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Abstract. The effect of resveratrol on various human cancer 
cells was investigated with special focus on apoptotic cell 
death, in an attempt to further characterize its mechanism 
of action. There were great differences in the anti-viability 
effect of resveratrol between different types of human cancer 
cells. While the inhibition of cell viability by resveratrol was 
marked in U937 and MOLT-4 leukemia cells, resveratrol 
moderately inhibited cell viability in MCF-7 breast, HepG2 
liver, and A549 lung cancer cells, and the effect was slight on 
cell viability in Caco-2, HCT116, and SW480 colon cancer 
cells. Following resveratrol treatment, U937 and MOLT-4 
markedly increased the population of late apoptotic cells but 
MCF-7 and HepG2 underwent apoptosis with an increased 
population of early apoptosis, and resveratrol-induced DNA 
fragmentation was observed only in leukemic cells. Activation 
of sirtuin 1 and adenosine-monophosphate-activated protein 
kinase was not responsible for resveratrol-induced cancer 
cell death. Instead, resveratrol significantly reduced Akt 
activation with the downregulation of H-Ras, resulting in 
facilitation of Bax translocation to mitochondria in leukemic 
cells. This study suggests that resveratrol can induce apop-
totic cell death in human leukemic cells to a greater extent 
than in human solid tumor cells via reducing Akt activation 
due to Ras downregulation.

Introduction

The polyphenolic phytoalexin, resveratrol (3,5,4'-trihydroxy-
trans-stilbene), is a naturally occurring phytochemical that is 
produced by more than 70 plant species and is highly enriched 
in grape skins, raspberries, mulberries, peanuts, and red 
wine (1,2). This natural product has been shown to possess 
many biological activities, including anti-inflammatory, 
neuroprotective, antiviral, and antifungal properties (3,4). In 
addition, resveratrol may be a potential anticancer agent in the 
humans (5,6). Resveratrol is likely to exert anticancer proper-
ties by inhibiting three major stages of carcinogenesis, namely 
tumor initiation, promotion, and progression (2). Dozens of 
reports have documented that resveratrol can inhibit the prolif-
eration of several kinds of tumors, such as leukemia, pancreas, 
breast, prostate, bladder, and colon cancers (7-12). However, 
the molecular mechanisms that contribute to the anticancer 
activity of resveratrol are not completely understood.

It has been shown that the resveratrol-induced growth 
inhibition is associated with cell-cycle arrest and induction of 
apoptotic cell death in cancer cell lines derived from different 
origins (13-18). Alterations in expression of the anti-apoptotic 
protein Bcl-2, loss of mitochondrial function, release of 
cytochrome c, and activation of caspases may be involved in 
resveratrol-induced apoptotic cell death (19-22). Furthermore, 
resveratrol has been reported to induce p53-independent apop-
tosis in human HCT116 colon carcinoma cells (23), although 
p53 appears to be required for resveratrol-induced apoptosis 
in other cancer cell lines (24,25). In those previous reports, 
the concentrations of resveratrol used are varied. Then, it is 
possible that the signaling cascades for the resveratrol-induced 
apoptotic cell death are different depending on the types of 
cancer cells. Resveratrol is also known to act as an antioxidant 
and to activate adenosine-monophosphate-activated protein 
kinase (AMPK) and sirtuin 1 (SIRT1) (26), but whether these 
properties are responsible for the mechanisms through which 
resveratrol induces cancer cell death has not been fully defined.

In the present study, we examined the effects of resveratrol 
on cell viability in a variety of human cancer cell lines. We 
found that they display quite different sensitivity to resvera-
trol's anti-viability activity, depending on the type of cancer 
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cells. Further studies were then undertaken to focus on the 
elucidation and analysis of the cell death-initiating signaling 
mechanisms that can be activated by resveratrol in different 
cancer cell lines. We also addressed whether several cellular 
events stimulated with resveratrol, including SIRT1 and 
AMPK activation, are involved in its anti-viability effect on 
cancer cells.

Materials and methods

Cell culture. Human leukemic monocyte lymphoma cell 
line, U937, and human acute T lymphoblastic leukemia cell 
line, MOLT-4, were obtained from Health Science Research 
Resources Bank (Osaka, Japan). The two leukemic cell lines 
were cultured in suspension using RPMI-1640 medium (Nissui 
Pharmaceutical, Tokyo, Japan) with 10% heat inactivated fetal 
bovine serum at 37˚C in a humidified air with 5% CO2. The 
human breast cancer cell line MCF-7, and human colorectal 
cancer cell line SW480, were obtained from American Type 
Culture Collection (Manassas, VA, USA). The human hepa-
tocellular liver carcinoma cell line HepG2 (RCB1886), human 
lung adenocarcinoma epithelial cell line A549 (RCB0098), 
and human colon cancer cell lines Caco-2 (RCB0988) and 
HCT116 (RCB2979), were provided by the RIKEN BRC 
through the National Bio-Resource Project of the MEXT, 
Japan. These solid tumor cell lines were grown in Dulbecco's 
minimal essential medium (DMEM) (Nacalai Tesque, Kyoto, 
Japan), supplemented 10% fetal bovine serum, and maintained 
at 37˚C in a humidified atmosphere containing 5% CO2.

Cell viability assay. Cell viability was assessed using the 
colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) tetrazolium reduction assay  (27). 
Cells were seeded in 96-well plates at 20,000 per well and 
cultivated for 24-48 h before the onset of treatment with resve-
ratrol, SIRT1720, or their vehicle DMSO. An equal volume of 
DMSO (≤0.5%, v/v) was used as solvent control, which was 
confirmed to have little or no effect on cell proliferation. At 
the end of each treatment time, MTT was added to each well 
at a final concentration of 0.5 mg/ml, followed by incubation 
at 37˚C for 3 h. The absorbance of each sample was measured 
with a FilterMax F5 multi-mode microplate reader (Molecular 
Devices, Sunnyvale, CA, USA) at 595 nm. Cell‑free wells 
containing only medium were used for background subtraction. 
The number of viable cells was calculated from the number of 
untreated cells, and the data were expressed as percent cell 
viability. All experiments were performed at least in triplicate.

Cell death detection using flow cytometry. Cell death was 
detected by flow cytometry after Annexin V -FITC/prop-
idium iodide (PI) double staining as specified in the protocol 
provided with the FITC Annexin V Apoptosis Detection kit II 
(BD Pharmingen, Erembodegen, Belgium). Cells were seeded 
in 6-well plates, cultivated for 24-48 h, and treated with resve-
ratrol or DMSO. Then, cells were washed with PBS, harvested 
by trypsinization, centrifuged, and resuspended in binding 
buffer from the kit containing Annexin V-FITC and PI. The 
samples were analyzed using a flow cytometer (FACSCanto II, 
Becton-Dickinson, Franklin Lakes, NJ, USA), as reported 
earlier (28).

TUNEL staining. The terminal deoxynucleotide transferase-
mediated dUTP nick end labeling (TUNEL) technique 
was conducted to detect apoptotic cancer cells. Cytospin 
preparations of cancer cells were stained with Takara In Situ 
Apoptosis Detection kit (Takara Bio, Ohtsu, Japan) according 
to the manufacturer's instructions. Briefly, cells were fixed with 
10 N mildform solution (Wako Pure Chemical, Osaka, Japan) 
for 30 min at room temperature. Subsequently, cells were 
incubated with terminal deoxynucleotidyl transferase (TdT) 
enzyme and anti-fluorescein isothiocyanate-horseradish 
peroxidase. Labeled DNA was visualized by chromogenic 
staining with 3'3-diaminobenzidine. Counterstaining was 
performed with methyl green.

DNA agarose gel electrophoresis. Genomic DNA was isolated 
from cancer cells by the standard method. After precipita-
tion by ethanol, DNA was dissolved in TE buffer (pH 8.0). 
DNA (500 ng) was pipetted onto a 1% agarose gel containing 
100  ng/ml ethidium bromide, and electrophoresis was 
performed.

Western blot analysis. Cells were harvested and lysed in 300 µl 
of RIPA buffer (25 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 
1% sodium deoxycholate, 0.1% SDS, pH 7.4; Thermo Fisher 
Scientific, Rockford, IL, USA) containing protease inhibitor 
cocktail on ice. The lysates were centrifuged at 18,000 x g for 
10 min at 4˚C and the resulting supernatants were collected. 
The proteins in the supernatant were measured using BCA 
Protein assay kit (Thermo Fisher Scientific). When required, 
the membrane fractions were prepared as described previ-
ously (29). Mitochondrial and cytosolic fractionation was 
performed using K-assay® Cytochrome c Releasing Apoptosis 
assay (Kamiya Biochemical Co., Seattle, WA, USA). Immuno
blotting was performed as described in our previous reports 
(29,30). Samples (30-100 µg of protein) were run on 10-16% 
SDS-polyacrylamide gel and electrotransferred to polyvinyli-
dine difluoride filter membrane. The membrane was blocked 
for 60 min at room temperature in Odyssey blocking buffer, 
followed by overnight incubation with primary antibody at 
4˚C. Primary antibody detection was performed with horse-
radish peroxidase-conjugated or IRDye®-labeled secondary 
antibodies. Binding of the antibody was detected by an 
ECL Plus chemiluminescent system (GE Healthcare, Tokyo, 
Japan) and levels of protein expression were quantitated by a 
luminoimage LAS-3000 analyzer (Fuji Film, Tokyo, Japan). 
Fluorescent of IR-Dye was analyzed by Odyssey CLx Infrared 
Imaging System (LI-COR Bioscience, Lincoln, NE, USA).

The following antibodies, which are commercially 
available, were used: anti-human AMPK rabbit polyclonal 
antibody (Cell Signaling, Danvers, MA, USA), anti-human 
phospho-AMPK (Thr-172) rabbit polyclonal antibody (Cell 
Signaling), anti-mouse Akt (pan) rabbit monoclonal antibody 
(Cell Signaling), anti-human phospho-Akt (Ser-473) rabbit 
monoclonal antibody (Cell Signaling), and anti-human Bax 
rabbit polyclonal antibody (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA). Anti-human β-actin rabbit polyclonal 
antibody (Bioss, Woburn, MA, USA) was used as a loading 
control. Anti-human VDAC mouse monoclonal antibody (Cell 
Signaling) was used as a marker of the mitochondrial outer 
membrane.
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RNA extraction and quantitative real-time PCR. Total RNA 
was isolated from cells with Sepazol-RNA I Super G (Nacalai 
Tesque). ReverTra Ace qPCR RT Master Mix (Toyobo, Osaka, 
Japan) was used for the reverse transcription reaction, and 
real-time PCR analyses were performed using SYBR Premix 
Ex Taq (Tli RNaseH Plus), ROX plus (Takara Bio). Values 
were normalized to glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) according to the manufacturer's protocol 
(MX3000P real-time PCR system; Agilent Technologies Inc., 
Santa Clara, CA, USA).

Transient transfection of H-Ras in U937. An expression 
plasmid encoding the human H-Ras, pcDNA3-H-Ras_wt 
(#39503), was purchased from Addgene (Cambridge, MA, 
USA). Transfection into the cells was performed using HVJ 
Envelope Vector Kit GenomONE (Ishihara Sangyo, Osaka, 
Japan) according to the manufacture's instructions. Briefly, 
80 µg of plasmid DNA was encapsulated into HVJ-Es vector 
and added to 2x106 of U937 cells. The cells were centrifuged 
(2000 g) at 4˚C for 10 min. The efficacy of the transfection was 
evaluated by qPCR analysis. This approach led to successful 
overexpression (>60-fold) of the H-Ras gene.

Statistical analysis. Using GraphPad Prism® version 6.0 
software (San Diego, CA, USA), statistical analysis was 
performed and graphs were drawn. Mean values and standard 
error of mean were calculated and all values are expressed 
as means ± SEM. Comparisons of more than three data were 
determined by one-way ANOVA followed by the Tukey's 
multiple comparison test. Student's t-test was used when two 
means were compared. The level of statistical significance was 
set at P<0.05.

Results

Effects of resveratrol on cell viability in a variety of cancer 
cell lines. Cell viability was examined by MTT assay 
following treatment with different concentrations (1-100 µM) 
of resveratrol for 24 and 48 h in a variety of human cancer 
cell lines. In leukemic monocyte lymphoma U937, resveratrol 
inhibited cell viability in a concentration- and time-dependent 
manner, with 10 µM being the lowest effective concentration 
(Fig. 1A). Similarly, a great inhibition by resveratrol of cell 
viability was observed in the leukemic cell line MOLT-4 
(Fig. 1B). As for U937 and MOLT-4, treatment with 100 µM 

Figure 1. Concentration-dependent effect of resveratrol on the viability of various human cancer cells. Cell viability was determined by an MTT assay and 
was expressed as a percentage relative to untreated control cells. Cells were treated with resveratrol at different concentrations for 24 (○) and 48 h (•). Data are 
expressed as the mean ± SEM (n=3).
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resveratrol for 24 h resulted in a 90±4% (n=3) and 82±9% 
(n=3) decrease in cell viability, respectively. Resveratrol also 
affected cell viability in MCF-7 breast cancer cells (Fig. 1C) 
and HepG2 liver cancer cells (Fig. 1D). However, the anti-
viability effect of resveratrol on MCF-7 and HepG2 was less 
pronounced than that on human leukemic cells. In the A549 
lung cancer cell line, a significant inhibition of cell viability 
(51±14%, n=3) was detected only by long-term treatment with 
resveratrol at a high concentration (100 µM, 48 h) (Fig. 1E). 
When the cytocidality of resveratrol was assessed using 
colorectal carcinoma cell lines, Caco-2, HCT116, and SW480, 
these cancer cells were resistant to resveratrol. Thus, resve-
ratrol showed only a marginal anti-viability effect on Caco-2 
(Fig. 1F) and was without effect on viability of HCT116 and 
SW480 (Fig. 1G and H).

The benefits of resveratrol are considered to be derived, in 
part, from activation of SIRT1 (26), and SRT1720 is a selective 
activator of SIRT1 that is 1,000-fold more potent than resvera-
trol (31). In sharp contrast with resveratrol, however, SIRT1720 
even at a concentration of 1 µM has no effect on cell viability 

in U937, MOLT-4, MCF-7, and HepG2 (Fig. 2A). Furthermore, 
even though these cells were treated with the SIRT1 inhibitor 
EX527 (1 µM), the anti-viability effect of resveratrol remained 
unaffected (Fig. 2B).

Resveratrol is also known to activate AMPK (31), and 
AMPK has been widely shown to be involved in cell death 
induction in conditions of its sustained activation (32). 
Increased phosphorylation of AMPK was detectable in U937 
at 6 and 12 h and in MOLT-4 at 24 h after treatment with 
100 µM resveratrol (Fig. 2C). However, the presence of the 
AMPK inhibitor compound C (5 µM) failed to negate the 
anti-viability effect of resveratrol observed in U937, MOLT-4, 
MCF-7, and HepG2. Fig. 2D shows that compound C by itself 
caused a decrease in cell viability but a further cell viability 
reduction was detected when MOLT-4 and HepG2 were 
treated with resveratrol in the presence of compound C.

Assessment of resveratrol-induced apoptotic cell death. To 
examine whether cancer cells undergo apoptosis, untreated, 
vehicle-treated, or resveratrol-treated U937, MOLT-4, MCF-7, 

Figure 2. No involvement of SIRT1 and AMPK activation in the anti-viability effect of resveratrol in human cancer cells. (A) Cells were treated with 1 µM 
SIRT1720 and its vehicle (0.5% DMSO) for 24 h. (B) Cells were treated with 100 µM resveratrol and its vehicle for 24 h in the absence or presence of EX527 
(1 µM). (C) U937 and MOLT-4 were incubated with 100 µM resveratrol for 0-24 h as indicated, and then levels of phospho-AMPK, AMPK, and β-actin were 
analyzed by western blot analysis using the corresponding antibodies. (D) U937 and HepG2 were treated with vehicle (0.5% DMSO), compound C (5 µM), or 
resveratrol (100 µM) in the presence of compound C. **P<0.01, ***P<0.001 vs. vehicle. #P<0.05, ##P<0.01 vs. compound C alone. In (A), (B) and (D), MTT assay 
was used for detection of cell viability. Data are expressed as the mean ± SEM (n=3).
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and HepG2 were stained with Annexin V  and PI. Flow 
cytometry analysis of stained cells can distinguish cells into 
four quadrants, viable (Annexin V -negative, PI-negative), 
early apoptosis (Annexin V -positive, PI-negative), late 
apoptosis (annexin-positive, PI-positive), and necrotic 
(Annexin V-negative, PI-positive) cells. When treated with 
50 and 100 µM resveratrol for 24 h, the leukemic cells U937 
and MOLT-4, showed a significant increase in the population 
of late apoptotic cells in a concentration-dependent manner 

(Fig. 3A and B). However, MCF-7 and HepG2 treated with 
resveratrol for 24 h underwent apoptosis with an increased 
population of early apoptosis (Fig. 3A).

Resveratrol-induced chromosomal DNA fragmentation. 
DNA fragmentation represents a characteristic hallmark 
of late apoptosis. The TUNEL staining was used for the 
detection of chromosomal DNA fragmentation (Fig.  4). 
Treatment with 100 µM resveratrol for 24 h led to a marked 

Figure 3. Flow cytometric analysis of apoptotic human cancer cells stained with PI and FITC-Annexin V after treatment with resveratrol. Cells were treated with 
resveratrol (Res) at 50 and 100 µM and its vehicle (0.5% DMSO) for 24 h. Then, the number of cells in four fractions (PI-negative/FITC-Annexin V-negative, 
PI-positive/FITC-Annexin V-negative, PI-negative/FITC-Annexin V-positive, PI-positive/FITC-Annexin V-positive) was counted and its distribution was 
analyzed. (A) Representative flow cytometric dot plots. (B) The summary of populations stained with only FITC-Annexin V (early apoptosis; blue columns) 
and with both FITC-Annexin V and PI (late apoptosis; red columns) in U937 and MOLT-4. Data are shown as the mean ± SEM (n=4). **P<0.01, ***P<0.001 
vs. no treatment. #P<0.05, ##P<0.01 vs. vehicle.
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increase in TUNEL-positive cells in U937 and MOLT-4. In 
the face of resveratrol treatment, however, the proportion of 

TUNEL‑positive cells was much less in MCF-7 as compared 
to the two leukemic cells.

Figure 4. TUNEL staining in human cancer cells. Cells were treated with 100 µM resveratrol and its vehicle (0.5% DMSO) for 24 h. TUNEL-positive cells 
contain dark-brown nuclei. Negative control was obtained in resveratrol-treated cells by omitting TdT from the labeling mix. Shown are representative 
micrographs from two independent experiments in which the same results were obtained. Scale bar, 200 µm.

Figure 5. Electrophoresis of DNA from human cancer cells. Cells were treated with 100 µM resveratrol (Res) and its vehicle (V, 0.5% DMSO) for 24 h. 
C, untreated cells. The DNA agarose gel experiment is representative of two studies, both of which confirmed resveratrol-induced DNA degradation in U937 
and MOLT-4 but not in MCF-7. U937 cells treated with 2 µM actinomycin D for 10 h provide a positive control (PC). XL‑DNA Ladder 100 (100-1,500 bp; 
APRO SCIENCE, Tokushima, Japan) was used as a molecular weight marker (M).
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DNA fragmentation after resveratrol treatment was 
also assessed by DNA agarose gels (Fig.  5). Both U937 
and MOLT-4 cells treated with 100 µM resveratrol for 24 h 
displayed a smear pattern of DNA fragmentation, although 
ladder formation was more pronounced in U937 than in 
MOLT-4. In contrast, MCF-7 showed a relatively clear band of 
intact DNA regardless of resveratrol treatment.

Effects of resveratrol on Akt activation and Bax mitochondrial 
translocation. Activation of the serine/threonine kinase Akt 
was assessed by western blot analysis for phosphorylated Akt 
at Ser-473 (Fig. 6A). In U937 and MOLT-4, Akt phosphoryla-
tion showed a transient but significant decrease after treatment 
with 100 µM resveratrol. The total expression level of Akt was 
constantly unaltered by resveratrol, thus demonstrating that the 
reduced amount of phosphorylated Akt was not due to decreased 
expression of Akt. However, Akt phosphorylation levels were 
substantially unchanged in MCF-7 treated with resveratrol.

Pro-apoptotic protein Bax plays a critical role as an execu-
tioner of mitochondrial outer membrane permeabilization 
during apoptosis (33). Akt kinase can directly prevent Bax 
translocation to mitochondria via phosphorylation (34,35). 

Translocation of Bax to mitochondria was evidently increased 
when U937 cells were treated with 100 µM resveratrol for 24 h 
(Fig. 6B). Such an effect of resveratrol was not observed in 
MCF-7 cells (Fig. 6B).

Akt is a direct downstream effector of phosphatidylino-
sitol 3-kinase (PI3K) (36,37), and PI3K can be activated by 
Ras, a protein superfamily of small GTPase (38). The three 
canonical members of the Ras gene family (H-Ras, N-Ras, 
and K-ras) were identified in humans (39). In leukemic cells 
U937 and MOLT-4, treatment with 100 µM resveratrol for 
12-24 h resulted in a significant decrease in mRNA expression 
levels of H-Ras (Fig. 7A). However, the mRNA levels of H-Ras 
were marginally affected by resveratrol treatment in MCF-7 
and HepG2 cells. Resveratrol had no appreciable effect on the 
mRNA levels of K-Ras and N-Ras in leukemic cells as well as 
MCF-7 and HepG2 cells (Fig. 7B and C). In order to ascertain 
the impact of H-Ras on resveratrol-induced apoptotic death in 
leukemic cells, whether overexpression of H-Ras can modify 
the inhibition by resveratrol of cell viability was examined by 
MTT assay. The anti-viability effect of 100 µM resveratrol was 
significantly attenuated in H-Ras-overexpressed U937 cells 
(Fig. 7D).

Figure 6. Akt activation and Bax translocation to mitochondria in human cancer cells. (A) Immunoblot analysis of total Akt and phosphorylated Akt levels. 
Time course of changes in Akt phosphorylation after treatment with 100 µM resveratrol is shown. Data are shown as the mean ± SEM (n=3) of phospho-Akt/
Akt expressed relative to the respective control (time = 0). *P<0.05, **P<0.01 vs. time 0. (B) The translocation of Bax to mitochondria was determined by 
western blot analysis using cytosolic and mitochondrial fractions. VDAC (voltage-dependent anion channel) was used as a mitochondrial marker. Cells were 
treated with 100 µM resveratrol for 24 h. Shown are representative micrographs from two independent experiments in which the same results were obtained.
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Figure 7. Expression of Ras family genes in human cancer cells. H-Ras (A), K-Ras (B), and N-Ras (C) mRNA levels. Changes in expression levels 12 and 24 h 
after treatment with 100 µM resveratrol are shown. In all experiments, mRNA expression was normalized to GAPDH. Data are expressed as the mean ± SEM 
(n=3). *P<0.05, **P<0.01 vs. time 0. (D) U937 cells transfected with empty vector (EV) or plasmid encoding the human H-Ras were treated with resveratrol at 
100 µM for 24 h, and cell viability was determined by an MTT assay. Values are expressed relative to the result of resveratrol treatment from untransfected 
cells (n=3).

Figure 8. Schematic illustration of the proposed mechanism of action responsible for mediating resveratrol-induced apoptosis of human leukemic cells.
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Discussion

Substantial evidence has shown that resveratrol, a polyphenol 
that is present in a variety of plant species, can prevent or 
slow the progression of a wide variety of diseases, including 
cardiovascular disorders (40), and extend the lifespan of 
various organisms from yeast to vertebrates (41). Resveratrol 
is currently being documented as a potential cancer chemo-
prevention agent (5,6). It has gained much attention for its 
anticancer activities in vitro, ex vivo, and in cancer models 
in vivo. In this study, we used the MTT assay to assess the 
viability of various human cancer cells treated with resveratrol. 
We noted great differences in the anti-viability effect of resve-
ratrol between different types of human cancer cells. We found 
that, while the inhibition of cell viability by resveratrol was 
marked in U937 and MOLT-4 leukemia cells, it moderately 
inhibited cell viability in MCF-7 breast cancer cells, HepG2 
liver cancer cells, and A549 lung cancer cells. Furthermore, 
resveratrol had a negligible effect on cell viability in Caco-2, 
HCT116, and SW480 colon cancer cells.

Flow cytometric analysis of cancer cells by means of 
Annexin V and PI showed that resveratrol increased late apop-
tosis of leukemic cells, U937 and MOLT-4, whereas treatment 
of MCF-7 and HepG2 with this natural stilbenoid resulted in 
an increase in early apoptotic cell populations. Early stage 
apoptosis is represented by disruption of the mitochondrial 
membrane potential, but cells retain membrane integrity. As 
mitochondrial dysfunction is an early event in the process of 
apoptosis, early apoptotic cells would result from a declined 
mitochondrial transmembrane potential that can be preceded 
by the release of cytochrome c from mitochondria. On the 
other hand, late stages of apoptosis are characterized by DNA 
fragmentation and loss of cell membrane permeability. Thus, 
a hallmark of late apoptosis is extensive genomic DNA frag-
mentation that generates a multitude of DNA double-stranded 
breaks with accessible 3'-hydroxyl groups. TUNEL is an 
established method for detecting DNA strand breaks produced 
by DNA fragmentation that results from apoptotic signaling 
cascades. Our TUNEL staining showed a high proportion of 
TUNEL-positive cells in the two leukemic cells, U937 and 
MOLT-4, but not in MCF-7 breast cancer cells. When agarose 
gel electrophoresis, alternative method for detecting DNA 
fragmentation, was employed, U937 and MOLT-4 treated with 
resveratrol displayed a significant ladder formation but MCF-7 
showed a relatively clear band of intact DNA regardless of 
whether resveratrol was given. We thus demonstrated that 
a large number of cells in human leukemic cells, but not in 
MCF-7, when treated with resveratrol, were characterized by a 
high incidence of DNA fragmentation, suggesting that MCF-7 
was resistant to DNA fragmentation induced by resveratrol. 
These results suggest that human leukemic cells are more 
sensitive to resveratrol in terms of apoptotic cell death when 
compared with human solid tumor cells such as breast cancer 
cells.

Resveratrol is well known to activate SIRT1 and AMPK (26). 
However, the ability of resveratrol to activate these targets is 
unlikely to contribute to its anti-viability effect on human cancer 
cells. The potent SIRT1 activator SRT1720 did not mimic the 
effect of resveratrol on cancer cell viability. Moreover, the anti-
viability effect of resveratrol was not impaired in human cancer 

cells treated with the SIRT1 inhibitor EX527 and the AMPK 
inhibitor compound C. A previous report has shown that the 
SIRT1 inhibitor sirtinol serves as a growth arrest inducer with 
reduced Ras/mitogen-activated protein kinase signaling in 
human cancer cells (42).

The serine/threonine kinase Akt regulates multiple 
biological processes including cell survival, proliferation, 
growth, and glycogen metabolism, and aberrant regulation of 
these processes are considered hallmarks of cancer (43). In 
this study, treatment with resveratrol was found to lead to a 
transient but significant reduction in Akt phosphorylation in 
U937 and MOLT-4 leukemic cells without any change in the 
total amount of Akt. Akt inhibits a conformational change in 
the pro-apoptotic Bax protein and its translocation to mito-
chondria, thus preventing the disruption of the mitochondrial 
inner membrane potential (34,35). We showed that resveratrol 
evidently promoted translocation of Bax to mitochondria in 
leukemic cells. This could result in allowing permeabilization 
of the mitochondrial outer membrane extraordinarily releasing 
cytochrome c and other proteins to activate caspases and 
induce cell demolition. In MCF-7 breast cancer cells, resve-
ratrol did not reduce Akt phosphorylation and was without 
increasing effect on Bax translocation to mitochondria accord-
ingly. This finding could account in part for less effectiveness 
of resveratrol on apoptotic cell death in MCF-7 as compared 
with leukemic cells.

Akt is a direct downstream effector of PI3K (36,37), and 
PI3K can be activated by the protein superfamily of small 
GTPase Ras (38). The three canonical members of the Ras 
gene family (H-Ras, N-Ras, and K-ras) were identified in 
humans more than a quarter century ago, and they encode 
four highly related Ras protein isoforms (39). H-Ras preferen-
tially activates the PI3K/Akt pathway, while K-Ras activates 
the RAF/MEK/ERK pathway and N-Ras may activate both 
pathways (44-46). In leukemic cells, resveratrol treatment 
resulted in a significant decrease in mRNA expression levels 
of H-Ras, whereas the mRNA levels of H-Ras were margin-
ally affected by resveratrol treatment in breast and liver cancer 
cells. Resveratrol had no appreciable effect on the mRNA 
levels of K-Ras and N-Ras in leukemic cells or breast and liver 
cancer cells. These results suggest that the resveratrol-induced 
reduction in Akt activity in leukemic cells could be the result 
of the downregulation of H-Ras gene expression. This can be 
supported by the finding that the inhibitory effect of resve-
ratrol on cell viability was significantly attenuated in U937 
cells overexpressing H-Ras. We thus interpret our present 
results to indicate that resveratrol can lead to apoptotic death 
in leukemic cells through a mechanism that involves reduced 
Akt activation resulting from the downregulation of Ras.

In conclusion, we demonstrated that resveratrol can induce 
apoptosis in human leukemic cells to a greater extent than in 
human solid tumor cells via reducing Akt activation due to 
the downregulation of Ras (Fig. 8). Resveratrol is not overtly 
toxic to animals when administered at doses high enough to 
achieve pharmacological effects (3). Thus, this natural product 
that is common constituent of human diet may offer greater 
safety, both through its inherently lower toxicity and through 
allowing reductions in harmful and unintended effects as 
compared with synthetic drugs. Although one report suggested 
only weak potential anti-leukemic activity of resveratrol in 
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experiments on mice in vivo implanted with a mouse myeloid 
leukemia cells (21), further study with leukemia xenograft 
models using immunodeficient mice will be required to 
verify in vivo anti-leukemic effects of resveratrol. Our present 
results will likely aid in identifying that resveratrol may have 
a potential benefit for leukemia prevention and may be a useful 
adjunct to conventional chemotherapy for human leukemia.
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