
J. Steroid Biochem. Molec. Biol. Vol. 40, No. 4-6, pp. 501-509, 1991 0960-0760/91 $3.00 + 0.00 
Printed in Great Britain Pergamon Press plc 

T H E  C O R T I S O L - C O R T I S O N E  S H U T T L E  A N D  

H Y P E R T E N S I O N  

PAUL M. STEWART 1 and CHRISTOPHER R. W. EDWARDS 2. 
tDepartment of Medicine, Queen Elizabeth Medical Centre, Edgbaston, Birmingham BI5 2TH and 

2Department of Medicine, Western General Hospital, Crewe Road, Edinburgh EH4 2XU, U.K. 

Summary--I  I~-OHSD is an enzyme complex consisting of 1 lfl-DH, converting cortisol to 
cortisone in man and an l l-keto-reductase performing the reverse reaction. Congenital 
deficiency of 1 lfl-DH should be considered in any child presenting with mineralocorticoid 
hypertension and suppression of the renin-angiotensin-aldosterone axis. The keystone to 
diagnosis is the demonstration of a reduced daily production rate of cortisol and an increase 
in its plasma half-life. In the majority of cases diagnosis can be made from a urinary steroid 
metabolite profile indicating a high excretion of cortisol relative to cortisone metabolites. 
Cortisol is the responsible mineralocorticoid, and as such treatment with the pure glucocor- 
ticoid dexamethasone will prevent life-threatening hypokalaemia, although additional anti- 
hypertensive drugs are usually required to control blood pressure. 

Liquorice and carbenoxolone, for years thought to be direct "agonists" of the mineralocor- 
ticoid receptor, in fact cause sodium retention through inhibition of 1 lfl-DH. 

The demonstration of 11 ~-DH activity in the vasculature raises the possibility that it locally 
modules access of glucocorticoids to mineralocorticoid and possibly glucocorticoid receptors 
in the vessel wall. 

It remains possible that subtle alterations of this cortisol-cortisone shuttle are responsible 
for other forms of hypertension which are currently classified under the umbrella diagnosis 
of essential hypertension. 

INTRODUCTION 

In diseases related to steroid excess, much 
greater emphasis has been placed on steroid 
secretion rather than metabolism. Thus, even in 
conditions where steroids may have been impli- 
cated in their pathogenesis, normal plasma 
steroid levels have been interpreted as negative 
results. In this review we shall show how cortisol 
(Kendall's compound F), the principal gluco- 
corticoid secreted in man, can produce severe 
hypertension even when plasma concentrations 
are normal. 

The main site of cortisol metabolism has been 
thought to be the liver[l] and conversion of 
cortisol to the inactive steroid cortisone (E) by 
an enzyme complex 1 lfl-hydroxysteroid dehy- 
drogenase (11 fl-OHSD) occurs early in its meta- 
bolic transformation. Although the existence of 
1 l f l -OHSD has been known of since the 1960s 
our understanding of the physiological signifi- 
canoe of  this enzyme has come only recently 
from investigation of the enzyme-deficient state. 
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Cortisol metabolism and l lfl-hydroxysteroid 

dehydrogenase 

Figure 1 depicts the principal pathways of 
cortisol metabolism in man. Briefly this involves 
reduction of  the 4 -5  double bond (5~ and 
5~-hydrogenation) and the C:0 group, hydroxyl- 
ation at C6 and the interconversion of  the 
hydroxyl and keto groups at C,~ carried out by 
1 lfl-OHSD. This step is important in that ster- 
oids possessing a hydroxyl group at CH are 
active whilst those with a keto group are inac- 
tive. Thus cortisone needs to be converted to 
cortisol in the liver for activity, and is therefore 
inactive if given parenterally. 

11 fl-OHSD activity was first shown in placen- 
tal tissue in the late 1950s [2] and since then its 
activity has been shown in numerous tissues; 
kidney [3, 4, 5], liver [6, 7], lung [8, 9], muscle [4], 
adrenal [10], thyroid [4], colon [11] and go- 
nad [12] (see Ref. [13] for a review). It is known 
that this enzyme complex exists as two distinct 
dehydrogenase and reductase components 
[14, 15], with activity dependent on NADP/  
NAD[16], and regulated at least in part by 
progesterone and its hydroxylated derivatives 
[17]; thyroid[18, 19] and sex hormones [20]. 
More recently Carl Monder's group has fully 
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Fig. I. Major pathways of cortisol metabolism. The broad arrow indicates a shift of metabolism towards 

F in AME. 

characterized llfl-dehydrogenase ( l l f l -DH) 
from rat liver microsomes [15], and, using a 
series of detergents has purified and cloned 
1 lfl-DH [21, 22]. The 1 lfl-DH cDNA is 1.2 kb 
in length encoding 287 amino acids to produce 
a glycoprotein of mol. wt 34 kDa, and has 
marked similarity to other dehydrogenases. 
When 1 I fl-DH eDNA was transfected into Chi- 
nese hamster ovary cells, these cells were able to 
convert F to E but also E to F, and thus 
suggested that a single gene may be encoding 
one enzyme with bidirectional activity rather 
than two separate enzymes. This issue is still 
not resolved and we shall refer 1 l fl-DH and 
11-keto reductase converting F to E and E to F 
respectively. 

Congenital deficiency of I l[3-dehydrogenase: the 
syndrome of apparent mineralocorticoid excess 
(AME) 

Congenital deficiency of 1 lfl-dehydrogenase 
presents as a rare but often fatal cause 
of mineralocorticoid hypertension, i.e. severe 
hypertension with suppression of the renin- 
angiotensin-aldosterone axis and hypokal- 
aemia. Worldwide only 19 children and 1 adult 
have been reported. Children classically present 
with failure to thrive, short stature and thirst, 

polyuria and polydipsia secondary to nephro- 
genie diabetes insipidus induced by hy- 
pokalaemia. Presentation with rickets is also 
documented. Table 1 shows in more detail 
blood pressure and biochemical data on 
these patients [23-33]. It was in the late 1970s 
that Stanley Ulick investigating two children 
with this disorder first documented a defect 
in the peripheral metabolism of cortisol to 
cortisone[23]. This results in a prolonged 
plasma cortisol half-life, but plasma cortisol 
concentrations remain normal due to a con- 
comitant reduced daily cortisol secretion rate 
brought about through the ACTH negative 
feedback mechanism. Thus other ACTH- 
dependent steroids such as corticosterone and 
deoxycorticosterone are low. 

A defect in 11-keto-reductase has also been 
reported in three women (two were siblings) 
presenting with hirsutism and menstrual irregu- 
larity. Cortisol production is very high but is 
rapidly subjected to "one-way" conversion to 
cortisone. A high ACTH-mediated androgen 
level results and is thought to be responsible for 
the clinical picture [34, 35]. 

A characteristic urinary steroid metabolic 
profile (measured by gas chromatography/mass 
spectrometry) is produced in 11/~-DH deficiency 
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Table 1. Reported cases of  congenital 1 i#-dehydrogenase deficiency (AME) 
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Age at 
investigation BP Na K HCO 3 PRA Aldosterone THF + 

Patient (yr) (mmHg) (mmol/l) (retool/l) (retool/I) (ng/mi/h) (ng/100 nil) 5aTHFffrHE Growth Ref. No. 

1 3 + 180/140 - -  3.7 - -  1.000 d 16.2 < 3rd percentile [23] 
2 9 250/180 - -  2.0 - -  0.7900 < 1.00 10.0 Growth retarded [23] 
3 2 140/90 154 2.2 36.0 0.013 <1.33 15.9 <3 rd  percentile [24] 
4 3 175/118 160 2.8 - -  ND 1.90 10.2 Growth retarded [25] 
5 ~ 190/120 150 2.5 32.0 ND ND 19.8 - -  [26] 912 
6 2i~+ 180/120 148 2.6 31.7 0.200 ND 9.8 - -  [27] 
7 3-312 125/85 . . . . .  40.0 - -  Unpublished 
8 I,~ 150/110 140 2.6 25.0 0.400 3.00 32.5 - -  [28] 
9 1~ 120/80 143 3.2 30.0 0.400 2.40 15.5 - -  [29] 

10 5 +  200/100 - -  1.8 - -  0.020 1.04 68.8 - -  [30] 
11 I1 190/120 143 2.7 - -  - -  1.20 31.2 < 3 r d  percentile [27] 
12 3~ 200/129 - -  2.3 - -  - -  - -  13.4 <5 th  percentile [27] 
13 6 + [27] 
14 ~ 130/90 138 3.8 26.0 0.210 ND 8.9 <3 rd  percentile [31] 
15 ~A4 142/98 144 2.8 -- 0.070 ND 20.1 -- [31] 
16 8 130/90 140 2.4 36.0 0.070 ND 14.9 <3rd percentile [31] 
17 21 200/145 148 1.7 34.0 0.050 <3.40 13.5 Normal [32] 
18 7 160/120 145 1.8 28.0 - -  - -  29.8 <2.5  percentile [33] 
19 3 200/ l l0  - -  2.2 - -  - -  - -  7.5 - -  Unpublished 
20 9 170/100 145 2.5 28.8 ND 1.80 17.4 Weight Unpublished 

< 5th percentile 

AME, Apparent  mineralocorticoid excess; BP, blood pressure; PRA, 
tisone; ND, not detectable; + ,  deceased. 

with an increase in the ratio of cortisol metab- 
olites (principally tetrahydrocortisol (5//-THF) 
and its isomer allo-tetrahydrocortisol (5a-THF) 
to cortisone metabolites (tetrahydrocortisone 
(THE)). In addition, the ratio of 5~-THF/5fl- 
THF is raised suggesting an associated defect in 
5fl-reductase. Urinary free cortisol is usually 
high [27, 31]. 

l lfl-DH deficiency is familial. All three 
siblings in one family (patients 11, 12 13 in 
Table 1) had the condition and patients 14 and 
15 were sisters. The mother of patient 17 ap- 
pears to heterozygous for l lfl-DH deficiency 
having mild low-renin hypertension, hypo- 
kalaemia and a prolonged plasma cortisol 
half-life. The genetics of AME have yet to be 
elucidated. 

For several years the mineralocorticoid re- 
sponsible for this condition was unknown. 
Numerous bioassays on plasma and urine from 
such patients failed to detect increased miner- 
alocorticoid activity. From Dr Ulick's original 
case a high urinary excretion of 5a-dihydrocor- 
tisol had been observed, and studies suggested 
that this might be a potent mineralocorti- 
coid [36]. However when infused into subjects 
with AME the syndrome was not reproduced 
and hence the term syndrome of "apparent 
mineralocorticoid excess" (AME) was coined. 
In 1983 Oberfield et al. documented sodium 
retention and hypertension following ACTH 
and cortisol infusions into patient 1 in 
Table 1 [37]. They postulated an abnormality 
in the mineralocorticoid receptor, recognizing 
cortisol as a mineralocorticoid. 

plasma renin activity; THF, tetrahydrocortisol; THE, tetrahydrocor- 

In 1985 we described the first adult case of 
congenital 11//-DH deficiency a 21-yr-old male 
presenting with blurred vision and polydipsia/ 
polyuria [38]. Blood pressure was elevated at 
240/140 mmHg, plasma potassium was low at 
1.7 mmol 1-1, bicarbonate high at 34 mmol 1-1. 
Shortly after admission to hospital he sustained 
a cardiac arrest secondary to hypokalaemia 
from which he was successfully resuscitated. 
Investigations showed suppressed plasma renin 
activity and aldosterone (0.1 ng ml- I h- ~ (nor- 
mal range 0.5-1.5) and less than 100pmol1-1 
(reference range 150-500) respectively). Plasma 
cortisol circadian rhythm was normal but 
plasma cortisone measured by an in-house 
RIA was low at 8.4 nmol 1-1 (reference range 
40-70nmo11-~). The ratio of urinary 5//- 
THF + 5~-THF/THE was grossly elevated at 
13.6 (reference range 0.7-1.3). Deficiency of 
11/~-DH was confirmed by studying the metab- 
olism of l lg-tritiated cortisol (ll~-[3H]F) 
(which when acted on by 1 lfl-DH forms corti- 
sone and tritiated water). The half-life for this 
isotope in our patient was prolonged at 
131.8min (reference range 31.3-48.5 rain, 
n = 16). As previously reported in AME conver- 
sion of cortisone to cortisol was unimpaired, 
indicating normal l l-keto-reductase activity. 

During a series of metabolic balance studies 
we demonstrated that cortisol was acting as a 
potent mineralocorticoid. Dexamethasone by 
suppressing plasma cortisol, caused a natriuresis 
and potassium retention. Thus on a fixed dietary 
sodium/potassium intake, dexamethasone 2 mg/ 
day for 48 h suppressed urinary free F from 
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628 nmol/24h (reference range 80-450 nmol/ 
24 h) to less than 30nmol/24 h, and urinary 
Na+/K ÷ ratio rose from 1.2 to 3.3. Whilst 
taking dexamethasone, cortisol in a dose of only 
10mg/day was infused subcutaneously via a 
mini-pump for 4 days. This reproduced the 
syndrome with marked sodium retention and a 
kaliuresis (urinary Na+/K ÷ ratio falling from 
1.2 to 0.15) (Fig. 2). Plasma K ÷ fell from 4.5 
to 3.3mmoll -~ and blood pressure rose 
from 161/105 to 177/114 mmHg. On 1.25 mg of 
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Fig. 2. Metabolic balance data, urinary free cortisol and 
blood pressure across hydrocortisone administration for 4 
days to our index case o f  congenital l l~-dehydrogenase 
deficiency. The mean of  10 daily readings for blood pressure 

is shown. 

dexamethasone/day (0.5 mg at 0900 h, 0.75 mg 
at 2300h) we maintained suppression of 
urinary free cortisol to less than 30 nmol/24 h 
and restored normokalaemia on a long-term 
basis where numerous antihypertensive and 
potassium sparing diuretics had failed. 

It seems clear therefore that cortisol itself is 
the potent mineralocorticoid in congenital 1 lfl- 
DH deficiency [32], a finding which has sub- 
sequently been confirmed by other workers [39]. 
Treatment should aim to prevent life-threaten- 
ing hypokalaemia and restore normotension. 
Dexamethasone carefully titrated to suppress 
endogenous cortisol production prevents hy- 
pokalaemia. However, diuretics and angiotensin 
converting enzyme inhibitors may be needed in 
addition to control blood pressure. Tabl.e 2 
shows the recent status and therapy in I0 of the 
patients depicted in Table 1. 

Clearly cortisol does not have such 
catastrophic effects in normals and we believed 
that our index case was telling us something 
important about the tissue control of steroid 
activity. We hypothesized that renal l l/~-DH 
was an important physiological mechanism, 
protecting exposure of the kidney to cortisol by 
shuttling it to the inactive steroid cortisone. 
Failure of this mechanism in AME results in the 
kidney seeing cortisol as a potent mineralocorti- 
coid. Further evidence to support our hypoth- 
esis came from the investigation of subjects 
with liquorice and carbenoxolone induced 
mineralocorticoid excess. 

Acquired inhibition of 1113-DH: effects of 
liquorice and carbenoxolone administration 

Liquorice has been used medically for at least 
5000 years but scientific interest was aroused in 
1946 in the small Dutch village of Heerenveen. 
It was here that Reevers studied many patients 
suffering from peptic ulcer who improved after 
taking a proprietary liquorice preparation (suc- 
cus liquoritiae) from the local chemist. How- 
ever, 2 years later Reevers went on to report that 
one in five of these patients developed oedema, 
shortness of breath and hypertension[40]. 
Since then there have been numerous reports 
of liquorice-induced hypertension with hypo- 
kalaemia, complicated in some cases by myopa- 
thy and cardiac arrythmias[41-43]. Patients 
present as a mineralocorticoid excess state with 
sodium retention, suppression of the renin- 
aldosterone system and hypokalaemia [44]. The 
condition is reversible on stopping liquorice and 
responds to spironolactone administration [45]. 
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Table 2. Recent status and drug therapy of patients with apparent mineralocorticoid excess (AME) 
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Age Age 
Age first last Blood 

Patient now (yr) seen seen pressure (mmHs) K (mmol/I) Na (mmol/l) Drugs and diet 

4 23 3.0 22.0 125/80 4.40 138 Spironolaetone 300 mg/day 
Amiloride 5 rag/day 
Chlorthalidone 50 rag/day 

5 22 1.6 20.0 128/99 3.40 138 Amiloride 10 mg/day 
Captopril 25 rag/day 
Nadolol 160 nag/day 
Prazosin 5 rag/day 

7 13 - -  10.0 105/70 3.70 143 Triamterene 150 nag/day 
Low dietary sodium 

8 I 1 1.5 9.0 115/80 Low 138 Triamterene 
normal Furosemide 

Amiloride 
9 27 - -  9.3 140/100 3.70 142 Amiloride 150 rag/day 

Low dietary sodium 80 mnaol/day 
11 19 3.0 17.5 160/100 4.12 - -  Nifedipine 10 rng/day 

Triamterene 100 nag/day 
12 9 1.0 7.5 134/82 3.99 - -  Spironolactone 75 nag/day 

Dexamethasone 1.0 rng/day 
17 26 21.0 25.0 130/90 4.10 142 Dexamethasone 1.25 nag/day 

Captopril 25 nag/day 
Furosemide 40 mg/day 

18 12 - -  9.3 140/100 3.70 162 Spironolaetone 200 nag/day 
Dietary sodium 80 mEq/day 

20 10 8.0 9.0 114/78 6.30 Spironolactone 200 rag/day 

The active mineralocorticoids in liquorice are 
glycyrrhizic acid (GI) and its hydrolytic product 
glycyrrhetinic acid (GE), and it is widely be- 
lieved on the basis of two receptor studies that 
they exert their effect via a direct action on the 
mineralocorticoid receptor [46, 47]. However it 
seemed unlikely from previous findings that this 
could be the explanation. In some elegant bal- 
ance studies by Dutch workers in the 1950s 
liquorice was shown to be ineffective in subjects 
with Addison's disease [48]. Borst in 1953 con- 
cluded that the "deoxycortone-like action of 
liquorice always present in people with intact 
suprarenal glands, was absent in three patients 
with Addison's disease". However 10 mg corti- 
sone given daily to these patients fully restored 
the mineralocorticoid effect [49]. Similarly 
liquorice had no biological effect in adrenal- 
ectomized rats [50, 51]. These studies therefore 
point strongly to the requirement of functional 
adrenal tissue and/or the presence of glucocorti- 
coids for liquorice to possess mineralocorticoid 
activity and argue against affinity for the miner- 
alocorticoid receptor being the predominant 
mechanism (which would be unaltered in Ad- 
dison's disease or adrenalectomized patients). 

There were other pointers in the literature to 
suggest that 11fl-DH deficiency might be im- 
portant in this area. Workers in New Zealand 
had shown an apparent change in the renal 
handling of cortisol in subjects consuming 
liquorice, in that 10 of 13 volunteers who con- 
sumed 100-200 g liquorice/day had a doubling 
of their urinary free cortisol excretion with no 

change in plasma cortisol [52]. Dexamethasone 
has been shown to have an antimineralocorti- 
coid effect in subjects given glycyrrhetinic acid 
i.e. causes a natriuresis and potassium reten- 
tion [53]. Thus there are many similarities be- 
tween 1 lfl-DH deficiency and liquorice-induced 
mineralocorticoid excess. It was on this back- 
ground that we evaluated the effects of liquorice 
ingestion on 1 lfl-DH activity in man [54]. Seven 
normal male volunteers (mean age 30.1 + 1.9 
(SEM) yr) were established on a fixed Na ÷/K ÷ 
diet (130mmol sodium, 80mmol potassium/ 
day). After a 5 day run-in period liquorice 
200 g/day (containing 580 mg GI/day) was given 
in divided doses for 10 days. As shown in Fig. 3 
liquorice produced significant sodium retention 
with suppression of the renin-aldosterone axis. 
There was a marked kaliuresis significant on 
each day of liquorice ingestion resulting in a 
fall of plasma potassium from 4.1 +0.2 to 
3 .7_ 0.1 mmoll -t (P < 0.05). Urinary free 
cortisol rose across liquorice administration 
but there was no change in 0900h plasma 
cortisol. 0900h plasma cortisone fell from 
42.8 +6.4nmol l  -t to 10.2+0.9 on day 10 of 
liquorice ingestion (P <0.001). As shown in 
Table 3 the 5fl-THF + 5~-THF/THE ratio in- 
creased suggesting inhibition of l lfl-DH and 
this was confirmed by demonstrating an in- 
crease in the plasma half-life of 11~-[aH]F from 
40.7 + 0.7 min to 84.3 + 5 min (n = 3) after one 
week of liquorice ingestion. Plasma gly- 
cyrrhetinic acid was measured across liquorice 
administration and was consistently less than 



506 PAUL M, STEWAgr and  CHRISTOPHER R. W. EDWAROS 

1 pg/ml (i.e. much lower than would be re- 
quired to displace aldosterone as calculated 
from the previous mineralocorticoid receptor 
studies). 

Animal experiments performed in parallel 
with these studies in man have confirmed that 
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Fig. 3. Mean  24 h ur inary  sodium,  po tass ium,  a ldosterone,  
cort isol ,  p l a sma  renin act ivi ty  and  p l a sma  cort isol  for the 
seven volunteers  on a fixed metabo l ic  d ie tary  in take  and  
receiving l iquorice 200 g /day  ( reproduced wi th  permiss ion  of  
the Lancet). P values  compar ing  results on day  indica ted  

wi th  those on  day  - 1 .  

GI and GE inhibit renal 1 lfl-DH both in vitro 
and in vivo. In vitro a Ki of 10 -9 M for GE was 
observed, indicating potent inhibition [55]. 

Carbenoxolone is a synthetic derivative of GE 
used in the treatment of peptic ulceration. Its 
use is now declining, principally because of the 
effectiveness of H2 receptor antagonists but also 
because of mineralocorticoid side-effects seen in 
up to 50% of patients taking the drug [56]. As 
with liquorice it was widely thought that car- 
benoxolone acted directly on the mineralocorti- 
coid receptor [57]. Recently we have shown in 6 
volunteers that the sodium retention following 
carbenoxolone ingestion is associated with inhi- 
bition of 1 lfl-DH [58], and again these findings 
have been confirmed in animal studies [59, 60]. 
However, we did see striking differences between 
liquorice and carbenoxolone administration. 
Although carbenoxolone did inhibit l l/~-DH 
(as judged by a three-fold increase in the plasma 
half-life of 1 I:(-[3H]F), and reduced daily corti- 
sol production rate, there was no change in the 
urinary 5/~-THF + 5~-THF/THE ratio, nor in 
plasma cortisone. In addition plasma cortisol 
following oral cortisone was diminished whilst 
taking carbenoxolone suggesting inhibition of 
11-keto-reductase in addition to 1 lfl-DH. This 
has similarities to three recently described 
patients with the so-called "type 2" variant AME, 
who present as AME patients with reduced cor- 
tisol metabolism and production rates, but with 
normal 5fl-THF + 50~-THF/THE ratios [61]. 

It would appear therefore that the mineralo- 
corticoid activity of liquorice and carbenox- 
olone is mediated via cortisol through acquired 
inhibition of l lfl-DH and not, as previously 
thought, via a direct action of GI and GE on 
the mineralocorticoid receptor. Studies with 
liquorice and carbenoxolone therefore added 
further weight to our hypothesis regarding a 
paracrine role for the cortisol-cortisone shuttle. 
For the first time we were able to show that 

Table 3. Urinary tetrahydrocortisol (THF) + allo-tetrahydrocortisol 
(allo-THF)/tetrahydrocortisone (THE) ratio and allo-tetrahydrocor- 
tisol/tetrahydrocortisol ratio on days - 1, +4  and + 10 of liquorice 

ingestion 

THF + allo - THF/THE alIo-THF/THF 

Subject Day - 1  D a y 4  Day 10 Day - 1  Day 4 Day 10 

1 0.96 0.97 1.30 0.51 0.57 0.53 
2 0.60 0.71 0.70 0.26 0.32 0.26 
3 0.95 1.03 1.08 0.76 0.77 0.98 
4 1.17 1.50 1.47 0.89 1.24 1.20 
5 0.91 1.05 1.04 0.72 0.80 0.57 
6 0.84 0.91 1.05 0.62 0.71 0.86 
7 1.04 1.52 1.61 0.97 0.99 1.47 
Mean 0.92 1.1(P 1.18 b 0.67 0.77 0.84 
(SEM) (0.07) (0.11) (0.12) (0.09) (0.11) (0.16) 

For comparison with value on day -1 :  ap < 0.05; bp < 0.01. 
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11/~-DH deficiency was relevant in mineralocor- 
ticoid excess states other than that occurring in 
a small number of hypertensive children. 

The kidney as a site of cortisol metabolism 

Although the liver has been thought to be the 
major site of cortisol metabolism, for our hy- 
pothesis to be correct the kidney must play an 
important role. Previous studies have shown a 
prolonged cortisol half-life in patients with 
chronic renal failure [62], and cortisol isotopic 
studies suggested that renal conversion of F to 
E did occur [63]. 

In vitro we have shown that for a fixed mg 
protein/g wet weight tissue (and hence enzyme 
concentration), the kidney was more effective in 
converting F to E than the liver, the reverse 
being true for the conversion of E to F [64]. 

Recently 88 patients with a variety of renal 
diseases have been compared with 47 normal 
controls [65]. Renal patients were divided on the 
basis of their plasma creatinine and a marked 
reduction in 0900 h plasma cortisone with in- 
creasing renal impairment was observed. How- 
ever 0900 h plasma cortisol levels were similar in 
all groups. There was a negative correlation 
between plasma creatinine and cortisone 
(r =0.52, P <0.01, n =88). In 5 nephrec- 
tomized patients plasma cortisone was between 
5.1 and 6.3 nmol 1 -l. (In normal subjects plasma 
cortisone levels ranged from 40450 nmol l-J.) 

These results would suggest therefore that 
in man the kidney is the major site for the 
conversion of cortisol to cortisone. 

11fl-DH activity in blood vessels 

An interesting development is the demon- 
stration of llfl-DH activity and "aldoster- 
one-selective" mineralocorticoid receptors in 
mesenteric blood vessels [66], raising the possi- 
bility that the cortisol-cortisone shuttle in resist- 
ance vessels may also be important in blood 
pressure control. 

REFERENCES 

1. Cope C. L.: Metabolic Breakdown. In Adrenal Steroids 
and Disease (Edited by C. L. Cope). Pitman Medical, 
London, (1972) pp. 80-104. 

2. Osinski P. A.: Steroid 1 lfl-ol dehydrogenase in human 
placenta. Nature 187 (1960) 777. 

3. Burton A. F.: Inhibition of 1 lfl-hydroxysteroid dehy- 
drogenase activity in rat tissues /n vitro and in vivo. 
Endocrinology 77 (1965) 325-331. 

4. Jenkins J. S.: The metabolism of cortisol by human 
extrahepatic tissues. J. Endocr. 34 (1966) 51-56. 

5. Hierholzer K., Schoneshofer M., Siebe D., Tsiakiras D. 
and Weskamp P.: Corticosteroid metabolism in 

isolated rat kidney /n vitro. Pflugers Arch 400 (1984) 
363-371. 

6. Bush I. E., Hunter S. A. and Meigs R. A. Metabolism 
of ll-oxygenated steroids. Bioehem. J. 107 (1968) 
239-257. 

7. Wortmann W., Touchstone J. C., Knapstein P., Dick G. 
and Mappes G.: Metabolism of 1,2-3H-cortisol perfused 
through human liver/n vivo. J. Clin. Endocr. 33 (1971) 
597~03. 

8. Murphy B. E. P.: Cortisol production and inactivation 
by the human lung during gestation and infancy. J. Clin. 
Endocr. Metab. 47 (1978) 243-248. 

9. Nicholas T. E. and Lugg M. A.: The physiological 
significance of l lfl-hydroxysteroid dehydrogenase in 
the rat lung. J. Steroid Biochem. 17 (1982) ll3-118. 

10. Whitehouse B. J., Vinson G. P. and Janssens P. A.: The 
effect of blood-borne factors on adrenal steroid syn- 
thesis in the golden hamster. J. Endocr. 37 (1967) 
139-146. 

11. Burton A. F. and Anderson F. H. Inactivation of 
corticosteroids in intestinal mucosa by l lfl-hydroxy- 
steroid: NADP oxidoreductase (E.C.1.1.1.146). Am. J. 
Gastroent. 78 (1983) 627~31. 

12. Koerner D.: 1 lfl-hydroxysteroid dehydrogenase of lung 
and testis. Endocrinology 79 (1966) 935-938. 

13. Monder C. and Shackleton C. H. L.: llfl-hydroxy- 
steroid dehydrogenase: fact or fancy? Steroids 44 (1984) 
383-417. 

14. Abramovitz M., Branchaud C. L. and Murphy B. E. P.: 
Cortisol-cortisone interconversion in human fetal lung: 
contrasting results using explant and monolayer cul- 
tures suggest that l l//-hydroxysteroid dehydrogenase 
comprises two enzymes. J. Clin. Endocr. Metab. 54 
(1982) 563-568. 

15. Lakshmi V. and Monder C.: Evidence for independent 
I l-oxidase and 1 l-reduetase activities of 1 lfl-hydroxy- 
steroid dehydrogenase: enzyme latency, phase tran- 
sitions, and lipid requirements. Endocrinology 116 
(1985) 552-560. 

16. Bush I. E.: 1 lfl-hydroxysteroid dehydrogenase: contrast 
between studies in vivo and studies in vitro. Adv. Biosci. 
3 (1969) 23-39. 

17. Murphy B. E. P.: Specificity of human l lfl-hydroxy- 
steroid dehydrogenase. J. Steroid Biochem. 14 (1981) 
807-809. 

18. Helllman L., Bradlow H. L., Zumoff B. and Gallagher 
T. F.: The influence of thyroid hormone on hydrocorti- 
sone production and metabolism. J. Clin. Endocr. 
Metab. 21 (1961) 1231-1247. 

19. Zumoff B., Bradlow H. L., Levin J. and Fukushima 
D. K.: Influence of thyroid function on the in vivo 
cortisol---cortisone equilibrium in man. J. Steroid 
8iochem. 18 (1983) 437-440. 

20. Lax E. R., Ghraf R. and Schriefers H.: The hormonal 
regulation of hepatic microsomal llfl-hydroxysteroid 
dehydrogenase activity in the rat. Acta Endocr. 89 
(1978) 352-358. 

21. Lakshmi V. and Monder C.: Purification and character- 
isation of the corticosteroid llfl-dehydrogenase 
component of the rat liver I l fl-hydroxysteroid dehydro- 
genase complex. Endocrinology 123 (1988) 2390-2398. 

22. Agarwal A. K., Monder C., Eckstein B. and White 
P. C.: Cloning and expression of rat cDNA encoding 
corticosteroid l lfl-dehydrogenase. J, Biol. Chem. 264 
(1989) 18939-18943. 

23. Ulick S., Levine L. S., Gunczler P., Zanconata G., 
Ramirez L. C., Rauh W., Rosier A., Bradlow H. L. and 
New M. I.: A syndrome of apparent mineralocorticoid 
excess associated with defects in the peripheral metab- 
olism of cortisol. J. Clin. Endocr. Metab. 49 (1989) 
757-764. 

24. Shackleton C. H. L., Honour J. W., Dillon J., Chantler 
C. and Jones R. W. A.: Hypertension in a four year old 



508 PAUL M. STEWART and CHRISTOPHER R. W. EDWARDS 

child: gas chromatographic and mass spectrometric 
evidence for deficient hepatic metabolism of steroids. 
J. Clin. Endocr. Metab. 50 (1980) 786-792. 

25. Werder E., Zachmann M., Vollmin J. A., Weyrat R. 
and Prader A.: Unusual steroid excretion in a child with 
low-renin hypertension. Res. Steroids 6 (1974) 385-389. 

26. Winter J. S. D. and McKenzie J. K.: A syndrome of 
low-renin hypertension in children. In Juvenile Hyper- 
tension (Edited by M. I. New and L. S. Levine). Raven 
Press, New York (1977) pp. 123-131. 

27. Shackleton C. H. L., Rodriguez J., Arteaga E., Lopez 
J. M. and Winter J. S. D.: Congenital ll//-hydroxy- 
steroid dehydrogenase deficiency associated with juven- 
ile hypertension. Corticosteroid metabolite profiles of 
four patients and their families. Clin. Endocr. 22 (1985) 
701-712. 

28. Fiselier T. J. W., Otten B. J., Monnens L. A. H., 
Honour J. W. and Van Muster P. J. J.: Low-renin, 
low-aldosterone hypertension and abnormal cortisol 
metabolism in a 19-month-old child. Hormone Res. 16 
(1982) 107-114. 

29. Harinck H. I. J., Van Brummelen P., Van Seters A. P. 
and Moolenaar A. J.: Apparent mineralocorticoid ex- 
cess and deficient 11//-oxidation of cortisol in a young 
female. Clin. Endocr. 21 (1984) 505-514. 

30. Honour J. W., Dillon M. J., Levin M. and Shah V.: 
Fatal low-renin hypertension associated with a disturb- 
ante of cortisol metabolism. Arch. Dis. Childhood 58 
(1983) 1018-1020. 

31. Monder C., Shackleton C. H. L., Bradlow H. L., New 
M. I., Stoner E., lohan F. and Lakshmi V.: The 
syndrome of apparent mineralocorticoid excess: its as- 
sociation with l l]/-dehydrogenase and 5//-reductase 
deficiency and some consequences for corticosteroid 
metabolism. J. Clin. Endocr. Metab. 63 (1986) 550-557. 

32. Stewart P. M., Corrie J. E. T., Shackleton C. H. L. and 
Edwards C. R. W.: Syndrome of apparent mineralocor- 
ticoid excess: a defect in the cortisol-cortisone shuttle. 
J. Clin. Invest. 82 (1988) 340-349. 

33. Batista M. C., Mendonca B. B., Kater C. E., Arnhold 
I. J., Rocha A., Nicolau W. and Bloise W.: Spironolac- 
tone reversible rickets associated with l l//-hydroxy- 
steroid dehydrogenase deficiency syndrome. J. Paediat. 
109 (1986) 989-993. 

34. Taylor N. F., Bartlett W. A., Dawson D. J. and Enoch 
B. A.: Cortisone reductase deficiency: evidence for a 
new inborn error in metabolism of adrenal steroids. 
J. Endocr. 102 (Suppl.) (1984) 90. 

35. Phillipou G. and Higgins B. A.: A new defect in the 
peripheral conversion of cortisone to cortisol. J. Steroid 
Biochem. 22 (1985) 435-436. 

36. Marver D. and Edelman I. S.: Dihydrocortisol: a poten- 
tial mineralocorticoid. J. Steroid Biochem. 9 (1978) 1-7. 

37. Oberfield S. E., Levine L. S., Carey R. M., Greig F., 
Ulick S. and New M. I.: Metabolic and blood pressure 
responses to hydrocortisone in the syndrome of appar- 
ent mineralocorticoid excess. J. Clin. Endocr. Metab. 56 
(1983) 332-339. 

38. Edwards C. R. W., Stewart P. M., Nairn I. M., Grieve 
J. and Shackleton C. H. L.: Cushings disease of the 
kidney. J. Endocr. 104 (Suppl.) (1985) 53. 

39. Dimartino-Nardi J., Stoner E., Martin K., Balfe J. W., 
Jose P. A. and New M. I.: New findings in apparent 
mineralocorticoid excess. Clin. Endocr. 27 (1987) 49~2. 

40. Reevers F.: Behandeling van uleus ventriculi in uleus 
duodeni met succus liquiritiae. Ned. T. Geneesk. 92 
(1948) 2968-2971. 

41. Conn J. W., Rovner D. R. and Cohen E. L.: Liquorice- 
induced pseudo-aldosteronism. J. Am. Med. Ass. 205 
(1968) 80. 

42. Blachley J. D. and Knochel J. P.: Tobacco chewer's 
hypokalaemia: liquorice revisited. New Engl. J. Med. 
302 (1980) 784-785. 

43. Nielsen I. and Pedersen R. N.: Life-threatening 
hypokalaemia caused by liquorice. Lancet i (1984) 
1305. 

44. Epstein M. T., Espiner E. A., Donald R. A. and 
Hughes H.: Liquorice toxicity and the renin-an- 
giotensin-aldosterone axis in man. Br. Med. J. 1 (1977) 
209-210. 

45. Salassa R. M., Mattox V. R. and Rosevear J. W.: 
Inhibition of the mineralocorticoid activity of liquorice 
by spironolactone. J. Clin. Endocr. Metab. 22 (1962) 
1156-1 ! 59. 

46. Ulmann A., Menard J. and Corvol P.: Binding of 
glycyrrhetinic acid to kidney mineraiocortieoid and 
glucocorticoid receptors. Endocrinology 97 (1975) 
46-51. 

47. Armanini D., Karbowiak I. and Funder J. W.: 
Affinity of liquorice derivatives for mineraloeorticoid 
and glucocorticoid receptors. Clin. Endocr. 19 (1983) 
609--612. 

48. Molhuysen J. A., Gerbrandy J., De Vries L. A., De Jong 
J. C., Lenstra J. B., Turner K. P. and Borst J. G. G.: 
A liquorice extract with deoxyeortone-like action. 
Lancet ii (1950) 381-386. 

49. Borst J. G. G., Ten Holt S. P., De Vries L. A. and 
Molhuysen J. A.: Synergistic action of liquorice and 
cortisone in Addison's and Simmond's disease. Lancet 
i (1953) 657~63. 

50. Card W. I., Mitchell W., Strong J. A. and Taylor 
N. R. W.: Effects of liquorice and its derivatives on salt 
and water metabolism. Lancet i (1953) 663~68. 

51. Girerd R. J., Rassaert C. L., DiPasquale G. and Kroc 
R. L.: Endocrine involvement in liquorice hypertension. 
Am. J. Physiol. 198 (1960) 718-720. 

52. Epstein M. T., Espiner E. A., Donald R. A., Hughes H., 
Cowles R. J. and Lun S.: Liquorice raises urinary 
cortisol in man. J. Clin. Endocr. Metab. 47 (1978) 
397-400. 

53. Hoefnagels W. H. L. and Kloppenborg W. L.: Antimin- 
eralocorticoid effects of dexamethasone in subjects 
treated with glycyrrhetinic acid. J. Hyperten. 1 (1983) 
313-315. 

54. Stewart P. M., Wallace A. M., Valentino R., Burt D., 
Shackleton C. H. L. and Edwards C. R. W.: Mineralo- 
corticoid activity of liquorice: l l~-hydroxysteroid de- 
hydrogenase deficiency comes of age. Lancet ii (1987) 
821-824. 

55. Monder C., Stewart P. M., Lakshmi V., Valentino R., 
Burt D. and Edwards C. R. W.: Liquorice inhibits 
corticosteroid l l//-dehydrogenase of rat kidney and 
liver: in vivo and in vitro studies. Endocrinology 125 
(1989) 1046-1053. 

56. Turpie A. G. G. and Thomson T. J.: Carbenoxolone 
sodium in the treatment of gastric ulcer with special 
reference to side effects. Gut 6 (1965) 591-594. 

57. Armanini D., Karbowiak I., Krozowski Z., Funder 
J. W. and Adam W. R.: The mechanism of mineralocor- 
ticoid action of carbenoxolone. Endocrinology 111 
(1982) 1683-1686. 

58. Stewart P. M., Wallace A. M., Atherden S. M., 
Shearing C. H. and Edwards C. R. W.: Mineralocorti- 
cold activity of carbenoxolone: contrasting effects of 
carbenoxolone and liquorice on l l~-hydroxysteroid 
dehydrogenase activity in man. Clin. Sci. 78 (1990) 
49-54. 

59. Souness G. W. and Morris D. J.: The antinatriuretic 
and kaliuretic effects of the glueocorticoids cortico- 
sterone and cortisol following pretreatment with car- 
benoxolone sodium in the adrenalectomised rat. 
Endocrinology 124 (1989) 1588-1590. 

60. Brem A. S., Matheson K. L., Conca T. and Morris 
D. J.: Effect of carbenoxolone on glucocorticoid metab- 
olism and sodium transport in toad bladder. Am. J. 
Physiol. 257 (1989) FT00-F701. 



Corticosteroids and hypertension 509 

61. Ulick S., Tedde R. and Mantero F.: Pathogenesis of the 
type 2 variant of the syndrome of apparent mineralocor- 
ticoid excess. J. Clin. Endocr. Metab. 70 (1990) 200-206. 

62. Kawai S., Ichikawa Y. and Homma M.: Differences in 
metabolic properties among cortisol, prednisolone, and 
dexamethasone in liver and renal diseases: accelerated 
metabolism of dexamethasone in renal failure. J. Clin. 
Endocr. Metab. 60 (1985) 848-854. 

63. Hellman L., Nakada F., Zumoff B., Fukushima D,, 
Bradlow H. L. and GaUacher T. F.: Renal capture and 
oxidation ofcortisol in man. J. Clin. Endocr. Metab. 33 
(1971) 52-62. 

64. Stewart P. M.: 1 l~-hydroxysteroid dehydrogenase and 
hypertension. MD Thesis, University of Edinburgh 
(1988) Chap. 3. 

65. Whitworth J. A., Stewart P. M., Burt D., Atherden 
S. M. and Edwards C. R. W.: The kidney is the major 
site of cortisone production in man. Clin. Endocr. 31 
(1989) 355-361. 

66. Funder J. W., Pearce P. T., Smith R. and Campbell J.: 
Vascular type I aldosterone binding sites are physiologi- 
cal mineralocorticoid receptors. Endocrinology 125 
(1989) 2224-2226. 


