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Orexin-A is a neuropeptide that orchestrates diverse central and peripheral processes. It is now clear that orexin system plays
a central role in the regulation of endocrine, paracrine, and neurocrine. It is involved in the regulation of growth hormone,
adrenocorticotropic hormone, thyroid,mineralocorticoid, and cortisol secretion.These hormonesmay also serve as a kind of signal
linking energy balance regulation, reproduction, stress response, and cardiovascular regulation. Many studies have demonstrated
the ability of orexin-A to regulate adrenocortical cells through the MAPK (mitogen-activated protein kinases) pathway. The aim
of our study is to investigate the effect of orexin-A on cortisol secretion via the protein 70 ribosomal protein S6 kinase-1 (p70S6K)
and eukaryotic translation initiation factor 4E binding proteins (4EBP1) signaling pathway in adrenocortical cells. We reported
the first evidence that orexin-A stimulated p70S6K and 4EBP1 in human H295R adrenocortical cells in a concentration and time-
dependent manner. 10−6M orexin-A treatment for 1 hour was the most potent. Our results also indicated that p70S6K and 4EBP1
kinases participated in controlling cortisol secretion via OX

1

receptor in H295R cells, which implied important role of p70S6K and
4EBP1 kinases in regulating adrenal function induced by orexin-A.

1. Introduction

Orexins, including orexin-A and orexin-B (also called hypo-
cretin-1 and hypocretin-2), are neuropeptides discovered
simultaneously in 1998 that contain 33 and 28 amino acids [1].
The actions of orexins are mediated by twomembrane bound
G-protein coupled receptors, orexin receptor type 1 (OX

1

receptor) and orexin receptor type 2 (OX
2

receptor), which
display different affinity for orexins. Orexin-A is considered
as a high-affinity agonist for OX

1

receptor, whereas orexin-
B has a significantly lower affinity to OX

1

receptor. However,
both peptides show similar affinities to OX

2

receptor [2, 3].
Orexin system is widely distributed not only in the central
nervous system but also in peripheral tissues [2, 4]. Great
progress has been made to identify orexin system in biology
and physiology over the past sixteen years. It is now clear
that orexin system plays a central role in the regulation of
feeding, sleeping, energy expenditure, reward seeking, and
a variety of other physiological processes [4–9]. Orexins are

involved in the regulation of growth hormone, adrenocorti-
cotropic hormone, thyroid, mineralocorticoid, and cortisol
secretion [5]. Orexins, mainly orexin-A, stimulate cortisol
release and expression of proteins involved in steroidogenesis
like steroidogenic acute regulatory protein (StAR; mRNA;
and protein), different cytochrome P450 (CYP) species
(mRNA), and 3𝛽-hydroxysteroid dehydrogenase (HSD3B2;
mRNA) [10, 11]. This indicates the orexins function on the
endocrine axes.

Phospholipid kinase phosphatidylinositol 3-kinase
(PI3K)/AKT/mammalian target of rapamycin (mTOR) signal
pathway is an important intracellular signal transduction
pathway. It plays significant role in cell apoptosis and survival
by affecting the activity of downstream effector molecules,
and it is closely associated with the development and
progression of human tumor [12–15]. Activation of the
mTOR leads to the phosphorylation and activation of down-
stream effectors of the pathway: the protein 70 ribosomal
protein S6 kinase-1 (p70S6K) and eukaryotic translation
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initiation factor 4E binding proteins (4EBP1) [16]. Both
p70S6K and 4EBP1 are regulators of mRNA translation
and stimulate the synthesis of several proteins involved in
cell growth, proliferation, cell survival, and tumorigenesis
[16–19]. According to the study of Nardella et al., 25% (4 out
of 16) pheochromocytomas showed very high levels of S6K1
(the p70S6K family consists of two kinases, S6K1 and S6K2).
They also found that deletion of S6K1 markedly reduced the
proliferation of the chromaffin cells [20]. Similarly, moderate
to high staining of phosph-S6K1 and/or phosph-4EBP1 was
observed in most human primary cultures of adrenocortical
tumors [21]. Inhibitor treatment significantly lowered
phosph-S6K1, the proliferation, and/or significantly reduced
cortisol release in H295R cells [22]. These indicate the close
relationship between p70S6K/4EBP1 and adrenal tumors.

It has been demonstrated that stimulation of orexin
receptors may trigger activation of multiple signaling path-
ways, including protein kinase A (PKA), protein kinase C
(PKC), andMAPK cascades-dependent mechanisms [10, 23].
Recently, researchers have begun to pay attention to the role
of orexins in activation of AKT kinase along with abundant
evidence indicating the key role ofAKT in regulatingmultiple
cell survival mechanisms. Sokołowska et al. found that AKT
was involved in neuroprotective effects of orexins in cells
subjected to chemical hypoxia [24]. In addition, Chen et al.
have proved that orexin-A could affect INS-1 rat insulinoma
cell proliferation and insulin secretion via AKT signaling
pathway [25]. Despite AKT signaling pathway described in
the literature, the role of orexin in activation of p70S6K and
4EBP1-downstream effectors of AKT/mTOR pathway is at
present largely unknown.Therefore, the aim of our work was
to study the effect of orexin-A on cortisol secretion via the
p70S6K and 4EBP1 pathway in H295R human adrenocortical
cells.

2. Materials and Methods

2.1. Reagents. The orexin-A and OX
1

receptor antagonist
SB674042 (SML0912) were obtained from Sigma (St. Louis,
MO, USA). RPMI Medium 1640 and fetal bovine serum
were purchased from Gibco (Grand Island, NY, USA). The
mTOR inhibitor, PF-04691502, was purchased from Selleck
(Houston, TX, USA). Total-p70S6K (49D7) rabbit antibody
(2708), phospho-p70S6K (Thr389) (108D2) rabbit antibody
(9234), total-4EBP1 (53H11) rabbit antibody (9644), and
phospho-4EBP1 (Thr37/46) (236B4) rabbit antibody (2855)
were obtained from Cell Signaling Technology (Danvers,
MA, USA). The Cortisol Express ELISA kit was purchased
from ALPCO (Paris, France).

2.2. Cell Culture. Human H295R adrenocortical cells were
obtained from American Type Culture Collection and
maintained in RPMI 1640 medium supplemented with
10% (wt/vol) fetal bovine serum, l-glutamine, penicillin
(50𝜇g/mL), and streptomycin (100 𝜇g/mL). The cells were
grown in a humidified atmosphere containing 5% CO

2

at
37∘C. Before an experiment, cells (5 × 105 cells/well in six-
well plates) were grown in Petri dishes in serum-freemedium
for 24 h. The next day, cells were treated with different

concentrations of orexin-A (10−9M, 10−8M, 10−7M, and
10−6M) or 10−6M orexin-A with PF-04691502.

2.3. Cortisol Measurements. For cortisol release experiments,
H295R cells were cultured in six-well plates until the cells
were at about 80–85% confluence. Cells were serum-starved
overnight, then washed, and incubated in fresh serum-
free media containing orexin-A and/or inhibitor for 24 h.
At the end of the incubation period, the supernatant was
taken and snap-frozen immediately in liquid nitrogen until
cortisol measurements were performed. Cortisol levels were
assessed using the ELISA kit according to the manufacturer’s
instructions.

2.4. Protein Preparations and Western Blot Analysis. H295R
cells were washedwith cold PBS and harvested in RIPA buffer
containing protease inhibitors. Cell lysates were incubated
on ice for 30min and were collected and centrifuged at
12000 g for 10min at 4∘C. The supernatants were collected
and mixed with 5X loading buffer and then denatured by
boiling for 10min. Samples were separated by SDS-PAGE and
transferred to PVDF membranes at 200mA for 70min or
45min in a transfer buffer containing 20mM Tris, 150mM
glycine, and 20% methanol. Membranes were incubated in
nonfat dry milk for 120min at room temperature and then
washed three times with TBST for 30min and then incubated
with primary antibody against phospho/total-p70S6K at a
1 : 1000 dilution andphospho/total-4EBP1 at a 1 : 1000 dilution
in TBST overnight at 4∘C. The membranes were washed
and incubated with a secondary antibody for 1.5 h at room
temperature and then washed three times with TBST for
30min. Protein was visualized using the ECL method. Band
densities were measured using Quantity-One software.

2.5. Statistical Analysis. Results were expressed as a mean
± SEM and differences between the means were analyzed
by one-way analysis of variance (ANOVA). 𝑃 ≤ 0.05 was
considered to be statistically significant.

3. Results

3.1. Orexin-A Stimulates the p70S6K Activity in H295R Cells.
To determine the effect of orexin-A on p70S6K activity,
H295R cells were stimulated with 10−6M orexin-A for differ-
ent periods of time. Orexin-A induced a significant increase
of p70S6K phosphorylation compared with the control. The
maximal phosphorylation of p70S6K (approximately 130%
above the control values) was observed after 1 h of stimulation
with orexin-A and then decreased, reaching 115% of the
basal level after 24 h. The level of phosphorylation observed
after 24 h was not statistically significant from the basal level
(Figure 1(a)).

A dose-dependent study showed that orexin-A, incubated
with H295R cells for 1 h, was able to activate p70S6K, with
10−6M of orexin-A being the most potent (Figure 1(b)).

3.2. Orexin-A Stimulates the 4EBP1 Kinase Activity in H295R
Cells. The effect of 4EBP1 activation by orexin-A for different
time periods was analyzed by western blot. Similarly to
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Figure 1: Orexin-A stimulates the p70S6K activity inH295R cells. Cells were stimulated with orexin-A (10−6M) for the indicated time periods
(a) or orexin-A (10−9M–10−6M) for 1 h (b). The expressions of p70S6K protein were measured via western blot analysis. Data are presented
as mean ± SEM based on three independent experiments. Asterisk indicates significant differences as compared to control (∗𝑃 < 0.05).

3

2

1

0

4E
BP

1 
ph

os
ph

or
yl

at
io

n
(fo

ld
 co

nt
ro

l)

Time (h)
0 0.25 0.5 1 2 6 12 24

15

15

(kDa)
p-4EBP1
t-4EBP1

∗

∗

∗

(a)

3

2

1

0

(fo
ld

 co
nt

ro
l)

(kDa)

0 10
−9

10
−8

10
−7

10
−6

Orexin-A (M)

4E
BP

1 
ph

os
ph

or
yl

at
io

n

15

15 p-4EBP1
t-4EBP1

∗

(b)

Figure 2: Orexin-A stimulates the 4EBP1 kinase activity in H295R cells. Cells were exposed to orexin-A at concentration of 10−6M for
0.25–24 h (a). Another treatment group consisted of 10−9M–10−6M orexin-A for 1 h (b). The expressions of 4EBP1 protein were measured
via western blot analysis. Data are presented as mean ± SEM of three independent experiments. Asterisk indicates significant differences as
compared to control (∗𝑃 < 0.05).

p70S6K, orexin-A (10−6M) induced a significant increase of
4EBP1 phosphorylation compared with the control, with 1 h
of treatment of orexin-A being the most potent. The effect
weakened between 6 and 24 h, while after 24 h of stimulation
with orexin-A the phospho-4EBP1 immunoreactivity still
remained higher than the basal level without statistical
significance (10% above control) (Figure 2(a)).

Orexin-A treatment (10−9M–10−6M), for 1 h, increased
4EBP1 phosphorylation in H295R cells, and the increase was
dependent upon the concentration of orexin-A, with 10−6M
of orexin-A being the most potent (Figure 2(b)).

3.3. Orexin-A Signals through the p70S6K/4EBP1 Pathways.
H295R cells were exposed to orexin-A, with or without
mTOR antagonist, PF-04691502. The data showed a specific
increase in the p70S6K or 4EBP1 protein in H295R cells
treated with 10−6M orexin-A, increasing by 2.4-fold or 2.6-
fold, compared to untreated controls (Figures 3(a) and 3(b)).
Total-p70S6K/4EBP1 levels, however, remained unaffected by
treatment. In addition, the relative increase in p70S6K/4EBP1
activation in response to orexin-Awas partly abolished by the
mTOR antagonist (PF-04691502, 10−6M).

3.4. p70S6K/4EBP1 Is Involved in Orexin-A Causing Cortisol
Secretion from H295R Cells. To test whether the production
of cortisol was affected in orexin-A-induced H295R cells,
cortisol in the culture medium was assessed using the ELISA
kit. The effect of orexin-A on cortisol content in the medium
was determined from cell culture supernatants. The effect
of 10−6M orexin-A reached statistical significance, increas-
ing cortisol secretion by 1.6-fold compared to the control.
This effect disappeared in the presence of PF-04691502
(10−6M), SB674042 (10−6M), and the combination of both
(Figure 4).

4. Discussion

This study demonstrates that orexin-A plays a crucial
role in cortisol secretion of human H295R adrenocorti-
cal cells through the p70S6K/4EBP1 signaling pathway via
OX
1

receptor. To date, more reports have focused on the
effects of orexin-A on PKA, PKC, and MAPK pathway [10,
23]. This finding shows that other signaling pathways, the
p70S6K/4EBP1 pathways, also regulate the function ofH295R
adrenocortical cells induced by orexin-A.
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Figure 3: Orexin-A signals through the p70S6K/4EBP1 pathways. Cells were stimulated with orexin-A at concentration of 10−6M, in the
presence of PF-04691502 (10−6M). Autophosphorylation of p-p70S6K/p-4EBP1 was evaluated along with the total protein activation. Protein
activation was measured by western blot analysis. Data are presented as mean ± SEM of four independent experiments. Asterisks indicate
significant differences compared to control samples (∗𝑃 < 0.05).
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Figure 4: p70S6K/4EBP1 is involved in orexin-A causing cortisol
secretion from H295R cells. Cells were exposed to orexin-A at
concentration of 10−6M for 24 h, in the presence of PF-04691502
(10−6M), SB674042 (10−6M), or the combination of both. Cortisol
content was assessed using an ELISA kit. Data are presented as
mean ± SEM of three independent experiments. Asterisks indicate
significant differences compared to control (∗𝑃 < 0.05).

In the past few years, the intracellular signaling pathways
thatmediate the effects of orexins have been intensively inves-
tigated. Stimulation of orexin receptorsmay trigger activation
of classical phospholipase C (PLC) cascade, adenylate cyclase
(AC), phospholipase D, phospholipase A2, and MAPK path-
way [26–32]. Recently, people have begun to pay attention
to the activation of AKT kinase. Previous studies from our
experiment group have found that orexin-A regulates cell
proliferation, apoptosis, and insulin secretion in INS-1 cells
through AKT pathway [25], while the role of the neuropep-
tide in activation of p70S6K/4EBP1, downstream effectors
of AKT/mTOR pathway, is at present largely unknown. In
different types of adrenal cells, the p70S6K/4EBP1 pathway
played crucial role in mediating survival signals, and altering
p70S6K and/or 4EBP1 function have been associated with
many pathologies. Compared with normal adrenal zona

glomerulosa, the levels of phosphorylation of p70S6K were
significantly upregulated in aldosterone-producing adeno-
mas (APAs) and idiopathic hyperaldosteronism (IHA). And
high staining of phospho-4EBP1 was also observed in most
human primary cultures of adrenocortical tumors [33]. Given
that data ofNardella et al. inmouse indicated a pivotal role for
p70S6K in the proliferation of the adrenal medulla, deletion
of S6K1 showed a dramatic reduction in the proliferation
of the chromaffin cells [20]. Similarly, PI3K-mTOR dual
inhibitor (NVP-BEZ235) was able to significantly inhibit
phosphorylation of p70S6K in H295R cells and subsequently
reduce proliferation in vitro and xenograft growth in vivo
[22]. Therefore, the study examined the effect of orexin-A
on the p70S6K/4EBP1 kinases activation in human H295R
adrenocortical cells.

In in vitro experiments, many studies have shown that
10−8M–10−6M orexins regulate the viability, proliferation,
and apoptosis of adrenal cells [10, 23]. Orexin system is
widely distributed not only in the central nervous system but
also in peripheral tissues, such as hypothalamus, midbrain,
pancreas, and adrenal gland [2, 4]. However, immunohis-
tochemical methods led to the identification of orexins in
the bloodstream [34]. According to the report, Arihara et al.
measured basal plasma orexin-A concentrations of 1.94 ±
0.24 pmol L−1 (corresponding to 6.89 ± 0.85 pgmL−1) in 17
healthy individuals, while plasma concentrations of orexin-A
are differently affected by energy status and body composition
[35]. To investigate the effect of orexin-A on p70S6K/4EBP1
kinases activity, H295R cells were stimulated with 10−6M
orexin-A for different time periods. We found that orexin-
A-mediated p70S6K response was rather slow as there was
no statistically significant increase of p70S6K activity during
the first 15min of incubation.Themost pronounced response
was observed after one hour of incubation with orexin-A.
Interestingly, elevated phosphorylation-p70S6K immunore-
activity was also observed after 24 h. Orexin-A treatment
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for 1 h increased p70S6K phosphorylation in H295R cells,
and the increase was dependent upon the concentration of
orexin-A. 10−6M of orexin-A led to statistically significant
increase in the phosphorylation of p70S6K of H295R cells.
Strikingly, the role of orexin-A on 4EBP1 kinases activity
was consistent with the effect on p70S6K, while these effects
disappeared in the presence of PF-04691502 (10−6M). The
essential role of p70S6K/4EBP1 signaling in adrenal cells sur-
vival and development prompted us to check whether these
kinases couldmediate the orexin-regulated cortisol secretion.
In this experiment, orexin-A stimulated cortisol secretion
in H295R cells, while the effect was partly abolished in the
presence of mTOR inhibitor PF-04691502, OX

1

receptor-
specific antagonist of SB674042, and the combination of both.

Although the knowledge of the orexin-regulated adrenal
cells is evolving, there are still many questions concerning
factors mediating adrenal cells function. Results from the
present study point at important role of p70S6K/4EBP1 as
possible mediators of the cortisol secretion effects of orexin-
A in H295R cells, while more comprehensive and specific
mechanisms remain to be elucidated. We have provided
the first evidence of orexin-A regulating human H295R
adrenocortical cells via the p70S6K/4EBP1 signaling path-
way. Together with further research utilizing p70S6K/4EBP1
inhibitors, we may provide a new and promising target in
studies on diseases associated with orexin in the adrenal
gland.
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