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Abstract

Hyperactivation of the mechanistic target of rapamycin complex 1 (mTORC1) is a frequent event 

in breast cancer and current efforts are aimed at targeting the mTORC1 signaling pathway in 

combination with other targeted therapies. However, patients often develop drug resistance in part 

due to activation of the oncogenic Akt signaling and upregulation of autophagy, which protects 

cancer cells from apoptosis. In the present study we investigated the effects of combination 

therapy of rapamycin (an allosteric mTORC1 inhibitor) together with resveratrol (a phytoestrogen 

that inhibits autophagy). Our results show that combination of these drugs maintains inhibition of 

mTORC1 signaling, while preventing upregulation of Akt activation and autophagy, causing 

apoptosis. Additionally, this combination was effective in estrogen receptor positive and negative 

breast cancer cells, underscoring its versatility.
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Breast cancer is the second leading cause of cancer related deaths affecting women, and over 

200,000 new cases are diagnosed each year. Breast cancer can be classified into two major 

groups: estrogen receptor alpha-positive (ERα+) and ERα-negative (ERα−). About 12–24% 

of breast cancers are triple-negative breast cancer (TNBC) and are defined as lacking 

expression of human epidermal growth factor receptor 2 (HER2), ER, and progesterone 

receptor (PR). TNBCs are usually more aggressive and patients are more likely to relapse 

and develop central nervous system and visceral metastases [Schmadeka et al., 2014]. These 

patients are often treated with chemotherapy agents due to the lack of effective FDA-

approved targeted treatments.
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About two-thirds of breast cancers are ERα+ and these patients can be treated with 

endocrine therapy, although 40–50% fail to respond, and many develop resistance, 

indicating that ERα+ breast cancers are dependent on additional signaling mechanisms for 

survival. The mechanistic target of rapamycin (mTOR) is a serine/threonine kinase that 

belongs to the phosphatidylinositol 3-kinase-related kinase (PIKK) family and was 

discovered as a target of a naturally occurring molecule called rapamycin. mTOR regulates 

proliferation, cellular metabolism, protein and lipid synthesis and autophagy in response to 

extracellular signals such as nutrient availability and growth factors. mTOR forms two 

distinct complexes: mTOR Complex 1 (mTORC1) and mTORC2 and these complexes differ 

in their protein composition, downstream targets and sensitivity to rapamycin. mTORC1 is 

acutely rapamycin-sensitive and mTORC2 is rapamycin- insensitive [Alayev and Holz, 

2013]. The PI3K/mTORC1 signaling pathway is hyperactivated in a variety of tumors, 

including breast cancer, and is important for tumor progression and resistance to endocrine 

therapy. This pathway is the most frequently inappropriately activated pathway in breast 

cancer and several alterations of the genes within the PI3K/Akt/mTOR pathway are often 

found in ERα+ breast cancers [Ciruelos Gil, 2014]. One of the ways by which mTORC1 

signaling promotes endocrine resistance is by direct phosphorylation of ERα on Ser167 by 

the 40S Ribosomal S6 kinase 1 (S6K1), a major downstream effector of mTORC1, leading 

to ligand-independent activation of ERα [Yamnik et al., 2009, Yamnik and Holz, 2010]. 

ERα, in turn, transcriptionally upregulates S6K1 expression, leading to its own activation in 

a feed-forward loop [Holz 2012; Maruani et al., 2012]. Since it is thought that 

hyperactivation of PI3K/Akt/mTOR signaling is responsible for de novo and acquired drug 

resistance, mTOR inhibitors have emerged as a highly promising strategy for use in 

combination with endocrine therapy to prevent emergence and/or reverse drug resistance. 

Based on the results of the BOLERO-2 trial, the FDA approved the use of everolimus (an 

orally administered allosteric mTOR inhibitor) together with exemestane (an aromatase 

inhibitor) [Baselga et al., 2012]. However, one of the problems with the use of mTOR 

inhibitors is that they relieve the mTORC1-mediated negative-feedback loop to PI3K, 

causing reactivation of the oncogene Akt [Sun et al., 2005; O’Reilly et al., 2006] which 

consequently promotes activation of mTOR/S6K1 signaling and cell survival, a mechanism 

that is thought to be responsible for the emergence of resistance and cancer relapse.

Another survival mechanism used by cancer cells is upregulation of autophagy, a conserved 

cellular process that maintains cellular homeostasis by degrading and recycling misfolded 

proteins and damaged organelles. During nutrient deprivation, autophagy allows the cell to 

survive by reusing intracellular proteins until extracellular nutrients become available. Upon 

initiation of autophagy, cellular components that are targeted for degradation are sequestered 

in double-membrane autophagosomes, which then fuse with lysosomes and are degraded 

[Baehrecke, 2005; Rabinowitz and White, 2010, Rubinsztein et al., 2012]. In cancer, 

autophagy can either induce cancer cell death or promote cancer cell survival, contributing 

to cancer progression. Autophagy allows cancer cells to continue to survive by recycling 

intracellular components and persisting under low-nutrient or stress-induced conditions. 

This is a delicate balance because excessive autophagic damage will cause cell death. In 

breast cancer, autophagy protects cancer cells from cell death and may contribute to 

acquired drug resistance. mTORC1 is a central node in the signaling pathway that includes 
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many autophagy regulating factors, such as AMPK (positive regulator [Liang et al., 2007], 

Akt (negative regulator [Esclatine et al., 2009] and S6K1 (positive regulator in mammals 

[Armour et al., 2009]. mTORC1 signaling acts to suppress autophagy, consistent with its 

role in supporting anabolic processes in the cell. Conversely, inhibition of mTORC1 by 

rapamycin potently induces autophagy [Yu et al., 2011]. Thus, use of rapamycin analogs in 

breast cancer treatment results in upregulation of autophagic processes that may promote 

breast cancer cell survival.

In this study, we investigated agents that can be used in combination with mTOR inhibitors 

to prevent reactivation of Akt and induction of autophagy, thus driving cells to apoptosis in 

both ERα+ and ERα− breast cancer cell types. Resveratrol (Trans-3,5,4’-trihydroxystilbene) 

is a polyphenol naturally found in red wine, grapes and peanuts that possesses disease-

protective and anti-aging properties. Resveratrol is thought to act as a chemopreventative 

agent by attenuating autophagy, cell growth and proliferation, which are associated with 

cancer initiation and progression [Banerjee et al., 2002; Whitsett et al., 2006; Bishayee 

2009]. Resveratrol inhibits autophagy, possibly through inhibition of S6K1, a positive 

regulator of autophagy [Armour et al., 2009; Demidenko and Blagosklonny, 2009]. 

Resveratrol is also a phytoestrogen and may be able to prevent the action of estrogen due to 

antagonistic activity toward estrogen receptor [Gehm et al., 1997]. In light of these data, we 

set out to test the effectiveness of combining rapamycin together with resveratrol to promote 

apoptosis of ERα+ and ERα− breast cancer cells.

MATERIALS AND METHODS

CELL CULTURE

Cells were cultured in a humidified incubator with 5% CO2 at 37°C. MCF7 and MDA-

MB-231 cells were cultured in Dulbecco’s modified Eagle medium (DMEM) containing 

10% fetal bovine serum (FBS), while MCF10a cells were cultured in DMEM F12 media 

supplemented with 5% horse serum, 0.02 µg/ml epidermal growth factor (EGF), 0.5µg/ml 

hydrocortisone, 0.1 µg/ml cholera toxin, and 10 µg/ml insulin.

CELL TREATMENT

Cells were treated with 20nM Rapamycin (dissolved in ethanol), 100 µM Resveratrol 

(dissolved in DMSO) (Sigma-Aldrich, R5010) or combination of the two agents for 24 h. 

For control we used vehicle alone. For detection of LC3-I/II, cells were treated with 100nM 

Bafilomycin A1 (BafA1, B1793) for 4 h, following treatment with 20nM Rapamycin and/or 

100 µM Resveratrol.

IMMUNOBLOTS

Following treatment, cells were lysed as previously described [Yamnik et al., 2009; Yamnik 

and Holz, 2010; Maruani et al., 2012] in ice-cold lysis buffer (10mM KPO4, 1mM EDTA, 

10mM MgCl2, 50mMβ-glycerophosphate, 5mM EGTA, 0.5% Nonidet P-40 [NP-40], 0.1% 

Brij 35, 1mM sodium orthovanadate, 40 µg/ml phenylmethylsulfonyl fluoride, 10µg/ml 

leupeptin, 5 µg/ml pepstatin, pH 7.28). Lysates were cleared of insoluble material by 

centrifugation at 15,000g for 10 min at 4°C.
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Protein concentrations in cell extracts were measured by Bradford assay (BioRAD, 500–

0006) according to the manufacturer ’s protocol using Eppendorf BioPhotometer. Samples 

were equalized for protein concentration and denatured using 4× LDS Sample buffer 

(Invitrogen, B0008) and 10× Reducing agent (Invitrogen, B0009) at 70°C for 10 min. 

Samples were resolved using Bis-Tris Plus gels (Invitrogen, BG04120BOX) and transferred 

onto nitrocellulose membrane (GE Healthcare, Rahway, NJ). Membranes were probed with 

the following primary antibodies: p-Akt Ser473 (Cell Signaling Technologies, 9018), Akt 

(Cell Signaling Technologies, 4691L), p-S6K1 Thr389 (Cell Signaling Technologies, 9206), 

S6K1 (Cell Signaling Technologies, 2708), p-eIF4B Ser422 (Cell Signaling Technologies, 

3591), p-S6 Ser240/244 (Cell Signaling Technologies, 2215), S6 (Cell Signaling 

Technologies, 2317S), p-PRAS40 Thr246 (Cell Signaling Technologies, 2997), PRAS40 

(Cell Signaling Technologies, 2691P), p62 (Cell Signaling Technologies, 5114), LC3 (Cell 

Signaling Technologies, 2775), survivin (Cell Signaling Technologies, 71G4B7), and 

Caspase 3 (Cell Signaling Technologies, 9665); PDCD4 (Proteintech, 12587–1-AP), actin 

(Santa Cruz Biotechnology, sc-1615), α-tubulin (Abcam, ab7750), and PARP (Abcam, 

ab32071). Blots were incubated with IRDye-conjugated anti-rabbit (LI-COR, 827–08365), 

anti-mouse (LI-COR, 926–68070) or anti-goat (LI-COR, 926–68074) secondary antibodies 

and imaged using Odyssey infrared detection instrument (LI-COR). All immunoblots were 

performed at least thrice to ensure reproducibility.

MICROSCOPY

Microscopy was performed using an EVOS FL Auto microscope. Cells were imaged in 

phase under 10× magnification

PROLIFERATION ASSAY

Cells were seeded at a density of 2,500 cells/well in a 96-well plate, and allowed to attach. 

Cells were treated in quadruplicate with 20 nM Rapamycin and/or 100 µM Resveratrol for 

48 h. To detect viable cells, cells were incubated with 100 µg/ml solution of neutral red dye 

in growth media for 30min at 37°C. Cells were washed and fixed in a 0.5% formalin-1% 

CaCl2 solution and permeabilized in 1% acetic acid-50% ethanol solution to release the 

incorporated neutral red reagent. Absorbance was measured at 540 nm using a microtiter 

plate spectrophotometer, quantified and plotted using Excel.

STATISTICAL ANALYSIS

All experiments were performed thrice to ensure reproducibility. Statistical differences were 

determined using a two-tailed Student’s t-test.

RESULTS

COMBINATION OF RAPAMYCIN AND RESVERATROL PREVENTS UPREGULATION OF 
AKT SIGNALING WHILE MAINTAINING INHIBITION OF mTORC1/S6K1

We initially tested the effect of rapamycin and resveratrol, alone or in combination on the 

activity of the mTORC1/Akt signaling pathway in MCF7 cells, human breast 

adenocarcinoma cell line, and MCF10a cells, immortalized non-transformed mammary 

epithelial cells (Fig. 1A). MCF7 cells have high levels of mTORC1 signaling as evidenced 
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by increased phosphorylation of S6K1, and its substrates S6 and eIF4B, relative to MCF10a 

cells, and low levels of PDCD4, a negative regulator of cap-dependent protein translation 

initiation that is degraded by activated S6K1 signaling [Dorrello et al., 2006]. As expected, 

rapamycin blocked phosphorylation of S6K1 and its downstream targets. Resveratrol alone 

was not as efficient in blocking signaling downstream of S6K1, however, the combination of 

the two drugs completely inhibited the mTORC1 signaling pathway, strikingly reducing S6 

and eIF4B phosphorylation, and increasing PDCD4 levels (Fig. 1A). A consequence of 

mTORC1 inhibition is reactivation of Akt signaling due to suppression of the mTORC1-

mediated negative feedback loop to Akt, which over time re-activates mTORC1 signaling 

and is thought to contribute to drug resistance in patients. While treatment with rapamycin 

increased phosphorylation of Akt, the combination treatment of rapamycin and resveratrol 

was able to block activation of Akt and its downstream target PRAS40 to levels below those 

of untreated control (Fig. 1A).

We also tested the effectiveness of combination therapy on MDA-MB-231 triple-negative 

breast cancer cells (Fig. 1B). These cells lack expression of Her2, ER and PR, and while 

they are responsive to conventional chemotherapy, they are not sensitive to rapamycin. We 

found that the combination of rapamycin and resveratrol was able to robustly block 

mTORC1 signaling as evidenced by downregulation of S6K1 and S6 phosphorylation and 

increased PDCD4 levels. The combination therapy was also able to slightly downregulate 

Akt and PRAS40 phosphorylation compared to rapamycin treatment alone (Fig. 1B).

COMBINATION THERAPY PREVENTS RAPAMYCIN-INDUCED UPREGULATION OF 
AUTOPHAGY AND INDUCES APOPTOSIS

Another big challenge with the use mTORC1 inhibitors, such as rapamycin, is that 

rapamycin is cytostatic and not cytotoxic. mTORC1 inhibition leads to induction of 

autophagy, which allows cancer cells to survive and avoid apoptosis. One of the ways to 

measure autophagy levels is by examining LC3, whereby upon autophagy induction LC3-I 

is cleaved to LC3-II. The levels of LC3-II correlate with the number of autophagosomes. 

Since LC3-II is rapidly degraded by autophagy, addition of Bafilomycin A1 (BafA1) blocks 

lysosomal degradation and causes LC3-II to accumulate, therefore allowing for detection of 

increased autophagic flux. When we treated MCF7 cells with rapamycin, we observed a 2.7-

fold increase in LC3-II expression, while addition of resveratrol reduced LC3-II levels to 

near control (Fig. 2A). No changes in LC3-II were observed in immortalized non-

transformed MCF10a cells. Similarly, MDA-MB-231 cells treated with rapamycin 

demonstrated a 1.5 fold upregulation of LC3-II expression, while the addition of resveratrol 

reduced autophagy induction to below control (Fig. 2B). Another way of evaluating 

autophagy is by examining p62/SQSTM1 protein levels, which inversely correlate with 

autophagy induction. We observed an increase in autophagic flux in MCF7 cells treated with 

rapamycin alone, as evidenced by degradation of p62. Resveratrol was able to counter the 

effect of rapamycin by blocking autophagy induction and restoring p62 levels to above 

baseline (Fig. 3A,C). Similar effect on autophagy was seen in MDA-MB-231 cells (Fig. 

3E,G). Another mechanism of cancer cell survival is through upregulation of survivin, an 

anti-apoptotic protein that inhibits apoptosis and promotes cell division. Not surprisingly, 

both MCF7 (Fig. 3A,D) and MDA-MB-231 (Fig. 3E,H) cells have high levels of survivin 
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expression and these levels remain high upon rapamycin treatment. Interestingly, resveratrol 

treatment alone, or in combination, reduced survivin expression to levels that were lower 

than the untreated cells (Fig. 3A, D and E, H). Importantly, treatment of MCF7 and MDA-

MB-231 cells with either resveratrol alone or in combination with rapamycin upregulated 

apoptosis as shown by increased cleavage of PARP (Fig. 3A,B and E,F). Thus, our results 

indicate that the combination treatment blocks rapamycin-induced upregulation of 

autophagy and induces apoptosis.

COMBINATION OF RAPAMYCIN AND RESVERATROL SIGNIFICANTLY AFFECTS GROWTH 
OF BREAST CANCER CELLS

We next investigated proliferation rates and morphology of cells treated with rapamycin 

and/or resveratrol. Untreated MDA-MB-231 cells appeared attached and healthy; their 

density increasing by 3.6-fold on day 6, while cells treated with rapamycin grew slightly 

less. Strikingly, cells treated with resveratrol alone or in combination with rapamycin did not 

proliferate, remaining at about the same density by day 6. These cells did not appear healthy, 

contained large vacuoles, spindle-like projections, and many cells were rounded-off or dead 

floating cells (Fig. 4A and B). Unlike untreated MCF7 cells, cells treated with rapamycin 

were significantly growth inhibited, but were not undergoing cell death. In contrast, MCF7 

cells treated with either resveratrol alone or in combination with rapamycin not only had 

reduced proliferation, but also underwent a significant amount of death, and many cells 

appeared rounded off and floating (Fig. 5A and B). In contrast, MCF10a cells treated with 

either resveratrol alone or together with rapamycin had reduced proliferation rates but 

appeared healthy with very few detached cells (Fig. 5C and D). Thus, our results indicate 

that combination treatment of rapamycin and resveratrol is selectively effective in inhibiting 

cell growth and inducing cell death in breast cancer cells rather than in non-transformed 

mammary epithelial cells.

DISCUSSION

Resveratrol has emerged as a subject of extensive investigation for its multi-faceted 

properties: anti-aging, cardioprotection, and cancer prevention. Clinical trials investigating 

the potential of resveratrol as an anti-cancer agent are limited, focused mainly on 

gastrointestinal malignancies, and indicated resveratrol’s potential in cancer prevention 

rather than cancer treatment. Studies testing resveratrol in animal models of breast cancer 

suggested potential as a chemopreventative or a cancer treatment agent, however, beneficial 

effects were dependent on animal and cell type [Carter et al., 2014].

In our study, we investigated the effect of combining resveratrol with rapamycin in breast 

cancer cells. Hyperactivation of the PI3K/Akt/mTORC1 signaling pathway has emerged as a 

crucial mechanism of ERα-positive breast cancer resistance to endocrine therapy. 

Consequently, combination of endocrine therapy with mTORC1 inhibitors has been 

approved by the FDA for treatment of advanced hormone-positive breast cancer who failed 

to respond to adjuvant treatment. However, an important problem that arises with the use of 

mTORC1 inhibitors is that inhibition of the mTORC1/S6K1 signaling relieves the negative 

feedback loop to PI3K/Akt, which over time reactivates Akt and mTORC1 signaling and 

Alayev et al. Page 6

J Cell Biochem. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



may promote cell survival and contribute to acquired resistance (Fig. 6). Our results show 

that resveratrol is able to prevent rapamycin-induced activation of Akt signaling in both 

ERα-positve and TNBC cells, although its effect on cells was more pronounced in ERα-

positive cells. Additionally co-treatment of cells with rapamycin and resveratrol was able to 

maintain the inhibition of the mTORC1/S6K1 signaling pathway as previously described 

[Alayev et al., 2014a,b]. Although the effect on TNBC cells was slight in vitro, it may be 

more pronounced during longer treatment and/or in vivo. Currently, TNBC patients 

currently have no FDA-approved targeted treatment options, therefore, this combination 

may be effective in blocking mTORC1 signaling and may be beneficial in the clinic for this 

group of patients.

Another challenge with the use of mTORC1 inhibitors, such as rapamycin, is that they are 

cytostatic rather than cytotoxic, which may be due to rapamycin-induced upregulation of 

autophagy. Autophagy is thought to be responsible for protecting breast cancer cells against 

apoptosis and may result in dormancy and cancer relapse after cessation of treatment. 

Importantly, in this study we showed that addition of resveratrol to rapamycin is able to 

prevent rapamycin-induced upregulation of autophagy and most importantly, induce 

apoptosis. We observed that in breast cancer cells, treatment with the combination of 

rapamycin and resveratrol resulted in reduced proliferation and upregulation of cell death. In 

contrast, in the immortalized non-transformed MCF10a cells, the combination treatment also 

reduced proliferation but the cells were not undergoing apoptosis. This is an important 

finding because it indicates that this combination may be selective for cancerous but not 

normal breast epithelial cells, resulting in lower acute toxicity.

To summarize, our results are very exciting for a number of reasons. First, the combination 

of rapamycin and resveratrol is able to block upregulation of autophagy and induce 

apoptosis in breast cancer cells (Fig. 6). Future work will focus on confirming these findings 

in animal models of breast cancer. Second, rapamycin is an FDA-approved agent with a low 

toxicity profile, while resveratrol is a widely-available oral natural supplement, therefore 

this combination is unlikely to cause severe adverse side effects in patients. That said, it is 

important to conduct human trials testing the safety and efficacy of this combination. Third, 

this combination treatment has the potential to be effective in the neoadjuvant setting, as 

well as in treatment of advanced disease. Thus, future work will focus on investigation of 

the rapamycin and resveratrol combination therapy in both animal models and human 

clinical studies.
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Fig. 1. 
Combination of rapamycin and resveratrol inhibits PI3K/Akt and mTOR signaling pathways 

in both ERα+ and TNBC cells. (A) MCF10a and MCF7 cells were treated with 20nM 

rapamycin and/or 100 µM resveratrol for 24 h. Cells were lysed and indicated proteins were 

detected by immunoblot. (B) MDA-MB-231 cells were treated as described in (A). Each 

experiment was performed at least thrice to ensure reproducibility.
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Fig. 2. 
Resveratrol prevents rapamycin induced upregulation of autophagy. (A) MCF10a and MCF7 

cells were treated with 20 nM rapamycin and/or 100 µM resveratrol in the presence of 

100nM of BafA1 for 4 h. Cells were lysed and blotted for LC3 and α-tubulin. The histogram 

shows LC3-II levels (lower band) normalized to α-tubulin levels. LC3-II and α-tubulin 

levels were quantified using Image Studio 4.0 (Li-COR) and plotted using Excel. (B) MDA-

MB-231 cells were treated with 20nM rapamycin and/or 100 µM resveratrol with 100nM of 

BafA1 for 4 h. Cells were lysed and blotted for LC3 and actin. The histogram shows LC3-II 

levels (lower band) normalized to actin levels. LC3-II and actin levels were quantified using 

Image Studio 4.0 (Li-COR) and plotted using Excel. Each experiment was performed at 

least thrice to ensure reproducibility.
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Fig. 3. 
Combination of rapamycin and resveratrol inhibits autophagy and induces apoptosis. (A) 

MCF10a and MCF7 cells were treated with 20nM rapamycin and/or 100 µM resveratrol for 

24 h. Cells were lysed and probed for PARP, P62, surviving and α-tubulin. The arrow 

indicates cleaved PARP isoform. Quantification of cleaved PARP (B), p62 (C), and 

surviving (D) in MCF7 cells. (E) MDA-MB-231 cells were treated with 20nM rapamycin 

and/or 100 µM resveratrol for 24 h. Cells were lysed and probed for PARP, P62, surviving 

and actin. The arrow indicates cleaved PARP isoform. Quantification of cleaved/uncleaved 
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PARP (F), p62 (G), and surviving (H) in MDA-MB-231 cells. Each experiment was 

performed at least thrice to ensure reproducibility. Quantification was performed using 

Image Studio 4.0 program and Excel.
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Fig. 4. 
Combination of rapamycin and resveratrol blocks proliferation of TNBC cells. (A) MDA-

MB-231 cells were treated with 20nM rapamycin and/or 100µM resveratrol for 3 or 6 days 

and photographed using EVOS FL Auto microscope in phase using 10× magnification. 

Scale bar represents 400 µm. (B) MDA-MB-231 cells were with 20 nM rapamycin and/or 

100 µM resveratrol for 3 or 6 days and proliferation assay was performed as described in 

“Materials and Methods”. ** P <0.001. Statistical analysis was performed using two-tailed 

Student’s t-test.
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Fig. 5. 
Combination of rapamycin and resveratrol blocks proliferation of ERα+ breast cancer cells. 

(A) MCF10a and MCF7 cells were treated with 20 nM rapamycin and/or 100 µM resveratrol 

for 3 or 6 days and photographed using EVOS FL Auto microscope in phase using 10× 

magnification. Scale bar represents 400 µm. (B) MCF10a and MCF7 cells were with 20 nM 

rapamycin and/or 100 µM resveratrol for 3 or 6 days and proliferation assay was performed 

as described in “Materials and Methods”. ** P <0.001. Statistical analysis was performed 

using two-tailed Student’s t-test.
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Fig. 6. 
Effect of the combination of rapamycin and resveratrol on the PI3K/Akt/mTORC1 signaling 

pathway. Inhibition of mTORC1 by rapamycin induces autophagy, activates Akt signaling 

and promotes cell survival. Addition of resveratrol treatment prevents rapamycin-induced 

Akt activation and autophagy induction, promoting the progression to apoptosis.
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