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Abstract: Orexin A and B are multifunctional neuropeptides implicated in the regulation of food intake, energy me-
tabolism, glucose regulation, and wakefulness. They signal through two G-protein-coupled receptors (GPCR), orexin
receptor 1 and orexin receptor 2 (OX1R and OX2R). Many previous studies have shown that orexins interact with
PI3K/AKT and ERK1/2 MAPK signaling pathways through OX1R-coupling in other cell types, but are seldom involved
in hepatocytes. Present study analysis showed that OX1R mRNA and protein was expressed in rat hepatocytes and
upregulated by exogenous orexin A, in a dose-dependent manner. RT-PCR analysis showed an orexin A-induced
reduction in PEPCK and G6Pase mRNA levels, two key enzymes in hepatic gluconeogenesis. Western blot analysis
was used to detect the effects of exogenous orexin A acting on Forkhead box O1 (Foxo1) phosphorylation in hepato-
cytes. OX1R antagonist, inhibitors of PI3K/AKT, adenylyl cyclase (AC), protein kinase C (PKC), protein kinase A (PKA),
and extracellular regulated protein kinases 1/2 (ERK1/2) were used in present experiments to investigate the
intracellular mechanisms of two important signaling pathways, PI3K/AKT and MAPK/ERK1/2. Orexin A increased
AKT phosphorylation and blockage of OX1R or PI3K reduced AKT production. Additionally, this study observed that
orexin A concentration-dependently upregulated ERK1/2 phosphorylation, coupled with OX1R-induced AC/PKC, but
not PKA signaling transduction in hepatocytes. Foxol phosphorylation was upregulated with orexin A stimulation
through OX1R-induced PI3K/Akt signaling and became inactivated. Using an ERK1/2 inhibitor, it was found that
ERK1/2 is also responsible for Foxol phosphorylation. Results revealed possible intracellular mechanisms of orexin
Ain regulating PI3BK/AKT and ERK1/2 MAPK signaling cascades in hepatocytes, as well as its role in hepatic gluco-
neogenesis through deactivating two key enzymes, PEPCK and G6Pase.
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Introduction

Orexin A and orexin B are neuropeptides discov-
ered by separate groups in 1998 [1, 2]. Both
orexins are derived from one precursor, prepro-
orexin [1, 2]. They regulate cellular function by
binding to the receptors, orexin receptor 1 and
orexin receptor 2 (OX1R and OX2R) [3]. Orexin A
and orexin B synthesizing neurons are found in
the lateral hypothalamus and project to many
other brain regions [4, 5]. Orexins and their re-
ceptors are involved in many physiological pro-
cesses, including food intake, sleep, wakeful-
ness, reproductive behavior, energy homeosta-
sis, cell proliferation, and apoptosis [6-10]. OX-
1R has a wide tissue distribution in the central

nervous system and peripheral tissues [11-14],
including adipose tissue, intestines, pancreas,
adrenal glands, and testes. Orexin-mediated in-
tracellular signaling pathways have been under
intensive investigation [15-20]. Recent studies
have shown that orexins are tightly interacted
with PIBK/AKT and MAPKs signaling transduc-
tions [17, 20-22]. Despite the important biologi-
cal actions of orexins, the effects of orexins on
PIBK/AKT and MAPKs cascades are seldom
involved in hepatocytes.

Forkhead box 01 (Foxol) is a prominent mem-
ber of the Forkhead box family and subfamily O
of transcription factors [23]. Foxol is produced
from the FKHR gene and involved in regulating
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metabolism, oxidative stress, immune homeo-
stasis, cell proliferation, differentiation, cell cy-
cle progression, apoptosis, and cell death [24,
25]. Foxol is a downstream target of PI3K/AKT
signaling pathways [23]. AKT changes Foxo1l tr-
anscriptional activities by phosphorylating thre-
onine and serine of Foxol [26-30]. Previous
studies have shown that hepatic gluconeogenic
gene expression is mainly controlled by Foxol,
as it positively regulates transcription of G6-
Pase and PEPCK, two key enzymes in hepatic
gluconeogenesis [31, 32]. Phosphorylated Fo-
x01 is translocated from the nucleus to cytosol
and loses its transcriptional activity [31-35].
Studies have proven that ERK1/2 could phos-
phorylate Foxol because Foxol contains 15
consensus phosphorylation sites for MAPKs in
many other cell types [36]. To date, however, no
further studies have been published character-
izing the interaction of orexin A with hepato-
cytes. The current study, therefore, investigat-
ed the roles of orexin A on hepatocytes in nor-
mal rats, characterizing underlying signal trans-
duction mechanisms. To further characterize
molecular pathways conferring the inhibition of
OX1R, PIBK/AKT, adenylyl cyclase, protein ki-
nases, and ERK1/2, this study treated hepato-
cytes with orexin A in the presence of the above
signaling inhibitors. The versatility of orexin A-
mediated signaling pathways creates the need
to study interactions related to cellular respons-
es observed upon receptor stimulation.

Materials and methods
Animals

Thirty male Sprague-Dawley rats (3~4 weeks
old and 200-250 g) were obtained from China
Medical University and bred in the laboratory.
Temperature was maintained at 22 + 2°C in
housing, with a constant 12-hour light-dark
cycle (6:00 AM-6:00 PM). All 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). All
animal experiments were approved by the
Ethics Committee of the First Affiliated Hospital
of China Medical University.

Reagents

Orexin A was obtained from Sigma-Aldrich (St.
Louis, MO). Rabbit anti-phosphor-OX1R, ERK
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1/2, AKT and Foxol polyclonal antibodies were
purchased from Abcam (Cambridge, UK). Anti-
total-OX1R, ERK1/2, AKT, and Foxol polyclonal
antibodies were purchased from Abcam (Ca-
mbridge, UK). Horseradish peroxidase-conju-
gated anti-species secondary antibodies were
obtained from Zhongshan Jingiao (Beijing, Ch-
ina). Beta-actin antibody was purchased from
Abcam (Cambridge, UK). The OX1R antagonist
SB334867 was obtained from TOCRIS Biosc-
ience (Missouri, USA). Adenylyl cyclase (AC) in-
hibitor SQ-22536 was obtained from Biomol
Research Laboratories (Milan, lItaly). Protein
kinase C (PKC) inhibitor GF-109203X was pur-
chased from Calbiochem (La Jolla, CA). Protein
kinase A (PKA) inhibitor KT5720 was obtained
from TORIS Bioscience (Missouri, USA). PI3K
inhibitor LY 294002 and ERK inhibitor U0126
were obtained from Cell Signaling Technology
(Beverly, MA).

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 minutes at 37°C
in a shaker, at 160 cycles/minute. Cell suspen-
sion was collected by centrifugation at 800 rpm
for 10 minutes. To obtain purified hepatocytes,
the crude cell suspension was centrifuged on a
Percoll gradient (20%, 40%, 60%, and 90% Pe-
rcoll in PBS solution; Sigma, St. Louis, MO) and
subsequently centrifuged at 800 rpm for 20
minutes at 4°C. Fractions containing hepato-
cytes were collected and centrifuged in a con-
tinuous and self-generating density gradient,
starting with 60% Percoll at 2,000 rpm for 30
minutes at 4°C. Purified hepatocytes were cul-
tured with RPMI Medium 1640 (Invitrogen) sup-
plemented with 10% bovine serum albumin
(HyClone, Beijing), 100 IU/mL penicillin, and
100 pg/mL streptomycin (Xianfeng, Shanghai).
They were cultured (10° cells/mL per dish) at
37°C in a humidified incubator with 5% CO, for
24 hours.

Total RNA isolation and real-time PCR

Total RNA was extracted from hepatocytes
using TRIzol Reagent (Invitrogen, Carlsbad, CA,
USA). Expression of OX1R mRNA in hepato-
cytes was detected by real-time PCR using
TagMan reagents (Takara, Otsu, Japan). The fol-
lowing specific primers were used: OX1R-for-
ward (5’-TGC GGC CAA CCC TAT CAT CTA-3’) and
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OX1R-reverse (5'-ACC GGC TCT GCA AGG ACA
A-3’); PEPCK-forward (5-AGC TGA CAG ACT CGC
CCT AT-3’) and PEPCK-reverse (5'-GCA GTG AGT
TCC CAC CGT AT-3’); G6Pase-forward (5-TAC
CTT GCG GCT CAC TTT-3’) and G6Pase-reverse
(5-CTCCTTTGC AGC TCT TGC-3’). As an internal
control for reverse transcription (RT) and reac-
tion efficiency, amplification of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) mRNA
was carried out in parallel for each sample. The
following specific primers were used: GAPDH-
forward (5-GGC ACA GTC AAG GCT GAG AAT
G-3’) and GAPDH-reverse (5-ATG GTG GTG AAG
ACG CCA GTA-3’). PCR reactions were carried
out using the following conditions: 95°C for 30
seconds, then 40 cycles of 95°C for 5 seconds,
60°C for 30 seconds, and 95°C for 15 sec-
onds. All 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-
utes and centrifuged at 12,000 x g for 10 min-
utes at 4°C. The supernatant was collected and
mixed with 5 x loading buffer, then denatured
by boiling for 10 minutes. Lysate protein sam-
ples (~5 pg) were separated by SDS-PAGE and
transferred to polyvinylidene fluoride (PVDF)
membranes, at 70 V for 1.5 hours, in a transfer
buffer containing 20 mM Tris, 150 mM glycine,
and 20% methanol. The membranes were incu-
bated in non-fat dry milk for 120 minutes at
room temperature, then washed three times
with TBST for 30 minutes. PVDF membranes
were incubated in TBST with phosphor/total-
OX1R at a 1:250 dilution, phosphor/total-ER-
K1/2 at a 1:1000 dilution, phosphor/total-AKT
at a 1:1000 dilution, and phosphor/total-Foxol
at a 1:1000 dilution overnight at 4°C, respec-
tively. The membranes were washed and incu-
bated with horseradish peroxidase-conjugated
anti-species secondary antibody for 1.5 hours
at room temperature. They were then washed
three times with TBST for 30 minutes. Proteins
were visualized by ECL and densities were mea-
sured using Quantity-One software.

Statistical analysis

Data are presented as mean + SEM (M + SEM).
One-way analysis of variance (ANOVA) was used
for multiple group comparisons. Unpaired t-te-
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sts were used for two-group comparisons. Co-
rrelation analysis was carried out using Pea-
rson’s correlation analysis. Statistical signifi-
cance is set at a level of P < 0.05. N = 6. St-
atistical analysis was performed using SPSS
15.0 software.

Results

Expression of OX1R in mRNA and protein lev-
els in hepatocytes

Primary hepatocytes were extracted from rats
on a normal-diet and cultured for 24 hours at
37°C. Cells were treated with orexin A at con-
centrations of 0, 10%°, 108, and 10 M for 30
minutes, respectively. Quantitative RT-PCR an-
alysis, with the use of specific couples of prim-
ers, was used to demonstrate OX1R mRNA
expression in hepatocytes. Orexin A (10° M,
10® M, and 10° M) induced a significant inc-
rease in OX1R mRNA levels, in a dose-depen-
dent manner. Moreover, 10® M orexin A-induc-
ed OX1R mRNA expression in the presence of
OX1R antagonist SB334867 (10° M, 30 min-
utes), showing no significant differences, com-
pared with 10® M orexin A treatment alone
(Figure 1A). Levels of OX1R phosphorylation
were determined by Western blot analysis. It
was observed that exogenous orexin A upregu-
lated phosphorylated OX1R, in a dose-depen-
dent manner. Maximum stimulation was seen
with 10¢ M orexin A treatment, while minimum
stimulation was seen with 10° M treatment
(Figure 1B). OX1R expression was reduced in
the presence of 10° M SB334867, an OX1R-
specific antagonist (Figure 1B).

Effects of orexin A on PEPCK and G6Pase
MRNA expression in hepatocytes

Primary hepatocytes were extracted from rats
on a normal-diet and cultured for 24 hours at
37°C. Cells were treated with orexin A at con-
centrations of 0, 10%°, 108, and 10° M for 30
minutes, respectively. Quantitative RT-PCR an-
alysis was used to demonstrate orexin A-in-
duced PEPCK and G6Pase (two key enzymes in
hepatic gluconeogenesis) MRNA expression in
hepatocytes. Orexin A induced a significant de-
crease of PEPCK and G6Pase mRNA express-
ion. Moreover, 10 M orexin A induced the max-
imum reduction and 101° M induced the mini-
mum reduction of PEPCK and G6Pase mRNA
levels (Figure 2A and 2B).
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Figure 1. Expression of OX1R in mRNA and protein levels in hepatocytes. Primary hepatocytes were extracted from
rats on a normal-diet and cultured for 24 hours at 37 °C. Cells were treated with orexin-A at concentrations of O,
100, 10%, and 10¢ M for 30 minutes, respectively. OX1R expression in mMRNA and protein levels was detected by RT-
PCR (A) and Western blot analysis (B), respectively. OX1R phosphorylation was then assessed following treatment
with 10® M ORA and 10° M SB334867 for 30 minutes. Results are expressed by mean + SEM. P < 0.05 indicates
statistical significance. *P < 0.05; **P < 0.01 vs. control. n = 6.
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Figure 2. Primary hepatocytes were extracted from rats on a normal-diet and cultured for 24 hours at 37 °C. Cells
were treated with orexin A at concentrations of 0, 10%°, 108, and 10 M for 30 minutes, respectively. RT-PCR analy-
sis was used to demonstrate an orexin A-induced PEPCK (A) and G6Pase (B) (two key enzymes in hepatic gluconeo-
genesis) MRNA expression in hepatocytes. Results are expressed by mean + SEM. P < 0.05 indicates statistical
significance. *P < 0.05; **P < 0.01 vs. control. n = 6.

Effects of orexin A on Foxol phosphorylation nificant increases in Foxol phosphorylation at
in hepatocytes any concentration, in a dose-dependent man-

ner. Orexin A induced maximum Foxol phos-
One of the downstream targets of PI3K/AKT phorylation at a concentration of 10° M and
pathways is Foxol, which becomes phosphory- minimum phosphorylation at 10%° M. Total
lated (inactivated) by AKT. Hepatocytes were Foxol remained unchanged (Figure 3A). OX1R
extracted and cultured for 24 hours at 37°C. To antagonist (SB334867, 10°° M) was used to
determine the effects of orexin A on Foxol pre-incubate hepatocytes for 30 minutes in the
phosphorylation in hepatocytes, cells were tr- presence of orexin A (10 M, 30 min). Foxol
eated with orexin A at different concentrations phosphorylation was abolished in cells treated
(0, 10" M, 10 M, 10°° M) for 30 minutes. To- with SB334867. Thus, orexin A induced Foxol
tal-Foxol and phosphor-Foxol levels were de- phosphorylation through OX1R-mediated sig-
termined by Western blotting. Compared to naling cascades. This study then treated hepa-
basal levels, Western blot analysis showed sig- tocytes with orexin A (10°° M) in the presence of
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Figure 3. Effects of orexin A on Foxol phosphorylation in hepatocytes of normal rats. Cells were extracted from nor-
mal rats and treated with orexin A at different concentrations of 0, 10*° M, 108 M, and 10 M for 30 minutes. OX1R
antagonist SB334867 (10° M, 30 minutes) and PI3K inhibitor LY294002 (25 ymol/L, 24 hours before) were used
to detect the intracellular mechanisms of OX1R-induced Foxol1 phosphorylation. Western blot analysis was used to
determine total-Foxol and phosphor-Foxol. Results are expressed by mean + SEM. P < 0.05 indicates statistical

significance. *P < 0.05; **P < 0.01 vs. control. n = 6.

PI3BK/AKT inhibitor LY294002, pretreatment
(25 wmol/L, 24 hours before), and measured
Foxol phosphorylation via Western blotting. In
the presence of LY294002, the phosphorylated
activity of PIBK/AKT was blocked. Thus, Foxol
phosphorylation was reduced significantly, co-
mpared with cells incubated with orexin A (10¢
M) alone. Additionally, hepatocytes were pre-
treated with the combination of SB334867 and
LY294002, simultaneously, then orexin A (10¢
M) was treated for 30 minutes. Western blot
analysis showed that either SB334867 or LY-
294002 significantly suppressed orexin A-in-
duced Foxol phosphorylation. There were no
differences between the two inhibitory effects.
Blockage of either OX1R or PI3K/AKT could
suppress Foxol phosphorylation. With the com-
bination of SB334867 and LY294002, simulta-
neously, Foxol phosphorylation was further
suppressed to a lower level, compared with
treatment with either SB334867 or LY294002
alone. Results suggest that the excitatory
effects of orexin A on Foxol phosphorylation
are through OX1R-mediated PISK/AKT signal-
ing pathways (Figure 3B).

Effects of orexin A on AKT phosphorylation in
hepatocytes

In this experiment, hepatocytes of normal-diet

rats were extracted and cultured. To determine
the correlation of OX1R-induced AKT phosphor-
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ylation in hepatocytes, cells were treated with
orexin A of different concentrations (0, 10%° M,
108 M, 10® M) for 30 minutes. Total-AKT and
phosphor-AKT levels were determined by We-
stern blotting. Compared to basal levels, We-
stern blot analysis showed significant increas-
es in AKT phosphorylation at any concentra-
tion, in a dose-dependent manner. Orexin A
induced maximum AKT phosphorylation at a
concentration of 10® M and minimum phos-
phorylation at 10%° M. Total AKT remained
unchanged (Figure 4A). Next, OX1R antagonist
(SB334867, 10°° M, 30 minutes) and AKT inhib-
itor (LY294002, 25 umol/L, 24 hours) were
used to detect the intracellular mechanisms of
orexin-induced signaling pathways. AKT phos-
phorylation was abolished in cells treated with
the two blockers. Thus, orexin A induced AKT
production through an OX1R-dependent signal-
ing pathway in hepatocytes (Figure 4B).

Effects of orexin A on ERK1/2 phosphoryla-
tion through OX1R-mediated AC/PKC signaling
transduction in hepatocytes

ERK1/2 has been proven to be an important
OX1R-induced signaling element in many other
cell types. The current study treated hepato-
cytes of a normal diet with different concentra-
tions of orexin A (0, 10*° M, 108 M, and 10® M)
for 30 minutes. ERK1/2 phosphorylation was
measured by Western blot analysis. It was

Int J Clin Exp Med 2019;12(6):6757-6767
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Figure 4. Effects of orexin A on AKT phosphorylation in hepatocytes. Cells were extracted from normal rats and treat-
ed with orexin A at different concentrations of 0, 10*° M, 10® M, and 10° M for 30 minutes (A). OX1R antagonist
SB334867 (10° M, 30 minutes) and PI3K inhibitor LY294002 (25 umol/L, 24 hours) were used to detect the intra-
cellular mechanisms of the OX1R-induced AKT phosphorylation (B). Western blot analysis was used to determine to-
tal AKT and phosphor-AKT. Results are expressed by mean + SEM. P < 0.05 indicates statistical significance. n = 6.
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Figure 5. Effects of orexin A on ERK1/2 phosphorylation through OX1R-mediated AC/PKC signaling transduction in
hepatocytes. Cells were extracted from rats and treated with orexin A at different concentrations of 0, 10%° M, 10®
M, and 10° M for 30 minutes. OX1R antagonist SB334867 (10° M, 30 minutes), AC inhibitor SQ-22536 (10* M,
40 minutes), PKA inhibitor KT5720 (107 M, 60 minutes), and PKC inhibitor GF-109203X (10° M, 60 minutes) were
used to detect the intracellular mechanisms of the OX1R-induced ERK1/2 phosphorylation. Western blot analysis
was used to determine total and phosphor-ERK1/2. Results are expressed by mean + SEM. P < 0.05 indicates
statistical significance. n = 6.

observed that orexin A stimulated ERK1/2
phosphorylation in a dose-dependent manner
(Figure 5A). Additionally, blockage of OXI1R,
adenylate cyclase (AC), PKC, and PKA was used
to investigate the intracellular mechanisms of
OX1R-induced ERK1/2 signaling. This study
pre-incubated cells with OX1R antagonist SB-
334867 (10° M, 30 minutes), AC inhibitor SQ-
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22536 (104 M, 40 minutes), PKC inhibitor GF-
109203X (10® M, 60 minutes), and PKA inhibi-
tor KT5720 (107 M, 60 minutes), respectively.
Hepatocytes were then treated with 10 M
orexin A for 30 minutes. ERK1/2 phosphoryla-
tion was determined by Western blotting with
antibody against p-ERK. Results showed that
PKC inhibitors suppressed ERK1/2 phosphory-

Int J Clin Exp Med 2019;12(6):6757-6767
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Figure 6. ERK1/2 phosphorylated Foxol via OX1R-
induced signaling pathway in hepatocytes. Cells were
extracted from normal rats and treated with orexin
A at concentrations of 10° M for 30 minutes. OX1R
antagonist SB334867 (10° M, 30 minutes) and
ERK1/2 inhibitor U0126 (10° M, 30 minutes) were
used to detect the intracellular mechanisms of the
OX1R-induced Foxol phosphorylation. Western blot
analysis was used to determine total and phosphor-
Foxol. Results are expressed by mean + SEM. P <
0.05 indicates statistical significance. n = 6.

lation, significantly. PKA inhibitors did not affect
ERK1/2 phosphorylation. Therefore, it is sug-
gested that PKC is an upstream kinase of
ERK1/2 in OX1R-mediated signaling transduc-
tion and PKA appears not to be the upstream
kinase in this pathway. In the presence of
SQ-22536, ERK1/2 phosphorylation decreased
significantly, compared with orexin A treatment
alone. Results indicate that AC was involved in
ERK1/2 phosphorylation and regulated ERK-
1/2 positively. When treated with the three
inhibitors (SB334867, GF-109203X, and SQ-
22536), simultaneously, ERK1/2 phosphoryla-
tion furthermore decreased significantly. Pr-
esent results indicate that orexin A was able to
activate OX1R-mediated ERK1/2 phosphoryla-
tion via AC/PKC coupling (Figure 5B).

Orexin A phosphorylated Foxol via OX1R-
induced signaling pathway in hepatocytes

The next experiment focused on the interaction
of ERK1/2 and Foxol in hepatocytes of normal-
diet rats. Cells were preincubated with orexin A
(10°¢ M) for 30 minutes. It was observed that
Foxol phosphorylation was reduced by either
SB334867 or U0O126. The co-inhibitory effects
of the two inhibitors led an enhanced reduction
of Foxol phosphorylation. Results demonstrat-
ed that orexin A affected Foxol, not only via
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Figure 7. Effects of AKT inhibitor and ERK1/2 inhibi-
tor on Foxol phosphorylation in hepatocytes Cells
were treated with AC inhibitor SQ-22536 (10* M, 40
minutes), PKC inhibitor GF-109203X (10¢ M, 60 min-
utes), PKA inhibitor KT5720 (107 M, 60 minutes),
AKT inhibitor, and ERK1/2 inhibitor U0126, respec-
tively. Total-Foxol and phosphor-Foxol levels were
determined by Western blot. Results are expressed
by mean + SEM. P < 0.05 indicates statistical signifi-
cance.n =6.

PI3K/AKT, but also via ERK1/2, indicating that
it is a key upstream element as well (Figure 6).

Effects of AKT inhibitor, AC inhibitor, and
ERK1/2 inhibitor on Foxol phosphorylation in
hepatocytes

Cells were treated with AC inhibitor SQ-22536
(104 M, 40 minutes), PKC inhibitor GF-109203X
(10 M, 60 minutes), PKA inhibitor KT5720
(107" M, 60 minutes), AKT inhibitor, and ERK1/2
inhibitor U0126, respectively. Total-Foxol and
phosphor-Foxol levels were then determined
via Western blotting. Compared to basal levels
(cells without any treatment), Western blot
analysis showed no significant decreases in
Foxol phosphorylation with the five inhibitors
above. There were no significant differences
between the two inhibitor treatments (Figure
7).

Discussion

Orexin A has been implicated in the activation
of PIBK/AKT and MAPK signaling pathways in
many peripheral organs and cells [3, 16]. Orexin
receptors are expressed widely in the hypothal-
amus, adrenal glands, adipose tissue, and pan-
creas [11, 12]. Orexins elicit their biological
effects via GPCRs, OX1R, and OX2R, which can
signal through multiple G proteins [37, 38]. RT-
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PCR and Western blotting showed expression
of OX1R in mRNA and protein levels in hepato-
cytes. It seems to be hypersensitive to exoge-
nous orexin A stimulation, in a dose-dependent
manner. Results of this study suggest that orex-
in A exerted its biological effects by ligand-
induced upregulation of OX1R. Higher concen-
trations of orexin A increased more OX1R ex-
pression. Several studies have demonstrated
expression of OX1R in many cell types in human
and rodents, suggesting that the effects of
orexin A are mediated through direct interac-
tion with OX1R [22]. The effects of orexin A may
be mediated through a specific interaction with
the corresponding GPCR. However, the physio-
logical relevance of OX1R expression in hepato-
cytes requires further investigation.

PI3BK/AKT and MAPK/ERK1/2 are two impor-
tant signaling transductions in metabolisms.
Activation of PI3SK/AKT signal transduction pa-
thways have been proven to decrease progluca-
gon gene transcription in INR1-G9 [39]. The cur-
rent study presents orexin A-induced and
OX1R-mediated PIBK/AKT and MAPK/ERK1/2
signaling in hepatocytes. Orexin A upregulated
ERK1/2 and AKT phosphorylation, in a dose-
dependent manner. This effect was blocked by
the OX1R-specific antagonist SB334867. Thus,
it was concluded that orexin A stimulates ER-
K1/2 and AKT via OX1R. It has been reported
that orexin receptors couple with multiple G
protein signaling pathways, including Gq, Gs,
and Gi, and activate downstream targets in
other cell types [37, 38]. In hepatocytes, upreg-
ulation of both ERK1/2 and AKT by orexin A
may be involved in multiple G proteins and its
downstream targets signaling pathways. Ho-
wever, further investigation is necessary.

Foxol is a key transcription factor in the liver.
The involvement of Foxol in glucose metabo-
lism has already been demonstrated by show-
ing Foxol-dependent effects of insulin on glu-
cose metabolism, in response to alterations of
the feeding state [40, 41]. Foxol activity is
reduced by insulin-induced phosphorylation of
Foxol via AKT signal transduction pathways
[42]. Data indicates that Foxol is an important
subcellular regulator of glucose metabolism.
The current study demonstrated orexin A-ind-
uced phosphorylation of Foxol in hepatocytes,
which suppressed Foxol transcriptional activity
via phosphorylation-dependent nuclear exclu-
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sion [31-34]. Foxol is regulated by orexin A, in a
PI3K/AKT-dependent manner. Inhibition of ei-
ther OX1R or PI3K reduced AKT and Foxol ph-
osphorylation, indicating OX1R-mediated PI3K/
AKT-dependent signaling cascades.

Previous studies have shown that Foxol pro-
motes hepatic glucose production [32-35].
PEPCK and G6Pase are two key enzymes in
hepatic gluconeogenesis. It has been proven
that Foxol positively regulates transcription of
PEPCK and G6Pase genes [33-35]. In the cur-
rent experiment, orexin A decreased PEPCK
and G6Pase activity through deactivated Foxol
transcriptional activity. This novel observation
suggests that orexin A-induced inhibition of
hepatic gluconeogenesis by altering key enz-
yme (PEPCK and G6Pase) activity in hepato-
cytes is mediated through an interaction with
transcription factor Foxol. Protein expression
levels of PEPCK and G6Pase should be further
studied, examining the roles of orexin A in
hepatic gluconeogenesis.

MAPK/ERK1/2 is a key signaling pathway in
metabolism regulation [36, 43]. ERK1/2 phos-
phorylation, induced by OX1R activation, has
been investigated in several studies [20, 44-
46]. ERK1/2 has been shown in response to
OX1R stimulation. In the adrenals, where the
signaling mechanisms have been studied in
more detail, OXRs appear to activate G proteins
associated with AC regulation [47, 48]. Activ-
ation of AC pathways in response to orexins has
been reported in rat and human adrenal corti-
ces and in CHO cells heterologously expressing
OX1R [16, 49]. Regulation of AC activity is also
considered as an important component of orex-
in receptors signaling [16, 18, 39, 50, 51].
Orexin A induced a dose-dependent increase in
ERK1/2 phosphorylation. The current investi-
gation provides insight into the signaling cas-
cades involved in the AC-mediated ERK1/2
action with stimulation of orexin A. ERK1/2
phosphorylation was blocked by OX1R antago-
nist, AC inhibitors, or PKC inhibitors, respective-
ly. Furthermore, treatment with protein kinase
A (PKA) failed to suppress ERK1/2 phosphory-
lation. This suggests that orexin A triggered
ERK1/2 phosphorylation through PKC, but not
through PKA. PKA appears to not play a role in
this OX1R-mediated ERK1/2 signaling path-
way. Thus, PKC was identified as an upstream
kinase of ERK1/2 phosphorylation in OX1R-
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mediated signal transduction in hepatocytes.
OX1R-induced ERK1/2 phosphorylation in this
cell type did not couple to PKA. This is not in
agreement with previous demonstrations. In
adrenal cells, ERK1/2 was partially activated
through adenlyate cyclase (cAMP) following
stimulation by orexin A. It was PKA-dependent
for orexin A [17]. This may be a good indicator of
cell types as an important consideration when
assessing the intracellular mechanisms of
orexin cell signaling.

AC is also correlated with ERK1/2 activity and
regulates ERK1/2 phosphorylation positively.
Data suggests that PKC coupling of OX1R oc-
curs via activation of AC. Taken together, these
findings strongly suggest that orexin A stimu-
lated ERK1/2 production from cultured hepato-
cytes through OX1R coupled to AC/PKC-de-
pendent cascades. In agreement with this is
the finding that the stimulatory effects of OX1R
on ERK1/2 phosphorylation require an interac-
tion of AC and PKC in hepatocytes of normal
rats.

ERK1/2 has been proven to be an upstream
element in regulating Foxol phosphorylation in
other cell types [36]. As Foxol contains 15 con-
sensus phosphorylation sites for MAPKs [36], it
was expected that ERK1/2 could phosphory-
late Foxol in hepatocytes. The current study
tested whether induction of Foxol phosphory-
lation by orexin A stimulation is due to ERK1/2.
The next experiment provided evidence approv-
ing this possibility. Using ERK1/2 inhibitor
(U0126), orexin A-induced Foxol phosphoryla-
tion was suppressed. Present data indicates
that ERK1/2 regulated Foxol phosphorylation
by acting as a co-regulator. In hepatocytes,
orexin A induced Foxol phosphorylation is
mediated through both PI3BK/AKT and MAPK/
ERK signaling pathways.

In summary, the current study identified orexin
A, for the first time, as a potent physiological
regulator of hepatic gluconeogenesis by deacti-
vating two important enzymes, PEPCK and
G6Pase, in hepatocytes. It was demonstrated
that hepatocytes express OX1R and identify
AKT and ERK1/2 as intracellular effector mol-
ecules of orexin A action. Furthermore, this
study described Foxol as a transcription factor
mediating orexin A effects on hepatic gluconeo-
genesis inhibition through deactivating two key
enzymes, PEPCK and G6Pase. Two important
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signaling transductions, PI3K/AKT and MAPK/
ERK1/2, play key roles in this process in hepa-
tocytes. Understanding the cellular mecha-
nisms of action of orexins in hepatocytes is an
important step in gaining insight into the thera-
peutic roles of orexin A in the regulation of a
variety of homeostatic events. The activity of
orexin A deserves further evaluation as a poten-
tial principle toward improving glucose control
in type 2 diabetes.
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