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Orexins mediate a variety of physiological processes, includ-
ing feeding behavior, the circadian pathway, and cortisol se-
cretion. Steroidogenesis is regulated by a variety of neuropep-
tides, and one of the key rate-limiting steps is cholesterol
transport across the mitochondrial membrane by the steroi-
dogenic acute regulatory protein (StAR). StAR expression can
be regulated through several different signaling pathways.
Despite the clear link between orexins and steroid produc-
tion, the actions of the orexin family of hormones on steroid
biosynthesis are not fully understood. We present data show-
ing that 100 nM of both orexins A and B for 4 or 24 h signifi-
cantly up-regulates StAR, in H295R pluripotent adrenocorti-
cal cells. We present the dose-dependent and time-dependent
characteristics of StAR up-regulation at the protein level,
showing significant increases after 4 h at a relatively low

agonist concentration (1 nM). We have provided a key anal-
ysis of the precise G protein-coupled signaling pathways
required for the up-regulation of StAR in response to orex-
ins A and B. This has involved dominant-negative G protein
analysis, and the direct inhibition of the protein kinase A,
protein kinase C, ERK1/2, and p38 pathways. This shows
a fundamental role for multiple G protein-coupled and
MAPK-mediated signaling pathways leading to StAR ex-
pression. Antagonist analysis also showed that orexin ef-
fects on StAR were primarily, but not exclusively, acting
through the orexin receptor type 1. This is the first study
linking orexin action on StAR expression and comprehen-
sively describes the signaling pathways involved in regulating
the complexity of hormone biosynthesis. (Endocrinology 149:
4106–4115, 2008)

OREXIN A (ORA) AND B (ORB) are two hypothalamic
peptides that originate from the posttranslational pro-

teolytic cleavage of a common precursor, the prepro-orexin
gene (1). Their effects are articulated through signaling cas-
cades via two G protein-coupled receptors (GPCRs), orexin
receptor types 1 (OX1R) and 2 (OX2R). These receptors are
members of the rhodopsin-like family A GPCRs. They share
approximately 64% amino acid identity and couple to mul-
tiple G proteins, activating through several intracellular sig-
naling pathways (2, 3). ORA binds with equal affinity for
both receptors, whereas ORB has an approximate 10-fold
higher affinity for OX2R (4).

We and others have previously published data showing
expression of orexin receptors in human fetal and adult ad-
renal membranes, and the implications in energy balance
(5–7), including the demonstration that orexin receptors cou-
ple to multiple G proteins within the adrenal gland. Studies
involving adrenalectomy and glucocorticoid antagonists in
obese mice implicated glucocorticoids in the development of

their phenotype (8). Interestingly, in dispersed adrenocorti-
cal cells, orexins induced corticosterone production in rats
and cortisol secretion in humans acting through OX1R (9),
and the expression of both orexin-receptor subtypes was
up-regulated in adenomas (10). These receptors are widely
expressed in the central nervous system and in the periphery,
including in adipose tissue, the endocrine cells of the gut and
the adrenal gland, all of which play a role in the integration
of metabolic activity and energy balance.

It has been shown that there exists a close interrelationship
between body weight homeostasis and adrenal secretory
activity, notably of steroid hormones (11, 12). The biosyn-
thesis of these steroid hormones (steroidogenesis) occurs
predominantly in the mitochondria via the successive enzy-
matic breakdown of cholesterol (13). There are numerous
enzymes involved, regulated via transcription and activation
by a host of protein molecules (14).

The first crucial protein involved in steroidogenesis is the
30-kDa steroidogenic acute regulatory protein (StAR), first
identified in 1994 (15). StAR is expressed predominantly in
the steroid-producing cells of the body, required for the
obligatory first step of acute steroidogenesis, the transport of
cholesterol from the outer to the inner mitochondrial mem-
brane (16). Reduced StAR expression is currently the only
known cause of the steroid-deficiency disease, familial lipoid
adrenal hyperplasia (17).

Several proteins are known to lead to StAR expression or
inhibition, including ACTH, epidermal growth factor, IGF-I,
TGF-�, and angiotensin (18, 19). In addition, the expression
of StAR can be initiated through multiple signaling path-
ways, including protein kinase A (PKA) and protein kinase
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C (PKC)-dependent mechanisms (20). This complexity
makes the study of StAR expression and regulation very
difficult, and likely reflects the constantly changing steroid
requirements.

The effects of orexins on steroid production and the un-
derlying signaling mechanisms are not yet fully understood.
Given the effects of orexins on cortisol and the implications
of these actions to energy balance, we aimed to investigate
further the effects of these peptides on the StAR gene, as the
rate-determining step in the steroid biosynthesis pathway, in
a human adrenocortical cell (H295R) model. H295R cells act
as pluripotent adrenocortical cells capable of producing all
major zone-specific adrenal steroids (21).

This report describes the up-regulation of StAR gene ex-
pression in response to both ORA and ORB in H295R adrenal
cells. The effect is analyzed in detail at the protein level, using
dominant-negative G proteins, signaling pathway inhibitors,
and receptor-specific antagonists to identify the exact G pro-
tein-coupling systems involved. We present evidence that
ORA mediates its actions on StAR expression predominantly
through the OX1R, but mediated by Gq/11, Gs, and Gi cou-
pling. ORB acts through both OX1R and OX2R but is pri-
marily affecting StAR expression through Gq coupling. Fur-
thermore ERK1/2 and p38, mediators from two of the four
major MAPK kinase (MEK) kinase/MEK/MAPK signaling
cascades, are also required for full StAR expression in re-
sponse to both ORA and ORB. Our findings are crucial to-
ward understanding how orexins signal through multiple
pathways during the regulation of steroid biosynthesis.

Materials and Methods
Biochemical reagents

Human ORA and ORB were obtained from Phoenix Pharmaceuticals
(Belmont, CA). Insulin, transferring, selenium and Ultraserum-G (PALL
Life Sciences, Cergy, France), growth supplement for H295R cells, were
obtained from Sigma-Aldrich Co. Ltd. (Gillingham, Dorset, UK). Ac-
cutase required for splitting cells was obtained from TCS Cellworks
(Buckinghamshire, UK), and ECL plus Western blotting detection re-
agents was from Amersham Biosciences (Buckinghamshire, UK). Aga-
rose was obtained from MBI Fermentas (York, UK) and Helena Bio-
Sciences Europe (Tyne & Wear, UK).

Inhibitors

The following inhibitors were obtained from Calbiochem (Darmstadt,
Germany): 2�,5�-dideoxyadenosine is a potent and specific inhibitor of ade-
nylate cyclase, the enzyme catalyzing cAMP production; myristoylated PKA
inhibitor (PKAi) amide 14–22, a selective inhibitor of PKA; 2-[1-[2-(1-meth-
ylpyrrolidino)ethyl]-1H-indol-3-yl]-3-(1H-indol-3-yl)maleimide (Bis), a selec-
tive inhibitor of PKC (PKCi); 1,4-diamino-2,3-dicyano-1,4-bis (2-amino-
phenylthio) butadiene (U0126), a potent and specific inhibitor of MEK1
and MEK2; and pertussis toxin is an enzyme derived from the bacteria
Bordetella pertussis, which catalyzes ADP-ribosylation of the �-subunit of
inhibitory G proteins (Gi) and Gi-like G proteins, resulting in dissociation
of the G protein from the receptor, allowing effector enzymes to remain
activated.

Antibodies

Goat polyclonal anti-OXR1 antibody (Santa Cruz, Biotechnology,
Santa Cruz, CA), mouse monoclonal anti-OX2R antibody, anti-StAR,
and anti-�-actin antibody were purchased from Abcam (Cambridge,
UK). Polyclonal horseradish peroxidase-conjugated goat antirabbit, an-
timouse immunoglobulin/HRP was from DakoCytomation (Glostrup,
Denmark).

Other materials

Precision Plus Protein Standard was from Bio-Rad Laboratories Ltd.
(Hertfordshire, UK). The mammalian expression vector pcDNA3.1(�)
was from Invitrogen (Paisley, UK). Human G protein � q [dominant-
negative (Q209L/D227N) Gq], human G protein � S long [dominant-
negative (Q227L/D295N) Gs], and human G protein � i [dominant-negative
(Q205L/D273N) Gi] were obtained from University of Missouri-Rolla
cDNA Resource Centre, University of Missouri-Rolla (Rolla, MO). Polyvi-
nylidene difluoride (PVDF) membrane was purchased from Amersham
Biosciences; all of the primers were obtained from TAGN (Newcastle, UK).

Cell culture

H295R human adrenocortical cells were cultured in H295R complete
media containing DMEM/F12 (1:1) supplemented with 2% Ultroser G
(Biosepra, Villeneuve-la-Garenne, France) and insulin, transferring, se-
lenium (Discovery Labware, Bedford, MA), in six-well plates for 24 h
after reaching confluence. Media were replaced with 3 ml fresh media
containing different agents and cultured for 4 h for protein experiments,
and both 4 and 24 h for the RT-PCR experiments. At the end of the
incubation period, cells were washed with ice-cold PBS and subjected to
RNA or protein extraction and analysis as described below for RT-PCR
or Western blotting.

RT-PCR

Total RNA was extracted using the QIAGEN RNeasy Mini Kit (West
Sussex, UK) and reverse-transcribed into cDNA as previously described
(6). Steroidogenic gene expression was measured by RT-PCR, using 3 �g
RNA and random primers as RT primers. A control reaction that omitted
reverse transcriptase was included to check for the presence of genomic
DNA. Steroidogenic gene expressions were amplified using a Hybaid
Thermal Cycler in 50 ml reaction medium containing 1 U Taq polymerase
(Fermantes, Lithuania, UK), 20 pmol of each sense and antisense primer,
and deoxynucleotide triphosphate (10 mmol/liter each), using the fol-
lowing cycling conditions: 94 C for 1 min, then 38 cycles of 94 C for 60
sec, 60 C for 45 s, and 72 C for 30 s, followed by a 10-min extension at
72 C. The sequences for the sense and antisense primers (respectively)
were: StAR, 5�-GGCTACTCAGCATCGACCTC-3� and 5�-CATCCCACT-
GTCACCAGATG-3�; glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 5�-TGAACGGGAAGCTCACTGG-3� and 5�-TCCACCACCCT-
GTTGCTGTA-3�; OX1R, 5�-CCTTCCTGGCTGAAGTGAAG-3� and 5�-
AGTGGGAGAAGGTGAAGCAG-3�; and OX2R, 5�-GTCGCAACTGGT-
CATCTGCT-3� and 5�-CGTCCTCATGTGGTGGTTCT-3�. PCR products
were stained with ethidium bromide and visualized by electrophoresis
through 2% agarose gels. Sequencing of the PCR products confirmed the
sequence identities. OX1R and OX2R gene expression was also measured
in a similar way.

Quantification of StAR, OX1R, and OX2R mRNA

The concentration of target mRNA was measured by RT, followed by
real-time PCR performed on a Roche Light Cycler system (Roche Mo-
lecular Biochemicals, Mannheim, Germany) using the relevant primers
from the aforementioned list. Quantitative PCRs were performed using
2.5 ml cDNA in 5.5 ml PCR SYBR Green-1 Light Cycler Master Mix
(Biogene, Cambridgeshire, UK), and 1 ml sense and antisense primers.
A series of three dilutions for each cDNA was used to ensure linear
amplification. Protocol conditions consisted of denaturation of 95 C for
60 sec, followed by 40 cycles of 94 C for 1 sec, 60 C for 8 sec, and 72 C
for 15 sec, followed by melting-curve analysis. For analysis, quantitative
amounts of the gene of interest were standardized against the house-
keeping gene GAPDH. Negative controls for all the reactions included
preparations lacking cDNA or RNA-lacking reverse transcriptase in
place of the cDNA. The relative mRNA levels were expressed as a ratio
using the “�–� method” for comparing relative expression results be-
tween treatments in real-time PCR (22).

Transfection and subsequent overexpression of dominant G
protein subunits for inhibiting the corresponding pathway

H295R cells were transfected using Nucleofector Technology (Amaxa
Biosystems, Cologne, Germany). Three million log-phase cells were
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resuspended in 100 �l Nucleofector Solution R, mixed with 3 �g plasmid
DNA, and electroporated using the proprietary program P-20. Cells
were allowed to recover for 15 min in DMEM/F12 media at room
temperature and then plated in 12-well plates with 2 ml H295R complete
media per well. Cells were cultured for 18 h. The media were then
removed and the cells incubated with prewarmed serum-free media
overnight before 4-h peptide treatment. Cells were lysed with Laemmli
buffer (Sigma, Rockford, UK) for protein studies.

Western blotting

Protein lysates were prepared by adding equal amounts of Laemmli
buffer to each well, and samples were denatured by sonication and
boiling. Samples were separated by SDS-PAGE (10% resolving gel) and
transferred to PVDF membranes at 100 V for 1 h in a transfer buffer
containing 20 mm Tris, 150 mm glycine, and 20% methanol. The PVDF
membranes were incubated with primary antibody for StAR (Abcam)
at a 1:7,000 dilution and �-actin (Abcam) at 1:25,000 or OX1R and
OX2R (Santa Cruz) at 1:1,500 dilution in Tris-buffered saline-0.1%
Tween, and 5% BSA overnight at 4 C. The membranes were washed,
incubated with a secondary antirabbit (StAR), antimouse (�-actin)
horseradish peroxidase-conjugated antibody (1:2000) for 1 h at room
temperature, and washed for 60 min with Tris-buffered saline-0.1%
Tween. Antibody complexes were visualized using the ECL Plus,
chemiluminescence detection kit. The densities were measured using
a scanning densitometer coupled to Scion Image scanning software
(Scion Corp., Frederick, MD).

Using pathway inhibitors/receptor antagonists to compare
StAR expression

PKAI, PKCi, U0126 (MEK/ERK1/2 inhibition), and SB203580 [p38
inhibition (p38i)] as well as the OX1R antagonist SB334867 were added
to 3 ml fresh media and added to confluent, cultured cells for 4 h.
Inhibitors were added at least 30 min before the other reagents and
remained during the incubation period. Cells were then processed as
described previously.

alamarBlue (BioSource International Inc., Camarillo, CA)
cell proliferation assay

Cells were seeded on a 96-well plate at 1 � 104 cells per well in
quadruplet. before treatment with different concentrations of ORA and
ORB for 24 h at 37 C/5% CO2. The alamarBlue assay was performed
according to the manufacturer’s instructions. Ten percent alamarBlue
reagent was added to 96-well plates, incubated for the specified time,
and quantified spectrophotometrically for absorbance with a microplate
reader (TECAN Group Ltd., Männedorf, Switzerland) at wavelengths of

570 and 600 nm. Nonseeded wells containing media alone were included
as a control.

Statistical analysis

Nonparametric tests were used. Data are presented as means � sem
unless indicated otherwise. Differences between two groups were as-
sessed using the Mann-Whitney U test. Data involving more than two
groups were assessed by Friedman’s ANOVA with Dunn’s test for post
hoc analysis. For Western immunoblotting experiments, the densities
were measured using a scanning densitometer coupled to scanning
software Scion Image. Spearman rank correlation was used for calcu-
lation of associations between variables; P � 0.05 was considered
significant.

Results
RT-PCR to assess the effect of orexin stimulation on gene
expression of StAR in H295R adrenal cell

Time-dependent RT-PCR of StAR, in response to 100 nm
stimulation by both orexin peptides ORA or ORB, showed
for the first time significant overexpression (Fig. 1). A bi-
phasic response was observed as StAR increased (�300% for
both ORA and ORB) when H295R cells were treated for 2 h.
The response gradually reduced, increasing again after 24 h.
StAR expression is recognized as one of the key rate-limiting
steps in steroid biosynthesis, and StAR deficiency is cur-
rently the only known cause in the pathophysiology of lipoid
congenital adrenal hyperplasia (23). To assess the relative
expression of StAR more thoroughly, we compared the dose-
dependent RT-PCR analysis using three different concentra-
tions of ORA and ORB. Figure 2 clearly shows that significant
StAR mRNA was seen after 4 h after stimulation by just 1 nm,
increasing slightly with 100 nm treatment.

Western blot analysis of the time and dose dependent
expression of StAR in response to ORA and ORB

Although mRNA is a good indicator of expression, this
does not necessarily reflect the actual cellular protein lev-
els. To address this, we used a series of Western blots with
a StAR antibody comparing protein expression after 2, 4,
6, 8, 12, and 24 h after treatment with 100 nm ORA (Fig.
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FIG. 1. Time-course effects of orexins on StAR mRNA levels in H295R cells. Cells were cultured for the indicated periods in the presence or
absence (basal) of ORA (100 nM) (A) or ORB (100 nM) (B). Total RNA was isolated, reverse transcribed, and used as a template for quantitative
PCR using StAR, and GAPDH specific primers. Results were normalized against GAPDH expression and expressed as percentage of basal. Data
points are means � SE from six independent experiments. Significance was determined by Friedman’s ANOVA with Dunn’s test for post hoc
analysis (*, P � 0.05; **, P � 0.01).
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3A) or 100 nm ORB (Fig. 4A). Both showed an interesting
and similar temporal pattern of StAR expression with an
initial maximum after approximately 4 h, expression de-
clining, and then increasing again after 24 h. In addition,
we compared the levels of dose-dependent effects on StAR
expression in response to 1, 10, and 100 nm ORA (Fig. 3B)
and ORB (Fig. 4B). This shows a clear dose-response effect
of both orexin forms on StAR expression reaching signif-
icance at 10 nm ligand concentration, increasing further
with 100 nm treatment.

The effects of dominant-negative G proteins on orexin-
mediated StAR expression

It is known that ORA and ORB work through two related
GPCRs (OX1R and OX2R) (1) and that ORA is equipotent for
both (�30 nm), whereas ORB has a higher affinity for OX2R
than for OX1R (�30 and 300 nm, respectively) (4). In addition,
the effects of orexin receptors are known to be mediated
through several different pathways, with promiscuity for Gq,
Gs, and Gi heterotrimeric G proteins (5).

To decipher the precise G protein-signaling pathways re-
quired for the significant effects of orexin-mediated StAR
activation, dominant-negative Gq, Gs, and Gi constructs were
transfected into the H295R adrenal cell line and stimulated
with 100 nm of either ORA or ORB for 4 h. Western blot
analyses of the subsequent StAR expression levels are shown
in Fig. 5. Interestingly, none of the three G proteins could be
down-regulated without a significant reduction in StAR ex-
pression in response to ORA (Fig. 5A), with approximately
half of the expression reduced by inhibition of Gq, Gs, and Gi.
Although Gq inhibition had the greatest deleterious effect,
none of these with either ORA or ORB at 100 nm for 4 h led
to a complete inhibition of StAR expression down to basal
levels. Surprisingly, the same inhibition profile was not seen
for the ORB-mediated StAR expression (Fig. 5B). Transfec-
tion of the dominant-negative Gq led to an almost complete
reduction of StAR expression, from 3.7 � 0.61-fold over basal
for the wild type down to levels comparable with basal (1.3 �
0.19-fold), and Gs inhibition showed a small but significant
(0.01 � P � 0.05) reduction. In contrast to the ORA data, the
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reduction in StAR expression using the dominant-negative
Gi transfection was not significantly different from that seen
in wild-type H295R cells (from 3.7 � 0.36-fold over basal to
3.6 � 0.54-fold).

Inhibition of multiple kinase signaling pathway components
on orexin-mediated StAR expression

The precise expression levels and down-regulation effect
of the dominant-negative G proteins themselves cannot be
easily measured. To confirm the different relative effects of
ORA/ORB-mediated G protein-signaling pathways on StAR
expression levels, we compared the relative StAR expression
(in H295R cells) in response to both ORA and ORB in the
presence of PKAi and PKCi. PKA and PKC are key mediators
of the Gs and Gq pathways. In addition, orexins have been
proposed to play a role in adrenal cells in ERK1/2 and p38
activation (unpublished data). ERK1/2 � p38 are represen-
tative proteins from two of the four mammalian MEK ki-
nase/MEK/MEK cascades (24). Therefore, we included the
inhibitors U0126 (MEK1/2/ERK1/2 inhibition) and p38i in
our experimental design. The data in Fig. 6 showed that PKAi
led to a partial reduction in response to both ORA (from 3.4 �
0.36-fold to 2.3 � 0.20-fold over basal) and ORB (from 3.8 �
0.13-fold to 1.2 � 0.27-fold over basal). PKCi led to an almost
complete reduction of StAR expression in response to both
ORA (from 3.8 � 0.16-fold to 1.2 � 0.29-fold) and ORB
(from 3.8 � 0.13-fold to 1.2 � 0.27-fold). Furthermore,
MEK1/2 (ERK1/2) inhibition (MEKi), as well as p38i
(through SB203580), abolished the relative increase in
StAR expression in response to both ORA and ORB (Fig 6,
C–F). RT-PCR analysis showed that MEK inhibition in-
creased StAR mRNA levels, consistent with that observed
for protein (supplemental Fig. 1, which is published as
supplemental data on The Endocrine Society’s Journals
Online web site at http://endo.endojournals.org).

These data are consistent with the dominant-negative G
protein data suggesting that ORA-mediated StAR expression
is mediated by multiple G protein-signaling pathways,
whereas the ORB effects are predominantly, but not exclu-
sively, through the Gq-coupled system. In addition, these
multiple signaling pathways leading to StAR expression are
mediated through both ERK1/2-dependent and p38-depen-
dent MAPK cascades.

Using the OX1R-specific nonpeptide antagonist SB334867
to discriminate orexin receptor-specific effects on StAR
expression

As described previously, ORA is equipotent for OX1R and
OX2R, whereas ORB favorably binds OX2R. SB334867 is a
nonpeptide antagonist that is highly potent and discrimina-
tive for the OX1R (25). To determine whether the difference
between the ORA-mediated and ORB-mediated signaling
pathways leading to increased StAR expression is reflected,
in part, by differential interaction with the two GPCRs, StAR
expression was compared for both orexin agonists in the
presence and absence of 10 �m SB334867. The results were
intriguing. ORA stimulated StAR expression was completely
attenuated in the presence of the OX1R-specific antagonist
(Fig. 7A), despite the equipotent affinity for the two recep-
tors. Even more surprisingly, the significant majority of StAR
expression in response to ORB was also blocked by the
OX1R-specific antagonist (Fig. 7B). This suggests that despite
a relative affinity for ORB 5- to 10-fold lower for OX1R than
for the OX2R, most, but not all, of the StAR expression after
ORB activation was mediated through OX1R, despite the fact
that mRNA for both receptors was detected in these cells
using RT-PCR techniques and direct Western blotting (Fig.
8), although OX2R levels were higher than those of OX1R
(Fig. 8, C and D).
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alamarBlue cell proliferation assay

Neither orexin (ORA or ORB) increased H295R cell pro-
liferation after 4 or 24 h stimulation with 100 nm agonist
(supplemental Fig. 2).

Discussion

Orexins are known to be involved in a host of physiolog-
ical processes, including obesity, sleep regulation, and ste-
roid secretion (26, 27). We have previously reported the
presence of orexin receptors in the human adrenal gland that
couple to multiple G proteins, activating both cAMP and
inositol 1,4,5-trisphosphate (6), and others have reported Gq/
11-independent calcium influx through the OX1R (28). Ste-
roidogenesis is a crucial factor in adrenal physiology leading
to the production and secretion of several key hormones.
Because steroidogenic cells store very little steroid, a rapid
steroidogenic response requires rapid synthesis of new ste-
roid (20). The chronic regulation of steroidogenic capacity is
at the transcriptional level, primarily of genes coding for the
steroidogenic enzymes (29). These include a number of en-
zymes with proposed roles in the pathophysiology of a num-
ber of diseases (14, 30).

The stimulation of adrenocortical steroidogenesis involves
up-regulation of StAR, a critical molecule in steroidogenesis,
mediating the transfer of cholesterol from the outer to the
inner mitochondrial membrane for steroid biosynthesis to
take place, acting as a first-rate limiting step (31, 32). Acute
regulation of steroidogenesis is at the level of substrate access
to p450scc, which is regulated through cholesterol transport
into the mitochondria and can take place only in the presence
of StAR to mediate the cholesterol transfer in adrenal cells.

Our initial treatment of the pluripotent, adrenal H295R
cells with one of ORA or ORB resulted in a significant in-
crease in StAR mRNA levels, peaking at 2 h, followed by a
gradual decline and then a second significant increase after
24 h. This novel study also demonstrated a significant up-
regulation of StAR at the protein level by ORA and ORB in
human adrenocortical cells. The importance of the StAR and
the novelty of this finding led us to concentrate our study on
the cell signaling and mechanisms required for orexin-me-
diated StAR expression. We observed a dose-dependent in-
crease of StAR mRNA with a relatively potent effect, reach-
ing significance at an orexin concentration of 1 nm (for both
ORA and ORB). The reported affinity of orexins for their
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receptors is around 30 nm, suggesting a receptor occupancy
at this concentration of less than 10%; although ORA is equi-
potent for OX1R and OX2R, ORB only binds OX2R with such
high affinity.

The subsequent Western blot analysis of dose-dependent
and time-dependent StAR expression was consistent with
the mRNA data and reflects effects at a relatively low re-
ceptor occupancy, assuming, of course, that the reported
receptor affinities are the same here as previously reported.
This is not considering the possible affinity differences
with different cells and the possibility of hypersensitiza-
tion through other orexin receptors, or indeed through an
unknown third-party molecule (33). It was interesting that
the temporal analysis of StAR mRNA and protein expression
seen after 2 and 4 h, respectively, declined and then spiked
again at 24 h. It is not clear if this reflects a cycling effect or
indirect gene expression in response to a second component.
This apparent cycling phenomenon has previously been
seen for StAR mRNA expression in response to angiotensin
II treated bovine adrenocortical cells (18). It is also impor-
tant to note that the activation of StAR through phosphor-
ylation and other signaling molecules are important fac-
tors in the transport of cholesterol, and there may be a role
for hormones, including orexin, in these processes (34). It
has been observed previously that StAR expression and
phosphorylation were both up-regulated in response to
angiotensin II (35, 36).

Orexins mediate their actions through two GPCRs (OX1R
and OX2R), both of which can signal through multiple G
proteins, and are expressed widely in the hypothalamus and
adrenal gland (6, 37). To assess the precise signaling path-

ways leading to StAR expression, we compared the effect of
expressing different dominant-negative G proteins in H295R
adrenal cells on orexin-induced StAR production. Our data
strongly suggest that StAR expression in response to ORB
acts predominantly through Gq-mediated signaling (with a
small Gs effect), whereas all three pathways (Gq, Gs, and Gi)
were significantly involved in the up-regulation of StAR in
adrenal cells in response to ORA. The inhibition studies
provide further evidence for the concomitant activation of
more than one G protein-coupling pathway leading to StAR
expression. Although PKCi completely disrupted StAR ex-
pression in response to either orexin, PKAI after ORA or ORB
stimulation was also significantly reduced. The downstream
MAPK signaling cascades involving both ERK1/2 and p38
were also required for the increase in StAR levels. This is
consistent with previous studies showing that cAMP/PKA
(23) and inositol 1,4,5-trisphosphate/PKC (38) are the major
signaling cascades regulating steroidogenesis as well as
StAR by GPCRs. In addition, PKA is considered to be an
important regulator of StAR activity by posttranslational
phosphorylation (39). Furthermore, direct involvement of
ERK1/2 in acute StAR regulation has been shown in rat
Leydig cells (40). Several studies have reported the involve-
ment of various signaling cascades, including the cAMP/
PKA/PKC/cAMP response element-binding protein path-
ways, in steroidogenesis and in the up-regulation of
steroidogenic enzymes and StAR, including the ERK1/2 (34,
41) and p38 MAPK cascades (42–44). Although basal levels
in the presence of inhibitors were occasionally higher than in
their absence, particularly for the MEK inhibitor U0126, this
phenomenon has also been seen in both primary cells and

Dunn’s test for post hoc analysis (**, P � 0.01; ***, P � 0.001). #, Significant difference from basal for orexin-stimulated expression in the presence
of the inhibitors (#, P � 0.05; ##, P � 0.01). Significance between stimulated expression � inhibitors is indicated (a, P � 0.05; and b, P � 0.01).
NS, Not significant.
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mouse Leydig cells, and was thought to represent an issue of
stimulus specificity inducing StAR transcriptional activity,
but not steroidogenesis, as a direct response to inhibitor
treatment (45, 46). We also observed a similar increase in
StAR mRNA with MEKi (data not shown). Intriguingly, the
OX1R-specific antagonist SB334867 showed that StAR ex-
pression through ORA was acting, almost exclusively,
through OX1R, and even ORB-mediated StAR expression
was predominantly a response to the OX1R. This occurs even
though the affinity for ORB at OX1R is only 300 nm, around
10-fold lower than the affinity for OX2R. It was previously
suggested that cortisol synthesis occurred through the OX1R
(9), and this appears to be generally true in terms of StAR
expression, although the ORB effect seems able to use an
OX2R component. It is distinctly possible that these effects
are mediated through the OX2R or, indeed, through a het-
erodimer, either of OX1R/OX2R, or through one orexin re-
ceptor and an undetermined third party. Indeed, OX1R/
cannabinoid CB1 receptor heterodimers have been
hypersensitive to orexin stimulation (33). The RT-PCR
showed expression of both OX2R and OX1R mRNA, and it
may be interesting to analyze the precise protein expression
levels of these receptors in H295R cells.

These studies show that StAR expression is significantly
higher even at concentrations similar to that in circulation. It
was previously observed that in dispersed rat adrenocortical
cells, both orexins stimulated corticosterone but not aldo-
sterone production in a dose-dependent manner (26). In hu-
man adrenocortical cells, ORA but not ORB enhanced cor-
tisol secretion (27), and both orexins (with ORB being more
potent) enhanced proliferative activity of zona glomerulosa
cells in immature rats (26). These studies combined with our
observations showing that increases in StAR expression in
response to orexins suggest a direct link between StAR up-
regulation and steroidogenesis. However, it would be inter-
esting to assess directly the effect of transcriptional or trans-
lational inhibition of StAR expression on steroidogenesis. A

recent review (20) discussed the independent as well as syn-
ergistic effects of multiple signaling pathways leading to the
regulation of StAR, like this study, emphasizing the funda-
mental complexity of steroid biosynthesis. In addition, al-
though our orexin-mediated effects on StAR expression are
broadly comparable with those of angiotensin, the angio-
tensin was only used as a positive control reflecting cellular
function. Therefore, it would be an interesting future study
to assess the potential physiological importance of orexins
through comparison with other known stimulatory mole-
cules, such as (Bu)2-cAMP and potassium (36).

To conclude, this is the first time that StAR expression has
been shown to be up-regulated by orexin. We present evi-
dence that ORA-mediated StAR expression is exclusively
channeled through the OX1R, coupling through all three
major G protein-signaling pathways (Gq, Gs, and Gi). StAR
expression in response to ORB can be mediated by the OX1R
or OX2R, although this is predominantly through the Gq
subunit and, to a lesser extent, the Gs-signaling pathway.
Furthermore, for both ORA and ORB-stimulated StAR expres-
sion, the major MEK signaling cascade mediators ERK1/2 and
p38 are crucial components.
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in H295R cells. Cells were grown for 48 h.
RNA was isolated, reverse transcribed,
and used as a template for RT-PCR and
quantitative PCR using OX1R, OX2R,
and GAPDH specific primers. Protein
was extracted in sample buffer. RT-PCR
for OX1R (A) and OX2R (B). PCR prod-
ucts were run on a 1% agarose gel. Lanes
correspond to: 1) the cloned receptor pos-
itive control, 2) endogenous human re-
ceptor, and 3) water. C, Quantitative
PCR showing endogenous expression of
OX1R and OX2R. mRNA was normalized
against GAPDH expression and ex-
pressed as percentage of basal. D, OX1R
and OX2R protein levels were deter-
mined by Western blot exactly as de-
scribed for Fig. 3. In each case, similar
results were obtained from mRNA iso-
lated from four independent experiments
of H295R cells (***, P � 0.001).
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