
Resveratrol potentiates rapamycin to prevent
hyperinsulinemia and obesity in male mice on high fat
diet
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High doses of rapamycin, an antiaging agent, can prevent obesity in mice on high fat diet (HFD). Obesity is usually associated
with hyperinsulinemia. Here, we showed that rapamycin given orally, at doses that did not affect weight gain in male mice on
HFD, tended to decrease fasting insulin levels. Addition of resveratrol, which alone did not affect insulin levels, potentiated the
effect of rapamycin, so that the combination decreased obesity and prevented hyperinsulinemia. Neither rapamycin nor
resveratrol, and their combination affected fasting levels of glucose (despite lowering insulin levels), implying that the
combination might prevent insulin resistance. We and others previously reported that resveratrol at high doses inhibited the
mTOR (Target of Rapamycin) pathway in cell culture. Yet, as we confirmed here, this effect was observed only at super-
pharmacological concentrations. At pharmacological concentrations, resveratrol did not exert ‘rapamycin-like effects’ on
cellular senescence and did not inhibit the mTOR pathway in vitro, indicating nonoverlapping therapeutic mechanisms of actions
of rapamycin and resveratrol in vivo. Although, like rapamycin, resveratrol decreased insulin-induced HIF-1-dependent
transcription in cell culture, resveratrol did not inhibit mTOR at the same concentrations. Given distinct mechanisms of action of
rapamycin and resveratrol at clinically relevant doses, their combination warrants further investigation as a potential antiaging,
antiobesity and antidiabetic modality.
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The mTOR (Target of Rapamycin) pathway is involved in
cellular senescence, organismal aging and age-related
diseases.1–8 Rapamycin prolongs life span in heterozygous,
inbred and cancer-prone mice.9–16 It was shown that
rapamycin prevents weight gain in mice on a high fat diet
(HFD).17 However, in some (but not all) studies chronic
administration of high-dose rapamycin led to glucose intoler-
ance and insulin resistance.18–23 For example, Chang et al
reported that everyday administration of rapamycin by
interperitoneal injections caused insulin resistance.20 This
insulin resistance, however, resembles starvation diabetes or
condition associated with severe calorie restriction and may
extend life span.24,25 In fact, all studies in mice showed that
rapamycin extends life span rather than shortens it. Still
observed insulin resistance caused by high-dose rapamycin
in mice may complicate its introduction for prevention and
treatment of age-related metabolic diseases in humans and
may preclude its widespread use. Theoretical considerations
suggest that intermittent administration of rapamycin orally
might not have side effects of high chronic doses. Here, we
attempt to prevent metabolic abnormalities of obesity by
intermittent oral administration of rapamycin. Independently,
resveratrol was intensively studied as antiaging agent to
prevent age-related diseases.26–28 Resveratrol prevents

insulin resistance in mice29,30 and even extends life span of
mice on HFD.29 In obese mice, relatively low-dose of
resveratrol lowered fasting blood glucose level and serum
insulin, increased hepatic glycogen content and ameliorated
fatty liver without change in body weight.31 Furthermore,
resveratrol improves insulin sensitivity in type 2 diabetic
patients.32 Resveratrol has multiple targets, including
sirtuins.30,33–36 It was also shown that resveratrol inhibits
the mTOR/S6K pathway in cell culture.37–39 Yet, to inhibit
mTOR, resveratrol was used at high near-toxic concentra-
tions, which may exceed pharmacologically achievable
concentrations in animals.40–43 Here, we investigated
whether addition of resveratrol would potentiate effects of
rapamycin in mice. Complementing in vivo research, we
demonstrated in cell culture that, at pharmacological doses,
resveratrol does not inhibit the mTOR pathway, suggesting
that rapamycin and resveratrol act by different mechanisms.

Results

Low dose rapamycin does not prevent weight gain in
male mice on HFD. Mice were fed either regular food or
high fat (60% fat) diet (Figure 1). On HFD mice progressively
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gained weight, reaching plateau after 12 weeks (group 2;
HF). Other mice on HFD were subdivided into 3 groups,
which received treatment with resveratrol (group 3), rapa-
mycin (group 4) and resveratrolþ rapamycin (group 5). The
dose of rapamycin was chosen, as such that it did not
significantly prevent weight gain in male mice on HFD.
Noteworthy, similar schedules of rapamycin administration
significantly prevented weight gain in female mice on HFD
(Figure 2). First, female mice were more sensitive to
rapamycin compared with male mice. Second, female mice
were more prone to weight gain than males (Figure 2), so
that the effect of treatment with rapamycin was easier to
detect in females than in males. Resveratrol only transiently
(weeks 7� 8) decreased weight gain (Figure 1). In contrast,
a combination of rapamycin and resveratrol prevented weight
gain with high level of significance (Figure 1; Po0.01 starting
from week 6 and Po0.001 at week 8).

Rapamycin and resveratrol prevent hyperinsulinemia in
mice on HFD. After 13 weeks of treatment, blood was
collected after overnight fasting in all mice. There was a three
fold increase in fasting insulin levels in mice on HFD
(Figure 3a). All the mice on HFD had higher levels of insulin
than regular diet mice. Noteworthy, while 8 out of 10 mice on
HFD had Bequal levels of insulin (which were higher than
levels in any mouse on regular diet), two mice had
exceptionally high levels of insulin. The uniform shift to
higher levels of insulin in mice on HFD may represent ‘normal
elevation’ of insulin associated with obesity and/or aging.
Two exacerbated cases can be viewed as obesity-induced
disease, because the levels of insulin in these two mice
deviated from the ‘normal’ elevation of insulin, observed in
mice on HFD. Thus, disease can be viewed as exacerbated
‘normal’ trend associated with HFD (or with aging in other
cases). Administrated separately, both resveratrol and
rapamycin decreased HFD-induced hyperinsulinemia albeit
the effect was not statistically significant. A combination of
resveratrol and rapamycin significantly prevented hyperinsu-
linemia (P¼ 0.0023). In resveratrol plus rapamycin-treated

mice (RþR mice), there was no ‘diseased’ mice. In group 5,
levels of insulin just slightly exceeded the levels of insulin in
group 1 (Figure 3a). There was a trend to higher levels of
insulin-like growth factor (IGF)-1 in obese mice, however, not
statistically significant (Figure 3b). Therefore, prevention of
elevation of IGF-1 by rapamycin was not statistically
significant also, probably requiring larger groups of animals
to detect statistical effects of rapamycin on IGF-1 levels.
Levels of glucose in mice on HFD were not significantly
increased, and there was no effect of either resveratrol or
rapamycin or their combination on glucose levels (Figure 3c).
This may suggest that the elevated levels of insulin in HFD-
treated mice compensated for potential insulin resistance. A
decrease in insulin levels by a combination of rapamycin and
resveratrol did not lead to increased glucose levels,
consistent with sensitization to insulin by this drug combina-
tion. Levels of triglycerides were significantly increased on
HFD (Figure 3d) and were not changed by any treatment. It
was reported that rapamycin increases levels of triglycerides
in mice and humans in part due to elevated lipolysis, which is
a starvation-like side effect of rapamycin.24,25 However, at
low doses used in our study, rapamycin did not affect
triglycerides levels on HFD (Figure 3d).

Correlations between metabolic changes. There was a
strong correlation between weight and insulin levels when
two groups of mice on two different diets were combined
(regular diet (RD) and HFD) (Figure 4a). Treatment with
rapamycin and resveratrol decreased correlation, which still
remained significant. (Figure 3b). There was no correlation
between insuln and glucose levels (Figure 4c). Three super-
hyperinsulinemic (‘diseased’) mice had average glucose
levels (Figure 4c). There was no statistically significant

Figure 1 Body weight of mice on HFD with or without treatment. Initial body
weight of each mouse is taken for 100 percent. Change of the weight was
determined once a week. 1: RD; 2: HFD; 3: HFDþ resv (resveratrol); 4: HFDþ
Rapa (rapamycin); 5: HFDþReþRa (þ resveratrolþ rapamycin in combination).
Data present mean±S.E.M. Statistically significant differences were assessed
using Student’s t-test

Figure 2 Effects of HFD and rapamycin on body weight: comparison of male
and female mice. Body weight of each mouse was determined at the beginning of
the experiment (0 weeks) and 13 weeks after the initiation of HFD, and treatment
with rapamycin in females and males of similar age (42 and 38.3 weeks,
respectively). Data present mean±S.E.M. Statistically significant differences were
assessed using Student’s t-test
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correlation between weight and triglycerides, and between
glucose and triglycerides.

Resveratrol inhibits insulin-induced HIF-1-dependent
response without inhibiting mTOR. It was reported that
resveratrol inhibited the mTOR pathway both upstream of
and downstream from mTOR in cell culture.37,38 This might
explain an additive effect of suboptimal doses of resveratrol
and rapamycin observed in our animal study. However,
inhibition of the mTOR pathway in cell culture was achieved
at supra-pharmacological concentrations of resveratrol (10–
100mM), which are much higher than maximally achievable
levels in animals and humans (3mM).38,40–43 Here, we
investigated the effect of resveratrol on induction of HIF-1
by insulin in retinal pigment epithelial (RPE cells). In RPE
cells, insulin induces HIF-1-dependent transcription, detect-
able by induction of luciferase expressed under promoter
containing three HIF-1-responsive elements (HRE-Luc).

Specifically, insulin activates mTOR, leading to induction of
HRE-Luc.44 Rapamycin at sub-nanomolar concentrations
completely blocked insulin-induced phosphorylation of S6 (a
marker of mTOR activity) and prevented induction of HRE-
Luc.44 This is an extremely sensitive assay for mTOR
activation. As shown here, insulin induced pS6 phosporyla-
tion in RPE cells (Figure 5a). Resveratrol at concentrations
above 12 mM inhibited pS6 with maximal effect at 50 mM.
Despite the lack of mTOR inhibition at doses below 12 mM,
resveratrol still inhibited HRE-Luc expression at concentra-
tions as low as 200 nM (Figure 5b), suggesting that the
inhibition of insulin-induced HRE-Luc is mTOR-independent.
To confirm that this is selective abrogation of insulin-induced
effects, we also investigated fetal bovine serum (FBS)-
induced HRE-Luc (Figures 5c-d). Resveratrol inhibited FBS-
induced pS6 at concentrations above 25mM, and at these
concentrations it strongly blocked HRE-Luc (Figures 5c-d).
Resveratrol only marginally inhibited HRE-Luc at lower

Figure 3 Blood levels of insulin (a), IGF-1 (b), glucose (c) and triglycerides (d) at the end of treatment. Mice onRD or HFD were treated with resveratrol, rapamycin or a
combination of resveratrol and rapamycin for 13 weeks, as described in the legend of Figure 1. 1: RD; 2: HFD; 3: HFDþ resv (resveratrol); 4: HFDþRapa (rapamycin); 5:
HFDþReþRa (þ resveratrolþ rapamycin in combination). Fasting levels of insulin, glucose, triglycerides and IGF-1 in blood serum were determined at the end of the
treatment. Data present mean±S.E.M for each group of mice. Statistically significant differences were assessed using Student’s t-test

Figure 4 Correlation between insulin and weight ((a) untreated groups and (b) all groups) and insulin and glucose (c) in individual mice at the end of treatment. 1: RD; 2:
HFD; 3: HFDþ resv (resveratrol); 4: HFDþRapa (rapamycin); 5: HFDþReþRa (þ resveratrolþ rapamycin in combination). Correlation analyses Pearson r coefficient
and P value (two tailed) were performed using GraphPad Prism version 5.00 for Windows
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(6–12mM) concentrations. Most importantly, it did not inhibit,
but instead stimulated FBS-induced HRE-Luc at pharmaco-
logical concentration (below 3mM). This may be an example
of hormesis.45,46

Effects of resveratrol and rapamycin on mTOR-depen-
dent senescence in cell culture. Next we investigated
effects of pharmacological and supra-pharmacological con-
centrations of resveratrol on mTOR-dependent geroconver-
sion, a conversion from reversible cell cycle arrest to
irreversible senescence. We have previously shown that
rapamycin suppresses geroconversion in HT-p21 cells.47–49

In these cells, induction of p21 by isopropyl-thio-galactosi-
dase (IPTG) initially causes reversible arrest, which becomes
irreversible senescence after 3 days. After 3 days, cells
cannot restart proliferation and cannot form colonies when
IPTG is washed out. As shown here (Figure 6a), only a few
colonies formed from IPTG-treated cells. Rapamycin (added
together with IPTG) suppressed geroconversion and pre-
vented the loss of regenerative/replicative potential (RP), so
that cells formed colonies after removal of IPTG and
rapamycin. We investigated whether resveratrol potentiates
the ability of rapamycin to suppress geroconversion and to
prevent the loss of RP. As shown in Figure 6a, 50 mM

resveratrol alone (but not 10 mM) significantly prevented the
loss of RP in IPTG-arrested cells. At 50 mM resveratrol
slightly, but insignificantly potentiated the effect of suboptimal
concentration of rapamycin (5 nM), and there was no additive
effect of resveratrol with 500 nM rapamycin (Figure 6a). It
was previously shown that resveratrol inhibited pS6 in HT-
p21 cells at concentrations exceeding 40–50 mM.38 Here, we
confirmed that at pharmacological concentrations (below

3mM) resveratrol did not inhibit mTOR in proliferating and
IPTG-arrested HT-p21 cells (Figure 6b). At pharmacological
concentrations, resveratrol did not suppress ‘chronological
senescence’ (CS),50 which was effectively suppressed by
rapamycin (Figure 6c). CS in mammalian cells is analogous
to chronological aging in yeast, and is inhibited by rapamycin
in both systems.4,51,50 In mammalian cells, CS is caused by
self-poisoning of the cells by accumulated lactic acid.50 In
fact, unlike rapamycin, resveratrol did not decrease levels of
lactic acid in high-density cultures (Figure 6d). We conclude
that resveratrol does not display rapamycin-like effects at
pharmacological (non-toxic) concentrations.

Discussion

Resveratrol and rapamycin are two of the most studied anti-
aging agents with the potential to delay age-related diseases
in mammals. Although many beneficial effects of rapamycin
and resveratrol are overlapping, they are not identical. For
example, rapamycin slows down aging in mammals, whereas
resveratrol increases insulin sensitivity in mice on HFD.
Surprisingly, a combination of resveratrol and rapamycin has
never been studied. Here, we demonstrated that low-dose
rapamycin and resveratrol prevented hyperinsulinemia in
male mice on HFD. Hyperinsulinemia is one of key risk factors
of age-related diseases, such as cancer, atherosclerosis and
diabetic complications.52 Obesity is often associated with
hyperinsulinemia. In contrast, calorie restriction leads to a
decrease in levels of insulin.53 Hyperinsulinemia is associated
with aging and poor health. In contrast, centenarians and their
relatives tend to have low insulin levels.54 Here, we demon-
strated that a combination of rapamycin with resveratrol

Figure 5 Effects of resveratrol on MTOR-dependent induction of HIF-1-responsive transcription in RPE cells. (a), (c): immunoblot analysis. RPE cells were plated in 10%
serum-MEM, and the next day, the medium was changed for serum-free MEM for one day before treatment. In serum-free MEM cells were treated with indicated
concentrations of resveratrol followed by either insulin (a) or serum (c). Then the cells were lysed and immunoblot for pS6 and S6 was performed. (b), (d): HIF-1-responsive
luciferase induction. Cells were transfected with HRE -Luc (HIF-responsive-luciferase construct) as described previously. The next day, cells were treated with were treated
with indicated concentrations of resveratrol followed by either insulin (b) or serum (d). After 16 h, cells were lysed and luciferase activity was measured
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prevented hyperinsulinemia induced by HFD. There was no
effect on triglyceride and glucose levels, probably suggesting
insulin sensitization by the combination of rapamycin and
resveratrol. It is important to emphasize that rapamycin was
administered in intermittent (for mice) fashion. Our preliminary
data demonstrated that mTOR is not inhibited in mice, who
received rapamycin via gavage the day before, consistent
with intermittent effect of every other day oral rapamycin
administration in mice. Lack of biological effects of rapamcin
on the next day after administration is expected in mice, given
extremely short half life of rapamycin in mice (less than 6 h)
(Ref. 16), which is at least ten time less than its half life in
humans. Noteworthy, intermittent fasting (every other day)
has profound health benefits even without causing weight
loss.55 Resveratrol has numerous targets including the mTOR
pathway. Yet, in most studies, in order to inhibit mTOR,
resveratrol was used at concentrations between 10 and
150mM,37,38,41 which exceed maximal achievable concentra-
tion in blood.41–43 At doses below 10 mM resveratrol did not
block the mTOR pathway. Yet, like rapamycin, resveratrol
prevented HIF-1-dependent transcription caused by insulin, in
other words, preventing this ‘side effect’ of insulin. There are
many other effects of rapamycin and resveratrol that might be
additive. Resveratrol is effective to decrease vascular lesions
and VEGF induction in mouse retinas of early diabetes.56

Rapamycin decreased retinopathy without decreasing VEGF
levels.57 Resveratrol increases insulin sensitivity in mice,
whereas the effect of rapamycin depends on the duration and
doses of treatment. Rapamycin, but not resveratrol, extends
life span of genetically heterogeneous mice.9,10,58 Our study
suggests that resveratrol can be combined with rapamycin to

maximize its beneficial effects, and to possibly prevent side
effects of each other.

Materials and Methods
Materials for animal administration. Resveratrol was kindly provided by
Dr. David Sinclair (Harvard Medical School, Boston, MA, USA). Resveratrol was
dissolve in ethanol as 100mg/ml stock solution. Before gavage, resveratrol stock
(100mg/ml) solution was diluted in water to a final concentration of 20mg/ml.
Rapamune (Sirolimus, rapamycin) oral solution (1 mg/ml) was purchased from
Cardinal Health (Syracuse, NY, USA) and diluted with PBS containing 5% Tween-
80 (Sigma-Aldrich, St Louis, MO, USA), 5% PEG (Sigma-Aldrich) and 4% ethanol.
All treatments were administered as gavage 3 times a week (every other day).

Mice. All animal studies were conducted in accordance with the regulations of
the Committee of Animal Care and Use at Roswell Park Cancer Institute. A total of
50 male mice of C57BL/6NCr strain, 9 months old, were randomly assigned to
control and experimental groups. Mice were kept in polypropylene cages (30�
21� 10 cm) under standard light/dark regimen (12 h light: 12 h darkness) at
22±2 1C. One group of mice received standard laboratory chow (5% fat— RD)
and served as a normal control. Four other groups, received high fat 60% diet
(Research Diets, Inc Cat no. D12492 Rodent Diet 60% kCal% fat). Four groups on
HFD included: group 2 (HFD)—mice on HFD without treatment served as HFD
control; group 3 (HFDþRe)—mice on HFD treated with 200mg per kg
resveratrol; group 4 (HFDþRa) mice on HFD treated with rapamune (Sirolimus,
rapamycin) 1.5 mg/kg and group 5 (HFDþReþRa) mice on HFD treated with a
combination of 200mg per kg resveratrol and 1.5 mg per kg rapamune. All
treatments were administered as gavage 3 times a week (every other day). All
mice received water ad libitum. Animal weight was determined weekly. After 3
months drug treatment was discontinued for 1 day, mice were fasted overnight,
and fasted blood was collected from all the mice. Glucose levels were measured
directly in blood upon collection using Accu-Chek Aviva strips (McKesson, Atlanta,
GA, USA). Sera were prepared and used for biochemical analyses.

Insulin concentration in blood sera wasmeasured using Insulin (Mouse) Ultrasensitive
ELISA kit (ALPCO Diagnostics, Salem, NH, USA) according to manufacture’s protocol.
Data were analyzed using range of insulin standards and four parameter logistic fit.

Figure 6 Effects of resveratrol on p21-induced senescence and ‘chronological senescence’ in HT-p21 cells. a, b: Effect of resveratrol on senescence induced by p21
induction in HT-p21 cells. (a). Replicative/regenerative potential. HT-p21 cells were treated with IPTG in the presence or absence of resveratrol and/or rapamycin at 5 and
500 nM for 3 days, and then cells were washed and allow to regrow for 7 days. Colonies were stained with Crystal violet. Data present mean±STD from triplicate wells. b. HT-
p21 cells were treated with resveratrol, rapamycin or resveratrolþ IPTG for 24 h. Immunoblotting was performed with the indicated antibodies c. Effect of resveratrol or its
combination with rapamycin on ‘chronological senescence’ of HT-p21 cells. Cells were plated in high density in the presence or absence of indicated concentrations of
resveratrol (Resv) and/or rapamycin (Rap). Rap in nM and Resv in mM. After 4 days, cells were trypsinized and an aliquots of cells were replated and allowed to regrow. After 6
days cells were counted. Data present mean±S.E.M. from triplicate wells d. HT-p21 cells were treated as in C. Lactate concentration was determined in conditioned medium
on Day 3. Data present mean±S.E.M. from triplicate wells
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IGF-1 concentration in blood sera was determined using IGF-1 (Mouse/Rat)
ELISA kit (ALPCO Diagnostics, Salem, NH) according to manufacture’s protocol.
Data were analyzed using range of IGF-1 standards and four parameter logistic fit.
Concentration of triglycerides was measured using triglyceride Colorimetric

Assay kit (Cayman Chemical Company, Ann Arbor, MI, USA) according to
manufacture’s protocol. Data were analyzed using range of triglyceride standards
and linear regression.
Statistical analyses were performed using GraphPad Prizm 5.00 for Windows,

GraphPad Software, San Diego, CA, USA, www.graphpad.com’.
Or (t-test and correlation analyses (Pearson r coefficient and P value (two tailed)

were performed using GraphPad Prism version 5.00 for Windows, GraphPad
Software, San Diego, CA, USA www.graphpad.com).

Cell lines. HT-p21 cells, derived from HT1080 human fibrosarcoma cells
(ATCC, Manassas, VA, USA), were previously described.47,59,60 HT-p21 cells in
high-glucose DMEM without pyruvate supplemented with FC2 serum (HyClone
FetalClone II from Thermo Scientific, Logan, UT, USA). In HT-p21 cells, p21 can
be turned on or off using IPTG.59 RPE cells were used by us previously.44,47

HRE-Luc assay was performed as previously described.44

Immunoblot analysis. Cells were lysed in 1%SDS/10mM Tis.HCl, pH 7.4
lysis buffer and subjected to SDS-PAGE using mini gradient gels or gradient
Criterion gels (Bio-Rad, Hercules, CA, USA), followed by transfer onto PVDF
membranes. After blotting with respective antibodies, blots were processed with
SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford,
IL, USA) and exposed to BioBlot BXR film (Laboratory Products Sales, Inc,
Rochester, NY, USA). Rabbit antiphospho S6 (Ser 235/236) and mouse anti-S6
antibodies were from Cell Signaling Biotechnology (Danvers, MA, USA); mouse
anticyclin D1and rabbit antiactin antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA) and Sigma-Aldrich, respectively. Secondary antibodies
were from Cell Signaling Biotechnology.

Colony formation assay. Cells were plated at low density, treated with a
senescence-inducing agent (IPTG) for 4 days in the presence or absence of
resveratrol and/or rapamycin as previously described.49 Then, drugs were washed
off, and cells were incubated in fresh drug-free medium 7 days. Plates were fixed
and stained with 1.0% crystal violet. Colonies were counted.

Replicative viability as a measure of ‘chronological senes-
cence’. Cells were plated at high initial density and cultured for 4 days as
described previously.50 Then media with floating (dead cells) were removed, cells
trypsinized, and a small aliquot of attached cells was replated at low cell density in
6-well plates in fresh medium. After 6 days cells were trypzinised and counted.
Lactic acid concentrations in growth medium were measured using L-Lactate

assay kit from Eton Bioscience Inc (San Diego, CA, USA) according to
manufacture’s instructions.
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