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Our goals were to examine the dual-directional regulation effects of resveratrol (1) in vitro by
using MCF-7 cells (estradiol receptor-positive cells), study its mechanism of action, and give
a systematical analysis of the regulatory networks of each related factor. An MTT test and
growth curve showed that the proliferation of MCF-7 cells was inhibited by a high
concentration of 1, and that its IC50 was 8.70 £ 1025 ^ 0.23 mol/l. However, 1 induced the
proliferation of MCF-7 cells at 1027–1025 mol/l, and resulted in a peak proliferation at
1.0 £ 1027 mol/l. A high concentration of 1 arrested cell cycle progression at the G1 phase,
and a typical “sub-G1 peak” of apoptotic cells was also observed by flow cytometry. The
proliferation index of MCF-7 cells increased significantly with a low concentration of 1
( p , 0.05). 1 in high concentrations induced Bax, caspase-3, and cyclin-dependent kinase
(CDK) inhibitor P21 expression, whereas the expressions of cyclin CDK2, Bcl-2, and
proliferating cell nuclear antigen (PCNA) were decreased by 1 treatment. Conversely,
treatment with low concentrations of 1 decreased the expression of P21 and Bax, while the
expressions of cyclin CDK2, Bcl-2, and PCNA were increased. These results suggest that 1
had a dual-regulatory effect on MCF-7 cells. CDK-associated protein was a key factor at both
the high and low concentrations used in this study.
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1. Introduction

Phytoestrogens (PEs) as a non-steroid plant

source have estrogenic activities. They

combine with steroidal estrogen receptors

(ERs) with low affinity to play a weak

estrogen-like role [1]. PEs are estrogen

agonists and antagonists, which play a role

in the prevention and treatment of the

diseases of postmenopausal women caused

by estrogen reduction and other hormone-

related conditions [2,3].

PEs include isoflavones, lignans, cou-

marins, mycoestrogens, and stibenes. Resver-

atrol (1), trans-3,5,40-trihydroxystilbene

(Figure 1), is a kind of natural polyphenolic

compounds whose structure is similar to

diethylstilbestrol. It exists widely in grapes,

peanuts, and giant knotweed rhizomes. Lots

of epidemiological studies and experimental

results indicated that 1 has extensive medical

treatment and healthcare functions, i.e.,

the effect of anti-platelet aggregation, low

density lipoprotein-oxidation inhibitory,

reducing blood lipid, free radical scavenging

activity, diminishing inflammation, improving

microcirculation, hepatic-protective, anti-

cancer, and anti-inflammatory properties [4].

Recently, people pay more and more close

attention to the phytoestrogenic-like activity

of 1. Here, we examine the phytoestrogen-like
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effect of 1 using in vitro tests to study the

mechanism. Recently, people pay more and

more attention to 1, and there are many reports

about its anti-tumor effects and antioxidation

effects. This paper selected MCF-7 cells (ER-

positive cells) to examine the dual-directional

regulation effects of 1 in vitro to study its

mechanism of action, and gave a systematical

analysis of the regulatory networks of each

related factor. We hope our work could

have guiding significance for further study.

2. Results and discussion

2.1 Effect of 1 on the proliferation of
MCF-7 human breast cancer cells

The MTT assay showed that low concen-

tration of 1 was beneficial to the proliferation

of MCF-7 cells, and it resulted in a peak

proliferation at 1.0 £ 1027 mol/l. However,

the proliferation of MCF-7 cells was inhibited

by high concentrations, and the IC50 was

8.70 £ 1025 ^ 0.23 mol/l. Furthermore, the

results of the cell growth curve of MCF-7

cells matched with the above results. The

effects were concentration and time depen-

dent for the 1 treatment (Figure 2; Table 1).

2.2 Effect of 1 on cell cycle progression

Cells were treated with the indicated concen-

trations of 1 (0.5, 1.0 £ 1024 mol/l; 0.5, 1.0,

2.0 £ 1027 mol/l) for 24 and 48 h, respect-

ively, and distinct changes in cell cycle

distribution were observed. At the lower

concentrations (0.5–2.0 £ 1027 mol/l) of 1,

flow cytometric analysis showed that the

DNA contents of S phase were more than that

for the control, and that the value of

proliferation index (PI) reached a maximum

at 1.0 £ 1027 mol/l 1 in MCF-7 cells (47.0%

24 h and 56.9% 48 h) ( p , 0.05) (Table 2).

However, at higher concentrations (0.5–

1.0 £ 1024 mol/l), the cells accumulated

significantly in the G1 phase of the cell

cycle at 24 h (61.3% for control; 62.1% for

0.5 £ 1024 mol/l 1; 77.3% for 1.0 £

1024 mol/l 1). At 48 h, cell cycle arrest in

G1 phase was more pronounced (57.5% for

control; 74.8% for 0.5 £ 1024 mol/l 1;

82.0% for 1.0 £ 1024 mol/l 1). The sub-G1

peak, an indicator of apoptotic cell death, was

observed in the cells tested with higher

concentrations. These results suggest that the

anti-proliferative effect of 1 was related to the

induction of cell apoptosis and the induction

of cell cycle arrest at the G1 phase by the high

concentration of 1, and occurred in a

concentration- and time-dependent manner

(Figure 3; Table 1).

2.3 Effect of 1 on the expression of
proliferating cell nuclear antigen (PCNA),
Bcl-2, and Bax mRNA of MCF-7 cells

Cells were treated with various concen-

trations of 1 (1.0 £ 1024 mol/l; 0.5, 1.0,

2.0 £ 1027 mol/l) for 48 h. The PCNA

mRNA levels upon 1 treatment (0.5, 1.0,

2.0 £ 1027 mol/l) were (78.02 ^ 2.15)%,

(88.37 ^ 8.93)%, and (82.44 ^ 4.59)%, and

was (29.05 ^ 11.35)% when treated by 1

(1.0 £ 1024 mol/l), while the corresponding

mRNA level was (69.09 ^ 0.74)% in the

Figure 1. The structure of 1.

Figure 2. Time-dependent effects of 1 on MCF-7
cell growth and viability ( �x^ s, n ¼ 3).
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control group (Figure 4). There were signifi-

cant differences in PCNA mRNA expression

between the control group and both experi-

mental concentration groups (1.0 £ 1024 and

1.0 £ 1027 mol/l, p , 0.05). At high con-

centrations, 1 down-regulated the expression

of PCNA, inducing the apoptosis of MCF-7

cells. Conversely, at low concentrations, 1

up-regulated the expression of PCNA, pro-

moting the proliferation of MCF-7 cells. 1

treatment had the same effect on Bcl-2

mRNA expression as PCNA, while the effect

on Bax mRNA expression was the opposite

(Figures 5 and 6). The expression levels of the

three genes were all concentration dependent

(Figure 7).

2.4 Effect of 1 on the expression of
regulating proteins

Cells were treated with various concen-

trations (0.5, 1.0 £ 1024 mol/l) of 1 for

48 h. To examine the effects of high

concentrations of 1 on the expression of

proteins related to the regulation of cell cycle

progression, total cell lysates were analyzed

by western blot. As shown in Figure 7, P21,

the CDK inhibitor, was induced by a

treatment with 1 for 48 h. Down-regulation

of CDK2, which promotes cell cycle pro-

gression from the G1 phase into the S phase,

was also observed in a concentration-

dependent manner at 24 h (Figure 9). In

addition, a concentration-dependent increase

of caspase-3, which is downstream of cell

apoptosis and promotes apoptosis pro-

gression, was observed by treatment with 1

for 48 h (Figure 8).

Based on our experimental results and

relative literature data, we could draw an

inference as follows: when exogenous estro-

gen absent, low concentrations of 1 combin-

ing with ERa in MCF-7 cells starts up the

classical ER-mediated function way [5] (after

combining with the ligand, ER changes its

configuration, separates from the molecular

chaperone heat-shock protein, and forms

the homodimers or heterodimers. Then the

dimers combine with the ER-responsiveT
ab

le
1

.
T

h
e

ef
fe

ct
o

f
1

at
h

ig
h

co
n

ce
n

tr
at

io
n

o
n

th
e

ce
ll

cy
cl

e
o

f
M

C
F

-7
(n

¼
3

,
%

,
�x
^

s)
.

C
o

n
ce

n
tr

at
io

n
(1

0
2

4
m

o
l/

l)
R

at
io

o
f

ce
ll

p
o

p
u

la
ti

o
n

in
d

if
fe

re
n

t
p

h
as

es
(%

)
R

at
io

o
f

ap
o

p
to

ti
c

ce
ll

s
(%

)

G
1

S
G

2
þ

M

2
4

h
4

8
h

2
4

h
4

8
h

2
4

h
4

8
h

2
4

h
4

8
h

C
o

n
tr

o
l

6
1

.3
^

3
.1

7
5

7
.5

^
1

.0
4

2
4

.8
^

4
.9

8
3

3
.4

^
7

.4
5

1
3

.9
^

7
.2

3
9

.1
^

6
.5

0
4

.9
4
^

0
.9

6
7

.5
2
^

1
.9

2
1

(0
.5

)
6

2
.1

^
6

.7
4

7
4

.8
^

8
.3

5
*

3
1

.6
^

0
.9

8
*

2
2

.0
^

6
.1

6
*

6
.3

^
5

.6
7

3
.2

^
3

.0
5

1
7

.7
^

1
.0

4
*

2
8

.5
^

3
.0

5
*

1
(1

.0
)

7
7

.3
^

1
.4

9
*

8
2

.0
^

1
.2

1
*

2
2

.6
^

1
.4

0
1

0
.3

^
1

.9
3

*
0

.1
^

0
.1

0
*

7
.7

^
0

.7
2

3
1

.1
^

2
.0

7
*

3
8

.6
^

4
.6

5
*

C
o
m

p
ar

ed
w

it
h

co
n

tr
o

l
g

ro
u

p
.

*
p
,

0
.0

5
.

Y.-Z. Wang et al.382

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
3
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



element of the target gene, and influence the

gene transcription and translation). At the

same time, the expression of PCNA and Bcl-2

was up-regulated by low concentrations of 1

in MCF-7 cells. PCNA as a cycle protein is

associated with the cell proliferation, while

Bcl-2 gene can block apoptosis without

influencing the cell proliferation. Therefore,

the effect of promoting proliferation of

MCF-7 cells by low concentrations of 1 was

closely related to PCNA. Up-regulated PCNA

gene promotes DNA replication, and accel-

erates the cells in G0/G1 phase entering into S

phase [6].

When high concentrations of 1 act on

MCF-7 cells, it may, on the one hand,

compete with endogenous estrogen and bind

ERs to weaken the response of target cell to

estrogen; thus playing an anti-estrogen role.

On the other hand, PEs have far higher

affinity for ERb than ERa [7], after ERb

combining with 1, the AP1-response element

of target genes inhibits gene transcription by

influencing ER-mediated transactivation

activity, in opposition to the ERa-mediated

mode of action. At the same time, by high

concentrations of 1 among the genes whose

expression was down-regulated were PCNA

and Bcl-2, and whose expression was up-

regulated were P21 and Bax. Bax is a widely

studied protein in the Bcl-2 family. Bax is

located in the cytoplasm, and is the apoptosis-

induced gene forming Bax/Bax homodimers.

When the cells increase Bcl-2, Bcl-2 and Bax

form more of a heterologous dimer, weaken-

ing the apoptotic trend; whereas, when the

cells have more Bax, Bax itself forms a

dominant homologous dimer, making the cell

more prone to apoptosis. The ratio of Bcl-

2/Bax determines whether the cells can enter

a state of apoptosis or not. Caspase-3 is the

key in the pathway of apoptosis [8,9], and acts

as the effecter or executioner of apoptosis

[10,11]. High concentrations of 1 up-regulate

the expression of the caspase-3 protein;

thereby inducing the apoptosis of MCF-7

cells.

It can, therefore, be assumed that there

may be two ways for high concentrations of 1T
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to induce apoptosis in MCF-7 cells: first, by

influencing the Bcl-2/Bax ratio, changing the

cell’s mitochondrial membrane-associated

protein conformation, losing the cell function,

releasing of various apoptosis-related pro-

teins, and finally leading to apoptosis; second,

by leading to cell cycle arrest. In normal cells,

the P21 protein and the cyclin, CDK, and

PCNA form a cyclin–CDK4/p214/PCNA

tetramer compound. When the expression

was up-regulated, P21 protein combines with

the CDK2–cyclin compound, inhibits the

protein kinase activation, and arrests the cell

cycle [12]. P21 simultaneously combines

with PCNA, blocking DNA replication. The

cell proliferation signal cannot be formed

effectively and result in a cell block, thus

the cells have sufficient time for damage

repair.

It can be speculated that 1’s role in MCF-

7 cells proliferation/apoptosis is influenced

by the Bcl-2 family of genes, cell cycle

regulatory proteins, and the caspase-3 pro-

tein. High and low concentrations of 1 had

opposite effects on MCF-7 cells.

Thus, we can see that 1 has a bimodal

regulatory effect on MCF-7 cells, showing

the characteristics of plant estrogen and

having potential as a natural herbal extract

(Figure 10).

3. Materials and methods

3.1 Chemicals

MTT and DMSO were purchased from

Sigma Chemical Co. (St Louis, MO, USA).

RPMI1640, non-phenolsulfonphthalein

RPMI1640, and trypsin were the products

of Gibco-BRL (Grand Island, NY, USA). CDT-

FBS was purchased from Hyclone Co. (Logan,

Utah, USA) Trizol was purchased from

Invitrogen Co. (California, USA) The

RT-PCR kit was purchased from Takara

Shuzo Co., Tokyo, Japan. PCNA, Bcl-2, and

Bax primers were the products of Shanghai

Biotechnology Co., Shanghai, China. Mouse

monoclonal anti-P21, anti-caspase-3 antibody,

rabbit monoclonal anti-CDK2 antibody,

horseradish peroxidase (HRP)-conjugated

anti-mouse IgG, and HRP-conjugated

Figure 3. Demonstration of apoptosis by flow cytometric analysis. 1, untreated MCF-7 cells; 2 and 3,
appearance of cells with sub-diploid DNA content after exposed to increasing concentrations of 1
(0.5 £ 1024 and 1.0 £ 1024 mol/l) for A, 24 h and B, 48 h.
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anti-rabbit IgG were purchased from Beijing

Zhongshan Golden Bridge Biotechnology Co.

Ltd, Beijing, China.

3.2 Test drugs

The test drug, resveratrol (1, .98% pure), was

purchased from NICPBP (National Institute for

the Control of Pharmaceutical and Biological

Products, Beijing, China). Estradiol and TAM

were purchased from Sigma Chemical Co.

3.3 Cell culture

Human breast carcinoma MCF-7 cells,

obtained from the Institute of Materia Medica,

Chinese Academy of Medical Sciences &

Peking Union Medical College, were main-

tained in RPMI-1640 medium containing 10%

heat-inactivated FBS. Four days before the

addition of the test compound, the cells were

transferred into phenol red-free RPMI-1640

medium containing 5% charcoal/dextran-

treated FBS. Cells were maintained at 378C

under 5% CO2 in a humidified incubator.

3.4 MTT assay

Cells were detached by trypsinization, har-

vested, counted, transferred into 96-well

plates, and incubated for 24 h prior to

treatment. The test samples were prepared

by dissolving compounds in DMSO and

followed by dilution with supplemented

phenol red-free RPMI-1640 medium to yield

a final concentration of test compounds at 0.5

and 1.0 £ 1024 mol/l and 0.5, 1.0, and

Figure 4. The effect of 1 on PCNA mRNA expression in MCF-7 cells was continuously exposed to 1
(1.0 £ 1024 and 0.5 £ 1027 –2.0 £ 1027 mol/l); mRNA expression determined by RT-PCR analysis as
described under “Materials and Methods”. 1, expression of control cells treated with 0.1% DMSO; 2,
expression of cells treated with 1.0 £ 1024 mol/l 1; 3–5, expression of cells treated with 0.5 £ 1027

–2.0 £ 1027 mol/l 1; 6, expression of cells treated with 2.0 £ 1027 mol/l TAM; 7, expression of cells
treated with 1.0 nmol/l estradiol.
Note: n ¼ 3, compared with control group; *p , 0.05.
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2.0 £ 1027 mol/l. The final DMSO concen-

tration in the assay was less than 0.1%. After

incubation of test samples with MCF-7 cells

(48 h), MTT solution (50ml, 1 mg/ml) was

added. After a 4-h incubation at 378C, the

medium was aspirated and the violet crystals

were dissolved with 150ml of DMSO. Then,

the optical density was recorded using a

micro-plate reader at 490 nm. E2 (1.0 £

1029 mol/l) and TAM (1.0 £ 1027 mol/l),

dissolved in 0.1% DMSO, were used as the

controls and 0.1% DMSO in phenol red-free

RPMI-1640 media as solvent control. The

assay was conducted in triplicate for each

sample concentration, as well as the positive

and solvent controls.

3.5 Cellular growth curve control

MCF-7 cells in log phase were trypsinized

and seeded in 96-well plates at a density of

5000/ml. The cells were treated with different

concentrations of 1 in phenol red-free RPMI-

1640 media. The effects on cell growth were

examined by MTT assay every 24 h for 7

successive days in order to complete the

growth curve in vitro.

3.6 Cell cycle analysis

MCF-7 cells were plated at a density of

5000/ml cells in a 75 ml culture flask and

incubated for 24 h. Fresh phenol red-free

RPMI-1640 media containing various con-

centrations of 1 were added to culture flasks

and incubated for 24 and 48 h, respectively.

Cells were harvested, washed with PBS, and

then fixed with 70% ethanol. The fixed cells

were kept overnight at 2208C, washed with

PBS before analysis, and then the propidium

iodide solution (50mg/ml propidium iodide

in PBS, plus RNase, 50mg/ml) was added.

Figure 5. Effect of 1 on Bax mRNA expression in MCF-7 cells was continuously exposed to 1
(1.0 £ 1024 and 0.5 £ 1027 –2.0 £ 1027 mol/l), mRNA expression determined by RT-PCR analysis as
described under “Materials and Methods”. 1, expression of control cells treated with 0.1% DMSO; 2,
expression of cells treated with 1.0 £ 1024 mol/l 1; 3–5, expression of cells treated with 0.5 £ 1027

–2.0 £ 1027 mol/l 1; 6, expression of cells treated with 2.0 £ 1027 mol/l TAM; 7, expression of cells
treated with 1.0 nmol/l estradiol.
Note: n ¼ 3, compared with control group; *p , 0.05.
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Figure 6. Effect of 1 on bcl-2 mRNA expression in MCF-7 cells was continuously exposed to 1
(1.0 £ 1024 and 0.5 £ 1027 –2.0 £ 1027 mol/l), mRNA expression determined by RT-PCR analysis as
described under “Materials and Methods”. 1, expression of control cells treated with 0.1% DMSO; 2,
expression of cells treated with 1.0 £ 1024 mol/l 1; 3–5, expression of cells treated with 0.5 £ 1027

–2.0 £ 1027 mol/l 1; 6, expression of cells treated with 2.0 £ 1027 mol/l TAM; 7, expression of cells
treated with 1.0 nmol/l estradiol.
Note: n ¼ 3, compared with control group; *p , 0.05.

Figure 7. Effect of 1 on P21 protein expression in MCF-7 cells was continuously exposed to 1
(0.5 £ 1024 and 1.0 £ 1024 mol/l), protein expression determined by western blot analysis as described
under “Materials and Methods”. 1, expression of control cells treated with 0.1% DMSO; 2, expression of
cells treated with 1.0 £ 1024 mol/l 1; 3, expression of cells treated with 0.5 £ 1024 mol/l.
Note: n ¼ 3, compared with control group; *p , 0.05.
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Cellular DNA content was analyzed by flow

cytometry using a Coulter Epics-XL laser-

based flow cytometer. At least 1.0 £ 1026

cells were used for each analysis, and results

were displayed as histograms. PI ð%Þ ¼

ðS þ G2MÞ=ðG0=G1 þ S þG2MÞ £ 100%.

3.7 Semi-quantitative RT-PCR

Total RNA was isolated from cells using

Trizol reagent. After denaturing (948C,

5 min), 500 ng of RNA was transcribed into

cDNA, which was amplified using the

following primers: PCNA 50-GGA AAT

GGA AAC ATT AAA TTG TCA C-30, and

50-GAG TGG CTT TTG TAA AGA AGT

TCA G-30; Bcl-2 50-GGT GCC ACC TGT

GGT CCA CCT-30, and 50-CTT CAC TTG

TGG CCC AGA TAG G-30; Bax 50-CGT

CCA CCA AGA AGC TGA GCG-30, and 50-

AGC ACT CCC GCC ACA AAG ATG-30.

Duplex amplification was performed using a

thermocycler for 28 cycles according to the

following program: PCNA 30 s at 948C, 30 s

Figure 8. Effect of 1 on caspase-3 protein expression in MCF-7 cells was continuously exposed to 1
(0.5 £ 1024 and 1.0 £ 1024 mol/l), protein expression determined by western blot analysis as described
under “Materials and Methods”. 1, expression of control cells treated with 0.1% DMSO; 2, expression of
cells treated with 1.0 £ 1024 mol/l 1; 3, expression of cells treated with 0.5 £ 1024 mol/l.
Note: n ¼ 3, compared with control group; *p , 0.05.
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at 568C, and 30 s at 728C; Bcl-2 1 min at 948C,

1 min at 568C, and 1 min at 728C; Bax 1 min

at 948C, 45 s at 588C, and 30 s at 728C. The

final products (133, 458 and 382 bp, respect-

ively) were confirmed on a 1% agarose gel.

Sets of primers for b-actin were used as a

positive internal control.

3.8 Western blot analysis

MCF-7 cells were exposed to various

concentrations of 1 for 48 h. Then, the cells

were lysed in 50 mM tris (pH 7.4), 120 mM

NaCl, and 0.5% Nonidet P-40 supplemented

with 2 mg/ml aprotinin and 100 mg/ml

phenylmethylsulfonyl fluoride. The lysate

Figure 9. Effect of 1 on CDK2 protein expression in MCF-7 cells was continuously exposed to 1
(0.5 £ 1024 and 1.0 £ 1024 mol/l), protein expression determined by western blot analysis as described
under “Materials and Methods”. 1, expression of control cells treated with 0.1% DMSO; 2, expression of
cells treated with 1.0 £ 1024 mol/l 1; 3, expression of cells treated with 0.5 £ 1024 mol/l.
Note: n ¼ 3, compared with control group; *p , 0.05.

Figure 10. Schematic diagram of the effect of 1 on MCF-7 cells.
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was cleared by centrifugation, quantified,

and boiled for 5 min in Laemmli buffer

(50 mM tris (pH 6.8), 1% of 2-mercaptoetha-

nol, 2% of SDS, 0.1% of bromophenol blue,

and 10% of glycerol). Proteins were

separated by SDS-12 or 15% polyacrylamide

gel electrophoresis and transferred to a

polyvinylidene difluoride membrane (Milli-

pore, Bedford, MA, USA). Membranes were

probed with anti-p21 antibodies (1:100),

anti-CDK2 antibodies (1:100), and anti-

caspase-3 (1:100). Antibodies were diluted

in tris-buffered saline plus 0.1% Tween 20

plus 5% milk. Membranes were then

incubated in the appropriate secondary

antibody before being visualized by DAB.

The results of western blot were captured by

quantitative analysis, which the band inten-

sities were quantified from scanned images

using Gel-Pro Analyzer 3.1 Automated

Digitizing System Software.

3.9 Statistical analysis

Values are presented as means ^ SD. Group

means were compared by ANOVA using

Fisher’s post hoc analysis with Excel Soft-

ware (Microsoft). p , 0.05 was considered

significant. Figure data are representative of

at least three independent experiments.
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