p-oestiadiol alone. 

1 Ip-HSDl 11-OR activity in skeletal myoblasts was unaffected by pre-treatment with 

either 17P-oestradiol or progesterone. This is in madced contrast with reports that 

describe the inhibition of hepatic 1 ip-HSDl by progesterone^ However, Ricketts gf 

reported inhibition of 1 ip-HSDl 11-OR activity but no ef&ct upon 1 ip-HSDl 

mRNA expression in rat and human hepatocyte cultures. Thus the decline in 1 ip-HSDl 

11-OR activity observed in the study reported by Ricketts ef may be a consequence 

of competitive inhibition of I ip-HSDI 11-OR activity by progesterone rather than pre-

translational regulation of 1 Ip-HSDl gene expression. 

Earlier m vifro and m v/vo investigations of 1 ip-HSD activity in JEG-3 cells and in the 

^1.̂ 2.479] provided evidence for the competitive inhibition of both 11 p-HSDl and 

11P-HSD2 by 11 -hydroxy-metabolites of progesterone. Analysis of foetal blood has 

revealed high levels of the 11-hydroxy-metabolites of pro^sterone at term^^^ and 

competitive inhibition of placental 11P-HSD2 may explain, at least in part, the net 

change in the direction of cortisolicortisone interconversion throughout the period of 

gestation. Moreover, these observations suggest that, in addition to the pre-transladonal 

regulation of 11P-HSD2 by ]7p-oestradiol, c(Mnpetitive inhibition of isofbrms of 1 ip-

HSD m vfvo either by progesterone itself or by its metabolites may contribute to the 

sexual dimorphism of 1 ip-HSD activity^*^l 

3.4.10 

This study has revealed for the first time, the constitutive expression and pre-translational 

regulation of 11 p-HSDl in skeletal myoblasts by a broad spectrum of steroid aiW peptide 

hormones. Similarly, this study has also demonstrated the ;»^e-translational regulation of 

11P-HSD2 in JEG-3 cells, a model of trophoblastic tissue. However, many of the 

observations made in this chapter have also served to hig^iglit the intimate relationship 

between the tissue-speciSc hormonal regulation of isofbrms of 11 p-HSD and Ae 
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homeostatic regulation of the intermediate metabolism of carbohydrate through the 

regulation of tissue sensitivity to glucocorticoid. These data support hypothesis that 

glucocorticoid antagonism of insulin action may represent a common aetiology 

underlying the metabohc syndrome and the insulin resistance of NIDDM. 

Skeletal muscle represents one of the principal target tissues for insulin stimulated 

glucose uptake and disposal and may conqmse as much as 40% of total body mass in the 

adult human male. Thus, chapter 4 of Ais thesis describes tlK analysis of m vrfm 11P-

HSDl and glucocorticoid receptor exp^ssion in human skeletal myoblasts, and their 

relationship to the regulation of tissue sensidvi^ to glucocorticoid and m vA'o insulin 

resistance, in a cohort of male volunteers with contrasting levels of insulin resistance 

and adiposity. 

1 9 6 -



()][ ]LlL|3l]ryidLî [K3[]fT;txEHPi]dw[l 

dehydrogenase: its role in the metabolic syndrome 

l . l . l <j%kf(%»cx%r*&c%»adk dUMwf i&maMwjtRinesislkaMwsg 

The metabolic, or insulin resistance syndrome, characterised by glucose intolerance, 

hyperinsulinaemia, dyslipidaemia and hypertension, constitutes a spectrum of clinical 

Matures which are Aequently associated with type II diabeteŝ '̂ '''̂ ^L CA)esity may also be 

accompanied by a similar clinical phenotype which represents a signiDcant adverse risk 

&ctor for the development of premature atherosclerosis and cardiovascular 

disease^^^'l 

Cushing's syndrome has long been recognised as a model of obesity and decreased 

insulin sensitivity is a common consequence of exposure to supraphysiological 

concentrations of cortisol'^^^'^^^l The efkcts of glucocorticoids on glucose and insulin 

metabolism are complex but include the ;»^omotion of gluconeogenesis and glycogen 

synthesiŝ '*̂ '̂ ^ ,̂ inhibition of glycogenolysis and reduction of glucose disposal to the 

intracellular compartment as a consequence of inhibition of the translocation of the 

glucose transporter, GLUT-4, to the cell membrane^^'^'^. Moreover, glucocorticoids 

promote the differentiation of pre-adipocytes into mature fat ceDŝ ^ ,̂ diminishes glucose 

uptake and stimulates lipoprotein lipase activity in adipose tissue Wiich results in an 

increase in lipid mobilisation and triglyceride sequestration in visceral fat depots^^'^^. 

Additionally, glucocorticoids inhibit the activity of lipoprotein lipase in skeletal muscle 

and diminishes uptake of circulating triglyceride which contributes to the clinical and 

atherogenic features of dislipidaemia associated with the insulin resistance syndromê '̂ l̂ 

Importantly, insulin resistance, impaired glucose tolerance and dyslipidaemia comprise 

the principal Matures of Ae metabolic syndrome. This has led to the hypothesis that 

increased levels of glucocorticoid hormone action may represent a common aetiology 

underpinning these cardiovascular risk factors. 
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4.1.2 ^ f g w M v A x A; 

Cross-sectional studies have revealed strong positive associations between circulating 

levels of Cortisol, blood-pressure, glucose intolerance and hypatrig^ycaidaemia and 

have led to suggestions that chronic activation of the HPA axis may underlie this 

relationship̂ '̂ ^̂ '̂ ^̂ 'l However, in most obese, insulin resistant subjects, circulating levels 

of Cortisol are either normal or may even be slightly decreased^^ l̂ Furthermore, there is 

growing evidence to surest that metabolic clearaiKe of Cortisol may be enhanced in 

obese subjects as a consequence of an increase in 5a-reductase activity in hepatic and 

adipose tissuê ^^^ which is accompanied by an increase in HPA drive in order to 

compensate for lower plasma Cortisol concentrations '̂̂ '̂̂ l̂ These contradictory data 

have led to the pr(^x)sal of a second hypothesis which suggests that relatively modest 

changes in the regulation of tissue seisitivity to glucocorticoid may result in increased 

levels of glucocorticoid hormone action which, in turn, promotes impaired insulin 

sensitivity, glucose intolerance, raised blood pressure and other features of the metabolic 

syndrome. 

Levels of circulating glucocorticoid are determined principally by the rate of Cortisol 

secretion, which is regulated by ACTH under the control of the HPA axis, and by its rate 

of metabolic clearance. In contrast, tissue sensitivity to glucocorticoid is determined not 

only by the levels of circulating Cortisol to ) ^ c h the tissue is exposed but also by the 

abundance of GR and the availability of biologically active glucocorticoid in the 

intracellular compartment. Several studies have revealed compelling evidence to suggest 

that intracellular conversion of cordsone to Cortisol by 11 P-HSDl is an important pne-

receptor regulator of tissue sensitivity to glucocorticoid by modulating Ae availability of 

active ligand for binding with the 

Two isofbrms of the GR have been described which comprise splice variants of the same 

gene^^ .̂ Glucocorticoid receptor-alpha (GRa) is able to bind ligand whilst the tnmcated 

beta isofbrm (GRP), which is unable to bind ligand, is thoug)it to act as a dominant-

negative inhibitor of glucocorticoid hormone action through heterodimerisation with 

Moreover, the oq^ression of GRa is regulated by its own ligand such that 
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Cortisol induces down-regulation of GRa mRNA expression and stability and increases 

the post-tianslational turnover of GRa protein '̂̂ '̂̂ l̂ Thus, the tissue-specific e)q)ression 

and predominant 11-OR activi^ of 11 P-HSDl in glucocorticoid target tissues may be 

considered to play a key role in the regulation of tissue sensitivity to glucocorticoid 

through two interdependent mechanisms: the Srst is the direct regulation of intracellular 

levels of Cortisol whilst the second is the corollary of increased intracellular levels of 

Cortisol iqwn the regulation of GRa. 

The significance of altered tissue sensitivity to glucocorticoid and the role of the GR and 

11 p-HSDl 11 -OR activi^ in the aetiology of raised blood pressure, insulin resistance, 

hyperglycaania and central obesity has bean explored in a number of human 

studieŝ ^̂ '̂̂ '̂ "'̂ .̂ Similarly, inhibition of 1 l^HSDl with pharmacological doses of 

carbenoxolone has been danonstrated to increase vAole body insulin sensitivity in 

and to reduce 6sting blood glucose levels in the Nevertheless, inhibition 

of renal 11P-HSD2 I l-DH activity by carbenoxolone is also accompanied by raised 

blood pressure analogous to that seen in AME type H. Furthermore, studies using the 

11P-HSD1 knockout mouse have revealed that these animals resist the hyperglycaemia 

associated with obesity and stress and do not exhibit glucocorticoid induction of hepatic 

gluconeogenesis even circulating levels of glucocorticoid are elevated̂ '̂ ""̂ . 

4 .1^ MWMcfe 6 a Ag; (wWw owif 

Skeletal muscle is a kt^ target tissue for insulin stimulated nonroxidative glucose 

utilisation represented by both increased glucose uptake and accelerated glycogen 

synthesiŝ * '̂̂ ^ .̂ Moreover, as discussed earlier, skel^al muscle also repesents the 

princi;xil site of impaired insulin action in subjects presenting with the metabolic 

syndrome, obesity and non-insulin-dependent diabetes mellituŝ ^^^^ .̂ Importantly, 

whilst the molecular mechanisms underlying the processes of glucose utilisation in 

muscle have been extensively studied in boA human and animal models Ae same is not 

true of Ae mechanisms underlying the regulation of glucocorticoid hormone action in 

this tissue. 

- 199-



Previous studies have demonstrated that the investigation of the molecular mechanisms 

underlying insulin responsiveness in skeletal muscle may be accomplished using human 

skeletal myoblasts in culturê ^^ '̂̂ ^^^^ l̂ Moreover these studies have also revealed that 

muscle cells in culture retain Ae Matures of glucose intolerance and insulin resistance 

\\diich characterise the sutgects from \\inch they originate and reflect the metabolic 

behaviour of intact skeletal muscW''̂ ^̂ . Therefore, these data suggest Aat cultured human 

skeletal myoblasts represent an important model with which to investigate the 

mechanisms underpinning the pathogenesis of glucocorticoid induced insulin resistance 

in the human population. 

4.1.4 A w 

The introduction to this chapter reviews the evidence in support of a relationship between 

increased glucocorticoid hormone action and insulin resistance and suggests that the 

regulation of tissue sensitivity to glucocorticoid is regulated by the availabili^ of active 

glucocorticoid to the GR through intracellular conversion of cortisone to Cortisol by 11P-

HSDl. Chapter three of this Aesis presents evidence \^iiich demonstrates glucocordcoid-

induced up-regulation of 1 ip-HSDl in human skeletal myoblasts which is directly 

mediated through die interaction of Cortisol with the GR. Concomitant glucocordcoid-

induced down regulation of GR expression may represent an important mechanism 

whereby tissue sensitivity to glucocorticoid is maintained in an environment in which 

Cortisol is relatively more abundant Moreover, dysregulation of this dynamic 

equilibrium mzQf underpin many of the pathological Matures associated wiA altered 

tissue sensitivity to glucocorticoid. Thus, the aims of this study were to investigate the 

relationship between 11 P-HSDl and GR expression in human skeletal myoblasts from a 

cohort of male volunteers wiA contrasting levels of insulin resistance, blood pressure and 

adiposity. 
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4.2 Materials and Methods 

4.2.1 

Fourteen aduh male volunteers aged 40 -60 years were recruited to the study. 

Recruitment, anthropometric measurement and estimation of glucose tolerance were 

performed by the Molecular And Metabolic Programming Unit, MRC, Southampton 

General Hospital. The subjects were segregated into lean-moderately overweight (n = 8) 

and obese subjects (n = 6) according to World Health Organisation (WHO) guidelines. 

Two of the subjects were classified as having type II diabetes but none of the subjects 

exhibited evidence of oAer disease nor were any receiving medical treatment. Ethical 

committee approval was granted by the Southampton and Southwest Hampshire National 

Health Service Trust and written informed consent was obtained from each subject. 

Glucose tolerance was estimated 6)r each subject Allowing a standard oral dose of 75g 

glucose. All of the non-diabetic subjects were found to have glucose tolerances within 

the normal range \\%ich was defined by a plasma glucose below 126mg/dl whilst fasting 

and a plasma glucose of less than 140mg/dl 2 hours post a standard 75g oral dose of 

glucose. Four weeks {xior to each component of the study and hypoglycaemic or related 

agents were wiAdrawn. The subjects were admitted to the Clinical Research facility, 

Southampton General Hospital Wiere they consumed a standard weight-maintenance diet 

which comprised calories as 55% carbohydrate, 30% &t and 15% protein for a period of 

24 hours prior to commencement of the study. During this period the subjects completed 

a lifestyle and health quesdoimaire. Measurement of blood pressure, weight, height, 

waist and hip circumference, and skin fold thickness was performed by the same trained 

observer for each sul^ect and body mass index (BMI), waist/hip mtio and body 6 t (%) 

were calculated. 

4.2.2 

Insulin resistance indices were measured using the hyperinsulinaemic-euglycaemic 

glucose clamp technique^^^ by Dr. D E Flanagan at Ae Clinical Research facility, 

Southampton General Hospital. All sutgects were Asted for 12 hours overnight prior to 

the procedure. Insulin and glucose infusions were administered into an anticubital vein. 

Blood sampling was performed fî om a dorsal vein on the ofqx)site hand. This hand was 
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warmed to emble sampling of arterialised blood. AAer piming infusion of insulin, a 

continuous infusion of insulin was commenced at a Axed rate of 60mU/m /̂minute. The 

inflKion continued 5)r a period of 2 hours. Plasma glucose was maintained at 

5mmol/L by variable ̂ ucose infusion and Ae amount of infused glucose required to 

maintain euglycaemia was taken to represent the amount of glucose which had been 

metabolised (M). The mean plasma insulin concentration (I), measured by 

radioimmunoassay at the Endocrinolo^ Unit SouAampton General Hospital, was 

calculated. The M/I rado (mg/m^/minute x nU/ml) was used as the measure of tissue 

sensitivity to insulin^^l 

4.2.3 /mwwfwAwAycAaMfca/ g/wcocorffcoM w* 

Adherent myoblasts in lOcm^ petn dishes v^ch had been air dried and fixed with either 

10% fbrmol saline or 4% paraformaldehyde were immimohistocbemically stained for the 

presence of human GR using a primary antisera for human GR at 1:100- 1:1000 

(afGnity purified rabbit polyclonal antibody raised a^nst a 16 amino acid peptide 

corresponding to the amino terminus of GR common to both the 95kDa GRa and GRp 

isofbrms obtained fmm Santa Cruz Biotechnology Inc., CA, USA) as previously 

described (3.2.10.6). Immunostaining was detected following brief incubation with 

diaminobenzadine and visualised under light microscopy. 

4.2.4 GZwcoco/lfcfmf 

Human myoblasts were obtained from fourteen male sutgects recruited to Ae stu(^ as 

previously described (3 .2.2). Monolayer cultures of myoblasts were grown to 90% 

subconfluence in 25cm^ flasks and exposed to insulin (20-100mU/ml), Cortisol (50-

lOOOnmol/L) and cortisone (50-1000nmol/L) separately and in combination for 48-96 

hours prior to assay of 11 p-HSDl activity as described in chapter three (3.2.4). Close 

agreement between changes in 11 -OR activity, 11 p-HSDl immunoreactive protein and 
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mRNA ex̂ H êssion observed in previous studies of the regulation of 11 P-HSDl (chapter 

3) and Ae limitations of resource and time precluded an exhaustive investigation of the 

kinetic regulation of 1 ip-HSDl in myoblasts from all iburleen subjects in Ais study. 

There&re, oqaerimental and statistiial analysis of the diSerential efkcts of 

glucocorticoid and insulin on I ip-HSDl 11-OR activity in myoblasts from the subjects 

taking ;mrt in this study was made princi^ly by examining changes in 11 P-HSDl 

mRNA expression using Northern blot analysis. Nevertheless, kinetic analysis of 1 ip-

HSDl 11-OR activAy was also per&rmed using myoblasts 6om the most insulin 

sensitive (L/Is cells) and insulin resistant (Ob/Ir cells) of the subjects taking part in the 

study. Estimation of 1IP-HSDI 11-OR activity, measurement of GR and 1 ip-HSDl 

immunoreactive protein by Western blot analysis and measurement of GR and 11P-

HSDl mRNA by Northern blot analysis was performed as previously described (3.2.9 & 

3.2.10). Analysis of the molecular determinants of glucocorticoid hormone action in 

skeletal myoblasts was performed by qualitative RT-PCR using primers specific 6)r 1 ip-

HSDl, 11P-HSD2, GRa, GRP, mineralocorticoid receptor (MR) andNa/K-ATPase a l 

subunit as previously described (3.2.8). Statistical comparison of 1 ip-HSD activity 

(ê qmressed as the rate of conversion of cortisone to Cortisol), 1 Ip-HSD and GR mRNA 

was made using the unpaired test The significance of linear regression analysis was 

determined using Pearsons correlation. Where appropriate the data was normalised by 

logarithmic transformation. 
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4.3 Results 

43.1 

A summary of the characteristics of the stu(^ group are illustrated in table 4.1 (page 

206). When the subjects were stratified by b o ^ mass index according to World Health 

Organisation (WHO) criteria, seven of the subjects were categorised as being obese 

(BMl > 30Kg/m^) and seven were categorised as being either lean or moderately 

overweight (BMl 25-29 Kg/m )̂. These criteria were used to stratify the subjects 

Aroug^out the remainder of this study. 

43.2 gfwcocorAkoM Aomwwg acfliom A* Awmaf* 

ftgkfa/ myoAWA 

4.3.2.1 GZwcocordkaw/ 

Analysis of gene expression by qualitative RT-PCR using primers specific for GRa, 

GRp, mineralocorticoid receptor (MR) and Na/K-ATPase a l subunit revealed 

expression of GRa and GRP but not MR mRNA in skeletal muscle biopsies (figure 4. la, 

page 207) whilst skeletal myoblasts cultured under glucocorticoid-free conditions 

revealed expression of GRa but not GRP or MR mRNA. Northern blot analyses using a 

GRa specific cRNA probe (3 .2.9.4) revealed the presence of a 7.0kb mRNA species in 

skeletal myoblasts (figure 4. Ic). Western blot analyses revealed the presence of a 95kDa 

immunoreactive protein in these cells (figure 4.1 c). Incubation of L/Ts cells with 

increasing concentrations of Cortisol (50-1 OOOnM) revealed a marked dose dependent 

decrease in GRa mRNA and 95kDa immunoreactive protein (figure 4. Ic/d/e). Down-

regulation of GRa mRNA was abolished by co-incubation with a lO-fbld molar excess of 

the GRa antagonits, RU38486 (figure 4.1b). Incubation of myoblasts with varying 

concentrations of insulin, IGF-1 and glucose had no eflect on GRa mRNA expression. 

Immunohistochemical analysis revealed positive staining far GR in all cells which was 

distributed to boA the nuclear and cyWplasmic compartments despi^ the absence of 

^ucocorticoid in the growth medium (figure 4.2a, page 208). Western blot analysis of 

204-



nuclear and cytosolic protein factions separated by diAerential centrifugation confirmed 

Aese observations (Ggure 4.2b). 

Under basal, glucocordcoid-free conditions and following incubation with glucocorticoid 

there were marked between-subject dif&rences in levels of GRa and l i p -HSDl mRNA 

expression A t̂ich were unaflected by cell passage number (passage 3-12) or cell density 

(up to 98% confluence). Variability attributable to sources of methodological error was 

minor compared with the marked differences evident between sulgects, not only for GRa 

but also 5)r 1 Ip -HSDl (table 4.2). 

43 .2 .2 f acffw&x awf 

Molecular analysis of 11 P-HSDl activity, mRNA and 34kDa immunoreacdve protein in 

skeletal myoblasts and their response to glucocorticoid and insulin are detailed in chapter 

3 of this thesis (3.3.3,3.3.4 & 3.3.5). Kinetic analysis of 11 P-HSDl 11-OR activity fmm 

the most insulin sensitive (L/Is cells) of the subjects revealed apparent fQn and Vmai for 

the conversion of cortisone to Cortisol of476nM and 94pmol/mg protein/hour and 

437nM and 46pmol/mg protein/hour in the presence and absence of 20% PCS 

respectively while apparent Km and Vmax the conversion of cortisone to Cortisol in 

myoblasts from the most insulin resistant sul^ect (Ob/Ir cells) was 419nM and 

62pmol/mg protein/hour and 423nM and 32pmo]/mg protein/hour. 
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Table 4.1 Summary of the physiological characteristics of 14 adult males aged 
between 40 and 69 years, recruited randomly as study subjects. 

Characteristic Arithmetic Mean (SD) Range 
Insulin Sensitivity (GDR) 5.7 ±2.9 2.32-10.10 

Body Mass Index (Kg/M2) 29.8^:4.3 25.2 - 39.3 
Waist/Hip Ratio 0.967 ±0.072 0.862-1.087 

% Body Fat 26.3 ±4.2 19X)-32.4 
Systolic Blood Pressure (mm Hg) 147.6 ±28.9 110-206 

Diastolic Blood Pressure (mm Hg) 86.9 ± 11.3 74-110 
Age (Years) 58.6 ± 9.0 40-69 

Insulin sensitivity was measured as glucose disposal rate (GDR mg/m^/minute) by 
hyperinsulinaemic-euglycaemic clamp. All data were normally distributed and are 

represented by arithmetic mean ± standard deviation (SD). 

Table 4.2 Methodological variability in GRa and lip-HSDl mRNA 
quantification 

Methodological Variability %CV n 
Intra-flask variation <5 6 
Temporal variation (9 subjects) 8.7-19.7 6 
Intra-Northem blot variation 10.1 -14.0 6 
Inter-Northern blot variation <13.6 4 
Inter-passage variation (4 subjects) 12.7-22.5 5 
Variation due to cell density (4 passages) 9.4-16.1 12 
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Figure 4.1 Characteristics of GR expression and regulation in human skeletal 
myoblasts:(a) RT-PCR analyses of Gra and GRP mRNA expression in cultured skeletal 
myoblasts and representative skeletal muscle tissue (b) Semi-quantiative RT-PCR 
illustrating abolition of the dose dependent decrease in GRa expression by RU38486 (c) 
Northern blot analysis illustrating the decline in GRa mRNA expression and (d) Western 
blot analysis illustrating the decline in of 95kDa GR immunoreactive protein induced by 
physiological concentrations of Cortisol 
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95kDa 

Figure 4.2 Glucocorticoid receptor expression in human skeletal myoblasts 
(a) Nuclear and cytosolic positive immunohistochemical staining for human GR 
in human skeletal myoblasts (b) Western blot analysis of nuclear and cytosolic 
protein fractions following differential centrifugation revealed GR to be 
distributed to both the nuclear and cytoplasmic compartments. 
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4 3 3 GAfCocorKkoW fmdkcgff ^g^kcocor&wM recgpfor 

fMuR/Vy4 6ugpwT2RGR0w;ju* AwwfMM%«[jjkejk*kwrfM0W9ik&zs(f iWF<%p77Ya&zde*/i*%%Afeiwg&p 

jw*$%dW*:jng$*adow;(%r<KMwd\gd%eaHEy 

Northern blot analyses revealed marked between-subject difkrences in GRa mRNA 

e)g)ression in myoblasts under basal, glucocorticoid-6ee conditions (figure 4.3a, page 

210). Western blot analyses also revealed marked between-subject differences in 94kDa 

GR immunoreactive protein which was in close agreement wi& levels of GRa mRNA (r 

= 0.92,7^ < 0.001). A strong inverse association was observed between GRa mRNA 

e)q)ression in myoblasts m wfro and glucose disposal rate m vhw (Ggure 4.3b), while 

strong positive associations were observed between GRa mRNA expression in 

myoblasts and body mass index (figure 4.3c), percentage body M (figure 4.3d) and 

systolic blood pressure (figure 4.3e). 

Following pre-incubation of myoblasts with 200nM Cortisol for 48hours the associations 

between GRa mRNA expression in myoblasts and m vh'o glucose disposal i%te (Sgure 

4.4b, page 211), body mass index (figure 4.4c), percentage body 6 t (figure 4.3d) and 

systolic blood pressure (figure 4.4e) were similar to those observed under basal, 

glucocorticoid-free conditions. However, there a strong positive association between 

the magnitude of the decline in GRa mRNA expression in myoblasts (expressed as a 

percentage decline) and m v/vo glucose disposal rate (r = 0.85, f <0.001), and strong 

inverse associations between percent decline in GRa mRNA and body mass index (r = 

0.78, f <0.01) and percentage body fat (r = 0.63, f<0.01). 

When the subjects were stratified on the basis of BMI (4.3.1) into obese or leaner 

subjects, median levels of GRa mRNA expression were three-fold greater in myoblasts 

&om obese subjects under basal, glucocorticoid-fijee conditions and Sve-fbld greater 

following incubation with 200nM Cortisol compared with myoblasts &om leaner subjects 

(figure 4.5a/G, page 212). Furthermore, the decline in GRa mRNA expression effected 

by 200nM Cortisol in myoblasts firom obese subjects was three-fold smaller than that 

which vms observed in myoblasts 6om leaner subjects (figure 4.5b/d). 
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Figure 4.3 Associations between GRa mRNA expression in human skeletal myoblasts 
under basal, glucocorticoid free conditions and in vivo insulin sensitivity, adiposity 
and systolic blood pressure in lean, moderately overweight and obese men. (a) 
Representative Northern blot of GRa mRNA expression (lean-moderately overweight to 
the left, obese subjects to the right) (b-e) Regression analyses depicting associations 
between constitutive GRa mRNA expression and glucose disposal rate (b), BMI (c), % 
body fat (d) and systolic blood pressure (e) 

Each data point represents GRa mRNA expression in RNA pooled from three flasks from each of three 
different passages. The systolic blood pressure for one of the leaner subjects was >3 SD above the arithmetic 
mean for the subject group and was excluded from the regression analysis relating to blood pressure 
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Figure 4.4 Associations between GRa mRNA expression in human skeletal myoblasts 
following incubation with 200nM Cortisol and in vivo insulin sensitivity, adiposity and 
systolic blood pressure in lean, moderately overweight and obese men. (a) 
Representative Northern blot of GRa mRNA expression (lean-moderately overweight to 
the left, obese subjects to the right) (b-e) Regression analyses depicting associations 
between constitutive GRa mRNA expression and glucose disposal rate (b), BMI (c), % 
body fat (d) and systolic blood pressure (e) 

Each data point represents GRa mRNA expression in RNA pooled from three flasks from each of three 
different passages. The systolic blood pressure for one of the leaner subjects was >3 SD above the arithmetic 
mean for the subject group and was excluded from the regression analysis relating to blood pressure 
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Figure 4.5 Sensitivity of GRa mRNA expression to down-regulation by Cortisol in 
subjects stratified as obese (n=7) or lean-moderately overweight (n=7) according to 
WHO criteria 
(a) Representative Northern blot of GRa mRNA expression from lean-moderately 
overweight & obese subjects following incubation with Cortisol. Lanes 1-4 show GRa 
mRNA expression from the same subjects as lanes 5-8. (b) Comparative effects of a five-
fold increase in Cortisol on GRa mRNA expression in myoblasts from four of the most 
obese and leanest subjects (c/d) Box & whisker plots comparing GRa mRNA expression (c) 
and decline in GRa mRNA expression (d) in myoblasts under basal, glucocorticoid-free 
conditions vs 200nM Cortisol in lean-moderately overweight and obese subjects. 
Each data point represents GRa mRNA expression in RNA pooled from three flasks from each of three 
different passages. 
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43 .4 ^Ay<flr0ggAa$g m&Mi 

gxpfBGRMM:iMUbMW%&Mû bdk%&?aqppA&BM&*&4aw?%#«A%f*w%AUk 

rgmiA»M% amf <?6g$Ax 

Under basal, glucocorticoid-Aee conditions, analysis of 1 ip-HSDl 11-OR activity in 

intact myoblasts revealed marked inter-sutyect variabilis in 11 |3-HSD111 -OR activity. 

Northern blot analysis revealed parallel marked inter-subject variability in 11 P-HSDl 

mKNA expression However, under basal, glucocorticoid-free conditions no significant 

associations were observed between 11 p-HSDl mRNA expression in skeletal myoblasts 

and w vfvo glucose disposal rate (M score) (r = 0.24; P = 0.45), BMI (r = 0.07; f = 0.84), 

systolic bloW pressure (r = 0.20; f = 0.83) or percentage body fat (r = 0.10; /* = 0.98). 

In contrast with the observations made under basal, glucocorticoid free conditions. 

Northern blot analysis of I ip-HSDl mRNA expression in myoblasts which had been 

pre-treated with 500nM Cortisol for 48 hours (figure 4.6a, page 215) revealed a strong 

inverse correlation between I ip-HSDl mRNA e^qiression and m v/vo glucose disposal 

rate (r = 0.82; < 0.0001) (figure 4.6b), and strong positive associations between 11P-

HSDl mRNA expression and BMI (r = 0.79; f < 0.005) (figure 4.6c), percentage body 

fat (r = 0.47; f < 0.05) (figure 4.6d) and systolic blood ;»essure (r = 0.52; f < 0.05) 

(figure 4.6e). Moreover, Northern blot analysis also revealed a strong inverse correlation 

between the magnitude of the glucocordcoid-induced increase in 11 P-HSDl mRNA 

expression (ex][xessed as a percentage increase) and m vW glucose disposal rate (r = 

0.69; 7* < 0.01) (figure 4.7a, page 216), and strong positive associations between 11P-

HSDl mRNA expression and BMI (r = 0.72; f < 0.02) (figure 4.7b), percentage bo(^ fat 

(r = 0.59; P < 0.05) (figure 3.7c) and systolic blood pressure (r = 0.60; f < 0.05) (figure 

4.7d). 

When the sutgects were stratified on the basis of BMI (4.3.1) into obese or leaner 

sutgects, median levels of 1 Ip-HSDl mRNA expression were two-fold greater in 

myoblasts from obese sulyects following incubation with 200nM Cortisol compared with 

myoblasts &om leaner sulqects (figure 4.8a, page 217). Furthermore, the decline in 1 ip-

- 2 1 3 



HSDl mRNA expression effected by 500nM Cortisol in myoblasts from obese subjects 

was two-fold greater than that Wiich was observed in myoblasts &om leaner sutgects 

(Agure4.8b). 
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Figure 4.6 Associations between lip-HSDl mRNA expression in human skeletal 
myoblasts following incubation with SOOnM Cortisol and in vivo insulin sensitivity, 
adiposity and systolic blood pressure in lean, moderately overweight and obese men. (a) 
Representative Northern blot of lip-HSDl mRNA expression in myoblasts from 5 lean-
moderately overweight subjects to the left, 4 obese subjects to the right (Each of the 2 lanes of 
RNA per subject reflect 1 ip-HSDl expression in cells from 2 different passages pooled from 
3 flasks) (b-e) Regression analyses depicting associations between llp-HSDl mRNA 
expression following incubation with SOOnM Cortisol and glucose disposal rate (b), BMI (c), 
% body fat (d) and systolic blood pressure (e) 

Each data point represents GRa mRNA expression in RNA pooled from three flasks from each of three different 
passages. The systolic blood pressure for one of the leaner subjects was >3 SD above the arithmetic mean for the 
subject group and was excluded from the regression analysis relating to blood pressure 
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Figure 4.7 Associations between glucocorticoid-mediated induction of l ip-HSDl mRNA 
expression in human skeletal myoblsts following incubation with 500nM Cortisol and in 
vivo insulin sensitivity, adiposity and systolic blood pressure in lean, moderately 
overweight and obese men. (a-d) Regression analyses depicting associations between 
glucocorticoid-mediated induction of Ilf3-HSD1 mRNA expression following incubation with 
500nM Cortisol and glucose disposal rate (b), BMI (c), % body fat (d) and systolic blood 
pressure (e) 

Each data point represents GRa mRNA expression in RNA pooled from three flasks from each of three different 
passages. The systolic blood pressure for one of the leaner subjects was >3 SD above the arithmetic mean for the 
subject group and was excluded from the regression analysis relating to blood pressure 
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Figure 4.8 Box and whisker plot analysis comparing l lp-HSDl mRNA expression 
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4.4 Discussion 

wyo66%$A 

Î nevicMisiKTveaaigadicMas jbasnGizkaarby iie%iM)nGlialeKi1lKathere%9ulatK)n cd̂ ĝ iKxoctMlicKMKl 

hormone action and of tissue sensitivity to glucocorticoid is achieved, at least in ;art, by 

the sensitive down-regulation of GR expression in response to exposure to glucocorticoid 

and that this is regulated at the level of mRNA transcription and stability and to a lesser 

e]d%%itaK;{i(%)nfxx)WNaicecdrin(a%3isedl;Mnyb:ioMbjrnKryeT̂ *̂̂ ^̂ l̂l Ijiere isai 

2pn)TviryglbcKi)r()f(;vi(k:n(x: lb) suygges* tbf(tisKyfbrins()f ll(3-HSl][)iiuiy ajs*)]pla)riii%)Le ui 

the regulation of glucocorticoid hormone action̂ ^̂ '̂̂ "̂̂ ^̂ ^ either by increasing metabolic 

clearance ofctHliscd tbroiigh the adimicxf nana! l]JP-HSJ]KZ()rlyy ibncreauarkglOie 

intracellular concentration of active glucocorticoid as a consequence of the conversion of 

cortisone to Cortisol by 11 p-HSDl. Moreover, evidence from studies of the regulation of 

1 ip-HSDl in skeletal myoblasts ;»%sented in chapter three of this thesis suggests that 

1 ip-HSDl in these cells is also subject to regulation by glucocorticoids such that 

exposure to glucocorticoids at concentrations equivalent with circulating levels of 

Cortisol results in an increase in 11P-HSD1 niRN A and protein expression and 11 p-

HSDl 11-OR activity. Importantly, these investigations also suggest that Ae 

glucocordcoid-dependent up-regulation of 11P-HSDI in skeletal myoblasts is mediated 

through the GR since these effects are abolished ̂ e n Aese cells aie incubated widi 

glucocorticoid and the GR antagonist RU38486 in combination. Thus the regulation of 

intracellular glucocorticoid hormone action in skeletal myoblasts may be considered to 

be the product of two GR-mediated mechanisms characterised by: i) the sensitive 

glucocorticoid dependent down-regulation of GR ex^ession which is accompanied by: 

ii) the sensitive glucocorticoid dependent GR-mediated up-reguladon of 11 P-HSDl 

expression. Indeed, it is likely Aat these two mechanisms are mutually inter-dependent 

since failure of the former mechanism (glucocorticoid dependent auto-down-regulation 

of GR) mi^t be predicted to result in a greater increase in g^ncocorticoid-dependent, 

GR-mediated 11P-HSDI expression than would occur oAerwise. Importantly, this might 

also be predicted to result in higher levels of intracdlular Cortisol and a persistent 
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amplification of glucocorticoid hormone action. These events, by analogy with the 

insulin resistance which accompanies Cushing's syndrome, mig^t also be predicted to 

result in tissue specific glucocorticoid-mediated insulin resistance and may represent a 

mechanism underlying Ihe insulin resistance of the metabolic syndrome 

4.4.2 Www gfwcocorffcoM Aonwowf oc&fw w Awmow ̂ AefgA:/ 

wyoAWA: w&A ykaAf rgy fwaflaAo&c jywdirwwg 

4.4.2.1 fegwZaf&yw gA* coconkoW 

Previous investigations of insulin signalling in skeletal muscle have confirmed the 

hypoAesis Aat skeletal myoblasts in culture retain the features of insulin sensitivity 

w^ch characterise the subjects finom whom the cells originate^^ l̂ Nevertheless, in the 

study reported in this thesis, experiments using skeletal myoblasts were restricted to the 

early passage numbers (3-7) in order to abro^te the possibility of metabolic changes 

away 6om dieir original phenotype. Whilst GR oqxession aiKl binding and 11 p-HSD 

expression have ixeviously been investigated in human adipose tissue and cultured 

human adipose stromal cells^ '̂̂ ^^ this study is the first to describe the regulation of 

glucocorticoid receptor and 1 ip-HSDl expression in cultured human cells &om skeletal 

muscle. 

In common with previous reportŝ '*̂ '̂̂ ^ this study revealed a dose dependent down 

regulation of GR mRNA expression which was closely paralleled by changes in GR 

protein expression and which is consistent with the pre-translational regulation of GR 

expression in human skeletal myoblasts. Moreover, this efkct was abolished by the GR 

antagonist RU38486 which conGrms suggestions that regulation of GR expression by 

glucocorticoid is mediated through the GR itself 

This study revealed a marked between-subject variabilis in constitutive GR expression 

which was indqiendent of passage number, cell densi^ or periods of cryostorage and 

which was positively correlated with the degree of insulin resistartce, adiposily and blood 

pressure exhibited by the subjects from whom the cells originated. Furthermore, the 

- 2 1 9 -



diSbrences in glucocorticoid receptor expression in skeletal myoblasts &om different 

subjects observed under basal glucocoiticoid-free conditions were maintained when these 

cells were exposed to glucocorticoids at concentrations which mimic those of the normal 

diurnal rhythm m vrwo. However, while auto-down regulation of GR was evident in 

myoblasts &om all of the subjects, v\%en the subjects were stratified on the basis of BMI 

according to WHO criteria, the magnitude of the glucocorticoid-induced decline in GR 

mRNA oqiression in skeletal myoblasts 6om the obese subjects c<»npared with that 

observed in cells &om t k leaner sutyects was approximately three-fold smaller. Indeed, 

under conditions of glucocorticoid exposure the associations between GR expression in 

skeletal myoblasts and BMI, glucose intolerance, adiposity and blood pressure in the 

subjects from whom the cells were derived were stronger than under basal 

glucocorticoid-free conditions. These (^)servations imply that not only are constitutive 

levels of GR expression higher in skeletal myoblasts from the more obese, insulin 

resistant subjects but that glucocorticoid induced auto-down-regulation of GR is also 

attenuated in these cells conqared with skeletal myoblasts 6om their leaner, more insulin 

sensitive counterparts. 

The strong associations between the metabolic syndrome m vfvo and GR expression m 

v/fro observed in this study, under both basal gliKXXx)rticoid-free conditions and 

Allowing exposure to glucocorticoid are unlikely to be an arte6ct of tissue culture. 

Indeed, it is more likely that these data represent an under-estimate of the importance of 

GR auto-regulation by glucocorticoid in the pathogenesis of obesity and the metabolic 

syndrome. Thus, not only are constitutive levels of GR e^qxession, and hence 

glucocorticoid sensitivity, hi^ier in skeletal myoblasts 6om obese subjects with key 

features of the metabolic syndrome but, importantly, by extension of the observations 

made w/fro it is likely that in these subjects skeletal muscle GR e;q)ression w v/vo is 

also higher. Furthermore, ̂ ucocordcoid-dependent auto-down regulation of GR is 

diminished in myoblasts 6om subjects with features of the metabolic syndrome and this 

might be predicted to maintain higher levels of glucocorticoid sensitivity in skeletal 

muscle throughout the diurnal variation in levels of circulating Cortisol. 
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4.4.2.2 regw/afiMm (kAy<(mggMg$g 

Recent studies suggest that, in addition to the GR, 1 ip-HSD 1 mediated regulation of 

intracellular conversion of inactive cortisone to active Cortisol and her^e glucocorticoid 

availability to the GR may also play a key role in the aetiology of insulin 

resistancê ^̂ '̂ ''̂ ^̂ , central obesitŷ "̂*̂ ^ and hypertension^ '̂\ Indeed, mice in which the 

gene for llp-HSDI has been disrupted show attenuated expression of glucocorticoid 

responsive gluconeogenesis despite increased circulating levels of active 

glucocorticoid^ This su^^sts that 1 Ip-HSDI 11-OR activity may serve to maintain 

intracellular glucocorticoid concentrations at a much higher level than those detected in 

the circulation and, as a consequence, increase intracellular levels of glucocorticoid 

hormone action beyond that Wnch would be predicted 6om circulating levels of 

glucocorticoid. Moreover, further stqiport 6)r a role of 1 ip-HSDl 11-OR activity in the 

metabolic syndrome comes Aom human studies in which inhibition of hepatic I ip-HSDl 

11-OR activity as a consequence of the oral ingestion of carbenoxolone markedly 

improves hepatic insulin sensitivitŷ ^ 

The stu(^ reported in this thesis has revealed abundant levels of 11P-HSDI mRNA 

expression in cultured human skeletal myoblasts with rates of 11 P-HSDl 11 -OR activity 

equivalent to those reported in other human tissueŝ ^̂ ^̂ '̂̂ '̂ l̂ However, in contrast with 

GR expression in human skeletal myoWsts, constitutive expression of 1 ip-HSDl under 

basal, glucocorticoid &ee conditions was not associated with levels of insulin resistance, 

adiposity or oAer features of the metabolic syndrome examined in the subjects from 

whom the cells were derived. 

Previous m Wfro studies have suggested that 11 P-HSDl 11-OR activity may be increased 

by glucocorticoid in cultured human adipose stromal celŴ ^̂ ^ and hepatocyteŝ ^̂ l̂ 

Furthermore, data from the present stuc^ (discussed in chapter 3 of this thesis) indicates 

that 1 Ip-HSDl mRNA, immunoreactive pnotein and 11-OR activity in human skeletal 

myoblasts is sensitively up-regulated by physiological concentrations of Cortisol in a 

dose dependent manner. FurAermore, abolition of the glucocorticoid dependent 
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iiKlucAicMioF IlfWHRSDl izarniniCHTXWCtrye ]proteinaKKl 11-OR activity Iby the(}R 

antagonist RU38486 confirms that this effect is mediakd exclusively by the GR. As a 

consequence, it is likely that the magnitude of the glucocordcoid-medialed induction of 

1 ip-HSDl expression in skeletal myoblasts would be tempered by glucocordcoid-

dependent down regulation of GR. Moreover, since constitutive levels of GR expression 

in skeletal myoblasts is positively correlated with features of the metabolic syndrome and 

the magnitude of the glucocorticoid-dependent down regulation of GR e^qxession in 

these cells is negitrvely correlated with insulin resistance, adiposity and oAer features of 

the metabohc syndrome it is likely that the potency with which Cortisol up-regulates the 

expression of I ip-HSDl would be greater in myoblasts 6om the more obese, insulin 

resistant suhqects. 

Indeed, in this study, incubation of myoblasts with ̂ Aysiological concentrations of 

Cortisol resulted in an increase in 1 ip-HSDl mRNA expression and 11-OR activity the 

magnitude of which was strongly correlated wiA levels of insulin resistance, adiposity 

and blood pressure such that ̂ ucocorticoid-induced up-regulation of I ip-HSDl was 

markedly greater in myoblasts 6om the more obese, insulin resistant subjects compared 

with cells &om leaner subjects. Thus skeletal myoblasts fmm the more obese, insulin 

resistant subjects may be considered to exhibit a relative insensitivity to glucocorticoid 

induced down-regulation of GR accompanied by a highly sensitive glucocorticoid 

induced up-regulation of 1 Ip-HSDl expression This effect miĝ it be predicted to 

maintain higher intracellular levels of active glucocorticoid in myoblasts &om the more 

obese, insulin resistant subjects compared with their lean counterparts and represaits a 

potentially powerful mechanism by which glucocorticoid hormone action may be 

amplified several fold within the cell. 

Importantly, these data also suggest that key factors in the regulation of glucocorticoid 

hormone action are represented principally by the GR and secondly by the availability of 

1 ip-HSDl substrate, namely cortisone. Previous studies have demonstrated that tW 

circulating levels of cortisone m vrvo are derived principally from conversion of Cortisol 

to cortisone by 1 l^HSD2 1 l-DH activity in the kidneŷ  distal colon"̂ ^̂ ^ and adrenal 
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However, metabolic clearance of cortisone as a consequence of its 

conversion to Cortisol by I ip-HSDl or hepatic hydroxylation to tetrahydrocortisone, 

{^edicts that circulating levels of cortisone, and indeed Cortisol, are likely to constitute a 

relatively poor reflection of their intracellular concentration. Indeed, in most obese, 

insulin resistant subjects, circulating levels of Cortisol and renal 11P-HSD2 activity are 

frequently normal̂ ''̂ ''*̂ l̂ 

In contrast, the data presented in the study reported in this thesis suggest that constitutive 

GR expression and GR responsiveness to glucocorticoid-dependent auto-down regulation 

are the principal determinants of the level of 11 p-HSDl exprKsion and that the position 

of equilibrium between GR and 11 P-HSDl expression is the principal d^erminant of 

glucocorticoid hormone action in the skeletal muscle cell (figure 4.9, page 224). This 

hypothesis would predict that relatively modest dysregulation of GR or 1 ip-HSDl 

expression may result in a disproportionately greater increase in levels of glucocorticoid 

hormone action in skeletal muscle cells and represents a plausible meclmnism undedying 

the key role of glucocorticoid hormone action in the pathogenesis of features of the 

metabolic syndrome. Moreover, if this was to occur in other cell types, such as visceral 

adipocytes in which GR and 1IP-HSDI are also highly oqwessed̂ ^̂ ^̂  this may also 

promote the 'Cushing's like' obesity that is frequently associated wiA the metabolic 

syndromê '*̂ \ 
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Figure 4.9 Schematic representation of the proposed glucocorticoid-dependent 
establishment of positions of equilibrium between ll^-hydroxy steroid 
dehydrogenase ( l i p -HSDl ) mediated intracellular synthesis of Cortisol (F) from 
cortisone (E) and expression of the glucocorticoid receptor (GR) in lean, moderately 
overweight subjects and obese-insulin resistant subjects 
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4.5 Suggestions for further research 

The close associations between 1 ip-HSDl and GR expression and key Matures of the 

metabolic syndrome, described in chapter 4 of this thesis, serve to highlight Ae 

significance of the dysregulation of iso&rms of 11P-HSD in the pathogenesis of human 

disease. Importantly, these studies, in the light of evidence presented in chapters 3 and 4 

of this thesis for the hormonal regulation of I ip-HSDl and auto-down regulation of GR 

by glucocorticoid in skeletal myoblasts, suggest that dysregulation of 1 ip-HSDl in 

skeletal muscle may play a key role in the aetiology of glucocorticoid dependent insulin 

resistance as a conseqiKnce of its central role in the regulation of tissue sensitivity to 

glucocorticoid However, the observation that constitutive GR expression in skeletal 

myoblasts is closely associated with the degree of insulin resistance, adiposity and blood 

pressure in the sut̂ ects from ̂ l̂o the cells were derived whilst constitutive 1 ip-HSDl 

e]q)ression is not, would suggest that the primary abnormality, at least in skeletal 

myoblasts, is a failure of the mechanism of glucocordcoid-mediated GR auto-down-

regulation. The mechanism underlying this phenomenon is unclear although genetic 

polymorphisms of GR have been reported which also have associations with Matures of 

the metabolic syndrome'̂ '̂  Nevertheless, more recent studies suggest diat the BCl I 

restriction 6agment length polymorphism for GR is not associated with blood 

pressurê ^̂ ^ and that GR phenotype is generally uninfbrmativê ^ l̂ 

In the study reported in chapter 4 of this thesis, qualitative RT-PCR analysis of GR 

isofbrms in skeletal muscle tissue and skeletal myoblasts revealed expression of the non-

ligand binding iso&)rm of GR, GRp, in skeletal muscle tissue but not in skeletal 

myoblasts. However, preliminary investigations have revealed that GRP may be 

expressed in these cells following incubation with glucocorticoid. Importantly Northern 

blot analyses have revealed that the magnitude of the glucocordcoid-mediated induction 

of GRp mRNA expression appears to be inversely associated with the degree of insulin 

resistance, adiposis and blood pressure in the subjects from whom the cells were 

derived̂ ^ .̂ Since GRP is generally considered to act as a dominant negadve inhibitor of 

glucocorticoid hormone action through dimerisation with the ligand binding GRa 
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it may be fwedickd that 6ilure of the mechanism of glucocorticoid-mediated 

GRp up-regulation in insulin resistant cells may also contribute to increased levels of 

glucocorticoid hormone action in Aese cells. However, these dala are only representative 

of gene e^qxession at the level of mRNA. WheAer this is translated to functional ]%otein 

and to what extent this m^ afkct glucocorticoid hormone action in these ceUs will be 

the subject of ongoing investigations using Western blot analysis utilising antisera 

specific to the GRp iso&rm and by ligand binding studies. 

Studies contemporary with the investigations reported in this thesiŝ "̂"̂ "̂ *̂ ^ suggest that 

central adiposity may be a reflection of increased levels of glucocorticoid action in 

omental adipose tissue. Moreover, in common with the regulation of 11 P-HSDl in 

human skeletal myoblasts by ^ucocordcoid reported in the chapWr 3 of this thesis, 11 p-

HSDl expression in omental adipose stromal cells is induced by glucocorticoid. 

However, in contrast with 1 ip-HSDl in skeletal myoblasts, 1 ip-HSDI in adipose 

stromal cells is unaGected by insulin vAen Aese cells are exposed to insulin in the 

absaice of glucocordcoid̂ ^̂ .̂ Thus, since both skeletal muscle and adipose tissue 

represent insulin sensitive tissues, it is fxoposed that a comparison of the regulation of 

glucocorticoid hormone action in these two tissues may reveal the mechanisms 

underlying the heterogeneity of insulin resistance which is seen not only between 

subjects but also between tissues within an individual. Moreover, these studies could be 

expanded to ioclWe tissues \iWiich are not generally considered to be insulin target 

tissues, such as skin Sbroblasts. This would enable a direct comparison of the hormonal 

and molecular regulation of glucocorticoid hormone action in insulin insensitive and 

insulin sensitive tissues. 

Previous studies have revealed that 1 ip-HSDI 11-OR activity may up-regulated by 

IL-lp and TNF-cî l̂ Moreover, circulating levels of TNF-a and IL-1(3 are Aequently 

elevated in obese subjects and in subjects with non-insulin depmdent diabetes mellitus. 

Importantly, investigations of Ae ejBects of IL-1P and TNF-<% on 11 P-HSDl 11 -OR 

activi^ in human skeletal myoblasts reported in chapter 3 of this thesis, suggest that 

these pro-inflammatory cytokines potently ig)-regulate lip-HSDl expression in these 
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cells. Moreover, the close association between adipose tissue and skeletal muscle m vW, 

together with the kno%iedge that these two tissues are capable of the syndesis and 

secretion of both IL-1|3 and suggests a mechanism of paiacrirte regulation 

of 11 p-HSDl in these tissues vAiich may also contribute to Ae paAogenesis of insulin 

resistance. 

The observation that the regulation of 1 ip-HSDl in skeletal myoblasts by insiilin may be 

modified by serum factors (discussed in clmpter 3 of this thesis) presents Ae intriguing 

possibility that ̂ rum Aom insulin resistant and insulin sensitive subjects may also have 

dif&rential efkcts upon the regulation of 1 ip-HSDl in these cells. The investigation of 

these hypotheses would require an extension of the study described in chapter 4 of this 

thesis \\4iereby primaiy cell cultures of both skeletal muscle and adipose tissue could be 

established 6om a cohort of subjects across a broad spectrum of phenô rpes, to include 

both obese and lean insulin resistant subjects and subjects who are lean and insulin 

sensitive as controls. These investigations would include studies of the endocrine and 

paracrine interaction of these two cell types grown in isolation and in combination, and 

using conditioned growth medium across a spectrum of cells from phenotypically distinct 

subjects. 

The regulation of human 11P-HSD2 by px)-inflammatoiy cytokines has not been 

previously reported. The observation that relatively hig^ concentrations of IL-1P and 

TNF-a decrease 11^HSD2 activity in JEG-3 cells suggests &e possibility Aat human 

renal 11|5-HSD2 may also be regulated in this manner. In the absence of an appropriate 

m vffro model of human distal tubular cells it would be interesting to investigate the role 

of IL-1P and TNF-a in the regulation of renal 11P-HSD2 in man m v/vo. Chronic 

physiological stress is commonly accompanied by hi^ circulating levels of pro-

inflammatory cytokines^^^ Moreover, prolonged excessive exercise has been shown to 

result in a deterioration in immune function and an increase in HPA responsiveness^^l 

An investigation of the rate of Cortisol clearance in these subjects may identi^ changes 

in the activity of isofbrms of 11 p-HSD. Whilst iirinary fiiee Cortisol :cortisone ratios may 
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reveal changes in renal 11P-HSD2 activity in these subjects it is likely that the incr^se 

incxyrtLBol ]haJMnLbR:Twdbicliaw:c(Hiip(umies aiiiitcresL&e jii]ie%xattc axybifhifTAAOidkl 

con6)und the results of these analyses. It is likely therefore, that an accurate estimation of 

Cortisol half life in these suhyects using 1 Ia-[̂ H]-cortisol together with urinaiy fke 

c<wM̂ s(yk(%)rd̂ xxoe€%dinoadioiiiA%yuJdtK;i;x{udre(lin(H%Ier Ikievaliuibenaial llfS-HSJOG 

activity in these subjects. 

Finally, the signiGcance of the investigations reported in this thesis and the results of 

Airther investigations into the role of dysreguladon of isofbrms of 11P-HSD in the 

pathogenesis of human disease suggest that there exists the potential Ar the 

pharmacological regulation of isofbrms of 11 ̂ HSD. The treatment of insulin resistance 

and other features of the metabolic syndrome by inhibition of 11(3-HSD1 11-OR activity 

using carbenoxolone is tmlikely to be acceptable, principally because of the profound 

side efkcts induced by the concurrent inhibition of renal 1 lp-HSD2 activity. These 

observations, therefore, hig^ig^t the requirement for pharmacological agents with the 

capacity for the specific inhibition of 1 Ip-HSDl 11-OR activity whilst having no efkct 

upon 11P-HSD2 11-DH activity. Importantly, the evaluation of these putative inhibitors 

of 1 Ip-HSDl would require an appropriate model of human I ip-HSDl I l-OR activity 

which maintain, m WAY), the phenotypic and metabolic feature ŷ diidi claracterise Aem 

w vivo. The human skeletal myoblasts, described in chapters 3 and 4 of this thesis, are an 

ideal model of 1 ip-HSDl activity and are likely to represent a powerful tool 5)r the 

rapid evaluation of these pharmacological agents. 
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Appendices 



Appendix 1. Evaluation of the efliciency of derivatization of corticosteroids with 
CMMC 

Quenching (^) was calculated using the expression: where: 
(i) Aff* was given as the counts per minute (cpm) for the [̂ H]-standaid, after 

correction for tritium decay 
(ii) was given as the cpm obtained for the HPLC fraction collected 30 minutes 

after iiyection. 
RH* was given as the cpm obtained for the HPLC faction collected 30 minutes after 
injection plus the [̂ H]-standard 
Conversion of cpm to decays per minute (dpm) was calculated using the ex|:̂ ession: 

Derivatization efficiency (E) was calculated using the expression: where: 
(i) ff" was given as dpm obtained from the HPLC faction collected 30 minutes 

after irgectioiL 
(ii) n'' was given as the total dpm added to the fraction. 

Of the 200|nl of prepared material, only I50jiil was derivatized. 50̂ il of the derivatized 
I%̂ oduct was analysed by HPLC and collected by fraction collector. The Aaction was 
dhed under a stream of dry nitrogen and reconstituted in 1 lO îl acetonitrile/(50mM 
KH2PO4,I0mM acetic add) (40 -70% v/v). 50pl of the reconstituted faction was 
counted by liquid scintiligraphy. Thus, the recovered fraction represented 5/11 of the 
total fraction derivatized and this factor was represented in all subsequent calculations. 
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Appendix 2. Analytical recovery of corticosteroids from plasma and urine by HPLC with solid phase 
extraction and fluorescence derivatization with CMMC. 

%Recovery (Urine) % Recovery (Plasma) 

5 o 

Steroid lOOnmol/L SD 250nmol/L SD lOOnmol/L SD 250nmol/L SD 
6 p-hy droxycorti sol not detected * not detected * not detected * 83.9 16.3 
20a-dihydrocortisol not detected * 73.4 23.3 73.4 21,8 70,4 14.9 

2 Oa-dihydrocortisone not detected * 95.6 26.8 83.5 10.7 88.6 5.0 
203-dihydrocortisol 86.6 18.9 95.4 14.1 86.8 9.4 89.1 8.7 

20p-dihydrocortisone 80.2 21,6 85,6 9.7 94.1 6.3 79.6 6.1 
a-cortol 106.4 10.7 101.5 8.9 97.1 11.3 84,6 8.4 
P-cortoI Chromatographic co-elution 

a-cortolone Chromatographic co-elution 
(3-cortolone 76.8 18.3 86.9 5.9 98.4 3.5 86.4 6.2 

Cortisol 95.6 6.3 97.1 1.9 102.8 2.4 94.6 3,1 
Cortisone 98.6 9.8 94.5 6.2 94.5 9.5 98.8 6.5 

allo-tetrahydrocortisol 73,4 11.5 79.6 2.4 74.6 5.1 82.9 3.8 
Tetrahydrocorti sol 98.1 12.4 91.2 6.5 77 10.3 81.2 6.7 

Tetrahydrocortisone 75.6 8.8 78.6 5.6 86.2 12,8 82.9 7.7 
5a-dihydrocoi1isol 103.5 14,2 93.5 3.7 99.7 13.2 94.6 8.3 
5 P-dihydrocortisol 88.8 7.5 92.7 6 79.4 11,3 83.2 5.9 

Corticosterone 99.7 4,2 94.3 5.4 86 14.7 86.1 4.8 
5a-dihydrocortisone 86.4 9.8 102.4 5.1 95.4 10,3 79.4 5.7 
Sp-dihydrocortisone 98.2 10,1 83.1 6.7 81 5.7 77.3 6.3 

1 l-deoxycortisol 89.4 6.1 97,1 2.4 86.7 13,1 97 4.1 
11-deoxycorticosterone 103.1 7,6 95,6 3.7 96.4 6.2 101.4 3.2 

17a-hydroxypregnenolone 96.4 6.8 102.8 5.8 89.5 7,4 94.2 3.7 
Dehydroepiandrosterone 96.5 9.4 93.5 5.4 110,5 8,1 98.2 5.6 

Pregnenolone 95.3 7.1 92,1 6.2 101,6 3,4 94.3 9.5 

The data represents mean recovery of steroid (100 and 250nmol/L) added to three pooled plasma and urine specimens, 4ml urine and 

1ml plasma were extracted and derivatized with 100)Lll CMMC(25mM), 50|j.l DMAP(50mM) and 50|J,1 EDC(25mM) incubated at 
70°C for 120 minutes. 



Appendix 3. Analytical imprecision for the analysis of corticosteroids in plasma and urine by HPLC 
with solid phase extraction and fluorescence derivatization with CMMC. 

Urine Plasma 
Steroid Within Batch Between Batch Within Batch Between Batch 

(CV%) (CV%) (CV%) (CV%) 
6a-hydroxycortisol not detected not detected 34,6 42.1 
20a-dihydrocortisol not detected not detected 41.3 43.2 

20a-dihydrocortisone not detected not detected 28.1 32.3 
20p-dihydrocortisol 16.3 21.8 12.7 16.7 

20|3-(iihydrocoitisone 21.4 22.3 10.4 12.9 
a-cortol 10.1 8.6 8.6 12,1 
P-cortol Chromatographic co-elution 

a-coitolone Chromatographic co-elution 
P-cortolone 6.8 8.4 9.7 14,3 

coitisol 5.8 6.3 7.4 5,1 
cortisone 9.7 9.9 10.8 12.1 

allo-tetrahydrocortisol 16.4 21.6 11.9 13.2 
tetrahydrocortisol 8.7 12,3 7.4 9.5 

tetrahydrocortisone 10.5 11.6 13.8 12,9 
5a-dihydrocortisol 16.3 13,2 11.4 15.8 
5 p-dihydrocortisol 12.9 14,7 10,1 12.8 

Corticosterone 6.4 7.9 5.8 11.1 
5 a-dihydrocorti sone 15.4 21,7 16.2 17.1 
5 (3-dihydrocortisone 17.1 23.4 21.7 18.6 

11-deoxy Cortisol 8.5 7,3 4,8 8.5 
11-deoxycorticosterone 6.3 8.4 9.5 7,3 

17a-hydroxypregnenolone 7,3 9.8 12,1 11.2 
dehydroepiandrosterone 5,1 10.4 6.7 5.9 

pregnenolone 6.3 5.9 7.4 8.2 
The data represents mean recovery of steroid (100 nmol/L) added to pooled plasma and urine specimens. 4ml urine and 1ml plasma 
were extracted and derivatized with 100^1 CMMC(25mM), 50^1 DMAP(50mM) and 50pj EDC(25mM) incubated at 70°C for 120 

minutes. Chromatography was performed using a Waters Nova-Pac Cig 60A 40m 300x3,9mm I D. analytical HPLC column 
(Millipore, UK) 



Appendix 4, Analytical recovery of corticosteroids from plasma and urine by HPLC with solid phase extraction and UV absorbance 
detection 

% Recovery (Urine) % Recovery (Plasma) % Recovery (DMEM) 
Steroid lOOnmol/L SD 250nmol/L SD lOOnmol/L SD 250nmol/L SD lOOnmol/L SD 250nmol/L SD 

6p-hydroxycortisol 98.8 6.3 94.3 6.2 100.1 2.7 99.4 3.4 98.7 1,4 97.6 2,7 
20a-dihydrocortisol 92.1 8.4 93.5 3.6 100.4 3.1 96.5 5.8 99.2 1.6 98.7 1,9 
20p-dihydrocortisol 94.2 6.4 91.0 5.8 97.5 8.9 94,0 5,4 101.4 0.8 91.4 3,4 

20a-dihydrocortisone 91,5 7.7 91.9 8.1 95.1 10.7 92.4 2,6 96.8 2,4 98.4 4,9 
, 20p-dihydrocortisone 90.2 9.5 93.7 9.1 96,1 7,4 90.9 8,4 96.4 6.7 95.6 4,5 
5 Cortisol 98.2 5.4 99.1 9.4 94,3 7.2 95,1 2,4 95.8 2,4 94.2 1,4 
• cortisone 94.1 6.8 96.4 7.0 99.2 1.9 96.0 4,3 99,7 3,7 102.4 1.7 

corticosterone 91.7 9.5 93.4 8.2 96.5 8.8 94.1 7.2 95.7 4,1 97.4 3.2 
11-deoxycortisol 96,0 6.3 94.2 4.8 99.2 9,1 98.4 1,9 97,6 5,7 98.7 1.8 

11-deoxycorticosterone 94.2 10,3 91.8 3.8 94.0 6,8 91.5 2,3 102,4 4,1 95.7 2.1 
17a-hydroxyprogesterone 102.4 11,5 99.4 9.6 105.7 3.8 108,6 3.4 98.5 3.2 97.6 0,8 

Androstenedione 98.5 9.7 103.4 5.0 97.4 10.7 101,3 9.4 99.4 7.2 91.7 4.9 
progesterone 99.2 2.6 98,9 6.2 95.2 5.0 93.1 1.1 103,4 6.5 95.4 2,4 

The data represents mean recovery of steroid (100 and 250nmol/L) added to three pooled plasma, urine and tissue culture (DMEM containing 10% FCS) 
specimens. 4ml urine, DMEM and 1ml plasma were extracted. Chromatography was performed using a Waters Nova-Pac Cig 60A 4pm 300x3.9mm I D. 

analytical HPLC column (Millipore, UK) 



Appendix 5. Analytical imprecision for the analysis of corticosteroids in plasma and urine by 
HPLC with solid phase extraction and UV absorbance detection 

W 
W 

Urine (n=10) Plasma (n=10) DMEM (n=10) 
Steroid Within- Between- Within- Between- Within- Between-

Batch Batch Batch Batch Batch Batch 
(CV%) (CV%) (CV%) (CV%) (CV%) (CV%) 

6 p-hydroxy Cortisol 4.4 8.5 4.8 7,9 6,4 5,2 
20a-dihydrocortisol 9.5 13.8 7.6 12.7 5.9 9.8 
20p-dihydrocortisol 10.4 12.4 8.8 9.6 8,1 7.6 

20a-dihydrocortisone 7.8 14.4 5,5 11.3 6,5 11.4 
20p-dihydrocortisone 10.1 15.8 8.3 8.7 7,3 10.5 

Cortisol 6.8 9.5 5.7 7,1 6.2 8.2 
cortisone 6.2 8.4 6.7 8.0 5,1 6.7 

corticosterone 6.4 7.1 7.2 9.1 4,1 12.4 
11-deoxycortisol 5.8 10.1 4.3 8.4 6,3 6.4 

11-deoxycorticosterone 9.5 12.7 3.4 5.8 7.4 5.9 
17a-hydroxyprogesterone 12.4 14.6 6.8 10.0 5,1 10.4 

androstenedione 9.5 13.7 8.2 9.4 4.0 7,6 
progesterone 4.8 9.2 7.0 7,1 6,4 5,2 

The data represents mean recovery of steroid (100 nmol/L) added to three pooled plasma, urine and tissue culture 
(DMEM containing 10% FCS) specimens. 4ml urine, DMEM and 1ml plasma were extracted. Chromatography was 

performed using a Waters Nova-Pac Cig 60A 4|4.m 300x3.9mm I D. analytical HPLC column (Millipore, UK) 
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