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Erythropoietin reduces fat mass in female mice
lacking estrogen receptor alpha
Jeeyoung Lee 1, Mary F. Walter 2, Kenneth S. Korach 3, Constance Tom Noguchi 1,*
ABSTRACT

Objective: Erythropoietin (EPO), the cytokine required for erythropoiesis, contributes to metabolic regulation of fat mass and glycemic control.
EPO treatment in mice on high-fat diets (HFD) improved glucose tolerance and decreased body weight gain via reduced fat mass in males and
ovariectomized females. The decreased fat accumulation with EPO treatment during HFD in ovariectomized females was abrogated with estradiol
supplementation, providing evidence for estrogen-related gender-specific EPO action in metabolic regulation. In this study, we examined the
cross-talk between estrogen mediated through estrogen receptor a (ERa) and EPO for the regulation of glucose metabolism and fat mass
accumulation.
Methods: Wild-type (WT) mice and mouse models with ERa knockout (ERa�/�) and targeted deletion of ERa in adipose tissue (ERaadipoKO)
were used to examine EPO treatment during high-fat diet feeding and after diet-induced obesity.
Results: ERa�/� mice on HFD exhibited increased fat mass and glucose intolerance. EPO treatment on HFD reduced fat accumulation in male
WT and ERa�/� mice and female ERa�/� mice but not female WT mice. EPO reduced HFD increase in adipocyte size in WT mice but not in
mice with deletion of ERa independent of EPO-stimulated reduction in fat mass. EPO treatment also improved glucose and insulin tolerance
significantly greater in female ERa�/� mice and female ERaadipoKO compared with WT controls. Increased metabolic activity by EPO was
associated with browning of white adipocytes as shown by reductions in white fat-associated genes and induction of brown fat-specific
uncoupling protein 1 (UCP1).
Conclusions: This study clearly identified the role of estrogen signaling in modifying EPO regulation of glucose metabolism and the sex-
differential EPO effect on fat mass regulation. Cross-talk between EPO and estrogen was implicated for metabolic homeostasis and regula-
tion of body mass in female mice.
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1. INTRODUCTION

Obesity is a worldwide epidemic and a high-risk factor for serious
health conditions including type 2 diabetes, heart disease, cardio-
vascular disease, and cancer due to the strong relationship between
body mass index and diabetes and insulin resistance. Several factors,
including genetics, diet, hormones, or various cytokines, are docu-
mented to regulate adiposity and glucose metabolism, but how these
factors affect obesity and its associated metabolic syndromes are
unknown. Estrogens are known to play a role in energy metabolism,
control of food intake, insulin sensitivity, and lipid metabolism [1]. Men
and postmenopausal women accumulate more fat in the intra-
abdominal depot than premenopausal women, suggesting that pre-
menopausal women have a reduced risk of developing metabolic
complications associated with obesity and insulin resistance [2,3]. The
incidence of obesity and type 2 diabetes in women gradually increases
after menopause [4,5], and hormonal replacement therapy was
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reported to reduce the incidence of type 2 diabetes in postmenopausal
women [6,7]. In ovariectomized mice, estrogens protect against high-
fat diet-induced insulin resistance [8]. These estrogens’ effects in fat
regulation and improved glucose metabolism can be explained by
estrogen receptors (ER), particularly ERa-mediated response [9,10].
Deletion of ERa in mice leaving ERb activity intact increased adipose
tissue, fatty liver, insulin resistance, and susceptibility to diet-induced
obesity [9,11e13], and activity of the AF-1 transcriptional activation
domain of ERa prevented fat accumulation by inducing energy
expenditure [14].
Erythropoietin (EPO) is a glycoprotein secreted in the adult kidney that
targets erythroid progenitor cells in the bone marrow to stimulate red
blood cell production. Animal studies showed that non-erythroid EPO
response contributes to metabolic regulation. EPO is protective in
cardiac ischemia/reperfusion injury through the production of nitric
oxide, a regulator of vascular tone, as an acute response to increase
oxygen delivery [15,16]. EPO also exhibits neuroprotective activity
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against ischemia and traumatic injury [17,18]. Transgenic mouse
models with disrupted EPO signaling in non-erythroid tissues devel-
oped obesity and insulin resistance while overexpression of a human
EPO transgene in mice reduced body weight and improved glucose
tolerance [19,20]. Interestingly, female mice with EPO receptor
restricted to erythroid tissue developed an obese phenotype and insulin
resistance earlier than male mice [19]. In full-heritage Pima Indians
with a high prevalence of obesity and type 2 diabetes, endogenous EPO
levels were associated with percentage weight change per year in a
gender-specific manner with increased EPO levels associated with
decreased weight change per year in males only [21]. EPO treatment
also attenuated body weight gain in male mice including young mice
on normal chow, high-fat diet-induced obese mice, and ob/obmice but
not female young or obese mice [19,22]. In ovariectomized female
mice on high-fat diet, EPO decreased fat mass gain, but the effect was
abrogated after estradiol supplementation [22]. These results provided
evidence for estrogen-related gender-specific EPO action in metabolic
regulation beyond erythropoiesis.
In this study, we determined the contribution of estrogen response in
EPO metabolic regulation including food intake, body composition, and
glucose homeostasis by assessing EPO treatment in estrogen receptor
a knockout (ERa�/�) mice and mice with ERa deleted in adipose
tissue (ERaadipoKO). Accompanying increased hematocrit with EPO
treatment in mice during high-fat diet (HFD) feeding is a reduction in fat
mass in male wild-type (WT) and ERa�/� mice and female ERa�/�
mice, but no change in fat mass in female WT mice. Among non-
hematopoietic tissue, EPO receptor is expressed at high levels in
white adipose tissue; deletion of EPO receptor in adipose tissue in mice
decreased glucose tolerance and insulin sensitivity and increased
susceptibility to HFD-induced obesity [19,23]. Using ERaadipoKO, we
found that EPO treatment also reduced fat mass in female ERaadipoKO

mice. We previously showed that obese male WT mice treated with
EPO for 2 weeks was sufficient to improve glucose tolerance and in-
sulin sensitivity and shift inflammation in white adipose tissue toward
an anti-inflammatory state [24]. We found that obese female ERaadi-
poKO mice but not WT female mice treated with EPO for 2 weeks was
sufficient to improve fasting glucose levels and insulin sensitivity with
reduction in inflammatory markers in white adipose tissue without
changes in fat mass. These data suggest that cross-talk between EPO
and estrogen-signaling pathways, particularly in female mice, affects
regulation of body mass and metabolic homeostasis, and direct ERa
response in adipose tissue blunts EPO-stimulated improvement in
glycemic control.

2. METHODS

2.1. Animals
Animal procedures were approved by the National Institute of Diabetes
and Digestive and Kidney Diseases Animal Care and Use Committee
and carried out in accordance with the National Institutes of Health’s
Guidelines for the Care and Use of Laboratory Animals. Mice were
maintained under controlled temperature (23 �C) and photoperiod
conditions (12/12 h light/dark cycle) with food and water ad libitum. All
of the mice had a C57BL/6 background. ERaþ/- mice (Jackson
Laboratory, Bar Harbor, ME, USA) were mated to produce ERa�/�
mice. ERaadipoKO mice were generated by crossing adiponectin-Cre
mice (Jackson Laboratory, Bar Harbor, ME, USA) with mice contain-
ing ERa-floxed alleles [25]. Mice with ERa-floxed alleles without Cre
were used as controls for the ERaadipoKO mice. Genotype was deter-
mined at weaning by PCR of extracted DNA. The WT and ERa�/�
2 MOLECULAR METABOLISM 45 (2021) 101142 Published by Elsevier GmbH. This is
mice were fed HFD (60 kcal% fat [high fat]) or NCD at 4 months or 6
months for 4 weeks with or without EPO (recombinant human EPO,
Epogen, Amgen, Thousand Oaks, CA, USA) treatment (3000 units/kg
three times/week). The ERaadipoKO and their littermate control mice
were fed HFD at 4 months for 3 weeks with saline or EPO treatment
(3000 units/kg three times/week). To generate obese mice, the
ERaadipoKO and their littermate control mice were fed the HFD for 12
weeks and the last 2 weeks were treated with saline or EPO (3000
units/kg three times/week). EPO was administrated by intraperitoneal
injection. Food intake and activity levels monitored by indirect color-
imetry were determined using the comprehensive laboratory animal
monitoring system described [19]. Body composition was measured
using a 3-in-1 EchoMRI (Echo Medical Systems). Hematocrit was
measured manually before and every week after EPO administration.

2.2. Glucose and insulin tolerance tests
Glucose (GTT) and insulin tolerance tests (ITT) were conducted as
described [19].

2.3. Quantitative real-time RT-PCR
Quantitative real-time RT-PCR analyses were carried out using gene-
specific primers (Supplementary Table S1) and fluorescently labeled
SYBR Green dye (Roche) in a 7900 Sequence Detector (PE Applied
Biosystems, Foster City, CA, USA). For relative mRNA quantification, Ct
values were normalized with RPL13a as an internal control using the
deltaedelta CT method.

2.4. Histology and microscopy
Gonadal fat pads were fixed in 10% formalin. Hematoxylin and eosin
(H&E)-stained sections were imaged to measure fat cell sizes and
crown-like structures. H&E-sectioned slides were scanned by a Non-
oZoomer digital scanner and analyzed with NDP viewing software and
ImageJ. At least 2000 cells were counted for each group.

2.5. Serum parameter analysis
Leptin concentrations were determined by a multiplex assay
(MMHMAG-44k, EMD Millipore, Billerica, MA, USA). The adiponectin
concentration was determined by ELISA (BioVision, Inc.).

2.6. Western blotting
Cells were lysed in denaturing radioimmunoprecipitation (RIPA) assay
buffer supplemented with protease and phosphatase inhibitors
(Roche). Lysates were resolved by 4e20% Tris-glycine SDS/PAGE,
transferred to nitrocellulose membranes, and blotted using an XCell
SureLock Mini-Cell system (Invitrogen) and visualized using protein-
specific antibodies (Supplementary Table S2). Quantitative analysis
was performed by measuring the integrated density with an NIH
ImageJ system and normalized with b-actin.

2.7. Preadipocyte differentiation
3T3L1 cells (American Type Culture Collection, Manassas, VA, USA)
were grown in 5% CO2, DMEM, 10% FBS, and 1% pen/strep (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA). For preadipocyte dif-
ferentiation, cells at 100% confluency were stimulated in DMEM
medium supplemented with 0.5 mM of 3-isobutyl-1-methylxanthine,
5 mg/ml of insulin, and 1 mM of dexamethasone (Sigma, Burlington,
MA, USA) in the absence or presence of EPO (5 unit/ml) or 10 nM of 17-
b estradiol. After 2 days, maintenance medium (DMEM, 10% FBS, 1%
pen/strep, and 5 mg/ml insulin) was used for 2 days. After 2 days,
regular medium (DMEM, 10% FBS, and 1% pen/strep) was used until
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more than 90% of the 3T3L1 adipocytes expressed the mature
adipocyte phenotype. Fresh EPO and 17-b estradiol were added at
medium changes. Between 7 or 8 days, differentiated 3T3L-1 cells
were serum-deprived for 12 h prior to the experiments. After serum
deprivation, 5 unit/ml of EPO, 10 nM of 17-b estradiol, and 5 mg/ml of
insulin were added for 24 h and mature 3T3L1 adipocytes were
harvested.

2.8. Statistical analysis
The data are expressed as mean � s.e.m. Comparisons between two
groups were made using Student’s two-tailed non-paired t-test. Sta-
tistical differences between three or more groups were evaluated by
two-way ANOVA. P values of <0.05 were regarded as statistically
significant.
Figure 1: EPO’s effects on body weight and fat mass accumulation in the ERa�/� mice.
mice. Symbols indicate the female WT (filled circle, solid line) and ERa�/� (open square,
triangle, dash-dotted line) mice. (BeC) Fat mass (B) and lean mass (C) in the ERa�/� mic
male mice (n ¼ 12/group, *p < 0.05, **p < 0.01, and * means WT vs ERa�/� mice).
mice treated with EPO or PBS for 4 weeks for females at 4 months on the normal chow diet
months on the HFD (F and I). Symbols indicate WT PBS (filled circle, solid line) and EPO (op
(open inverted triangle, dotted line)-treated mice. (n ¼ 6e9/group, *p < 0.05, **p < 0.01

MOLECULAR METABOLISM 45 (2021) 101142 Published by Elsevier GmbH. This is an open access article
www.molecularmetabolism.com
3. RESULTS

3.1. EPO protected against body weight gain and improved glucose
tolerance in the ERa�/� mice
The female ERa�/� mice had similar body weights to the WT mice
after weaning (5 weeks), followed by a disproportionate increase in
body weight. By 16 weeks, they were 33% larger than the female WT
mice (Figure 1A). In contrast, the male ERa�/� mice after weaning
had 17% less body weight than the male WT mice but by 16 weeks,
their body weights were similar to the male ERa�/� and WT mice. Fat
mass was greater in the male and female ERa�/� mice than the WT
mice at 10 and 16 weeks (Figure 1B). However, the female ERa�/�
mice had more lean mass than the female WT mice while the male
ERa�/� mice had less lean mass than the WT mice (Figure 1C). To
(A) Body weight of the WT mice and ERa�/� mice are indicated for female and male
dotted line) mice and male WT (filled triangle, dashed line) and ERa�/� (open inverted
e and WT littermate control mice at 10 weeks and 16 weeks of age for the female and
(DeI) Measurement of body weight (DeF) and fat mass (GeI) in the WT and ERa�/�
(NCD; D and G), females at 4 months on the high-fat diet (HFD; E and H), and males at 4
en square, thin line)-treated mice and ERa�/� PBS (filled triangle, solid line) and EPO
, * means PBS vs EPO in the ERa�/� mice, and y means PBS vs EPO in the WT mice).
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determine the EPO’s treatment ability to regulate body weight gain, the
adult WT and ERa�/� mice at 4 months on a normal chow diet (NCD)
or high-fat diet (HFD) were treated with high doses of EPO (3000 U/kg
3 times per week) for 4 weeks. On the NCD, EPO treatment did not
change body weight or fat mass in the female WT or ERa�/� mice
(Figure 1D,G). On the HFD, only the female ERa�/� mice showed
significantly decreased body weight and fat mass accumulation with
EPO treatment (Figure 1E,H). Similarly, at 6 months, the female ERa�/
� mice on the HFD exhibited significantly decreased body weight and
fat mass accumulation with EPO treatment, but not the female WT
mice (Supplementary Figure S1AeB). These data indicated that EPO
treatment had a greater effect on regulating the increase in body
weight and fat mass in the female ERa�/� mice that had more
accumulated weight and fat mass than the WT mice. In contrast, the
male WT and ERa�/� mice with body weights comparable to the
female ERa�/� mice at 4 months of age showed significant re-
ductions in body weight and fat mass with EPO treatment (Figure 1F,I).
These results demonstrate that EPO had a significant effect in reducing
fat mass gain in the female ERa�/�, male ERa�/�, and male WT but
not in the female WT, suggesting that ERa in the female mice pro-
tected against HFD-induced obesity and reduced the ability of EPO to
regulate body weight gain. EPO treatment had little or no effect on lean
mass (Supplementary Figs. S2AeD) and the increase in hematocrits
was comparable in the WT and ERa�/� mice (Supplementary
Figure S2EeH). Decreased food intake and increased activity pro-
moted a lean phenotype. We assessed the food intake and locomotor
activity in the 6-month-old female WT and ERa�/� mice. EPO
treatment in the female ERa�/� but not the WT mice showed a
tendency toward decreased food intake (Supplementary Figure S2I). A
trend of increased total activity with EPO treatment was also observed
in the female ERa�/� but not the WT mice (Supplementary
Figure S2J). The trends of EPO-stimulated reduced food intake and
increased total activity in the female ERa�/� mice followed the EPO
response of the WT male mice previously reported [19], providing
further support for EPO regulation of energy homeostasis. These data
suggested that EPO regulation of body weight/fat mass and energy
homeostasis was more effective with the loss of ERa, particularly in
the female mice that lost estrogen-associated protective activity
against HFD-induced obesity. Obese ERa�/� mice are reported to
exhibit reduced energy expenditure without changes in energy intake
and lower metabolic activity [9]. We found that EPO treatment in the
female WT and ERa�/� mice on the HFD did not affect oxygen
consumption or respiratory quotient determined by indirect calorimetry
at 22 �C (Supplementary Figure S3).
Animal studies suggest that EPO improves glucose tolerance and in-
sulin resistance and is protective in diet-induced obesity, particularly in
male mice [22e24]. EPO’s effects on glucose metabolism in the
ERa�/� mice were determined by GTT and ITT. The ERa�/� mice
exhibited reduced glucose tolerance and insulin tolerance in both the
females and males (Figure 2AeE) compared to the WT mice.
Furthermore, with EPO treatment, the ERa�/�mice showed a greater
improvement in glucose and insulin tolerance than the WT mice on the
HFD and NCD at 4 months (Figure 2AeE) and the female ERa�/�
mice at 6 months compared with the WT mice (Supplementary
Figure S1CeD). In the female mice on the HFD, fasting blood
glucose levels of the ERa�/� mice were significantly higher than
those of the WT mice, but with EPO treatment, the blood glucose levels
of the WT and ERa�/� mice decreased and the blood glucose levels
of the EPO-treated WT and ERa�/� mice became similar (Figure 2E).
These results illustrated that the improvement in glucose tolerance
associated with EPO administration [19,22] overcame the decrease in
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glucose tolerance resulting from the loss of ERa, particularly in the
females. The proportional improvement in glucose tolerance with EPO
treatment was greater with the loss of ERa, suggesting that ERa
activity may blunt or interfere with EPO’s response with respect to
regulation of both fat mass and glucose tolerance, especially in the
female mice at 4 months on the HFD.
EPO can increase metabolic activity and promote the expression of
brown fat-associated genes in white adipocytes of male WT mice
[19,23]. The expression levels of genes related to glucose metabolism
were assessed in inguinal fat pads from the female mice at 4 months
on the HFD to determine the potential mechanism associated with EPO
glucose regulation (Figure 2F). Little or no change was observed in
Glut1 expression. While insulin receptor, FGF21, FOXO1, and Glut4
showed a significant increase in gene expression in the EPO-treated
ERa�/� mice compared with the untreated WT mice, only the
expression of insulin receptor and Glut4 increased significantly with
EPO treatment in the ERa�/� mice, suggesting that EPO activity
modulated insulin receptor and Glut4 in white adipose tissue (WAT) to
improve glucose tolerance, especially with the loss of ERa.

3.2. Adipocyte size and white adipose tissue-associated gene
expression with EPO treatment
Adipocyte size generally correlates with body weight in obese mice
[26]. The female ERa�/� mice with increased fat mass and body
weight compared with the WT mice on the NCD and HFD exhibited a
shift in adipocytes toward larger sizes in their gonadal fat pads
(Figure 3AeF). The male ERa�/� mice with increased fat mass on
the HFD also exhibited a shift toward increased adipocyte size
(Supplementary Figure S4AeC). In comparison, the mice with EPO
receptor restricted to the erythroid tissue exhibited decreased adipo-
cyte sizes in their gonadal fat pads despite the obese phenotype and
increased fat mass resulting in a 30%e50% increase in body weight
compared with the age-matched non-obese wild-type mice [19].
These data suggested that regulation of adipocyte size mediated by the
expression of EPO receptor in non-hematopoietic tissue was distinct
from size regulation in WT adipocytes and/or by expression of ERa.
With EPO treatment during HFD feeding, both the male and female WT
mice showed a significant decrease in adipocyte sizes accompanying
the reduced trend in body fat accumulation (Figure 3A and C-D;
Supplementary Figs. S4AeC). In contrast, while EPO treatment during
HFD feeding showed a comparable or greater decrease in body weight
and fat mass in the ERa�/� mice compared with the WT mice
(Figure 1EeF and HeI), adipocyte sizes in the ERa�/� mice showed
minimal decreases compared with the female and male WT mice
(Figure 3A and C-D; Supplementary Figure S4AeC). Minimal changes
in adipocyte sizes were observed with EPO treatment in the female WT
or ERa�/�mice on the NCD, respectively (Figure 3B and 3E-F). These
data suggested that adipocyte size was differentially regulated with the
loss of ERa compared with the WT mice and distinct from regulation
with the loss of EPO receptor.
Adipokines secreted by WAT, leptin, and adiponectin regulate
endogenous glucose production, fatty acid oxidation, and food intake
by binding to their specific receptors in target organs such as the brain,
liver, and muscle. Serum leptin levels appeared to be proportional to
WAT mass and were higher in the ERa�/� mice than the female and
male WT mice, respectively (Figure 1HeI and 3G; Supplementary
Figure S4D). EPO treatment significantly reduced serum leptin levels
in the female ERa�/� mice on the HFD and NCD (Figure 3G). Leptin
receptor mRNA levels showed an increasing trend with EPO treatment
in the female WT and ERa�/� mice on the HFD, respectively
(Figure 3H). In the males on the HFD treated with EPO, a significant
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Figure 2: Glucose metabolism changes in the ERa�/� mice after EPO treatment for 4 weeks on the HFD or NCD. (AeC) Glucose tolerance tests (GTT) were performed in the WT
and ERa�/� mice treated with EPO or PBS for the females at 4 months on the HFD (A), females at 4 months on the NCD (B), and males at 4 months on the HFD (C). (D) Insulin
tolerance tests (ITT) in the female WT and ERa�/� mice at 6 months on the HFD. Symbols indicate the WT PBS (filled circle, solid line) and EPO (open square, thin line)-treated
mice and ERa�/� PBS (filled triangle, solid line) and EPO (open inverted triangle, dotted line) treated mice. (n ¼ 6e9/group, *, y, z, xp < 0.05, **, yy, zz, xxp < 0.01, * means
PBS vs EPO in the ERa�/� mice, y means PBS vs EPO in the WT mice, z means EPO in the ERa�/� vs EPO in WT, x means PBS in the ERa�/� vs PBS in WT). (E) Fasting
glucose levels in the females at 4 months on the HFD, females at 4 months on the NCD, and males at 4 months on the HFD with EPO or PBS. (F) Expression of insulin receptor,
FGF21, FOXO1, Glut1, and Glut4 genes in inguinal fat pads from the females at 4 months on the HFD (n ¼ 5e6/group).
reduction in serum leptin levels was observed in the WT and ERa�/�
mice (Supplementary Figure S4D). Leptin receptor mRNA levels also
showed an increasing trend with EPO treatment in the male WT and
ERa�/� mice on the HFD (Supplementary Figure S4E). Circulating
levels of adiponectin in the serum were higher in the female WT than
the ERa�/� mice on the HFD and NCD, and with EPO treatment, only
the ERa�/� mice showed elevated serum adiponectin levels with an
increasing trend in adiponectin mRNA expression in WAT (Figure 3Ie
J). These results suggested that EPO regulation of WAT-derived leptin
and adiponectin, particularly in the female ERa�/� mice, contributed
to the EPO’s response in glucose metabolism, food intake, and fat
mass accumulation. Examination of other adipokines in WAT of the
female and male WT and ERa�/� mice on the HFD showed increased
proinflammatory cytokine MCP-1 expression in the ERa�/� mice,
primarily in the females, and EPO treatment decreased the expression
MOLECULAR METABOLISM 45 (2021) 101142 Published by Elsevier GmbH. This is an open access article
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of proinflammatory cytokines, tumor-necrosis factor-a, and MCP-1 in
the ERa�/� mice (Supplementary Figure S5AeB), raising the pos-
sibility that the loss of ERa increased WAT inflammation, affecting
glucose tolerance, which was reduced with increasing fat mass and
that EPO treatment promoted a shift toward an anti-inflammatory state
in the ERa�/� mice as previously observed in male WT mice [24].

3.3. EPO reversed the increase in WAT-associated gene expression
and promoted brown fat-associated gene expression and UCP1
protein in the ERa�/� mice
WAT plays a critical role in regulating energy and glucose homeostasis
by modulating lipid turnover and adipocyte morphology as well as
through inflammation [27]. The global transcriptome in human WAT
can also be influenced by obesity through body weight changes [28].
Obesity is associated with an increase in WAT specialized to store
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: Adipocyte sizes and white fat associated gene expression in the female ERa�/� mice after EPO treatment for 4 weeks on the HFD or NCD. Representative hematoxylin
and eosin staining of gonadal fat pad sections (scale bar: 50 mm) from the WT and ERa�/� mice at 4 months on the HFD (A) and NCD (B). (CeF) Analysis of adipocyte cell sizes
from the WT and ERa�/� gonadal fad pads at 4 months on the HFD (CeD) and NCD (EeF) by ImageJ. Symbols indicate the WT PBS (filled circle, solid line) and EPO (open square,
dotted line)-treated mice and ERa�/� PBS (red filled triangle, solid line) and EPO (red open inverted triangle, dotted line)-treated mice. (GeJ) Serum leptin (G) and adiponectin (I)
levels in the 4-month-old WT and ERa�/� mice on the HFD and NCD (G, I) and leptin receptor gene (H) and adiponectin gene (J) expression levels by quantitative real-time PCR in
inguinal fat pads of the 4-month-old WT and ERa�/� mice on the HFD. (n ¼ 5e6/group, *p < 0.05, and **p < 0.01). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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excess energy and associated gene expression in contrast to
mitochondria-rich brown adipose tissue with gene expression
specialized for its thermogenic capacity [29,30]. The increased fat
mass in the female ERa�/� mice on the HFD was accompanied by
increased expression of WAT-associated genes, annexinA1, Ednra,
Psat1, Wdnm1-like, and resistin in inguinal fat pads compared with the
female WT mice (Figure 4A). EPO treatment significantly decreased the
expression of WAT-associated gene Psat1, which plays a role in the
regulation of insulin sensitivity, Wdnm-1like, and Serpina3k in the
ERa�/� mice with decreasing trends suggested in the WT mice
(Figure 4A). The expression of mitochondrial biogenesis genes showed
a significant increase in the EPO-treated ERa�/�mice compared with
the untreated WT mice (Supplementary Figure S6A). Significant de-
creases in the expression of some WAT-associated genes were also
observed with EPO treatment in the male WT mice but not in the female
WT mice (Figure 4A and Supplementary Figure S6B).
Figure 4: White fat, brown fat, and estrogen-associated gene expression in inguinal fa
Expression of white adipose tissue-related genes (A), brown fat-associated genes (B), and e
4 months (n ¼ 5e6/group). (D) Protein expression of UCP1, Cidea, PRDM16, pERK/ERK, pA
months (n ¼ 3e4/group, *p < 0.05, and **p < 0.01).
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Increasing brown adipose tissue (BAT)-associated gene expression in
WAT has emerged as a therapeutic target in obesity [31] and EPO can
promote brown fat-associated gene expression in white adipose tissue
of male mice [23]. EPO treatment in the female ERa�/� mice on the
HFD but not in the female WT mice significantly increased the
expression of brown fat-like genes, PGC-1a, Cidea, PPAR-a, and
PRDM16 (Figure 4B). Interestingly, the protein level of the brown fat
marker uncoupling protein 1 (UCP1) increased markedly with EPO
treatment in the WAT of the female ERa�/� mice compared with the
untreated ERa�/� mice, although increases in UCP1 gene expression
were not evident with EPO treatment in the WT and ERa�/� mice
(Figure 4B,D). The increased PRDM16 protein levels in the EPO-treated
ERa�/� mice were consistent with the PRDM16 gene expression
patterns (Figure 4B,D). These data indicated a shift from a WAT-
associated program of gene expression toward brown fat-like char-
acteristics by EPO, especially in the female mice with the loss of ERa.
t pads from the ERa�/� mice after EPO treatment for 4 weeks on the HFD. (AeC)
strogen-related genes (C) in inguinal fat pads from the female WT and ERa�/� mice at
KT/AKT, and pJNK/JNK in inguinal fat pads from the female WT and ERa�/� mice at 4
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EPO stimulation of STAT5 activation has recently been reported in
mouse primary isolated adipocytes and adipose tissue in mice on high-
fat diets [32]. To further examine the mechanism of EPO activity, we
considered potential EPO receptor downstream signaling molecules
ERK and JNK, which are also associated with ERa activation [33]. We
previously observed ERK activation in white adipose tissue from WT
mice but not from mice with EPO receptor restricted to erythroid tissue
[19]. EPO also stimulated ERK activation in preadipocyte differentiation
cultures of mouse embryonic fibroblasts from WT mice but not from
mice with EPO receptor restricted to erythroid tissue [19]. We found
that EPO treatment induced significant increases in pERK and pJNK in
inguinal fat pads of the female ERa�/� mice but not the WT mice
(Figure 4D), indicating that EPO may regulate the ERK and JNK
signaling pathways in female WAT only with the loss of ERa. This
suggested an overlap between the EPO signaling and ERa signaling
pathways. Increased pAKT by EPO in the WT and ERa�/� mice
(Figure 4D) also suggested that EPO activity modulates AKT activation,
which may affect insulin signaling.
We confirmed the loss of ERa expression in inguinal fat pads in the
ERa�/� mice by analyzing the expression of Esr1, the gene that
encodes ERa, and glutathione peroxidase GPX3, a target gene of ERa.
The expression of Esr1 and GPX3 was downregulated by an order of
magnitude in the female ERa�/� mice compared with the WT mice
(Figure 4C). While EPO treatment did not appear to affect Esr1
expression in WAT, GPX3 expression increased by EPO in the ERa�/�
mice, indicating GPX3 regulation by other processes in addition to ERa
signaling. Bone morphogenetic protein 4 (BMP4), which promotes the
accumulation of more metabolically active inguinal fat and reduction in
visceral fat, also increased only in the female ERa�/� mice with EPO
treatment (Figure 4C).

3.4. EPO improved glucose tolerance in the mice with ERa deleted
in WAT
In non-hematopoietic tissues, a high level of EPO receptor is expressed
in white adipose tissue compared with muscle and liver and contrib-
utes to EPO’s metabolic response [19,23]. ERa is the main estrogen
receptor expressed in white adipose tissue and plays a direct role for
estrogen regulation of fat mass as suggested by changes in white
adipose tissue gene expression, including genes involved in lipogen-
esis with estrogen treatment [34e36]. Therefore, mice with targeted
deletion of ERa in their adipocytes were generated to assess the
interference of estrogen signaling with EPO activity in adipocytes in the
regulation of fat mass in female mice. Mice containing ERa-floxed
alleles [25] were mated with mice containing a Cre-recombinase gene
controlled by adiponectin promotor [37] to generate mice with a fat-
specific deletion of ERa (ERaadipoKO mice), and littermates with ERa-
floxed alleles without Cre were used as controls (designated WT). From
6 to 16 weeks, the female ERaadipoKO mice exhibited similar body
weights with a trend toward lower fat mass compared with the female
WT mice on the NCD (Figure 5AeB). On the HFD from 6 to 16 weeks, a
trend toward increased body weight and fat mass was observed in the
female ERaadipoKO mice relative to the WT mice (Figure 5CeD), sug-
gesting that the female ERaadipoKO mice may have been more sus-
ceptible to diet-induced obesity. In the female mice at 4 months fed the
HFD for 3 weeks with EPO treatment (3000 U/kg 3 times per week),
only the ERaadipoKO mice but not the WT mice showed a significant
decrease in body weight and fat mass with EPO treatment for 15 and
21 days, respectively (Figure 5EeF).
We previously showed that obese male WT mice on an HFD for 12
weeks and treated with EPO for the last two weeks had improved
glucose tolerance and insulin resistance and a decrease in white
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adipose tissue inflammation compared with saline treatment [24].
Similarly, obesity was induced in female mice with 10 weeks of HFD
feeding beginning at 6 weeks of age and then treated with EPO (3000
U/kg 3 times per week) or saline for the last two weeks on HFD feeding.
As observed previously in male mice, female mice did not exhibit a
change in body weight or fat mass with EPO treatment compared with
saline treatment. Body weights and fat mass were similar in the
ERaadipoKO mice compared with littermate control (WT) mice
(Figure 5GeH), indicating that as with the obese male mice [24], two
weeks of EPO treatment was not sufficient to affect changes in body
weight/fat mass in the obese female ERaadipoKO or WT mice. However,
two weeks of EPO treatment in the obese females demonstrated a
greater improvement in glucose and insulin tolerance in the ERaadipoKO

mice compared with the WT mice (Figure 5IeJ). EPO treatment also
decreased fasting glucose levels in the obese ERaadipoKO mice but not
in the WT mice (Figure 5K). A trend toward increased insulin receptor
gene expression in the EPO-treated ERaadipoKO mice compared with the
untreated ERaadipoKO mice was also observed and a significant in-
crease between the EPO-treated ERaadipoKO mice and untreated WT
mice (Figure 5L). Reduction in ERa in WAT of the ERaadipoKO mice due
to the loss of adipocyte ERa was verified by quantification of the ERa
(Esr1) gene expression in inguinal fat pads of the ERaadipoKO mice and
their littermate control mice with and without EPO treatment
(Supplementary Figure S7A), which indicated the contribution of other
non-adipocyte cells including macrophages to ERa expression in WAT.

3.5. EPO stimulated reduction in WAT adipocyte cell sizes and
inflammation required ERa
To assess the effect of EPO treatment on adipocyte sizes in the obese
mice, the female WT and ERaadipoKO mice were fed a HFD for 12
weeks, resulting in comparable increases in adipocyte sizes in the WT
and ERaadipoKO mice (Figure 6AeC). The resultant adipocyte sizes after
12 weeks of HFD were markedly larger than the WT and ERa�/�mice
on the NCD or four weeks of HFD feeding (Figure 3AeF). Although EPO
treatment during the last 2 weeks of HFD feeding did not significantly
alter body weight or fat mass (Figure 5GeH), the profile of adipocyte
sizes shifted to smaller cells in the obese WT mice and less so in the
ERaadipoKO mice (Figure 6C). This was analogous to the changes in
adipocyte size distribution observed for 4 weeks of EPO treatment
concomitant with HFD feeding in the WT and ERa�/� mice
(Figure 3D). Although EPO regulation of fat mass accumulation in the
female mice was greater with reduced estrogen signaling as
demonstrated by the ERa�/� mice (Figure 1H) and ovariectomized
mice [22], these results suggested that the reduction in WAT adipocyte
size with EPO treatment during HFD feeding was greatest in the male
and female WT mice, especially with the adipocyte expression of ERa.
EPO treatment promotes an anti-inflammatory response in WAT in WT
mice, particularly during HFD-induced obesity [24], and changes with
EPO administration in pro-inflammatory associated expression in WAT
in the female ERaadipoKO mice were assessed. More crown-like
structures were observed in WAT of the ERaadipoKO mice than the
WT mice (Supplementary Figure S7B), with a corresponding increase
in MCP1 expression (Figure 6D). EPO treatment reduced TNFa and
iNOS gene expression with a trend toward decreased iNOS protein in
the ERaadipoKO but not WT mice (Figure 6DeE). These EPO-stimulated
changes in WAT of the ERaadipoKO mice were consistent from WAT of
the female ERa�/� mice on the HFD showing reduced TNF-a
expression with EPO treatment (Supplementary Figure S5B). In 3T3L1
cells, EPO decreased MCP1 expression, and with insulin, both EPO and
estradiol decreased MCP1 expression (Supplementary Figure S5C).
These results demonstrated that the loss of adipocyte-specific ERa
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Figure 5: Glycemic control in the female WT and ERaadipoKO mice treated with EPO. (AeB) Body weight (A) and fat mass (B) of the WT and ERaadipoKO females on the NCD for 10
weeks. Symbols indicate the WT (filled circle, solid line) and ERa�/� (open square, dotted line) mice (n ¼ 12/group). (CeD) Measurement of body weight (C) and fat mass (D) in
the WT and ERaadipoKO females at 4 months with EPO or PBS treatment for 3 weeks on the HFD. Symbols indicate the WT PBS (filled circle, solid line) and EPO (open square, thin
line)-treated mice and ERa�/� PBS (filled triangle, solid line) and EPO (open inverted triangle, dotted line)-treated mice. (n ¼ 6e9/group, * means PBS vs EPO in the ERa�/�
mice, *p < 0.05, and **p < 0.01). (EeF) Body weight (E) and fat mass (F) of the WT and ERaadipoKO females on the HFD for 10 weeks. Symbols indicate the WT (filled circle, solid
line) and ERa�/� (open square, dotted line) mice (n ¼ 12/group). (GeH) Measurement of body weight (G) and fat mass (H) in the WT and ERaadipoKO females at 4 months on the
HFD for 12 weeks. All mice were treated with EPO or PBS for the last 2 weeks (n ¼ 6). Symbols indicate the WT PBS (filled circle, solid line) and EPO (open square, thin line)-
treated mice and ERa�/� PBS (filled triangle, solid line) and EPO (open inverted triangle, dotted line)-treated mice. (IeL) The WT and ERaadipoKO females at 4 months on the HFD
for 12 weeks with EPO or PBS treatment for the last 2 weeks were used. GTT (I) and ITT (J) were performed (n ¼ 6e9/group, *, y, z, xp < 0.05, **, yy, zz, xxp < 0.01, * means
PBS vs EPO in the ERa�/� mice, y means PBS vs EPO in the WT mice, z means EPO in ERa�/� vs EPO in WT, x means PBS in the ERa�/� vs PBS in WT). Fasting glucose
levels (K) and expression of insulin receptor gene (L) were measured.
contributed to EPO-regulated glucose metabolism and anti-
inflammatory responses independent of EPO activity to regulate fat
mass accumulation.

3.6. Increased WAT-associated gene expression in ERaadipoKO WAT
was suppressed by EPO
In the absence of ERa in WAT adipocytes, the expression of WAT-
associated genes in WAT fat pads showed increasing trends, reach-
ing significance for Serpina3k and Wdnm1-like in the female obese
ERaadipoKO mice compared with the WT mice (Figure 7A). This provided
evidence of estrogen’s protective effects against diet-induced obesity.
EPO treatment for 2 weeks in the obese ERaadipoKO mice but not the
WT mice decreased the expression of these WAT-associated genes,
Ednra, Psat1, resistin, and Wdnm1-like, with a decreasing trend in
Serpina3k expression (Figure 7A). These changes in WAT-associated
gene expression with EPO treatment and analogous results in WAT-
associated gene expression with EPO treatment and HFD feeding in
the ERa�/� mice (Figure 4A) illustrated the protective effect of EPO
against diet-induced obesity that was also observed in the
MOLECULAR METABOLISM 45 (2021) 101142 Published by Elsevier GmbH. This is an open access article
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ovariectomized mice [22]. These observations suggested that EPO-
stimulated decreases in WAT-associated gene expression were
blocked by endogenous estrogen signaling in the female mice,
especially mediated by ERa in WAT adipocytes.
Culture studies of 3T3L1 cells were used to examine the direct effect of
EPO or estrogen or the combination of EPO and estrogen on adipocyte
expression of WAT-associated gene expression (Figure 7B). EPO
treatment downregulated the expression of resistin and Wdnm1-like
genes. Estrogen also decreased the expression of resistin and
Wdnm1-like genes, and the combination of EPO and estrogen further
decreased the expression of these genes. In addition, the decrease in
resistin and Wdnm1-like gene expression by insulin was further
decreased by the combination of EPO and insulin but was not affected
by estrogen alone. Estrogen also decreased the expression of other
WAT-associated genes including Ednra, Psat1, and Serpina3k; how-
ever, no further decrease in expression was seen with the combination
of estrogen and EPO or estrogen and insulin.
The ERaadipoKO mice treated with EPO for two weeks showed a marked
increase in UCP1 compared to saline treatment, and an increasing
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Figure 6: Adipocyte sizes and gonadal fat pad gene expression in the mice with targeted deletion of ERa in adipocyte tissues. (AeC) Adipocyte size distribution from female
gonadal fat pad sections of the WT and ERaadipoKO mice at 4 months on the HFD for 12 weeks with 2 weeks of EPO treatment. Representative hematoxylin and eosin staining (A;
scale bar: 50 mm), average cell size (B), and cell size distribution (C). Symbols indicate the WT PBS (filled circle, solid line) and EPO (open square, dotted line)-treated mice and
ERa�/� PBS (red filled triangle, solid line) and EPO (red open inverted triangle, dotted line)-treated mice. (DeE) Expression of proinflammatory genes (D; n ¼ 6e9/group) and
iNOS protein levels (E; n ¼ 3e4/group) in inguinal fat pads from the WT and ERaadipoKO females at 4 months on the HFD for 12 weeks with EPO or PBS treatment for the last 2
weeks. *p < 0.05 and **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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trend in Cidea expression that was significant compared with the
untreated WT mice (Figure 7C). Western blotting confirmed the cor-
responding EPO-stimulated increase in UCP1 protein in the obese
female ERaadipoKO mice (Figure 7D) that also indicated an increasing
trend of EPO activation of pERK (Figure 7D). Increased expression of
UCP1 mRNA and protein by EPO also was observed in inguinal fat pads
of the ERaadipoKO mice but not the WT mice. These results provided
evidence that EPO promoted brown fat-like characteristics through
active UCP1, especially in white adipocyte with targeted deletion of
ERa, which might have been related to the EPO-mediated metabolic
improvement observed.

4. DISCUSSION

While previous animal studies demonstrated that EPO administration
contributes to weight loss and reduced body fat, several of these were
carried out predominantly in male rodents and limited understanding of
the sex dimorphic metabolic response to EPO treatment [19,20,23,38].
In female mice, estrogen induction of EPO in the uterus contributes to
estrus cycle remodeling [39]. Estrogen also contributes to increasing
environmental hypoxia and ventilatory response in females mediated
via EPO activity in the brain and carotid body that is sensitive to es-
trogen and sex hormones [40e42]. Estrogen-mediated gender-spe-
cific EPO metabolic response was demonstrated for regulating body fat
accumulation and weight gain, including the contribution of cerebral
regulation of body mass and hypothalamic inflammation observed in
male mice [22,43]. In this study, we used mouse models with ERa
10 MOLECULAR METABOLISM 45 (2021) 101142 Published by Elsevier GmbH. This is
global knockout, ERa�/�, fat tissue-specific ERa knockout, and
ERaadipoKO, demonstrating that the gender-differential metabolic
response to EPO is associated with estrogen activity, especially in
WAT. Endogenous estrogen and its receptors contribute to maintaining
normal fat mass, and we found ERa expression in WAT consistent with
previous reports [9,44]. Based on our observation, EPO treatment on
an HFD decreased body weight gain and fat accumulation in the female
mice only in the absence of ERa. Therefore, we propose that in
addition to endogenous estrogen activity in WAT conferring protection
against obesity and associated metabolic syndrome, estrogen in WAT
contributes to gender-differential EPO metabolic responses to regulate
fat accumulation.
Weight gain and increased fat accumulation that cause metabolic
disturbances result when energy intake exceeds energy expenditure
and excess calories increase fat storage. In the female mice, only the
HFD-fed ERa�/�mice and not the HFD-fed WT mice showed reduced
food intake and a trend of increased total activity by EPO treatment.
Leptin and adiponectin are implicated in the regulation of gluconeo-
genesis, fatty acid oxidation, food intake, and energy expenditure [45].
Leptin levels increase in obesity and fat accumulation while the
expression of adiponectin decreases with increases in adiposity.
The leptin hormone is produced primarily in white adipose tissue that
critically regulates body weight and metabolism and is produced in
proportion to the amount of body fat [46]. Leptin binds to its receptors
on neurons, particularly in the hypothalamus, to suppress appetite and
food intake and increase energy expenditure [47,48]. Leptin stimula-
tion activates the hypothalamic JAK2/STAT3 pathway and requires
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Figure 7: Fat pad gene expression and signaling with EPO treatment in the mice with targeted deletion of ERa in adipocyte tissues. (AeB) Expression of white fat-associated
genes in inguinal fat pads from the female WT and ERaadipoKO mice (n ¼ 5e6/group) at 4 months on the HFD for 12 weeks with 2 weeks EPO treatment (A) and in 3T3L1 cells (B)
treated with EPO, E2, or insulin (n ¼ 4/group). In (B), * means PBS vs treatment group without insulin treatment and y means PBS vs treatment group with insulin treatment. (CeD)
Expression of brown fat-associated genes (C; n ¼ 5e6/group) and protein levels of UCP1 and pERK/ERK (D; n ¼ 3e4/group) in inguinal fat pads from the female WT and
ERaadipoKO mice at 4 months on the HFD for 12 weeks with 2 weeks EPO treatment. *, yp < 0.05, **, yyp < 0.01.
SH2B1 for regulation of body weight and core body temperature
[48,49]. With EPO treatment in the mice, serum leptin levels remained
proportional to fat mass (Figure 3G), and fat mass and serum leptin
decreased while leptin mRNA per microgram of tissue in white adipose
tissue remained unchanged [19]. In the mice with EPO restricted to
erythroid tissue and those with fat-specific knockout of EPO receptor,
serum leptin levels increased proportionate to the increase in fat mass
[19,23]. In cultures of wild-type mouse embryonic fibroblast cells, EPO
treatment did not change leptin gene expression under undifferentiated
(d0) and preadipocyte differentiated (d7) conditions [19]. These results
suggest that EPO has no effect on leptin gene expression. Furthermore,
EPO treatment of ob/ob mice significantly decreased fat mass,
providing evidence that EPO regulation of fat mass is independent of
leptin activity [19,20]. Overall, decreased serum leptin with EPO
treatment is a consequence of decreased fat mass.
In our study, serum leptin levels appeared proportional to fat mass in
both male and female mice on the HFD and NCD (Figure 3G). In the
MOLECULAR METABOLISM 45 (2021) 101142 Published by Elsevier GmbH. This is an open access article
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female mice, EPO treatment reduced leptin levels only in the absence
of ERa concomitant with decreased fat mass (Figure 3G). The loss of
ERa increased adiposity and suppressed serum adiponectin, and EPO
treatment elevated adiponectin in the female mice only with the loss of
ERa. Collectively, these observations illustrated that impaired ERa
signaling in the female mice allowed for EPO protection of fat accu-
mulation to help stabilize energy homeostasis. The comparable in-
crease in hematocrits with EPO treatment among the various groups of
mice independent of genotype and diet demonstrated that the regu-
latory effect of EPO and estrogen on fat mass accumulation was in-
dependent of erythropoiesis.
Obesity is linked to insulin resistance caused by dysfunction in critical
target tissues, adipose tissue, skeletal muscle, liver, and the brain. In
obesity and type 2 diabetes, adipocytes and skeletal muscle have
decreased insulin-stimulated glucose transport and metabolism, while
liver tissue has impaired regulation of hepatic glucose production [50].
Adipocytes are one of the most highly insulin-responsive cell types,
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and importantly adipose tissue can produce estrogen [51]. In our study,
ERa�/� mice showed impaired glucose tolerance and insulin resis-
tance as previously reported [9]. During HFD feeding, EPO treatment
improved insulin sensitivity to a greater degree in the ERa�/� mice
compared with the WT mice that was also accompanied by a reduction
in fat mass accumulation, especially in the ERa�/� mice. Interest-
ingly, in the female ERa�/� mice on the NCD treated with EPO or in
the obese ERaadipoKO on the HFD (12 weeks) treated with EPO for the
last 2 weeks, no changes in body weight or fat mass were evident.
However, improvements in glucose tolerance were observed that were
greater in the female ERa�/� and ERaadipoKO mice than in the female
WT mice, suggesting that EPO regulation of glucose metabolism in
adipose tissue did not require EPO-stimulated reduction in fat mass
accumulation observed with EPO treatment in the female ERa�/�
mice on the HFD. EPO did not affect Esr1 expression in adipose tissue,
although EPO treatment in the female ERa�/� mice on the HFD
induced GPX3 that may have contributed to EPO-stimulated
improvement in insulin resistance. GPx3 is a direct target gene of
ERa and is downregulated in adipose tissue of female ERa�/� mice
[36]. GPx3 is a selenocysteine-containing protein and in adipose tis-
sue, insulin receptor expression correlates with expression of GPx3
and other selenoproteins [52]. GPX3 expression in adipose tissue was
reduced in animal models of obesity and db/db mice, and treatment
with antioxidant, antidiabetic drug rosiglitazone, or selenium-enriched
HFD increased GPx3 expression in adipose tissue, improved insulin
resistance, and reduced inflammatory gene expression [52,53].
Impaired glucose homeostasis may result from impaired insulin
signaling in part in adipocytes and skeletal muscle by downregulating
the major insulin-responsive glucose transporter GLUT4 and reduced
insulin binding to its receptor [50]. Obese humans with type 2 diabetes
show decreased IRS-1 expression and INSR protein, which results in
reduced IRS-2-associated PI3k activity, especially in adipocytes
[54,55]. In this study using adipose tissue from the ERa�/� mouse
model, we determined that EPO enhances insulin sensitivity with
increased GLUT4 and insulin receptor in the absence of ERa. This
provided evidence that estrogen might interfere with EPO’s response to
elevated insulin signals through activation of GLUT4 and insulin binding
to its receptor. However, in the fat-specific ERa knockout mice
(ERaadipoKO), we did not see increased GLUT4 expression with EPO
treatment, although a trend of increased insulin receptor was
observed. ERa in skeletal muscle may contribute to EPO’s protective
response of improved insulin signaling through GLUT4 regardless of
the loss of ERa in WAT, while the loss of ERa in WAT enhances EPO
activity with respect to improved insulin sensitivity through increased
insulin binding in WAT.
Adipocytes play a role as endocrine cells for insulin action, which helps
maintain metabolic homeostasis. Adipocytes express and secrete
numerous peptide hormones and cytokines, including TNF-a. TNF-a
signaling impairs insulin signaling in part through serine phosphory-
lation of IRS-1 and can reduce GLUT4 gene expression [56,57]. In
several animal models of obesity-associated insulin resistance, the
knockout of TNF-a or TNF-a receptor genes improved insulin sensi-
tivity [58]. We demonstrated that in the female mice, EPO reduced
TNF-a gene expression in WAT from the ERa�/� and ERaadipoKO mice
but not from the WT mice, and EPO improved GTT and ITT considerably
in the ERa�/� and ERaadipoKO mice compared to the WT mice. These
data provided evidence that the absence of ERa mediated EPO activity
to reduce TNF-a signaling, especially in WAT, which might have
resulted in enhanced insulin sensitivity.
We previously showed that male and female WT mice treated with EPO
showed improvement in GTT as demonstrated by measurements of
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serum glucose levels and blood glucose levels [22]. Glucose can
readily diffuse across red blood cell membranes, and the difference
between serum glucose levels and blood glucose levels is due largely
to the volume taken up by hemoglobin molecules in red blood cells.
With EPO treatment, the change in GTT determined by blood glucose is
greater than GTT determined from serum glucose due to the increase
in hematocrits. For example, in female mice on an HFD, EPO treatment
increased hematocrits from 46% to 71% and reduced peak serum
glucose levels in GTT measurement by 30% and peak blood glucose
levels by 41% compared with PBS treatment [22]. In this study,
glucometer measurements were used to determine blood glucose
levels for GTT.
Obesity is associated with adipose tissue dysfunction characterized by
adipocyte hypertrophy and proinflammatory responses closely asso-
ciated with the development of insulin resistance in adipose tissue
[59e61]. The ERa�/� and ERaadipoKO mice showed enlarged
adipocyte sizes with impaired insulin resistance compared to the WT
mice, suggesting that adipocyte hypertrophy due to the loss of ERa
might be associated with impaired insulin resistance. While the female
ERa�/� mice and mice with EPO receptor restricted to erythroid
tissue exhibited an obese phenotype on the NCD, regulation of
adipocyte sizes were distinct between these two mouse models.
Adipocyte size distribution in the obese ERa�/� mice and WT HFD
obese mice shifted toward larger cell sizes in contrast to smaller
adipocyte sizes in the mice with EPO receptor restricted to erythroid
tissue [19].
ERa�/� mice have been known to possess greater adipocyte
numbers and visceral fat pad areas compared to WT mice [9] and
decreased fat accumulation in ERa�/� by EPO may result from
reduced adipocyte numbers and minimal change in cell sizes. This is
supported by a previous observation that EPO treatment during pre-
adipocyte differentiation reduces preadipocyte differentiation [19]. It
has been reported that improved insulin sensitivity via increasing serum
adiponectin may result from changes in the large adipocyte subfraction
[62].With EPO treatment, the shift of adipocyte size distribution toward
smaller sizes, especially adipocytes with diameters less than 60 mm,
was greater in the WT mice than the ERa�/�mice, although improved
insulin sensitivity and reduction of fat accumulation by EPO was greater
in the ERa�/� mice. The shift to smaller adipocyte sizes and
increased subfraction with diameters less than 60 mm were evident in
the obese WT mice by two weeks of EPO treatment that improved
glucose tolerance and underscored that EPO can reduce adipocyte
sizes and alter glucose metabolism without an overall decrease in fat
mass. While EPO treatment in the ERa�/� and ERaadipoKO mice on the
HFD improved glucose tolerance and insulin sensitivity, changes in
adipocyte sizes were less remarkable and lacked an increased sub-
fraction of small adipocytes (diameter <60 mm) seen in the WT mice,
indicating that regulation of adipocyte size by EPO treatment was not
able to overcome the increase in adipocyte sizes due to the loss of
adipocyte ERa in the mice on the HFD.
Activation of BAT is associated with various physiological improve-
ments such as improved glucose homeostasis, increased resting en-
ergy expenditure, and reduced body weight [63]. Not only the
activation of BAT but also browning of white adipose tissue producing
beige/brite cells has gained interest because of the potential for
stimulating the development of beige adipocytes in WAT to reduce
adverse effects of WAT and possibly improve metabolic health [64]. In
our study, in the female mice, EPO suppressed WAT-associated genes
such as resistin, which is known to promote insulin resistance [65],
Ednra, Psat1, Wdnm1-like protein, and Serpina3k [66,67], and EPO
activated brown fat-specific mitochondrial protein and UCP1 protein
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levels only in the female ERa�/� and ERaadipoKO mice but not the WT
mice. EPO also increased the expression of brown adipocyte-enriched
factors, such as PGC-1a, PRDM16, PPAR-a, and Cidea in the female
ERa�/� mice. EPO receptor expression was reported in 3T3L1 cells
to increase during adipocyte differentiation, reaching levels compa-
rable with K562 cells in mature 3T3L1 adipocytes, and EPO stimulation
increased AKT activation [68,69]. Shown here in 3T3L1 cultures, EPO
and estrogen treatment downregulated the expression of resistin and
Wdnm1-like genes. In particular, WAT-selective genes can be sup-
pressed by PRDM16 [67]. The Ednra pathway through elevating Gq
signaling can reduce UCP1 expression in BAT, whole-body energy
expenditure, and the number of brown-like/beige cells in WAT [67].
Therefore, this study suggests a mechanism by which EPO response in
adipocytes that lack ERa and estrogen signaling suppresses WAT-
enriched factors, Ednra, Psat1, Wdnm1-like protein, and Serpina3k,
and contributes to browning of WAT, possibly mediating the regulation
of UCP1. Sirt1 knockdown has been shown to attenuate EPO response
in adipose tissue [23]. The participation of SIRT1 to mediate the
transcriptional network with EPO stimulation in adipocytes that lack
ERa to regulate WAT-enriched factors and brown adipocyte-enriched
factors remains to be determined.
We previously reported that endogenous EPO contributes to fat
metabolism in mice and humans [19,21]. Normal plasma EPO levels
range from 0.01 to 0.03 U/ml and increase to 1000-fold or more during
hypoxia or anemia. In treatments for anemia in adult chronic renal
failure patients, a retrospective study of hemodialysis patients from the
Centers for Medicare and Medicaid Services End-Stage Renal Disease
Clinical Performance Measure Project from 1997 to 2005 determined
the mean EPO dose per week was 223 U/kg [70]. We found that in
mice, EPO treatment as low as 150 U/kg three times weekly,
approximately double the mean EPO for dialysis patients, significantly
reduced body weight and fat mass [38]. The EPO dose administered to
mice in the current study was 20 times higher at 3000 U/kg three
times weekly. Studies of EPO treatment, primarily in young healthy
males, provide evidence of EPO’s response when administered closer
to therapeutic doses. Eight weeks of EPO treatment beginning at 5000
U resulted in increased hematocrits, increased VO2max, and increased
skeletal muscle mitochondrial respiratory capacity [71,72]. Whole body
maximal fat oxidation did not change after treatment [72]. Resting
energy expenditure significantly increased after 10 weeks of EPO
treatment in men with a significant increase in VO2max and a
concomitant increase in serum free fatty acid levels, although changes
in BMI were not detected [73]. A single EPO dose of 400U/kg in healthy
young men was also found to significantly increase resting energy
expenditure [74].

5. CONCLUSION

Our findings demonstrate the complexity of hormone responses and
the interplay between EPO and estrogen in gender-specific regulation
of metabolism and molecular mechanisms of obesity and associated
metabolic disorders. The potential gender-specific relationship be-
tween endogenous EPO levels and body weight changes is suggested
by analysis of southwestern Native Americans with increased sus-
ceptibility to type 2 diabetes [21]. Males exhibit a negative association
between endogenous circulating EPO levels and annual weight
changes, which is not observed in females. In contrast, the positive
association between EPO levels and weight changes in females may be
related to nutritional needs associated with pregnancy and estrogen
regulation of EPO production in female reproductive organs [21,39,75].
Together with the animal studies presented herein, these observations
MOLECULAR METABOLISM 45 (2021) 101142 Published by Elsevier GmbH. This is an open access article
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are consistent with estrogen as a major regulator of sex-specific
modulators of EPO protection against fat mass accumulation and
diet-induced obesity.
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