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Caveolin-3 is involved in the protection of resveratrol against high-fat-diet-induced
insulin resistance by promoting GLUT4 translocation to the plasma membrane in
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Abstract

Insulin resistance is recognized as a common metabolic factor which predicts the future development of both type 2 diabetes and atherosclerotic disease.
Resveratrol (RSV), an agonist of estrogen receptor (ER), is known to affect insulin sensitivity, but the mechanism is unclear. Evidence suggests that caveolin-3
(CAV-3), a member of the caveolin family, is involved in insulin-stimulated glucose uptake. Our recent work indicated that estrogen via ER improves glucose
uptake by up-regulation of CAV-3 expression. Here, we investigated the role of CAV-3 in the effect of RSV on insulin resistance in skeletal muscle both in vivo and
in vitro. The results demonstrated that RSV ameliorated high-fat-diet (HFD)-induced glucose intolerance and insulin resistance in ovariectomized rats. RSV
elevated insulin-stimulated glucose uptake in isolated soleus muscle in vivo and in C2C12 myotubes in vitro by enhancing GLUT4 translocation to the plasma
membrane rather than increasing GLUT4 protein expression. Through ERα-mediated transcription, RSV increased CAV-3 protein expression, which contributed
to GLUT4 translocation. Moreover, after knockdown of CAV-3 gene, the effects of RSV on glucose uptake and the translocation of GLUT4 to the plasma membrane,
as well as the association of CAV-3 and GLUT4 in the membrane, were significantly attenuated. Our findings demonstrated that RSV via ERα elevated CAV-3
expression and then enhanced GLUT4 translocation to the plasma membrane to promote glucose uptake in skeletal muscle, exerting its protective effects against
HFD-induced insulin resistance. It suggests that this pathway could represent an effective therapeutic target to fight against insulin resistance syndrome induced
by HFD.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Insulin resistance is recognized as the precursor to prediabetes
and type 2 diabetes — an increased risk factor for cardiovascular
diseases [1]. Reversing insulin resistance is an important way for the
prevention of metabolic syndrome and heart disease. Epidemiological
studies have demonstrated a decreased incidence in cardiovascular
disorders among French populations, who adopt a diet containing
high amounts of unsaturated fat acid largely due to the consumption
of moderate amounts of red wine, a source of resveratrol (RSV) [2].
RSV, a phytoestrogen found naturally in grapes and red wine, is well
recognized for its cardioprotective effects [3]. Recent investigations
have revealed that RSV has the protective effects on diet-induced
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insulin resistance syndrome [4,5], but its molecular mechanisms
remains unclear.

Insulin resistance can result in a decrease in glucose uptake in
insulin-sensitive tissues, i.e., skeletalmuscle and adipose tissues [6]. In
these tissues, glucose uptake is mediated by one of the isoforms of the
glucose transporter family, GLUT4. Incorporation of GLUT4-containing
vesicles into the plasma membrane is a major rate-limiting step in
determining insulin-stimulated glucose uptake [7,8]. Increasing
evidence suggested that GLUT4 translocation to plasma membrane
stimulated by insulin was enriched by caveolae [9–11]. Caveolae are
flask-shaped membrane invaginations present in plasma membrane
and may be distinguished by the presence of caveolins. Caveolin-3
(CAV-3), one isoform of caveolins, is predominantly expressed in
skeletal muscle (for review, see Ref. [12]), which accounts for nearly
75% of total glucose disposal under insulin-stimulated conditions [13].
More importantly, different groups have demonstrated insulin
resistance in the skeletal muscle of CAV-3 knockout mice [14,15],
suggesting that CVA-3 may be a critical intermediate for glucose
uptake. Our previous work has also shown that estrogen via its
receptor improved glucose uptake by up-regulation of CAV-3
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expression in skeletalmuscle cells [16]. Numerous studies have shown
that RSV has molecular structure and pharmacologic properties
similar to those of estradiol, so it mimics many roles of estrogen
(for review, see Ref. [17]). Therefore,we hypothesized that CAV-3may
be involved in the effects of RSV on insulin resistance.

In the present work, we first examined the effect of RSV on glucose
homeostasis in high-fat diet (HFD) ovariectomized rats in vivo as well
as in C2C12 myotubes in vitro stimulated by insulin. Then, we tested
whether GLUT4 translocation to the plasma membrane was involved
in this process mediated by RSV. The role of CAV-3 in RSV-induced
changes was also evaluated.

2. Material and methods

2.1. Animals and experimental diets

Five-month-old female Sprague–Dawley rats were obtained from the Experimen-
tal Animal Center of Sun Yat-sen University (Guangzhou, China). Rats were separately
housed in cages at 23°C±2°C under a 12-h light/dark cycle (lights on at 7:00 a.m.) and
had free access to water and diet. After 1 week of acclimation, animals were subjected
to a bilateral ovariectomy under ether anesthesia. And 3 weeks later, the rats were
randomly divided into three groups fed with different diets for 16 weeks: (1) control
diet group (CON), fed on chow diet; (2) high-fat-diet group (HFD), fed on HFD; (3) RSV
intervention group (HFD+RSV), fed on HFD and RSV (10 mg/kg/day). Both diets were
purchased from Experimental Animal Center of Sun Yat-sen University. On a caloric
basis, the HF diet consisted of 60% fat, 28% carbohydrate and 12% protein (total 5.3 kcal/
g), whereas the control diet contained 10% fat, 64% carbohydrate and 26% protein (total
3.9 kcal/g). The composition of the experimental diets is presented in Table 1. All
animal procedures were approved by the Sun Yat-sen University Animal Care and Use
Committee with NIH standards.

2.2. Preparation of blood and tissue samples and measurement of metabolic parameters

After 16weeks of different diet feeding, ratswere fasted overnight (16 h), and blood
samples via tail vein were collected for the measurement of metabolic parameters.
Fasting blood glucose was determined using Lifescan One-Touch Ultra Glucometer
(Johnson & Johnson, USA). Fasting serum insulin was measured with an ultrasensitive
rat insulin enzyme-linked immunosorbent assay kit (Mercodia AB, Uppsala, Sweden)
according to the manufacturer's instruction. The value of the homeostasis model
assessment of insulin resistance (HOMA-IR) index was calculated by using insulin and
glucose values in fasting condition. Then, an intraperitoneal glucose tolerance test
(IPGTT) was conducted by intraperitoneal injection of glucose solution at 2 g/kg body
weight, and blood glucose was measured at 0, 15, 30, 60, 90 and 120 min postinjection.
Lastly, soleus muscles were isolated from the three different groups, and basal and
insulin-stimulated skeletal muscle glucose uptakes were measured.
Table 1
Composition of experimental diets

Macronutrient CON HFD

g % kcal % g % kcal %

Protein 25.3 26 15.7 12
Carbohydrate 62 64 36.7 28
Fat 4.31 10 35 60
Total 91.6 100 87.5 100
Kcal/g 3.9 5.3

Ingredients g kcal g kcal

Casein 260 1040 120 480
L-Cystine 3.9 12 1.8 7.2
Cellulose 50 0 50 0
Corn starch 402 1610 39.2 156.8
Maltodextrin 10 135 540 125 500
Sucrose 100 400 110 440
Soybean oil 25 225 25 225
Lard 20 179.6 246 2211
t-Butylhydroquinone 0.01 0 0 0
Mineral mix 35 0 10 0
Dicalcium phosphate 0 0 13 0
Calcium carbonate 0 0 5.5 0
Potassium citrate 0 0 16.5 0
Vitamin mix 10 40 10 40
Choline bitartrate 2.5 0 2 0
Total 1044 4046 774 4060
2.3. Uptake of 2-deoxy-[3H] glucose

Tissue-specific glucose uptake was measured by D-[3H] glucose described by
Oshikawa et al. [15]. Briefly, soleus skeletal muscles were dissected out and rapidly
cut into pieces. Next, muscle tissues were seeded into 12-well culture plate
containing 2 ml Krebs–Ringer bicarbonate (KRB) buffer (pH 7.4, 8 mmol/L glucose)
and incubated at 37°C for 60 min. Afterward, the muscle tissues were incubated for
30 min in KRB buffer in the presence (for measurement of insulin-stimulated
glucose uptake) or absence (for measurement of basal glucose uptake) of 100 nM
insulin. Tissues were then rinsed using KRB buffer and further incubated for 30 min
at 37°C in 2 ml KRB buffer containing 1 μCi 2-deoxy-[3H] glucose. Plates were
supplied continuously with 95% O2/5% CO2 throughout the experiment, and insulin
was present during the wash and for measuring insulin-stimulated glucose uptake.
Tissues were then removed, rapidly rinsed in isotope-free KRB buffer and
solubilized with 1 N NaOH. Radioactivity was counted using liquid scintillation
counter. Results were expressed as counts per minute of 2-deoxy-[3H] glucose
uptake per 10 mg tissue.

At the cell level, C2C12myotubes were incubated in 12-well cluster dishes, washed
twice with phosphate-buffered saline (PBS) and incubated in serum-free media for
16 h and then treated with or without 10−5 M RSV in Dulbecco's modified Eagle's
medium for 24 h at 37°C. Cells were incubated in 2 ml of KRH (25 mM HEPES, 120 mM
NaCl, 5 mM KCl, 1.2 mM MgSO4, 1.3 mM CaCl2 and 1.3 mM KH2PO4) with 100 nM
insulin for 20 min. 2-Deoxy-[3H] glucose (1 μCi) was added to each well for 10 min.
Cells were washed with KRH buffer twice and then lysed in 1 N NaOH. Glucose uptake
values were corrected for non-carrier-mediated transport by measuring glucose
uptake in the presence of 10 mM cytochalasin B (Sigma, St. Louis, MO, USA). In some
experiments, cells were preincubated with (PPT; 10−6 M, an ERα-selective agonist,
Sigma, St. Louis, MO, USA), methyl-piperidino-pyrazole (MPP; 10−6 M, an ERα-
selective antagonist, Sigma), 2,3-bis(4-hydroxyphenyl)propionitrile (DPN; 10−6 M, an
ERβ-selective agonist, Sigma) and 1-(4-(6-bromobenzo[1,3]dioxol-5-yl)-3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinolin-8-yl)-ethanone (G-1; 10−6 M, a selective GPR30
agonist, Sigma) for 30 min at 37°C before treatment with or without RSV (10−5 M).

2.4. Western blot analysis

Whole cell lysates or plasma membrane fractions were separated on 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene fluoride membrane (Amersham) in the Tris–glycine
buffer containing 20% methanol. Membranes were washed with tris-buffered saline
Tween-20 (TBST), blocked with 10% skim milk for 1 h and incubated with the
primary antibodies (CAV-3, GLUT4 and β-actin) at the dilution recommended by
the manufacturer (Santa Cruz). Membranes were washed in TBST buffer, probed
with horseradish-peroxidase-conjugated secondary antibodies (goat anti-rabbit or
goat anti-mouse IgG) and visualized using the enhanced chemiluminescence kit
(Amersham). Densitometric analysis was performed using the densitometer
(Gel Doc, Bio-Rad) to quantify protein expression levels.

2.5. C2C12 myotubes culture and immunocytochemistry

C2C12 myoblasts were maintained in Dulbecco's modified Eagle's medium
supplemented with 10% fetal bovine serum at 37°C in a 5% CO2–95% air incubator.
When 70% confluency was reached, the cells were transfected with the CAV-3 siRNA
constructs or scramble siRNA used as control (Santa Cruz) using Lipofectamine 2000
(Invitrogen) according to the manufacturer's instructions, and 1 day later, the medium
was replaced with Dulbecco's modified Eagle's medium containing 1% fetal bovine
serum for 3 days. After 7 days of differentiation, the cultures were fixed and stained
with antibodies against CAV-3 and GLUT4 to characterize the expression of CAV-3 and
GLUT4. Briefly, cells were washed with cold PBS three times, fixed with cold methanol
and kept at−20°C for 15 min. After rinsing with PBS, cultures were preincubated in 3%
bovine serum albumin (BSA) for 30 min. Then, cells were incubated with primary
antibodies: mouse monoclonal anti-CAV-3 (1:500; Santa Cruz Biotechnology, CA, USA)
and rabbit polyclonal anti-GLUT4 (1:500; Santa Cruz Biotechnology) in 3% BSA with
0.1% Triton X-100 dissolved in PBS for 1 h at room temperature. After washing three
times with PBS for 10 min, cells were incubated with goat anti-mouse tetramethyl
rhodamine isothiocyanate (TRITC; 1:500; Sigma, St. Louis, MO, USA) or goat anti-rabbit
fluorescein isothiocyanate (FITC)-conjugated antibody (1:500; Jackson Immuno
Research, PA, USA) for 1 h in the dark.

The immunofluorescence cells were visualized using a confocal laser-scanning
microscope (LSM 710, Zeiss, Germany). The fluorophores FITC and TRITC were excited
by the 488 -and 543-nm laser lines, respectively, followed by emission collection with a
505–530-nm band pass and a 560–615-nm band pass filter, respectively. The thickness
of each optical slice was 0.6 μm, and confocal z-stack images were taken through the
depth of the cells at intervals of 0.8 μm.

If both red and green signals were expressed in the same place, this resulted in a
yellow signal. An average percentage of the area of the yellow signal (showing
colocatization) relative to the total area of a whole cell was collected using identical
acquisition parameters and analyzed by a computerized image analysis system (Image-
Pro Plus 5.0; Media Cybernetics, USA), and then the mean±S.E. value across the
different groups was determined. Five cells were included for each group for
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quantification of the results of immunocytochemistry. Quantitative analyses of
immunofluorescence staining were conducted in a blinded manner.

2.6. Plasma membrane isolation

Plasma membrane isolation was performed according to the manufacturer's
instruction (Calbiochem). Briefly, for C2C12 myotubes, after carefully removing Wash
Buffer, add a mixture of Protease Inhibitor Cocktail and cold Extraction Buffer I (1:200)
to a flask. Incubate for 10 min at 4°C under gentle agitation. Discard the supernatant,
and make sure that all liquid is removed. Add a mixture of Protease Inhibitor Cocktail
and cold Extraction Buffer II (1:200) again and incubate for 30 min at 4°C under gentle
agitation. Keep the supernatant (membrane fractions enriched in integral membrane
and membrane associated proteins). For skeletal tissue, quickly remove unwanted
materials at 4°C, slice it in ∼2 mm3 pieces, and transfer into a tube containing 2 ml ice-
cold Wash Buffer. Gently flick the tube a few times to rinse off blood cells and other
loosely attached substances. Centrifuge tissue pieces at 100g and 4°C for 2 min.
Carefully remove the supernatant, add another 2 ml ice-cold Wash Buffer, and repeat
washing steps. After the final washing step, take care to completely remove all buffers.
Protein concentration was determined using the Bradford method.

2.7. Immunoprecipitation

For immunoprecipitation, 200 μg of cellular protein was incubated with 1 μg of
CAV-3 overnight at 4°C. Twenty microliters of protein A/G plus-agarose (Santa Cruz)
was added to each sample and incubated for 4 h. Immunocomplexes were collected
and washed with lysis buffer three times. The samples were boiled for 3 min, and the
beads were removed by centrifugation. Proteins were separated by 7.5% SDS-PAGE and
transferred to a nitrocellulose membrane. The blots were blocked with 10% milk
solution in TBST buffer, incubated with GLUT4 antibodies in TBST and then incubated
with secondary antibodies conjugated to horseradish peroxidase. The immunoreactive
bands were visualized by enhanced chemiluminescence.
Fig. 1. RSV protects against HFD-induced insulin resistance in ovariectomized rats. (A–C) At the
(A), fasting serum insulin (B) and HOMA-IR values (C) were measured. (D) An IPGTT was then
kg bodywt). Values are expressed asmeans±S.E. Six to eight rats were analyzed in each group.
diet supplemented with RSV group. ⁎Pb.05 vs. CON; #Pb.05 vs. HFD.
2.8. Real-time polymerase chain reaction (PCR)

Total RNAs were isolated using Trizol (Invitrogen) according to the manufacturer's
instruction. PCR was performed on the ABI Prism 7000 using One Step SYBR
PrimeScript RT-PCR Kit (TaKaRa, Shanghai). The following primers were used: CAV-
3, sense ACACCACTTTCACCGTCTCCAAGT, antisense TGTGGCAGAAGGAGATACAGGCAA;
β-actin, sense AGCCATGTACGTAGCCATCC, antisense CTCTCAGCTGTGGTGGTGAA. Data
were collected in the extension step. The specificity and identity of PCR products were
verified using melting curve analysis following the PCR, which distinguished specific
PCR products from the primer dimmer-caused nonspecific PCR. Results were analyzed
using the software provided by the manufacturer.

2.9. Statistical analysis

Data were expressed as means±S.E., and analysis of variance was performed using
SPSS 13.0 software. Data between experimental and control groups were evaluated by
one-way analysis of variance to determine specific mean differences, and the
comparison of mean values between the groups was determined by Student–
Newman–Keuls test. Statistical significance was considered as a P value b.05.

3. Result

3.1. RSV exerted a protective effect against HFD-induced glucose and
insulin intolerance

As shown in Fig. 1, after 16 weeks of diet exposure, fasting serum
glucose and fasting insulin concentrations in HFD group increased
significantly compared with those in the CON group, but supplemen-
tation of RSV evidently inhibited the increase of serum glucose and
end of the different 16-week diets, rats were fasted overnight, and fasting blood glucose
performed at time 0, 15, 30, 60, 90 and 120min after injection with glucose load (ip 2 g/
CON: the control chow diet group; HFD: the high-fat diet group; HFD+RSV: the high-fat
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insulin concentrations (Pb.05 vs. HFD alone, Fig. 1A and B). In
addition, HOMA-IR was significantly higher in the HFD group than in
the control diet group, while lower HOMA-IR was seen in the RSV-
treatment group (Pb.05 vs. HFD group, Fig. 1C). An IPGTT was
performed to assess whole body glucose clearance in response to a
glucose challenge. HFD resulted in a higher blood glucose levels and a
larger decline in whole body glucose tolerance, as demonstrated by
the inability of HFD rats to effectively clear glucose from their blood
by the end of the 2-h test compared to CON (Fig. 1D). However,
glucose tolerance was improved in the third group supplied with RSV.
At 30, 60, 90 and 120 min after glucose injection, the blood glucose
levels were lower in the third group than in the HFD group (Pb.05 vs.
HFD). These results indicated that supplementation of RSV amelio-
rated HFD-induced glucose and insulin intolerance in rats with
bilateral ovariectomy.
3.2. RSV directly enhances insulin-stimulated glucose uptake in an
ERα-dependent manner

We next explored the effect of RSV administration on glucose
uptake in isolated soleus muscle and C2C12 myotubes. As shown in
Fig. 2. RSV promotes glucose uptake mediated by ERα. (A) After 16 weeks of diet
feeding, soleus muscles were isolated from the three different groups and used to
measure 2-deoxy-[3H] glucose uptake. ⁎Pb.05 vs. CON; #Pb.05 vs. HFD. (B) Different
agonist or antagonist of ER was employed to investigate the ER subtype mediating the
promotion of RSV on glucose uptake in C2C12 myotubes. ⁎Pb.05 vs. basal condition;
§Pb.05 vs. RSV alone; #Pb.05 vs. insulin alone; $Pb.05 vs. RSV plus insulin.
Fig. 2A, our data demonstrated that the basal glucose uptake in the
soleus muscles was not significantly different among groups. As
expected, HFD caused a remarkable decrease in insulin-stimulated
glucose uptake in skeletal muscle, whereas this was fully restored by
the addition of RSV, indicating that RSV promoted skeletal muscle
glucose uptake.

Subsequently, we used different agonist or antagonist of ER to
investigate which ER subtype played a role in the promotion of
glucose uptake mediated by RSV in C2C12 myotubes. As shown in
Fig. 2B, RSV alone can also increase the glucose uptake, but it
demonstrated a relatively lower potential of increasing glucose
uptake compared with insulin-stimulated or insulin plus RSV.
Accordingly, we focused on insulin-stimulated glucose in the
following experiments. Only PPT significantly augmented and MPP
significantly inhibited the insulin-stimulated glucose uptake, whereas
Fig. 3. RSV enhances GLUT4 translocation to plasma membrane in an ERα-dependent
manner. (A, B) Effects of RSV on GLUT4 protein expression in whole tissue lysates (A)
or in plasma membrane fractions (B) under basal or insulin-stimulated conditions.
⁎Pb.05 vs. CON; #Pb.05 vs. HFD. (C) Pretreatment with ERα-selective antagonist MPP
significantly inhibited the enhancement of RSV on GLUT4 translocation in C2C12
myotubes. ⁎Pb.05 vs. basal condition or RSV alone; #Pb.05 vs. insulin alone; $Pb.05 vs.
RSV plus insulin.

image of Fig. 2
image of Fig. 3


Fig. 4. RSV up-regulates CAV-3 expression in HFD-induced insulin-resistant soleus muscles and in C2C12 myotubes. (A, C) CAV-3 protein expression or mRNA levels were measured in
soleus skeletal muscles isolated from CON, HFD or HFD supplied with RSV groups after 16 weeks of different diets. ⁎Pb.05 vs. CON; #Pb.05 vs. HFD. (B, D) The changes of CAV-3 protein
expression or mRNA levels were determined in C2C12 myotubes incubated with RSV for 12 h or 24 h (10−5 M). ⁎Pb.05 vs. basal condition; #Pb.05 vs. treatment with RSV for 12 h.

1720 Z. Tan et al. / Journal of Nutritional Biochemistry 23 (2012) 1716–1724
DPN and G-1 had no effect on the insulin-stimulated glucose uptake.
The results showed that ERα was related to the promotion of RSV on
glucose uptake in skeletal muscle.

3.3. RSV enhanced GLUT4 translocation to the plasma membrane in an
ERα-dependent manner

Insulin-stimulated uptake of glucose and the maintenance of
glucose homeostasis are primarily mediated by mobilizing GLUT4
glucose transporters from intracellular membrane storage sites to the
plasma membrane [18]. So, we next examined the effect of RSV
treatment on the expression of GLUT4 protein in skeletal muscle and
C2C12 skeletal muscle myotubes stimulated by insulin. As shown in
Fig. 3A, total GLUT4 content in soleus muscles was unchanged among
different diet groups in the absence or presence of insulin. However,
under insulin-stimulated conditions, the plasma membrane GLUT4
protein concentration was evidently higher compared to the content
Fig. 5. CAV-3 siRNA inhibits the promoting effect of RSV on glucose uptake and GLUT4 transloca
expression. (B–D) C2C12 myotubes were transfected with CAV-3 siRNA or scramble siRNA for
nM) for 10 min, and then were prepared for the following experiments: (B) 2-deoxy-[3H] gluco
to assess the possibility of interactions between CAV-3 and GLUT4. ⁎Pb.05 vs. control; #Pb.05 vs.
of CAV-3 (red) and GLUT4 (green). The yellow signals indicate the colocalization of CAV-3
proportion of the colocalization of CAV-3 and GLUT4 in the total whole cell was changed bet
under the basal conditions between all groups. Furthermore, insulin-
stimulated plasma membrane GLUT4 protein level was lower in
soleus muscles with intake of HFD for 16 weeks, while RSV
supplement markedly reversed the effect (Pb.05, Fig. 3B), suggesting
that treatment with RSV affected GLUT4 translocation to plasma
membrane rather than GLUT4 expression.

We next explored the role of ERα in the effect of RSV on GLUT4
translocation in C2C12 myotubes in the same manner. With or
without pretreatment with MPP (10−6 M) for 30 min before, C2C12
myotubes were incubated with RSV (10−5 M) for an additional 24 h
and then stimulated by insulin (100 nM) for 10 min. In Fig. 3C,
insulin stimulation increased plasma membrane GLUT4 protein
concentration above basal levels. Ten micromolars of RSV alone had
no apparent effect under basal conditions, but enhanced insulin-
stimulated plasma membrane GLUT4 protein concentration. Fur-
thermore, pretreatment with ERα-selective antagonist MPP appar-
ently inhibited the effect of RSV. Therefore, our results indicated that
tion. (A) Western blot showed the efficient inhibition of CAV-3 siRNA on CAV-3 protein
24 h, followed by treatment with RSV (10−5M) for 24 h and stimulation by insulin (100
se uptake; (C) Western blot analysis of GLUT4 protein levels; (D) immunoprecipitation
RSV plus insulin treatment. (E) Immunofluorescence staining to identify the expression
and GLUT4 in the same cell. Scale bar=10 μm. (F) The histogram indicated that the
ween scramble siRNA and CAV-3 siRNA group. ⁎Pb.05 vs. scramble siRNA.

image of Fig. 4
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RSV enhanced GLUT4 translocation to plasma membrane in an ERα-
dependent manner.

3.4. RSV increases CAV-3 expression in HFD-induced insulin resistant
soleus muscles and in C2C12 myotubes

It is reported that CAV-3 plays an important role in the regulation
of glucose homeostasis in vivo as well as the development of insulin
resistance [14]. To investigate whether CAV-3 was involved in the
protection of RSV against HFD-induced insulin intolerance, we first
employed Western blot and real-time PCR to examine the change of
CAV-3 expression after RVS application in HFD-induced insulin-
resistant soleus muscles and in C2C12 myotubes. As shown in Fig. 4,
RSV not only affected CAV-3 protein expression but also resulted in an
increase of mRNA levels in both soleus skeletal muscles isolated from
HFD supplied with RSV group and C2C12 myotubes incubated with
RSV for 12 h or 24 h. These results indicated that RSV up-regulated
CAV-3 expression at the levels of transcription.

3.5. CAV-3 facilities RSV-induced glucose uptake and GLUT4 plasma
membrane translocation

To further elucidate the role of CAV-3 in the salutary effect of RSV
on insulin intolerance, we used CAV-3 siRNA to study its effect on
GLUT4 translocation to plasma membrane in C2C12 myotubes. The
down-regulation of CAV-3 by siRNA was confirmed by Western blot
analysis of the inhibition of intracellular CAV-3 (Fig. 5A). As shown in
Fig. 5B–C, we found that CAV-3 siRNA evidently reduced RSV-induced
glucose uptake and GLUT4 translocation, but scramble siRNA had no
effect (Pb.05). We used immunoprecipitation to assess the possibility
of interactions between CAV-3 and GLUT4 in the membrane of C2C12
myotubes. Compared with scramble siRNA control, CAV-3 siRNA
significantly blocked RSV-induced association of CAV-3 and GLUT4 in
the membrane of C2C12 myotubes stimulated by insulin (Fig. 5D). As
show in Fig. 5E, the yellow signal in double immunofluorescence
staining showed that GLUT4 (green) was colocalized with CAV-3
(red). Statistical analysis of the result showed that the proportion of
the colocalization of CAV-3 and GLUT4 in the total whole cell was
significantly lower in the CAV-3 siRNA-treated group (Fig. 5F,
3.31%±2.82%, Pb.05 vs. 0.24%±0.02%, scramble siRNA group, n=5).
Taken together, our data suggested that CAV-3 was involved in the
RSV stimulation of glucose uptake and GLUT4 translocation to the
plasma membrane.

4. Discussion

The present study demonstrated that RSV promoted glucose
uptake in isolated soleus muscle and in C2C12 myotubes stimulated
by insulin and ameliorated HFD-induced glucose and insulin
intolerance in ovariectomized rats. RSV promotion of glucose uptake
was related to enhancing GLUT4 translocation to plasma membrane
rather than increasing GLUT4 protein expression. Moreover, after
CAV-3 knockdown, the promoting effects of RSV on glucose uptake,
GLUT4 translocation to the plasma membrane and the association of
CAV-3 and GLUT4 in the membrane were significantly attenuated.
The major finding of the present study was that RSV via ERα elevated
CAV-3 expression to promote GLUT4 translocation to the plasma
membrane and then facilitated glucose uptake in skeletal muscle,
which contributed to its protection in HFD-induced insulin resistance.

Insulin resistance is one of the major features of the metabolic
syndrome [19,20]. To date, all animal studies on insulin resistance
have been conducted in monkeys, rats or transgenic mice fed with a
normal chow or a moderately HFD, an unhealthy diet contributing to
a growing worldwide incidence of type 2 diabetes and cardiovascular
diseases [21]. Data from several research groups have demonstrated
that postmenopausal women, as compared to premenopausal
women, have increased fasting insulin [22,23] and increased fasting
glucose levels [24], indicating a worsened insulin sensitivity after
menopause. It was reported that ovariectomy, usually used to
investigate the mechanisms responsible for menopause-related
complications, could result in glucose intolerance and insulin
resistance by induced estrogen deficiency [25]. Recent in vitro and
in vivo studies have shown that RSV can affect insulin sensitivity
and have antidiabetic properties [15,26,27], but the exact mechanism
is largely unknown until now. It is well known that RSV is classified as
a phytoestrogen due to its ability to interact with ER and its molecular
structure pharmacologic properties similar to those of estrogen, so it
mimics many roles of estrogen (for review, see Ref. [17]). Estrogen is
recognized as an important regulator of insulin sensitivity and
glucose tolerance [28–30]. Several recent studies found that post-
menopausal women with an HFD lifestyle, when randomized to
estrogen therapy, had a 35% lower risk of developing diabetes
compared to placebo-treated women [15,31]. So, in the present study,
we used ovariectomized rats to explore the effects of RSV and its
mechanism of regulation of glucose uptake and insulin resistance for
the first time. Our founding exhibited that RSV supplementation to
ovariectomized rats inhibited the increase of serum glucose and
insulin concentrations, suggesting that RSV could attenuate the
development of insulin resistance. This finding is consistent with
previous studies showing that RSV improves insulin sensitivity in
type 2 diabetes patients [26] and in rats fed a high-cholesterol–
fructose diet [5]. Therefore, the effects of RSV on glucose metabolism
are of clinical importance to treat subjects with type 2 diabetes,
especially in the postmenopausal women with HFD.

RSV is considered as one of the phytoestrogens which can induce
transcriptional activity of ER [32], although Deng and his colleagues
[5] have reported that ER is a key regulator in RSV-stimulating
insulin-dependent glucose uptake, which accounts for the protec-
tive effects of RSV on diet-induced insulin resistance syndrome.
They used pure ER antagonist ICI 182780 rather than a specific
agonist or antagonist of ER to investigate the role of ER in the
protection of RSV in glucose homeostasis. In addition, recent
investigations have revealed that G-protein-coupled receptor 30
(GPR30) is one type of ER [33]. Consequently, it is still not known
which subtype or subtypes of ERs mediate the action of RSV in this
process. In the present study, we utilized specific agonist or
antagonist of ERs to demonstrate that ERα mediated the desirable
effects of RSV on glucose homeostasis. However, ERβ and GPR30
had no contribution to the effect of RSV. This result is consistent
with the reported result from Riant et al. who used ERα knockout
mice to demonstrate that ERα mediated the protection of estrogens
against HFD-induced glucose intolerance [34]. Although a study
showed that RSV binds ERβ and ERα with comparable affinity [17],
a recent study from Gorres et al. demonstrated that HFD induced
decreased expression of ERβ without altering insulin-stimulated
glucose transport in soleus muscles [35], which further confirms
that ERβ is not involved in the favorable effects on glucose
homeostasis mediated by RSV.

Based on the above studies, we have demonstrated that RSV
through ERα to promotion glucose uptake in skeletal muscle which
contribution to ameliorate glucose intolerance. Insulin regulates the
uptake of glucose into skeletal muscle by enhancing GLUT4
translocation to plasma membrane. This process is important for
the regulation of glucose homeostasis. Our results showed that RSV
treatment promoted GLUT4 translocation to the plasma membrane,
but had no effect on total GLUT4 expression in skeletal muscle.

Caveolins are membrane proteins, the major coat proteins of
caveolae and specialized lipid rafts in the plasma membrane that
serve as scaffolding sites for many signaling complexes, such as
insulin signaling [36,37]. Insulin increases GLUT4 to plasma
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membrane fraction enriched by caveolae [9,38]. Our recent study has
demonstrated that estrogen via its receptor improves glucose uptake
by the up-regulation of CAV-3 expression in skeletal muscle cells [16].
In the present work, we showed that RSV up-regulated CAV-3
expression in HFD-induced insulin-resistant soleus muscles and in
C2C12 myotubes. To confirm whether CAV-3 plays a role in RSV-
induced promotion of insulin-stimulated glucose uptake, we used
siRNA technology for the knockdown of CAV-3 protein expression to
examine this effect. As expected, CAV-3 siRNA significantly blocked
the promotion of glucose uptake mediated by RSV. These findings
indicated that CAV-3 is involved in RSV-mediated glucose uptake. A
previous study indicated that CAV-3 had a role in the GLUT4
translocation in conditionally immortalized skeletal muscle cells
[39]. A recent study also showed that RSV could increase the
association between CAV-3 and GLUT4 in diabetic myocardium [4].
To further confirm the role of CAV-3 in the action of RSV on
GLUT4 translocation, we used immunoprecipitation and immunoflu-
orescence to investigate the effect of CAV-3 on GLUT4 translocation
stimulated by insulin in C2C12 myotubes. Our results demonstrated
that knockdown of CAV-3 significantly suppressed RSV-induced
association of CAV-3 and GLUT4 in the membrane of C2C12myotubes
stimulated by insulin, which was similar to the effect of RSV on
glucose uptake. However, our results were not consistent with a
previous study demonstrating that CAV-1 rather than CAV-3 played
an important role in glucose uptake in differentiatedmuscle cells [40].
This discrepancy may be interpreted by the different methods of
treatment of cells used in the experiments. Taken together, our
current study demonstrated that CAV-3 played a crucial role in the
RSV protection against HFD-induced insulin resistance through a
direct interaction with GLUT4 translocation to the plasma membrane,
which was consistent with previous works. And the role of CAV-3 in
GLUT4 translocation was also confirmed in a recent study, demon-
strating that translocation of caveolin-3 and GLUT4 to caveolae
resulted in delayed protection in the myocardium [41].

In conclusion, our results indicated that RSV could ameliorate
insulin resistance in skeletal muscle by enhancing glucose uptake
through a CAV-3-dependent pathway. The protection of RSV is mainly
mediated in an ERα-dependent manner to up-regulate CAV-3 protein
expression, subsequently leading to the enhancement of GLUT4
translocation to plasma membrane, which might account for the
beneficial effect of RSV on insulin resistance. It provided a novel
strategy for pharmaceutical intervention that targeting CAV-3 in RSV-
mediated signaling pathway on insulin resistance may produce
therapeutic effects for menopausal women with type 2 diabetes.
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