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Abstract

Orexins-A and B are two novel hypothalamic peptides, which, like leptin and neuropeptide-Y (NPY), are involved in the
central regulation of feeding. Since leptin and NPY were found to modulate adrenal function, we have examined whether
orexins are able to directly a�ect rat adrenal steroid secretion. Both orexin-A and orexin-B raised basal corticosterone secretion

of dispersed rat zona fasciculata±reticularis (ZF/R) cells, their maximal e�ective concentration being 10ÿ8 M. In contrast,
orexins did not a�ect either maximally ACTH (10ÿ9 M)-stimulated corticosterone production by ZF/R cells or the basal and
agonist-stimulated aldosterone secretion of dispersed zona glomerulosa cells. The ACTH-receptor antagonist corticotropin-
inhibiting peptide (10ÿ6 M) annulled corticosterone response of ZF/R cells to ACTH (10ÿ9 M), but not to orexins (10ÿ8 M).

Orexins (10ÿ8 M) enhanced cyclic-AMP release by ZF/R cells, and the selective inhibitor of protein-kinase A (PKA) H-89 (10ÿ5

M) abolished corticosterone responses to both ACTH (10ÿ9 M) and orexins (10ÿ8 M). A subcutaneous injection of both orexins
(5 or 10 nmol/kg) evoked a clear-cut increase in the plasma concentration of corticosterone (but not aldosterone), the e�ect of

orexin-A being signi®cantly more intense than that of orexin-B. Collectively, these ®ndings suggest that orexins exert a selective
and direct glucocorticoid secretagogue action on the rat adrenals, acting through a receptor-mediated activation of the adenylate
cyclase/PKA-dependent signaling pathway. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Orexin-A and orexin-B are two recently identi®ed

hypothalamic peptides, which originate from the post-

translational proteolytic cleavage of a common precur-

sor, named prepro-orexin. Orexins do not display

structural similarities with regulatory neuropeptides of

other families, and act through two subtypes of recep-

tors (OX1-R and OX2-R), belonging to the G protein-

coupled receptor superfamily (see ref. [1] for review).

Hypothalamic prepro-orexin mRNA was found to

undergo a 2.4-fold increase after 48 h of fasting [1],

and orexins were reported to regulate the synaptic ac-

tivity of hypothalamic neuroendocrine neurons and the
axonal input to the hypothalamus [2]. Hence, these
®ndings indicate that orexins belong to that group of
neuropeptides, including leptin and neuropeptide-Y
(NPY), involved in the central regulation of feeding
[3±5].

Both leptin and NPY, apart form their central
e�ects, also directly modulate corticosteroid secretion
of rat adrenocortical cells [6±9]. Therefore, it seemed
worthwhile to investigate whether orexins are able to
a�ect the secretory activity of the rat adrenal cortex.

2. Experimental

Orexins, ACTH(1±24) and corticotropin-inhibiting
peptide (CIP) were purchased from Peninsula
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Laboratories (St. Helene, UK), and H-89 was from

Biomol Research (DBA, Milan, Italy). The phosphodi-
esterase inhibitor 3-isobutyl-1-methylxantine (IBMX),

bovine serum albumin (BSA) and other laboratory re-
agents were obtained from Sigma Chemical Company

(St. Louis, MO).

Adrenal glands of adult female Wistar rats were
gently decapsulated to separate zona glomerulosa (ZG)

from the zonae fasciculata and reticularis (ZF/R).

Dispersed capsular (ZG) and inner (ZF/R) cells were
obtained by sequential collagenase digestion and mech-

anical disaggregation [10]. Inner-cell contamination of
capsular-cell preparation, checked by phase mi-

croscopy, proved to be less than 10%. The viability of

isolated cells, as assayed by the trypan-blue exclusion
test, was higher than 92%. Dispersed cells obtained

from 6±8 rats were pooled to obtain a single cell sus-

pension, and six cell suspensions for each incubation
experiment were employed. Aliquots of each cell sus-

pension (105 cells/ml) in Krebs±Ringer bicarbonate

bu�er with 0.3% glucose and 0.2% BSA were incu-
bated as follows: (i) orexin-A and orexin-B (from

10ÿ12 to 10ÿ6 M) alone or in the presence of 10ÿ9 M

ACTH; and (ii) orexins (10ÿ8 M) and ACTH (10ÿ9 M)
in the presence or absence of CIP (10ÿ6 M) and H-89

(10ÿ5 M). The incubation was carried out in a shaking

bath at 378C for 60 min (hormone production) or
10 min (cyclic-AMP production), in an atmosphere of

95% air±5% CO2. In the case of cyclic-AMP assay,

10ÿ4 M IBMX was added to prevent phosphodiester-
ase activity and cyclic-AMP metabolism. At the end of

the experiments, the incubation tubes were centrifuged
at 48C, and supernatants were stored at ÿ308C.

Other rats were kept under a 12:12 h light±dark

cycle at 228C, and given daily subcutaneous (sc) injec-
tions of 0.2 ml 0.9% NaCl for 7 days, in order to

dampen the response of their hypothalamo±pituitary±
adrenal axis to handling stress. On the 8th day, rats

were divided into equal groups (n = 6), which were

given a sc injection of 5 or 10 nmol/kg of orexin-A or
orexin-B dissolved in 0.2 ml saline vehicle. Rats were

decapitated at 10:00 am, 60 min after the injection.

The trunk blood was collected, plasma separated and
stored at ÿ308C.

Aldosterone and corticosterone were extracted from
incubation media and plasma, and puri®ed by HPLC

[11], and their concentrations estimated by speci®c

RIA, as previously detailed [12]. Intra- and interassay
variation coe�cients were: aldosterone, 5.2 and 7.1%;

and corticosterone, 7.5 and 9.4%, respectively. Cyclic-

AMP was extracted by incubating the medium with
0.1 N HCl for 20 min at 48C. The HCl extract was

then neutralized and cyclic-AMP concentration deter-

mined using the acetylation protocol of the
Amersham's Biotrak cAMP RIA system (Amersham

Laboratories, UK). Intra- and interassay coe�cient of
variations were 5.3 and 6.1%, respectively.

The data were averaged per experimental group and
SEM was calculated. Their statistical comparison was
done by ANOVA, followed by the Multiple Range
Test of Duncan.

3. Results

Orexins did not a�ect either basal or ACTH (10ÿ9

M)-stimulated aldosterone secretion of dispersed cap-
sular cells or ACTH-stimulated corticosterone pro-
duction by inner cells. In contrast, both orexin-A and
orexin-B enhanced basal corticosterone release by
inner cells, minimal and maximal e�ective concen-
tration being 10ÿ10 and 10ÿ8 M, respectively (Fig. 1).
CIP (10ÿ6 M) abolished the corticosterone secretago-

Fig. 1. E�ects of orexins on basal and ACTH (10ÿ9 M)-stimulated

aldosterone and corticosterone secretion of dispersed rat ZG and

ZF/R cells, respectively. Data are means2SEM (n= 6). $P < 0.05

and �P < 0.01 from the respective control value (C).
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gue e�ect of 10ÿ9 M ACTH, but did not a�ect that of
10ÿ8 M orexins (Fig. 2). Orexins (10ÿ8 M) increased
cyclic-AMP release by dispersed ZF/R cells, and H-89
(10ÿ5 M) annulled corticosterone response to both
10ÿ8 M orexins (Fig. 3) and 10ÿ9 M ACTH (data not
shown). Both orexin-A and orexin-B evoked a marked
dose-dependent rise in corticosterone plasma concen-
tration (Fig. 4), without signi®cantly a�ecting the
blood levels of aldosterone (data not shown).

4. Discussion

The present ®ndings provide the ®rst demonstration
that orexin-A and orexin-B stimulate basal glucocorti-
coid secretion of dispersed rat adrenocortical cells. The
ACTH-receptor antagonist CIP [13], at a concen-
tration which is able to annul ACTH secretagogue
action, does not a�ect glucocorticoid response to orex-
ins, thereby ruling out the possibility that orexins may
bind and activate ACTH receptors in a nonspeci®c
manner.

The lack of the e�ect of orexins on ACTH-stimu-
lated corticosterone secretion, makes it likely that
these neuropeptides activate the same post-receptorial
events involved in the intracellular transduction of the
ACTH secretagogue signal. It is current knowledge
that the main mechanism whereby ACTH stimulates
glucocorticoid secretion involves the activation of the
adenylate cyclase/protein kinase A (PKA)-dependent
pathway (see refs. [14,15] for review). Our results
clearly indicate that orexins act on rat ZF/R cells
through the same signaling mechanism. In fact, both
orexins markedly raise cyclic-AMP release by inner
adrenocortical cells, and the selective PKA inhibitor
H-89 [16], at a concentration abolishing ACTH secre-
tagogue action, is able to block corticosterone response
to both orexins. H-89 per se does not alter basal corti-
costerone secretion, thereby excluding the possibility

Fig. 2. E�ect of CIP (10ÿ6 M) on ACTH (10ÿ9 M)- and orexin (10ÿ8

M)-stimulated corticosterone secretion of dispersed rat ZF/R cells.

Data are means2SEM (n = 6). �P < 0.01 from the respective basal

value (B); AP< 0.01 from the respective control value.

Fig. 3. E�ect of orexins (10ÿ8 M) on cyclic-AMP release by dis-

persed rat ZF/R cells (left panel), and of H-89 (10ÿ5 M) on orexin

(10ÿ8 M)-simulated corticosterone secretion of dispersed inner adre-

nocortical cells. Data are means2SEM (n= 6). �P < 0.01 from the

respective baseline value; AP < 0.01 from the respective control

value.

Fig. 4. E�ect of orexins on plasma corticosterone concentration in

rats. Data are means2SEM (n= 6). $P < 0.05 and �P < 0.01 from

control value (C); AP< 0.01 from the respective orexin-A value.
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that its e�ect may be due to a nonspeci®c toxic lesion
of the steroidogenic machinery.

Our in vivo ®ndings validate in vitro ones.
Moreover, they show that the corticosterone secretago-
gue e�ect of orexin-A was much more intense than
that of orexin-B. Since OX1-R selectively binds orexin-
A and OX2-R is a nonselective receptor for both orex-
ins [1], our results could suggest that rat inner adreno-
cortical cells are mainly provided with the OX1-R
subtype.

In conclusion, the present investigation indicates
that orexins, like NPY and leptin (see Introduction),
are able to a�ect glucocorticoid secretion in the rat,
thereby stressing that close interrelationships may
occur between adrenal function, food intake and adi-
pose tissue metabolism.
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