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ABSTRACT
The phytochemical resveratrol, which is
found in grapes and wine, has been reported to have a
variety of anti-inf lammator y, anti-platelet, and anticarcinogenic effects. Based on its structural similarity to
diethylstilbestrol, a synthetic estrogen, we examined
whether resveratrol might be a phytoestrogen. At concentrations ('3–10 mM) comparable to those required for its
other biological effects, resveratrol inhibited the binding of
labeled estradiol to the estrogen receptor and it activated
transcription of estrogen-responsive reporter genes transfected into human breast cancer cells. This transcriptional
activation was estrogen receptor-dependent, required an
estrogen response element in the reporter gene, and was
inhibited by specific estrogen antagonists. In some cell types
(e.g., MCF-7 cells), resveratrol functioned as a superagonist
(i.e., produced a greater maximal transcriptional response
than estradiol) whereas in others it produced activation
equal to or less than that of estradiol. Resveratrol also
increased the expression of native estrogen-regulated genes,
and it stimulated the proliferation of estrogen-dependent
T47D breast cancer cells. We conclude that resveratrol is a
phytoestrogen and that it exhibits variable degrees of estrogen receptor agonism in different test systems. The
estrogenic actions of resveratrol broaden the spectrum of its
biological actions and may be relevant to the reported
cardiovascular benefits of drinking wine.

EXPERIMENTAL PROCEDURES
Cell Culture. MCF-7 cells, subclone WS8 (estrogen receptor-positive), MDA-MB-231 cells, subclone 10A (estrogen
receptor-negative), and T47D cells, subclone A18 (estrogen
receptor-positive) are derived from human breast adenocarcinomas and were provided by V. Craig Jordan (Northwestern
University Medical School, Chicago). MCF-7 and MDA-MB231 cells were grown in MEM supplemented with nonessential
amino acids, 10 mM Hepes, and 5% calf serum. T47D cells
were grown in RPMI 1640 medium supplemented with nonessential amino acids, 10% fetal bovine serum, 100 unitsyml
penicillin, and 100 mgyml streptomycin sulfate. BG-1 (human
ovarian adenocarcinoma, estrogen receptor-positive) cells,
provided by Jeff Boyd, University of Pennsylvania Medical
Center, Philadelphia, were grown in DMEMyHam’s F-12
medium with 10% fetal bovine serum. Estrogen-depleted
media contained no phenol red and were supplemented with
sera extracted three times with dextran-coated charcoal.
Estrogen Receptor Binding Assay. Cytosol was prepared
from MCF-7 cells grown for 4 days in estrogen-depleted
medium. Cells were incubated for 30 min in 10 volumes of
ice-cold hypotonic TESH buffer (10 mM TriszHCly1.5 mM
EDTAy1 mM DTT, pH 7.4) (11) containing 1 mM phenylmethylsulfonyl fluoride and 10 mgyml leupeptin and lysed by
10 passages through a 25-gauge hypodermic needle. After
ultracentrifugation (1 h at 100,000 3 g), the cytosol (supernatant) fraction was adjusted to 10% glycerol and stored at
270°C.
Aliquots containing 12 mg of protein were incubated with
various concentrations of 16a-[125I]-iodo-3,17b-estradiol (New
England Nuclear; 2200 Ciymmol) and resveratrol or estradiol
in TEGDMo buffer (40 mM TriszHCl, pH 7.4y1 mM EDTAy
10% glyceroly10 mM DTTy10 mM Na2MoO4, pH 7.4) overnight at 4°C in a final volume of 100 ml (12). Bound and
unbound 125I-estradiol were separated with dextran-coated
charcoal (11) and measured in a g counter. Nonspecific
binding was determined in the presence of a 500-fold excess
unlabeled estradiol or DES and was subtracted from total
binding.
Plasmids. The plasmid tk109-luc was constructed by inserting the 2109 to 152 fragment of the herpes simplex virus
thymidine kinase (tk) gene into pA3luc (13, 14). Plasmids
ERE-tk109-luc and ERE2-tk109-luc were constructed by cloning single or double copies of the Xenopus vitellogenin A2
estrogen response element (ERE) (15) into the HindIII site of
tk109-luc. ERE-tk81-luc contains a single ERE upstream of
the minimal thymidine kinase promoter (281 to 152) in
pA3luc. CMV-luc (16) and FOS-luc (17), which contain the
cytomegalovirus and c-fos promoters, respectively, were used
as estrogen-nonresponsive controls. The wild-type human
estrogen receptor expression vector pSG5-HEGO was provided by Pierre Chambon (Université Louis Pasteur, Stras-

Resveratrol (trans-3, 49, 5-trihydroxystilbene) occurs naturally in grapes and a variety of medicinal plants. In plants,
resveratrol functions as a phytoalexin that protects against
fungal infections (1). Because of its high concentration in
grape skin, significant amounts of resveratrol are present in
wine (2, 3), and it has been proposed to explain, at least in
part, the apparent ability of moderate consumption of red
wine to reduce the risk of cardiovascular disease (4 –7).
Resveratrol also has been reported to have cancer chemopreventive activity (8). The similarity in structure between
resveratrol and the synthetic estrogen diethylstilbestrol
(DES; 4, 49-dihydroxy-trans-a, b-diethylstilbene) prompted
us to investigate whether resveratrol might exhibit estrogenic
activity, a property that is known to produce a cardioprotective benefit (9, 10).
Estrogens, including phytoestrogens, act via the estrogen
receptor, a member of the nuclear receptor superfamily.
Estrogen binding to the receptor activates the transcription of
estrogen-responsive target genes. We report here that resveratrol binds to and activates transcription by the estrogen receptor at concentrations that are comparable to those required for
its other biological effects.
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bourg, France) (18), and the pSG5 control plasmid was
purchased from Stratagene.
Transfection and Luciferase Assays. Cells were grown in
estrogen-depleted media and transfected by using liposomes of
dioleyl phosphatidylethanolamine and dimethyldioctadecylammonium bromide (Sigma) (19, 20). MCF-7 and MDAMB-231 cells were transfected in 6-well plates by using 7.5
mgywell and 3 mgywell of the two lipid components, respectively, and 1 mgywell of reporter gene. BG-1 cells were
transfected in 12-well plates by using 4.5 mgywell and 7.5
mgywell of the lipids and 2.5 mgywell of reporter gene. Cells
were incubated with liposome-DNA complexes in serum-free,
estrogen-depleted media for 6–7 h and then transferred to
treatment media that contained estradiol, resveratrol, or estrogen antagonists added as stock solutions in absolute ethanol. Ethanol was added to control media to produce the same
final solvent concentration (typically 0.1%) in all wells. Resveratrol, 17b-estradiol, DES, and tamoxifen were purchased
from Sigma. ICI 182780 was provided by Alan Wakeling (ICI
Pharmaceuticals, Macclesfield, England) and Craig Jordan
(Northwestern University Medical School, Chicago). Luciferase activity (21) was determined approximately 22 h after
transfection, by using an AutoLumat LB953 luminometer (EG
& G, Salem, MA).
Reverse Transcription (RT)-PCR Assays for Progesterone
Receptor mRNA Expression. MCF-7 cells were grown in
estrogen-depleted medium for 5 days, then treated for 24 h
with ethanol (control), estradiol (0.01 or 1 nM), or resveratrol
(3, 10, or 30 mM). RNA was isolated by using the RNeasy Mini
Kit (Qiagen, Chatsworth, CA). Total RNA (3 mg) was subjected to RT by incubation at room temperature for 10 min
followed by incubation at 42°C for 15 min by using conditions
described previously (22). PCR was performed by using specific primers for the progesterone receptor gene (23) and for
an internal control, glyceraldehyde-3-phosphate dehydrogenase (22). PCR reactions (50 ml) included 1 ml of the RT
reaction product and 50 pmol of sense and antisense primers
for the receptor and dehydrogenase genes. After 25 cycles, a
20-ml aliquot of each reaction was subjected to polyacrylamide
(6%) gel electrophoresis and quantitated as described (22).
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Estrogen-Dependent Cell Proliferation. T47D cells were
estrogen-depleted for 5 days and seeded into 96-well plates at
5000 cellsywell. Treatment media (100 mlywell) were added on
the following day and replaced at 48-h intervals until the end
of the experiment. Cell density was measured via the tetrazolium reduction assay (Promega) (24) after 0, 2, 4, 6, and 8 days
of culture. The absorbance (490 nM) of the formazan product
was measured directly in the 96-well plates with an EL 312e
microplate reader (Biotek Instruments, Luton, U.K.).

RESULTS
Resveratrol Binds to the Human Estrogen Receptor. The
structure of resveratrol is compared with DES and estradiol in
Fig. 1A. The similarities are particularly striking for resveratrol
and DES, which share the stilbene backbone. The phenolic A
ring that is characteristic of steroidal estrogens is present in all
three compounds. These structural similarities prompted us to
assess whether resveratrol might interact with the estrogen
receptor. Competition binding studies were performed by
using extracts of MCF-7 cells, which contain large amounts of
estrogen receptor. As shown in Fig. 1B, resveratrol inhibited
the binding of 125I-estradiol. The degree of inhibition depended on the concentrations of both resveratrol and the
labeled ligand. At 0.1 nM 125I-estradiol, the IC50 for resveratrol
was '10 mM, indicating that it is a relatively weak ligand for
the receptor. Nevertheless, this concentration is similar to
those at which resveratrol exerts other biological actions (8). At
higher concentrations, inhibition by resveratrol appeared to
plateau. This may be because of the presence of multiple
estradiol- or resveratrol-binding proteins in the MCF-7 extracts.
Resveratrol Functions as an Agonist for Estrogen ReceptorMediated Transcription. The ability of resveratrol to bind to
the estrogen receptor raised the possibility that it might
function as an agonist or antagonist. In the presence of an
agonist, the estrogen receptor initiates transcriptional activation by binding to specific EREs in the promoters of target
genes (15). The actions of resveratrol were tested initially by
using ERE-tk109-luc, a reporter gene that contains a single
copy of an ERE upstream of the thymidine kinase promoter

FIG. 1. Resveratrol competes for estrogen receptor binding. (A) Structures of resveratrol, DES, and estradiol. (B) Estrogen receptor binding
assays were performed as described in Experimental Procedures by using 0.1 nM (circles), 0.3 nM (triangles), or 1.0 nM (squares). 125I-estradiol
competed with the indicated concentrations of resveratrol (open symbols) or unlabeled estradiol (filled circles). Each point represents the mean
and range of duplicate assays after subtraction of nonspecific binding. All results are shown as percentage of binding in the absence of competitor.
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(Fig. 2A). In MCF-7 cells, resveratrol produced dosedependent transcriptional activation with half-maximal induction at 5–10 mM, corresponding to the concentration required
for inhibition of estradiol binding. Although considerably less
potent than estradiol, resveratrol produced a maximal level of
induction that was 2- to 3-fold greater than that achieved by
using maximal doses of estradiol (0.1 nM). This superagonism
by resveratrol was highly reproducible and was not observed
with DES, which produced the same level of activation as
estradiol at saturating (1 nM) concentrations (Fig. 2B). The
superagonism by resveratrol also was observed with the EREtk81-luc reporter gene.
Transfected MCF-7 cells were treated with combinations of
resveratrol and estradiol to determine whether their actions
were additive, synergistic, or antagonistic. Suboptimal doses of
estradiol and resveratrol were additive (Fig. 2C), but maximal
activation by resveratrol was not increased further by estradiol.
These results are consistent with both compounds activating
the same receptor.
Several additional types of control experiments were performed to confirm that the effects of resveratrol are estrogen
receptor-mediated (Fig. 3). Deletion of the ERE from EREtk109-luc eliminated transcriptional activation by resveratrol
(and estradiol) at each dose tested (Fig. 3A). This result, in
combination with experiments using ERE-tk81-luc, confirms
that the response of the reporter gene to resveratrol is not
caused by estrogen receptor-independent activation of the
basal promoter. Resveratrol did not activate other control
reporter plasmids such as CMV-luc and FOS-luc, which are not
estrogen-responsive (data not shown). Two estrogen antagonists, tamoxifen and ICI 182780, inhibited reporter gene
activation by resveratrol (Fig. 3B). An estrogen receptornegative cell line, MDA-MB-231, was used to confirm that
estrogen receptor was required for resveratrol action (Fig. 3C).
In the absence of cotransfected estrogen receptor, resveratrol
was inactive whereas coexpression of the estrogen receptor
with the ERE2-tk109-luc reporter gene conferred responsiveness to resveratrol. Thus, resveratrol action requires an ERE
in the reporter gene and the participation of estrogen receptor,
and it is inhibited by specific estrogen antagonists.
Cell-Specific Effects of Resveratrol. The effects of resveratrol on estrogen receptor-mediated transcriptional activation
of ERE2-tk109-luc were compared in human MCF-7 breast
cancer cells and human BG-1 ovarian carcinoma cells, each of
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which contain endogenous estrogen receptors (Fig. 4). As with
the single-ERE reporters, resveratrol was superagonistic in
MCF-7 cells (56-fold induction vs. 24-fold by estradiol). In
contrast, in BG-1 cells, transcriptional activation by resveratrol
(8-fold) was somewhat less than that by estradiol (12-fold).
Resveratrol Stimulates Expression of Endogenous Estrogen-Regulated Genes. The effects of resveratrol and estradiol
on expression of progesterone receptor mRNA were analyzed
in MCF-7 cells to determine whether resveratrol stimulates
expression of natural estrogen-regulated genes as well as
transfected reporter genes. As shown in Fig. 5A, resveratrol
(10–30 mM) was as effective as a maximal (1 nM) dose of
estradiol in activating progesterone receptor gene expression.
Resveratrol and estradiol also induced expression of the pS2
gene in MCF-7 cells, and both of these estrogen-responsive
genes were stimulated in T47D cells (data not shown).
Resveratrol Stimulates the Proliferation of EstrogenDependent Breast Cancer Cells. T47D cells, an estrogendependent breast cancer cell line, were used to compare the
effects of resveratrol and estradiol on cell growth. As shown in
Fig. 5B, resveratrol (10 mM) induced T47D proliferation to the
same extent as estradiol (0.1 nM). Cells grew equally well in 0.1
or 1 nM estradiol (data not shown), indicating that this rate of
growth represents maximal estrogenic stimulation. The effect
of resveratrol, like that of estradiol, was blocked by the
estrogen antagonist, ICI 182780.

DISCUSSION
By using several different assay systems, these studies demonstrate that resveratrol is a phytoestrogen. It competes with
125I-labeled estradiol for binding to the human estrogen receptor. Furthermore, it activates the expression of estrogenresponsive reporter genes in several different human cell lines,
and this activation is inhibited by estrogen antagonists. Resveratrol also fully activates expression of endogenous estrogenregulated genes, and it induces the proliferation of T47D
breast cancer cells. The EC50 for estrogenic stimulation by
resveratrol ranged between 3 and 10 mM, depending on the test
system examined. Thus, the estrogenic effects of resveratrol
occur at concentrations that are similar to those required for
its reported anti-inflammatory (25, 26), anti-platelet (6), and
anti-carcinogenic (8) activities.

FIG. 2. Activation of estrogen-responsive reporter plasmids by resveratrol in MCF-7 cells. (A) MCF-7 cells were transfected with ERE-tk109-luc,
incubated with the indicated amounts of estradiol or resveratrol, and assayed for luciferase activity as described above. (B) Comparisons of estradiol,
resveratrol, and DES using different reporter genes. (C) Effect of combined estradiol and resveratrol in the activation of ERE-tk109-luc. Results
are shown as mean 6 SEM for triplicate transfections.
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FIG. 4. Agonistic activity of resveratrol is cell type-dependent.
MCF-7 and BG-1 cells were transfected with ERE2-tk109-luc, incubated with maximally activating concentrations of estradiol and resveratrol (determined separately for each cell type), and assayed for
luciferase activity. Estradiol and resveratrol concentrations were 10
pM and 10 mM, respectively, for MCF-7 cells and 1 nM and 33 mM for
BG-1 cells. Results are mean 6 SEM for three (MCF-7) or four (BG-1)
replicate transfections.

FIG. 3. Transcriptional activation by resveratrol is estrogen receptor-mediated. (A) Dependence on an ERE. MCF-7 cells were transfected with tk109-luc or ERE-tk109-luc, incubated with the indicated
concentrations of resveratrol or estradiol, and assayed for luciferase
activity. Results are shown as fold induction compared with controltreated cells. (B) Inhibition by estrogen antagonists. MCF-7 cells were
transfected with ERE-tk109-luc, incubated with no agonist, estradiol
(0.1 nM), or resveratrol (10 mM) or with the agonists plus the
antagonists tamoxifen (1 mM) or ICI 182780 (100 nM). (C) Requirement for the estrogen receptor. MDA-MB-231 cells were transfected
with 1 mgywell ERE2-tk109-luc and 10 ngywell of pSG5 or pSG5-

Resveratrol produced greater maximal transcriptional activation than estradiol, but this superagonism was not seen in all
cell types. For example, resveratrol produced two to four times
greater activation of reporter plasmids than estradiol in MCF-7
breast cancer cells but less activation than estradiol in BG-1
ovarian carcinoma cells. These cell type-specific effects of
resveratrol are reminiscent of the well known tissue-specific
and species-specific effects of agents such as tamoxifen (27),
which can act as an estrogen receptor agonist in some tissues
such as the uterus but acts as an estrogen antagonist in the
breast (27). Other recently characterized estrogen receptor
ligands such as raloxifene also appear to exert tissue-selective
actions (28). Superagonism was not observed in the induction
of progesterone receptor expression, even in MCF-7 cells.
Although this result may reflect differences in endogenous vs.
transfected genes, it suggests that the effects of resveratrol may
vary depending on the target gene as well as the cell type.
The mechanisms for gene- and tissue-specific effects of
estrogen receptor ligands are not known. It has been shown
recently that a second form of estrogen receptor exists (estrogen receptor b) (29). The different tissue distributions of the
estrogen receptors a and b might contribute to the differential
effects of various estrogen receptor ligands, including resveratrol. In addition, expression of different transcriptional coactivators and corepressors in various tissues (reviewed in ref. 30)
and the ability of different ligands to induce various conformations of the estrogen receptor (31) may result in tissue- and
ligand-specific activation of certain genes. It is also possible
that, in some cell types (e.g., MCF-7), resveratrol produces
superagonism by activating additional signaling pathways that
converge on estrogen receptor-mediated transcription.
The potential biological impact of environmental and dietary estrogens on human health has generated considerable
interest (32–34). These agents include phytoestrogens as well
a variety of synthetic compounds. Chemically, many of the
HEGO, incubated with the indicated concentrations of resveratrol or
estradiol, and assayed for luciferase activity. All values are means 6
SEM of triplicate transfections.
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FIG. 5. Effect of resveratrol on estrogen-regulated transcription
and growth. (A) MCF-7 cells were treated with resveratrol or estradiol,
and progesterone receptor (PR) mRNA was measured by RT-PCR.
Results are normalized to glyceraldehyde-3-phosphate dehydrogenase
mRNA and shown as fold induction relative to control (0.1% ethanol).
Similar results were obtained in an independent experiment. (B) T47D
cells were cultured in the presence of 0.1 nM estradiol or 10 mM
resveratrol with or without 100 nM ICI 182780 or in control medium.
Cell density was determined at the indicated intervals. Each point
represents the mean 6 SEM of eight replicate wells (n 5 16 for day
0).

known phytoestrogens are flavonoids; others are coumestans
or resorcylic acid lactones (35, 36), and an estrogenic hydroxystilbene recently has been reported to occur naturally in wood
(37). The finding that resveratrol is estrogenic expands the
spectrum of known dietary phytoestrogens.
Red wine appears to be more estrogenic than bourbon or
beer, which contain other phytoestrogens but not resveratrol
(38). Resveratrol is found primarily in the skin of grapes and
is therefore relatively abundant in red, but not white, wines.
There is considerable variation in the resveratrol content even
among red wines, depending on grape cultivar, vintage, and
place of origin and also on the analytical technique used for
measurement. Concentrations of 10–20 mM are common
although higher or lower values also are found frequently (3).
In addition to free resveratrol, wines contain resveratrol
glycosides that may contribute to the biologically available
dose (39). Unfortunately, no data have been published concerning serum levels of resveratrol after wine consumption,
and there is no information about its rate of clearance from the
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bloodstream, the identities and activities of its metabolic
products, or the potential first-pass effects of portal circulation
through the liver. In the absence of such data, the physiological
significance of resveratrol in wine remains uncertain.
However, the anti-oxidant (4) and anti-platelet (6, 40)
activities of resveratrol have been invoked as possible mechanisms for the reported cardiovascular benefits of moderate
wine consumption and the so-called ‘‘French paradox’’ (7).
Goldberg and coworkers (6) found that resveratrol inhibited
thromboxane B2 synthesis and thrombin-induced aggregation
of human platelets in vitro, with IC50s of 7 mM and '160 mM,
respectively. More recently, they examined the effects of
dietary supplementation with resveratrol and found that platelets from human volunteers who consumed 2 mg ('9 mmol)
per day showed diminished thromboxane B2 synthesis and
reduced thrombin-induced aggregation compared with controls (41). A few glasses of many red wines could supply this
amount of resveratrol. These results suggest that daily consumption of some red wines might produce pharmacologically
significant concentrations of resveratrol in the blood. Based on
the concentrations required in vitro, it seems likely that doses
of resveratrol that affect platelet behavior could also have
some estrogenic effect. It is intriguing to consider whether the
estrogenicity of resveratrol may contribute to the reported
cardiovascular benefits of red wine (7). Estrogens have similar
effects if administered orally; the high doses delivered to the
liver via portal circulation produce beneficial changes in serum
lipids (9, 10). Similarly, wine consumption may expose the liver
to higher concentrations of resveratrol than occur in the
systemic circulation.
The finding that resveratrol stimulates the growth of human
breast cancer cells is also potentially significant. Although Jang
et al. (8) found that resveratrol exerts an anticarcinogenic
effect in mouse mammary cultures, our results suggest that
resveratrol could exert a growth-stimulating estrogenic effect
on human breast carcinomas. This apparent contradiction
might be explained by the observation that, although many
human breast cancers are mitogenically stimulated by estrogen, most mouse mammary cancers are estrogen-insensitive
(42). Thus, although the anti-carcinogenic and anti-thrombotic
activities of resveratrol show pharmacological promise, its
estrogenic properties may produce undesirable side effects and
limit the circumstances under which it can be used safely.
Further studies are required to assess the physiological
significance of resveratrol in humans, and a more complete
understanding of its estrogenic actions is needed to understand
its role as a dietary substance. The superagonistic properties
of resveratrol raise the possibility that structure–function
studies could lead to the development of more selective
estrogen receptor agonists and antagonists, which could be
useful as a therapeutic agents.
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