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• Previous reports demonstrated that erythropoietin (EPO)  

induces body weight loss and improves insulin resistance in 

obese mice. As a part of its mechanisms, the browning of 

white adipose tissue (WAT) induced by high dose EPO 

treatment (3,000 IU/kg) contributes the improvement of 

obesity. 

• The aim of this study is to elucidate the mechanism of 

thermogenesis in the classic brown adipose tissue (classical 

BAT, cBAT) .
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Figure 6. Pleiotropic effects of EPO. EPO is a multi-functional cytokine with the primary 

activity to regulate red blood cell production in the bone marrow. EpoR, expressed at the 

highest level in erythroid progenitor cells, is also expressed in select non-hematopoietic 

tissues that provides for EPO response. Non-hematopoietic expression of EpoR and the 

potential consequence of EPO activity gleaned from model systems include vascular 

endothelium to stimulate NO production to regulate vascular tone, heart to provide 

protection against ischemic injury, skeletal muscle myoblasts to promote wound healing, 

white adipose tissue for metabolic regulation and protect against diet induced obesity, and 

brain for metabolic regulation and to provide protection against injury. 
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Abstract: Erythropoietin (EPO) regulation of red blood cell production and its induction at 

reduced oxygen tension provides for the important erythropoietic response to ischemic 

stress. The cloning and production of recombinant human EPO has led to its clinical use in 

patients with anemia for two and half decades and has facilitated studies of EPO action. 

Reports of animal and cell models of ischemic stress in vitro and injury suggest potential 

EPO benefit beyond red blood cell production including vascular endothelial response to 

increase nitric oxide production, which facilitates oxygen delivery to brain, heart and other 

non-hematopoietic tissues. This review discusses these and other reports of EPO action 

beyond red blood cell production, including EPO response affecting metabolism and 

obesity in animal models. Observations of EPO activity in cell and animal model systems, 

including mice with tissue specific deletion of EPO receptor (EpoR), suggest the potential 

for EPO response in metabolism and disease. 

OPEN ACCESS

Int. J. Mol. Sci. 2014, 15, 10296-10333; doi:10.3390/ijms150610296 

 
International Journal of 

M olecular  Sciences 
I SSN 1422-0067 

www.mdpi.com/journal/ijms 

Review 

Erythropoietin Action in Stress Response,  
T issue M aintenance and M etabolism 

Y uanyuan Zhang 1, L i W ang 2, Soumyadeep Dey 1, M awadda Alnaeeli 3,4, Sukanya Suresh 1, 

H eather  Rogers 1, Ruifeng T eng 5 and Constance Tom Noguchi 1,*  

1
 Molecular Medicine Branch, National Institute of Diabetes and Digestive and Kidney Diseases, 

National Institutes of Health, Bethesda, MD 20892, USA;  

E-Mails: yuanyuan.zhang2@nih.gov (Y.Z.); shoumo.dey@nih.gov (S.D.);  

sukanya.suresh@nih.gov (S.S.); heatherro@niddk.nih.gov (H.R.) 
2
 Faculty of Health Sciences, University of Macau, Macau SAR, China;  

E-Mail: liwang@umac.mo 
3
 Department of Biological Sciences, Ohio University, Zanesville, OH 43701, USA;  

E-Mail: al-naeel@ohio.edu 
4
 Diabetes Institute, Ohio University, Athens, OH 45701, USA 

5
 Mouse Metabolism Core Laboratory, National Institute of Diabetes and Digestive and Kidney 

Diseases, National Institutes of Health, Bethesda, MD 20892, USA; E-Mail: tengr@niddk.nih.gov 

*  Author to whom correspondence should be addressed; E-Mail: connien@helix.nih.gov;  

Tel.: +1-301-496-1163; Fax: +1-301-402-0101. 

Received: 20 February 2014; in revised form: 23 May 2014 / Accepted: 28 May 2014 /  

Published: 10 June 2014 

 

Abstract: Erythropoietin (EPO) regulation of red blood cell production and its induction at 

reduced oxygen tension provides for the important erythropoietic response to ischemic 

stress. The cloning and production of recombinant human EPO has led to its clinical use in 

patients with anemia for two and half decades and has facilitated studies of EPO action. 

Reports of animal and cell models of ischemic stress in vitro and injury suggest potential 

EPO benefit beyond red blood cell production including vascular endothelial response to 

increase nitric oxide production, which facilitates oxygen delivery to brain, heart and other 

non-hematopoietic tissues. This review discusses these and other reports of EPO action 

beyond red blood cell production, including EPO response affecting metabolism and 

obesity in animal models. Observations of EPO activity in cell and animal model systems, 

including mice with tissue specific deletion of EPO receptor (EpoR), suggest the potential 

for EPO response in metabolism and disease. 

OPEN ACCESS

Int. J. Mol. Sci. 2014, 15, 10296-10333; doi:10.3390/ijms150610296 

 
International Journal of 

M olecular  Sciences 
I SSN 1422-0067 

www.mdpi.com/journal/ijms 

Review 

Erythropoietin Action in Stress Response,  
T issue M aintenance and M etabolism 

Y uanyuan Zhang 1, L i W ang 2, Soumyadeep Dey 1, M awadda Alnaeeli 3,4, Sukanya Suresh 1, 

H eather  Rogers 1, Ruifeng T eng 5 and Constance Tom Noguchi 1,*  

1
 Molecular Medicine Branch, National Institute of Diabetes and Digestive and Kidney Diseases, 

National Institutes of Health, Bethesda, MD 20892, USA;  

E-Mails: yuanyuan.zhang2@nih.gov (Y.Z.); shoumo.dey@nih.gov (S.D.);  

sukanya.suresh@nih.gov (S.S.); heatherro@niddk.nih.gov (H.R.) 
2
 Faculty of Health Sciences, University of Macau, Macau SAR, China;  

E-Mail: liwang@umac.mo 
3
 Department of Biological Sciences, Ohio University, Zanesville, OH 43701, USA;  

E-Mail: al-naeel@ohio.edu 
4
 Diabetes Institute, Ohio University, Athens, OH 45701, USA 

5
 Mouse Metabolism Core Laboratory, National Institute of Diabetes and Digestive and Kidney 

Diseases, National Institutes of Health, Bethesda, MD 20892, USA; E-Mail: tengr@niddk.nih.gov 

*  Author to whom correspondence should be addressed; E-Mail: connien@helix.nih.gov;  

Tel.: +1-301-496-1163; Fax: +1-301-402-0101. 

Received: 20 February 2014; in revised form: 23 May 2014 / Accepted: 28 May 2014 /  

Published: 10 June 2014 

 

Abstract: Erythropoietin (EPO) regulation of red blood cell production and its induction at 

reduced oxygen tension provides for the important erythropoietic response to ischemic 

stress. The cloning and production of recombinant human EPO has led to its clinical use in 

patients with anemia for two and half decades and has facilitated studies of EPO action. 

Reports of animal and cell models of ischemic stress in vitro and injury suggest potential 

EPO benefit beyond red blood cell production including vascular endothelial response to 

increase nitric oxide production, which facilitates oxygen delivery to brain, heart and other 

non-hematopoietic tissues. This review discusses these and other reports of EPO action 

beyond red blood cell production, including EPO response affecting metabolism and 

obesity in animal models. Observations of EPO activity in cell and animal model systems, 

including mice with tissue specific deletion of EPO receptor (EpoR), suggest the potential 

for EPO response in metabolism and disease. 

OPEN ACCESS

30

40

50

60

0 1 2 3 4 5

H
ae
m
at
o
cr
it
	(
%
)

Weeks

NC-Con
NC-EPO
HFD-Con
HFD-EPO

0

200

400

600

800

N
u
m
b
er
	o
f	C
el
ls

Cell	Perimeter	μm (sWAT)

NC-Con

NC-EPO

HFD-Con

HFD-EPO

0

20

40

60

80

100

120

7 14 21 28

F
o
od
	i
n
ta
k
e
	(
k
ca
l/
w
e
e
k
)

day

NC-Con

NC-EPO

HFD-Con

HFD-EPO

2000

3000

4000

5000

2021222324 1 2 3 4 5 6 7 8 9 10111213141516

V
O
2
	(m

l/
kg
/h
r
)

Time	(o’clock)

NC-Con

NC-EPO

HFD-Con

HFD-EPO

dark light

a,	c

aa,	cc

c
cc cc

cc

aa,	bb
aa,	bb aa,	bb

aa,	bb

c

(n=8)
(n=8)

(n=8)
(n=8)

(n=8)

(n=8)

(n=8)

(n=8)

Isoproterenol	
(30μmol/kg)

No	
Isoproterenol

NC-Con NC-EPO HFD-EPOHFD-Con

BAT BATBAT BAT

BAT
BATBAT BAT

Figure 2 Effect of miglitol on energy expenditure. A: 22-h Oxygen consumption. B: Oxygen consumption in dark and light phases. Values are

means± SEfor 3–10 mice. aP< 0.05, vs mice fed normal chow diet (NC). bP< 0.05, vs mice fed normal chow diet plus miglitol (NCM). cP< 0.05, vs

mice fed high-fat diet alone (HF).

NC        NCM       HF        HFM

(n=4)     (n=4) (n=4)     (n=5)

A

B

a, b, c

Int
ers

ca
pu

lar
tem

pe
rat

ure
 (°C

)

25

30

35

NC

BAT

NCM

BAT

HF

BAT

HFM

BAT

Figure 3 Effect of miglitol on BAT temperature. A showsrepresentative infrared thermal image of normal chow diet mice (NC), miglitol-treated

normal chow diet mice (NCM),high-fat diet mice (HF) and miglitol-treated high-fat diet mice (HFM). B: Interscapular temperature wasmeasured. Values

are means± SEfor 4–5 mice. aP< 0.05, vsmice fed normal chow diet (NC). bP< 0.05, vsmice fed normal chow diet plusmiglitol (NCM). cP< 0.05, vs

mice fed high-fat diet alone (HF).

Sugimoto et al. Nutrition & Metabolism 2014, 11:14 Page 5 of 11

http://www.nutritionandmetabolism.com/content/11/1/14

35

24

(n=9) (n=9) (n=9) (n=9) 0

100

200

300

400

500

600

N
u
m
b
er
	o
f	C
el
ls

Cell	Perimeter	μm (eWAT)

NC-Con

NC-EPO

HFD-Con

HFD-EPO

(n=9)

(n=9)
(n=9)

(n=9)

(n=9)

(n=9)
(n=9)

(n=9)

aa,	b,	cc

a,	b

aa,	cc

aa,	cc aa,	cc

aa,	ccaa,	cc

(n=9)

(n=9)
(n=9)

(n=9)

NC-Con HFD-Con HFD-EPO
Epididymal WAT

-

+

BAT sWAT eWAT

EPO

HFD
sWATH

Erythropoietin activates classical brown adipose tissue through the 

erythropoietin receptor/ STAT3 pathway, improving obesity and glucose 

homeostasis in high fat diet-induced obese mice
Kazuki Kodo1, Hisakazu Nakajima1, Ikuyo Itoh1, Satoru Sugimoto1, Taichiro Nishikawa2, Jun Mori1, Kitaro Kosaka1, Hajime Hosoi1

1Departments of Pediatrics, Kyoto Prefectural University of Medicine Graduate School of Medical Science, Japan
2Department of Gastroenterology and Hepatology, Kyoto Prefectural University of Medicine.

• Four-week-old male C57BL/6J mice were fed a high fat 

diet (HFD) and injected with recombinant human (rh)EPO. 

EPO (rhEPO 200 IU/kg, Epoetin-α, JCR

Pharma, Japan ) was administered three times per week for 

4 weeks by intraperitoneal injection . 

• Oxygen consumption (VO2) was measured to estimate the 

metabolic rate. And also, surface temperature on the  

interscapular BAT (iBAT) was used to quantify heat 

generation a thermal imaging camera . 

• Metabolic parameters were measured at 8 weeks. 

• Intraperitoneal glucose tolerance tests (IPGTT) (glucose, 1 

g/kg) were performed in the overnight-fasted mice. And 

measurements of the levels of blood glucose and serum 

insulin. 

• We also analyzed the expression of genes and proteins 

related to thermogenesis and that asosiated signal pathway 

on iBAT (By the methods of quantitative realtime PCR and 

western blot analysis). 

Discussion

Conclusion

Fig1. EPO decreased body weight gain despite a lack of differences in food energy 

intake in  dietary-induced obese mice. Values are means ± SE for 9-10 mice. aP <0.05 or aaP <0.01, vs. 

mice fed normal chow diet (NC-Con). bP<0.05 or bbP<0.01, vs. mice fed normal chow diet plus EPO (NC-EPO). cP<0.05 or 
ccP<0.01, vs. high-fat diet mice (HFD-Con). 

Table 1.Glucose, Total cholesterol and HOMA-IR value were significantly 

elevated in HF mice and significantly lowered by EPO. aP <0.05 or aaP <0.01, vs. mice fed 

normal chow diet (NC-Con). bP<0.05 or bbP<0.01, vs. mice fed normal chow diet plus EPO (NC-EPO). cP<0.05 or 
ccP<0.01, vs. high-fat diet mice (HFD-Con). 

Results

Fig 7. The levels of BAT gene mRNAs and proteins were significantly higher in HFD-EPO 

mice as compared with HFD-Con mice. Values are means ± SE for 4-8 mice. aP <0.05 or aaP <0.01, vs. mice fed normal chow 

diet (NC-Con). bP<0.05 or bbP<0.01, vs. mice fed normal chow diet plus EPO (NC-EPO). cP<0.05 or ccP<0.01, vs. high-fat diet mice (HFD-Con). 

Fig 8. Regulation of miR-133a and Mef2c for 

differentiation were significantly decreased by EPO 

in iBAT. Values are means ± SE for 4-8 mice. †P <0.05. HFD-Con or 

HFD-EPO .

HFD-Con

Fig 5. Histology of iBAT and epididymal WAT (eWAT) (HE 

staining). EPO change the composition of adipocytes and the 

number of lipid droplets of histology.

Fig 4. Interscapular BAT (iBAT) temperature in HFD-EPO mice (33.6 ± 0.8°C) was significantly 

higher than that in HFD-Con mice (32.5 ± 0.5°C) (p < 0.05) and NC-EPO mice (31.7 ± 0.6°C) was 

significantly higher than the temperatures in NC-Con mice (30.7 ± 0.5°C) (p < 0.05).

P1-459

We have nothing to disclose.

Objective

• EPO treatment, even at a lower dosage, activates heat 

production and lipolysis in cBAT through EPOR/STAT3 and 

MEF2-miR133-PRDM16 under HFD conditions. This 

mechanism leads to improve obesity and insulin resistance.

• We have investigated that EPO treatment significantly 

reduced the body weight and improved glucose intolerance 

in the HFD mice.  WAT mass volume was decreased and 

iBAT mass volume was increased by the effect of EPO 

treatment. 

• Our study identified that the mRNA expression and protein 

of UCP1 were increased in the HFD group in comparison 

with the control group. Furthermore, the expression of 

UCP1 protein was upregulated with EPO treatment under 

the HFD condition. We considered that EPO treatment 

could  have synergistic effect under the condition such as 

the adrenalin stimulation. The biological markers for BAT-

specific differentiation (PRDM16, PPARα, PPAR γ and 

PGC1α,) were also increased in the interscapular BAT 

(cBAT). 

• We confirmed that classical BAT  expresses  EPO receptor 

(EpoR). EPO has a direct effect through EPOR/STAT3 

signaling  pathway on the regulation of UCP1 in cBAT and 

related to differentiation pathway that  MyomiR-133 

regulates brown fat differentiation through Prdm16. 

Further investigation is required for these signals in 

detail by EPO. 

HFD-EPO

eWAT

iBAT

Fig 2. Oxygen consumption (VO2), an was significantly increased 

in NC-EPO and HFD-EPO mice compared to NC-Con and HFD-

Con mice in both the dark and light phases. aP <0.05 or aaP <0.01, vs. mice fed 

normal chow diet (NC-Con). bP<0.05 or bbP<0.01, vs. mice fed normal chow diet plus EPO (NC-EPO). cP<0.05 or 
ccP<0.01, vs. high-fat diet mice (HFD-Con). 

Pathway that  MyomiR-133 regulates brown fat 

differentiation through Prdm16 
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Fig3. EPO improves glucose intolerance and insulin resistance.
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Figure 9. EPO activates EPOR-STAT3 signaling
A: Western blot analysis in iBAT. B: Relative protein levels. Values are mean ± SE for 6–8 mice. cP < 0.05 or ccP < 

0.01, vs. high-fat diet mice (HFD-Con). 
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Interscapular BAT mass (g) 9-14 0.06±0.002 0.11±0.007 aa, cc 0.07±0.003 bb 0.13±0.006 aa, cc

Subcutaneous WAT mass (g) 5 0.21±0.014 0.22±0.023 0.89±0.067 aa, bb 0.7±0.051 aa, bb, c

Epididiymal WAT mass (g) 9-15 0.24±0.03 0.23±0.024 0.85±0.04 aa, bb 0.61±0.054 aa, bb, cc

Glucose (mg/dl) 7-9 75.4±9.5 51.6±9.6 90.8±8.9 b 61.2±6.9

Total cholesterol (mg/dl) 4-8 83.5±2.3 86.8±2.9 146.3±4.9 aa, bb 125.5±3.8 aa, bb, cc

Triglyceride (mg/dl) 4-8 52.3±12.7 62±18.1 37.8±7.1 a, b 45±8.8 a

Insulin (μU/ml) 7-9 12.4±2.1 9.1±1.1 13.6±1.6 10.6±1.0 

HOMA-IR 7-9 2.3±0.46 1.1±0.23 3.1±0.59 b 1.5±0.18 c
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Fig 6. The mRNA expression of PEPCK and G6Pase in HFD-EPO was lower than those in HFD-Con.
Values are means ± SE for 4-8 mice. aP <0.05 or aaP <0.01, vs. mice fed normal chow diet (NC-Con). bP<0.05 or bbP<0.01, vs. mice fed 

normal chow diet plus EPO (NC-EPO). cP<0.05 or ccP<0.01, vs. high-fat diet mice (HFD-Con). 
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