
1201

Braz J Med Biol Res 33(10) 2000

Abnormal hormone receptors in adrenal Cushing’s syndromeBrazilian Journal of Medical and Biological Research (2000) 33: 1201-1209
ISSN 0100-879X

The diversity of abnormal hormone
receptors in adrenal Cushing’s
syndrome allows novel pharmacological
therapies
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Abstract

Recent studies from several groups have indicated that abnormal or
ectopic expression and function of adrenal receptors for various
hormones may regulate cortisol production in ACTH-independent
hypercortisolism. Gastric inhibitory polypeptide (GIP)-dependent
Cushing�s syndrome has been described in patients with either unilat-
eral adenoma or bilateral macronodular adrenal hyperplasia; this
syndrome results from the large adrenal overexpression of the GIP
receptor without any activating mutation. We have conducted a sys-
tematic in vivo evaluation of patients with adrenal Cushing�s syn-
drome in order to identify the presence of abnormal hormone recep-
tors. In macronodular adrenal hyperplasia, we have identified, in
addition to GIP-dependent Cushing�s syndrome, other patients in
whom cortisol production was regulated abnormally by vasopressin,
ß-adrenergic receptor agonists, hCG/LH, or serotonin 5HT-4 receptor
agonists. In patients with unilateral adrenal adenoma, the abnormal
expression or function of GIP or vasopressin receptor has been found,
but the presence of ectopic or abnormal hormone receptors appears to
be less prevalent than in macronodular adrenal hyperplasia. The
identification of the presence of an abnormal adrenal receptor offers
the possibility of a new pharmacological approach to control hyper-
cortisolism by suppressing the endogenous ligands or by using specif-
ic antagonists for the abnormal receptors.
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Introduction

Cushing�s syndrome results from the
chronic exposure to excess amounts of glu-
cocorticoids (1). Endogenous Cushing�s syn-
drome is classically divided into two groups:
hypercortisolism can be ACTH-dependent
(80-85%), resulting from an excess produc-

tion of adrenocorticotropin (ACTH), most
frequently by a pituitary corticotrope ad-
enoma (Cushing�s disease), less frequently
from an extra-pituitary tumor secreting ei-
ther proopiomelanocortin and ACTH (ec-
topic ACTH syndrome) or rarely corticotro-
pin releasing hormone (CRH) which stimu-
lates excessive ACTH production from the
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pituitary (ectopic CRH syndrome). The sec-
ond group of ACTH-independent Cushing�s
syndrome (15-20%) results from excess se-
cretion of cortisol by adrenocortical benign
and malignant tumors or hyperplasia (1).
Rare cases of ACTH-independent bilateral
adrenal hyperplasia have also been reported
and their pathophysiology is diverse. Pri-
mary pigmented nodular adrenocortical dis-
ease can be familial, associated with other
tumors such as myxomas, schwannomas,
pigmented cutaneous lesions and peripheral
endocrine tumors (Carney�s complex) and
linked to unknown genes on chromosomes 2
and 17 (2). In McCune-Albright syndrome,
activating mutations of Gsa in adrenal nod-
ules induce constitutive steroidogenesis (3).

The mechanisms by which cortisol is
produced in ACTH-independent adrenal
Cushing�s syndrome were previously un-
known; studies by several groups have indi-
cated that these �autonomous� cortisol-pro-
ducing adrenal tumors may, in fact, be under
the control of inappropriate, illicit or ectopic
hormone receptors. This concept was pro-
posed initially by Robert Ney and his col-
laborators in 1971 (4,5). In studies on the
role of adenylyl cyclase (AC) in mediating
the effects of ACTH in adrenal steroidogen-
esis, only ACTH was capable of stimulating
AC in normal cortex; however, in rat or
human adrenal adenomas or cancers, these
investigators demonstrated, in vitro, that AC
was stimulated by hormones other than
ACTH such as epinephrine, norepinephrine,
thyroid stimulating hormone (TSH), lutein-
izing hormone (LH) and follicle stimulating
hormone (FSH). Other in vitro studies (6-11)
have further supported the functional cou-
pling of several G protein-linked receptors
to steroidogenesis in some human adreno-
cortical benign and malignant tumors (Table
1). Type I interleukin-1 receptor which is not
a member of 7-transmembrane G protein-
coupled receptors was also found to be
aberrantly expressed in an adenoma in which
cortisol secretion was stimulated in vitro by

interleukin-1 (12). The proposed concept of
ectopic hormone receptors had been demon-
strated in vitro only, and it was not clear
whether these ectopic or illicit receptors were
effectively functional and responsible for
the clinical syndrome. The hypothesis found
a clinical demonstration of its significance in
vivo with the description of two cases of
Cushing�s syndrome modulated by an adre-
nal receptor for a gastrointestinal hormone
called gastric inhibitory polypeptide or GIP
(13,14), thus presenting as food-dependent
Cushing�s syndrome. We will briefly review,
in this article, the recent demonstration by
several groups that cortisol production in
adrenal Cushing�s syndrome can result from
the abnormal adrenocortical expression and
function of a diversity of hormone receptors
(Table 1).

Material and Methods

In vivo clinical study protocols

The protocol utilized to screen for poten-
tial ectopic adrenal hormone receptors has
been described (15); it includes serial meas-
urements at 30-60-min intervals for 2-3 h of
plasma ACTH, cortisol and other steroids or
hormones as indicated (aldosterone, free tes-
tosterone, dehydroepiandrosterone sulfate,
and estradiol) during the course of the vari-
ous tests performed after an overnight fast
and in supine posture for at least one hour.
The initial screening tests include a posture
test performed during a 2-h supine position,
followed by a 2-h ambulation period (evalu-
ates potential modulation by angiotensin II,
vasopressin, catecholamines, atrial natriuretic
peptide (ANP), etc.); this is followed by a
standard mixed meal (evaluates response of
gastrointestinal hormones) and then by the
administration of 250 µg ACTH 1-24 iv
which serves as a reference test. On another
day, the administration of 100 µg gonado-
trophin releasing hormone (GnRH) iv (modu-
lation by FSH, LH and GnRH) is followed
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by 200 µg thyrotropin releasing hormone
(TRH) iv (modulation by TSH, prolactin and
TRH). The response to 1 mg glucagon iv, 10
IU arginine-vasopressin (AVP) im, and 10 mg
cisapride orally (a serotonin 5HT-4 receptor
agonist) is determined sequentially on a third
day. A change in plasma cortisol of less than
25% was arbitrarily defined as no response,
a 25 to 49% change as a partial response and
a change of 50% or greater as a positive
response.

Following the initial screening tests, other
tests can be performed to confirm the re-

sponses or to elucidate which hormone is
implicated. For example, if a stimulation of
cortisol is found during upright posture, the
respective contribution of elevations of va-
sopressin, catecholamines and angiotensin
II needs to be distinguished. In the case of a
concomitant absence of response to exog-
enous AVP, the role of angiotensin II is
assessed by repeating the posture test after
administration of an AT-1 receptor antago-
nist or by direct infusion of angiotensin II. If
a catecholamine response is suspected, en-
dogenous catecholamine stimulation is pro-

Table 1 - Abnormal hormone receptors in adrenocortical tumors.

AC: Adenylyl cyclase; GIPR: gastric inhibitory polypeptide receptor; AIMAH: ACTH-independent bilateral macronodular adrenal hyperplasia.

A) Demonstration limited to in vitro studies
Tissues Ectopic receptors References

Rat adrenal carcinoma 494 AC stimulation by adrenalin, TSH, LH, FSH 4
ß-Adrenergic receptors 6

Human cortisol-secreting adrenal adenomas AC stimulation by TSH 5
and carcinomas

Human cortisol-secreting adrenal carcinomas AC stimulation by GH, LH, and prolactin 7
Human cortisol-producing adenomas AC stimulation by NE, E, TSH, and LH 8
Human primary nodular hyperplasia AC stimulation by glucagon 8
Human cortisol-producing adenomas ß-Adrenergic receptors 9
Human cortisol-producing carcinomas ß-Adrenergic receptors 10
Human cortisol-producing adenoma Type I interleukin-1 receptor 12

B) Demonstration by in vivo and in vitro studies
Tissues Ectopic receptors References

Human cortisol-producing adenoma Food-dependent Cushing’s syndrome; 19
AC stimulation by vasopressin (probably GIP)

Human virilizing adenoma LH/hCG receptor in vivo and in vitro stimulation of 11
androgens by hCG

GIP-dependent bilateral macronodular adrenal Steroidogenesis stimulated by GIP; GIPR 13,14,17,20,21,25
hyperplasia overexpressed

GIP-dependent adrenal adenomas and Cushing’s Steroidogenesis stimulated by GIP; GIPR 20,22-25
syndrome overexpressed

Vasopressin responsive adrenal adenomas and Steroidogenesis stimulated by LVP or AVP; 18,26-30
macronodular hyperplasia variable V1 vasopressin receptor eutopic expression

Catecholamine-dependent AIMAH and Cushing’s Steroidogenesis stimulated by ß-adrenergic agonists 16,30
syndrome and inhibited by propranolol

LH-dependent AIMAH and Cushing’s syndrome Steroidogenesis stimulated by LH and 5HT-4 33
receptor agonists; control of hypercortisolism with
leuprolide acetate
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duced by an insulin-induced hypoglycemia,
and, if positive, by an infusion of isoprote-
renol (16).

In case of a response to a mixed meal, the
confirmation and identification of the gas-
trointestinal hormone implicated have
prompted us to evaluate the effects of carbo-
hydrates, proteins or lipids on cortisol secre-
tion. The patients sequentially received, at 3-
h intervals, 75 g oral glucose, an isocaloric
protein-rich meal or a lipid-rich meal (13,17).
Plasma levels of cortisol, ACTH, GIP, and
insulin were determined at regular intervals
during these tests. The absence of cortisol
response to the iv administration of 25 g of
glucose or when 100 µg of octreotide is
administered sc 60 min prior to repeating the
oral 75-g glucose challenge, confirms the
role of a gastrointestinal hormone (13,17).
As only GIP and glucacon-like peptide-1
(GLP-1) respond well to oral glucose, lipids
and partially to proteins, human GIP was
infused at a rate of 0.6 µg kg-1 min-1 during
the administration of 150 cc/h of 10% glu-
cose and compared to the response to GLP-
1 infused at a rate of 0.75 pmol kg-1 min-1

also under 10% glucose (13,17). Other pro-
tocols have been similarly conducted to iden-
tify the specific hormone implicated in the
responses observed during the screening pro-
tocol (15,16,18).

In vitro studies of adrenocortical hormone
receptor expression and function

At the time of surgery, adrenal tissues are
rapidly collected and frozen either in liquid
nitrogen or isopentane to conduct further
studies of ligand binding or AC activity on
cell membrane preparations. In addition, the
presence and molecular characterization of
the receptors have been conducted using
RT-PCR amplification, DNA sequencing or
in situ hybridization. Studies were also con-
ducted on adrenal cells freshly dispersed, in
perifusion or in primary culture to character-
ize the response of second messengers and

of steroidogenesis to the various hormones
and ligands of the abnormal receptors.

Results and Discussion

GIP-dependent Cushing’s syndrome

Hamet et al. (19) were the first to identify
food-dependent cortisol production in a pa-
tient with a unilateral cortisol-secreting ad-
renal adenoma and periodic hormonogen-
esis. Plasma fasting cortisol was curiously
low in the morning and increased following
food ingestion. Two patients with bilateral
ACTH-independent macronodular adrenal
hyperplasia (AIMAH) and food-dependent
cortisol production were studied in detail
and allowed to clarify the pathophysiology
of this syndrome (13,14). The suspicion that
cortisol production was regulated by a gas-
trointestinal hormone came from the obser-
vation that it was stimulated by oral adminis-
tration of glucose, lipid-rich or protein-rich
meals, but not by intravenous glucose. In
addition, somatostatin pretreatment inhib-
ited the stimulatory effect of oral glucose.
Plasma cortisol levels were correlated with
plasma GIP levels following the ingestion of
various meals. The in vivo infusion of physi-
ological concentrations of GIP was shown to
stimulate cortisol production in the patients,
but not in normal controls. The presence of
GIP receptors in the adrenal tissues was
supported by the adrenal imaging following
the injection of [123I]-GIP in vivo (13). Incu-
bation of the dispersed adrenal cells, in vitro,
confirmed the GIP-mediated cortisol secre-
tion in the patient�s cells, whereas no corti-
sol response to GIP was found in adult or
fetal normal adrenal cells or in other corti-
sol- or aldosterone-secreting adenomas (13).
GIP-dependent Cushing�s syndrome has now
been reported in several other patients with
AIMAH (17,20,21) or with a unilateral ad-
enoma (20,22-24) and this is summarized in
Table 1B. In one patient with GIP-dependent
AIMAH, the plasma ACTH and cortisol re-
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sponse to CRH was still preserved, presum-
ably because the intermittent food-depend-
ent stimulation of cortisol had not yet com-
pletely suppressed the hypothalamic-pitui-
tary-adrenal axis (21). Recent molecular
analyses indicate that the pathological adre-
nal tissues of the patients with GIP-depend-
ent Cushing�s syndrome highly overex-
pressed GIP receptors which were not mu-
tated (17,20-25); a very weak expression
was found in the normal human adrenals
(25), but was not efficiently coupled to ste-
roidogenesis. The overexpression of GIP re-
ceptors was found to be present even in the
early stages of adrenal hyperplasia (17).
Chabre et al. (23) also demonstrated a stim-
ulation of thymidine incorporation by GIP in
adrenal cells from GIP-dependent Cushing�s
syndrome but not in normal cells. A pharma-
cological blockade of hypercortisolism with
octreotide, which inhibits postprandial re-
lease of GIP, was attempted as an alternative
to surgery in a few patients (14,21,22). Dur-
ing the first months, the therapy led to clini-
cal and biological improvement, but the long-
term treatment proved to be ineffective. It is
presumed that the long-term inefficiency of
octreotide is secondary to downregulation of
somatostatin receptors in GIP-secreting in-
testinal cells. Thus, adrenalectomy remains
the long-term treatment required for this syn-
drome.

Vasopressin-responsive Cushing’s syndrome

Abnormal adrenal stimulation of cortisol
secretion in response to exogenous arginine
or lysine-vasopressin administration has re-
cently been described in ACTH-independ-
ent Cushing�s syndrome secondary to unilat-
eral adrenal adenomas, carcinomas or
AIMAH (18,26-29). In a retrospective study
of 26 cortisol-secreting tumors, Arnaldi et
al. (29) found such a response in 27% of
cases. A patient with Cushing�s syndrome
and AIMAH also presented with the unusual
association of orthostatic hypotension (18).

Exogenous AVP, but not desmopressin, trig-
gered a large in vivo cortisol response in this
patient. During upright posture and hypoten-
sion, cortisol and aldosterone secretion in-
creased despite the suppression of ACTH
and renin levels. AVP, which normally in-
creases during upright posture and even fur-
ther in orthostatic hypotension, remained
below the limit of detection in this patient
until the correction of hypercortisolism. Un-
der dexamethasone suppression, plasma cor-
tisol, aldosterone and androgens were in-
creased by exogenous AVP in this patient,
but not in controls. Cells freshly dispersed
from the adrenal hyperplasia displayed a
higher cortisol response to AVP than normal
adrenal cells; the cortisol response was me-
diated by V1-AVP receptors. This consti-
tutes an example of increased expression or
response of a receptor which is normally
present in the adrenal (eutopic receptor), but
which does not normally mediate a large
glucocorticoid production. V1-AVP recep-
tors were found to be expressed either at
normal (18) or increased levels (26-29) in
the adrenal tissues which presented an exag-
gerated response to vasopressin. In cases
where the receptor is quantitatively normal,
activating mutations of the receptor or its
effector system could be present, but have
not been characterized to date.

Interestingly, the alteration in the V1-
receptor-effector system was not limited to
the adrenal tissues in the patient with AIMAH
and orthostatic hypotension, as it was shown
that there was also an abnormal prolonged
vascular vasoconstrictive response to AVP
compared to arterioles of normal subjects
(18). The persistence of a decreased stimula-
tion of plasma vasopressin and endothelin
levels during postural hypotension several
months after the correction of hypercortisol-
ism also raises the possibility of an exagger-
ated V1-AVP receptor signal at the hypotha-
lamic level in this patient. The causal rela-
tionship between the abnormal V1-AVP re-
sponses and the postural hypotension re-
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mains uncertain.
The demonstration of an exaggerated

cortisol response to pharmacological levels
of exogenous vasopressin does not consti-
tute a direct demonstration that fluctuations
of endogenous levels of AVP are the main
regulator of steroidogenesis in those patients.
This was illustrated in a patient with AIMAH
who was shown to increase plasma cortisol
in response to upright posture and exog-
enous AVP (16); however, the modulation
of endogenous levels of AVP by water dilu-
tion or hypertonic saline infusion did not
modify plasma cortisol levels. In addition,
the administration of a V1-AVP antagonist,
in vivo, was able to inhibit the response of
cortisol to exogenous AVP but not to upright
posture. We have studied one woman with
AIMAH whose cortisol was stimulated by
upright posture and exogenous AVP, but
not by dDAVP. In this patient, plasma
cortisol was also inhibited by a water load
and increased by hypertonic saline infu-
sion (30).

Catecholamine-dependent Cushing’s
syndrome

The adrenal expression of ectopic ß-ad-
renergic receptors (ß-ARs) was also recently
identified in a man with AIMAH and Cush-
ing�s syndrome (16). The ACTH-independ-
ent overproduction of cortisol and aldoste-
rone occurred during elevations of endoge-
nous levels of catecholamines (upright pos-
ture, insulin-induced hypoglycemia, and
stress test). Plasma cortisol elevation during
upright posture was blunted following pre-
treatment with the ß-adrenergic antagonist
propranolol. Infusion of isoproterenol stim-
ulated cortisol and aldosterone secretion in
the patient but not in normal subjects in
whom ACTH had been suppressed by dexa-
methasone. High affinity binding sites com-
patible with ß1-AR or ß2-AR were found in
the adrenal tissue of the patient but not in
controls. They were efficiently coupled to

steroidogenesis, as shown by the stimulation
of AC with isoproterenol in vitro and cate-
cholamine-induced steroidogenesis in vivo.
Further studies will be needed to properly
characterize the receptor subtype which is
expressed in the adrenal hyperplastic tissues
and to determine whether it is mutated or
not.

Long-term treatment of the patient with
propranolol was efficient in completely re-
storing normal cortisol production. This con-
stitutes the first example of a long-term phar-
macological blockade of an ectopic adrenal
hormone receptor. Interestingly, the control
of hypercortisolism was followed by a de-
creased requirement of ß-blocker doses. Glu-
cocorticoids are known to stimulate ß2-AR
transcription (31) via glucocorticoid response
elements that are located in the promoters of
the target genes (32). The normalization of
cortisol level may have decreased ß-AR den-
sity, which would explain the lower require-
ment for the antagonist. The propranolol
therapy did not decrease the size of the re-
maining adrenal; however, only the minimal
dose of propranolol necessary to maintain
normal cortisol production without blocking
the receptors completely was administered.
Another woman with AIMAH was found to
present abnormal responses to upright pos-
ture, exogenous AVP and insulin-induced
hypoglycemia. Further studies indicated that
cortisol production was modulated by infu-
sion of isoproterenol and by fluctuations of
endogenous levels of vasopressin, suggest-
ing the presence of both V1-AVP and ß-AR
receptors (30).

Cushing’s syndrome secondary to other
abnormal adrenal hormone receptors

A woman with AIMAH reported a his-
tory of transient Cushing�s syndrome during
pregnancy, while chronic hypercortisolism
became manifest only after menopause. Cor-
tisol production was increased by the admin-
istration of GnRH, human chorionic gonad-
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otropin (hCG) and LH (33). An abnormal
stimulation of cortisol production was also
produced by oral administration of cisapride
and metoclopramide which are serotonin
(5HT-4) receptor agonists (34). Suppression
of endogenous levels of LH with leuprolide
acetate was able to normalize cortisol pro-
duction.

We have now systematically evaluated
19 consecutive patients with adrenal Cush-
ing�s syndrome secondary to bilateral ma-
cronodular adrenal hyperplasia (N = 6),
micronodular adrenal dysplasia (N = 1), uni-
lateral adenoma (N = 11), or carcinoma
(N = 1) for evidence of an abnormal hor-
mone receptor (30). All six patients with
AIMAH had a positive response to at least
one test in addition to ACTH 1-24: two
patients to the mixed meal (GIP-dependent),
one patient to GnRH (LH receptor) and
cisapride (5HT-4 receptor), and three pa-
tients to the upright posture and to vaso-
pressin (1 ß-AR, 1 V1-AVP receptor, 1 ß-AR
and V1-AVP receptor). Among patients with
unilateral adenoma, only one had a positive
response to upright posture, while two par-
tial responses either to the mixed meal or to
vasopressin were also noted, but were not
further characterized. In the patients with
adrenocortical carcinoma or micronodular
adrenal dysplasia, plasma cortisol was not
modified by any of the tests. Our initial
experience suggests that the adrenal ex-
pression of various ectopic or abnormal
hormone receptors is frequently implicated
in the pathophysiology of bilateral ma-
cronodular adrenal hyperplasia, but less
frequently in the pathophysiology of uni-
lateral adenoma.

Taken together, the results of the in vitro
and in vivo studies indicate that a wide
diversity of abnormal adrenal hormone re-
ceptors can be present in Cushing�s syn-
drome. It is likely that any receptor that
could become efficiently coupled to G pro-
teins and to steroidogenesis will eventually
be identified.

Novel pharmacological therapies of adrenal
Cushing’s syndrome

The identification of ectopic or abnormal
adrenal hormone receptors in cortisol-se-
creting hyperplasia or tumors permits the
use of specific pharmacological therapies as
alternatives to adrenalectomy. This has now
been illustrated by the short-term improve-
ment of hypercortisolism with triiodothyro-
nine in a TSH-dependent adrenal cortisol-
secreting adenoma (5), with octreotide in
GIP-dependent Cushing�s syndrome (14,21,
22), and by the long-term control of ectopic
ß-AR by propranolol (16) and of LH recep-
tor by leuprolide acetate (33). Further stud-
ies will probably identify a larger diversity
of hormone receptor abnormalities and
should eventually allow the use of new phar-
macological tools to either inhibit the pro-
duction of the endogenous ligands or block
the receptors with appropriate specific an-
tagonists (Table 2).
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Table 2 - Potential pharmacological therapy for abnormal hor-
mone receptors in adrenocortical tumors.

Abnormal receptor Therapy

GIP receptor Somatostatin or GIPR antagonist
ß-Adrenergic receptor ß-Blockers
TSH receptor L-Thyroxine
V1-AVP receptor V1-AVP receptor antagonist
Angiotensin II receptor AT-1 receptor antagonist
LH receptor GnRH analogs
5HT-4 receptor 5HT-4 receptor antagonists
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