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Abstract. Rapamycin is known to inhibit the mammalian 
target of rapamycin complex (mTORC)1 signaling pathway, 
but it is unable to effectively inhibit mTORC2, resulting in 
activation of protein kinase B in multiple myeloma (MM) cell 
lines. Additionally, certain studies have suggested that resve-
ratrol has an effect on human MM cells, and that rapamycin in 
combination with resveratrol may be useful in cancer therapy. 
The present study aimed to investigate the combined treatment 
effect of resveratrol and rapamycin on the MM MM1.S cell 
line. The results demonstrated that combined treatment with 
rapamycin and resveratrol effectively inhibited cell viability 
in the MM1.S cell line through inhibition of the mTORC1 
and mTORC2 signaling pathways, compared with resveratrol 
or rapamycin monotherapy. In addition, cyclin D1 levels were 
decreased and the activation of caspase‑3 and poly (ADP‑ribose) 
polymerase was increased. These results suggested that 
downregulation of the mTOR signaling cascades is likely to 
be a crucial mediator in the impairment of viability and the 
induction of apoptosis resulting from combined therapy with 
resveratrol and rapamycin in MM1.S cells.

Introduction

Multiple myeloma (MM) is characterized by the accumula-
tion of malignant plasma cells within the bone marrow (BM) 
and is the second most common type of hematological cancer, 
accounting for 10‑15% of all types of hematological cancer. 
At present, chemotherapy is one of the primary treatments 
for MM, including newly marketed proteasome inhibitors and 

immunomodulators. However, MM remains incurable in the 
majority of patients, with a median survival time of 3‑5 years 
with conventional treatments. All current drugs exhibit 
limited efficacy and/or severe toxicity or adverse effects (1‑4). 
Therefore, novel agents and combinations are required to 
further improve the survival of patients with MM.

Previous studies have indicated that the phosphoinositide 
3‑kinase (PI3K)/protein kinase B (Akt) signaling pathway and 
mammalian target of rapamycin (mTOR) are aberrantly acti-
vated in myeloma cells (5,6). mTOR, a serine (Ser)/threonine 
(Thr) protein kinase expressed in the PI3K pathway, is not only 
a possible valuable target for the treatment of MM (7), but also 
has a vital function in regulating critical cellular processes, 
including transcription, ribosomal biogenesis, protein synthesis 
and cytoskeletal organization. In particular, mTOR coordinates 
cell viability in response to inputs of growth factors, energy 
stress and nutrient status, in addition to regulating cell cycle 
progression and survival (8‑10). In mammalian cells, mTOR, 
via its two distinct multiprotein complexes, mTORC1 and 
mTORC2, has an important function in the regulation of 
different biological functions. mTORC1 is sensitive to rapamycin 
and phosphorylates its downstream effectors, including p70 S6 
kinase, which in turn phosphorylates ribosomal S6 protein, 
thereby promoting protein biosynthesis. Activated mTORC1 
also phosphorylates eukaryotic translation initiation factor 
4E‑binding protein 1 and promotes the formation of the protein 
synthesis initiation complex (11). mTORC2, however, regulates 
the growth, proliferation and angiogenesis of cancer cells, as a 
result of its contribution to the phosphorylation of Akt at the 
Ser473 residue, which is crucial for the maximal activation of 
Akt (12). In addition, mTORC1 is able to negatively influence 
Akt activity by inhibiting mTORC2 (13‑15). Furthermore, the 
mTORC has a well‑known function in MM cell proliferation, 
tumor development and chemoresistance through the diverse 
actions of mTORC1 and mTORC2 and, as such, a disturbance 
of the delicate balance of this pathway may lead to MM cell 
apoptosis, tumor regression and an extended survival time 
for patients with MM (16). Therefore, inhibitors of the mTOR 
pathway may be promising future treatment options for MM.

The majority of studies regarding the mTOR pathway 
in cancer treatment primarily focus on rapamycin and its 
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derivatives, which are known to selectively inhibit mTORC1 and 
to upregulate the Akt and extracellular signal‑regulated kinase 
(ERK)/mitogen‑activated protein kinase (MAPK) pathways 
via a PI3K‑dependent feedback loop, leading to enhanced cell 
survival and resistance to chemotherapy (17,18). mTORC2 was 
previously believed to phosphorylate Akt at Ser473 and to be the 
mediator of rapamycin‑associated drug resistance. In contrast, 
in a previous study, mTORC2 inhibition by rapamycin did not 
prevent increased phosphorylation of Akt or drug resistance (19). 
Due to the fact that mTORC2 was considered to phosphorylate 
Akt at Ser473, it was initially understood to be the mediator of 
rapamycin‑associated drug resistance. Based upon existing data, 
it appears that the efficacy of monotherapy with rapamycin or 
its derivatives in the treatment of MM is highly limited (7). This 
may be due to the fact that rapamycin and its derivatives do not 
completely block mTORC1 and are unable to effectively inhibit 
mTORC2 to trigger feedback activation of Akt signaling in order 
to attenuate antitumor activity (20,21). In recent years, preclinical 
data have demonstrated that mTOR inhibitors, including 
rapamycin, temsirolimus and everolimus, may be potential target 
therapies for the treatment of MM, particularly if combined with 
other drugs (22,23). Therefore, it is reasonable to hypothesize that 
combined therapy with rapamycin and novel naturally‑occurring 
compounds that suppress the rapamycin‑induced Akt/ERK 
activation may improve the therapeutic efficacy of rapamycin 
against a broad range of human tumor cells.

Integrative medicine presents the theory of utilizing tradi-
tional Western medical principles synergistically with other 
evidence‑based biomedical concepts. Accordingly, resveratrol 
(3,4',5‑trihydroxy‑trans‑stilbene; Fig.  1A), a polyphenolic 
compound that was first isolated in 1940 as an ingredient of 
the roots of white hellebore (Veratrum grandiflorum O.Loes), 
was selected for use in the present study. Since its isolation, 
resveratrol has been identified in extracts from >70 other 
plant species (24,25), and demonstrates antitumor effects both 
in vivo and in vitro through regulation of cell division, growth, 
angiogenesis and metastasis  (26). Additionally, resveratrol 
has been reported to inhibit the proliferation and induce the 
apoptosis of MM cells, as well as overcoming the chemore-
sistance of these cells (27,28). In human ovarian cancer cells, 
resveratrol induces phosphatase and tensin homolog, in addi-
tion to reducing the levels of phosphorylated‑Akt (p‑Akt) and 
mTOR (29,30). Furthermore, certain studies have suggested 
that resveratrol may be useful in cancer therapy when used in 
combination with rapamycin in the treatment of breast cancer 
and chronic myeloid leukemia, primarily due to its ability 
to suppress the PI3K/Akt/mTOR signaling pathway (31,32). 
However, to the best of our knowledge, whether or not MM 
may be treated by combined therapy with resveratrol and 
rapamycin has not previously been reported.

The aim of the present study was to investigate whether 
combining resveratrol with rapamycin has potential antitumor 
effects in a human MM cell line and to determine whether modu-
lation of the PI3K/Akt/mTOR signaling pathway by resveratrol is 
crucial for its anticancer effects in a human MM cell line.

Materials and methods

MM cell lines and cell culture. Dexamethasone‑sensitive 
MM1.S and doxorubicin‑resistant RPMI‑8226/DOX40 

cell lines were obtained from the American Type Culture 
Collection (ATCC; Manassas, VA, USA). The two MM cell 
lines were cultured in RPMI‑1640 medium (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany), containing 10% fetal 
bovine serum (FBS; Sigma‑Aldrich; Merck KGaA), 2 mM 
L‑glutamine (Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA), 100 U/ml penicillin and 100 µg/ml streptomycin 
(both Gibco; Thermo Fisher Scientific, Inc.) at 37˚C with 
5% CO2 in a humid incubator.

Reagents and antibodies. Resveratrol (Fig.  1A), dimethyl 
sulfoxide (DMSO), MTT and rapamycin were purchased 
from Sigma‑Aldrich; Merck KGaA. Annexin V‑fluorescein 
isothiocyanate and propidium iodide were purchased from BD 
Biosciences (San Jose, CA, USA). All primary antibodies were 
purchased from Cell Signaling Technology, Inc. (Danvers, 
MA, USA). The secondary horseradish peroxidase‑conjugated 
mouse anti‑rabbit IgG polyclonal antibodies for western blot 
analysis were provided by Beijing Zhongshan Golden Bridge 
Biotechnology Co., Ltd. (Beijing, China).

Cell viability assay. All MM cells were cultured for 24 h at 
37˚C in RPMI‑1640 medium (Sigma‑Aldrich; Merck KGaA) 
alone or with varying concentrations of rapamycin (0, 5, 10, 20, 
50 and 100 nM), resveratrol (0, 10, 20, 50, 100 and 200 µM) or 
a combination of the two drugs (concentrations of resveratrol 
and rapamycin were 60 µM and 20 nM, respectively). In all 
the experiments, control wells were included with DMSO at 
the highest concentration tested with resveratrol or rapamycin. 
Cells (1x104) from 24‑h cultures were analyzed using an 
MTT assay. The medium was completely removed and 200 µl 
DMSO was added to dissolve the MTT formazan crystals. 
Absorbance readings at a wavelength of 570 nm (OD570) were 
taken on a microplate reader (MQX 200; BioTek Instruments, 
Inc., Winooski, VT, USA). At least three independent experi-
ments were performed.

Western blot analysis. For the analysis of mTORC1, mTORC2, 
caspase‑3, poly ADP ribose polymerase (PARP), cyclin D1 
and retinoblastoma protein (Rb) expression, whole cells were 
lysed in ice‑cold lysis buffer [50  mM Tris‑HCl (pH  7.5), 
150 µM NaCl, 20 µM NaF, 20 µM b‑glycerophosphate, 1% 
Nonidet P‑40, 1% Sodium Lauryl Sulfate, 10 mg/ml phenyl-
methanesulfonyl fluoride, 5 mM EDTA, 10 mg/ml aprotinin 
and 10 mg/ml leupeptin]. Equal quantities of protein from 
total cell extracts were mixed with a sample buffer containing 
100  mM β‑mercaptoethanol and were heated for 10  min 
at 97˚C. Content of the total protein was detected by BCA 
protein assay kit (Tiangen Biotech Co., Ltd., Beijing, China). 
Protein (20 µg) samples were separated by 10% SDS‑PAGE 
and were transferred onto Immobilon polyvinylidene 
difluoride membranes (EMD Millipore, Billerica, MA, 
USA). Polyvinylidene difluoride membranes were incubated 
in 5% non‑fat dry milk at room temperature for 2 h. Rabbit 
anti‑mTORC1 (cat. no. 2587; 1:1,000), mouse anti‑mTORC2 
(cat. no. 13017; 1:1,000), rabbit anti‑caspase‑3 (cat. no. 9664; 
1:1,000) and rabbit anti‑PARP (cat. no. 9532; 1:1,000) anti-
bodies (Cell Signaling Technology, Inc.) were added and 
incubated overnight at 4˚C. Peroxidase‑conjugated Affinipure 
goat anti‑rabbit IgG (cat. no. ZB‑2301, dilution 1:5,000) and 
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rabbit anti‑mouse IgG (cat. no. ZDR‑5109, dilution 1:5,000) 
(Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.) 
were then added separately and incubated for 2 h at room 
temperature. Following washing, membranes were incubated 
with horseradish peroxidase‑conjugated secondary antibodies 
at room temperature for 1  h. Blots were then developed 
using an enhanced chemiluminescence kit (EMD Millipore). 
Densitometric analysis of protein bands was performed 
using Image J v.1.45s software (National Institutes of Health, 
Bethesda, MD, USA). All western blot analysis was performed 
≥3 times to ensure reproducibility.

Statistical analysis. Data are expressed as the mean ± standard 
deviation. SPSS version 17.0 software (SPSS, Inc., Chicago, IL, 
USA) was used for statistical analysis. Comparisons among 
multiple groups were determined using one‑way analysis of 
variance, followed by Fisher's least significant difference test (for 
equal variances assumed) or Dunnett's T3 test (for equal vari-
ances not assumed) to compare individual group differences. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Resveratrol, rapamycin and combined treatment suppress the 
viability of MM cells. In the present study, an MTT assay was 
used to determine the effect on cell viability of resveratrol and 
rapamycin. The MM MM1.S and RPMI‑8226/DOX40 cell lines 
were cultured in complete medium in the absence (control) or 
presence of various concentrations of resveratrol and rapamycin 
for indicated time periods. Untreated cells were considered as 

the baseline (100%) for analysis. The viability‑impairing activity 
of resveratrol, rapamycin and the combination of the two is 
presented in Fig. 1B‑D. Cells were initially treated with varying 
concentrations of resveratrol (0, 10, 20, 50, 100 and 200 µM) and 
rapamycin (0, 5, 10, 20, 50 and 100 nM) for 24 h. Resveratrol 
and rapamycin significantly impaired the viability of the MM1.S 
cells in a dose‑dependent manner, which was more significant 
than the effect on RPMI‑8226/DOX40 cells. For the combined 
treatment, 60 µM resveratrol was used with 20 nM rapamycin. 
In the MM.1S cells, the reduction in the rate of cell viability 
proliferation was significantly increased in the combination 
treatment group compared with the control group (P<0.01), and 
in RPMI‑8226/DOX40 cells there was a significant reduction in 
the rate of cell viability proliferation in the combination treat-
ment group compared with the blank group (P<0.05). Therefore, 
the MM.1S cells were more sensitive to combination therapy 
compared with the RPMI‑8226/DOX40 cells. Compared with 
resveratrol or rapamycin monotherapy, the combination of the 
two drugs was much more effective in impairing the viability of 
the MM1.S cells, an effect that was more notable than that on the 
RPMI‑8226/DOX40 cells. These results indicated that combined 
drug therapy may improve the treatment of MM, as single‑agent 
therapy is becoming less effective as a result of the multi‑drug 
resistance exhibited by cancer cells.

mTOR/Akt signaling in MM cells. The present study initially 
examined whether or not autophosphorylation of mTOR at 
Ser2481 may be used as readout for mTORC2/Akt signaling 
in MM cells. Therefore, the baseline phosphorylation of 
mTOR on Ser2481 in MM cell lines was evaluated. Normally, 
mTORC1 primarily contains mTOR phosphorylated at 

Figure 1. Resveratrol structure and resveratrol, rapamycin and combination treatment suppresses cell viability of MM cells. (A) Molecular structure of resvera-
trol. (B) Inhibitory effect of resveratrol on the viability of human MM cells. (C) Inhibitory effect of rapamycin on the viability of human MM cells. (D) Effect 
of resveratrol, rapamycin and their combination on MM cell viability. Cells were treated with dimethyl sulfoxide as a vehicle control or with resveratrol 
(60 µM), rapamycin (20 nM) or their combination [resveratrol (60 µM) + rapamycin (20 nM)] for 24 h and cell viability was determined using an MTT assay. 
*P<0.05, **P<0.01 vs. vehicle control. MM, multiple myeloma; Res, resveratrol; Rap, rapamycin.
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Ser2448, while mTORC2 predominantly contains mTOR phos-
phorylated at Ser2481 (33). Western blot analysis revealed that 
p‑mTOR Ser2481 was present in MM1.S cells, while p‑mTOR 
Ser2448 was expressed in the two MM cell lines (Fig.  2). 
Subsequently, the expression of mTOR phosphorylated at 
Ser2448 and Ser2481 was compared with TORC1 and TORC2 
readouts, respectively. The best‑characterized mTORC1 read-
outs are P70S6K and 4EBP, whereas the best‑characterized 
mTORC2 readouts are Akt. The results of the present study 
demonstrated that baseline expression of p‑mTOR (Ser2448) is 
associated with TORC1‑phosphorylatable P70S6K and 4EBP, 
and that expression of p‑mTOR Ser2481 is associated with 
TORC2‑phosphorylatable Akt Ser473 in the MM1.S cell line. 
p‑mTOR Ser2448 is highly expressed in the RPMI‑8226/DOX40 
cell line, while p‑Akt Ser473 is not. These results indicated that 
aberrant activation of mTORC1 and mTORC2 signaling exists 
in the MM1.S cell line used in the present study.

Resveratrol downregulates mTOR protein expression in MM1.S 
cells. Analysis of the expression of the proteins involved in the 
PI3K/Akt/mTOR signaling pathway revealed that resveratrol 
reduced the expression of p‑mTOR in a dose‑dependent manner 
(Fig. 3A). Similarly, the MM1.S cells were subsequently treated 
with 60 µM resveratrol for 0, 6, 12 and 24 h and p‑mTOR 
expression decreased following resveratrol treatment for 12 h 
(Fig. 3B). These results indicated that the specific inhibitor of 
mTOR enhances the effect induced by resveratrol.

Combined treatment with resveratrol and rapamycin is 
synergistic in MM1.S cell line. Following treatment with 
resveratrol, rapamycin, a combination of the two or DMSO 

for 24 h, the MM1.S cells were collected by trypsinization 
and were used in western blot analysis or stored at ‑80˚C 
until further use. Phosphorylation of Akt was measured at 
Ser473 (mTORC2 substrate), phosphorylation of P70S6K was 
measured at Thr389 (mTORC1 substrate) and phosphorylation of 
4EBP1 was measured at Ser65 (mTORC1 substrate). As demon-
strated in Fig. 4A, combined treatment effectively inhibited 
p‑Akt Ser473, p‑P70S6K Thr389 and p‑4EBP1 Ser65 in MM1.S 
cells, suggesting that combined treatment inhibits mTORC1 
and mTORC2 signaling in the MM1.S cell line. However, 
rapamycin markedly inhibited p‑P70S6K Thr389 and p‑4EBP1 
Ser65, but did not result in the inhibition of p‑Akt Ser473, 
suggesting that rapamycin only inhibits mTORC1 signaling 
and is unable to suppress mTORC2 signaling in MM1.S cells. 
In addition, rapamycin treatment resulted in a significant 
increase in p‑Akt Ser473, demonstrating that rapamycin treat-
ment induced feedback activation of Akt signaling in MM1.S 
cells. Notably, resveratrol treatment effectively inhibited p‑Akt 
Ser473, p‑P70S6K Thr389 and p‑4EBP1 Ser65 in MM1.S cells, 
indicating that resveratrol may inhibit mTORC2 and mTORC1 
signaling in MM1.S cell lines.

Resveratrol, rapamycin and a combination of the two induce 
activation of caspase‑3 and PARP in MM1.S cells. The 
aforementioned results demonstrated that combining resvera-
trol with rapamycin may inhibit mTOR signaling in MM1.S 
cells. In order to analyze whether treatments with rapamycin, 
resveratrol or a combination of the two had an effect on the 
apoptosis of MM1.S cells, cleavage of PARP and caspase‑3, 
the key mediators of the apoptotic process, was detected by 
western blot analysis. As demonstrated in Fig. 4B, rapamycin 

Figure 2. mTOR/Akt signaling in MM cells: Baseline mTOR profile in multiple myeloma cell lines. MM cells cultured in culture media alone were lysed 
and mTOR/mTORC1/mTORC2‑associated protein expression was determined by western blot analysis. mTOR, mammalian target of rapamycin; mTORC, 
mammalian transcriptional coactivator for CREB; Dox40, RPMI‑8226/Dox40; MM, multiple myeloma. 

Figure 3. Resveratrol suppresses the phosphorylation of mTOR and its downstream targets in MM1.S cells. Levels of p‑mTOR in MM1.S cells treated with 
(A) various concentrations of resveratrol for 24 h and (B) 60 µM resveratrol for different time periods (prior to being lysed), as determined by western blot 
analysis. mTOR, mammalian target of rapamycin; p, phosphorylated. 
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induced gentle cleavage of PARP and caspase‑3, consistent with 
its cytostatic effect. Resveratrol induced minimal cleavage of 
PARP and caspase‑3, whereas the combination of rapamycin 
and resveratrol induced a higher degree of PARP and caspase‑3 
cleavage compared with the effect observed with each agent 
alone. Furthermore, the results demonstrated that PARP had 
undergone cleavage while the expression of caspase‑3 dimin-
ished. The expression of these proteins following combined 
treatment decreased markedly. The results of the present 
study indicated that resveratrol‑, rapamycin‑ and combined 
therapy‑induced apoptosis in MM1.S cells is associated with 
caspase‑3 and PARP.

Resveratrol combined with rapamycin suppresses cyclin D1 
expression and Rb phosphorylation in MM1.S cells. In order 
to further investigate the synergistic mechanism of combining 
resveratrol with rapamycin, the present study examined 
the effect of these agents on cyclin D1/Rb expression. As 
demonstrated in Fig. 4B, cyclin D1 and phosphorylated Rb 
(p‑Rb) were detected in MM1.S cells treated with rapamycin, 
resveratrol or a combination of the two, using immunoblot-
ting. In MM1.S cells, monotherapy with resveratrol inhibited 
cyclin D1 protein expression, while rapamycin barely inhibited 
cyclin D1 expression. Cyclins interact with cyclin‑dependent 
kinases (CDKs) to phosphorylate Rb. Since D‑cyclins are 
major determinants of CDK4/6 holoenzyme activity, decreased 
expression of cyclin D1 may prevent Rb phosphorylation in 
an Akt‑dependent fashion. In order to confirm this hypoth-
esis, the Rb phosphorylation status in MM1.S cells treated 
with rapamycin, resveratrol or a combination of the two was 
also detected. The results indicated that the combination of 
rapamycin and resveratrol induced downregulation of phos-
phorylated Rb.

Discussion

Combinations of novel agents that target various signaling 
pathways in MM are required in order to overcome resistance 
to treatment and to achieve higher response and survival rates 
in patients with MM. A previous study demonstrated that 
the combination of rapamycin with other agents, including 
17‑AAG, CC‑5013 and dexamethasone, leads to a synergistic 

effect on MM cells and sensitizes the cells to apoptosis (34). 
Resveratrol is a naturally occurring phytoalexin and a poly-
phenolic compound. The molecule was revealed to be present 
in various fruits and vegetables and is abundant in grapes 
and red wine  (24,25). Previous studies have demonstrated 
that resveratrol not only has no known cytotoxicity in animal 
models, but also is relatively pharmacologically safe in 
humans (35,36). Although resveratrol has been reported to 
have a wide range of potential targets during the inhibition 
of proliferation and the induction of apoptosis in a variety of 
tumor cell types (37), the underlying molecular mechanisms 
of its anticancer effects are not well understood, particularly 
in MM which is often difficult to treat as multiple signaling 
pathways are involved (38). Contradictory results have previ-
ously been reported regarding the inhibition of proliferation 
and the induction of apoptosis resulting from treatment with 
resveratrol. A previous study reported that resveratrol treat-
ment induces apoptosis in various tumor cells (39). However, 
an additional study reported that resveratrol induces differen-
tiation, but not apoptosis, in certain types of cancer cells (40). 
In the present study, it was revealed that the combination of 
rapamycin and resveratrol, tested at pharmacologically achiev-
able doses, resulted in a strong synergistic effect on MM cell 
viability in vitro. This combination led to the viability impair-
ment of MM cells and the induction of apoptosis in the two 
MM cell lines. However, the effects on MM1.S cells treated 
with a combination of rapamycin and resveratrol were more 
significant than the effects on the RPMI‑DOX40 cells and 
therefore, the focus was primarily on the effect of combined 
treatment on MM1.S cells.

There is a large volume of evidence supporting the critical 
function of the PI3K/Akt/mTOR signaling pathway in cancer 
proliferation, tumor genesis and metastasis, and numerous 
studies have demonstrated that PI3K/Akt/mTOR activity 
is increased in a variety of tumor cell lines, including MM 
cells  (41‑43). Dysregulation of mTOR function via physi-
ological or mutational activation of upstream pathways is a 
common event in tumors. mTOR activation has been observed 
in numerous types of cancer and therefore, mTOR has become 
an attractive target for cancer therapy  (7). As a catalytic 
subunit, mTOR exists in two complexes, mTORC1 (Ser2448) 
and mTORC2 (Ser2481), which function as specific scaffold 

Figure 4. (A) Resveratrol, rapamycin and a combination of the two inhibit mTORC1 and mTORC2 signaling in the MM1.S cell line, as determined by 
immunoblot analysis. (B) Immunoblot analysis for caspase‑3, PARP, p‑Rb and cyclin D1 in MM1.S cells treated with resveratrol, rapamycin or a combination 
of the two. mTORC, mammalian transcriptional coactivator for CREB; PARP, poly (ADP‑ribose) polymerase; p‑Rb, phosphorylated retinoblastoma protein; 
Akt, protein kinase B. 
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proteins. Therefore, decreasing the expression of these two 
proteins may lead to reduced mTOR activity as mTOR activity 
is dependent upon the integrity of the complex. Impairment 
of any single component of the mTOR complex may reduce 
mTOR activity. The results of the present study demonstrated 
that p‑mTOR Ser2481 was present in MM1.S cells, while 
p‑mTOR Ser2448 was revealed to be expressed in the two MM 
cell lines by western blot analysis (Fig. 2), indicating that the 
mTORC1 and mTORC2 signaling pathways were activated 
in the MM1.S cell lines. Rapamycin inhibits basal p70S6K 
activity and induces dephosphorylation of P70S6K and 
4EBP‑1, thereby inhibiting cap structure‑dependent protein 
synthesis and cell proliferation (44), indicating that rapamycin 
may directly inhibit mTORC1 and lead to tumor cell apoptosis. 
Furthermore, the results of a previous study demonstrated 
that mTORC2 is rapamycin‑insensitive, although it may be 
inhibited by prolonged rapamycin treatment (45). Activated 
mTORC1 phosphorylates P70S6K and 4EBP1, two best‑char-
acterized substrates of mTORC1, to positively regulate the 
protein synthesis that drives cell growth and proliferation. 
Therefore, p‑P70S6K and p‑4EBP1 are frequently used in 
research as biomarkers of mTORC1 activity. mTORC2 has been 
considered to function primarily through activating Akt by 
phosphorylating it at Ser473, which is important for its maximal 
activation (33). Therefore, the level of p‑Akt Ser473 is widely used 
to measure mTORC2 activity. The results of the present study 
demonstrated that the mTOR inhibitor, rapamycin, may inhibit 
mTORC1 signaling as p‑P70S6K Thr389 and p‑4EBP1 Ser65 
levels were reduced, and may be unable to effectively inhibit 
mTORC2 signaling and result in feedback activation of Akt 
signaling as p‑Akt Ser473 levels increased, thereby attenuating 
antitumor activity in MM1.S cells (Fig. 4A). The results of the 
present study were consistent with those of a previous study (19). 
By contrast, resveratrol treatment significantly decreased the 
phosphorylation of Akt at Ser473 in MM1.S cells, indicating that 
resveratrol is effective in attenuating mTORC2 function and 
preventing the feedback activation of Akt. These results indi-
cated that resveratrol may inhibit mTORC2 signaling and may 
not suppress mTORC1 signaling in MM1.S cells. Therefore, 
combined treatment with rapamycin and resveratrol effectively 
inhibited p‑Akt Ser473, p‑P70S6K Thr389 and p‑4EBP1 Ser65 
in MM1.S cells, suggesting that combined treatment inhibited 
mTORC1 and mTORC2 signaling in the MM1.S cells.

The results of the present study demonstrated that the 
combination of rapamycin and resveratrol induced a signifi-
cant effect on the cleavage of apoptosis‑associated proteins, 
including PARP and caspase‑3. The downstream signaling 
cascades targeted by rapamycin and resveratrol were 
subsequently delineated. The results of the present study 
demonstrated that rapamycin induced gentle cleavage of 
PARP and caspase‑3, and that resveratrol induced minimal 
cleavage of PARP and caspase‑3, whereas the combination of 
rapamycin and resveratrol induced a higher degree of PARP 
and caspase‑3 cleavage compared with the effect observed 
following monotherapy with each agent alone. Furthermore, the 
results also demonstrated that PARP had undergone cleavage 
as the expression of caspase‑3 decreased. Additionally, the 
expression of these proteins following combined treatment 
decreased markedly. The results of the present study indicated 
that resveratrol‑, rapamycin‑ and combined therapy‑induced 

apoptosis of MM1.S cells may be associated with caspase‑3 
and PARP.

In the present study, cyclin D1 and phosphorylated Rb were 
revealed to be inhibited in MM1.S cells treated with rapamycin 
and resveratrol, indicating another possible mechanism of 
synergy. A previous study demonstrated that low Akt activity 
in MM cell lines induced resistance to rapamycin by allowing 
continued cap‑independent protein synthesis of cyclin D1 (46). 
In the present study, it was demonstrated that cyclin D1 was 
downregulated in response to resveratrol in the MM1.S cell line, 
indicating that cyclin D1 may be a useful marker of response 
to resveratrol in MM. Notably, phosphorylated Rb, another G1 
regulatory protein downstream of cyclin D1, was inhibited in 
response to rapamycin, resveratrol and a combination of the 
two agents in MM1.S cells. Further studies are required to 
investigate the role of other cyclins and CDKs in the inhibi-
tion of phosphorylated Rb in cell lines with lower Akt activity. 
These results suggested mechanisms for synergy of rapamycin 
and resveratrol through targeting of multiple proteins of the 
PI3K/Akt/mTOR pathway and G1 regulatory proteins.

In conclusion, the results of the present study suggested 
that resveratrol is well‑tolerated and exhibits low toxicity 
and is therefore safe for preclinical research. Notably, it was 
revealed that the newly‑developed compound, resveratrol, may 
inhibit mTORC2 signaling. Additionally, the combination of 
rapamycin with resveratrol is safe and effective in inhibiting 
the proliferation and increasing the apoptosis of MM1.S cells. 
Taken together, the results of the present study indicated that 
combined therapy with rapamycin and resveratrol may be an 
attractive approach for the treatment and prevention of MM. 
However, these observations require further investigation in 
preclinical trials.
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