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Abstract 

Erythropoietin (EPO) can reduce insulin resistance (IR) in adipocytes; however, it is unknown 
whether EPO can decrease IR in skeletal muscle. Here we investigated whether EPO could reduce 
IR in type 2 diabetic mouse skeletal muscle and its possible signaling mechanisms of action. 
Twelve-week-old db/db diabetic mice were employed in this study. Systemic use of EPO improved 
glucose profiles in type 2 diabetic mice after 4 and 8 weeks treatment. EPO up-regulated EPOR 
protein expression in skeletal muscle, and subsequently activated downstream signaling molecules 
such as JAK2, IRS-1, PI3K, AKT, and eNOS. We next constructed lentivirally-delivered shRNAs 
against EPOR and transfected skeletal muscle cells to knockdown EPOR. EPOR knockdown 
inhibited EPO induced JAK2, IRS-1, PI3K, AKT, eNOS signaling transduction, autophagy and Glut 4 
translocation, as well as promoted apoptosis in skeletal muscle. Thus, EPO reduces skeletal muscle 
IR in type 2 diabetic mice via its specific receptor, EPOR. Possible mechanisms involved in its action 
may include increased autophagy and reduced apoptosis in type 2 diabetic skeletal muscles, which 
provides a new strategy for the treatment of IR. 

Key words: Erythropoietin (EPO), Erythropoietin receptor EPOR, Insulin resistance (IR), Skeletal muscle, type 2 
diabetes, Insulin signaling. 

Introduction 
Type 2 diabetes mellitus is highly prevalent 

worldwide, and is characterized by insulin resistance 
(IR). IR occurs most commonly within peripheral 
adipocytes and skeletal muscle 1, and recently, these 
tissues have been of research interest due to the 
increasing importance of strategically targeting IR for 
the therapeutic prevention of type 2 diabetes.  

Erythropoietin (EPO) is a glycoprotein produced 
during fetal development within kidney and liver 
tissue, and has been widely used in the clinic to treat 
anemia induced by chronic kidney disease, tumors 
and other diseases. EPO primarily activates and 
promotes erythroid cell proliferation and growth via 
its specific cell surface receptor, EPOR. However, 

many studies suggest EPO is also active locally in 
many other tissues, including cardiovascular, renal, 
endothelium, nerves, and muscle in response to 
physical and metabolic stress2-7. In non-hematopoietic 
cells, however, it remains controversial whether EPO 
exerts its effect by binding EPOR. In our previous 
research8, we confirmed that EPOR is expressed in 
3T3-L1 adipocytes, and EPO improved IR in cultured 
adipocytes via EPOR. Blockade of EPOR with 
antagonists or siRNA completely reversed IR decrease 
induced by EPO, indicating EPO reduces IR via EPOR 
mediated signaling cascades in adipocytes.  

The role and regulatory processes involving EPO 
and EPOR in skeletal muscle remain to be elucidated. 
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Part of the difficulties in ascertaining this information 
is due to inconsistent results with respect to prior in 
vitro and in vivo studies. Evidence suggests C2C12 
myoblasts show elevated JAK2, STAT5 and AKT 
phosphorylation when treated with EPO, similar to 
signaling responses observed in neural cells9, 10. 
Interestingly, STAT5 activation was not observed in 
rat skeletal muscle tissue in response to EPO 
stimulation11. In human skeletal muscle, acute EPO 
administration failed to induce phosphorylation and 
activation of STAT5, AKT and MAPK signaling 
pathways12. Discrepancies in the measurement of 
EPOR mRNA and protein levels may be related to 
potential species differences and inherent potential 
variability in in vitro and in vivo models. Using 
primary human muscle cells and examining mouse 
muscle in vivo will aid in clarifying these 
inconsistencies. Depending on this background 
information, we designed and executed experiments 
using db/db mice, a type 2 diabetic mouse model, to 
explore whether EPO therapy can reduce skeletal 
muscle IR, and elucidate potential signaling pathways 
that may be involved in the mechanism of EPO-EPOR 
signaling in type 2 diabetes skeletal muscle.  

Materials and Methods 
Animal model and in vivo experimental design 

Twelve-week-old db/db mice and background 
control mice (db/m) were purchased from SLAC 
Laboratories (Shanghai, China). All mice were housed 
under controlled light (12 h light/12 h dark) and 
temperature conditions, and had ad libitum access to 
food (normal rodent chow) and water. All procedures 
were conducted in accordance with the guidelines of 
the Chinese Council on Animal Care and were 
approved by Shanghai Jiao Tong University Animal 
Care Committee. 

All experiments involving db/db mice were 
performed at 12 weeks of age following determination 
that glucose concentrations in fasting blood samples 
indicated the mice were diabetic. Mice were divided 
into the following treatment groups (n=10/each, 5 
male and 5 female): (1) non-treated db/db (treated with 
0.9% saline), (2) EPO (0.4μg/kg/w) (recombinant 
human Epoetin alpha, 3SBIO, China), and (3) EPO 
(1.2μg/kg/w). Saline and EPO were administered to 
mice once a weekfor8 week via subcutaneous 
injection. 

Fasting glycemia, glucose tolerance (IGTT) 
and insulin tolerance (ITT insulin) tests 

Mice were subjected to glucose tolerance and 
insulin tolerance tests at days 0, 28 and 56. Briefly, 
mice were fasted for 15h, and a basal blood sample (20 

µl) was collected from the tail vein (t=0). Serum 
glucose levels were determined using the One Touch 
Basic glucose meter (Lifescan Canada, Burnaby, 
British Columbia, Canada). Next, a glucose tolerance 
test was performed after mice were fasted overnight. 
Briefly, mice were injected intraperitoneally with 
1g/kg glucose. Serum glucose was quantified in tail 
blood samples collected at 0 (prior to glucose 
administration), 30, 60, 90 and 120 min after glucose 
administration. An insulin tolerance tests was 
performed 3 days following tests for glucose 
tolerance. All mice with free access to water and food 
were injected intraperitoneally with insulin (1 IU/kg) 
and serum glucose was quantified in tail blood 
samples collected at 0 (prior to insulin 
administration), 30, 60, 90 and 120 min after insulin 
administration. Plasma insulin was assayed using an 
ELISA kit (Alpco, Salem, USA). 

Muscle NO level measurement 
Muscle NO levels were measured using a 280i 

Nitric Oxide Analyzer (GE Analytical Instruments), 
according to the manufacturer’s instructions. In brief, 
ice-cold ethanol was added into muscle homogenate 
samples at a ratio of 2:1. The mixture was kept at 0°C 
for 30 min and then centrifuged at 14,000 RPM for 5 
min. The supernatant was then used for NO analysis 
based on a gas-phase chemiluminescent reaction 
between NO and ozone. 

Periodic Acid–Schiff staining and 
immunofluorescence  

Mice were anesthetized and hind legs 
gastrocnemius muscles were immediately dissected. 
Tissues were then fixed in 4% buffered 
paraformaldehyde for 2 days, embedded in paraffin 
and processed for sectioning. Tissue sections (3µm) 
were assessed by Periodic Acid–Schiff staining. 
Immunofluorescence analyses of mouse muscle 
sections were accomplished with DAPI labeling of cell 
nuclei, and specific antibody according to standard 
protocols. Briefly, sections were incubated overnight 
at 4°C with rabbit anti-EPOR antibody (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA).After extensive 
washes, sections were then incubated with anti-rabbit 
FITC-conjugated secondary antibody (DAKO, 
Carpinteria, CA, USA) for 30 min. Following labeling 
and coverslip mounting, images were acquired using 
a Nikon (ECLIPSE-E1000) microscope connected to a 
video camera equipped with a color monitor and 
ImagePlus software. 

Preparation of primary muscle cells 
Primary muscle cells were obtained from lower 

hind limb muscles of adult db/db animals (10 week 
old) using a protocol modified from previous 
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description13. In brief, The muscles were excised from 
the lower limbs of mice, thoroughly minced and 
digested. And next the cells were collected via a 
5-minute centrifugation at 1800g. The collected cells 
were exposed to trypsin-EDTA (solarbio) (0.25% with 
1mM EDTA) at 37°C for 10 minutes. Fibroblasts 
adhere to uncoated culture dishes more readily than 
muscle cells, so fibroblast contamination was 
minimized by preplating the cells onto 100 mm tissue 
culture dishes for 3 to 4 hours at 37°C. The unattached 
cells were centrifuged at 1800g for 5 minutes, 
suspended in culture medium, plated onto dishes 
coated with 0.1% gelatin, and incubated at 37°C 
overnight. The attached cells were trypsinized, 
suspended in culture medium, and plated at 1.5 to 
2×105 cells/mL in culture dishes (6-well or 24-well 
plates). Primary myotubes were used 4 to 5 days 
following differentiation induction when most cells 
were multinucleated, and then the cells were treated 
with LV-shRNA EPOR.  

shRNA delivery via lentivirus in skeletal 
muscle cells 

Paired oligonucleotides targeting human EPOR 
gene were synthesized and annealed into a linear 
pLKO lentiviral vector digested by EcoRI and AgeI. 
The recombined vector, identified by double digest 
with EcoRI and NdeI and DNA sequencing, was 
packaged in 293T cells together with psPAX2 and 
pMD2.G. Virus present in in culture supernatant was 
concentrated, three recombinant vectors (shRNA 
EPOR-1: 5’-CAGCCUACAACGUCUUGAA-3’; 
shRNA EPOR-2: 5’-CAGCCUACAACGUCUUGAA- 
3’; shRNA EPOR-3:5’-CACCGCAUCAUCCAUAUC 
A-3’) and a control vectors (5’-TAGAAGGCACA 
GTCGAGG-3’) were transfected into skeletal muscle 
cells, and the constitutive EPOR knockdown cells 
were selected by puromycin. The efficiency of RNA 
interference was detected by real- time PCR and 
Western blotting. Empty plasmid packing lentivirus 
as a control (LV-vehicle). 

2-deoxy-d [3H] glucose (2-DG) uptake and 
GLUT4 translocation  

Cell culture medium was replaced with 
Krebs-Ringer-phosphate buffer (25 mmol/l 
HEPES-NaOH [pH 7.4], 1.3mmol/l of CaCl2, 120 
mmol/l of NaCl, 5 mmol/l of KCl, 1.3 mmol/l of 
KH2PO4, and 1.2 mmol/l of MgSO4) for 45 min at 
37ºC. Cells were then either treated or not treated with 
1 µmol/l of insulin for 20 min, and cellular 2-deoxy-d 
[3H] glucose (2-DG) uptake was measured as 
described previously8. GLUT4 translocation in the 
cells was analyzed with and without exposure to 2 
µmol/l of insulin for 30 min. Next, membrane and 

cytosolic proteins were extracted using a Membrane 
Protein Extraction Reagent (Thermo Fisher, Waltham, 
MA, USA). Extracted proteins were used for Western 
blot analysis.  

mRNA Isolation and real-time PCR 
Gastrocnemius muscle tissues were isolated 

from db/db mice (4 and 8 week treatment). Total RNA 
from muscle tissue and cells was isolated using Trizol 
reagent (Invitrogen) according to manufacturer’s 
instruction. Total RNA was quantified by absorbance 
at 260 nm. EPOR Primer F 5' CCGTGCGTTTC 
TGGTGTTC 3', Primer R 5' ATGCGGTGAT 
AGCGAGGAG 3' was used to detect EPOR 
transcripts. mRNA was extracted using the RNAeasy 
mini kit (QIAGEN Science, Germantown, MD) and 
cDNA was synthesized from 1.5μg RNA with the 
first-strand cDNA synthesis kit (Amersham, 
Buckmgahamshire, UK). Each sample was run and 
analyzed in triplicate. Real-time PCR data were 
analyzed using the 2-ΔΔCT method with the SDS 
Software package (Applied Biosystems). 

Western blot analysis 
Western blot analysis was performed as 

previously described8. In brief, total protein samples 
extracted from untreated and treated tissues or cells 
were prepared using RIPA buffer containing a 
protease inhibitor cocktail (Roche, Branford, CT, USA) 
and a phosphatase inhibitor and were subjected to 
SDS PAGE (90μg protein per sample). The 
membranes were then incubated with the following 
primary antibodies: p-IRS-1 (Cell Signaling Inc. (CST), 
Danvers, MA, USA,1:800), eNOS (CST,1:1,000), 
p-eNOS (Thermo Fisher,1:800), IRS-1 (CST,1:1,000), 
p-AKT (CST,1:1000), AKT (CST,1:1000), p-PI3K 
(Abcam, Cambridge, MA, USA,1:500), 
PI3K(Abcam1:1000),GAPDH (CST, 1:1,500), anti-LC3 
(1:200, Sigma-Aldrich, St. Louis, MO, USA), Beclin1 
(1:200, Sigma-Aldrich), GLUT4 (1:3,000, Thermo 
Fisher), p-JAK2 and JAK2(CST,1:1000). 

Statistical analysis 
All data shown are presented as the mean ± SD 

of three or more independent experiments. 
Differences were considered statistically significant if 
p<0.05, as assessed using a Student’s t test (for paired 
samples) or the one-way ANOVA (for more than two 
groups). 

Results 
rhEPOimproved glucose intolerance in db/db 
mice via unregulated EPOR/IRS-1/AKT/PI3K 
signaling 

To test whether rhEPO could improve mouse 
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glucose intolerance, db/dbmice were given 
subcutaneous injections of 0.4μg/kg/w or 
1.2μg/kg/wrhEPO for 8 weeks. Results showed no 
significance in body weight of db/db mice treated with 
rhEPO compared to that of untreated db/db mice 
(Figure 1A, B). Hematocrit level was not elevated 
following 0.4μg/kg/w or1.2μg/kg/w rhEPO 
treatment. 

Insulin has the ability to stimulate the 
production of nitric oxide (NO) which is important for 
insulin-stimulated glucose disposal14. To clear 
whether EPO reduced insulin resistance through 
mediating the nitric oxide, we have examined the 
muscle NO level after rhEPO treatment for 4 and 8 
weeks (Figure 1 C, D). Muscle NO increased after 8 
weeks of 1.2μg/kg/w rhEPO treatment and rhEPO 
administration increased EPOR expression in skeletal 

muscle (Figure 1E, F).  
As shown in Figure 2, rhEPO treatment 

effectively decreased serum glucose and improved 
glucose intolerance (IGTT) in db/db mice (Figure 2A, 
B, D, and E). We also observed a significantly 
decreased insulin tolerance test (ITT insulin) in db/db 
mice that received 1.2μg/kg/w rhEPO treatment 
(Figure 2C, F). However, Pearson correlation analysis 
revealed a weak correlation between plasma EPO and 
serum glucose (Figure 2G). 

We further evaluated phosphorylated Akt, PI3K, 
IRS-1 and eNOS levels in total protein fractions of 
skeletal muscle tissue from db/db mice. The ratio of 
phosphorylated IRS-1ser612/IRS1, AKTSer473/AKT and 
PI3K-p85/PI3Kas well as phosphorylated 
eNOSSer1177/eNOS was increased in db/db mice treated 
with rhEPO 1.2μg/kg/w for 8-week (Figure 3).  

 
 

 
Figure 1. Effect of EPO on body weight, plasma eNOS level and EPOR expression in db/db mice. Body weight of mice in db/m and db/dbgroupafter 
treatment with rhEPO for 4 and 8 weeks (A-B) (N=10in each group). Muscle No concentration in db/m and db/dbgroupafter treatment with rhEPO for 4 and 8 weeks 
measuring by a 280i Nitric Oxide Analyzer(C-D) (N=10in each group). Relative EPOR mRNA level in db/m and db/dbgroupafter treatment with rhEPO for 8 weeks 
by using real-time PCR. (E) Skeletal muscle Periodic Acid–Schiff staining and EPOR expression by immunofluorescence analysis treated with or without 14μgrhEPOfor 
8weeks in db/dbmice (F). White arrows represent abundant EPOR expression in the db/m and rhEPO treated db/db skeletal muscle. Scale bar: 50μm. 
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Figure 2. rhEPO improved glucose intolerance in db/db mice. Serum glucose in db/m and db/db mice after treatment with rhEPO for 4 and 8 weeks (A, D). 
Glucose tolerance (IGTT) and insulin tolerance (ITTinsulin) in db/m and db/db mice after treatment with rhEPO for 4 and 8 weeks (B, C, E, F).The data were analyzed 
to determine the area under the curve (AUC) for rhEPO treatment in db/m mice (blue) and db/db mice (red). Data are presented as mean ± SD. N=10in each 
group.Thelinear regression results between plasma EPO and serum glucose (G). * db/db0.4μg/kg/w vs. db/db CNT P<0.05, ** p<0.01; # db/db 1.2μg/kg/w vs. db/db 
CNT P<0.05, ## p<0.01; ѱѱdb/db 1.2μg/kg/w vs. db/db0.4μg/kg/w, p<0.01. 

 
These results suggest that IRS-1/AKT/PI3K 

signal pathways were activated by rhEPO treatment 
and rhEPO could promote NO products and 
increased eNOS activity in skeletal muscle of type 2 
diabetic mice.  

EPOR knockdown impairs Glut4 translocation 
and glucose uptake (2-DG) 

To further determine whether rhEPO protects 
skeletal muscle against hyperglycemia via its specific 
EPO receptor, we isolated and cultured primary 
skeletal muscle cells from 12-week-old db/db mice and 
knocked down EPOR in skeletal muscle cells with 
EPOR shRNA lentivirus (Figure 4). The results 
demonstrated a successful knockdown of EPOR has 
been obtained in our study. 

To clarify whether rhEPO activation of the 
PI3K/AKT pathway is involved in EPO/EPOR signal 

transduction in skeletal muscle cells, we examined 
phosphorylated IRS-1ser307/IRS-1, AKTSer473/AKT, 
PI3K-p85/PI3K, eNOSSer1177/eNOS and NO product 
in skeletal muscle cells transfected with EPOR 
shRNA. As shown in Figure 5, the ratios of 
IRS-1ser307/IRS-1, AKTSer473/AKT, and PI3K-p85/PI3K, 
JAK2 Tyr1007/1008/JAK2 were decreased in shRNA 
EPOR treated cells and phosphorylated 
eNOSSer1177/eNOS and NO products were also 
decreased. These results indicated EPOR may play a 
vital role in the activation of the PI3K/AKT signaling 
(Figure 5A-F). 

Suppression of EPOR resulted in a reduction in 
2-DG uptake under insulin-stimulated conditions in 
skeletal muscle cell. Compared with the EPOR shRNA 
group, 2-DG uptake in rhEPO treated cells was 
significantly increased (P<0.01) (Figure 5G). Similar 
results were observed in NO production (Figure 5H). 
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Furthermore, we observed that insulin-stimulated 
Glut4 translocation was also suppressed in cells 
transfected with EPOR shRNA, and on the contrary, 
rhEPO treatment increased Glut4 translocation to the 
cell membrane (measured as cytoplasm/membrane 
ratio). To further demonstrate this conclusion, we 
blocked JAK2 and STAT5 signaling with the JAK2 
inhibitor, AG490 (10 μM, Sigma), and a STAT5 
inhibitor (10 mg/ml, Santa Cruz) pre-incubated for 30 
min. Similar results were obtained as EPOR silence 
(Figure 6 and Figure 7). 

EPOR is required for autophagy clearance 
Skeletal muscle cells treated with rhEPO showed 

increased AKT phosphorylation at Ser473, and this 
mTOR complex 2 substrate is a key regulator of cell 
proliferation and autophagy in diabetes. As such, we 
assessed the induction of autophagy by examining the 
levels of the autophagosome marker, 
microtubule-associated protein-1 light chain 3 (LC3) 
and Beclin-1. As shown in Figure 8 A, B, and C, 
100nM rhEPO significantly increased the expressions 
of mTOR, the ratio of LC3II/LC3I, and Beclin-1 in 
skeletal muscle cells. However, these changes were all 
decreased in cells transfected with EPOR shRNA 
lentivirus. Moreover, the autophagosome marker was 
further reduced following treatment with mTORC1/2 

inhibitor, AZD8055 (500 nM). These results indicated 
that the protective effect of rhEPO might be mediated 
through increased mTOR/AKT ser473 signaling.  

rhEPO inhibited cell apoptosis via AKT/PI3K, 
STAT5 and JAK2 pathways 

In order to determine the effect of EPO on 
skeletal muscle cells apoptosis, we measured cell 
apoptosis treated with rhEPO. The results showed 
that the percentage of apoptotic cells was decreased 
after rhEPO treatment compared with scramble 
control.  

To further study the mechanism on EPO 
inhibiting apoptosis, we measured cell apoptosis after 
EPOR silence and found that cell apoptosis increased 
in shRNA EPOR group. This indicated that EPO 
inhibited apoptosis through mediating the expression 
of EPOR. 

In addition, in order to find the downstream 
molecular mediated by EPOR, we blocked 
mTOR/AKT ser473, JAK2 and STAT5 signaling with the 
mTOR inhibitor AZD8055 (500nM), JAK2 inhibitor, 
AG490(10 μM) and a STAT5 inhibitor (10 mg/ml) 
pre-incubated for 30 min. We found that when JAK2, 
AKT/PI3K and STAT5 were blocked, the apoptosis 
increased significantly at 12h and 24h. 

 

 
Figure 3. rhEPO unregulated IRS-1/AKT/PI3K activity and eNOS signaling in db/db skeletal muscle. Immunoblots showed rhEPO treatment 
up-regulated pIRS-1/IRS-1, pAKT/AKT, pPI3K/PI3K ratios and eNOS proteins (A); Quantified results expressed as the mean±SD, in at least three repeated 
experiments(B-E). 
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Figure 4. The generation of lentivirus-delivered EPOR shRNA in skeletal muscle cells. After infection of lentivirally-delivered EPOR shRNA, skeletal 
muscle cells exhibited eGFP expression (A), Scalebar: 50μm. Sequence analysis of shRNA EPOR (B). qPCR analysis and Western blot analysis demonstrated successful 
induction of shRNA EPOR-2 in skeletal muscle cells, as demonstrated through EPOR knockdown (C). All data are expressed as the mean ± SD of at least three 
repeated experiments. 

 
Figure 5. Signaling molecule expression analyzed by Western blot. EPOR silencing using the shRNA induced down-regulation of IRS-1/AKT/PI3K and eNOS signaling, 
which were prevented by rhEPO treatment in skeletal muscle cells. Immunoblots and quantification of the results show shRNA EPOR-mediated down-regulation of 
IRS-1/AKT/PI3K and eNOS pathways, however, rhEPO treatment up-regulated these proteins (A-F). 2-DG uptake and supernatant NO levels were also decreased following 
EPOR silencing and recovered by rhEPO treatment (G-H). All results are expressed as the mean ± SD of at least three repeated experiments. 
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Figure 6. Knockdown of EPOR inhibited insulin-stimulated Glut4 translocation inskeletal muscle cells. Immunoblots showed GLUT4 expression with 
and without insulin stimulated on the membrane and in the cytosol of skeletal muscle cells (A). Quantification of the results from “A” (B).All data are expressed as 
the mean±SD of at least three repeated experiments. 

 
Together, these results indicated that rhEPO 

protected skeletal muscle cells from apoptosis by 
mediating EPOR and its downstream JAK2, 
AKT/PI3K and STAT5pathways. 

Discussion 
In the present study, we demonstrate that EPO 

administration can reduce insulin resistance in type 2 
db/db mice, and may activate its specific receptor, 
EPOR. It also appears to act via activation of 
subsequent signaling pathways, manifested as 
phosphorylation of AKT, IRS-1, and PI3K, Glut4 
translocation, autophagy regulation and reduced 
apoptosis in db/db mouse primary skeletal muscle. 
Blockade of EPOR with shRNA inhibited all those 
EPO-mediated alterations, indicating EPO-EPOR is 
essential for glucose metabolism in mouse skeletal 

muscle, similar to results observed in cultured mouse 
3T3-L1 adipocytes8.  

EPO treatment improves glucose intolerance as 
shown in experimental rats and humans15-17. In a rat 
model of diet-induced glucose intolerance, chronic 
EPO treatment improved fasting glucose levels and 
glucose tolerance, and partially rescued 
insulin-stimulated AKT activation and reduced 
markers of oxidative stress15. When treated with EPO, 
patients with chronic kidney disease exhibited 
reduced IR16, 17. Reduced IR mostly likely relies on 
increase of glucose uptake in adipose tissue and 
skeletal muscle. In our prior in vivo research, our 
results showed that systemic EPO administration 
reduced IR, as manifested in decreased serum 
glucose, the area under curve from an IGTT, and 
increased glucose uptake in skeletal muscle.  
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Figure 7. The effect of JAK2 inhibitor AG490 and STAT5 inhibitor on the phosphorylation of IRS1 and translocation of Glut4 Immunoblots 
showed GLUT4 expression with and without insulin stimulated on the membrane and in the cytosol of skeletal muscle cells (A). Quantification of the results from “A” 
(B). The phosphorylation of IRS1 measured by western bolt and quantification of the results(C). All data are expressed as the mean±SD of at least three repeated 
experiments. 

 

 
Figure 8. EPOR knockdown reduced autophagosomes in skeletal muscle cells. Immunoblots showed rhEPO significantly increased the expression of 
mTOR (A), the ratio of LC3II/LC3I (B), and Beclin-1 (C), all effects that were reversed in cells transfected with EPOR shRNAlentivirus or treatment with mTORC1/2 
inhibitor, AZD8055. All results expressed as the mean±SD of at least three repeated experiments.*p<0.05, ** p<0.01. 
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Figure 9. rhEPO inhibited cell apoptosis by AKT/PI3K and STAT5 pathways. Flow cytometric analysis of the Annexin V-stained cells after treatment with 
rhEPO for 12 hours (A). Effects of different inhibitors on skeletal muscle cell apoptosis. Quantification of the results from “A” (B). All results expressed as the 
mean±SD of at least three repeated experiments. 

 
It has long been disputed whether EPO activity 

effects in skeletal muscle occurs through its specific 
cell membrane, EPOR. The EPOR gene and protein 
has been shown to be expressed in primary satellite 
cells isolated from mouse skeletal muscle and in 
cultured C2C12 myoblasts, and was down-regulated 
during C2C12 myoblasts differentiation to myotubes9. 
EPOR mRNA and protein were also reported in rat L6 

myoblasts and in human primary myoblast cultures18. 
In contrast, EPOR gene and protein expression were 
not detected in isolated normal ratmyoblasts19. Still, 
EPOR mRNA and protein localization in skeletal 
muscle biopsies has been documented while EPOR 
mRNA has been detected in isolated human muscle 
fibers and human satellite cells12, 20. Discrepancies in 
EPOR gene and protein measurement appear to be 



Int. J. Biol. Sci. 2017, Vol. 13 
 

 
http://www.ijbs.com 

1339 

associated with possible species differences and 
investigation in in vivo versus in vitro experimental 
models. In our study, we detected EPOR protein 
expression by immunofluorescence and and western 
blot in skeletal muscle isolated from type 2 diabetic 
mice, and systemic EPO stimulation activated EPOR 
protein, as confirmed by immunofluorescence and 
Western blot. This evidence supports an important 
role for EPOR in skeletal muscle in type 2 diabetes. 

It remains unclear, however, whether EPOR 
potentially activates and modulates similar signaling 
cascades in skeletal muscle as in hematopoietic cells. 
In vitro research indicates EPO treatment of C2C12 
myoblast causes increased JAK2, STAT5, and AKT 
phosphorylation10. However, STAT5 activation was 
not detected in rat skeletal muscle tissue in response 
to EPO stimulation11. In addition, acute EPO 
stimulation does not appear to promote 
phosphorylation of AKT, STAT5, and MAPK 
signaling pathways in human skeletal muscle12. In our 
in vivo study involving type 2 diabetic mice, we 
observed that EPO stimulated increased EPOR 
expression, followed by subsequent phosphorylation 
of AKT, STAT5, PI3K, IRS-1, and e-NOS. The 
PI3K/AKT and JAK2/STAT5 signaling pathways 
mediated many cellular processes including 
proliferation, differentiation, and apoptosis and 
evidence that EPO induces these signal transductions 
were accumulating. Chan et al. reported EPOR 
knockdown abrogated human MDA-MB-231 and 
MDA-MB-435 cells growth by inactivation of 
PI3K/AKT pathway21. Here we confirmed blockade 
of EPOR with specific shRNA inhibited associated 
downstream signaling, indicating EPO-EPOR 
signaling is essential for improved IR in db/db mice 
skeletal muscle. 

Autophagy has been suggested to protect against 
some diseases such as cancer, inflammatory diseases, 
aging, diabetes and insulin resistance in experimental 
animal models3, 22, 23. The ability of skeletal muscle to 
adapt to various loading and other environment 
conditional is substantial. Several factors such as 
aging, exercise, diet restriction, paraplegia, etc, could 
promote autophagy in skeletal muscle 24-26. The 
mammalian target of rapamycin, mTOR inhibitor, is 
an important regulator of programmed cell death 
involving autophagy and apoptosis, and in some cells, 
proliferation and survival. In the cardiovascular 
system, mTOR is one of several molecular modulators 
necessary for human embryonic stem cell-derived 
cardiomyocytesproliferation27. Growth factors such as 
EPO have previously been shown to be cytoprotective 
in cardiac muscle cells/tissue during ischemic stress28. 
It has been shown EPO’s protective effect requires 
mTOR activation for the regulation of bone 

homeostasis involving osteoblastogenesis and 
osteoclastogenesis2. Differentiation of neural 
precursor cells with the potential for use in 
neurodegenerative disorders is also dependent upon 
EPO and mTORactivity29. EPO likely plays different 
roles in the induction or inhibition of autophagy in 
various cells and tissues. EPO has shown protective 
effects against rotenone-induced neurotoxicity in 
SH-SY5Y cells through the induction of autophagy30. 
However, in renal mesangial cells, EPO was observed 
to impart protective effects against 
lipopolysaccharide-induced autophagy6. It is 
unknown whether EPO increases or decreases skeletal 
muscle autophagy in physiologic or pathologic 
conditions.  

In our study, we first observed a reduction in 
skeletal muscle autophagy in type 2 diabetic mice, 
and systemic EPO induced an elevation in skeletal 
muscle autophagy, as indicated by increased 
upstream autophagy regulatory proteinBeclin-1, and 
downstream regulators of autophagy, LC3. 
Modulation of LC3-II protein expression suggests that 
conversion of the non-lipidated form of LC3, LC3-I, to 
the autophagosome-membrane-associated lipidated 
form, LC3-II is similar to what is observed following 
exercise. Our findings indicate that EPO improvement 
of skeletal muscle insulin resistance may occur 
through induction of autophagy as a potential 
mechanism, as similar results were observed in 
dihydromyricetin31.Autophagy has been reported to 
improve insulin sensitivity during high fat diet 
administration in mice32.Autophagy and apoptotic 
pathways may complement each other to regulate cell 
survival, as observed in diabetes, since induction of 
autophagy may protect cardiomyocytes from 
apoptosis33.mTOR can influence both progression of 
apoptosis and autophagic pathways of programmed 
cell death4. mTOR can prevent apoptosis and reduce 
IR, and reduce vascular thrombosis in patients with 
metabolic syndrome5. EPO activates mTOR to 
increase cell survival during oxygen-glucose 
deprivation34, and reduces the detrimental processes 
in animal models of obesity7. In our study, EPO 
activated mTOR, and elevated Beclin-1, and LC3-II, 
autophagy markers, and further resulted in 
autophagy in type 2 diabetic skeletal muscle, 
accompanied by reduced IR and glucose transfer 
increase.  

Together, our results from the present study 
provide supporting evidence that EPO-EPOR 
interaction is an essential process for the induction of 
glucose uptake, and the possible mechanisms of its 
beneficial actions involve activation of downstream 
signaling molecules including PI3K, AKT, IRS-1, and 
enhanced autophagy and reduced apoptosis in type 2 
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diabetic skeletal muscle. In summary, these findings 
shed light on possible new strategies for therapy of IR 
in diabetes and chronic kidney disease.  
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