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Inhibitory effect of 17f-estradiol on triglyceride synthesis
in skeletal muscle cells is dependent on ESR1 and not ESR2
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Abstract. The present study aimed to investigate the inhibitory
effects and the mechanisms underlying 17p-estradiol (E,)
effects on triglyceride synthesis and insulin resistance
in skeletal muscle tissues and cells. Ovariectomy (OVX)
was performed on 6-month-old female rats treated with or
without E,. Subsequently, various serum biochemical markers
were measured. Additionally, pathological alterations of
the uterus, liver and skeletal muscle were analyzed, and
the content of triglycerides (TG) in muscle was detected.
Differentiated myotubes formed by C2C12 cells were treated
with palmitic acid (PA) or pretreated with E,, estrogen
receptor (ESR) 1 agonist propylpyrazoletriol (PPT) and
ESR2 agonist diarylpropionitrile (DPN). Subsequently, the
mRNA or protein expression levels of ESR1/2, peroxisome
proliferator activated receptor a (PPARa), CD36 molecule
(CD36), fatty acid synthase (FASN), perilipin 2 (PLIN2),
phosphorylated acetyl-CoA carboxylase o (p-ACACA), p-AKT
serine/threonine kinase (p-AKT) and p-mitogen-activated
protein kinase 8 (p-MAPKS) were analyzed in skeletal muscle
or in C2C12 cells by reverse transcription-semi-quantitative
polymerase chain reaction and western blotting. The present
results suggested that treatment with E, inhibited OV X-induced
body weight gain, TG accumulation and insulin resistance.
The protein or mRNA expression levels of ESR1, CD36,
PPARa, p-ACACA and p-AKT were decreased, whereas
the protein or mRNA expression levels of ESR2, PLIN2,
FASN and p-MAPKS8 were increased in the OVX group. Of
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note, treatment with E, restored the expression levels of the
aforementioned factors. In C2C12 cells, treatment with E, or
PPT reversed the alterations induced by treatment with PA. In
contrast, pretreatment with DPN did not influence the effect
of PA. Collectively, E, was able to interact with ESR1, thus
activating the CD36-PPARa pathway, decreasing the level of
TG in the muscles and improving insulin resistance in skeletal
muscles and C2C12 cells.

Introduction

The three principal muscle types in mammals are cardiac,
smooth and skeletal muscles, with skeletal muscle being
the most abundant tissues in the human body (1). Although
previous studies identified sex-specific differences in the phys-
iopathological characteristics of the cardiovascular system (2),
the sex-specific physiopathological properties of skeletal
muscles remain unclear. A previous study demonstrated that
>3,000 genes were differentially expressed between male and
female skeletal muscle (3).

In mammals, there are three principal types of estrogens:
Estrone, 17@-estradiol (E,) and estriol. E,, which exhibits
increased biological activity compared with other estrogens,
is secreted primarily by the growing follicles in the ovaries
during the ovarian cycle (4). Notably, skeletal muscles are
targeted by E, (5). During perimenopausal and postmenopausal
periods, there is a significant decrease in muscle strength that
may be increased by hormonal replacement therapy (HRT),
suggesting that estrogens are important modulators of muscle
physiology and are able to affect gene expression and mito-
chondrial function, thus maintaining the bioenergetic status of
muscle cells (6).

In addition to the regulation of reproductive func-
tions, estrogens may affect various physiological functions,
including cellular metabolism (7,8). Decreased levels of E,
following menopause or ovariectomy (OVX) are associated
with hyperphagia, obesity, hepatic steatosis and triglycerides
(TG) accumulation in skeletal muscle cells (9-11); however the
molecular mechanisms underlying E, function remain unclear.
Due to their lipophilic properties, estrogens are able to diffuse
through the cellular membranes, interacting with intracellular
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receptors (12). In total, there are two types of estrogen recep-
tors (ESR): ESR1 and ESR2.

Previous studies demonstrated that the effects of E, on
energy homeostasis are primarily mediated by ESR1 (10,13).
Activating ESR1 using propylpyrazoletriol (PPT) may affect
metabolism, insulin resistance and mitochondrial function
in OVX mice with metabolic syndrome (14); however, the
molecular mechanism underlying ESR1 function remains
unclear.

Skeletal muscles are able to oxidize non-esterified fatty acids,
or to store fatty acids (FAs) as TG, accumulating intramuscular
triacylglycerol (IMTAG) (15). Although physiological levels
of IMTAG do not impair the metabolic functions of skeletal
muscles, the accumulation of IMTAG may be associated with
promoted insulin resistance, due to increased levels of lipid
intermediates and the subsequent activation of inflammatory
or stress-associated pathway (16). Estrogen increases the levels
of the FA transporter CD36 molecule (CD36) in the plasma
membrane of cardiomyocytes, thus serving cardioprotective
roles (17). Therefore, in the present study, it was hypothesized
that E, may increase CD36-mediated FA uptake, inhibiting the
synthesis of FA and TG in skeletal muscle.

The transcription factor peroxisome proliferator activated
receptor o (PPAR«) is expressed primarily in tissues exhibiting
high rates of FA oxidation, including cardiac and skeletal
muscles (18). PPARa may regulate the protein expression
levels of factors involved in FA catabolism. PPARa activation
was identified to improve the musculoskeletal effects of
exercise during estrogen deficiency (19); however, its roles in
CD36-mediated FA uptake and the synthesis of acetyl-CoA
carboxylase a (ACACA), fatty acid synthetase (FASN) and
perilipin 2 (PLIN2) remain unclear.

Although the potential health risks and benefits of long-term
HRT remain unclear, future studies using short-term HRT or
specific ER agonists including PPT and diarylpropionitrile
(DPN), may provide novel insights into the effects of E, on
skeletal muscles, thus benefiting postmenopausal patients (20).
Therefore, it was hypothesized that short-term HRT may
inhibit TG synthesis in the skeletal muscles of female rats
following OVX, and this effect may be associated with the
role of FA in promoting the activity of PPARa following the
interaction between E,, and ESR1 or 2. To investigate this
hypothesis, in vivo experiments were performed to examine
the effects of E, on weight loss and TG synthesis inhibition
in female rats following OVX. Additionally, in vitro experi-
ments were performed using ER agonists, including PPT and
DPN, to activate ESR1 or ESR2, thus promoting FA transport,
inhibiting TG synthesis and improving insulin resistance.
Palmitic acid (PA) is the principal saturated FA in the blood,
and was selected to treat myotubes formed by differentiated
C2C12 cells in order to investigate the mechanisms underlying
E,-mediated TG synthesis and insulin resistance.

Materials and methods

Animals. A total of 30 female Sprague-Dawley rats (age,
6 months; weight, 300-350 g) were purchased from The
Experimental Animal Center at Anhui Medical University
(Hefei, China). All rats had free access to food and water
and were maintained in standard conditions of controlled
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temperature and humidity (22+1°C, 60-70%) under a 12-h
light/dark cycle for one week. All animal experiments were
reviewed and approved by The Ethics Committee of Anhui
Medical University.

Experimental protocol. Rats were randomly divided into three
groups: i) Sham surgery (SHAM; n=10); ii) rats that under-
went ovariectomy without treatment (OVX; n=10); and iii) rats
that underwent ovariectomy and treated with E, (OVX + E,;
n=10). All groups underwent laparotomy; however, the OVX
and OVX + E, groups underwent bilateral ovariectomy.
The OVX + E, rats were injected with E, (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) at a concentration of
0.06 mg/kg/day for 3 months following surgery. Body weight
and food intake were measured every week.

Glucose tolerance test (GTT) and insulin tolerance test
(ITT). Insulin sensitivity was assessed using GTT and ITT as
previously described (21). Briefly, for the GTT assay, all rats
were fasted overnight and administered glucose (2 g/kg) by
intraperitoneal injection. Blood samples were obtained from
the tail veins at 0, 30, 60, 90 and 120 min following injection.
The blood glucose was measured with a glucometer (OneTouch
Ultra; Johnson & Johnson, New Brunswick, NJ, USA). ITT
assays were performed by the intraperitoneal injection of
neutral insulin (1 U/kg) following fasting for 4-6 h. The blood
glucose was measured at 0, 30, 45, 60, 90 and 120 min. All
data were plotted as blood glucose concentration over time.
Subsequently, the area under curve (AUC) was calculated.

Serum lipid levels and E, assays. After 6 months, rats were
fasted for 12 h and anesthetized by intraperitoneal injection
of sodium pentobarbital (60 mg/kg). Blood (~10 ml) was
collected in tubes and serum was separated by centrifuging
the samples at 1,000 x g for 10 min at room temperature and
stored at -80°C prior to biochemical analysis. Fasting TG,
total cholesterol (TC), low-density lipoprotein cholesterol
(LDL-C) and high-density lipoprotein cholesterol (HDL-C)
levels were measured using an automatic biochemical analyzer
(AU640; Olympus Corporation, Tokyo, Japan). The serum
levels of E, were determined by radioimmunoassay (Beijing
North Institute of Biological Technology, Beijing, China) and
the serum levels of free FA (FFA) were measured using a
Non-esterified Free Fatty Acids Assay kit (Nanjing Jiancheng
Bio-Engineering Institute Co., Ltd., Nanjing, China) according
to the manufacturer's protocol. Serum PA levels were examined
by gas chromatography-mass spectrometry according to the
method of Han et al (22).

IMTAG analysis. Soleus muscles were homogenized with
normal saline buffer (467 mmol/l NaCl, 10 mmol/l KCI,
1 mmol/l NaH,PO,, 4 mmol/l NaHCO;, 8.4 mmol/l Na,SO,,
30 mmol/l HEPES, 10 mmol/l EDTA; pH 7.1 with KOH) to
obtain 10% muscle homogenates. Subsequently, the levels of
IMTAG were analyzed using the lipase glycerol kinase calori-
metric method as previously described (23).

Histology analysis. Uterus, liver and soleus muscle samples
were fixed in 10% formalin for 1 week at room temperature,
embedded in paraffin, cut into 5-xm thick sections, and stained
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with 0.4% hematoxylin for 5 min and 0.5% eosin for 4 min at
room temperature. All sections were imaged using a Nikon
Eclipse 80i fluorescence microscope (magnification, x100;
Nikon Corporation, Tokyo, Japan).

Cell culture and drug treatment. The mouse myogenic cell
line C2C12 was purchased from the American Type Culture
Collection (Manassas, VA, USA), cultured in high-glucose
Dulbecco's Modified Eagle's medium at 37°C with 5% CO, in a
cell incubator, and differentiated into myotubes with 2% horse
serum (HyClone; GE Healthcare Life Sciences, Logan, UT,
USA) for 4 days. PA and E, (Sigma-Aldrich; Merck KGaA)
were dissolved in ethanol and added to the culture medium. The
cells were divided into six groups: Untreated (CON), absolute
ethyl alcohol, 0.5 mmol/l PA, 0.5 mmol/l PA + 1x10°® mol/l E,
(PA +E,), 0.5 mmol/l PA + 1x10*mol/l PPT (PA + PPT; Santa
Cruz Biotechnology, Inc., Dallas, TX, USA) and 0.5 mmol/l
PA + 1x10*mol/l DPN (PA + DPN; Tokyo Chemical Industry
Co., Ltd., Tokyo, Japan). E,, PPT and DPN were added to the
medium 8 h prior to treatment with PA at 37°C. Cells were
treated with PA for 24 h at 37°C, and cells were harvested
for reverse transcription-semi-quantitative polymerase chain
reaction (RT-sqPCR) and western blot analysis.

RT-sqPCR assay. Soleus muscles or myotubes formed by
C2C12 cells were used to detect the expression levels of ESR1,
ESR2, PPARa, ACACA, PLIN2, CD36, FASN and GAPDH
with RT-sqPCR using a PCR thermocycler (Omni Controls,
Inc. Tampa, FL, USA). Total RNA was extracted using TRIzol®
reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA)
and reverse transcribed with OligodT primers and Moloney
murine leukemia virus reverse transcriptase (Fermentas;
Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA) according
to the manufacturer's protocols. The primers (Table I) were
designed with Primer Premier 5 software (Premier Biosoft
International, Palo Alto, CA, USA) and synthesized by
Sangon Biotech Co., Ltd., (Shanghai, China). The reaction was
performed in 25 pl using Takara Ex Taq Polymerase (Takara
Biotechnology Co., Ltd., Dalian, China), with the following
thermocycling conditions: Initial denaturation at 95°C for
3 min, 32 cycles of 30 sec at 95°C, 30 sec at 55°C and 30 sec
at 72°C, with a final extension at 72°C for 10 min. A total of
30 cycles were conducted for GAPDH. The PCR products
(6 ul in each well) were analyzed by electrophoresis on a
3% agarose gel; the dye used for visualization was ethidium
bromide. Gel-Pro Analyzer 3.1 software (Media Cybernetics,
Inc., Rockville, MD, USA) was used to analyze the intensity
of each band, and the relative expression levels of the genes
were normalized to GAPDH. Each experiment was repeated
three times.

Western blot assay. Soleus muscles or myotubes
formed by C2CI12 cells were homogenized in ice-cold
radioimmunoprecipitation assay buffer (Beyotime Institute
of Biotechnology, Haimen, China). The total concentration
of protein in sample was determined using a bicinchoninic
acid assay. In total, 30 ug protein was loaded in each lane.
Proteins were separated by 10% SDS-PAGE and transferred
to polyvinylidene difluoride membranes. Following blocking
in a solution of 1X TBS, 0.1% Tween-20 (TBST) containing
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Table I. Primers for reverse transcription-semi-quantitative
polymerase chain reaction.

A, Rat
Product

Gene Primer sequence (5'-3") size, bp

ESR1 F: CTGCCAAGGAGACTCGCTAC 315
R: AAGTGCCCATTTCATTTCG

ESR2 F: TTGTGCCAGCCCTGTTACTA 200
R: TACGCCGGTTCTTGTCTAT

PPARa  F: TGCTGTCCTCCTTGATGAAC 270
R: GCTTGAGCACGTGCACAATC

ACACA F: AACCAGCACTCCCGATTC 175
R: AGGCCAAACCATCCTGTAA

PLIN2 F: CTCTCGGCAGGATCAAAGAC 171
R: CGTAGCCGACGATTCTCTTC

FASN F: CGGCGAGTCTATGCCACTAT 398
R: ACACAGGGACCGAGTAATGC

CD36 F: CTCTGACATTTGCAGGTCCA 214
R: CACAGGCTTTCCTTCTTTGC

GAPDH F: GCGAGATCCCGCTAACATCA 178
R: CTCGTGGTTCACACCCATCA

B, Mouse

Product

Gene Primer sequence (5'-3") size, bp

ESR1 F: TCCTAACTTGCTCCTGGACAGG 78
R: GTAGCCAGCAACATGTCA

ESR2 F: TTCTTTCTCATGTCAGGCACA 123
R: CTCGAAGCGTGTGAGCATT

PPARa  F: CAAGTGCCTGTCTGTCGG 236
R: TCTGGTCGTTGTTGGGCG

ACACA F: CCTGGAGTGGCAGTGGTCTTCG 176
R: TCCTCCTCCCTCTGAGGCCTTG

PLIN2 F: CCCGCAACCTGACCCAGCAG 114
R: CGCCTGCCATCACCCCCAAG

CD36 F: GAGCAACTGGTGGATGGTTT 204
R: GCAGAATCAAGGGAGAGCAC

FASN F: GGAGGTGGTGATAGCCGGTAT 140
R: TGGGTAATCCATAGAGCCCAG

GAPDH F: CATCTTCCAGGAGCGAGACC 635
R: TGAAGTCGCAGGAGACAACC

F, forward; R, reverse; bp, base pairs; PLIN2, perilipin 2; CD36,
CD36 molecule; ACACA, acetyl-CoA carboxylase a; FASN, fatty
acid synthase; PPARa, peroxisome proliferator activated receptor a;
ESR, estrogen receptor.

5% non-fat dry milk for 1 h at room temperature, the
membranes were incubated with the following primary
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antibodies overnight at 4°C: PPARa. (1:400; cat. no. bs-23398R;
Bioss Antibodies Inc., Woburn, MA, USA), ACACA (1:500;
cat. no. 21923-1-AP; ProteinTech Group, Inc., Chicago, IL,
USA), phosphorylated (p-)ACACA (1:500; cat. no. 11818;
Cell Signaling Technology, Inc., Danvers, MA, USA), PLIN2
(1:500; cat. no. bs-1164R; Bioss Antibodies Inc.), CD36 (1:500;
cat. no. sc-7309), FASN (1:500; cat. no. sc-48357; both Santa
Cruz Biotechnology, Inc.), MAPKS8 (1:500; cat. no. BS3630),
p-MAPKS8 (1:500; cat. no. BS4763; all Biogot Technology
Co., Ltd., Nanjing, China), AKT serine/threonine kinase
(AKT; 1:1,000; cat. no. 9272), p-AKT (1:1,000; cat. no. 4060;
both Cell Signaling Technology, Inc.) and B-actin (1:1,000;
cat. no. TA-09; Beijing Zhongshan Golden Bridge Biotech,
China). Then, the membranes were incubated with the
secondary antibodies, horseradish peroxidase-conjugated
goat anti-mouse (1:5,000; cat. no. S0002) and goat anti-rabbit
(1:5,000; cat. no. S0001; both Affinity Biosciences, Cincinnati,
OH, USA) for 1 hatroom temperature. Detection was performed
with enhanced chemiluminescence substrate (Thermo Fisher
Scientific, Inc.) and quantification was performed with ImageJ
software 1.48 (National Institutes of Health, Bethesda, MD,
USA). The protein expression levels were normalized to
[-actin. Subsequently, the ratio of phosphorylated/total protein
was calculated. Each experiment was repeated three times.

Statistical analysis. Data are presented as the mean + standard
error of the mean (in tables) or standard deviation (in figures).
P<0.05 was considered to indicate a statistically significant
difference. Statistical analyses were performed using one-way
analysis of variance followed by Fisher's Least Significant
Difference (LSD) test. Statistical analyses were performed
using SPSS software (version 23.0; IBM Corp., Armonk, NY,
USA).

Results

Effects of E,on body weight and serum biochemical parameters
in OVX rats. Female OVX rats exhibited a significant increase
in body weight compared with age-matched SHAM controls
(Table II). Food intake in OV X rats was increased, suggesting
that surgical removal of ovaries induced hyperphagia. OVX
rats exhibited significant increases in the serum levels of TG,
TC, LDL-C, FFA and PA, but significant decreases in the
serum levels of HDL-C and E,. Treatment with E, decreased
body weights, decreased the serum levels of TG, TC, LDL-C,
FFA and PA, and increased the serum levels of HDL-C and E,
in the OVX group.

Effects of E, on pathological alterations following OVX.
The volumes of the uterine gland and the uterus decreased in
OVX rats compared with the sham control group (Fig. 1). The
deposition of lipids increased in liver tissue, and infiltration of
inflammatory cell into skeletal muscles were detected in the
OVX group. Treatment with E, partially reversed the size of
the uterine gland, and decreased lipid deposition in the liver
and aggregation of inflammatory cells in the skeletal muscles.

Effects of E, on insulin resistance and circulating levels of
IMTAG in OVX rats. GTT and ITT analyses suggested that rats
in the OVX group exhibited insulin resistance compared with the
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SHAM group. However, rats in the OVX + E, group exhibited
a significant improvement in insulin resistance (Fig. 2A-D), in
addition to a decrease in body mass (Table II). Following insulin
resistance, the protein expression levels of p-AKT and p-MAPK
serve as opposing markers for insulin signaling. Western blotting
suggested that the p-AKT/AKT ratio was significantly decreased
and the p-MAPKS8/MAPKS ratio was markedly increased
in the OVX group compared with the control. However, the
p-AKT/AKT and p-MAPK8/MAPKS ratios were restored
following treatment with E,, in line with the GTT and ITT
results (Fig. 2E and F). The levels of TG in muscle tissues were
measured, and decreased estrogen levels were identified to be
associated with a significant increase in the intracellular levels
of IMTAG in OVX rats compared with the control (Fig. 2G). TG
deposition was not observed in the muscle tissue following H&E
staining (Fig. 1). In contrast, the intracellular levels of IMTAG
were significantly decreased in the OVX + E, group compared
with OVX alone (Fig. 2G). This suggested that treatment with E,
may decrease the synthesis of TG.

Effects of E, on gene expressions in OVX rats. The results
of the present study suggested that the expression levels of
ESRI1 significantly decreased in OVX rats compared with
the control group; however, ESR2 expression was increased
in OVX rats. The expression levels of ESR1 and ESR2 were
significantly restored in OVX rats following treatment with
E, (Fig. 3A and B). Since treatment with E, decreased the
levels of TG (Fig. 2G), the mRNA and protein expression
levels of three proteins involved in TG synthesis were
examined. The mRNA expression levels of ACACA, PLIN2
and FASN increased significantly in the OVX group compared
with the control group, but were decreased in the OVX + E,
group compared with OVX alone (Fig. 3A and B). The protein
expression levels of PLIN2 and FASN exhibited the same trend;
however, that of ACACA was markedly unaltered. Therefore,
the protein expression levels of p-ACACA, the activated form
of ACACA, were examined. The results of western blotting
suggested that the p-ACACA/ACACA ratio was decreased
in the OVX group and was significantly restored following
treatment with E, (Fig. 3C and D). Additionally, the present
RT-sqPCR and western blotting results suggested that the
mRNA and protein expression levels of CD36 and PPARa
were decreased in OV X rats, and treatment with E, partially
reversed these effects. The alterations in the expression levels
of ESR1, CD36 and PPARa were similar following OVX
and treatment with E,, suggesting that these factors may be
involved in the same pathway.

Effects of E,, PPT and DPN on the expression levels of
metabolism-associated factors in C2CI2 cells treated with
PA. Treatment with PA significantly decreased the expres-
sion levels of ESR1 mRNA in differentiated C2C12 cells
compared with the control. In contrast, pretreatment with E,
or PPT led to a significant increase in the expression of ESR1
compared with PA treatment alone. However, the expression
level of ESR2 significantly increased following treatment
with PA compared with the control, and was partially restored
by pretreating C2C12 cells with E, or PPT; although the
difference between pretreated cells and non-pretreated cells
was not significant (Fig. 4A and B). Similarly, the mRNA and
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Figure 1. H&E staining of uterus, liver and skeletal muscle following OVX and treatment with E,. Magnification, x100. OVX, ovariectomy; E,, 17p-estradiol.

protein expression levels of PLIN2 and FASN significantly
increased following treatment with PA, and these effects
were reversed by pretreating C2C12 cells with E, or PPT,
which was similarly to the mRNA expression profile of
ACACA (Fig. 4A and B). Notably, the protein expression level
of ACACA was markedly unaltered; however, the p-ACACA/
t-ACACA ratio was increased in the PA + E, and PA + PPT
groups compared with PA treatment alone (Fig. 4C and D).
Additionally, the present RT-sqPCR and western blotting
results suggested that the expression levels of PPARa and
CD36 were significantly decreased in the PA group compared
with the control, and were increased in the PA + E, and PA +
PPT groups compared with PA treatment alone (Fig. 4A-D).
However, the expression levels of the aforementioned factors
were not significantly altered between the PA group and the
PA + DPN group. Treatment with PA significantly decreased
the p-AKT/AKT ratio and increased the p-MAPK8/MAPK
ratio compared with the control. Pretreatment with E, or
PPT reversed these effects, and pretreatment with DPN
restored the levels of p-MAPK8/MAPK, suggesting that
ESRI activation improved insulin resistance in differentiated
C2CI12 cells (Fig. 4E and F). Collectively, the present study
investigated the role of E, and PA in the metabolic alterations
occurring in skeletal muscle cells (Fig. 5).

Discussion

Due to the increasing incidence of female obesity and the
weight gain observed following menopause (24), the iden-
tification of novel strategies to decrease the occurrence rate
of postmenopausal obesity is required. The present study
suggested that treatment with E, decreased body weight, intra-
cellular levels of IMTAG, and serum levels of TG, TC and
LDL-C following OVX. Additionally, OVX led to an increase

in the expression levels of PLIN2, FASN and ACACA and a
decrease in the expression levels of ESR1, CD36 and PPARa.
Notably, treatment with E, reversed these effects, suggesting
that E, may inhibit TG synthesis, thus improving insulin resis-
tance through the ESR1-CD36-PPARa pathway in skeletal
muscles.

OVX and ER-knockout mice were previously identified to
develop obesity, and treatment with estrogen reversed these
effects (25). The present study suggested that the body weight
and the protein expression of p-MAPKS increased following
OVX,whereas the protein expression level of p-AKT increased.
In addition to the phosphorylation levels of MAPKS8 and AKT,
the GTT and ITT results suggested the occurrence of insulin
resistance following OVX. Treatment with E, decreased the
body weight in OVX rats, and insulin resistance was improved,
in line with previous investigations in human (26).

In normal skeletal muscle cells, FA uptake and TG
synthesis are regulated by negative feedback mechanisms, so
that lipid accumulation does not severely affect cellular func-
tion (27). Impaired regulation of FA uptake and TG synthesis
in skeletal muscle is involved in insulin resistance (28).
Following treatment with E,, and ESR1 and ESR2 agonists,
muscle lipogenesis and TG accumulation were identified to be
significantly decreased (29). The present results suggested that
the levels of IMTAG increased in OV X rats, whereas the levels
of IMTAG decreased following treatment with E,, suggesting
an involvement of de novo TG synthesis in skeletal muscle
following OVX. Additionally, treatment with E, decreased
synthesis of TG, as suggested by IMTAG detection; however,
no alterations in lipid deposition were observed in skeletal
muscles.

The expression of PLIN2 is specific of certain types of
muscle fibers, and its expression level is increased in muscle
fibers containing high levels of IMTAG (30). The present
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Table II. Effects of treatment with E, in ovariectomized female rats.

Parameters Sham OoVvX OVX +E,
Body weight, g 299.50+22.52 406.25+30.75¢ 312.75+31.34f
Food intake, g 19+1.23 26+2.65° 21+1.78¢
Triglycerides, mmol/l 0.44+0.027 0.56+0.070* 0.38+0.056
Total cholesterol, mmol/l 1.61+0.023 2.51+0.072¢ 2.04+0.026f
High-density lipoprotein cholesterol, mmol/l 0.70+0.0058 0.54+0.071° 0.68+0.12°
Low-density lipoprotein cholesterol, mmol/l 0.93+0.23 1.81+0.25¢ 1.27+0.23¢
Estradiol, pmol/l 93.5+4.65 72.5+12.71° 128.75+6.24°
Free fatty acids, mmol/l 0.41+0.05 1.73+£0.17* 0.84+0.11¢
Palmitic acid, yg/ml 210.81+2.63 655.29+18.25° 350.96+5 47¢

n=6 in each group.*P<0.05,°P<0.01, °P<0.001 vs. sham control group; ‘P<0.05, °P<0.01, P<0.001 vs. OVX group. OVX, ovariectomy; E,,
173-estradiol.
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Figure 2. Effects of E, on insulin resistance. (A) GTT analysis. (B) ITT analysis. (C) AUC of GTT analysis. (D) AUC of ITT analysis. (E) Protein expression
levels of p-AKT, AKT, p-MAPKS8 and MAPKS in skeletal muscles. (F) Densitometric analysis of (E). (G) Levels of TG in skeletal muscles in various condi-
tions. Data are presented as the mean + standard deviation. “P<0.01, ""P<0.001 vs. sham control group; “P<0.05, #P<0.01,""P<0.001 vs. OVX group. GTT,
glucose tolerance test; ITT, insulin tolerance test; p-, phosphorylated; MAPK, mitogen-activated protein kinase; AKT, AKT serine/threonine kinase; TG,
triglycerides; AUC, area under the curve; OVX, ovariectomy; E,, 173-estradiol.

results suggested that the mRNA and protein expression levels  and in C2C12 cells treated with PA. However, treatment with
of PLIN2 were increased in skeletal muscles following OVX  E, and activation of ESR1 decreased the expression level of
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Figure 3. Analysis of gene expression in skeletal muscles. (A) RT-sqPCR and (B) densitometry analysis of ESR1, ESR2, CD36, PPARa, ACACA, PLIN2
and FASN in skeletal muscles in three conditions. (C) Western blot and (D) densitometry analyses of CD36, PPARa, PLIN2, FASN, p-ACACA and
ACACA in skeletal muscles. Data are presented as the mean + standard deviation. "P<0.05, “P<0.01, "“P<0.001 vs. sham control group. “P<0.05, #P<0.01,
"P<0.001 vs. OVX group. RT-sqPCR, reverse transcription-semi-quantitative polymerase chain reaction; PLIN2, perilipin 2; CD36, CD36 molecule; ACACA,
acetyl-CoA carboxylase a; FASN, fatty acid synthase; PPARa, peroxisome proliferator activated receptor a; ESR, estrogen receptor; OVX, ovariectomy; E,,

17B-estradiol; p-, phosphorylated; M, marker.

PLIN2 in muscle tissues and cells, suggesting that E, may be
involved in the expression level of PLIN2 by activating ESR1.

PPARa regulates the expression levels of various genes
involved in lipolysis and lipoprotein metabolism (31).
Furthermore, OVX altered the expression levels of factors
involved in lipogenesis, including FASN and ACACA, and
in lipolysis, including PPARa. Notably, treatment with E,
and activation of ESR1 reversed the effects of OVX, in line
with the previous study by Minnaard et al (32). A discrepancy
between the mRNA and protein expression levels of ACACA
was identified, possibly due to post-transcriptional modifica-
tions of ACACA. A limitation of the present study is that
the mRNA expression levels of the genes investigated were
assessed only by RT-sqPCR; however, quantitative PCR was
not performed.

Previous studies using a rat model of OVX demonstrated
that certain types of ER ligands may exhibit protective effects

in skeletal muscle (33). In addition, it was observed that ESR1,
but not ESR2, may be able to maintain mitochondrial function
and metabolic homeostasis, and may exhibit a protective effect
against inflammation (34,35). The present results suggested
that the expression levels of ESR1, PPARa and CD36 was
decreased following OVX or treatment with PA, and the levels
of these factors increased following treatment with E, or
pretreatment with PPT, suggesting that these three factors may
be part of the same pathway.

CD36 is broadly expressed, and it was identified to be
involved in FA and lipid metabolism in pathological condi-
tions (36). CD36 is a transporter of FA, and it may represent a
molecular target to protect myocytes against lipotoxicity (36).
However, the effect of ESR1 activation on the expression level
of CD36 remains unclear. The present results suggested that
treatment with PPT, an ESR1 agonist, increased the mRNA
and protein expression levels of CD36 suggesting that the
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Figure 4. Analysis of gene expression in differentiated C2C12 cells. (A) RT-sqPCR and (B) densitometry analysis of ESR1, ESR2, CD36, PPARa, ACACA,
PLIN2 and FASN expression in C2C12 cells. (C) Western blot and (D) densitometry analyses of CD36, PPARa, PLIN2, FASN, p-ACACA and ACACA in
C2C12. (E) Western blot and (F) densitometry analyses of p-AKT, AKT, p-MAPKS8 and MAPKS8 in C2C12. Data are presented as the mean + standard devia-
tion. "P<0.05, “P<0.01, “"P<0.001 vs. CON group; “P<0.05,"P<0.01 vs. PA + E,; “P<0.05, *“P<0.01,vs. PA + PPT; *P<0.5 vs. PA + DPN. RT-sqPCR, reverse
transcription-semi-quantitative polymerase chain reaction; PLIN2, perilipin 2; CD36, CD36 molecule; ACACA, acetyl-CoA carboxylase a; FASN, fatty acid
synthase; PPARa, peroxisome proliferator activated receptor a; ESR, estrogen receptor; OVX, ovariectomy; E,, 17p-estradiol; p-, phosphorylated; MAPK,
mitogen-activated protein kinase; AKT, AKT serine/threonine kinase; CON, control; PA, palmitic acid; PPT, propylpyrazoletriol; DPN, diarylpropionitrile;

EtOH, ethanol; M, marker.

activity of ESR1 in skeletal muscle may be modulated to treat
diseases associated with metabolic syndrome.

The ESR?2 signaling pathway is involved in the regulation
of skeletal muscle growth and regeneration by stimulating
anabolic pathways, activating satellite cells, and modulating
immune response (33). In the present study, the expression level
of ESR2 was examined in skeletal muscle and in cells treated
with PA. Notably, the expression level of ESR2 was increased

following OVX compared with the control. Treatment with
PA increased the expression level of ESR2; however, pretreat-
ment with DPN did not affect the expression levels of CD36,
PPARa, ACACA, PLIN2 and FASN in C2C12 cells treated
with PA, suggesting that ESR2 may not be involved in the
ESRI1-CD36-PPARa pathway.

Collectively, the present results suggested that E,, by acti-
vating ESR1, may modulate TG synthesis in skeletal muscle
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Figure 5. Schematic representation of the E,/JESR1/CD36/PPARa pathway in skeletal muscle cells. PPRE, PPAR response element; PPARa, peroxisome
proliferator activated receptor a; E,, 173-estradiol; PA, palmitic acid; CD36, CD36 molecule; ESR, estrogen receptor; FASN, fatty acid synthase; TG,

triglycerides; PLIN2, perilipin 2.

during menopause, and it may represent a novel complemen-
tary therapy to treat postmenopausal obesity. Notably, ESR1
and ESR2 were identified to have distinct functions, and
further loss-of-function experiments are required to examine
the function of each receptor in muscle cells.
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