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17f-estradiol induces an interaction between adenosine
monophosphate-activated protein kinase and the insulin
signaling pathway in 3T3-L1 adipocytes
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Abstract. Estrogen (17p-estradiol) has been implicated in
maintaining insulin sensitivity. It is thought to act predomi-
nantly through genomic pathways and regulate the expression
of various genes via binding to estrogen receptors (ERs)-a
and -p. 17B-estradiol has been reported to simultaneously
stimulate protein kinase B (Akt) and adenosine monophos-
phate-activated protein kinase (AMPK) in ex vivo skeletal
muscle. Since data regarding the interaction between AMPK
and the insulin receptor substrate-1 (IRS-1)/Akt pathway are
controversial, the correlation between AMPK activation and
insulin signaling remains unclear. In this study, we examined
whether 178-estradiol simultaneously stimulates the activation
of AMPK and IRS-1/Akt in 3T3-L1 adipocytes as well as the
17p-estradiol-ER-induced interaction between the AMPK
and IRS-1/Akt pathway in 3T3-L1 adipocytes not exposed
to insulin. 17B-estradiol (107 M) rapidly activated AMPK
and IRS-1/Akt in 3T3-L1 adipocytes, while the ER-a/f
non-specific antagonist, ICI 182.780 (10 M), and the AMPK
antagonist compound C (20 yM) reversed the estrogen-induced
activation of AMPK and tyrosine (Tyr)-IRS-1/Akt in these
cells. Moreover, 173-estradiol increased the expression of the
peroxisome proliferator-activated receptor-y coactivator-la
(PGCla), adiponectin, uncoupling protein 2 (UCP2) and
glucose transporter 4 (GLUT4) genes 24 h after treatment,
whereas the ER-a/f non-specific antagonist, ICI 182.780

Correspondence to: Professor Seong-Kyu Lee, Department of
Biochemistry and Molecular Biology, School of Medicine and Eulji
Medi-Bio Research Institute, Eulji University, 77 Gyeryong-ro,
771 beon-gil, Jung-gu, Daejeon 301-746, Republic of Korea

E-mail: Iskendo@hanmail.net

Key words: 173-estradiol, estrogen receptor, adenosine monophos-
phate-activated protein kinase, insulin signaling, glucose metabolism

(10 uM), and the AMPK antagonist compound C (20 xM)
reversed the estrogen-induced increase in the expression of
these genes. These results indicate that 17p-estradiol activates
AMPK through an ER and activates Akt through AMPK
activation in 3T3-L1 adipocytes, despite the absence of insulin.
Furthermore, 17B-estradiol regulates the expression of genes
related to glucose metabolism through ER-AMPK activation
in these cells.

Introduction

Type 2 diabetes and metabolic syndrome, both characterized by
a combination of risk factors such as abdominal obesity, insulin
resistance, glucose intolerance, dyslipidemia and hypertension,
are more prevalent in postmenopausal women who suffer from
estrogen deficiency compared to premenopausal women or
men (1-3). It has been shown that long-term hormone therapy
prevents diabetes and that short-term hormone therapy does
not provide complete benefits in postmenopausal women (4). It
has also been suggested that the effect of long-term hormone
therapy in postmenopausal women may be due to altered body
fat distribution and insulin sensitivity (5). Long-term estrogen
treatment protects against obesity, glucose intolerance and
insulin resistance in obese and insulin-resistant rodents with
prolonged estrogen deficiency in the ovariectomized rodent (an
animal model of menopause) (6-10). However, the molecular
mechanisms underlying the short-term direct metabolic actions
of estrogen on insulin sensitivity and glucose metabolism in
non-obese rodents with short-term ovariectomy have not yet
been clearly elucidated.

Estrogen (17p-estradiol) is considered to act predominantly
through genomic pathways and regulate the expression of a
number of genes via binding to estrogen receptors (ERs)-a
and -f (11). Recently, the activation of non-genomic or
rapid signaling pathways in response to 17f-estradiol has
received increasing attention (12,13). Previous studies using
ER knockout mouse models have demonstrated the role
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that estrogen and its receptors play in obesity and glucose
tolerance in rodents. ER-a knockout mice develop adipocyte
hyperplasia and hypertrophy, insulin resistance and glucose
intolerance (14). ER-a knockout male mice display an obesity
phenotype after sexual maturation (15). These previous studies
support the idea that 17@-estradiol plays a role in obesity,
insulin sensitivity and glucose metabolism via ER-a.

Common features of the metabolic abnormalities observed
in metabolic syndrome or type 2 diabetes are the dysregula-
tion of adenosine monophosphate-activated protein kinase
(AMPK) (16) and insulin resistance involving changes in the
molecules of the insulin signaling cascade, such as the insulin
receptor, insulin receptor substrate-1 (IRS-1), phosphati-
dylinositol 3-kinase (PI3K) and protein kinase B (Akt) (17,18).
Previous studies have shown that 17p3-estradiol activates AMPK
in rodent muscle (10,19,20) and C2C12 myotubes (19,21) and
that 17pB-estradiol upregulates PI3K/Akt signaling in human
breast cancer cells through the activation of ER-a (22). It has
been reported that 17B-estradiol simultaneously stimulates Akt
and AMPK in ex vivo skeletal muscle, although 173-estradiol
does not stimulate ex vivo skeletal muscle glucose uptake (20).
Another study has demonstrated that in vivo stimulation of
ER-a in rats increases the activation of AMPK phosphoryla-
tion and insulin signaling proteins, such as phospho-Akt
(pAkt), pAkt substrate (PAS) and insulin-stimulated skeletal
muscle glucose uptake in rats (23). However, Rogers er al (20)
suggested that 17(3-estradiol does not stimulate Akt and AMPK
in skeletal muscle cells, but instead stimulates these proteins
in the non-skeletal muscle cells found within skeletal muscle.
Since data regarding the interaction between AMPK and the
IRS-1/Akt pathway are controversial, the correlation between
AMPK activation and insulin signaling remains unclear.

In this study, we investigated whether 17f3-estradiol simul-
taneously stimulates AMPK and IRS-1/Akt activation as well
as the 17p-estradiol-ER-induced interaction between AMPK
and the IRS-1/Akt pathway in 3T3-L1 adipocytes not exposed
to insulin. Moreover, we examined whether 17f3-estradiol
regulates the expression of genes related to glucose metabo-
lism through ER-AMPK activation in these cells.

Materials and methods

Materials. 17B-estradiol, dexamethasone, 3-isobutyl-1-methyl-
xanthine (IBMX) and f3-actin antibody were purchased from
Sigma (St. Louis, MO, USA). Recombinant human insulin was
obtained from Eli Lilly and Company Lilly Corporate Center
(Indianapolis, IN, USA). ICI 182.780 (ER-a/p non-specific
antagonist) and compound C (AMPK inhibitor) were obtained
from Tocris (Ellisville, MO, USA) and Calbiochem (San
Diego, CA, USA), respectively. Dulbecco's modified Eagle's
medium (DMEM), fetal bovine serum (FBS), trypsin-EDTA
and penicillin/streptomycin were obtained from Gibco BRL
(Grand Island, NY, USA). Anti-acetyl CoA carboxylase
(ACC), anti-phospho Ser79 ACC, anti-IRS-1 and anti-phospho
Ser789 IRS-1 monoclonal antibodies and anti-AMPKa and
anti-phospho Thr172 AMPKa monoclonal antibodies were
purchased from Cell Signaling Technology, Inc. (Beverly,
MA, USA). Anti-phosphorylated tyrosine (pTyr)-IRS-1 was
obtained from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA). Anti-Akt and anti-phospho Ser473 Akt antibodies
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were purchased from Upstate Biotechnology, Inc. (Lake
Placid, NY, USA). Horseradish peroxidase-conjugated sheep
anti-mouse and donkey anti-rabbit immunoglobulin antibodies
were obtained from Amersham Pharmacia Biotech, Inc.
(Arlington Heights, IL, USA). The reagents for electrophoresis
were obtained from Bio-Rad Laboratories, Inc. (Hercules, CA,
USA). All other reagents were of analytical grade or complied
with the standards required for cell culture experiments.

Cell culture and differentiation. 3T3-L1 fibroblasts were
obtained from the American Type Culture Collection
(Manassas, VA, USA) and were grown in DMEM supple-
mented with 10% heat-inactivated FBS, penicillin (100 U/ml)
and streptomycin (100 gg/ml). Two days after confluence,
3T3-L1 fibroblasts were used for differentiation (day 0). The
differentiation medium, phenol red-free DMEM, contained
10% charcoal-stripped FBS (CS-FBS), 0.5 mM IBMX, 1 yuM
dexamethasone and 5 yg/ml insulin. After day 3, the differenti-
ation medium was replaced with a post-differentiation medium
containing 10% CS-FBS and 5 ug/ml insulin. After day 5, the
post-differentiation medium was replaced with phenol red-free
DMEM supplemented with 10% CS-FBS. The medium was
changed every 3 days until the cells were used for experiments.
Eight days after the induction of differentiation, >80-90% of
the cells featured the morphological and biochemical proper-
ties of adipocytes. Before their use in experiments, the cells
were starved for 12 h in phenol red-free DMEM containing 1%
CS-FBS and then incubated with 10 yuM ICI 182.780, 20 uM
compound C, or 107 M 17f-estradiol alone or in combinations.
ICI 182.780 and compound C were added 30 min prior to
17B-estradiol treatment for the indicated time and dose.

Quantitative real-time reverse transcription-polymerase
chain reaction (RT-PCR). Total RNA was isolated from the
3T3-L1 adipocytes using the TRIzol reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA), according to the manu-
facturer's instructions. Equal amounts of total RNA were
reverse-transcribed into cDNA using the ImProm-II™ reverse
transcriptase system (Promega Corp., Madison, WI, USA) and
an oligo(dT),s primer (Promega Corp.). The peroxisome
proliferator-activated receptor-y coactivator-la (PGCla),
adiponectin, uncoupling protein 2 (UCP2) and glucose trans-
porter 4 (GLUT4) genes were selected for the experiments as
the genes related to glucose metabolism. The primers used
were as follows: PGCla,5-TATGGTTTCATCACCTACCG-3'
and 5'-CGTCCACAAAAGTACAGCTC-3'; adiponectin,
5'-CCGTTCTCTTCACCTACGACC-3' and 5-GGGCTAT
GGGTAGTTGCAGTC-3'; UCP2, 5'-AGATACATGAACT
CTGCCTTGGG-3' and 5'-GGCAGAGGATGAAGAAA
AAGAC-3"; GLUT4, 5'-GTGTGTGAGCGAGTGCTTTCC-3'
and 5-TGGAGACTGATGCGCTCTAACC-3" and f-actin,
5'-ACGGCCAGGTCATCACTATT-3' and 5'-AATGTAG
TTTCATGGATGCC-3". RT-PCR was conducted using the
DNA Engine Opticon System (MJ Research, Inc., South San
Francisco, CA, USA) in a 20-ul reaction mixture containing
10 pl of SYBR Premix Ex Taq (Takara Bio, Inc., Otsu, Japan),
10 pmol of forward primer, 10 pmol of reverse primer and
1 ug of cDNA. Amplification parameters consisted of an
initial denaturation at 95°C for 5 min and 40 cycles of 3-step
PCR (denaturation at 95°C for 1 min, annealing at 52-57°C for
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Figure 1. Estrogen stimulates AMPK and the insulin signaling pathway in 3T3-L1 adipocytes. (A) Representative western blot analyses of total AMPK,
phospho-AMPK (pAMPK), total ACC and phospho-ACC (pACC) (upper panel); the phospho-AMPK to AMPK protein ratio and the phospho-ACC to
ACC protein ratio (lower panel). (B) Representative western blot analyses of the total IRS-1, phospho-Tyr-IRS-1, phospho-Ser789-IRS-1, total Akt and
phospho-Ser473-Akt (upper panel); and the phospho-Tyr-IRS-1 to IRS-1, phospho-Ser789-IRS-1 to IRS-1 and phospho-Ser473-Akt to Akt protein ratios (lower
panel). The phospho-protein to total protein ratios are presented as the means + SD and are represented as the percentage of expression. "P<0.05, “P<0.01 vs.

the expression at zero time.

30 sec and extension at 72°C for 1 min). Data were analyzed
using a comparative critical threshold (Ct) method with the
amount of the target gene normalized to the average of the
control gene ([3-actin). The percentage difference was calculated
by 244, Each experiment was performed at least 4 times.

Western blot analysis. Whole cell lysates were prepared by
lysing cells in Pro-prep protein extraction solution (Intron
Biotechnology, Seoul, Korea) containing 10 mM sodium
phosphate (pH 7), 1% Triton X-100, 0.1% SDS, 2 mM EDTA,
150 mM NaCl, 50 mM NaF, 0.1 mM sodium vanadate,
4 pg/ml leupeptin and 1 mM PMSF. The protein concentration
of the lysates was measured using a Bio-Rad protein assay
kit (Bio-Rad Laboratories, Inc.). Equal amounts of protein
(20 pug/lane) were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) (4-20% gel) and
transferred by electroblotting onto nitrocellulose membranes
(Invitrogen Life Technologies). The membranes were then

blocked with 5% non-fat dry milk and probed with primary
antibodies. After being washed with phosphate-buffered
saline (PBS) containing 0.1% Tween-20, the membranes were
incubated for 1 h with horseradish peroxidase-conjugated
sheep anti-mouse or donkey anti-rabbit immunoglobulin
antibodies (1:500) (Amersham Pharmacia Biotech, Inc.). After
washing with PBS containing 0.1% Tween-20, the specific
signals were detected with an enhanced chemiluminescence
detection system (Amersham Pharmacia Biotech, Inc.). The
band densities were quantified using ImagelJ software (http://
rsb.info.nih.gov/ij/). Each experiment was performed at least
3 times.

Statistical analyses. Data are presented as the means =+ stan-
dard deviation (SD). All statistical analyses were performed
using the Statistical Package for the Social Sciences software
(SPSS; Korean version 20.0). The statistical differences
were analyzed using one-way analysis of variance (ANOVA)
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Figure 2. The estrogen receptor antagonist, ICI 182.780, attenuates estrogen-induced signaling in 3T3-L1 adipocytes. Representative western blot analyses of
the molecular changes of AMPK (A) and insulin signaling (B) (left panel) and the phospho-protein to total protein ratios (right panel) in 3T3-L1 adipocytes
are shown (white columns, phospho-AMPK to AMPK ratio or phospho-Tyr-IRS-1 to IRS-1 ratio; grey columns, phospho-Ser789 to IRS-1 ratio; black col-
umns, phospho-ACC to ACC ratio or phospho-Ser473-Akt to Akt ratio). The phospho-protein to total protein ratios are presented as the means + SD and are

represented as the percentage of expression. “P<0.01.

followed by Tukey's test. Statistical significance was defined
as P<0.05.

Results

17B-estradiol rapidly activates AMPK and IRS-1/Akt in
3T3-L1 adipocytes. 17p-estradiol (107 M) phosphorylated
AMPK and its substrate, ACC, within 10 min in 3T3-L1
adipocytes which were not exposed to insulin (Fig. 1A).
17B-estradiol (107 M) also pTyr-IRS-1 and Akt and decreased
the phosphorylation of Ser789-IRS-1, whose level increases
with insulin resistance (18), within 10 min in 3T3-L1 adipo-
cytes not exposed to insulin (Fig. 1B). These results indicate
that 17p-estradiol rapidly activates AMPK and IRS-1/Akt in
3T3-L1 adipocytes without insulin-induced signaling activa-
tion.

17B-estradiol activates AMPK and IRS-1/Akt through an ER
in 3T3-L1 adipocytes. 17p-estradiol (107 M) phosphorylated
AMPK, its substrate ACC, Tyr-IRS-1 and Akt and decreased
the phosphorylation of Ser789-IRS-1 10 min after treat-
ment in 3T3-L1 adipocytes not exposed to insulin (Fig. 2).
However, the ER-a/f non-specific antagonist, ICI 182.780
(10 uM), reversed the estrogen-induced activation of AMPK,
ACC and Tyr-IRS-1/Akt and the estrogen-induced decrease
in Ser789-IRS-1 phosphorylation in 3T3-L1 adipocytes
not exposed to insulin (Fig. 2). These results indicate that
17p-estradiol activates AMPK and IRS-1/Akt through an
ER in 3T3-L1 adipocytes without insulin-induced signaling
activation.

17B-estradiol activates IRS-1/Akt through AMPK activation
in 3T3-L1 adipocytes. 17p-estradiol (107 M) phosphorylated
AMPK, its substrate ACC, Tyr-IRS-1 and Akt and decreased
Ser789-IRS-1 phosphorylation 10 min after treatment in
3T3-L1 adipocytes not exposed to insulin (Fig. 3). By contrast,
the AMPK antagonist compound C (20 yM) reversed the
estrogen-induced activation of AMPK, ACC and Tyr-IRS-1/Akt
and the estrogen-induced decrease in Ser789-IRS-1 phos-
phorylation in 3T3-L1 adipocytes not exposed to insulin
(Fig. 3). These results indicate that 17f3-estradiol activates
IRS-1/Akt through AMPK activation in 3T3-L1 adipocytes
without insulin-induced signaling activation.

17B-estradiol regulates genes related to glucose metabo-
lism through ER-AMPK activation in 3T3-LI adipocytes.
17B-estradiol (107 M) increased the expression of PGCla,
the adiponectin gene, UCP2 and GLUT4 at 24 h after treat-
ment in 3T3-L1 adipocytes not exposed to insulin (Fig. 4).
However, the ER-a/f non-specific antagonist, ICI 182.780
(10 uM), reversed the estrogen-induced increase in PGCla,
the adiponectin gene, UCP2 and GLUT4 expression 24 h
after 17B-estradiol (107 M) treatment in 3T3-L1 adipocytes
not exposed to insulin. In addition, the AMPK antagonist
compound C (20 xM) also reversed the estrogen-induced
increase in PGCla, the adiponectin gene, UCP2 and GLUT4
expression 24 h after 17p-estradiol (107 M) treatment in
3T3-L1 adipocytes not exposed to insulin. These results
indicate that 17p-estradiol regulates genes related to glucose
metabolism through ER-AMPK activation in 3T3-L1 adipo-
cytes without insulin-induced signaling activation.
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Figure 3. The AMPK inhibitor compound C attenuates estrogen-induced signaling in 3T3-L1 adipocytes. Representative western blot analyses of the molecular
changes of AMPK (A) and insulin signaling (B) (left panel) and the phospho-protein to total protein ratios (right panel) in 3T3-L1 adipocytes are shown (white
columns, phospho-AMPK to AMPK ratio or phospho-Tyr-IRS-1 to IRS-1 ratio; grey columns, phospho-Ser789 to IRS-1 ratio; black columns, phospho-ACC
to ACC ratio or phospho-Ser4d73-Akt to Akt ratio). The phospho-protein to total protein ratios are presented as the means + SD and are represented as the
percentage of expression. "P<0.05, “P<0.01.
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Figure 4. Estrogen alters the expression of genes related to glucose and lipid metabolism in 3T3-L1 adipocytes. The expression levels of PGCla, the adipo-
nectin gene, the resistin gene, UCP2 and GLUT4 are shown. The estrogen receptor antagonist (ICI 182.780) and AMPK inhibitor (compound C) attenuated
estrogen-induced signaling in 3T3-L1 adipocytes. The mRNA expression levels are presented as the threshold cycle (Ct) value normalized to the B-actin
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Discussion

In the present study, we demonstrate that 173-estradiol simul-
taneously stimulates the activation of IRS-1/Akt and AMPK

and induces an interaction between AMPK and the IRS-1/Akt
signaling pathway via an ER in 3T3-L1 adipocytes, despite
the absence of insulin. Our data also demonstrate that an
estrogen/ER-induced activation of AMPK functions upstream
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of IRS-1/Akt signaling and estrogen regulates the expression
of genes related to glucose metabolism through 17p-estradiol-
ER-AMPK activation in 3T3-L1 adipocytes in the absence of
insulin-induced signaling activation.

Given that data concerning the simultaneous stimulation
of IRS-1/Akt and AMPK signaling and the interaction
between AMPK and IRS-1/Akt pathway remain controversial,
this type of interaction may be highly cell type-dependent.
The present study demonstrates that 173-estradiol simultane-
ously stimulates the activation of IRS-1/Akt and AMPK
and induces an interaction between AMPK and the IRS-1/
Akt pathway without insulin-induced signaling activation
in 3T3-L1 adipocytes. In addition, we show that AMPK
functions upstream of Akt signaling in 3T3-L1 adipocytes,
consistent with a previous study using human umbilical vein
endothelium cells (HUVECsS) (24). However, this result is
in direct contrast with the results of another study showing
that AMPK functions downstream of the PI3K pathway in
vascular endothelial cells (25). Further research in various
cell types or tissues is required to clarify this phenomenon.

Although we show that estrogen simultaneously activates
AMPK and IRS-1/Akt via ER 10 min after treatment, the
mechanism involved remains unclear. In a previous study,
ER-a was shown to regulate insulin sensitivity through IRS-1
tyrosine phosphorylation in mature 3T3-L1 adipocytes (26).
Additionally, a previous study demonstrated that ER-a regu-
lates insulin sensitivity and glucose metabolism (15,27). On the
basis of these observations, we postulated that 173-estradiol
may activate AMPK and IRS-1/Akt through ER-a. Further
research on the activation of AMPK and IRS-1/Akt through
the G protein-coupled receptor 30 (GPR30) or G protein-
coupled ER (GPER) by 17f-estradiol is required as these
receptors have recently been implicated in mediating several
of the non-genomic or rapid signaling effects of 17f3-estradiol
(13,28,29). In the present study, 17f-estradiol (107 M) increased
the expression of the glucose metabolism-related genes,
PGCla, the adiponectin gene, UCP2 and GLUT4, 24 h after
treatment through 17f-estradiol-ER-AMPK activation in
3T3-L1 adipocytes without insulin-induced signaling activa-
tion. The co-activator protein, PGCla, has been implicated
in mitochondrial metabolism and biogenesis, thermogenesis,
adipocyte differentiation and glucose metabolism, including
gluconeogenesis and glucose uptake (30,31). Mitochondrial
UCP?2 has been implicated in physiological and pathological
processes related to glucose and lipid metabolism (32). UCP2
is an inner mitochondrial membrane protein expressed in
white adipose tissue and skeletal muscle (33) and is involved
in energy expenditure (34). In skeletal muscle and adipose
tissue, glucose uptake is maintained by one of the isoforms
of the GLUT family (GLUT4) (35) and insulin resistance is
associated with decreased glucose uptake in insulin-sensitive
tissues, such as skeletal muscle and adipose tissue (36). The
adipocytokine, adiponectin, reverses insulin resistance associ-
ated with both lipoatrophy and obesity (37). On the basis of
these findings, PGCla, UCP2, GLUT4 and the adiponectin
gene were selected as the glucose metabolism-related genes for
the present study. We demonstrated that 17p3-estradiol increased
the expression of PGCla, UCP2, GLUT#4 and the adiponectin
gene in 3T3-L1 adipocytes, suggesting that estrogen possibly
regulates insulin sensitivity, glucose metabolism and energy
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expenditure through the regulation of the expression levels of
these genes. By contrast, an ER-a/f} non-specific antagonist and
an AMPK antagonist reversed the estrogen-induced increase of
PGCla, the adiponectin gene, UCP2 and GLUT4 expression,
indicating that 17B-estradiol regulates the expression levels of
genes related to glucose metabolism through 17(3-estradiol-ER
induced AMPK activation in 3T3-L1 adipocytes. Further
studies are required in order to determine whether this phenom-
enon occurs in other cell types or tissues.

In conclusion, 17p3-estradiol activates AMPK through an
ER (possibly ER-a) and then activates Akt through AMPK
activation in 3T3-L1 adipocytes, despite the absence of insulin.
Moreover, 178-estradiol also regulates the expression levels
of genes related to glucose metabolism through ER-AMPK
activation in 3T3-L1 adipocytes, despite the absence of insulin.
Further research is required to elucidate the precise mecha-
nisms underlying the estrogen-induced interaction between
AMPK and the IRS-1/Akt pathway and the regulation of gene
expression related to glucose metabolism.

Acknowledgements

This study was supported by Basic Science Research Program
through the National Research Foundation of Korea (NRF)
funded by the Ministry of Education, Science and Technology
of the Korean Government (NRF-2009-0076470).

References

1. Liu S and Mauvais-Jarvis F: Minireview: estrogenic protection
of B-cell failure in metabolic diseases. Endocrinology 151:
859-864, 2010.

2. Schneider JG, Tompkins C, Blumenthal RS and Mora S: The
metabolic syndrome in women. Cardiol Rev 14: 286-291,
2006.

3. Park YW, Zhu S, Palaniappan L, Heshka S, Carnethon MR and
Heymsfield SB: The metabolic syndrome: prevalence and asso-
ciated risk factor findings in the US population from the Third
National Health and Nutrition Examination Survey, 1988-1994.
Arch Intern Med 163: 427-436, 2003.

4. Pentti K, Tuppurainen MT, Honkanen R, Sandini L, Kréger H,
Alhava E and Saarikoski S: Hormone therapy protects from
diabetes: the Kuopio osteoporosis risk factor and prevention
study. Eur J Endocrinol 160: 979-983, 2009.

5. Richards L: Diabetes: Postmenopausal hormone therapy
prevents diabetes. Nat Rev Endocrinol 5: 352, 2009.

6. Liang YQ, Akishita M, Kim S, Ako J, Hashimoto M, lijima K,
Ohike Y, Watanabe T, Sudoh N, Toba K, et al: Estrogen receptor
beta is involved in the anorectic action of estrogen. Int J Obes
Relat Metab Disord 26: 1103-1109, 2002.

7. Liu ML, Xu X, Rang WQ, Li YJ and Song HP: Influence of
ovariectomy and 17beta-estradiol treatment on insulin sensi-
tivity, lipid metabolism and post-ischemic cardiac function. Int J
Cardiol 97: 485-493, 2004.

8. Paquette A, Shinoda M, Rabasa Lhoret R, Prud'homme D and
Lavoie JM: Time course of liver lipid infiltration in ovariec-
tomized rats: impact of a high-fat diet. Maturitas 58: 182-190,
2007.

9. Saengsirisuwan V, Pongseeda S, Prasannarong M, Vichaiwong K
and Toskulkao C: Modulation of insulin resistance in ovari-
ectomized rats by endurance exercise training and estrogen
replacement. Metabolism 58: 38-47, 2009.

10. Riant E, Waget A, Cogo H, Arnal JF, Burcelin R and Gourdy P:
Estrogens protect against high-fat diet-induced insulin resistance
and glucose intolerance in mice. Endocrinology 150: 2109-2117,
2009.

11. Hewitt SC, Harrell JC and Korach KS: Lessons in estrogen
biology from knockout and transgenic animals. Annu Rev
Physiol 67: 285-308, 2005.

12. Levin ER: Rapid signaling by steroid receptors. Am J Physiol
Regul Integr Comp Physiol 295: R1425-R1430, 2008.



13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 30: 979-985, 2012

Prossnitz ER, Arterburn JB, Smith HO, Oprea TI, Sklar LA and
Hathaway HJ: Estrogen signaling through the transmembrane G
protein-coupled receptor GPR30. Annu Rev Physiol 70: 165-190,
2008.

Heine PA, Taylor JA, Iwamoto GA, Lubahn DB and Cooke PS:
Increased adipose tissue in male and female estrogen receptor-a
knockout mice. Proc Natl Acad Sci USA 97: 12729-12734, 2000.
Ohlsson C, Hellberg N, Parini P, Vidal O, Bohlooly-Y M,
Rudling M, Lindberg MK, Warner M, Angelin B and
Gustafsson JA: Obesity and disturbed lipoprotein profile in
estrogen receptor-alpha-deficient male mice. Biochem Biophys
Res Commun 278: 640-645, 2000.

Lage R, Diéguez C, Vidal-Puig A and Lépez M: AMPK: a
metabolic gauge regulating whole-body energy homeostasis.
Trends Mol Med 14: 539-549, 2008.

Saltiel AR and Kahn CR: Insulin signaling and the regulation of
glucose and lipid metabolism. Nature 414: 799-806, 2001.
Horike N, Takemori H, Katoh Y, Doi J, Min L, Asano T, Sun XJ,
Yamamoto H, Kasayama S, Muraoka M, et al: Adipose-specific
expression, phosphorylation of Ser794 in insulin receptor
substrate-1, and activation in diabetic animals of salt-inducible
kinase-2. J Biol Chem 287: 18440-18447,2003.

D'Eon TM, Souza SC, Aronovitz M, Obin MS, Fried SK
and Greenberg AS: Estrogen regulation of adiposity and fuel
partitioning. Evidence of genomic and non-genomic regulation of
lipogenic and oxidative pathways. J Biol Chem 280: 35983-35991,
2005.

Rogers NH, Witczak CA, Hirshman MF, Goodyear LJ and
Greenberg AS: Estradiol stimulates Akt, AMP-activated protein
kinase (AMPK) and TBC1D1/4, but not glucose uptake in rat
soleus. Biochem Biophys Res Commun 382: 646-650, 20009.
D'Eon TM, Rogers NH, Stancheva ZS and Greenberg AS:
Estradiol and the estradiol metabolite, 2-hydroxyestradiol,
activate AMP-activated protein kinase in C2C12 myotubes.
Obesity (Silver Spring) 16: 1284-1288, 2008.

Lee YR, Park J, Yu HN, Kim JS, Youn HJ and Jung SH:
Up-regulation of PI3K/Akt signaling by 17beta-estradiol
through activation of estrogen receptor-alpha, but not estrogen
receptor-beta, and stimulates cell growth in breast cancer cells.
Biochem Biophys Res Commun 336: 1221-1226, 2005.

Gorres BK, Bomhoff GL, Morris JK and Geiger PC: In vivo
stimulation of oestrogen receptor a increases insulin-stimulated
skeletal muscle glucose uptake. J Physiol 589: 2041-2054, 2011.
Ouchi N, Kobayashi H, Kihara S, Kumada M, Sato K, Inoue T,
Funahashi T and Walsh K: Adiponectin stimulates angiogen-
esis by promoting cross-talk between AMP-activated protein
kinase and Akt signaling in endothelial cells. J Biol Chem 279:
1304-1309, 2004.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

985

Zou MH, Kirkpatrick SS, Davis BJ, Nelson JS, Wiles WG 1V,
Schlattner U, Neumann D, Brownlee M, Freeman MB and
Goldman MH: Activation of the AMP-activated protein kinase
by the anti-diabetic drug metformin in vivo. Role of mitochon-
drial reactive nitrogen species. J Biol Chem 279: 43940-43951,
2004.

Muraki K, Okuya S and Tanizawa Y: Estrogen receptor alpha
regulates insulin sensitivity through IRS-1 tyrosine phosphory-
lation in mature 3T3-L1 adipocytes. Endocr J 53: 841-851, 2006.
Naaz A, Zakroczymski M, Heine P, Taylor J, Saunders P,
Lubahn D and Cooke PS: Effect of ovariectomy on adipose
tissue of mice in the absence of estrogen receptor alpha (ER
alpha): a potential role for estrogen receptor beta (ER beta).
Horm Metab Res 34: 758-763, 2002.

Sharma G and Prossnitz ER: Mechanisms of estradiol-induced
insulin secretion by the G protein-coupled estrogen receptor
GPR30/GPER in pancreatic beta-cells. Endocrinology 152:
3030-3039, 2011.

Filardo E, Quinn J, Pang Y, Graeber C, Shaw S, Dong J
and Thomas P: Activation of the novel estrogen receptor G
protein-coupled receptor 30 (GPR30) at the plasma membrane.
Endocrinology 148: 3236-3245, 2007.

Puigserver P and Spiegelman BM: Peroxisome proliferator-
activated receptor-gamma coactivator 1 alpha (PGC-1 alpha):
transcriptional coactivator and metabolic regulator. Endocr Rev
24:78-90, 2003.

Knutti D and Kralli A: PGC-1, a versatile coactivator. Trends
Endocrinol Metab 12: 360-365, 2001.

Diano S and Horvath TL: Mitochondrial uncoupling protein 2
(UCP2) in glucose and lipid metabolism. Trends Mol Med 18:
52-58,2012.

Saleh MC, Wheeler MB and Chan CB: Uncoupling protein-2:
evidence for its function as a metabolic regulator. Diabetologia
45: 174-187,2002.

Pecqueur C, Couplan E, Bouillaud F and Ricquier D: Genetic
and physiological analysis of the role of uncoupling proteins in
human energy homeostasis. ] Mol Med (Berl) 79: 48-56, 2001.
Ryder JW, Gilbert M and Zierath JR: Skeletal muscle and
insulin sensitivity: pathophysiological alterations. Front Biosci
6: D154-D163, 2001.

Bell GI and Polonsky KS: Diabetes mellitus and genetically
programmed defects in beta-cell function. Nature 414: 788-791,
2001.

Yamauchi T, Kamon J, Waki H, Terauchi Y, Kubota N, Hara K,
Mori Y, Ide T, Murakami K, Tsuboyama-Kasaoka N, et al: The
fat-derived hormone adiponectin reverses insulin resistance
associated with both lipoatrophy and obesity. Nat Med 7:
941-946, 2001.



