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Orexin A protects cells from apoptosis by regulating
FoxO1 and mTORC1 through the OX1R/PI3K/AKT
signaling pathway in hepatocytes
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Abstract. Orexin A and B are multifunctional neuropeptides
that are involved in the regulation of food intake, energy
metabolism, glucose regulation and wakefulness. They signal
through two G-protein-coupled receptors (GPCR): orexin
receptor 1 (OX1R) and orexin receptor 2 (OX2R). Previous
studies have shown that orexins interact with PI3K/AKT
signaling pathways through OX1R-coupling in other cell
types, but are seldom involved in hepatocytes. In the present
study, reverse transcription (RT)-PCR and western blot
analysis revealed that OX1R mRNA expression and activation
in rat hepatocytes in vitro were upregulated by exogenous
orexin A (10°to 10-°M) in a dose-dependent manner. The result
showed that orexin A affects increasing cell proliferation and
protects cells from apoptosis. Additionally, inhibition studies
showed that orexin A induced forkhead box Ol (FoxOl) and
mammalian target of rapamycin 1 (mTORC1) phosphorylation,
while OX1R antagonist (SB334867, 10°° M), AKT antagonist
(PF-04691502, 10 M), FoxO1 inhibitor (AS1842856, 10-° M)
or mTORCI1 inhibitor (everolimus, 10 M) blocked these
effects of orexin A. The results of the present study showed
a possible effect of orexin A on cell apoptosis in regulating
FoxOl and mTORCI through the OX1R/PI3K/AKT signaling
pathway in rat hepatocytes.

Introduction

Orexin A and B, also known as hypocretins are neuropep-
tides identified by two groups in 1998 (1,2). They articulate
their signaling cascades via two G-protein-coupled recep-
tors (GPCRs): orexin receptor 1 (OX1R) and orexin
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receptor 2 (OX2R) (2,3). Orexin A and B synthesize neurons
located in the lateral hypothalamus that project to other regions
of brain, including stem nuclei and thalamus, forebrain region
and spinal cord (4-6). Orexins and orexin receptors are involved
in many physiological processes, including food intake, sleep-
awake, reproductive behavior, and energy homeostasis (7-10).
OXIR has a wide tissue distribution in the central nervous
system and in peripheral tissues, including adipose tissue,
gut, pancreatic, adrenal gland and testis (11,12). AKT is able
to phosphorylate a large number of intracellular targets (13).
Two evolutionarily conserved downstream effectors of AKT,
FoxOl and mTORC1, were investigated in the present study.

Forkhead box Ol (FoxOl) is a prominent member of the
forkhead box family and is involved in the regulation of metab-
olism, cell proliferation, differentiation, cell cycle progression,
apoptosis and cell death in many cell types (14-17). The
PI3K/AKT signaling pathway changes FoxOl transcriptional
activities by regulating threonine, serine and the phosphoryla-
tion of FoxOl1 (14,18). Phosphorylated FoxO1 translocates from
the nucleus to cytosol and loses its transcriptional activity in
liver (16-19).

Mammalian target of rapamycin 1 (mTORC1) is another
downstream target of the PI3K/AKT signaling pathway (20).
mTORCI regulates cell growth and proliferation largely
through the increase in protein synthesis (20,21). mTORCI1
elevates mRNA translation by phosphorylating and activating
S6K1, and phosphorylating and inhibiting the elF4E-binding
protein, a repressor of mRNA translation (20-22). AKT can
activate mTORCI1 through direct phosphorylation of the
tuberous sclerosis complex 2 (21,22).

Orexin A is known to play a key role in the PI3K/AKT
signaling pathway in many tyeps of cells (13,23-25), but there
is no exact evidence concerning orexin A acting on PI3K/
AKT transduction in hepatocytes. The aim of this study was to
determine whether AKT is required for cell proliferation and
apoptosis by changing activities of the downstream targets,
FoxO1 and mTORCI. The role of FoxOl and mTORCI in cell
proliferation and apoptosis in the involvement of PI3K/AKT
pathways regulated by orexin A in rat hepatocytes was exam-
ined. The results provide insight into the mechanisms by which
orexin A contributes to cell cycle processes and metabolisms,
thus having important implications for clinical therapy.
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Materials and methods

Animals. Thirty male Sprague-Dawley rats (3-4 weeks old,
weighing 200-250 g) were obtained from China Medical
University and bred in our laboratory. The temperature was
maintained at 22+2°C with a constant 12-h light-dark cycle
(6:00 a.m. to 6:00 p.m.). The rats received a normal diet (from
commercial diet) of standard laboratory chow (20% protein,
15% fat, 65% carbohydrate diet) (China Medical University
Laboratory Animal Center, Shenyang, China). The animal
experiments were approved by the Ethics Committee of the
First Affiliated Hospital of China Medical University.

Reagents. Orexin A was obtained from Sigma (St. Louis,
MO, USA). RPMI-1640 medium and fetal bovine serum were
purchased from Gibco (Grand Island, NY, USA). The AKT
inhibitor, LY294002, was purchased from Selleck Chemicals
(Houston, TX, USA). FoxOl1 inhibitor AS1842856 and
mTORCI inhibitor everolimus were obtained from Abcam
(Cambridge, UK). OX1R-specific antagonist SB334867 was
obtained from Tocris Bioscience (Minneapolis, MN, USA).
The Cell-Death Detection ELISA kit and Cell Proliferation
ELISA BrdU colorimetric kit were purchased from Roche
Diagnostics (Penzberg, Germany). Total/phospho-AKT
(s473) polyclonal antibody, total/phospho-FoxOl1 polyclonal
antibody and total/phospho-mTORCI1 polyclonal antibody,
[-actin (c4): sc-47778 and OX1R antibody were all obtained
from Abcam.

Isolation and culturing of rat hepatocytes. Rat livers were
decapsulated and incubated with 0.5 mg/ml collagenase
type IV (Invitrogen, Grand Island, NY, USA) for 30 min at
37°C in a shaker at 160 cycles/min. The cell suspension was
collected by centrifugation at 800 rpm for 10 min. To obtain
purified hepatocytes, the crude cell suspension was centri-
fuged on a Percoll gradient (20, 40, 60 and 90% Percoll in
PBS solution; Sigma) and subsequently centrifuged at 800 rpm
for 20 min at 4°C. Fractions containing hepatocytes were
collected and centrifuged in a continuous, self-generating
density gradient starting with 60% Percoll at 2,000 rpm for
30 min at 4°C. The purified hepatocytes were cultured with
RPMI-1640 medium (Invitrogen) supplemented with 10%
bovine serum albumin (HyClone, Beijing, China), 100 IU/ml
penicillin and 100 pg/ml streptomycin (Xianfeng, Shanghai,
China) and cultured (10° cells/ml per dish) at 37°C in a humidi-
fied incubator with 5% CO, for 24 h.

Cell proliferation assays. Cells (2x10° cells/well) were seeded
in 96-well plates and cultured for 24 h. To synchronize cell
cycles, the cells were serum-deprived for 24 h and then treated
with test agents for an additional 24 h. BrdU incorporation
into DNA was measured by the cell proliferation ELISA BrdU
colorimetric kit (Roche Diagnostics). The cells were incubated
with BrdU fresh medium at 37°C and 5% CO, for 12 h and
fixed with 200 ul of fixative/denaturing solution for 30 min
at room temperature. Peroxidase-conjugated BrdUrd antibody
was added to each well and incubated for 1 h. After washing
thoroughly, the bound peroxidase-conjugated BrdUrd antibody
was quantified with peroxidase substrate tetramethylbenzidine.
BrdUrd absorbance was measured at 440 nm using an ELISA
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plate reader (PeproTech China, Suzhou, China). A control
without cells was used to measure the background absorbance
of the medium and was subtracted from the results.

Annexin V/PI assays for apoptosis. For Annexin V/PI assays,
cells were stained with Annexin V-FITC and PI, and evaluated
for apoptosis by flow cytometry according to the manufac-
turer's protocol (BD Biosciences Pharmingen, San Diego,
CA, USA). Cells were treated with different concentrations of
orexin A in the absence of serum for 48 h. Briefly, cells (1x10°)
were washed twice with PBS, and stained with 5 ul of
Annexin V-FITC and 10 gl of PI in 500 1 binding buffer for
15 min at room temperature in the dark. Quantification of apop-
tosis was determined by counting the number of cells stained
by FITC-labeled Annexin V. Cell apoptosis was detected using
the Annexin V/PI apoptosis detection kit by FACS analysis.
Early apoptotic cells were identified as PI-negative and FITC
Annexin V-positive, while late apoptotic or dead cells were
considered FITC Annexin V- and PI-positive.

Total RNA isolation and reverse transcription (RT)-PCR .
Total-RNA was extracted from hepatocytes using TRIzol
reagent (Invitrogen). The expression of OX1R mRNA in hepa-
tocytes was detected by RT-PCR using TagMan reagents
(Takara Bio, Otsu, Japan). The specific primers used were:
OXI1R forward, 5-TGC GGC CAA CCC TAT CAT CTA-3,
and reverse, 5'-ACC GGC TCT GCA AGG ACA A-3. As an
internal control for reverse transcription and reaction effi-
ciency, amplification of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA was carried out concomi-
tantly for each sample. The primers used were: GAPDH
forward, 5-GGC ACA GTC AAG GCT GAG AAT G-3'; and
reverse, 5-ATG GTG GTG AAG ACG CCA GTA-3'. The PCR
reactions were carried out under the following conditions:
95°C for 30 sec, then 40 cycles of 95°C for 5 sec, 60°C for
30 sec, and 95°C for 15 sec. Primers and TagMan probes
specific to OX1R and GAPDH were designed using Primer
Premier 5.0 software (Premier Biosoft International, Palo
Alto, CA, USA).

Protein preparations and western blot analysis. Cell lysates
were incubated on ice for 30 min and centrifuged at 12,000 x g
for 10 min at 4°C. The supernatants were collected and mixed
with 5X loading buffer, then denatured by boiling for 10 min.
Lysate protein samples were separated by SDS-PAGE and
transferred to polyvinylidene fluoride (PVDF) membranes at
70 V for 1.5 h in a transfer buffer containing 20 mM Tris,
150 mM glycine and 20% methanol. The membranes were
incubated in non-fat dry milk for 120 min at room tempera-
ture, and then washed three times with TBST for 30 min. The
PVDF membranes were incubated in TBST with primary
antibodies: phospho/total-OX1R at a 1:250 dilution, phospho/
total-AKT at a 1:1,000 dilution, phospho/total-FoxOl1 at a
1:1,000 dilution and phospho/total-mTORCI at a 1:1,000
dilution overnight at 4°C, respectively. The membranes were
washed and incubated with horseradish peroxidase-conjugated
anti-species secondary antibody for 1.5 h at room temperature,
then washed three times with TBST for 30 min. The proteins
were visualized by ECL and densities were measured using
Quantity-One software.
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Figure 1. Expression of orexin receptor 1 (OX1R) in mRNA and protein
activation in hepatocytes. Cells were cultured and treated with orexin A
(10'° to 10-° M) for 30 min. (A) OXIR mRNA expressions and phosphoryla-
tion were detected by reverse transcription (RT)-PCR and (B) western blot
analysis respectively. OX1R protein phosphorylation was then assessed
following treatment with 10 M orexin A and 10 M SB334867 AKT inhib-
itor (AKT1i) for 30 min. The results are expressed as means + SEM. P<0.05
was considered statistically significant. "P<0.05 vs. control, n=6.

Statistical analysis. Data was shown as means + SEM.
One-way analysis of variance (ANOVA) was used for multiple
group comparisons. Unpaired t-tests were used for two-group
comparisons. Correlation analysis was carried out using
Pearson's correlation analysis. P<0.05 was considered statisti-
cally significant (n=6). Statistical analysis was performed using
the SPSS 15.0 software package (SPSS Inc., Chicago, IL, USA).

Results

Effects of orexin A on OXIR in mRNA expression and protein
activation in hepatocytes. Rat hepatocytes were were treated
with orexin A at concentrations of 0, 10'°, 10, 10-* M for
30 min respectively. RT-PCR analysis with the use of specific
paired primers was used to demonstrate the OX1IR mRNA
expression in hepatocytes. Orexin A (109, 10 and 10° M)
induced a significant increase of OX1R mRNA levels in a
dose-dependent manner. A 10 M orexin A-induced OXIR
mRNA expression in the presence of OX1R antagonist
SB334867 (10 M, 30 min) showed no significant differences
compared with the 10°® M orexin A treatment alone (Fig. 1A).
The level of OX1R phosphorylation was determined by
western blot analysis. We observed that exogenous orexin A
upregulated OXI1R in the protein level in a dose-dependent
manner. Maximum stimulation was identified at 10°® M
orexin A treatment and minimum at 107" M treatment
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Figure 2. Effects of orexin A on AKT phosphorylation in hepatocytes.
To determine the correlation of orexin receptor 1 (OX1R)-induced AKT
phosphorylation in hepatocytes, the cells were treated with orexin A at dif-
ferent concentrations (0, 10°, 10® and 10°° M) for 30 min. Total-AKT and
phospho-AKT levels were determined by western blot analysis. Then OX1R
antagonist (OX1Ri, SB334867, 10° M, 30 min) and AKT inhibitor (AKTi,
LY294002, 25 ymol/l, 24 h) were used to detect the intracellular mecha-
nisms of the orexin-induced signaling pathway. The results are expressed
by means + SEM. P<0.05 was considered to be statistically significant, n=6.

(Fig. 1B). OX1R phosphorylation was reduced in the presence
of 10° M SB334867, an OX1R-specific antagonist (Fig. 1B).

Effects of orexin A on AKT phosphorylation in hepato-
cytes. To determine the correlation of OX1R-induced AKT
phosphorylation in hepatocytes, the cells were treated with
orexin A at different concentrations (0, 10°, 10-® and 10 M)
for 30 min. The total AKT and phospho-AKT levels were
determined by western blot analysis. As compared to basal
levels, orexin A induced maximum AKT phosphorylation at
the concentration of 10°* M and minimum at 10"° M (Fig. 2).
Total AKT remained unchanged (Fig. 2). OX1R antagonist
(SB334867, 10° M, 30 min) and AKT inhibitor (LY294002,
25 umol/l, 24 h) were then used to detect the intracellular
mechanisms of the orexin-induced signaling pathway. AKT
phosphorylation was abolished in cells treated with the two
blockers. Thus, orexin A induced AKT phosphorylation
through an OX1R-dependent signaling pathway in hepato-
cytes (Fig. 2).

Effects of orexin A on FoxOI phosphorylation in hepatocytes.
To determine the effects of orexin A on FoxOl phosphoryla-
tion in hepatocytes, the cells were treated with orexin A at
different concentrations (0, 10'°, 10 and 10- M) for 30 min.
Total FoxO1 and phospho-FoxOl1 levels were determined by
western blot analysis. Orexin A induced maximum FoxOl1
phosphorylation at the concentration of 10°° M and minimum
at 10'° M, while total FoxOl remained unchanged (Fig. 3A).
OXIR antagonist (SB334867, 10> M) was used to pre-
incubate hepatocytes for 30 min in the presence of orexin
A (10° M, 30 min). FoxO1 phosphorylation was abolished
in the cells treated with SB334867. Thus, orexin A induced
FoxOl phosphorylation through OX1R-mediated signaling
cascades. Hepatocytes were treated with orexin A (10° M)
in the presence of PI3K/AKT inhibitor LY294002 pretreat-
ment (25 pmol/l, 24 h before) and FoxOl1 phosphorylation was
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Figure 3. Effects of orexin A on forkhead box O1 (FoxOl) phosphorylation
in hepatocytes. To determine the effects of orexin A on FoxOl1 phosphoryla-
tion in hepatocytes, the cells were treated with orexin A (107° to 10" M) for
30 min. Total FoxO1 and phospho-FoxOl levels were determined by western
blot analysis. The OXIR antagonist (OX1Ri, SB334867, 10° M) was used to
pre-incubate hepatocytes for 30 min in the presence of orexin A (10° M).
Hepatocytes were treated with orexin A (10 M) in the presence of the pre-
treated PI3K/AKT inhibitor LY294002 [AKT inhibitor (AKTi), 25 gmol/l,
24 h before] and FoxO1 phosphorylation was measured by western blot
analysis. Additionally, hepatocytes were pretreated with the simultaneous
combination of SB334867 and LY294002, and then orexin A (10-6 M) was
treated for 30 min. The results are expressed as means + SEM. P<0.05 was
considered statistically significant, n=6.

measured by western blotting. In the presence of LY294002,
the phosphorylated activity of PI3K/AKT was blocked, thus
FoxOl phosphorylation was significantly reduced compared
with cells incubated with orexin A (10°° M) alone. Additionally,
hepatocytes were pretreated with a combination of SB334867
and LY294002 simultaneously, then orexin A (10°° M) was
treated for 30 min. Results of the western blot analysis
revealed that either SB334867 or LY294002 significantly
suppressed orexin A-induced FoxOl phosphorylation, and
that there is no differences between the two inhibitory effects.
The blockage of either OX1R or PI3K/AKT suppressed FoxO1
phosphorylation. However, with the simultaneous combina-
tion of SB334867 and LY294002, FoxO1 phosphorylation
was significantly suppressed, compared with treated orexin A
(10°6 M) alone. It suggested an excitatory effect of orexin A
on FoxOl phosphorylation through the OX1R-mediated
PI3K/AKT signaling pathway (Fig. 3B).

Effects of orexin-A on mTORCI1 phosphorylation in hepa-
tocytes. Hepatocytes were incubated and stimulated with
various concentrations (10 to 10 M) of orexin A for 30 min.
Alternatively, the cells were treated with 10°® M orexin A
combined with the AKT antagonist LY294002 (25 gmol/l) or
OXIR antagonist SB334867 (10® M). Western blot analysis
was used to detect phospho-mTORCI1 (p-mTORCI) and total
mTORCI proteins. The effect of 10° and 10®* M orexin A
reached statistical significance compared to the control
(p<0.05) (Fig. 4A). p-mTORCI1 was then measured to deter-
mine whether it was affected by the OX1R antagonist and
AKT inhibitor. This effect disappeared in the presence of
AKT antagonist LY294002 (25 pgmol/l) or OX1R antagonist
(SB334867, 10° M), as well as their simultaneous combina-
tion (Fig. 4B). No statistical difference was identified for the
two blockers alone or in combination (Fig. 4B).
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Figure 4. (A) Effects of orexin A on the mammalian target of rapa-
mycin 1 (mTORCI) phosphorylation in hepatocytes. Cells were incubated
for 24 h at 37°C and stimulated with various concentrations (0, 107'°,
10 and 10°° M) of orexin A for 30 min. (B) Alternatively, cells were treated
with 10°® M orexin A combined with AKT antagonist LY294002 (AKTi,
25 umol/l, 24 h) or OXIR antagonist SB334867 (OX1Ri, 10° M, 30 min) or
their simultaneous combination. (A) Western blot analysis was used to detect
phospho-mTORCI (p-mTORCI) and total mTORCI proteins. (B) p-mTORC1
was measured to determine whether it was affected by the orexin
receptor 1 (OX1R) antagonist and AKT inhibitor. The results are expressed as
means + SEM. P<0.05 was considered statistically significant, n=6.

Effects of orexin A on cell proliferation and apoptosis in
hepatocytes. To confirm the effects of orexin A-mediated
proliferation and apoptosis in hepatocytes, we stimulated hepa-
tocytes with orexin A (107 to 10 M) for 24 h. BrdU analysis
was used to determine cell proliferation. Orexin A upregulated
cell proliferation in a dose-dependent manner (Fig. 5A). This
proliferation-stimulating effect was blocked by the OX1R
antagonist SB334867 (10°® M), AKT inhibitor LY294002
(10° M) or mTORCI1 inhibitor everolimus (10° M) (Fig. 5A).
A significant decrease in the presence of all three blockers
was observed although no significant difference was identified
between the individual blockers. However, in the presence of
FoxOl inhibitor, AS1842856, cell proliferation was significantly
increased compared with the orexin A treatment alone. This is
in contrast with other inhibitors (Fig. 5A). Orexin A treatment
(10"° to 10° M) resulted in a decrease in the apoptotic index as
measured by Annexin V/PI analysis. Orexin A (10° to 10 M)
downregulated cell apoptosis in a dose-dependent manner and
protected hepatocytes from apoptosis (Fig. 5B). However, it
failed to prevent cells from apoptosis in the presence of OX1R
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Figure 5. (A and B) Effects of orexin A on cell proliferation and apoptosis
in hepatocytes. To confirm the effects of orexin A-mediated proliferation
and apoptosis in hepatocytes, we stimulated hepatocytes with orexin A
(10 to 10 M) for 24 h. Orexin receptor 1 (OX1R) antagonist SB334867
(OX1Ri, 10° M, 30 min), AKT inhibitor LY294002 (AKTi, 25 ymol/l,
24 h), FoxOl inhibitor AS1842856 (FoxOli, 10® M, 24 h) and mammalian
target of rapamycin 1 (mTORC1) inhibitor everolimus (mTORC1i, 10° M,
18 h) were then used to investigate the intracellular mechanism. BrdU and
Annexin V/PI analysis were used to determine cell proliferation and apop-
tosis. The results are expressed as means = SEM. P<0.05 was considered
statistically significant, n=6.

antagonist, AKT inhibitor or mTORCI inhibitor (Fig. 5B).
In the presence of FoxOl inhibitor, AS1842856, the effect of
preventing cells from apoptosis was enhanced, which was in
contrast with other inhibitors (Fig. 5B).

Discussion

Orexin A is involved in the activation of PI3K/AKT signaling
pathways in many peripheral organs and cells (3,26). Orexins
elicit their biological effects via GPCRs, OX1R and OX2R,
which can signal through multiple G proteins (27,28). The
RT-PCR and western blot analysis showed the expression of
OXIR in the mRNA and protein levels in hepatocytes, which
appears to be hypersensitive to exogenous orexin A stimula-
tion in a dose-dependent manner. The results of this study
suggest that orexin A exerted its biological effects by the
ligand-induced upregulation of OX1R. A higher concentration
of orexin A increases the expression of OX1R. Findings of
previous studies have demonstrated the expression of OX1R
in many cell types in human and rodents, suggesting that the
effects of orexin A are mediated through a direct interaction
with OX1R (29-31). The effects of orexin A may be mediated
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through a specific interaction with the corresponding GPCR.
However, the physiological relevance of OX1R expression in
hepatocytes remains to be investigated.

PI3K/AKT is an important signaling pathway involved in
many cell processes and metabolisms (23,24). As shown in the
present study, orexin A upregulated AKT phosphorylation in
a dose-dependent manner, while SB334867, an OX1R-specific
antagonist was able to block this transduction. We suggest that
orexin A activates AKT through an OX1R-mediated pathway.
Orexin A stimulates hepatocyte proliferation and protects
against apoptotic cell death via the PI3K/AKT-dependent
mechanism. Prolonged (24 h) incubation of hepatocytes with
orexin A enhanced cell proliferation and prevented apoptotic
cell death. These effects of orexin A were reversed by blocking
the PI3K/AKT pathway, indicating that orexin A stimulates
hepatocyte proliferation and protects against apoptotic cell
death via the PI3K/AKT pathway. The inhibition of AKT by
LY294002 is well established, however, the deactivation of
AKT inhibited proliferation and failed to prevent apoptosis.
Although in this study, activation of AKT by orexin A increased
cell proliferation, the manner in which AKT affects these
processes and the identity of critical downstream effectors
remains largely unknown. To elucidate the mechanism through
which AKT affects cell cycle progression, we focused on two
evolutionarily conserved downstream effectors of PI3K/AKT,
FoxOl and mTORCI (32). The two factors play key roles but
have an opposite effect in regulating cell proliferation and
apoptosis (33-37). This is consistent with the results obtained
in the present study.

FoxOl is a dominant regulator of hepatic gene expression
that is usually inactivated through the PI3K/AKT branch of
the exogenous stimulator-induced signaling system (32,38).
Findings of previous studies have shown that FoxOl1 regulates
cell proliferation through the transcriptional activation of
certain genes (32,38-40). Our data show that FoxO1 was phos-
phorylated by orexin A and thus lost its transcriptional activity
in regulating genes associated with cell processes (14,15,39,40).
FoxOl has been found to play a critical role in the cell cycle
processes of rats (41,42) as it suppresses cell proliferation and
promotes apoptotic cell death (41-44). FoxO1 suppresses cell
proliferation as it activates the expression of the eukaryotic
initiation factor 4E-BP-1, which is a major potent proliferation
suppressor (39,40). FoxOl has been shown to directly increase
the expression of certain pro-apoptotic proteins such as Bim
and BAD (43,44). In previous studies, FoxOl is defined as a
tumor suppressor and its activation has a therapeutic advan-
tage for cancer (45-47).

As another downstream target of PI3K/AKT signaling
pathway, mTORCI1 promotes cell proliferation and prevents
apoptosis (21,32). It regulates cell proliferation largely through
an increase in protein synthesis (32,44). mTORCI regulates
proliferation in eukaryotic cells (33-35,45) and inhibits the key
proliferation repressor 4E-BP-1 by phosphorylation, thereby
increasing cell proliferation (39,40). However, as an evolution-
arily conserved downstream target of AKT, FoxOl is capable
of suppressing mTORCI activity (21,32,42). FoxOl is thought
to have tumor suppressive activity (46,47), whereas mTORC1
is frequently activated in cancer cells (48).

Orexin A is identified as an endocrine effector that activates
mTORCI but which inhibits FoxOl-dependent gene regulation
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in a PI3K/AKT-dependent manner. As shown in results of
the present study, orexin A promotes hepatocyte proliferation
and protects against apoptosis. Orexin A deactivates FoxOl1
and activates mTORCI activity by phosphorylation, which
co-affects proliferation-promotion and apoptosis-prevention in
hepatocytes. Inhibition of FoxO1 with AS1842856 increases cell
proliferation and suppresses apoptosis. Inhibition of mTORC1
with everolimus suppresses cell proliferation and increases
apoptosis. In this study, it was shown that orexin A enhances
cell proliferation and attenuates apoptosis. These effects are
signaled by altering FoxOl (deactivate) and mTORCI (activate)
activity. In this cell cycle process, FoxOl and mTORCI play
two opposing roles in the regulation of cell proliferation and
apoptosis.

In summary, our findings provide evidence that orexin A
increased cell proliferation and protected cells from apop-
tosis, an effect that is signaled via PI3K/AKT cascades by
suppressing FoxO1 and enhancing mTORCI activity by phos-
phorylation. Orexin A may exert apoptotic function in a FoxO1
and mTORCI1-dependent manner. Therefore, understanding
the cellular mechanisms of action of orexin A in hepatocytes is
crucial in gaining insight into the therapeutic role of orexin A
in the regulation of a variety of cell cycle processes. For these
reasons, we predict that drug interference in conjunction with
mTORCI or FoxOl1 action may be used in clinical practice
to improve human health in the future. Orexin A has evolved
to accelerate proliferation and suppress apoptosis, while also
increasing the incidence of cancer, metabolic derangement
and aging in patients. Ongoing investigations should therefore
focus on the relationship between orexin A and its clinical
implications.
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