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Erythropoietin ameliorates PA-induced insulin resistance
through the IRS/AKT/FOXO1 and GSK-3f signaling pathway,
and inhibits the inflammatory response in HepG?2 cells

HONG ZHANG'?, ZHIJUAN GE!, SUNYINYAN TANG', RAN MENG', YAN BI' and DALONG ZHU'

1Department of Endocrinology, Nanjing Drum Tower Hospital Affiliated to Nanjing University Medical School,

Nanjing, Jiangsu 210008; 2Department of Endocrinology, Huai'an First People's Hospital,
Nanjing Medical University, Huai'an, Jiangsu 223300, P.R. China

Received June 27, 2016; Accepted April 19,2017

DOI: 10.3892/mmr.2017.6810

Abstract. Erythropoietin (EPO) contributes to insulin resis-
tance in fat and muscle. In the present study, the role and
mechanism of EPO in hepatic insulin resistance were investi-
gated in HepG2 cells. Hepatic insulin resistance was induced
by palmitic acid (PA) in the HepG2 cells, which were then
treated with EPO (5 or 10 U/ml) or specific phosphoinositide
3-kinase (PI3K) inhibitors, wortmannin or LY294002. EPO
treatment significantly increased glycogen levels and reduced
the protein expression of phosphoenolpyruvate carboxykinase
in the PA-induced HepG2 cells. EPO also inhibited the serine
phosphorylation of insulin receptor substrate (IRS)-1 (Ser307)
and IRS-2 (Ser473), and increased the protein expression
levels of PI3K, phosphorylated (p)-protein kinase B (AKT),
p-forkhead box Ol (FOXO1) and p-glycogen synthase kinase
3 (GSK-3) . In agreement with these result, the expression
of p-FOXO1 (Ser256) and p-GSK-3f (Ser9), downstream
molecules of AKT, were enhanced by EPO treatment
(P<0.05). The specific PI3K inhibitors, LY294002 and wort-
mannin, markedly inhibited the EPO-mediated increases in
p-AKT (Serd73), p-FOXOL1 (Ser256) and p-GSK-3f3 (Ser9) in
the PA-induced HepG2 cells (P<0.05). The gene expression
levels of tumor necrosis factor-a, interleukin-1f and mono-
cyte chemoattractant protein-1, and the p-c-Jun N-terminal
kinase (JNK)/total-JNK ratio were markedly suppressed by
EPO treatment. These findings suggested that EPO treatment
improved hepatic glucose metabolism, potentially through
the IRS/AKT/FOXOI1 and GSK-3f signaling pathway, which
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may be associated with its inhibitory effect on the inflamma-
tion-associated response.

Introduction

Hepatic insulin resistance is a critical component in the devel-
opment of type 2 diabetes. Excess adiposity and a high-fat diet
is associated with lipid accumulation in the liver, resulting in
increased circulating free fatty acids (FFAs), and the subse-
quent production of pro-inflammatory cytokines, including
tumor necrosis factor-o. (TNF-a), interleukin-1p (IL-18) and
monocyte chemoattractant protein-1 (MCP-1), which are
important in the development of hepatic insulin resistance (1,2).

The c-Jun amino-terminal kinases (JNKs), particularly
JNK1, have been considered to be a critical molecular
link between hepatic insulin resistance and inflammation,
and a potential target for therapeutics (3). JNKI1 can be
activated by inflammatory cytokines and FFA, resulting in
the phosphorylation of insulin receptor substrates (IRSs)
at serine and threonine residues in the liver. This inhibits
downstream insulin signaling, including the inactivation of
phosphatidylinositol 3-kinase (PI3K) and protein kinase B
(PKB/AKT). In the liver, AKT phosphorylates a number of
substrates, including forkhead box Ol (FOXOLl), controlling
the transcription of genes encoding gluconeogenic enzymes,
and glycogen synthase kinase (GSK)-3a/p, regulating
glycogen synthesis (4,5).

Erythropoietin (EPO), a kidney cytokine regulating hema-
topoiesis, has been widely used for the treatment of anemia in
patients with chronic kidney disease (6). EPO has also been
shown to exhibit anti-inflammatory effects in previous studies.
It was demonstrated that EPO attenuated ischemia-induced
inflammation by reducing the levels of TNF-a, IL-6 and
MCP-1 in the ischemic brain and heart in an experimental
model of autoimmune myocarditis (7,8). EPO treatment has
also been shown to decrease serum levels of TNF-a and
IL-6, and reduce insulin resistance in non-diabetic patients
on maintenance hemodialysis (9). Our previous study in mice
suggested that EPO treatment improved glucose intolerance
by inhibiting inflammation in the liver (10). This led to the
hypothesis that hepatic insulin signaling may be regulated by
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EPO treatment in vitro through suppression of the inflamma-
tory response; however, the mechanism remains to be fully
elucidated.

The aim of the present study was to evaluate the
anti-inflammatory activity of EPO involved in the modulation
of insulin sensitivity in PA-induced HepG2 cells, which may
assist in clarifying the pharmacological function of EPO
in hepatic insulin resistance. The data revealed that EPO
inhibited the gene expression of TNF-a., IL-1f and MCP-1 and
the phosphorylation of JNK1, which may be closely associated
with the improvement of hepatic insulin signaling and glucose
metabolism by EPO.

Materials and methods

Reagents. Palmitic acid (PA) was purchased from
Sigma-Aldrich; Merck KGaA (Darmstadt, Germany).
Recombinant human EPO was from Shenyang Sunshine
Pharmaceutical Company (Shenyang, China). TRIzol and
primers were from Invitrogen; Thermo Fisher Scientific,
Inc. (Waltham, MA, USA). The reverse transcription kit was
purchased from Takara Biotechnology Co., Ltd. (Dalian,
China). Antibodies against phosphorylated (p)-insulin
receptor (IR)-p (Tyr1361), p85 subunit of PI3K (PI3K-p85),
p-AKT (Serd473), AKT, FOXOI, p-FOXOLI (Ser256), GSK-3p,
p-GSK-3p (Ser9), p-IRS-1 (Ser307), IRS-1, IRS-2, p-INK
(Thr183/Tyr185), JNK, and the PI3K inhibitors, LY294002
and wortmannin, were from Cell Signaling Technology, Inc.
(Danvers, MA, USA). Anti-p-IRS-2 (Ser731) was purchased
from AnaSpec (Fremont, CA, USA). Anti-EPO receptor
(EPOR), anti-phosphoenolpyruvate carboxykinase (PEPCK),
total (t-)IR-f, and anti-B-actin antibodies were from Santa
Cruz Biotechnology, Inc. (Dallas, TX, USA). The PI3K inhibi-
tors were reconstituted fresh in DMSO prior to use and were
protected from light exposure during the experiments.

Cell culture. The HepG2 cells were obtained from the Chinese
Academy of Sciences, cultured in Dulbecco's modified Eagle's
medium with 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin-streptomycin (Gibco;
Thermo Fisher Scientific, Inc.). Insulin resistance was induced
by the addition of 0.25 mmol/l PA to the medium for 24 h (11).
The solution of PA was prepared as previously described (12).
To examine the effect of EPO, the cells were incubated in a
37°C, 5% CO, incubator for 12 h in serum-free medium and
treated with 5 or 10 U/ml EPO for 24 h. The PI3K inhibitors,
wortmannin or LY294002, were added 1 h prior to EPO expo-
sure and were present throughout EPO administration. The
cells were washed twice with PBS following incubation with
100 nmol/l insulin (Sigma-Aldrich; Merck KGaA) for 15 min.
The protein and mRNA were then harvested immediately.

Analysis of glycogen content. The glycogen levels were
measured in cells incubated at 37°C for 3 h in the presence
of 1 nmol/I insulin, using a glycogen assay kit (BioVision,
Inc., Milpitas, CA, USA) as previously described (11). Briefly,
10 HepG2 cells were homogenized with 200 ul dH,O on
ice, and the homogenates were boiled for 5 min to inactivate
enzymes, followed by centrifugation of the boiled samples
at 18,000 x g for 5 min at room temperature to remove
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insoluble material. The supernatants were ready for use in
assays following hydrolyzing by adding hydrolyzing enzyme
mix to standards and samples, mixing and incubating for
30 min at room temperature. The optical density values of
samples were measured at 570 nm.

Western blot analysis. The HepG2 cells were washed twice
with cold PBS and lysed in ice-cold cell lysis buffer supple-
mented with protease inhibitor cocktail (Roche Diagnostics,
Basel, Switzerland), and the protein concentration was
determined using the bicinchoninic acid method. The protein
lysates were dissolved in loading buffer and boiled for 5 min.
The 30-ug samples of proteins were separated by SDS-PAGE
on a 10% gel, transferred onto a PVDF membrane and blocked
with 7.5% non-fat milk. The membrane was then incubated
with appropriate primary antibodies overnight at 4°C: Rabbit
anti-phosphorylated (p)-IR-p (Tyr1361; cat. no. 3023; 1:2,000);
rabbit anti-PI3K-p85 (cat. no. 4292; 1:2,000); rabbit anti-p-AKT
(Serd73; cat. no. 9271; 1:2,000); rabbit anti-tAKT (cat.
no. 9272; 1:2,000); rabbit anti-t-FOXOL1 (cat. no. 2880; 1:1,000);
rabbit anti-p-FOXOI (Ser256; cat. no. 9461; 1:1,000); rabbit
anti-GSK-3f (cat. no. 9315; 1:1,000); rabbit anti-p-GSK-3f
(Ser9; cat. no. 9336; 1:1,000); rabbit anti-p-IRS-1 (Ser307; cat.
no. 2381; 1:1,000); rabbit anti-t-IRS-1 (cat. no. 2382; 1:1,000);
rabbit anti-t-IRS-2 (cat. no. 3089; 1:1,000); rabbit anti-p-JNK
(Thr183/Tyrl85; cat. no. 9251; 1:1,000); rabbit anti-t-JNK
(cat. no. 9252; 1:1,000); rabbit anti-p-IRS-2 (Ser731; cat.
no. AS-28122; 1:1,000); rabbit anti-EPOR (cat. no. sc-695;
1:4,000); rabbit anti-PEPCK (cat. no. sc-32879; 1:5,000); goat
anti-t-IR-f (cat. no. sc-31367; 1:2,000); and mouse anti-f3-actin
(cat. no. sc-47778; 1:4,000). Subsequently, the membrane was
incubated with appropriate secondary antibodies (all Santa
Cruz Biotechnology, Inc.) for 1 h at room temperature: Bovine
anti-goat immunoglobulin (Ig)G-horseradish peroxidase
(HRP) (cat. no. sc-2350; 1:8,000); bovine anti-mouse IgG-HRP
(cat. no. sc-2371; 1:10,000); and bovine anti-rabbit IgG-HRP
(cat. no. sc-2370; 1:8,000). The proteins were visualized using
enhanced chemiluminescence (EMD Millipore, Billerica,
MA, USA) and quantified using densitometry (Quantity One
software; version 462; Bio-Rad Laboratories, Inc., Hercules,
CA,USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA was extracted using the stan-
dard TRIzol RNA isolation method (Invitrogen; Thermo Fisher
Scientific, Inc.). cDNA was synthesized from 2 ug total RNA
using a PrimeScript RT reagent kit (Takara Bio, Inc., Otsu,
Japan). cDNA was stored at -80°C until gPCR analysis, which
was performed in an Applied Biosystems 7500 Real-Time
PCR system, using SYBR Premix Ex Taq (Takara Bio, Inc.).
The reaction mixture (20 pl) consisted of 2 ul cDNA, 10 ul 2X
SYBR Premix Ex Taq™, 0.4 ul each of forward and reverse
primers, and 0.4 u1 50X ROX Reference dye. The PCR condi-
tions were as follows: 95°C for 30 sec, followed by 40 cycles at
95°C for 5 sec and 60°C for 34 sec. The specific primers used
are presented in Table I. The results were normalized against
the gene expression of B-actin using the 2224 method (13).

Statistical analysis. Data were analyzed using SPSS soft-
ware (version 13.0; SPSS, Inc., Chicago, IL, USA). Data are
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Table I. Specific primers pairs used in reverse transcription-quantitative polymerase chain reaction analysis.

Gene Forward primer (5'-3") Reverse primer (5'-3")

TNF-a CCTCTCTCTAATCAGCCCTCTG GAGGACCTGGGAGTAGATGAG
IL-1B AGCTACGAATCTCCGACCAC CGTTATCCCATGTGTCGAAGAA
MCP-1 CAGCCAGATGCAATCAATGCC TGGAATCCTGAACCCACTTCT
[-actin ACGGGGTCACCCACACTGTGC CTAGAAGCATTTGCGGTGGACGATG

TNF-a, tumor-necrosis factor-a; IL-1f3, interleukin 1 3; MCP-1, monocyte chemoattractant protein-1.

A
pSer-IRS-1| « ) —— . .
t-1RS-] |sn o—— ——
1.59
*
Te — 5
v = 1.0+
- =
=P
o E
& E 0.5
ZE
0.0 T T
Con PA EPO5 EPO 10
C

PIR-D g -

CIR-[ (— — a— S—

1.5+
L
2] B
i
&£
= 5 0.5
2E 0.5
0.0

Con PA EPO5 EPO10

B
pSer-[RS-2|- - - - .-l
! i i i N 1
+IRS:2 (& 5 ol s !
2.04
3
oz 1.5
= 1.0+ ¥
aE ==
‘E =T
T 5057
0.0 T T
Con PA EPOS5S EPO10
D

HepG2 Kidney

Figure 1. EPO treatment inhibits serine phosphorylation of IRS-1 and IRS-2, but not IR, in PA-induced HepG2 cells, and the expression of EPOR in HepG2
cells. All experiments for analysis of IRS-1,IRS-2, AKT and PEPCK in HepG2 cells were performed in the presence of 100 nM insulin for 15 min. (A) Western
blot analysis of the protein expression of t-IRS-1 and p-IRS-1 (Ser307). (B) Quantification of protein expression of t-IRS-2 and p-IRS-2 (Ser731). (C) Western
blot analysis of the effects of EPO on the protein expression of t-IR-f3 and p-IR-f (Tyr1361). (D) Western blot analysis of the expression of EPOR in HepG2
cells. Data are presented as the mean + standard error of the mean. "P<0.05, compared with the Con group; 'P<0.05, compared with the PA group. Con, control;
PA, palmitic acid; EPO, erythropoietin; EPO 5,5 U/ml EPO; EPO 10, 10 U/ml EPO; IRS, insulin receptor substrate; IR, insulin receptor; EPOR, erythropoietin
receptor; AKT, protein kinase B; PEPCK, phosphoenolpyruvate carboxykinase; p-, phosphorylated; t-, total.

expressed as the mean + standard error of the mean. Statistical
significance was determined using one-way analysis of vari-
ance followed by Dunnett's or the LSD post-hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results
EPO ameliorates insulin signaling through the phosphory-

lation of IRS-1 and IRS-2 serine residues, but not IR, in
PA-induced HepG?2 cells. The serine phosphorylation of

IRS inhibits insulin signaling through the inactivation of
tyrosine phosphorylation of IRS, and results in insulin
resistance (14,15). The results of the present study suggested
that the protein expression of insulin-stimulated p-IRS-2
(Ser731) was reduced by treatment with 5 and 10 U/ml EPO
in the PA-induced HepG2 cells, whereas the protein expres-
sion of p-IRS-1 (Ser307) was inhibited only in the 10 U/ml
EPO treatment group (Fig. 1A and B). However, the protein
levels of t-IRS-2, IRS-1, p-IR-f (Tyr1361) and t-IR-f were not
altered by EPO treatment (Fig. 1C). EPO mediates biological
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Figure 2. Effects of EPO treatment on phosphorylation of PI3K/AKT/FOXO1 and GSK-3f in PA-induced HepG2 cells. The levels of PI3K-p85, t-AKT, p-AKT,
t-FOXOL, p-FOXOL, t-GSK-3f and p-GSK-3p in HepG2 cells were determined using western blot analysis. The relative levels of PI3K-p85, AKT, FOXO1 and
GSK-3f were analyzed using densitometric analysis with Quantity One software. Western blot and quantitative analyses of the protein levels of (A) PI3K-p85,
(B) p-AKT/AKT ratio, (C) p-FOXO1/FOXO1 ratio and (D) p-GSK-3p/GSK-3p ratio. Data shown are representative images and expressed as the mean + stan-
dard error of the mean. "P<0.05, compared with the Con group; "P<0.05, compared with the PA group. Con, control; PA, palmitic acid; EPO, erythropoietin;
EPO 5: 5 U/ml EPO treatment; EPO 10: 10 U/ml EPO treatment; PI3K, phosphatidylinositol 3-kinase; AKT, protein kinase B; FOXOI, forkhead box Ol;

GSK-3, glycogen synthase kinase 3; p-, phosphorylated; t-, total.

effects and downstream signaling primarily through binding
to its receptor, EPOR. Therefore, the protein expression of
EPOR (Fig. 1D) was detected in the HepG2 cells. The
result showed that EPOR was expressed in the HepG2 cells,
suggesting an EPO-mediated regulatory effect on glucose
metabolism.

Inhibitors of PI3K inhibit the EPO-mediated beneficial effects
on the hepatic insulin signaling pathway. The PI3K/AKT
signaling pathway, activated by the tyrosine phosphorylation
of IRS, is primarily responsible for the effect of insulin on
gluconeogenesis and glycogen synthesis in hepatocytes. To
understand the mechanisms underlying the effect of EPO,
the present study examined the levels of PI3K-p85, t-AKT,
p-AKT (Serd73), t-FOXOI, p-FOXOL1 (Ser256), t-GSK-3f and
p-GSK-3f (Ser9) in the PA-induced HepG2 cells. The results
showed that EPO treatment led to increased protein expres-
sion levels of PI3K-p85, p-AKT (Serd473), p-FOXOLI (Ser256)
and p-GSK-3p (Ser9), whereas no significant differences were
found in the levels of t-AKT, t-FOXOI or t-GSK-3p (Fig. 2A-D).
Exposure of the cells to the specific PI3K signaling pathway
inhibitors, wortmannin (0.5 gmol/l) or LY294002 (10 pzmol/l),
for 1 h markedly inhibited the EPO-mediated increase in
the protein levels of p-AKT (Ser473), p-GSK-3f (Ser9) and
p-FOXOI1 (Ser256) (Fig. 3A-C).

EPO improves glucose metabolism in insulin-resistant
HepG?2 cells. The results of the present study revealed that the
insulin-stimulated glycogen content in the insulin-resistant
HepG2 cells was significantly decreased, whereas the protein
expression of phosphoenolpyruvate carboxykinase (PEPCK),
a rate-limiting enzyme in the process of gluconeogenesis, was
significantly increased. Following treatment with 5 or 10 U/ml
of EPO, the glycogen level (Fig. 4A) was upregulated and the
protein expression of PEPCK was downregulated (Fig. 4B).

Effects of EPO on PA-induced inflammatory signaling. The
gene expression levels of TNF-a and MCP-1 were increased in
the PA-induced HepG?2 cells, and were significantly decreased
following treatment with 5 or 10 U/ml EPO (Fig. 5A and B),
whereas the IL-1p gene showed a significant decline only
following treatment with 10 U/ml EPO (Fig. 5C). Furthermore,
the increased activity of JNK1 (the ratio of p-JINK1/JNK1) by
PA was markedly suppressed by 5 and 10 U/ml EPO treatment,
but the activity of JNK2 was not (Fig. 5D), as detected using
western blot analysis.

Discussion

Although initially identified in the hematopoietic system,
EPOR is expressed in various non-hematopoietic organs,
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Figure 3. Effects of PI3K inhibitors on the phosphorylation of PI3K/AKT/FOXO1 and GSK-3f in PA-induced HepG2 cells treated with EPO. Western blot and
quantitative analyses of the activity of (A) AKT, (B) p-GSK-33/GSK-3f and (C) p-FOXO1/FOXOI1 following interference with PI3K inhibitors. Data shown are
representative images and expressed as the mean + standard error of the mean. "P<0.05, compared with the Con group; "P<0.05, compared with the Pal group;
#P<0.05, compared with the EPO group. Con, control; Pal, palmitic acid; EPO, erythropoietin; EPO 10: 10 U/ml EPO treatment; PI3K, phosphatidylinositol
3-kinase; LY294002, PI3K inhibitor with LY294002 pretreatment; wortmannin, PI3K inhibitor with wortmannin pretreatment; AKT, protein kinase B;
FOXOL, forkhead box O1; GSK-3, glycogen synthase kinase 3; p-, phosphorylated; t-, total.
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Figure 4. Effects of EPO treatment on insulin-stimulated glucose metabolism. (A) Glycogen content in insulin-resistant HepG2 cells, determine using a
glycogen assay kit under spectrophotometry. (B) Western blot and quantitative analyses of PECPK levels. Data shown are representative images and expressed
as the mean = standard error of the mean. “P<0.05, compared with the Con group; "P<0.05, compared with the PA group. Con, control; PA, palmitic acid; EPO,
erythropoietin; EPO 5: 5 U/ml EPO treatment; EPO 10: 10 U/ml EPO treatment; PECPK, phosphoenolpyruvate carboxykinase.

including the brain, heart, kidney, retina and vascular endo-
thelium. Ubiquitous EPOR has been associated with diverse
regulatory effects for EPO, including neurotrophic, cardio-
protective and renoprotective effects, and modulation of the

immunological, inflammatory response (16). In our previous
study, it was found that EPOR mRNA was expressed in the
livers of mice (10). In the present study, the expression of
EPOR was detected in HepG2 cells, suggesting that EPO may
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Figure 5. Effect of EPO on expression levels of inflammation-associated genes and proteins in HepG2 cells. The mRNA expression levels of TNF-a., IL-1,
MCP-1 in PA and EPO-incubated HepG2 cells were determined using reverse transcription-quantitative polymerase chain reaction analysis. (A) TNF-a;
(B) MCP-1; (C) IL-1p. (D) Western blot and quantitative analyses of the levels of JNK1 following EPO treatment. Data shown are representative images and
expressed as the mean + standard error of the mean. "P<0.05, compared with the Con group. 'P<0.05, compared with the PA group. Con, control; PA, palmitic
acid; EPO, erythropoietin; EPO 5: 5 U/ml EPO treatment; EPO 10: 10 U/ml EPO treatment; TNF-a, tumor necrosis factor-a; IL-1f, interleukin-1f3; MCP-1;
monocyte chemoattractant protein-1; JNK, c-Jun N-terminal kinase; p-, phosphorylated; t-, total.

mediate its biological function on hepatic insulin resistance in
HepG2 cells. The results indicated that EPO treatment amelio-
rated hepatic glucose metabolism and the insulin signaling
pathway via the IRS/AKT/FOXOI1 and GSK-3f pathway, and
through inhibition of the inflammatory response.

Previous studies have suggested that EPO improves several
metabolic parameters when administered to patients with
chronic kidney disease (17-19). The role and mechanism of
EPO in regulating insulin resistance has been reported previ-
ously. Mice lacking EPOR in non-hematopoietic tissue became
insulin resistant with abnormal glucose metabolism (20).
Similarly, mice overexpressing the EPO gene in muscle tissue
showed a significant improvement in the levels of blood
glucose through increases in oxidative metabolism, fatty acid
oxidation and key metabolic genes in muscle (21). Evidence in
insulin-resistant 3T3L1 adipocytes suggested that EPO treat-
ment improves insulin resistance via the EPOR-associated
phosphorylation of signal transducer and activator of tran-
scription 5 and AKT, and inflammation (22). Consistent with
this data, a previous study involving EPOR-knockout mice
and adipocyte models demonstrated that the action of EPO in
increasing metabolic activity and browning of white adipo-
cytes was mediated by peroxisome proliferators-activated
receptor o and sirtuin 1 (23). These data suggest that EPO
contributes to insulin resistance in the fat and muscle.

Previous studies have not examined the role and mecha-
nism of EPO in hepatic insulin resistance, in which the insulin

signaling cascade is different from that in fat and muscle
tissues. Our previous study in high-fat diet fed mice showed
that EPO regulated the phosphorylation of AKT and improved
glucose intolerance (10). In the present study, it was found
that EPO treatment significantly reduced the protein expres-
sion of PEPCK and enhanced glycogen levels in PA-induced
HepG2 cells. The present study also observed for the first
time, to the best of our knowledge, that the serine phosphory-
lation of IRS-1 and IRS-2 were inhibited by EPO treatment
in PA-exposed HepG2 cells, whereas the insulin-stimulated
phosphorylation of IR, an upstream molecule of IRS, was not
altered by EPO treatment. In addition, the levels of PI3K-p85,
p-AKT, p-FOXOL1 and p-GSK-3f, downstream molecules of
IRS, were increased by EPO treatment. Through the inhibition
of PI3K, it was demonstrated that PI3K inhibitors, LY294002
and wortmannin, significantly suppressed the phosphorylation
of AKT, FOXO1 and GSK-3f. Taken together, these results are
consistent with the hypothesis that EPO treatment improves
hepatic insulin signaling in PA-induced HepG2 cells via the
IRS/PI3K/AKT/FOXOI and GSK-3p pathway.

The fatty acid-associated activation of JNK1 and produc-
tion of inflammatory cytokines are important in hepatic
insulin resistance (11,24,25). The activation of JNK1 directly
interferes with insulin signaling in hepatocytes. This inter-
ference is based on the direct phosphorylation of IRS-1 and
IRS-2 at inhibitory sites, which inhibits recruitment to acti-
vated IR. The JNK-mediated phosphorylation of IRS disrupts
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downstream events, including activation of the PI3K/AKT
cascade (26-28). Therefore, further investigations are required
to determine whether improvements in the activities of IRS-1
and IRS-2 by EPO are associated with the suppressive role
of EPO on the inflammatory pathway in PA-induced HepG2
cells. In the present study, it was observed that the gene expres-
sion levels of TNF-a, IL-1p and MCP-1 were significantly
decreased by EPO treatment in the PA-exposed HepG2 cells.
In agreement with alterations in pro-inflammatory markers,
the activity of JNK1 was suppressed by EPO treatment. These
findings indicated that the improvement of hepatic insulin
resistance by EPO may be, at least in part, mediated by inhib-
iting inflammation-associated signaling.

In conclusion, the present study demonstrated that EPO
treatment significantly improved glucose metabolism in
PA-induced HepG2 cells. Furthermore, the data revealed a key
mechanism of EPO in regulating hepatic insulin resistance,
which ameliorated the phosphorylation of IRS-1 and IRS-2,
and the downstream activation of AKT/FOXOI1 and GSK-3f.
These effects may be associated with the inhibitory role of
EPO on the inflammatory response. These findings offer a
novel mechanistic understanding of the beneficial effects of
EPO on hepatic insulin resistance, to assist in the treatment of
insulin resistance and diabetes in the future.
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