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Abstract
AIM: To investigate the intracellular apoptotic signals 
engaged by resveratrol in three gastric adenocarcinoma 
cancer cell lines, two of which (AGS and SNU-1) express 
p53 and one (KATO-Ⅲ) with deleted p53.  

METHODS: Nuclear fragmentation was used to quanti-
tate apoptotic cells; caspase activity was determined by 
photometric detection of cleaved substrates; formation of 
oxidized cytochrome C was used to measure cytochrome 
C activity, and Western blot analysis was used to 
determine protein expression.

RESULTS: Gastric cancer cells, irrespective of their p53 
status, responded to resveratrol with fragmentation 
of DNA and cleavage of nuclear lamins A and B 
and PARP. Resveratrol, however, has no effect on 
mitochondria-associated apoptotic proteins Bcl-2, Bcl-
xl, Bax, Bid or Smac/Diablo, and did not promote sub-
cellular redistribution of cytochrome C, indicating that 
resveratrol-induced apoptosis of gastric carcinoma cells 
does not require breakdown of mitochondrial membrane 
integrity. Resveratrol up-regulated p53 protein in SNU-1 
and AGS cells but there was a difference in response of 
intracellular apoptotic signals between these cell lines. 
SNU-1 cells responded to resveratrol treatment with 
down-regulation of survivin, whereas in AGS and KATO-
Ⅲ cells resveratrol stimulated caspase 3 and cytochrome 
C oxidase activities. 

CONCLUSION: These findings indicate that even 
within a specific cancer the intracellular apoptotic 
signals engaged by resveratrol are cell type dependent 
and suggest that such differences may be related to 
differentiation or lack of differentiation of these cells.
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INTRODUCTION
Gastric cancer is a major cause of  mortality both in 
developed and underdeveloped countries because 
currently available chemotherapeutic regimens are not 
very effective, resulting in high recurrence rates and poor 
survival. There is strong evidence that the predominant 
etiological factors contributing to development of  gastric 
cancer are infections with H pylori during early years of  
life and/or exposure to chemical carcinogens such as 
those in cigarettes and cured meat[1]. Identification and 
eradication of  H pylori in the world population would be an 
economically prohibitive undertaking because more than 
50% of  population over the age of  50 are infected with 
the bacterium, and eradiation would not benefit those with 
pre-malignant gastric mucosal alterations. However, given 
the epigenetic origin and prolonged onset of  gastric cancer 
development, the concept of  cancer chemoprevention 
presents an attractive hypothesis to reduce the risk of  
gastric cancer. 

Since apoptosis-inducing compounds control cancer 
cell proliferation, it is feasible that cancer development 
may be arrested through molecular intervention with 
compounds that retard cellular proliferation and induce 
apoptosis. Trans-resveratrol, a polyphenol found in 
grapes, wine and peanuts, presents itself  as a dietary 
chemopreventive because numerous studies have 
demonstrated its ability to suppress proliferation and 
induce apoptosis in a variety of  transformed cells[2]. We 
have shown that gastric adenocarcinoma cells respond 
to resveratrol with inhibition of  DNA synthesis, cell 
cycle arrest, suppressed proliferation, and induction of  
apoptosis[3,4], and there is evidence that resveratrol inhibits 
the growth of  transplanted gastric tumor[5]. 

There are two major pathways for induction of  
apoptosis: (1) the extrinsic pathway activated when 
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extracellular ligands interact with receptors of  the TNF 
family (TNF, FAS, and TRAIL) and (2) the intrinsic 
pathway, induced by destabilization of  mitochondria. 
Resveratrol up-regulates Fas and Fas-L in gastr ic 
adenocarcinoma cells that express p53, whereas only Fas-L 
becomes up-regulated in cells whose p53 is deleted[6], 
suggesting that apoptotic signals engaged by resveratrol 
within individual gastric carcinoma cell lines may be 
dependent on p53 status of  the cell. Here we explore the 
action of  resveratrol on intracellular apoptotic signals in 
three different gastric adenocarcinoma cell lines. 

MATERIALS AND METHODS
Materials 
Resveratrol is a kind gift from Pharmascience, Montreal, 
Quebec, Canada. The following caspase substrates 
were purchased from Calbiochem, EMD Biosciences, 
Inc., San Diego, CA: caspase 1 substrate (Ac-WEHD-
pNA), caspase 3 substrate (Ac-DEVD-pNA), caspase 
6 substrate (Ac-VEID-pNA), caspase 8 substrate (Ac-
IETD-pNA), and caspase 9 substrate (Ac-LEHD-pNA). 
Cytochrome C Oxidase Assay Kit (CYTOC-OX1) was 
purchased from Sigma-Aldrich, St. Louis, MO. Antibodies 
to cytochrome C and lamin B were obtained from Santa 
Cruz Biotechnology, Inc., Santa Cruz, CA; antibodies to 
PARP, Bcl-xl, Bax, Bid, and cleaved Lamin A were from 
Cell Signaling Biotechnology, Beverly, MA; antibody to 
survivin was from Novus Biologicals, Inc., Littleton, CO; 
p53 antibody was from PharMingen, Inc/BD Biosciences, 
San Diego, CA; antibody to β-actin was from Sigma-
Aldrich, St. Louis, MO, and antibodies to Bcl-2 and Smac/
DIABLO were from Calbiochem/EMD Biosciences, Inc., 
La Jolla, CA. Chemiluminescence detection system (ECL 
Western Blotting System) was from Amersham/Pharmacia 
Biotech, Piscataway, NJ. 

Cell culture and cell treatment 
Human gastric adenocarcinoma cell lines AGS (ATCC: 
CLR-1739), SNU-1 (ATCC: CRL-5971) and KATO-III 
(ATCC: HTB 103) were routinely cultured in RPMI-1640 
media supplemented with 100 mL/L fetal bovine serum 
(FBS), 10 U/mL of  streptomycin and 0.25 mg/L of  
amphotericin B at 37℃ in humidified air with 50 mL/L 
CO2. Cells were allowed to equilibrate in fresh media for 
2-3 h prior to addition of  resveratrol which was dissolved 
in 950 mL/L ethanol. The concentration of  ethanol was 
always maintained at 0.1% in both treated and untreated 
cells. A stock solution of  100 mmol/L resveratrol was 
prepared weekly and stored in the dark at -20℃. 

Determination of apoptosis
Percent of  apoptotic cells was determined using Cell 
Death Detection ELISAPLUS kit from Roche Applied 
Science, Indianapolis, IN. Cells (1 × 104 cells/200 μL) were 
incubated for designated times with or without 100 μmol/L 
resveratrol, and percent of apoptotic cells was calculated 
based on 100% apoptosis obtained after 48 h of cell exposure 
to 50 μmol/L camptothecin. 

Caspase activity measurements 
Cells were plated in fresh media at 1 × 106 cells/5 mL in 
6 well plates, allowed to equilibrate for 3 h, and treated 
with 100 μmol/L resveratrol for 24 or 48 h. Vehicle was 
added to untreated controls that were also cultured for 
24 or 48 h. At the end of  the specified incubation time, 
cells were harvested, washed once with 5 mL of  PBS and 
lysed for 30 min at 4℃ in lysis buffer A (10 mmol/L Tris 
pH 7.4, 150 mmol/LNaCl, 1 mmol/L EDTA, 1 mmol/
LEGTA, 1% Triton X-100, 0.2 mmol/L sodium vanadate, 
2 mmol/L phenylmethyl-sulfonyl fluoride, 0.5% NP-40, 
and 20 mmol/L NaF). The caspase assay was performed 
in 96 well plates in a total volume of  100 μL as follows: 
to 32 μL of  assay buffer (312.5 mmol/L HEPES, 31.25% 
glucose, 0.3125% CHAPS) were added 2 μL of  DMSO, 
10 μL of  100 mmol/L DTT, 30 μg of  cell lysate protein, 
and the volume adjusted with deionized water to 98 μL. 
Following addition of  2 μL of  10 mmol/L fluorogenic 
peptide substrate, specific for each caspase, the reaction 
was incubated at 25℃ for 4 h after which time absorbance 
measured at 405 nm on a microplate reader (Molecular 
Devices Corporation, Sunnyvale, CA). Activity of  each 
caspase activity was calculated from a standard curve of  
p-nitroaniline (pNA) absorbance at 405 nm and values 
are expressed as pmoles of  pNA generated per mg lysate 
protein. Protein content of  cell lysates was determined by 
the method of  Lowry[7].

Western blot analysis
Cellular levels of  cytochrome C, p53, survivin, Bax, Bcl-2, 
Bcl-xl, Bid, Smac/DIABLO, cleaved lamin A, lamin B, 
PARP, and β-actin (used as control for equal protein 
loading) were determined in untreated and resveratrol 
treated cell fractions by Western blot detection. To test the 
action of  resveratrol, cells (0.2 × 109 cells/L of  media) were 
treated with 100 μmol/L resveratrol for 24 or 48 h, after 
which time they were harvested, washed with PBS, suspended 
in 0.5 mL of  lysis buffer B (10 mmol/L Tris pH 7.4, 150 
mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1% 
Triton X-100, 0.2 mmol/L sodium vanadate, 2 mmol/L 
phenylmethyl-sulfonyl fluoride, 0.5% NP-40, 20 mmol/L 
NaF, and 2 mg/L leupeptin), and rapidly frozen in liquid 
nitrogen. Cells were lysed by a freeze-thaw cycle in liquid 
nitrogen followed by 30 min at 4℃ and cell cytosol was 
prepared from cell lysates by centrifugation at 10 000 × 
g for 20 min. Mitochondria were prepared from whole 
cells by a subcellular fractionation protocol[8] and protein 
content of  each fraction determined by the Lowry 
method[7]. Equal amounts of  protein were separated by 
SDS-PAGE on either 15% resolving Tris-HCl gels for 
detection of  cytochrome C, survivin, Bcl-2, Bcl-xl, Bax, 
Bid, and Smac/DIABLO or 12% gels for detection of  
p53, PARP, cleaved lamin A, lamin B, β-actin, followed by 
transfer to PVDF membranes, and antigen detected by 
chemiluminescence. Depicted results are representative of  
at least two individual experiments.

Measurement of cytochrome C oxidase activity
Cytochrome C oxidase activity was measured in cell 



lysates from untreated and resveratrol treated cells using 
a commercially available kit from Sigma-Aldrich. Activity 
of  cytochrome C oxidase was determined by measuring 
the conversion of  reduced cytochrome C, which absorbs 
light at A50, to its oxidized form that does not absorb 
light at this wavelength, and values are expressed as DA550 
generated by 35 μg of  lysate protein. 

Statistical analysis  
Numerical data were analyzed for statistical significance by 
Student’s t test, and Results are expressed as the mean ± SE. 
Statistical significance is denoted as P < 0.01 and P < 0.05. 

RESULTS
Effect of resveratrol on apoptosis of SNU-1 cells
Gastric adenocarcinoma SNU-1 cells (expressing p53) 
and Kato-Ⅲ cells (p53 deleted) respond to resveratrol 
treatment with decreased proliferation, concentration 
dependent inhibition of  DNA synthesis and cell cycle 
ar rest [3,4]. To determine whether p53 status of  the 
cell regulates the action of  resveratrol on apoptosis, 
we measured the extent of  apoptosis in three gastric 
adenocarcinoma cells lines: AGS (expressing wild type 
p53), SNU-1 (expressing p53) and KATO-Ⅲ. Results 
show that cell treatment with 100 μmol/L resveratrol 
induces a time dependent apoptosis in all three cell lines 
(Figure 1). Although a small percentage of  apoptotic cells 
was present in the absence of  resveratrol, treatment with 
100 μmol/L resveratrol for 24 h resulted in significantly 
increased accumulation of  apoptotic cells, and treatment 
for 48 h further increasing the percentage of  apoptotic 
cells. After 48 h of  treatment with 100 μmol/L resveratrol 
nearly 70% of  AGS cells, 75% of  SNU-1 cells and 62% of  
Kato-Ⅲ cells became apoptotic.  

Action of resveratrol on nuclear targets of apoptosis
Apoptosis is characterized by loss of  nuclear integrity and 
degradation of  DNA and we previously demonstrated that 
exposure of  gastric adenocarcinoma cells to resveratrol 
results in DNA fragmentation[3,4]. Here we determined 
the action of  resveratrol on nuclear proteins PARP, lamin 

A and lamin B (Figure 2A), and show that resveratrol 
promotes their cleavage in all three cell lines. Increased 
levels of  lamin A cleavage products were seen in all cells 
within 24 h of  resveratrol treatment, whereas lamin B 
cleavage products were seen in AGS cells after 24 h, while 
SNU-1 and Kato-Ⅲ cells required 48 h of  exposure 
to 100 μmol/L resveratrol to induce lamin B cleavage. 
Resveratrol treatment caused cleavage of  the 116 kDa 
PARP to an 89 kDa fragment in all three cell lines although 
there was a time difference among the individual cell 
lines. In SNU-1 cells the 89 kDa breakdown product of  
PARP was detected after 24 h while in AGS and KATO-
Ⅲ cells PARP breakdown product was seen after 48 h. 
Closer analysis of  PARP in SNU-1 cells revealed presence 
of  the 89 kDa fragment within 6 h after cell exposure to 
resveratrol with further breakdown of  the 89 kDa band to 
a smaller fragment after prolonged treatment and nearly 
total loss of  the 116 kDa PARP protein after 72 h of  cell 
exposure to 100 μmol/L (Figure 2B). 

Action of resveratrol on caspases
Because nuclear proteins become cleaved during 
resveratrol-induced apoptosis, we investigated whether this 
action of  resveratrol results from activation of  caspases. 
Activities of  caspases 1, 3, 6, 8, and 9 were measured in 
untreated cells and in cells treated for 24 or 48 h with 
100 μmol/L resveratrol. Results show that 100 μmol/L 
resveratrol had no effect on caspases 1, 8, and 9, but 
significantly stimulated caspase 3 activity in AGS and 
KATO-Ⅲ cells and caused some activation of  caspase 6 
in AGS cells after 24 h. Caspase 3 activity in AGS cells was 
increased after 24 h of  treatment and remained elevated 
after 48 h, whereas in KATO-Ⅲ cells caspase 3 activity 
responded to resveratrol only after 48 h. Resveratrol, 
however, had no effect on caspase 3 activity in SNU-1 cells 
(Figure 3). 
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Figure 1  Effect of resveratrol on apoptosis of gastric adenocarcinoma cells.
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Action of resveratrol on subcellular distribution of 
cytochrome C
Numerous cytotoxic reagents, radiation, and growth 
factor withdrawal induce apoptosis by promoting release 
of  mitochondrial cytochrome C into cell cytosol. To 
determine whether resveratrol targets mitochondrial 
permeability in gastric adenocarcinoma cells we measured 
distribution of  cytochrome C protein between cell cytosol 
and mitochondria after 24 and 48 h of  cell treatment with 
100 μmol/L resveratrol. Results indicate that cytochrome 
C was found to be present in both mitochondria and 
cytosol of  each cell line prior to treatment with resveratrol, 
and resveratrol treatment had no further effect on 
redistribution of  cytochrome C protein between these two 
compartments (Figure 4). 

Action of resveratrol on cytochrome C oxidase activity
In addition to its role in apoptosis, cytochrome C functions 
in the respiratory chain as carrier of  electrons from 
flavoproteins to cytochrome oxidase. Since resveratrol is a 
known antioxidant and inhibits mitochondrial respiratory 
chain[9], we inquired whether cytochrome C contributes 
to the antioxidant potential of  resveratrol by measuring 
cytochrome C oxidase activity in untreated as well as 
resveratrol treated cells. Results show that resveratrol had 
a significant stimulatory effect on cytochrome C oxidase 
activity in KATO-Ⅲ cells after 24 h of  cell treatment, and 

in AGS cells after 48 of  treatment, but had no effect on 
cytochrome C oxidase activity in SNU-1 cells (Figure 5).

Action of resveratrol on p53 and survivin levels
Cellular levels of  survivin, an inhibitor of  apoptosis, have 
been shown to correlate inversely with expression of  the 
p53 tumor suppressor[10-12], and we determined the action 
of  resveratrol on survivin and p53 protein levels in AGS, 
SNU-1 and Kato-Ⅲ cells. Results presented in Figure 6 
indicate that resveratrol up-regulates p53 protein in AGS 
and SNU-1 cells but has no effect on the p53 status in 
Kato-Ⅲ cells. Within 24 h after exposure to 100 μmol/L 
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Figure 3  Effect of resveratrol on caspase acitivity.
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Figure 4  Effect of resveratrol on subcellular distribution of cytochrome C.
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Figure 6  Effect of resveratrol on p53 and survivin.
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resveratrol survivin levels in SNU-1 cells became down-
regulated. Although AGS cells express p53 and its p53 is 
up-regulated by resveratrol, levels of  survivin in AGS cells 
were not altered by resveratrol, and resveratrol had no 
effect on survivin in KATO-Ⅲ cells.

Action of resveratrol on Bcl-2 proteins
To evaluate the contribution of  pro- and anti-apoptotic 
Bcl-2 proteins in the response of  gastric carcinoma 
cells to resveratrol we measured protein levels of  anti-
apoptotic Bcl-2 and Bcl-xl and pro-apoptotic Bax, as well as 
Bid and Smac/DIABLO. Cells were treated with 100 μmol/L 
resveratrol for 24 or 48 h, sub-cellular fractions prepared 
as described in Methods, and protein levels determined 
by Western blotting. Isolated mitochondria were used to 
determine Bcl-2 and Bcl-xl levels, whereas Bax, Bid and 
Smac/DIABLO were measured in cell cytosol. Results 
presented in Figure 7 show that cell treatment with 100 μmol/L 
resveratrol for up to 48 h had no effect on Bax, Bcl-2, Bcl-
xl, and Smac/DIABLO, and did not promote cleavage of  
cytosolic 22 kDa Bid to the active 15-17 kDa form.

DISCUSSION  

A common feature of  malignant cells is their ability to 
proliferate without restraint and, therefore, apoptosis is 
considered the predominant pathway for elimination of  
malignant cells with the signals engaged by an apoptotic 
agent determining its efficacy as a chemopreventive or 
as an adjuvant to chemotherapy. Previous work from 
this laboratory has shown that resveratrol-induced 
engagement of  Fas receptor is dependent on the p53 
status of  the cells. The aim of  the present investigation 
was to determine whether intracellular apoptotic signals 
engaged by resveratrol are also regulated to some extent 
by p53. To enhance the signaling response to resveratrol 
all experiments were performed using 100 μmol/L 
because this concentration has been repeatedly shown to 
promote significant apoptotic response in human gastric 
adenocarcinoma cells[3-5] and in other malignant cells[13-15].

One of  the differences among the three gastric 
carcinoma cell lines used in this study is their p53 status: 
Kato-Ⅲ cells do not express p53, whereas p53 is present 
in both AGS and SNU-1 cells. Resveratrol induced 
a time-dependent apoptotic response in all three cell 
lines irrespective of  their p53 status, and in each cell 
line resveratrol-induced apoptosis was associated with 
cleavage of  PARP, lamin A and lamin B. Other studies 
investigating the involvement of  p53 in cellular response 
to resveratrol have also shown that resveratrol induces 
apoptosis and up-regulates p53 in cells that express this 
tumor suppressor[16,17], and that it induces apoptosis in 
p53 deficient cells[18,19]. Tumor suppressor p53 exerts 
control over proliferation and apoptosis by initiating 
transcriptional activation of  specific genes, among them 
the gene for survivin[10-12], an inhibitor of  apoptosis found 
to be expressed in all types of  malignancies but not in 
normal, differentiated cells. Patients with gastric cancer 
express increased abundance of  survivin[20] and survivin 
expression correlates with p53 accumulation[18], whereas 

suppression of  survivin inhibits growth of  gastric cancer 
cells and decreases tumorigenesis[21]. In our study resveratol 
increased p53 levels in both AGS and SNU-1 cells, but 
only p53-expressing SNU-1 cells responded to resveratrol 
treatment with loss of  survivin suggesting that p53 in AGS 
cells may have mutations, a common finding in tumor cells. 

Since resveratrol is a small, lipophylic molecule it 
can intercalate within the mitochondrial membrane and 
directly induce apoptosis through destabilization of  
mitochondrial membrane. To address this question we 
determined action of  resveratrol action on Bcl-2 family of  
apoptotic regulators. These proteins control mitochondrial 
permeability and promote release of  mitochondrial 
cytochrome C. Our findings revealed that resveratrol had 
no effect on either anti-apoptotic Bax or pro-apoptotic 
Bcl-2 and Bcl-xl, did not promote cleavage of  Bid and had 
no effect on subcellular redistribution of  cytochrome C. 
On the basis of  these results we conclude that resveratrol-
induced apoptosis of  gastric cancer cells in culture is 
not an outcome of  mitochondrial integrity breakdown. 
The action of  resveratrol on Bcl-2 proteins has been 
investigated in a number of  cells with results supporting 
a cell type-dependent response. Human leukemia U937 
cells readily succumbed to apoptosis after treatment with 
100 μmol/L resveratrol, whereas apoptosis was significantly 
inhibited when these cells were modified to over-express 
Bcl-2[22]. In non-Hodgkin’s lymphoma and multiple 
myeloma cell lines Bcl-xl expression was down-regulated 
by resveratrol[23], but resveratrol had no effect on Bcl-xl, 
Bcl-2 nor Bax in other malignant cells[24], and Bax levels 
remained unchanged in colorectal carcinoma cells after 
24 h of  treatment with 40 μmol/L resveratrol[25]. Since 
resveratrol caused a decrease in the ratio of  Bcl-2/Bax 
in transplanted gastric tumors and we can only conclude 
that cells in culture respond differently to resveratrol from 
primary gastric cancer cells transplanted into nude mice.

Destabilization of  mitochondria usually results 
in release of  mitochondrial cytochrome C into cells 
cytosol, but we found no evidence of  involvement of  

Figure 7  Effect of resveratrol on Bax, Bcl-2, Bcl-xl, Bid and Smac/DIABLO.
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mitochondria destabilizing Bcl-2 proteins in resveratrol-
induced apoptosis of  gastric carcinoma cells. However, 
we did observe presence of  cytochrome C in cytosol of  
untreated as well as resveratrol treated cells. Cytosolic 
cytochrome C has also been identified within secretory 
granules of  normal rat pancreas and anterior pituitary[26], 
and because secretory granules are present in gastric 
carcinoma cells[27,28], we addressed the possible role of  
cytosolic cytochrome C by determining cytochrome 
C oxidase activity. Our data revealed that resveratrol 
stimulates cytochrome C oxidase activity in AGS and 
KATO-Ⅲ cells, an action that would contribute to the 
antioxidant potential of  these cells. Since transformed 
cells generate low levels of  reactive oxygen that activate 
gene transcription and stimulate their proliferation[29,30], 
antioxidants suppress generation of  endogenous reactive 
oxygen and are considered antiproliferative. We previously 
demonstrated that resveratrol is antiproliferative and 
behaves as an antioxidant in gastric adenocarcinoma 
cells[3,4]. Our current finding that resveratrol stimulates 
cytochrome C oxidase is a feasible mechanism for its 
antioxidant and antiproliferative action toward these. 
Inhibition of  proliferation and induction of  apoptosis are 
known to be closely related events, and when activation of  
cytochrome C oxidase is coupled with increased casapse 
3 activity, as was seen in AGS and KATO-Ⅲ cells, these 
events might provide sufficient stimuli to inhibit cellular 
proliferation and induce apoptosis. Although resveratrol 
had no effect on either cytochrome C oxidase or caspase 3 
in SNU-1 cells, apoptosis in SNU-1 cells probably results 
from down-regulation of  survivin and removal of  its 
protective mechanisms, as was demonstrated for human 
bladder cells[31]. 

In summary, our results reveal that individual 
gastric carcinoma cell lines respond to resveratrol with 
engagement of  individual apoptotic signals. In p53 
expressing SNU-1 cells resveratrol up-regulated p53 and 
down-regulated survivin, whereas in KATO-Ⅲ cells 
and in AGS cells resveratrol stimulated caspase 3 and 
cytochrome C oxidase activities, enabling suppression 
of  proliferation while stimulating breakdown of  nuclear 
proteins. These findings indicate that even within a specific 
disease resveratrol can engage alternate apoptotic targets 
thus providing further evidence that resveratrol can be 
considered a versatile chemopreventive agent.
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