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Precis: Combined Receptor Antagonist Stimulation of the HPA axis test identifies impaired negative

feedback sensitivity to cortisol in obese men



Abstract

Context: Hypothalamic-pituitary-adrenal (HPA) axis dysregulation may underlie disorders including
obesity, depression, cognitive decline and the metabolic syndrome. Conventional tests of HPA axis
negative feedback rely on glucocorticoid receptor (GR) agonists such as dexamethasone, but do not
test feedback by endogenous cortisol, potentially mediated by both GR and mineralocorticoid
receptors (MR).

Objective: To use a combination of GR (RU38486, mifepristone) and MR (spironolactone)
antagonists to explore the poorly understood activation of the HPA axis that occurs in obesity.

Design: Double blind, placebo-controlled randomized cross-over study.

Setting: Clinical research facility.

Participants: 15 lean (BMI 22.0+1.6 kg/m’) and 16 overweight/obese (BMI 30.1+3.5 kg/m?) men.
Intervention: Subjects attended on four occasions for blood and saliva sampling every 30 minutes
between 1800h and 2200h. At 1100h and 1600h before visits subjects took either 200mg
spironolactone, 400mg RU38486, 200mg spironolactone + 400mg RU38486, or placebo orally.

Main outcome measures: serum cortisol levels following drug or placebo.

Results: Cortisol levels did not differ between lean and obese following placebo. Spironolactone and
RU38486 alone had modest effects, increasing cortisol by <50% in both groups. However, combined
spironolactone plus RU38486 elevated cortisol concentrations substantially, moreso in lean than
obese men (2.9(0.3) vs 2.2(0.3) fold elevation, p=0.002).

Conclusions: Combined receptor antagonist stimulation of the HPA axis reveals redundancy of MR
and GR in negative feedback in humans. Obese men have impaired responses to combined receptor
antagonist stimulation, suggesting impaired negative feedback by endogenous cortisol. Such an

approach may be useful to dissect abnormal HPA axis control in neuropsychiatric and other disorders.



Introduction

Circulating levels of the steroid hormone cortisol are tightly controlled by the hypothalamic-pituitary-
adrenal (HPA) axis. A key feature of the HPA axis is ‘negative feedback’ regulation, whereby cortisol
suppresses its own secretion. Negative feedback is mediated in the anterior pituitary, hypothalamus
and hippocampus and involves activation not only of glucocorticoid receptors (GR), but also of
mineralocorticoid receptors (MR), by cortisol (1). Since GR are relatively low-affinity high-capacity
receptors, they play the greatest role when cortisol levels are high, e.g. during the morning peak of the
diurnal rhythm. Conversely, high-affinity low-capacity MR are probably fully occupied in the
morning but may be more influential in negative feedback during the evening trough of plasma
cortisol. Chronic activation of the HPA axis may play a pathogenic role in a wide range of common
metabolic and psychiatric disorders, including obesity, depression, and age-associated cognitive
dysfunction (1-3). The fundamental basis of this dysregulation of the HPA axis remains uncertain,

although a popular concept is that it results from defective negative feedback.

Unfortunately, tests to dissect control of the HPA axis in humans are difficult to interpret. Negative
feedback is commonly tested with fixed doses of the selective GR agonist dexamethasone. However,
dexamethasone does not test the component of negative feedback mediated by MR, may be subject to
different transport than cortisol across the blood brain barrier (1), and is relatively resistant to
metabolism by 11B-HSD1 (4), which amplifies cortisol concentrations within target tissues, including
the human hippocampus (5). An approach to testing negative feedback by endogenous cortisol, which
overcomes the deficiencies of GR agonists, may be to use GR and MR antagonists. In healthy
humans, administration of the GR antagonist mifepristone, also known as RU38486, increases plasma
cortisol levels during the peak of the diurnal variation in cortisol secretion (6-9). Similarly,
administration of the MR antagonist spironolactone or its active metabolite canrenoate increases
plasma cortisol levels in the evening (10-15). There is evidence in rodents, however, that MR and GR
interact in mediating the negative feedback signal (1;16;17). We have therefore devised a new clinical

test (called the Combined Receptor Antagonist Stimulation test of the HPA axis), involving combined



administration of a GR antagonist and MR antagonist, in order to quantify the negative feedback

signal attributable to endogenous cortisol.

One of the clinical settings in which dysregulation of the HPA axis causes the greatest difficulty is in
patients with idiopathic obesity, in whom underlying Cushing’s syndrome is often suspected. Obesity
is associated with increased urinary free cortisol excretion (18;19) and cortisol secretion rate (20) with
elevated plasma cortisol in the evening (21). Although overnight dexamethasone suppression tests are
usually normal (22-24), ACTH levels are resistant to suppression by overnight low-dose infusion of
cortisol (25). In studies of Zucker obese rats we recently observed down-regulation of MR, but not
GR, in the hippocampus and showed that activation of the HPA axis was abolished in the presence of
the MR antagonist spironolactone, suggesting that decreased MR function contributes to impaired
negative feedback (26). To test the hypothesis that obese men have impaired negative feedback
control of the HPA axis causing elevated plasma cortisol in the evening we have investigated their

responses to spironolactone and to our new Combined Receptor Antagonist Stimulation test.

Methods

Farticipants

Overweight/obese (body mass index (BMI) >25 kg/m’) and lean (BMI <25 kg/m®) men were recruited
by advertisement. Exclusion criteria were concomitant diseases, smoking, and topical, oral or inhaled
steroid administration within the last 6 months. Ethical approval and written informed consent were

obtained.

Clinical protocol

Participants attended the local clinic on 5 occasions. At the first visit, which took place in the
morning, subjects underwent a routine laboratory screening of liver, renal and thyroid function and a
physical examination. Height, waist and hip circumferences were measured to the nearest 0.1cm and
weight to the nearest 0.1 kg. Sitting blood pressure was measured with a mercury sphygmomanometer

after 10 minutes rest.



Visits 2-5 took place during the evenings with at least 7 days between visits. On each occasion
subjects were asked not to drink coffee, tea, or alcohol after breakfast and to fast from 1600 h. Before
each visit one of the following was administered orally at 1100 h and again at 1600 h in a randomised
double-blind cross-over design: (a) 200 mg Spironolactone (Spironolakton®, Pfizer AB, Sollentuna,
Sweden); (b) 400 mg RU38486 (Mifegyne®, Nordic Drugs AB, Limhamn, Sweden); (c) 200 mg

Spironolactone + 400 mg RU38486; (d) Placebo.

After arrival at 1730 h an antecubital fossa vein was cannulated and blood samples withdrawn every
30 minutes between 1800 h and 2200 h. Serum and plasma was stored at -80C until analysed. Saliva
was collected every 60 minutes between 1800 h and 2200 h in Sarstedt-Salivette tubes (SARSTEDT

AB, Landskrona, Sweden) and stored at -20C.

Laboratory analyses

Serum cortisol was analysed by a competitive immunoassay on an Immulite 2000 (DPC, CA, USA)
with a coefficient of variation (CV) < 15%. Plasma ACTH was analysed by a sequential
immunometric assay on an Immulite 2000 (DPC, CA, USA), standardised against MRC reference
preparation 74/555, with CV < 12% at low levels (ACTH 20 ng/L) and < 18% at high levels (ACTH
200 ng/L). Saliva cortisol was analysed using a Spektra Cortisol Coated Tube Radioimmunoassay
(Orion Diagnostica, Finland) with a CV of < 11%. Plasma concentrations of spironolactone, its active
metabolite canrenoate, and RU38486 were analysed by gas chromatography/mass spectrometry in

samples taken at 1800 and 2100 h (27).

Statistical methods
Analysis was carried out using Statistica Release 6.0. Data are mean + SEM. Differences in baseline
characteristics between lean and obese subjects were analysed by unpaired Student’s t tests. Effects of

drug treatment were examined by paired Student’s t tests conducted on values at 1800 h and on areas



under curves (AUC), calculated using the trapezoidal rule for results between 1800 h and 2200 h. For
multiple measurements of serum and salivary cortisol and plasma ACTH, the within-subject
difference between the placebo and treatment measurements was calculated at each time-point and
analysed using two way analysis of variance (ANOVA) for repeated measurements to identify effects
of obesity. Multiple regression was used to test whether differences in cortisol levels following
spironolactone and RU38486 administration between lean and obese groups were influenced by

circulating drug levels.

Results
Table 1 shows characteristics of the participants. Obese men had higher BMI and waist:hip ratios but

were otherwise well-matched to the lean men.

Responses to the Combined Receptor Antagonist Stimulation of the HPA axis test

In all subjects given placebo, serum and salivary cortisol and plasma ACTH levels progressively
declined from 1800 h until 2200 h (Figure 1). Spironolactone or RU38486 administered alone had
modest effects to raise serum and salivary cortisol and plasma ACTH; these were statistically
significant only for the effects of spironolactone on cortisol levels (Figure 2). However, the
combination of spironolactone and RU38486 produced a substantial elevation in cortisol in serum and
in saliva with a trend to increase plasma ACTH. Notably, these effects were detectable in the samples

taken at 1800 h.

Contrasting responses to Combined Receptor Antagonist Stimulation in obese and lean men

Following placebo therapy, serum and salivary cortisol and plasma ACTH levels did not differ
between lean and obese men (Figure 1). Effects of spironolactone and RU38486 administered alone
were not different in lean and obese groups. However, the effect of the combination of spironolactone
and RU38486 to elevate serum cortisol concentrations was more pronounced in lean than obese men
(p for interaction=0.002). Similar, but not statistically significant, effects were seen in saliva. There

was a trend for an increase in ACTH in response to combination treatment in lean but not obese men.



Neither spironolactone nor RU38486 concentrations in plasma differed between lean and obese men
at either 1800h or 2100h (Table 2). Although canrenoate levels were lower in obese men at both time
points (Table 2), in multiple regression analyses adjustment for canrenoate levels did not attenuate the
relationships between either body mass index or obesity and changes in serum cortisol levels
following administration of spironolactone or RU38486 either alone, or in combination. For example,
following administration of spironolactone and RU38486 in combination, the correlation between
body mass index and change in serum cortisol at 1800h versus placebo persisted (beta coefficient = -

0.42, p=0.02) after adjustment for canrenoate concentration (beta coefficient = -0.50, p=0.01).

Discussion

Negative feedback control of the HPA axis is a complex process determined by how much cortisol
reaches corticosteroid receptors (GR and MR) in relevant sites in the brain and pituitary and how the
receptors interact to transduce the negative feedback signal. From first principles, it is not surprising
that conventional testing using dexamethasone is an inadequate tool to detect subtle dysregulation of
negative feedback. Activation of ACTH and cortisol secretion following administration of GR
(6;8;9;28) or MR (10-15) antagonists has been described but, as we have confirmed, the effects are
insufficiently robust to detect impaired negative feedback. Crucially, we have shown that the effects
of RU38486 and spironolactone are synergistic: combined administration induces a response which is
sufficiently robust to be the basis for a Combined Receptor Antagonist Stimulation of the HPA axis
test. This confirms reports in rodents that there is physiological redundancy between GR and MR
signalling in negative feedback (16;17) and suggests that the Combined Receptor Antagonist
Stimulation test reveals an increment of the endogenous negative feedback signal which is not
measurable following administration of either antagonist alone. Moreover, although we undertook
detailed sampling throughout the evening following administration of receptor antagonists, the
baseline sample obtained at 1800 h was equally informative as later sampling. Salivary cortisol
measurements revealed similar trends as serum cortisol but with greater variability. As is the case

with many clinical tests, plasma ACTH measurements were relatively insensitive: ACTH secretion is



pulsatile, the peptide is substantially less stable and less abundant in blood than is cortisol, and ACTH
immunoassays are generally subject to greater variability than cortisol assays. It is also possible that
there are direct adrenal effects or interference with cortisol binding which we have not tested. The
Combined Receptor Antagonist Stimulation test can therefore be simplified with administration of

tablets at 1100 h and 1600 h and a single measurement of cortisol in serum at 1800 h.

As proof of principle of the utility of the Combined Receptor Antagonist Stimulation test, we
compared responses in lean and obese men. Unlike our experience in Zucker obese rats (26), the
responses to spironolactone alone or to RU38486 alone were not different in lean and obese men.
However, the responses to Combined Receptor Antagonist Stimulation were strikingly different, with
substantially less elevation in plasma cortisol in obese men. This was observed even though the men
we studied were not severely obese, with an average body mass index of only 30 kg/m? and with no
statistically significant elevation in cortisol concentrations during placebo therapy. We cannot
conclude whether altered negative feedback is due to reduced MR expression in the CNS, as in
Zucker obese rats (26), or to impaired GR function. Alternative factors may also affect the
endogenous feedback signal, including altered receptor dimerization (29;30), impaired transport of
cortisol into the CNS (1), or impaired reactivation of cortisone to cortisol by 11p-HSDI in the CNS
(5). However, this observation demonstrates for the first time that, in addition to any variation in
peripheral metabolic clearance of cortisol (20;31;32), endogenous negative feedback suppression of

the HPA axis is reduced in obese men.

A limitation of the Combined Receptor Antagonist Stimulation test is that neither RU38486 nor
spironolactone are completely selective: RU38486 is a progesterone receptor antagonist (33) and
spironolactone is an androgen receptor antagonist (34). However, there is no evidence that we are
aware of to suggest that steroid receptors other than GR and MR are involved in negative feedback

regulation of the HPA axis.
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Pharmacokinetics of spironolactone and RU38486 may differ in lean and obese men. We selected the
doses for the Combined Receptor Antagonist Stimulation test on the basis of pilot dose-response data
obtained in healthy lean volunteers, where an effect of RU38486 to raise serum cortisol was observed
both in the morning and to a lesser extent in the afternoon. However, there were no differences in
circulating levels of either spironolactone or RU38486 at either baseline or 2100 h between lean and
obese men. Although levels of canrenoate, the active metabolite of spironolactone, were lower in
obese men, this variation in drug levels did not account for the greater increase in cortisol levels
following spironolactone and RU38486 administration in lean compared with obese men when tested

in multiple regression analysis, although we acknowledge that this was a small sample size.

In summary we have established a new test to evaluate endogenous negative feedback of the HPA
axis using combined blockade of MR and GR. Using this test we have confirmed that obesity is
associated with dysfunction in negative feedback. Combined Receptor Antagonist Stimulation may
now be employed to dissect endogenous negative feedback in the HPA axis in other disorders such as

depression, age-associated cognitive dysfunction, and the metabolic syndrome (2;3).
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Figure Legends

Figure 1 Responses to Combined Receptor Antagonist Stimulation in all subjects and in

lean and obese men

Data are mean + SEM for all participants (A, D, G; n=31), lean men (B, E, H; n=15) and obese men
(C, F, I; n=16) after placebo (e), spironolactone (m), RU38486 (A) or spironolactone plus RU38486

(). Results are for serum cortisol (A-C), saliva cortisol (D-F) and plasma ACTH (G-D).

The responses to drug administration on the baseline samples at 1800h and on the AUCs were
examined by paired Student’s t tests. For the baseline samples, for serum cortisol (A), both
spironolactone (p<0.01) and spironolactone +RU38486 (p<0.0001) increased cortisol levels. For
salivary cortisol (D), both spironolactone (p<0.0001) and spironolactone +RU38486 (p<0.0001)
increased cortisol levels. For plasma ACTH (G), there was a trend for the combination of
spironolactone +RU38486 (p=0.08) to increase ACTH levels. Likewise for the AUCs, for serum
cortisol (A), both spironolactone (p<0.001) and spironolactone +RU38486 (p<0.0001) increased
cortisol levels. For salivary cortisol (B), both spironolactone (p<0.0001) and spironolactone
+RU38486 (p<0.0001) increased cortisol levels. For plasma ACTH (C), there was a trend for the

combination of spironolactone +RU38486 (p=0.06) to increase ACTH levels.

Repeated measures ANOVA was used to test whether responses to drug administration differed in
obesity. For serum cortisol (B, C), the effect of the combination of spironolactone +RU38486 to
increase cortisol levels was greater in lean than obese (p for interaction=0.002). For saliva cortisol (E,
F), there were no statistically significant differences between groups. For plasma ACTH (H, I), the
effect of the combination of spironolactone +RU38486 to increase ACTH levels tended to be greater

in lean than obese (p=0.06).
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Figure 2 Differences in lean and obese men in response to Combined Receptor Antagonist

Stimulation

Data are mean AUC + SEM for serum cortisol (A), salivary cortisol (B) and plasma ACTH (C) in lean
(open bars, n=15) and obese (solid bars, n=16) men after placebo, spironolactone, RU38486 or
spironolactone plus RU38486.

* p<0.001, ** p<0.0001 for responses to drug treatment in all subjects

## p=0.002 for difference in response to drug between lean and obese

Statistical analysis described in legend to Figure 1



Tables

Table 1 Characteristics of participants

Obese Lean P

Number 16 15

Age (y) 45.4 (12.4) 36.9 (14.9) p=0.09
Body mass index (kg/mz) 30 (0.9) 22 (0.4) <0.001
Waist:hip ratio 0.97 (0.02) 0.86 (0.02) <0.001
Systolic BP (mmHg) 126 (1.8) 121 (2.5) p=0.12
Diastolic BP (mmHg) 80 (1.9) 75 (2.0) p=0.08
Pulse (bpm) 66 (2.8) 65 (3.5) p=0.86

Data are mean (SEM) compared by Student’s unpaired t tests

BP = blood pressure

14
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Table 2 Plasma levels of spironolactone, canrenoate and RU38486 at 1800h and 2100h in lean and

obese subjects

Spironolactone (ng/ml) | Canrenoate (ng/ml) RU38486 (ug/ml)

1800h 2100h 1800h 2100h 1800h 2100h

Lean | 142 (17.6) | 76.0 (9.2)* | 507 (30.8) | 463 (37.5) 3.7(0.5) | 2.8 (0.4)*

Obese | 130 (16.7) | 68 (5.2)* | 323 (32.2)" | 259 (28.4)* 7 | 3.7 (0.3) | 2.6 (0.3)*

Data are mean (SEM) compared by Student’s paired t tests
* p<0.01 for change in drug levels over time between 1800h and 2100h

# p<0.001 for difference in drug levels between lean and obese
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