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a b s t r a c t
Globally, breast cancer is the most frequently diagnosed cancer among women. The major unresolved
problems with metastatic breast cancer is recurrence after receiving objective response to chemotherapy,
drug-induced side effects of ﬁrst line chemotherapy and delayed response to second line of treatment.
Unfortunately, very few options are available as third line treatment. It is clear that under such circumstances there is an urgent need for new and effective drugs. Phytochemicals are among the most promising
chemopreventive treatment options for the management of cancer. Resveratrol (3,5,4 -trihydroxy-transstilbene), a non-ﬂavonoid polyphenol present in several dietary sources, including grapes, berries, soy
beans, pomegranate and peanuts, has been shown to possess a wide range of health beneﬁts through
its effect on a plethora of molecular targets.The present review encompasses the role of resveratrol and
its natural/synthetic analogue in the light of their efﬁcacy against tumor cell proliferation, metastasis,
epigenetic alterations and for induction of apoptosis as well as sensitization toward chemotherapeutic
drugs in various in vitro and in vivo models of breast cancer. The roles of resveratrol as a phytoestrogen,
an aromatase inhibitor and in stem cell therapy as well as adjuvent treatment are also discussed. This
review explores the full potential of resveratrol in breast cancer prevention and treatment with current
limitations, challenges and future directions of research.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Breast cancer is the most common cause of cancer death among
women worldwide (522,000 deaths in 2012). It is also one of the
most frequently diagnosed cancers among women in 140 of 184
countries across the globe [1]. The increase in global burden of
breast cancer, especially in developing countries undergoing rapid
socio-economic changes, has been intricately woven with reproductive, dietary, and hormonal risk factors. Incidence has been
increasing in most regions of the world, but there are huge inequalities between rich and poor countries. Incidence rates remain
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highest in more developed regions, but mortality is relatively much
higher in less developed countries due to a lack of early detection
and access to treatment facilities [1].
In the last decade, a new horizon of biomarkers was seen toward
understanding the biology of breast cancer. At present focus should
be oriented toward use of these biomarkers regarding development of new therapies in a mechanism-based rational approach
in order to speciﬁcally identify patients in the early phase of the
disease for improvisation of treatment. The ﬁrst identiﬁcation of
breast cancer biomarkers dates back to the 1970s, with the discovery of the estrogen receptor (ER) and the progesterone receptor (PR)
by immunohistochemistry. The second generation of breast cancer
biomarkers was found with the use of gene ampliﬁcation detection
by in situ hybridization and their clinical impact has been dramatic
in patients with the human epidermal growth factor 2 (HER2) overexpressing tumors [2,3]. More recently, the turning point that led
to the acceleration of breast cancer research has been represented
by the use of microarrays for gene and microRNA (miRNA) expression proﬁling. The advent of next generation sequencing techniques
for genetic mapping, mutational analysis, and genome-wide
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monitoring of the gene expression permitted the investigation of
thousands of transcripts simultaneously [4].
Improved adjuvant treatment in early breast cancer has resulted
in better prognosis, but still approximately 20% of women, initially
diagnosed with regional disease will develop systemic recurrence
within 5 years. Two major unresolved medical problems are that
almost all patients with metastatic breast cancer who obtain an
objective response to chemotherapy will eventually experience
disease recurrence and death. Secondly, a large fraction of these
patients who receive ﬁrst line systemic chemotherapy will not gain
any beneﬁcial effects from the treatment. In contrast, they may
suffer from drug-induced side effects and delayed response to the
second line of treatment.
In current treatment of metastatic breast cancer, the main
ﬁrst line cytotoxic drugs are anthracyclines, and/or taxanes combined with cyclophosphamide. Second line treatment may include
5-ﬂuorouracil, gemcitabine, cisplatin derivatives, or vinorelbine.
Unfortunately, very few options are available as third line treatment. It is clear that under such circumstances there is an
urgent need for new and effective drugs. On the other hand,
such drugs should be used with caution as they may be associated with signiﬁcant side effects including severe deterioration
of the quality of life of the patients. The administration of such
drugs should be used in combination with predictive biomarkers, allowing for a personalized treatment approach in each
patient [5].
In locally advanced breast cancer, 50% of the cases are observed
with resistance to radiotherapy due to hypoxic tumor microenvironment. A plethora of recent research has been focused on
exploiting the pharmacologically safe, bioactive phytochemicals as
breast cancer preventive and therapeutic agents. Phytochemicals
are among the most promising chemopreventive treatment options
for the management of cancer. The ideal characteristics that chemopreventive/therapeutic agents should possess include restoration
of normal growth control to preneoplastic or malignant cells by
modulating aberrant signaling pathways and/or inducing apoptosis; and targeting the multiple biochemical and physiological
pathways of tumor development [6–9]. A large number of phytoconstituents have been shown to kill breast tumor cells and prevent
the occurrence or suppress the growth of mammary tumors in
various animal models via modulation of proliferation, differentiation, apoptosis, oxidative stress, inﬂammation, angiogenesis and
several cell signaling pathways implicated in the initiation, promotion and progression of breast cancer [10–21]. Consumption
of various dietary agents, including citrus fruits, soy, green tea
or carotenoids has been associated with a reduced breast cancer
risk [22–25]. Several clinical intervention trials evaluated the efﬁcacy of various natural products, including phytochemicals and
dietary supplements, in breast cancer prevention and treatment
[26].
Resveratrol, a non-ﬂavonoid polyphenol present in several
dietary sources including grapes, berries, soy beans, pomegranate
and peanuts, has been shown to possess a wide range of health
beneﬁts through its effect on a plethora of molecular targets
[27–30]. There are several excellent review articles which provide
a wealth of knowledge on the chemopreventive and antitumor
potential of resveratrol against various cancers [31–35]. Nevertheless, a comprehensive and critical assessment of available
literature on the utility of this dietary phytochemical for prevention and therapy of breast cancer has not been performed
previously to the best of our knowledge and belief. In this background, the current review explores the full potential of resveratrol
in breast cancer prevention and treatment by presenting and analyzing available studies. Current limitations, challenges and future
directions of research on resveratrol in breast cancer are also
discussed.

2. Resveratrol
2.1. Sources of resveratrol
The primary sources of resveratrol are grapes (Vitis vinifera),
berries, peanuts, and medicinal plants, such as Japanese knotweed
(Polygonum cuspidatum Siebold and Zucc.) [36]. Various genera of fungi, including Botryosphaeria, Penicillium, Cephalosporium,
Aspergillus, Geotrichum, Mucor and Alternaria, are also important
sources of resveratrol [37]. Recently, three resveratrol derivatives, namely resveratrodehydes A–C, have been isolated from
endophytic fungus Alternaria sp. derived from roots of mangrove
plant, Myoporum bontioides [38]. Concentrations of resveratrol vary
between plant species. In blueberries, resveratrol concentrations
are as low as 32 ng/g, whereas in peanuts and grapes they may be
as high as 1920 and 3540 ng/g, respectively [39–41]. Resveratrol is
also found in processed beverages like red wine.
2.2. Chemistry
Resveratrol (trans-3,4 ,5-trihydroxystilbene, C14 H12 O3 ) is a
plant-derived polyphenolic phytoalexin. It is a resorcinol derivative which was ﬁrst isolated from the Japanese plant Veratrum
grandiﬂorum [31]. It was produced by enzyme stilbene synthase
in response to pathogens or environmental stress [42]. Resveratrol
is commonly related with “French Paradox” i.e., wine-drinking population with high intake of saturated fat but with few heart related
problems, which is attributed to the inhibition of low density
lipoprotein oxidation in human [43]. Resveratrol is a stilbenoidtype compound which exists in two stereoisomeric forms, namely
cis and trans forms. Exposure to heat and ultraviolet radiation
can cause trans-resveratrol to isomerize to the cis-resveratrol [44].
Piceid (resveratrol-3-O-␤-mono-d-glucoside), the glycoside form
of resveratrol, is its precursor. It is also one of the principal active
components of the Chinese medicinal herb, Polygonum cuspidatum
and red wine [45].
2.3. Metabolism and bioavailability
In rodents and humans, when resveratrol is consumed orally,
70–80% is quickly absorbed via passive diffusion in the intestines
[46–49]. After absorption, resveratrol is conjugated into glucuronides and sulfates, so that circulating levels of trans-resveratrol
peak 30–60 min post oral administration [46,47,50,51]. In humans,
circulating levels of unmodiﬁed trans-resveratrol are only 2% of
the peak serum concentration of total free resveratrol and conjugates after a single dose of 25 mg/70 kg body weight [52]. Another
report shows that at least 70% of resveratrol is absorbed after
a single 25 mg dose, and there is a peak serum concentration
of 2 mM (490 ng/ml) for resveratrol and all of its metabolites
[49]. After multiple oral doses (5 g daily for 29 days), plasma
concentrations of trans-resveratrol have been reported to be as
high as 4.29 nmol/ml. However, the high doses were accompanied with mild to moderate gastrointestinal side effects [53].
Interestingly, in human colon tissue, levels of resveratrol and its
metabolite, resveratrol-3-O-glucuronide, have been found at high
concentrations (674 and 86 nmol/g, respectively) when 0.5–1.0 g
of resveratrol was taken orally once per day [54]. Recently, it
was suggested that organic anion transporting polypeptides act as
transporters for cellular uptake of resveratrol and its major sulfates
[55].
Rapid conjugation and low bioavailability of resveratrol are
some of the limitations with the in vivo use of resveratrol [35].
A lingering unresolved issue for considering use of resveratrol in chemoprevention is the seemingly irreconcilable disparity
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between high doses of resveratrol required for demonstrating
bioactivity in laboratory settings, with low bioavailability of resveratrol shown in animal and human studies. Resveratrol being
extremely hydrophilic is incapable of passive diffusion through
plasma membrane and requires certain transporters for cellular
extrusion.
The vectorial transport of the glucoronidated and sulfated metabolites is mediated via ATP binding cassette (ABC)
transporters-3(MRP3), ATP-binding cassette, sub family C, member
3(ABCC3), breast cancer resistance protein(BCRP) and ATP-binding
cassette, sub family G, member 2(ABCG2) located in the basolateral and apical membranes of enterocytes, respectively. MRP3
transports resveratrol-glucuronide and BCRP transports compounds with sulfated moiety. Their absence in in vivo models
reported marked variation in the pharmacokinetics of resveratrol
regarding tissue distribution and elimination from the body [56].
Another study reported that multidrug resistance-associated protein 2(MRP2) and BCRP were involved in the efﬂux of resveratrol
conjugates from enterocytes [57]. Although BCRP and ABC proteins
are commonly overexpressed in breast cancer, these proteins have
been recently suggested to possess the ability to transport a broad
range of anticancer agents with important consequences in breast
cancer treatment [58–60].

2.4. Health beneﬁts of resveratrol
Resveratrol has been reported with numerous health beneﬁts regarding coronary, neurological, hepatic, and cardiovascular
systems [61–63]. It has been shown to inhibit inﬂammation,
viral infection, oxidative stress, platelet aggregation [64–66] and
retarded the growth of a variety of cancer cells in in vivo models
[31,33]. The anti-cancer potential of resveratrol was ﬁrst reported
in 1997 against polynuclear aromatic hydrocarbon dimethylbenz
(a) anthracene (DMBA)-induced skin tumorigenesis [42]. Resveratrol also suppressed malignant cell growth, induced cell cycle
arrest, restored apoptosis, and down regulated the expression of
cancer speciﬁc genes [64]. In addition, resveratrol also prevented
the activation of procarcinogens and inhibited a myriad of molecular and cellular events in cancer cell types, which supported cell
survival and metastasis [67].
The mechanism by which resveratrol elicits varied health
beneﬁts is still not well elucidated as only a few intracellular
molecules have been identiﬁed as target of this phytoalexin. Qualitative and quantitative differences in resveratrol target proteins
might be partly responsible for diverse dose-, organ-, and cell
type-dependent effects of resveratrol [68]. Some of the important resveratrol binding proteins are quinone reductase 2 (NQO2),
glutathione sulfotransferase (GSTP1) and estrogen receptor-␤
(ER␤), inhibitor of kappa B kinase (IKK) and cyclooxygenase2 (COX-2). NQO2, GST, IKK or and COX-2 acts as resveratrol
target proteins that confer resveratrol responsiveness against cancer cells at physiological concentrations. Both NQO2 and GSTP1
are phase II detoxiﬁcation enzymes and resveratrol may exert
its chemopreventive efﬁcacy by modulating their activity, stability, and signaling transduction. Other targets of resveratrol
include COX-2, involved in carcinogenesis/inﬂammation, and ER␤
and IKK which regulate transcription control and gene modulation [67]. The number and position of the hydroxyl groups
of resveratrol play an important role in imparting its enzyme
suppressing activity. Its steroisomeric trans form is responsible for its ER␣-binding property [69], 4-hydroxylstyryl moiety
enhances the expression of cyclins A, E and B1 [70] and mhydroquinone moiety is required for inactivation of COX-1
[71].
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3. Molecular mechanisms of reseveratrol related to breast
cancer
3.1. Resveratrol as a phytoestrogen
Estrogens have been reported to be causative agents of breast
cancer due to their cell proliferating and growth-stimulating
properties which are associated with receptor-mediated processes
and their genotoxic metabolites [72,73]. ERs are central to the
development of the normal mammary gland, as well as primary
and secondary breast cancers. There are two forms of ERs, namely
ER␣ and ER␤, which play unique physiological roles depending on
the tissue and cell types. Binding of 17␤-oestradiol (oestradiol, E2)
activates ER that modulates the expression of many related genes
via ER signaling pathways. ER action in the breast epithelium can
be classiﬁed into three: nuclear initiated steroid signaling (NISS)classic action via estrogen response elements (ERE), non-classic
action via activator protein-1 (AP-1), speciﬁcity protein-1 (SP1)
and other transcription factors as well as via membrane-initiated
steroid signaling (MISS) [74,75]. In the normal mammary gland, ERpositive cells are fewer and do not proliferate, instead they produce
paracrine growth factors that signal proliferation in adjacent cells
[76,77]. During primary ER+ neoplasia, many proliferating cells are
ER+ and possibly convert paracrine to autocrine growth signalling.
In post-menopausal breast cancer patients, the concentration of
E2 in breast tissue is ∼20-fold greater than in plasma, suggesting that intratumoral estrogen synthesis, its retention, and cellular
uptake play an important role in the progression of ER+ breast
cancer.
A standard breast cancer treatment protocol involves suppression of estrogen production/effect [78]. The general strategies to
inhibit estrogen action are to block ER binding to its speciﬁc ligand
or to disrupt estrogen production by altering the aromatase gene
expression or enzyme activities [79].
ER antagonists can block estrogenic actions and aromatase
inhibitors suppress estrogen production [11]. Many antiestrogentreated tumors retain their ER expression during recurrence, but
signaling through the ER pathway is altered in these resistant
tumors [75]. Thus, it is clear that targeting this pathway using phytochemicals, such as resveratrol, may affect the development of
both primary and secondary cancers.
Phytoestrogens like 17␤-estradiol, estradiol with daidzein,
coumestrol, enterolactone, and resveratrol appeared to mitigate
estrogenic signaling in the presence of both ER subtypes but, in latestage cancer cells lacking ER␤, these phytochemicals contributed to
a tumor-promoting transcriptional signature. A biphasic activity of
phytoestrogens has been reported during cancer development in
estrogen-sensitive tissues and the beneﬁcial effects of phytoestrogens depend on the timing of exposure. Initially, phytoestrogens
are able to slow down cell growth by activating ER␤, thereby
generating an antiproliferative expression signature. Due to the
genetic instability of malignant cells, however, the expression of
ER␤ may be abrogated by gene deletion or promoter methylation. In such late-stage cancer cells, phytoestrogens, in conjunction
with other estrogenic chemicals, induce a transcriptional proﬁle
that promotes the proliferation of those clones that exhibit high
amounts of ER␣ but little ER␤. In light of these considerations,
the potentially beneﬁcial effect of phytoestrogens should be reevaluated; particularly in relation to risk groups that are susceptible
to the development of ER␣-positive tumors arising from steroid
hormone-dependent tissues [80]. Resveratrol is an important phytoestrogen which has been observed to reduce E2-stimulated cell
growth and transcription of PR in breast cancer cell lines [81].
However, the antagonist activity of resveratrol is only for ER␣ and
not for ER␤ subtype [82]. In different breast cancer cell lines like
MCF-7 (ER+ /PR+ /pS2+ ), T47D (ER+ /PR+ /pS2− ), LY2 (ER+ /PR− /pS2+ ),
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S30 cells (ER+ /PR+ /pS2+ ), resveratrol exerted mixed estrogen agonist/antagonist activities in absence of E2, but as an antiestrogen
in presence of E2 [83]. E2 was reported to suppress p53-dependent
apoptotic effect of resveratrol in MCF-7 cells by blocking the posttranslational modiﬁcation of p53 [84]. Trans-resveratrol regulated
BRCA1 in an estrogen receptor pathway in HBL100, MCF-7 and
MBA-MB-231 breast tumor cells [85].
3.2. Inhibition of aromatase
Aromatase is a member of the cytochrome P450 (CYP) enzyme
family and a product of the CYP19A1 gene [86]. This membranebound protein (aromatase) is the rate-limiting enzyme in the
conversion of androstenedione to estrone (E1) and of testosterone
to E2. In healthy breast tissue, expression of CYP19 is under the control of promoter I.4 with synergistic actions of class I cytokines such
as interleukin-6 (IL-6), IL-11, tumor necrosis factor-␣ (TNF-␣) and
glucocorticoids [78,87–89]. In tumor tissues, aromatase expression is switched to promoters I.3 and II which are transactivated
by protein kinase A (PKA) and 3 -5 cyclic adenosine monophosphate (cAMP)-dependent signaling pathways [90,91]. Depending
on the microenvironment the promoter switching in the malignant breast tissue results in the enhancement of aromatase gene
transcription, protein expression, and the enzymatic activity compared to the normal breast tissue. Selective inhibition of aromatase
promoter activities may be a fruitful approach to inhibit estrogen
production in breast tumor while allowing aromatase expression
via alternative promoters in other regions of the body like brain and
bone. The nonﬂavonoid phytoestrogen resveratrol inhibited aromatase activity in MCF-7aro cells (stably transfected with human
CYP19, which were used for an “in-cell” aromatase assay). In SKBR-3 cells, resveratrol signiﬁcantly reduced aromatase mRNA and
protein expression in a dose-dependent manner [92]. Moreover,
this compound was able to repress the transactivation of CYP19
promoters I.3 and II in SK-BR-3 cells [92], indicating that resveratrol could be able to reduce localized estrogen production in breast
cancer cells.
3.3. Oxidant status of resveratrol
Resveratrol can also exhibit both antioxidative and prooxidative
activity. Resveratrol may undergo autooxidation to produce superoxide radical (O2 • − ), hydrogen peroxide (H2 O2 ), and a complex
mixture of semiquinones and quinones, which can become cytotoxic [93,94]. It can act as a prooxidant in the presence of copper
ions (reduction of Cu2+ ions to Cu+ ions stimulate the production of
free radicals) [95,96].
Membrane localization of resveratrol and its antioxidant property have been elucidated using electrochemical measurements on
a planar lipid bilayer model. Resveratrol blocks access of the oxidizing species to the lipids and scavenges the free radicals before
they can penetrate the membrane. At low doses resveratrol interacts with the surface polar groups and at higher doses localizes
in the outer leaﬂet of the lipid bilayer. It has been demonstrated
that the ﬂuidity of the membrane also inﬂuences the antioxidant
property and cytotoxicity of a molecule [97]. The antioxidant function of resveratrol has been attributed to the blockade of radical
propagation by formation of a resonance-stabilized peroxy radical
[98]. Exhaustive reports have indicated that the prominent antioxidant activities of resveratrol are involved in scavenging of reactive
oxygen species (ROS) and reactive nitrogen species (RNS), promotion of nitric oxide production, inhibition of platelet aggregation,
increase in high-density lipoprotein cholesterol, inhibition of lipid
peroxidation and formation of protein carbonyls and increase in
antioxidant enzymes, such as superoxide dismutases (SODs), catalase and glutathione peroxidase (GPX) in a number of in vitro and

in vivo systems [99–101]. Resveratrol was found to increase the
level of nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and its
nuclear translocation which in turn activated antioxidant responsive elements (ARE) [102].
The antioxidant property resveratrol has been reported
with protective implications against the pro-oxidant mechanisms of chemotherapeutic drugs. Resveratrol protected against
doxorubicin-induced cardiotoxicity in H9c2 cardiomyocytes by
reducing intracellular accumulation of ROS [103]. Resveratrol
prevented doxorubicin-induced mitochondrial depolarization and
cardiomyocyte death by inhibiting ROS production, probably
through the up-regulation of manganese superoxide dismutase
activity along with maintenance of mitochondrial function and
the sirtunin 1 (Sirt1) pathway [104]. Intraperitoneal resveratrol
(10 mg/kg) reversed the vascular dysfunction caused by doxorubicin in the rat thoracic aorta by overexpression of endothelial nitric
oxide synthase (eNOS) and inducible nitric oxide synthase (iNOS)
[105]. Resveratrol was able to reduce doxorubicin-induced lipid
peroxidation in liver of male albino Wistar CRL rats [106]. Resveratrol reduced cisplatin-induced ROS generation in HEI-OC1 cell line
[107].

3.4. Resveratrol in stem cell therapy
The cancer stem cell theory propagated that cancers are initiated
from and maintained by a minor population of tumorigenic cells
that are capable of continuous self-renewal and differentiation.
This cell population undergoes unlimited proliferation and gives
rise to differentiated cells, developing new tumors phenotypically
recapitulating the original tumors. Therapeutic approaches, including chemotherapy and radiotherapy, lack the ability to effectively
kill these cancer stem cells (CSC) [108–111]. Therefore, this CSC
population has become a target for cancer prevention and therapy.
Targeting CSCs could be achieved by several strategies, including
sensitizing them to chemotherapeutic agents, induction of differentiation, and inhibition of self-renewal signaling [112,113].
A number of studies have found that some dietary compounds,
including resveratrol, can directly or indirectly affect CSC selfrenewal pathways [114].

3.5. Resveratrol in adjuvant therapy
Cancer chemopreventive phytochemicals may be used as
adjuvants that may potentiate sensitivity to biopharmaceuticals,
ionizing radiation, or other therapeutic modality without involving
adverse effects in combination with existing primary therapeutic modalities. Resveratrol potentiated the cytotoxicity of tumor
necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)
and was proposed as an adjuvant for TRAIL-based therapies for
reduction of TRAIL doses needed for suppression of tumor growth.
Resveratrol was observed to sensitize resistant tumors to TRAIL
induced apoptosis [115]. Resveratrol has been reported to increase
the efﬁcacy of chemotherapeutic drugs, such as doxorubicin, TRAIL
and cisplatin, in various tumor models speciﬁcally toward cancer
cells without affecting normal cells [67]. Doxorubicin causes DNA
damage by intercalating in between DNA base pairs of DNA double
helix. However, carbonyl reductase 1 (CBR1) catalyzed doxorubicin
to doxorubicinol which caused cardiotoxicity and decreased the
anticancer potential of the chemotherapeutic drug. Chemoresistance of ceratin tumor cells against doxorubicin is conferred by
enhanced expression of CBR1. The 3, 5-dihydroxyl moiety of resveratrol binds to CBR1 and sensitizes doxorubicin against breast cancer
cells [116].
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3.6. Effect of resveratrol on microRNAs (miRNAs)
Small, non-coding RNAs (19–21 nt) are miRNAs, that repress the
expression of a wide variety of genes at the post-transcriptional
level via sequence-speciﬁc base pairing to the 3 UTR region of
multiple target mRNAs. miRNAs can regulate various biological processes, including development, organogenesis, metabolism,
homeostasis and their aberrant expression has been associated
with cancer development, progression and metastasis. A number
of reviews have put forth resveratrol as an effective modulator of
oncogenic and tumor suppressor miRNAs [117–119].
4. Preventive and therapeutic effects of resveratrol against
breast cancer
4.1. In vitro studies
Resveratrol has been found to exert antitumor effects in a variety
of breast cancer cell lines. Resveratrol was found effective against
different molecular subtypes of breast cancer, including luminal
A [ER+, PR+/−, Her-2-, low Ki 67]; luminal B [ER+, PR+/−, Her-2+,
high Ki 67], ER-, Her-2+ and basal [ER-, PR-, Her-2-, EGFR+ and/or
cytokeratin 5/6+, high Ki 67]. A detailed account of the effect of
resveratrol against different molecular subtypes of in vitro breast
cancer models has been presented in Table 1.
4.1.1. Resveratrol suppresses tumor cell proliferation and growth
Resveratrol was observed to suppress the growth of 4T1 cells
(basal subtype) in dose- and time-dependent manner [120]. Resveratrol inhibited the proliferation of MCF-7 (luminal A subtype)
cells by interfering with ER␣-associated phosphatidylinositol-4,5bisphosphate 3-kinase/protein kinase B(PI3K/AKT) pathway [121].
Resveratrol showed biphasic nature in modulation of precursor of
insulin like growth factor-II (pro IGF-II)—low doses activated pro
IGF-II and cathepsin D and increased cell growth in ER+ breast cancer cells like MCF-7 and T47D (luminal A subtype), whereas high
doses repressed pro IGF-II and cathepsin D as well as subsequent
cell growth in the same breast cancer cells [122,123]. Resveratrol inhibited the proliferation of SK-BR-3(ER-, HER-2+ subtype)
and transfected MCF-7 cells by suppressing aromatase activity
[92]. Resveratrol reduced cell proliferation by suppressing the telomerase activity in MCF-7 cells [124]. The resveratrol-mediated
inhibition of MCF-7 was achieved by induction of BCRP in an aryl
hydrocarbon receptor (AhR)-dependent pathway [125]. Resveratrol inhibited formation of tumor spheroids in MDA-MB-231(basal
subtype) cells by suppressing de novo synthesis of ceramide [126].
Resveratrol exerted antiproliferative effect in T47D breast cancer cells by induction of vasopressin-activated calcium-mobilizing
(VACM-1) protein [127]. Resveratrol reduced the proliferation of
tamoxifen-resistant breast cancer cells [MCF-7, ZR75.1 (luminal A),
MDA-MB-231] through regulation of ER␣ gene transcription, which
was mediated by up-regulation of p53 recruited at the ER␣ minimal promoter. Resveratrol caused concomitant p38/CK2 activation,
phosphorylation of histone deacetylase 1 (HDAC1) and enhancement of the tripartite complex p53/Sin3A/HDAC1. This, in turn,
together with nuclear factor-Y(NF-Y) released of Sp1 and RNA
polymerase II, thereby inhibiting the cell transcriptional machinery of ER␣ [128]. Resveratrol inhibited cell proliferation through
p53- and p21-dependent pathway in MCF-7 and MDA-MB-231
cells [129]. Resveratrol was found to inhibit the activity of the
enzyme 6-phosphofructo-1-kinase (PFK) which disrupted glucose
metabolism and reduced viability of MCF-7 cells [130]. Resveratrol
was observed to inhibit the proliferation of breast cancer like stem
cells isolated from MCF-7 and SUM 159 (basal subtype) cells by
suppressing the Wnt/␤-catenin pathway [131].
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4.1.2. Apoptosis-inducing effect of resveratrol
Resveratrol induced apoptosis in MDA-MB-231 cells by accumulation of ceramide which occurred due to de novo synthesis and
sphingomyelin hydrolysis [132]. Resveratrol was found to sensitize
a number of tumor cell lines, including MCF-7, to TRAIL-induced
apoptosis [115]. In MDA-MB 468 (basal subtype) breast cancer
cells, resveratrol induced apoptosis in a wild type p53-dependent
pathway [133]. At low doses, resveratrol inhibited cell proliferation, induced cell cycle arrest at S-phase and promoted apoptosis
in MCF-7 cells [134]. Resveratrol caused cell cycle arrest and
induced apoptosis in MCF-7 cells by suppressing ER␣-dependent
PI3K pathway [135]. Resveratrol elicited growth-inhibitory and
apoptotic effects in breast cancer cells [MDA-MB-231, MDA-MB453 (basal subtype) and MDA-MB-468] by inhibiting Src tyrosine
kinase activity and signal transducer and activator of transcription
3 (STAT-3) phosphorylation [136]. Resveratrol induced apoptosis in MDA-MB-231 cells and inhibited expression of vascular
endothelial growth factor (VEGF) [137]. Apoptotic effect of resveratrol in MCF-7 breast cancer cells was associated with reduced
phosphorylation of AKT and activation of pro-caspase 9 [138].
Resveratrol induced apoptotic effects in MCF-7 and MDA-MB231 cells by binding with integrin ␣V␤3, activating extrcellular
signal-regulated kinase (ERK1/2) and p53-dependent pathway
[139]. Resveratrol was reported to induce nuclear accumulation of
COX-2 which resulted in a complex formation with transactivator p53 and coactivator p300 and promoted the apoptotic effect in
MCF-7 and MDA-MB-231 cells [140]. Resveratrol upregulated Ca+2
leakage and calpain activity in MCF-7 cells and promoted apoptosis in a caspase-independent pathway, whereas in MDA-MB-231
cells, it enhanced the breakdown of mitochondrial membrane
potential and release of cytochrome c (cyt. c). This, in turn, activated mitochondria-derived activator of caspases/direct inhibitor
of apoptosis (IAP) binding protein with mitochondrial protein
(Smac/DIABLO), caspase-9 and caspase-3 for induction of apoptosis [141]. The apoptotic effect of resveratrol was observed to
be blocked by pro IGF-II in MCF-7 cells [142]. Trans-resveratrol
induced apoptosis in T47D breast cancer cells by suppressing phosphorylation of AKT and activating caspase-9 [143]. Resveratrol
induced p53-dependent apoptosis in MDA-MB-231 breast cancer
cells along with suppression of p70S6K and the phosphorylation
of pS6RP [144]. Trans-resveratrol induced an early production of
reactive oxygen species(ROS) and lipid oxidation, later alteration
of the glutathione/glutathione disulﬁde (GSH/GSSG) ratio, activation of c-Jun-N-terminal kinase (JNK) and p38, which accounted
for pro-apoptotic activity against MCF-7 cells [145].The mechanism
of chemoresistance to resveratrol in MCF-7 cells was further elucidated as activation of PI3K/AKT pathway, upregulation of B-cell
lymphoma proteins (Bcls), such as Bcl-2 and Bcl-XL , and phosphorylation/nuclear translocation of cyclic AMP-responsive element
binding protein by pro-GF-II [146]. Resveratrol suppressed Bcl-2
by activation of ERK1/2 and induced caspase-3 dependent apoptosis in MDA-MB-231 cells [147]. In caspase-3-deﬁcient MCF-7 breast
cancer cells, resveratrol induced a non-canonical autophagic pathway independent of beclin-1by inhibiting AKT/mechanistic target
of rapamycin (mTOR) pathway [148]. Resveratrol induced apoptosis in MCF-7 cells by reducing the Bax/Bcl-2 ratio [149]. Resveratrol
caused apoptosis in MCF and MDA-MB-231 cells in eukaryotic
transcription factor (E2F)-dependent pathway [150]. Resveratrol
induced apoptosis in MCF-7 cells by post-translation modulation
of p53 and activation caspase-7 and -9 [151] and by acting as a
competitive inhibitor of sphingosine kinase1, and by inducing the
cleavage of poly ADP ribose polymerase (PARP) [152]. Resveratrol
was shown to reduce intracellular pH which, inturn, caused disturbance in Ca+2 homeostasis and induced apoptotic cell death in
MCF-7 and MDA-MB-231 cells [153]. A recent report suggested
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Table 1
Effect of resveratrol in in vitro breast cancer models.
Molecular subtype

Effect

Mechanism

Reference

4T1
MCF-7
MCF-7, T47D
SK-Br3, MCF-7
MCF-7
MCF-7, MCF-AHR200
MDA-MB-231
T47D
MCF-7, ZR-75.1, MDA-MB 231

Basal
Luminal A
Luminal A,
luminal A
ER-/Her-2+, luminal A
Luminal A
Luminal A
Basal
Luminal A
Luminal A, luminal A, basal

Suppressed cell growth
Inhibited cell proliferation
Exerted biphasic effect
on growth of ER+ cells
Inhibited cell growth
Inhibited cell proliferation
Induced breast cancer resistance protein
Inhibited tumor spheroids
Inhibited cell proliferation
Reduced cell proliferation

Bove et al. [120]
Pozo-Guisado et al. [121]
Vyas et al. [122];
Vyas et al. [123]
Wang et al. [92]
Lanzilli et al. [124]
Ebert et al. [125]
Dolﬁni et al. [126]
Lubbers et al. [127]
de Amicis et al. [128]

MCF-7, MDA-MB-231
MCF-7
MCF-7, SUM 159
MDA-MB-231
MCF-7
MDA-MB 468
MCF-7

Luminal A, basal
Luminal A
Luminal A, basal
Basal
Luminal A
Basal
Luminal A

MCF-7

Luminal A

Inhibited cell proliferation and cell cycle transition
Reduced cell viability
Inhibited breast cancer stem cell proliferation
Induced apoptosis
Induced apoptosis
Induced apoptosis
Inhibited cell proliferation; induced cell cycle
arrest at S phase and apoptosis
Induced cell cycle arrest and apoptosis

MDA-MB-231,
MDA-MB-453,
MDA-MB-468
MDA-MB-231
MCF-7, MDA-MB-231,
SK-BR-3, Bcap-37
MCF-7
MCF-7, MDA-MB-231
MCF-7, MDA-MB-231

Basal
basal
basal
Basal
Luminal A, Basal, ER- /HER-2+ ,
ER- /HER-2+
Luminal A
Luminal A, Basal
Luminal A, Basal

–
↓ER␣-dependent PI3K/AKT pathway
Low doses: ↑pro-IGF-II, ↑cathepsin D
High doses:↓pro-IGF-II, ↓cathepsin D
↓CYP19
↓Telomerase
↑AHR, ↑BCRP
↓Ceramide
↑VCAM1/cul5
↑NF-Y/p53/Sin3/HDAC1 phosphorylation, ↑p38MAPK
phosphorylation, ↓ER␣
↑␣v␤3 binding, ↑p53ser15, ↑p21, ↑p53R2
↓Glucose metabolism, ↓PFK
↓Wnt/␤-catenin
↑Ceramide
↑TRAIL
Wild type p53-dependent pathway
↓Cyclin D, ↓CDK4, ↑p53, ↑p21WAF1/CIP, ↑caspase-9, ↓Bcl-2,
↓Bcl-XL, ↑Bax
↓ER␣-dependent PI3K pathway, ↓Bcl-2, ↓NF-B, ↓MMP-9,
↑caspase-3/8,↓mitochondrial membrane potential, ↑NO, ↑ROS
↓Src tyrosine kinase activity, ↓Stat3 activation, ↓S phase, ↓G2-M,
↓cyclin D1, ↓Bcl-xL, ↓Mcl-1

Induced apoptosis
Induced growth inhibition and apoptosis

↓VEGF
↑PARP cleavage, ↓pAKT,↑pro-caspase-9

Garvin et al. [137]
Li et al. [138]

Induced apoptosis
Induced apoptosis
Induced apoptosis

Lin et al. [139]
Tang et al. [140]
Sareen et al. [141]

MCF-7

Luminal A

Induced apoptosis

T47D
MDA-MB-231
MCF-7

Luminal A
Basal
Luminal A

Induced apoptosis
Induced apoptosis
Exerted pro-apoptotic effects

MCF-7

Luminal A

Suppressed apoptotic effect

MDA-MB-231
MCF-7
MCF-7
MCF-7, MDA-MB-231
MCF-7
MCF-7
MCF-7, MDA-MB-231

Basal
Luminal A
Luminal A
Luminal A, Basal
Luminal A
Luminal A, Basal

Induced apoptosis
Induced autophagy
Induced apoptosis
Induced apoptosis
Induced apoptosis
Induced apoptosis
Exerted cell death by apoptosis

MCF-7
MCF-7

Luminal A
Luminal A

Displayed growth inhibition
Potentiation of IR induced cell killing

MCF-7

Luminal A

Induced apoptosis and chemosensitization

MCF-10A, MCF-10A-Tr

Basal

Induced apoptosis

␣V␤3 integrin-mediated ERK1/2 and p53-dependent pathway
↑MAPK, ↑ERK1/2, ↑AP1, ↑COX-2, ↑p53ser15, ↑p300
↑Ca + 2, caspase-independent pathway,
↑Cytc, ↑IAP, ↑caspase-3,↑caspase-9
↓proIGF-II, blocks survivin, ↑mitochondrial depolarization,
↑caspase-7
↑p53, ↓p70S6K and the phosphorylation of pS6RP, ↑PARP cleavage
↑MAPK (Thr202/Tyr204), ↑PARP cleavage, ↓pS6 ribosomal protein
↑JNK, ↑p38 MAPK, ↑ROS, ↓GSH, alteration of GSH/GSSG, ↑Cyt.c,
↑caspase-9
Pro-IGF-II, activates PI3K/AKT, Bcl-2 and Bcl-XL ,
phosphorylation/nuclear translocation of cyclic AMP-responsive
element binding protein
↑ERK1/2, ↓Bcl-2, ↑caspase-3
↓AKT/mTOR
↓Bax/Bcl-2
↑ASPP1, ↑Bax,↑p21, ↑E2F
Post translational modulation of p53, ↑caspase-3, ↑caspase-9
↓sphingosine 1-phosphate, ↓PARP
↓Intracellular pH, disturbance in Ca+2 homeostasis,↓Na-H
exchanger isoforms 1and 3
↑SOD-2
↓NF-B, ↓AKT, ↓ (NOS3), ↓ERK1/2, ↓SOD2, ↓p50, ↓p65, ↓TNF␣,
↓Birc 1, 2 and 5
↓PI3K/AKT, ↑Fas ligand, ↑Fas-associated protein with death
domain, ↑Cyt.c, ↑truncated Bid, ↑caspase-9, ↑caspase-3
p21-Dependent pathway, ↑ PARPcleavage, ↑Bax/Bcl-XL , ↓CDC-2,
↓CDC-6, ↓cyclin D1,↓cyclin A, ↓cyclin E1, ↓cyclin B1, ↑␥-H2AX,
↓polymerase (␤, ␦, ), ↓PCNA,↓Fen-1, ↓PI3K/AKT/NF-B

Suppressed cell growth; induced apoptosis

Hseih et al. [129]
Gomez et al. [130]
Fu et al. [131]
Scarlatti et al. [132]
Fulda and Debatin [115]
Laux et al. [133]
Kim et al. [134]
Pozo-Guisado et al. [135]
Kotha et al. [136]

Singh et al. [142]
Alkhalaf [143]
Alkhalaf [144]
Filomeni et al. [145]
Singh et al. [146]

Nguyen et al. [147]
Scarlatti et al. [148]
Sakamoto et al. [149]
Shi et al. [150]
Ferraz da Costa et al. [151]
Lim et al. [152]
Mehdawi et al. [153]
Khan et al. [154]
Aravindan et al. [155]
Chen et al. [156]
Mohapatra et al. [157]
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Cell line

Basal
Basal
Luminal A
Basal
Luminal B
Luminal A
Basal

Inhibited cell proliferation and colony
formation;enhanced senescence and apoptosis
Inhibited cell migration
Inhibited invasion
Inhibited cell migration
Reduced migration and invasion
Reduced migration and invasion
Inhibited cell migration

4T1
MCF-7

Basal
Luminal A

Inhibited metastasis
Suppressed EMT

MCF-7/TR
MCF-7
MCF-10F
MCF-7
MCF-7
MCF-7

Luminal A
Luminal A
Basal
Luminal A
Luminal A
Luminal A

T47D,
MDA-MB-231,
BT-549
MCF-10A
MCF-10A
MCF-7
MCF-10A

Luminal A,
Basal,
Basal
Basal
Basal
Luminal A
Basal

Inhibited EMT
Quenched oxidative radicals
Inhibited estrogen-DNA adducts
Inhibited estrogen-DNA adducts
Inhibited bioactivation of dioxin
Repressed TCDD-induced gene transcription by
targeting ER␣
Suppressed bioactivation of dioxin

MCF-7
MCF-7

Luminal A
Luminal A

MCF-7

Luminal A

MCF-7, MDA-MB-231

Luminal A,
Basal
Luminal A
Luminal A

MCF-7
MCF-7

Doxorubicin resistant MCF-7
cells
Adriamycin resistant MCF-7,
MDA-MB-231
BT-549 MCF-7, MDA-MB-231
MCF-7
MDA-MB-231

Luminal A
Luminal A, Basal
Basal, Luminal A, Basal
Luminal A
Basal

Inhibited genotoxicity
Reduced DNA damage
Inhibited DNA repair; suppressed chemoresistance
Prevented 17␤-estradiol-induced alterations in
antioxidant genes and proteins
Suppressed epigenetic silencing of BRCA1
Inhibited epigenetic silencing
Inhibited promoter methylation of tumor
suppressor genes
Reversed epigenetic changes
Sensitized cells toward doxorubicin
Induced apoptosis and chemosensitization

Suppressed multidrug resistance and sensitization
toward doxorubicin
Sensitized cells toward adriamycin
Regulation of miRNA145
Increased expression of miR-663 and miR-744
Increased expression of miR-16, -141, -143, and
-200c

↓MDR1, ↓CYP2C8

Sprouse and Herbert [158]

Altered cytoskeleton, ↓FAK
↑Tensin
Altered cytoskeleton, ↓FAK
↓IGF-1, ↓PI3K/AKT, ↓MMP-2
↓MAPK/ERK, ↓Her2 phosphorylation, ↓MMP-9
Blocks EGF-induced PI3K/Akt pathway;↓PI3K, ↓Akt, ↓MED28,
↓MMP-9
↓MMP-9
↓EGF-induced EMT, ↑E cadherin, ↓snail,
↓slug, ↓vimentin, ↓Zeb1, ↓Zeb2, ↓Ssh1, ↓Ssh 2, ↓coﬁlin, ↓ERK1/2
↓TGF-␤/Smad
↓ROS
↑NQO1
↓CYP1B1, ↑NQO1
↓Induction of CYP1 family, ↓AhR, ↓ARNT, ↓RNA pol II
↓AHR-mediated CYP1A1 regulation

Azios and Dharmawardhane [159]
Rodrigue et al. [160]
Azios et al. [161]
Tang et al. [162]
Tang et al. [163]
Lee et al. [164]

↓AhR-independent of ER␣↓CYP1A1, ↓CYP1B1

Macpherson et al. [173]

↓Diethylstilbestrol (DES)-DNA adducts
↓ROS, ↑Nrf2
↓NBS1, ↓NRE11
↑Nrf1, ↑Nrf2, ↓Nrf3, ↑SOD3, ↑NQO1

Hinrichs et al. [174]
Kang et al. [175]
Leon-Galicia et al. [176]
Chatterjee et al. [177]

↓AhR-mediated epigenetic silencing of BRCA1
↓AhR-TCDD ligand interaction,↓MBD2, ↓H3K9me3,↓DNMTs,
↓BRCA1 promoter hypermethylation
↑PTEN, ↓DNA methyl transferase, ↑p21

Papoutsis et al. [178]
Papoutsis et al. [179]

↓DNMT1, ↓HDAC1, ↓MeCP2

Mirza et al. [181]

Increased cytotoxicity of doxorubicin
↓HSP27, ↓translationally-controlled tumor protein,
↓peroxiredoxin-6, stress-induced-phosphoprotein-1,
↓pyridoxine-59-phosphate oxidase-1, ↓hypoxanthine-guanine
phosphoribosyl transferase, ↑triosephosphate isomerase,
↓mitochondrial permeability transition, ↑Cyt. c
↓MRP1, ↓p-glycoprotein

Osman et al. [182]
Díaz-Chávez et al. [183]

↓MDR1, ↓MRP1

Kim et al. [185]

↓pAKT, ↓phosphorylation of C/EBP-b
↓eEF1A2
↑Ago2

Sachdeva et al. [186]
Vislovukh et al. [187]
Hagiwara et al. [188]

Lee et al. [165]
Vergara et al. [166]
Shi et al. [167]
Bader and Getoff [168]
Zahid et al. [169]
Lu et al. [170]
Beedanagari et al. [171]
Perdew et al. [172]

Stefanska et al. [180]
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MDA-MB-231, Paclitaxel
resistant MDA-MB-231
MDA-MB-231
MCF-7
MDA-MB-231
MDA-MB 435
MCF-7
MDA-MB-231

Huang et al. [184]

Ago2, agronaute2; AKT, protein kinase B; ASPP-1,apoptosis-stimulating protein of p53-1; Birc 1, 2 and 5, baculoviral IAP repeat-containing protein-1,2,5; C/EBP-b, CCAAT/enhancer binding protein beta; CDC-2, cell division cycle protein 2 homolog/cyclin-dependent kinase 1; CDC-6, cell division cycle protein 6; CUL 5,cullin 5; CYP, cytochrome P450; dUTP, deoexy-uridine triphosphate; eEF1A2, eukaryotic translation elongation factor 1A2; ERK1/2,extracellular
regulated kinase 1/2; Fas ligand, type-II transmembrane protein/TNF superfamily member 6; Fen-1, ﬂap structure-speciﬁc endonuclease 1; H3K9me3, histone H3 lysine 9 trimethylation; MBD2, methyl-CpG-binding domain
protein 2; miRNA, micro RNA; Na-H exchanger, sodium-hydrogen exchanger/antiporter; IR, ionizing radiation; NBS1, nibrin; NOS 3, nitric oxide synthase 3; Nrf3, nuclear factor erythroid 2-related factor 3; p21/WAF1/CIP, cyclindependent kinase inhibitor 1/CDK-interacting protein 1; p21, cyclin-dependent kinase inhibitor 1/CDK-interacting protein 1; p53 Ser 15, tumor protein p53/cellular tumor antigen p53, phosphoprotein p53/tumor suppressor
p53-Serine 15; p53/R2,p53 inducible ribonucleotide reductase2; pAKT, phosphorylated AKT; Pro IGF-II, pro insulin like growth factor-II; PS6RP, phospho S6 ribosomal protein; Sin 3,paired amphipathic helix protein;SOD2, superoxide dismutase 2; Src tyrosine Kinase, proto-oncogene tyrosine-protein kinase Src; Ssh, protein phosphatase slingshot homolog; TdT, terminal deoxynucleotidyl transferase/DNA nucleotidylexotransferase/terminal transferase;
TNF␣, tumor necrosis factor-␣;Truncated BID,truncated BH3 interacting-domain death agonist; Wnt/␤,Wingless-Integrase 1/␤; Zeb, zinc ﬁnger E-box-binding homeobox; ␣V␤3, ␣V␤3/a type of integrin that is a receptor for
vitronectin; p-H2AX, phosphorylated-H2A histone family, member X.
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that resveratrol did not induce apoptosis in MCF-7 cells, but inhibited growth in a non-apoptotic pathway [154]. In hypoxic MCF-7
cells, resveratrol in addition to other phytochemicals (curcumin,
curmin analog EF24, neem leaf extract, genistein and raspberry
extract) resulted in suppression of infra red (IR)-induced nuclear
factor kappa-light-chain-enhancer of activated B cells(NF-B)-DNA
binding activity, attenuation of NF-B signal transduction and
target transcriptome, mitigation of IR-induced Akt, nitric oxide
synthase 3 (NOS3), ERK1/2, superoxide dismutase 2 (SOD2), p50,
p65, TNF␣, baculoviral IAP repeat-containing protein-1,2,5 (Birc 1,
2 and 5) and potentiation of IR-induced cell killing [155]. Resveratrol triggered apoptosis in MCF-7 cells by activation of both
intrinsic and extrinsic apoptotic pathways. Resveratrol downregulated PI3K/AKT and upregulated Fas-associated protein with death
domain, cyt.c, truncated Bid, caspase-9, and caspase-3 as well as
induced apoptosis in MCF-7 cells [156]. Resveratrol upregulated
p21, inhibited break excision repair (BER) pathway and induced
apoptosis in a p21-dependent pathway in MCF-10A (basal subtype) cells and cigarette smoke condensate-induced transformed
cells (MCF-10A-Tr) [157]. Resveratrol reduced cell proliferation,
colony formation and augmented cell senescence and apoptosis in
paclitaxel resistant MDA-MB-231 cells [158].
4.1.3. Resveratrol inhibits epithelial mesenchymal transition
(EMT) and metastasis
Resveratrol inhibited migration of MD-MBA-231cells with the
formation of rapid ﬁlopodia without accompanying cell polarization or attachment to the extracellular matrix (ECM) along with
downregulation of phosphorylated focal adhesion kinase (FAK)
[159]. Resveratrol induced tensin, a cell matrix adhesion protein, to promote anti-invasive properties in MCF-7 breast cancer
epithelial cells [160]. Further, it was observed that high doses of
resveratrol inhibited cell migration by decreasing Rho family of
GTPases (Rac and Cdc42) activity, whereas low doses increased
the same. Therefore, controlled pharmacological concentrations of
resveratrol were proposed for antimetastatic activity [161]. Resveratrol suppressed invasion and metastasis of breast cancer cells
by downregulation of IGF1/PI3K/AKT/matrix metalloproteinase2 (MMP-2) signalling pathway [162]. Resveratrol inhibited the
migration and invasion of MCF-7 cells by downregulating human
HER2 phosphorylation in a MAPK/ERK-mediated pathway which,
in turn, suppressed MMP-9 activity [163]. Resveratrol was also
found to inhibit cell migration of triple-negative breast cancer cells
MDA-MB-231 by blocking epidermal growth factor(EGF)-induced
PI3K/Akt pathway which, in turn, contributed toward suppression
of a subunit of the mammalian mediator complex for transcription (MED 28) and MMP-9 [164]. Resveratrol reduced metastasis
of 4T1 breast cancer cells by inhibiting MMP-9 [165]. Resveratrol
was found to reverse EMT in MCF-7 cells by suppressing the EGFinduced EMT progression [166]. Resveratrol acted as a potentiating
agent in reversing EMT in tamoxifen-resistant breast cancer cell
line (MCF7/TR) in a transforming growth factor-␤ (TGF␤)/Smaddependent pathway [167].
4.1.4. Resveratrol modulates phase I and phase II detoxiﬁcation
system
Resveratrol exhibited bifunctional properties and acted as a radical scavenger (radiation protector) and as an anticancer agent in
neutral media against MCF-7 cells depending on the concentration
and on the reactivity of the present components with the primary
species: eaq −, H, OH and O2 •− , produced either enzymatically or
by radiation [168]. Resveratrol was also found to inhibit estrogenDNA adducts by downregulation of CYP1B1 and upregulation of
NAD(P)H quinone oxidoreductase 1 (NQO1) [169,170]. Resveratrol
reduced dioxin-induced activation of the CYPs by inhibiting the
recruitment of the transcription factors AhR and aryl hydrocarbon

nuclear translocator (ARNT) to the xenobiotic response elements
of the corresponding genes and reduced RNA polymerase II (pol
II) recruitment at the promoters of these genes in MCF-7 cells
[171]. Nanomolar doses of resveratrol were reported to repress
AhR-mediated CYP1A1 expression by targeting ER␣ in MCF-7 cells
[172]. However, Macpherson and Matthews [173] reported that
downregulation of AhR in breast cancer cells was independent of
ER␣. Diethylstilbestrol (DES)-DNA adducts in human breast cancer epithelial cells were inhibited by resveratrol [174]. Resveratrol
signiﬁcantly reduced ROS accumulation and DNA damage in breast
cancer type 1 susceptibility protein (BRCA1)-deﬁcient mammary
epithelial cells, MCF10A, by upregulation of Nrf2 [175]. Resveratrol treatment suppressed DNA repair mechanisms associated with
MRN complex and inhibited chemoresistance in MCF-7 cells [176].
Resveratrol suppressed estrogen-induced breast cancer in MCF10A cells by upregulating antioxidant system via Nrf-dependent
pathway [177].

4.1.5. Resveratrol inﬂuences epigenetic mechanisms
Resveratrol prevented AhR-mediated promoter hypermethylation and epigenetic silencing of DNA repair gene BRCA1 in
ER␣-positive MCF-7 breast cancer cells [178,179]. Phosphatase and
tensin homolog (PTEN) promoter hypermethylation was prevented
by resveratrol in MCF-7 cells by upregulation of p21 and downregulation of DNA methyltransferase [180]. Post-transcriptional
modiﬁcation of histone acetylation/methylation may contribute
to cancer development by modulation of the expression of tumor
suppressor genes and oncogenes. Resveratrol was found to be a
key natural polyphenol which inhibited DNA methyl transferase
1 (DNMT1), histone deacetylase1 (HDAC1) and methyl CpG binding protein 2 (MeCP2) expression and conferred protection against
breast cancer cells [181].

4.1.6. Resveratrol sensitizes cancer cells toward chemotherapy
Osman et al. [182] reported that resveratrol acted as a
chemosensitizer and increased the cytotoxic effect of doxorubicin in MCF-7 breast cancer cells. Proteomic analysis showed that
resveratrol downregulated a number of proteins among which
heat shock protein 27 (HSP27) played a prominent role in induction of apoptosis and sensitizing MCF-7 cells toward antineoplastic
effects of doxorubicin [183]. Resveratrol was effective in suppressing chemoresistance toward doxorubicin by downregulating
MRP1 and p-glycoprotein in doxorubicin resistant MCF-7 cells
[184]. Another study also showed that resveratrol successfully sensitized the adriamycin resistant MCF-7 and MDA-MB-231 cells
toward adriamycin by down regulating multidrug resistance protein 1(MDR1) and MRP1 [185].

4.1.7. Modulation of miRNAs by resveratrol
Resveratrol impaired the inhibitory effects of CCAAT/enhancer
binding protein ␤ (C/EBP-␤) on the expression of the tumor suppressor miR-145, which was implicated in p53-mediated c-Myc
repression in breast cancer cell lines [186]. In MCF-7 breast adenocarcinoma cells, resveratrol upregulated miR-663 and miR-774,
which decreased cell proliferation by inhibiting eukaryotic translation elongation factor 1A2 (eEF1A2) at mRNA and protein levels
[187]. Tumor suppressive miRNAs, namely miR-141and miR-200c,
were upregulated by resveratrol, inhibiting breast cancer stem-like
cell characteristics in MDA-MB-231-luc-D3H2LN cells (a luciferase
expressing cell line that was derived from MDA-MB-231 human
breast adenocarcinoma cells) [188].
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Table 2
Effect of resveratrol in in vivo breast cancer models.
Animal model

Effect

Mechanism

Reference

Chemical carcinogenesis models
Female Sprague-Dawley rats exposed
to MNU
Female Sprague-Dawley rats treated
with DMBA
Female Sprague-Dawley rats treated
with MNU
Female Sprague-Dawley rats exposed
to DMBA

Molecular subtype

Inhibited early stages of
mammary carcinogenesis
Reduced DMBA-induced ductal
carcinoma
Promoted NMU-induced
mammary carcinogenesis
Suppressed mammary
carcinogenesis

↑Apoptosis

Bhat et al. [83]

↓COX-2, ↓MMP-9, ↓NF-B,
blocked S-G2-M phase

Banerjee et al. [189]

Female Sprague Dawley rats injected
with DMBA

Inhibited DMBA-induced
breast tumor incidence

Pregnant Sprague Dawley rats exposed
to TCDD

Suppressed alterations in
mammary gland structures

Female ACI rats exposed to E2

Inhibited mammary tissue
proliferation and increased
tumor latency period
Exerted differential effect on
epigenetic changes of normal
and breast cancer tissue

Female ACI rats treated with E2

Xenograft models
Female BALB/c syngenic mice injected
with 4T1 cells
Female nude mice injected with with
MDA-MB-231cells
Female nu/nu mice injected with
MDA-MB-231
Athymic nude mice using
MDA-MB231Luc cells

Basal
Basal

Basal
Basal

BALB/c mice injected with 4T1 breast
cancer cells
Athymic nude mice xenografted with
MCF-10Acells

Basal

Female NOD/SCID mice injected with
SUM159 cells
Female SCID or nu/nu mice inoculated
with MDA-MB-231 or MDA-MB-435
cells

Basal

Spontaneous tumor models
FVB/N female HER-2/nuetransgenic
mice
Mouse model with BRCA1-mutated
breast cancer (Abcg2−/− ; K14cre;
Brca1F/F ;p53F/F )

Basal

Displayed no effect on tumor
growth
Decreased tumor growth,
reduced angiogenesis and
increased apoptotic index
Reduced tumor size
Suppressed the growth of
cancer stem like cells and
induced apoptosis
Suppressed pulmonary
metastasis
Suppressed the growth of
cancer stem like cells and
induced apoptosis
Reduced tumor volume

Sato et al. [190]
↓Mammary gland
differentiation, ↓proliferation,
↑apoptosis
↑Apoptosis, ↓proliferation,
↓lipid peroxidation ↓5-LOX,
↑TGF␤1
↓Methylation of BRCA1,
↓DNMT-1, ↓cyclin D1, ↓CDK4,
↑AhRR
↑Apoptosis ↑NRF2,↑NQO1,
↑SOD3, ↑OGG1, ↓AOX 1,
↓FMO1, ↓DNA damage
↓DNMT 3b, ↑miR21, ↑miR129,
↑miR204, ↑miR489

Whitsett et al. [191]

Chatterjee et al. [192]

Papoutsis et al. [193]

Singh et al. [194]

Qin et al. [195]

–

Bove et al. [120]

↓VEGF

Garvin et al. [137]

–

Tang et al. [140]

↓FAS, ↑DAPK2, ↑BNIP3

Pandey et al. [196]

↓MMP-9

Lee et al. [164]

↓SREBP1

Pandey et al. [197]

–

Gomez et al. [130]

Basal, Luminal B

Increased mammary tumor
growth and metastasis

↑Rac, ↑PAK1, ↑JNK, ↑Akt

Castillo-Pichardo et al. [198]

–

Prolonged tumor development
and reduced tumor number
and size
Displayed no effect on tumor
latency

↑Apoptosis, ↓HER-2/nue

Provinciali et al. [199]

–

Zander et al. [200]

–

5-LOX, 5-lipoxygenase; Abcg 2 (-/- ), ATP-binding cassette sub-family G member 2, double negative; AOX1, aldehyde oxidase 1; FAS, fatty acid synthetase; FMO1, ﬂavin
containing monooxygenase 1; miR, microRNA; OGG, oxoguanine glycosylase; SCID, severe combined immunodeﬁciency; SOD3, superoxide dismutase 3; SREBP1, sterol
regulatory element-binding protein-1.

4.2. In vivo models
The following section has been detailed with various effects
of resveratrol against chemically-induced, xenografted and other
breast cancer models (Table 2).
4.2.1. Chemically-induced in vivo models
Resveratrol restricted the early stages of N-methyl-N-nitroso
urea (MNU)-induced mammary carcinogenesis in female Sprague
Dawley rats [83]. Resveratrol suppressed DMBA-induced ductal
carcinoma, tumor invasion and metastasis by inhibiting COX2, matrix metalloproteinase-9 (MMP-9) and NF-B [189]. In
contrast, MNU-induced mammary carcinogenesis was promoted
with short prepubertal exposure of resveratrol which resulted
in endocrine disruption in female Sprague-Dawley rats [190].
Resveratrol reduced susceptibility to DMBA-induced mammary

carcinogenesis in female Sprague Dawley rats by inhibiting
mammary gland differentiation, cell proliferation and inducing
apoptosis [191]. Resveratrol reduced lipid peroxidation, DNA damage and induced apoptosis in DMBA-induced breast carcinogenesis
model of Sprague Dawley rats [192]. Resveratrol suppressed
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-induced proliferative
structures in mammary glands as well as methylation of BRCA1 by
inhibiting DNMT1, cyclin D1 and upregulating aryl-hydrocarbon
receptor repressor (AhRR) in the offsprings of Sprague Dawley rats
[193]. Resveratrol reduced E2-induced breast tumor development
and caused apoptosis and suppressed enhancement in DNA damage
in mammary tissues of female August Copenhagen Irish (ACI) rats
by upregulating Nrf2-mediated pathway [194]. In female ACI rats,
resveratrol differentially regulated DNMT 3b and miR-21, -129, 204, and -489 in normal and E2-induced mammary tumor tissues
[195].
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4.2.2. Xenograft breast cancer models
Resveratrol showed efﬁcacy against basal and luminal B subtypes of breast cancer models. Resveratrol was reported to have
no effect on the tumor growth of 4T1 breast cancer xenografts
[120]. In athymic nude mice injected with MDA-MB-231 cells,
resveratrol reduced tumor growth, decreased angiogenesis and
increased apoptotic index [136]. Resveratrol caused the reduction
of tumors in nude mice implanted with MDA-MB-231cells [140].
MDA-MB231Luc cells labeled with luciferase gene were injected
into mammary fat pad of nude mice. Administration of resveratrol in these animals were found to suppress growth of CSCs
by down-regulating fatty acid synthase (FAS) and by activating
proapoptotic genes death associated protein kinase-2 (DAPK2) and
BCL2/adenovirus E1B 19kDa protein-interacting protein 3 (BNIP3)
[196]. Resveratrol reduced pulmonary metastasis in BALB/c mice
challenged with 4T1 breast cancer cells by suppressing MMP-9
[164]. Resveratrol suppressed the lipogenic gene expression in
breast cancer stem cells and reduced their ability to generate ductal
carcinoma in situ in athymic nude mice [197]. Resveratrol reduced
the growth of SUM159 xenograft tumors by decreasing the population of breast cancer stem cells in non obese/severe combined
immunodeﬁcient (NOD/SCID) mice. Following the reimplantation
of primary tumor cells into the secondary animals, all control
inoculations exhibited tumors. In contrast, tumor cells which originated from resveratrol-exposed mice caused only one tumor out
of six inoculations [130]. In comparison to aforementioned results,
Castillo-Pichardo et al. [198] reported that resveratrol promoted
xenografted mammary tumor growth and metastasis in immunocompromised mice possibly by induction of tumoral Rac activity
and increased expression of the Rac downstream effector PAK1 and
several other tumor promoting molecules.
4.2.3. Spontaneous breast tumor models
Provincialli and colleagues [199] investigated the effect of oral
resveratrol via drinking water on the occurance of spontaneoulsly
appearing mammary tumors in HER2/neu transgenic mice. Resveratrol supplementation was found to delay tumor development,
reduced the mean number and size of tumors and diminished the
number of lung metastases. The beneﬁcial effect of resveratrol was
linked to apoptosis induction and downregulation of HER-2/neu
gene expression in mammary tumors. Lack of ABCG2, but not ABCB1
[P-glycoprotein (P-gp)/multi drug resistance proptein 1 (MDR1)],
shortened mammary tumor latency in the K14cre, BrcaF/F and
p53F/F mouse models for hereditary breast cancer. This effect was
not inﬂuenced by resveratrol supplementation in the diet [200].
5. Additive or synergisticeffect of resveratrol with other
phytochemicals and therapeutic agents against breast
cancer
Several studies have focused on the synergistic effects of resveratrol and other naturally occurring compounds, such as melatonin,
tea polyphenols, and quercetin, against breast cancer [201]. The
combinatorial effects of various phytochemicals or therapeutic
agents along with resveratrol in vitro (Table 3) and in vivo (Table 4)
models of breast cancer (along with the molecular subtypes) have
been discussed in the following sections.
5.1. In vitro studies
The combinatorial studies of resveratrol with other phytochemicals or therapeutic agents proved effective against luminal A,
luminal B, ER-, Her-2+ and basal subtypes of breast cancer. Polyphenols, such as resveratrol, quercetin, catechin and epicatechin,
proved effective in inducing S-phase cell cycle arrest by bimodal

modulation of nitric oxide (NO)/NOS in T47D cells [202]. A combination of resveratrol, quercetin, and catechin at 0.5, 5, or 20 M
each signiﬁcantly reduced the proliferation of MDA-MB-231 cells
and blocked G2/M phase of cell cycle progression in vitro [203]. The
combination of resveratrol, EGCG and ␥-tocotrienol synergistically
inhibited cell proliferation, altered gene expression, and induced
antioxidant activity in MCF-7 cells [204]. A combination of grape
polyphenols was found more effective than individual resveratrol,
quercetin, or catechin at inhibition of cell proliferation, cell cycle
progression, and cell migration in the highly metastatic ER-negative
MDA-MB-435 cell line [205]. Resveratrol and tannic acid reduced
the activity of NO and NOS in MCF-7 cells [206]. It was further elucidated that tannic acid was more effective than resveratrol and
quercetin in potentiating tamoxifen against MCF-7 cells by downregulating telomerase activity [207]. A combination of resveratrol,
quercetin and catechin induced apoptosis in MDA-MB-231 cells
by downregulating PI3K/AKT/mTOR signaling [208]. Her2-targeted
immunoliposomes encapsulating resveratrol or combination of
resveratrol and curcumin coupled with trastuzumab increased
cytotoxicity against JIMT-1 (ER-, HER-2+) breast cancer cells [209].
An early study reported that resveratrol along with E2 inhibited
apoptosis by interfering with post-translational modiﬁcation of
p53 in MCF-7 cells [81]. The cytotoxicity of roscovitine, a CDK
inhibitor, was increased at much lower doses when administered along with resveratrol in MCF-7 cells [210]. A combined
chemotherapeutic regimen of resveratrol and cyclophoshamide
reduced the effective drug dose of cyclophosphamide and its toxicity. It also induced apoptosis in MCF-7 cells by downregulation of
Bcl-2 and upregulation of p53-mediated expression of Bax and Fas
[211]. However, resveratrol strongly diminished the susceptibility
of MDA-MB-435s, MDA-MB-231 and SKBR-3 cells to paclitaxelinduced cell death in vitro. This effect was not observed in MCF-7
cells. The effect was postulated by two different mechanisms:
one by inhibition of paclitaxel-induced G2/M cell cycle arrest,
and the other through the suppression of paclitaxel-induced ROS
accumulation and subsequent inactivation of anti-apoptotic Bcl-2
family proteins. Pronounced expression levels of HER-2 have been
reported in SKBR-3, MDA-MB-435s, and MDA-MB-231 cells than
in MCF-7 cells. It appeared that the levels of HER-2 expression are
correlated with resveratrol’s protective effect against paclitaxelinduced cell death in cultured human breast cancer cells. These
observations suggested that the strategy of concomitant use of
resveratrol with paclitaxel is detrimental in certain types of human
breast cancers [212]. It was further elucidated by Singh et al. [213]
that the cyclophosphamide and resveratrol drug combination was
effective in inducing apoptotic activity in MCF-7 cells by disrupting
mitochondrial membrane potential and redox status, upregulating
p38 and JNK, reducing cyclin D and E, activating p21, p27, p53 Ser15,
cyclin dependent kinase 6 (CDK6), proliferating cell nuclear antigen
(PCNA), Fas ligand (Fas L), Bcl-2 associated X protein (Bax)/BH-3
interacting domain (Bid), decreasing Bcl-2 and Bcl-xL,increasing
PARP and apoptosis-inducing factor (AIF) cleavage. The combination of resveratrol and N-acetyl cysteine proved effective against
induction of depurinating adducts 4-hydroxyestrone (estradiol)-1N3Ade [4-OHE (1) (E(2))-1-N3Ade] and 4-OHE(1)(E(2))-1-N7Gua
[214]. Resveratrol potentiated the antitumor effect of rapamycin by
upregulating PTEN and suppressing of pAKT in breast cancer cells
[MDA-MB-231, MCF-7 and BT-549 (basal subtype)] [215]. Resveratrol sensitized chemotherapeutic drug melphalan against breast
cancer cells MCF-7 and MD-MBA-231 by potentiating the cytotoxic
effects and by causing cell cycle arrest at S phase [216]. Resveratrol
along with tamoxifen caused reversal of EMT by downregulation
of TGF␤/Smad pathway in tamoxifen resistant MCF-7 cells [166].
Resveratrol along with melatonin acted as aromatase inhibitors
in a coculture of T47D-BAF (luminal A with co culture of Her2+ ﬁbroblasts) [217]. Resveratrol in combination with rapamycin

Table 3
Effect of resveratrol in combination with other compounds in in vitro breast cancer models.
Cell line

Molecular subtype

Effect

Mechanism

Reference

Resveratrol + quercetin +
catechin + epicatechin
Resveratrol + quercetin + catechin

T47D

Luminal A

Exerted growth arrest

Niﬂi et al. [202]

MDA-MB-231

Basal

Schlacterman et al. [203]

MCF-7

Luminal A

↓Cyclin D1, ↓Bcl-2, ↑NQO1

Hseih et al. [204]

MDA-MB-231, MDA-MB-435

Basal, Luminal B

↑Caspase-3, ↑phosphatidyl serine

Resveratrol + tannic acid
Resveratrol + quercetin/tannic
acid
Resveratrol + quercetin + catechin

MCF-7
MCF-7

Luminal A
Luminal A

Reduced cell proliferation and blocked
cell cycle progression
Inhibited cell proliferation, induced
antioxidant activity
Induced apoptosis, inhibited cell
proliferation and cell cycle progression
Inhibited NOS activity
Potentiated the effect of tamoxifen

S-phase cell cycle arrest, bimodal
modulation of NO/NOS
G2/M cell cycle arrest

Castillo-Pichardo et al.
[205]
Cosan et al. [206]
Cosan et al. [207]

MDA-MB-231

Basal

Induced apoptosis

↓PI3K, ↓AKT, ↓mTOR

Resveratrol + curcumin

JIMT1,
MCF-7

ER- /HER2+ , Luminal A

Inhibited cell proliferation

Resveratrol + curcumin + EF24 +
raspberry extract + neem leaf
extract + genistein
Resveratrol + E2

MCF-7

Luminal A

Potentiated IR-induced cell killing

HER-2-targeted immunoliposomes
coupled with trastuzumab increased
cytotoxicity against Her2(+) cells
↓NF-B, ↓Akt, ↓NOS3, ↓ERK1/2, ↓SOD2,
↓TNF␣, ↓Birc 1, 2 and 5

MCF-7

Luminal A

Inhibited apoptosis

Resveratrol + roscovitin

MCF-7

Luminal A

Potentiated the effect of roscovitin

Interference with post translational
modiﬁcation of p53
Increased cytotoxicity

Resveratrol + cyclophosphamide
Resveratrol + paclitaxel

Luminal A
Luminal B, basal, ER-/Her-2+,
luminal A

Induced apoptosis
Inhibited G2/M cell cycle arrest,
Induced of apoptosis

↑p53, ↑Bax, ↑Fas, ↓Bcl-2
↓ROS, Inactivation of antiapoptotic
Bcl-2 family proteins

Resveratrol + cyclophosphamide

MCF-7
MDA-MB-435s,MDA-MB-231,
SKBR-3,
MCF-7
MCF-7

Luminal A

Induced apoptosis

Resveratrol + N-acetyl cysteine

MCF-10A

Basal

Inhibited estrogen-DNA adducts

Resveratrol + rapamycin

MDA-MB-231, MCF-7,
BT-549
MCF-7,
MDA-MB-231

Basal, Luminal A, Basal

Luminal A

Resveratrol + doxorubicin

MCF-7,
MCF-7/TR
MCF-7/adr; MDA-MB-231

Inhibited rapamycin-induced AKT
activation
Sensitized the effect of melphalan
toward apoptosis and cell cycle arrest
at S-phase
ReversedEMT

↑SubG0/G1, ↑ p38, ↑phosphocJun,
↑JNK, ↓cyclin E, ↓Cyclin D, ↑CDK6,
↑PCNA, ↑p21waf1/cip1 , ↑p27kip1 , ↑ p53
ser15, ↑Fas, ↑Bax/Bid, ↓Bcl-2, ↓Bcl-XL ,
↓PARP, ↓AIF
↑Quinine reductase,↓depurinating
adducts 4-hydroxyestrone
(estradiol)-1-N3Ade
[4-OHE(1)(E(2))-1-N3Ade] and
4-OHE(1)(E(2))-1-N7Gua
↓pPI3K/pAKT, ↑PTEN, ↓mTOR/p70S6 K

Resveratrol + melatonin

T47D-BAF co-culture

Resveratrol + rapamycin

MCF-7, MDA-MB-231

Resveratrol + EGCG + ␥tocotrienol
Resveratrol + quercetin + catechin

Resveratrol + melphalan

Reveratrol + tamoxifen

Luminal A, Basal

Basal
Luminal A with co culture of
HER2+
Luminal A, Basal

Induced cytotoxicity, sensitized cells
toward doxorubicin
Inhibited cell proliferation
Induced apoptosis

↓NO
↑Apoptosis, ↓Telomerase

Castillo-Pichardo and
Dharmawardhane [208]
Catania et al. [209]

Khan et al. [154]

Zhang et al. [84]
Wesierska-Gadek et al.
[210]
Singh et al. [211]
Fukui et al. [212]

Singh et al. [213]

Zahid et al. [214]
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Combination

He et al. [215]

↑p53, ↓procaspase-8, ↑caspase-7,
↑caspase-9, ↑pChk-2, ↓Cyclin A,
↓pCDK-2 Thr160 , ↓CDK-7
↓TGF␤/Smad pathway

Vergara et al. [166]

↓MDR1, ↓ MRP1, ↓P-gpATPase activity

Huang et al. [184]

↓Aromatase

Chottanapund et al. [217]

↓mTROC1/AKT, ↑cleavage of PARP,
↓survivin

Alayev et al. [218]

Casanova et al. [216]

EGCG, epigallocatechin gallate; Fas, fatty acid synthetase; P-gp ATPase, phospho-glycoprotein ATPase.
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Table 4
Effect of combination of resveratrol and other compounds in in vivo breast cancer models.
Combination
Chemical carcinogenesis models
Resveratrol + genistein

Resveratrol + melatonin

Resveratrol + zinc

Resveratrol + copper

Resveratrol + celecoxib

Xenograft models
Resveratrol + quercetin + catechin

Resveratrol + quercetin + catechin

Resveratrol + quercetin + catechin + geftinib

Resveratrol + paclitaxel

Resveratro + doxorubicin

Animal model

Molecular
Subtype

Effect

Mechanism

Reference

Female Sprague
Dawley rats subjected
to DMBA treatment
Female Sprague
Dawley rats exposed to
MNU
Spraque-Dawley
female rats treated
with DMBA
Female
Sprague-Dawley rats
gavaged with DMBA
Sprague-Dawley rats

–

Reduced tumor
multiplicity

–

Whitsett and
Lamartiniere [219]

–

Reduced tumor incidence
and invasive in situ
carcinomas
Promoted mammary
carcinogenesis

–

Kisková et al. [220]

–

Bobrowska-Korczak
et al. [221]

–

Exhibited no effect against
mammary carcinogenesis

–

Skrajnowska et al.
[222]

–

Reduced MNU-induced
tumor volume and tumor
frequency

↓ROS, ↓COX-2,
↑GDF-15

Kisková et al. [223]

Basal

Reduced primary tumor
growth

–

Schlachterman et al.
[203]

Luminal B

Inhibited primary tumor
growth

↑FOXO1, ↑IB␣,
↑TLR4

Castillo-Pichardo et al.
[205]

Basal

Reduced tumor growth and
metastasis

–

Castillo-Pichardo and
Dharmawardhan [208]

Luminal B

Exerted tumor growth
inhibition

↑Apoptosis, ↓PCNA

Fukui et al. [212]

Luminal A

Reduced tumor volume
and tumor weight

↑Apoptosis,
↓MDR1, ↓MRP1

Huang et al. [184]

Female athymic nude
mice injected with
MDA-MB-231 cells
Female athymic nude
mice with GFP-tagged
MDA-MB-435
metastatic cells
SCID mice injected
with
GFP-MDA-MB-231
cells
Athymic nude mice
injected
withMDA-MB-435s
cells
Female BALB/c athymic
nude mice injected
with MCF-7/adr cells

–

AMPK, 5 adenosine monophosphate-activated protein kinase; FOXO1, Forkhead box O1; GDF-15, Growth differentiation factor 15;GFP, green ﬂuorescence protein, TLR4,Tolllike receptor 4.

successfully inhibited mechanistic target of rapamycin complex
1 (MTROC1)/AKT pathway and induced apoptosis in MCF-7 and
MDA-MB-213 cells [218].
5.2. In vivo studies
5.2.1. Chemically-induced breast carcinogenesis models
Combination of genistein and resveratrol successfully reduced
tumor multiplicity during DMBA-induced mammary carcinogenesis in Sprague Dawley rats [219]. Resveratrol along with
neurohormone melatonin elicited chemopreventive effect against
MNU-induced tumor incidence and invasive in situ carcinoma in
female Sprague Dawley rats [220]. However, resveratrol along
with zinc was reported to promote DMBA-induced mammary carcinogenesis in female Sprague-Dawley rats [221]. The prooxidant
property of resveratrol in presence of copper did not prove effective
in reducing the DMBA-induced mammary carcinogenesis in female
Sprague-Dawley rats [222]. A combination of celecoxib and resveratrol was found more effective in reducing the the tumor volume
and tumor frequency than that of celecoxib alone against MNUinduced mammary carcinogenesis in Sprague Dawley ratspossibly
through suppression of COX-2 expression and increase of growth
differentiation factor (GDF15) expression [223].
5.2.2. Xenograft breast cancer models
The combinatorial studies of resveratrol with other phytochemicals or therapeutic agents proved effective against luminal
A, luminal B, ER-/Her-2+ and basal subtypes of breast cancer.
Combination of resveratrol with other dietary polyphenols, includ-

ing quercetin and catechin, reduced primary tumor growth of
MDA-MB-231 breast cancer xenografts in a nude mouse model
as assessed by in situ ﬂuorescence image analysis [204]. Similarly, in nude mice with xenografted MDA-MB-435 mammary
tumors, a combination of resveratrol, quercetin and catechin at
a dose of 5 mg/kg each inhibited growth of primary tumor and
reduced lung as well as bone metastasis. Molecular study utilizing tumor samples revealed that tumor-inhibitory effect of dietary
grape polyphenols could be due to upregulation of forkhead box
O1 (FOXO1) and inhibitory B-␣ (IB␣), thereby activating apoptosis and suppressing NF-B [205]. In geftinib-resistant model of
SCID mice injected with green ﬂuorescent protein (GFP)-MDA-MB231 breast cancer cells, the combination of resveratrol, quercetin,
and catechin potentiated the effect of geftinib and reduced tumor
growth and mestastasis [208]. In athymic nude mice injected
with MDA-MB-435s cells, resveratrol alone stimulated the growth
of xenografted tumors compared to control and in combination
with paclitaxel showed a marked reduction of antitumor effect of
paclitaxel alone [212]. A combination of resveratrol and doxorubicin reduced tumor volume and tumor weight in six-week-old
female BALB/c athymic nude mice injected with MCF-7/adr cells
due to greater accumulation of doxorubicin and reduced multidrug
resistance [184].
6. Modalities for improvement of bioavailability of
resveratrol against mammary carcinogenesis
As the bioavailability of trans-resveratrol after oral administration is low [224]. researchers have started to design and develop
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resveratrol derivatives with higher bioavailabilities [225,226].
Additionally, efforts to improve resveratrol’s bioavailability have
focused on combination therapy with other compounds that may
prevent or delay conjugation of resveratrol. Piperine, a compound
found in black pepper, can inhibit glucuronidation of resveratrol
[227,228]. In mice, piperine signiﬁcantly increased the serum levels
of resveratrol after oral administration of both compounds [229].
7. Natural/synthetic analogs of resveratrol against breast
cancer
The interesting and intriguing biological properties of resveratrol have attracted much attention from synthetic chemists which
led to the synthesis of numerous analogs containing diverse range
of functional groups to increase bioavailability and improve chemopreventive as well as anticancer efﬁcacy. The effect of natural
(Fig. 1) and synthetic analogs/derivatives (Fig. 2) of resveratrol
against in vitro and in vivo models of breast cancer has been summarized in Tables 5 and 6 respectively.
7.1. Natural analogs/derivatives
7.1.1. In vitro studies
The antiproliferative activity of the resveratrol precursor piceid
[Fig. 1(1)] was lower than resveratrol in MCF-7 and MDA-MB-231
breast cancer cells due to reduced cellular uptake [45].
Another natural resveratrol analog, 3,5,4 -trimethoxystilbene
[Fig. 1(2)], reversed EMT by upregulating E-cadherin, decreasing vimentin, snail and slug as well as by suppressing
ER␣/PI3K/AKT/glycogen synthase kinase 3 (GSK3) signaling axis
and ﬁnally by degrading resultant ␤-catenin [230].
Pterostilbene [Fig. 1(3)], a simple and natural analog with
two methoxyl groups on the aromatic ring, has been shown to
exhibit good cytotoxicity against estrogen-insensitive breast cancer cells (MDA-MB-231) [231]. Pterostilbene was observed to
induce apoptosis in MCF-7 cells by downregulating AKT andBcl-2
and by upregulating Bax and caspases [232]. Pterostilbene, inhibited heregulin-␤1 (HRG-␤1)/HER 2-mediated cell invasion, motility
and cell transformation in MCF-7 breast cancer cells by downregulating MMP-9, p38kinase and AKT [233]. Pterostilbene was also
reported to induce apoptosis, cell cycle arrest and cytoprotective
autophagy in MCF-7 and Bcap-37(ER-, HER-2+ subtype) breast cancer cells [234]. Pterostilbene inhibited the migration and invasion
of MDA-MB-231 cells by suppressing urokinase-type plasminogen activator (uPA), NF␤ and Ras related C3 botulinum toxin
substrate1/wiskott-aldrich syndrome protein (Rac1/WASP)-family
verprolin-homologous protein-2 (WAVE)/actin-related protein 2/3
(Arp2/3) pathway [235]. This compound was also found to inhibit
telomerase activity in MCF-7 cells [236]. Pterostilbene isothiocyanate [Fig. 1(4)] was found to induce apoptosis in MCF-7 and
MDA-MB-231 cells by upregulation of peroxisome proliferatoractivated receptor ␥(PPAR␥) in a p38 MAPK- and JNK-dependent
pathway [237].
Piceatannol (3,3 ,4,5 -tetrahydroxy-trans-stilbene) [Fig. 1(5)], a
natural analog of resveratrol reduced inﬂammation and oxidative
stress in MCF-10A mammary epithelial cells [238]. It was also
effective as an anti-invasive agent in MDA-MB-231 cells by downregulating PI3K/AKT/NF-B pathway and suppressing the activity
and expression of MMP-9 [239]. Piceatannol ablated Harvey rat
sarcoma viral oncogene homolog(H-ras)-induced MMP-2 activity more effectively than resveratrol by downregulating PI3K/AKT
pathway in MCF-10A breast epithelial cells [240].
Resveratrodehyde A (C15 H12 O4 ) [Fig. 1(6)] and resveratrodehyde B (C16 H12 O5 ) [Fig. 1(7)], natural derivatives of resveratrol,
obtained from endopytic fungus Alternaria sp. were more effective
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than resveratrol in inducing cytotoxic effects against estrogen resistant MDA-MB-435 breast cancer cells probably due to substituent
aldehyde group [38].
7.1.2. In vivo studies
The potential antitumor effect of vaticanol C [Fig. 1(8)], a novel
resveratrol tetramer, has been studied in a mouse metastatic mammary cancer model with mutations in p53, mimicking human
disease. Although vaticanol C did not inﬂuence mammary tumor
volume, it decreased the multiplicity of lymph node and lung
metastasis in syngenic BALB/c mice inoculated with BJMC3879
cells. Another interesting observation of this study was resveratrolmediated induction of apoptosis in mammary tumors [241]. In
female ACI rats, pterostilbene differentially regulated DNMT 3b and
miR-21, -129, -204, and -489 in normal and E2-induced mammary
tumor tissues [195].
7.2. Synthetic analogs
7.2.1. In vitro studies
The trans-stilbene benzenesulfonamides [Fig. 2(1)] with a sulfonamide moiety were tested against 60 human tumor cell lines
and were notably cytotoxic toward BT-549 breast cancer cancer
cells [242].
Trans-3,4,5,4 -tetramethoxystilbene (DMU-212) [Fig. 2(2)]
inhibited cell growth of breast cancer cells by G2/M cell cycle
arrest, suppression of cyclin D1, phosphorylation of STAT3 and
increasing polymerization of tubulin [243].
M-8, also known as 3,3 ,4,4 ,5,5 -hexahydroxystilbene
[Fig. 2(3)], was effective in inducing both intrinsic and extrinsic
apoptotic pathways in the breast cancer cells [ZR-75-1(luminal A
subtype), MDA-MB-231 and T47D]. It also upregulated p53 and
downregulated MnSOD to increase the oxidative stress in the
cancer cells [244]. 3,3 ,4,4 ,5,5 -trans-hexahydroxystilbene (M12)
[Fig. 2(4)] induced cytotoxicity in MCF-7 and MDA-MB-231 cells
and showed a high correlation with the level of MnSOD in these
breast cancer cells [245].
Resveratrol analog, cis-3,4 ,5-trimethoxy-3 -hydroxystilbene
[Fig. 2(5)] reduced the proliferation of MCF-7 and MDA-MB-231
breast cancer cells, arrested the G2/M phase, increased the percentage of cells in the subG1/G0 fraction, increased the total levels
of mitotic checkpoint proteins, such as-budding uninhibited by
benzimidazole related-1(BubR1), Aurora B, Cyclin B, and phosphorylated histone H3, and blocked microtubule polymerization [246].
MR-5, 3,5,3 ,4 ,5 -pentamethoxystilbene [Fig. 2(6)], was effective in reducing the proliferation of MCF-7 cells by causing cell cycle
arrest at G1 and downregulating FAK as well as MAPKs [247].
4,4 -Dihydroxy-trans-stilbene (DHS) [Fig. 2(7)] inhibited both
anchorage-dependent and -independent growth in MCF-7 cells. It
inhibited neoplastic transformation, cancer cell proliferation and
invasion by reducing the number of cells in S-phase, increasing the
levels of p21 and p53, inhibiting pRb phosphorylation, reducing
MMP-2 and -9 activities and increasing E-cadherin [248].
Low doses of trans-3,5,4 -trihydroxystilbene [Fig. 2(8)] induced
cytotoxicity in MCF-7 cells by cell cycle perturbation whereas high
doses of the same compound induced apoptotic effect in MCF-7
by downregulation of Bcl-2 in a caspase-3 independent pathway
[249].
In spheroid cultures of MCF-7, digalloyl-resveratrol (di-GA)
[Fig. 2(9)], a synthetic derivative of resveratrol, inhibited lymphoendothelial gaps and metastatic spread by downregulation of
lipooxygenase activity (LOX) [250].
Trans-4-resveratrol boronic acid [Fig. 2(10)] inhibited cell proliferation and induced G1/S cell arrest as well apoptosis in MCF-7,
MCF-7MDR , MDA-MB-231(HTB-26) breast cancer cells independent
of ER [251].
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Table 5
Effect of natural and synthetic analogs of resveratrol against in vitro breast cancer models.
Compound
Natural analog/derivative of resveratrol
3,5,4 -trimethoxystilbene (natural resveratrol
analog)
Pterostilbene (natural dimethylated analog of
resveratrol)

Cell line

Molecular subtype

Effect

Mechanism

Reference

MCF-7

Luminal A

Suppressed EMT

↑E-cadherin, ↓vimentin, ↓snail, ↓slug,
↓Wnt/␤-catenin, ↓PI3K/pAKT/pGSK3

Tsai et al. [230]

MDA-MB-231
MCF-7

Basal
Luminal A

Reduced cell growth
Induced apoptosis

MCF-7

Luminal A
+

Inhibited cell invasion, motility
and transformation
Induced apoptosis, cell cycle arrest,
cytoprotective autophagy
Reduced cell migration and
invasion
Inhibited cell growth
Induced apoptosis

MCF-7, Bcap-37

Luminal A, ER /Her-2

MDA-MB-231

Basal

MCF-7
MCF-7, MDA-MB-231

Luminal A
Luminal A, Basal

MCF-10A

Basal

MDA-MB-231

Basal

MCF-10A
MDA-MB-435

Basal
Luminal B

Inhibited inﬂammation and
oxidative stress
Inhibited cell invasion, migration
and adhesion
Inhibited invasion
Inhibited cell growth

BT-549
MDA-MB-435, MCF-7

Basal
Luminal B, luminal A

Reduced cell growth
Inhibited cell growth

Luminal A, basal, luminal A

Induced apoptosis

3,3 ,4,4 ,5,5 -Trans-hexahydroxystilbene (M12)

ZR-75-1, MDA-MB-231,
T47D
MCF-7, MDA-MB231

Induced cytotoxicity

Cis-3,4 ,5-trimethoxy-3 -hydroxystilbene

MCF-7, MDA-MB231

Luminal A,
basal
Luminal A, basal

3,5,3 ,4 ,5 -Pentamethoxystilbene (MR-5)

MCF-7

Luminal A

Inhibited cell proliferation

4,4 -Dihydroxy-trans-stilbene (DHS)

MCF-7

Luminal A

Inhibited cell proliferation and
invasion

Trans-3,5-dimethoxy-49hydroxystilbeneisothiocyanate
(Pterostilbeneisothiocyanate)
Piceatannol
(3,3 ,4,5 tetrahydroxytransstilbene)
Resveratrol A (C15 H12 O4 ), resveratrol B
(C16 H12 O5 )
Synthethic analogs of reveratrol
Benzenesulfonamides
Trans-3,4,5,4 -tetramethoxystilbene
(DMU-212)
3,3 ,4,4 ,5,5 -Hexahydroxystilbene (M8)






Inhibited cell proliferation

Minutolo et al. [231]
Chakraborty et al. [232]
Pan et al. [233]

↑PARP cleavage, ↓cyclin D1, ↓Wnt
pathway
↓uPA, ↓NF-B,↓Rac1/WAVE/Arp2/3

Ko et al. [235]

↓Telomerase
↑p38MAPK, ↑JNK, ↑PPAR␥, ↑caspase-9

Tippani et al. [236]
Nikhil et al. [237]

↓COX2, ↓NF-B

Liu et al. [238]

↓MMP-9, ↓PI3K/AKT,
↑PTEN, ↓NF-B
↓PI3K/AKT, ↓MMP-2

Ko et al. [239]

G2/M cell cycle arrest, ↓cyclin D1,
↓STAT-3, ↑tubulin polymerization
↑Caspase-3, ↑,caspase-9, ↑caspase-8,
↑p53, ↓MnSOD
Mn-SOD and M12 showed high
correlation
↓G2/M, ↑Sub G1/G0, ↑BubR1, ↑Aurora
B, ↑cyclin B, ↑phosphorylated
histone H3
↓Cyclins (D1/D3/E),↓cyclin-dependent
kinases (CDK2/4/6), ↑CDK inhibitors
(CKIs) such as p15, p16, p21, and p27,
↓FAK, ↓AKT, ↓p38, ↓ERK1/2
↑p21, ↑p53, ↓pRbphsphorylation,
↓MMP-2, ↓MMP-9, ↑E-cadherin

Wang et al. [234]

Song et al. [240]
Wang et al. [38]

Yang et al. [242]
Ma et al. [243]
Murias et al. [244]
Piotrowska et al. [245]
Hong et al. [246]

Pan et al. [247]

Maccario et al. [248]
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-

↓AKT, ↓Bcl-2, ↑Bax, ↑caspase-3,
↓MMP-9
↓HRG-␤1, ↓MMP-9, ↓p38, ↓AKT

MCF-7

Luminal A

Digalloyl-resveratrol (di-GA)

MCF-7 spheroids

Luminal A

Trans-4-resveratrol boronic acid

MCF-7,
MCF-7MDR ,
MDA-MB-231(HTB-26)
MCF-7

Luminal A, basal

Luminal A

FM3A

Luminal A

Induced apoptosis and reduced cell
viability

MCF-7, MDA-MB-231

Luminal A, basal

Induced G2/M cell cycle arrest and
apoptosis

HS-1793 (4-(6hydroxy-2-naphthyl)1,3-benzenediol)

Induced cytotoxicity, apoptosis
and cell cycle arrest
Inhibited lympho-endothelial gaps
and metastatic spread
Inhibited cell proliferation,
induced cell cycle arrest at G1/S
and apoptosis
Increased cell death

(E)-5{(4hydroxyphenylimino)methyl}benzene-1,3diol (Aza resveratrol) and its hydroxylated
derivative (3, 4,
4 ,5-tetrahydroxy-trans-aza-stilbene)
Aza-resveratrol analogs

MCF-7

Luminal A

Suppressed proliferation

MDA-MB-231, T47D

Basal, luminal A

4-(E)-{(4-hydroxyphenylimino)methylbenzene,1,2-diol} (aza resveratrol
analog, HPIMBD)
O-carboxamido stilbene analog (6n)
2,3-Thiazolidin-4-one derivatives

MCF-10A, MCF-7,
ER␤1-transfected
MDA-MB-231
MCF-7
MCF-7, SKBr-3

Basal,
luminal A
Luminal A
Luminal A, ER-/HER-2+

Inhibited cell growth via
autophagy
Inhibited cell proliferation by
differential modulation of ER␣ and
ER␤
Inhibited cell growth
Exhibited differential effect on
inhibition of cell proliferation

3-Chloro-azetidin-2-one derivatives
6-Methyl-2-propylimino-6,7-dihydro-5Hbenzo[1,3]-oxathiol-4-one
(LYR71)

MCF-7, SKBr-3
MDA-MB-231

Luminal A, ER-/HER-2+
Basal

Inhibited cell growth
Inhibited cell migration and
invasion

↓Bcl-2
↓LOX

Fernández-Pérez et al.
[249]
Madlener et al. [250]

↓Cdk4, ↓ cdk2, ↓cyclin E, ↓cyclin D1, ↓
pRb, ↑PARP cleavage

Yenugonda et al. [251]

↓Mitochondrial membrane potential,
↓cellular ATP, ↓cellular oxygen
consumption rate, ↓TFAM,↓TUFM,
↓single-stranded DNA-binding protein
↑PARP, ↑caspase-3, ↑mitochondrial
depolarization, ↑release of cytochrome
c, Endo G, AIF from mitochondria to
cytosol
↑p53/p21WAF1/CIP1 in MCF-7 cells;
p53 independent apoptosis in
MDA-MB-231
↓MIF

Jeong et al. [252]

Fujita et al. [254]

↑Beclin 1

Siddiqui et al. [255]

↓cMyc, ↓cyclin D1, ↑p53, ↑p21

Ronghe et al. [256]

Plausible cytotoxic effect may be
inﬂuenced by different estrogenic
receptor pattern
↓pSTAT-3, ↓MMP-9

Kim et al. [253]

Kim et al. [185]

Azmi et al. [257]
Sala et al. [258]
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Trans-3,5,4 -trihydroxystilbene

Chimento et al. [259]
Kim et al. [260]

Arp 2/3, actin-related proteins 2/3; LOX,lysyl oxidase;pGSK3,phospho-glycogen synthase kinase 3␤; pRb, phosphorylated retinoblastoma; TFAM, transcriptional factor A mitochondrial, TUFM,Tu translation elongation factor.
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Fig. 1. Natural analogs of resveratrol which exhibited efﬁcacy against breast cancer. Piceid (1); 3,5,4 -trimethoxystilbene (2); pterostilbene (3); trans-3,5 dimethoxy-49
hydroxy stilbene isothiocyanate [Pterostilbene isothiocyanate] (4); piceatannol (e); resveratrol A (5); resveratrol B (6); and vaticanol C (7).

4-(6-hydroxy-2-naphthyl)-1,3-benzenediol(HS-1793) [Fig. 2
(11)] modiﬁed mitochondrial activity and activated mitochondriadependent apoptotic activity in MCF-7 cells [252]. Another report
suggested that HS-1793 induced cytotoxicity in FM3A (ER+) by
induction of apoptosis via mitochondrial pathway via caspase-3
activation and enhanced cyt. c, AIF and Endo G release from mitochondria [253]. It was further elucidated that HS-1793 induced

G2/M cell cycle arrest and induced p53-dependent apoptosis in
MCF-7 cells whereas it triggered p53-independent apoptotic pathways in MDA-MB-231 cells [184].
Aza resveratrol and its hydroxylated derivative (3,4,4 ,5 tetrahydroxy-trans-aza-stilbene) [Fig. 2(12)] showed a more
enhanced antiproliferative effect than resveratrol by inhibiting the tautomerase activity of the proinﬂammatory cytokine,

Table 6
Effect of natural and synthetic analogs of resveratrol against in vivo breast cancer models.
Compound
Natural analog/derivative of resveratrol
Vaticanol C (natural resveratrol
tetramer)
Pterostilbene

Synthetic analog/derivative of resveratrol
6-Methyl-2-propylimino-6,7-dihydro5H-benzo [1,3]-oxathiol-4-one
(LYR71)
4-(6-Hydroxy
2-naphthyl)-1,3-benzenediol
(HS-1793)

Animal model

Molecular
subtype

Effect

Mechanism

Reference

Syngeneic BALB/c mice
inoculated with
BJMC3879 cells
Female ACI rats treated
with E2

ER+

Reduced multiplicity of
lymph node and lung
metastasis
Exerted differential effect
on epigenetic changes of
normal and breast cancer
tissue

↑Apoptosis

Shibata et al. [241]

↓DNMT 3b,
↑miR21, ↑miR129,
↑miR204, ↑miR489

Bove et al. [120]

Nude mice (BALB/c-nu)
injected with
MDA-MB-231cells
C3H/He mice
inoculated with FM3A
murine breast cancer
cells

Basal

Inhibited tumor growth

Kim et al. [260]

ER+

Exerted
immunomodulatory effect

↓STAT3
phosphorylation,
↓MMP-9
↓IL-2, ↑IL-4, ↓Treg
lymphocytes,
↑CD8+ T cells,
↑CD8+ T cells
expressing IFN␥

Choi et al. [261]

CD8+, cluster of differentiation positive for cytotoxic T cells; IFN␥, interferon-␥; STAT3, signal transducer and activator of transcription 3; treg, regulatory T cells.
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Fig. 2. Synthetic analogs of resveratrol which exhibited efﬁcacy against breast cancer. Benzenesulfonamide (1); trans-3,4,5,4 -tetramethoxystilbene (2);
3,3 ,4,4 ,5,5 -hexahydroxystilbene (3); 3,3 ,4,4 ,5,5 -trans-hexa hydroxystilbene (4); Cis-3,4 ,5-trimethoxy-3 -hydroxystilbene (5); 3,5,3 ,4 ,5 -pentamethoxystilbene (6); 4,4 dihydroxy-trans-stilbene (7); trans-3,5,4 -trihydroxystilbene (8); digalloyl-resveratrol (9); trans-4-resveratrol boronic acid (10); 4-(6-hydroxy-2-naphthyl)-1,3-benzenediol
(11); 3,4,4 ,5-tetrahydroxy-trans-aza-stilbene (12); aza-resveratrol (13); O-oxocarboxamidostilbene (14); 2,3-thiazolidin-4-one derivatives (15); and 3-chloro-azetidin-2-one
derivative (16).

macrophage migration inhibitory factor (MIF), in MCF-7 cells
[254]. Aza resveratrol analogs [Fig. 2(13)] induced cell death
in MDA-MB-231 and T47D breast cancer cells by autophagy
upregulation of Beclin1 [255]. Another aza resveratrol analog 4(E)-{(4-hydroxyphenylimino)-methylbenzene,1,2-diol} (HPIMBD)
was found to inhibit the proliferation of MCF-7 and ER-␤ transfected MDA-MB-231 breast cancer cells by differential modulation
of ER-␣ and ER-␤ [256].
O-Oxocarboxamido stilbene analog, 6n [Fig. 2(14)], was found
effective in inducing cytotoxicity in MCF-7 cells but not in MDAMB-231 cells [257].
2,3-thiazolidin-4-one derivatives [Fig. 2(15)] and 3-chloroazetidin-2-one derivatives [Fig. 2(16)] had differential inhibitory
effect on proliferation of MCF-7 and SKBr-3 cells [258,259].
A derivative of trimeric resveratrol, namely 6-methyl-2propylimino-6,7-dihydro-5H-benzo [1,3]-oxathiol-4-one (LYR71),
was observed to suppress STAT-3 phosphorylation mediated MMP9 expression in MDA-MB-231cells [260].
7.2.2. In vivo studies
LYR71, was also found to suppress tumor growth innude mice
(BALB/c-nu) injected with MDA-MB-231 cells by inhibiting phosphorylation of STAT-3 and MMP-9 expression [260].
Another synthetic resveratrol analog, HS-1793 induced modulation of tumor-derived T lymphocytes, suppressed the Treg cell

population and enhanced tumor-speciﬁc cytotoxic T lymphocyte
responses and CD4 + T cells imparting antitumor immunity in
C3H/He mice inoculated with FM3A murine breast cancer cells
[261].
8. Resveratrol against human breast cancer
A case-control study conducted between 1993 and 2003 in
the Swiss Canton of Vaud on 369 cases (breast cancer cases with
resveratrol intake) and 602 controls (breast cancer without resveratrol intake) exhibited an inverse relationship between resveratrol
and breast cancer risk [262]. Resveratrol, lycopene, vitamin C and
anthocyanins (Ixor® ) imparted protection against skin toxicity
in breast cancer patients undergoing postoperative radiotherapy along with adjuvant chemotherapy with anthracyclines and
taxanes [263]. A cross sectional study reported that chronic administration of trans-resveratrol increased the level of trans isomer
and the glucuronide metabolite in the circulation and decreased
Ras association domain-containing protein 1a (RASSF-1a) methylation as well as the expression of prostaglandin E2 expression in
the high risk breast cancer patients [264]. Resveratrol was observed
to inhibit DNMT1, DNMT3a, and DNMT3b, HDAC1 and methyl CpG
binding protein 2 (MeCP2) expressions in human breast cancer
tissues [180]. A recent clinical trial reported that intake of 1 g
resveratrol/day had favorable effects on estrogen metabolism and
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Affects cellular processes
Apoptosis

Cell proliferation/
Tumor growth

Poor bioavailability

Ceramide

BRCA1

Pro IGF II

Resveratrol

VCAM 1

p53

p21

CYP19

Cathepsin D

ERα

Telomerase

Wnt/β catenin

PFK

EMT/Metastasis
FAK

Increased
bioavailability

MAPKs
PI3K

IGF

MMP-9

AKT

MMP-2

Epigenetic response
HDAC1

caspase 9
COX-2

Caspase 3
ERK 1/2

PARP

AKT

ERα

STAT3

Bax/Bcl-2

p53
Src
p70S6K
PI3K
VEGF

Phase I/II detoxification system

Tensin

EGF

Natural /Synthetic
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resveratrol

TRAIL

Ceramide
Pro caspase 9

DNMTs

promoter hypermethylation

CYP1A1

NQO1

CYP1B1

Nrf2
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ROS

Sensitization to chemotherapy
MRP1
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MDR1
HSP27

Additive effect with other
phytochemicals /therapeutic
agents
In vitro / In vivo breast carcinogenesis
Down regulated molecule

Up regulated molecule

Need for clinical trials

Fig. 3. Schematic representation of the role of resveratrol in breast cancer. The effect of resveratrol with respect to various molecular targets involved in the cellularprocesses
of cell proliferation, apoptosis, EMT/metastasis, phaseI/II detoxiﬁcation system, epigenetic responses and chemosensitization toward chemotherapy in vitro and in vivo breast
carcinogenesis have been depicted. The ﬁgure also illustrates the major hurdle of poor bioavailibity of resveratrol and the plausible approaches to mitigate the problem with
the use of natural/synthetic analogs or derivatives of resveratrol and in combination therapy with other phytochemicals/therapeutic agents. The diagram further indicates
toward the need of the clinical trials with resveratrol against breastcancer. Abbreviations: AhR, Aryl hydrocarbon receptor; AKT, protein kinase B (PKB); Bax, BcL-2-associated
X protein; Bcl-2, B-cell lymphoma; BRCA, breast cancer 1, early onset; CYP, cytochrome P450; EGF, epidermal growth factor; ERK1/2, extracellular-signal regulated kinases 1/2;
ER␣, estrogen receptor-␣; FAK, focal adhesion kinase; HDAC1, histone deacetylase 1; HSP 27, heat shock protein 27; IGF, insulin like growth factor; MAPKs, mitogen-activated
protein kinases; MDR1, multidrug resistance protein 1; MMP, matrix metalloproteinase; MRP1, multidrug resistance-associated protein 1; NQO1, NAD(P)H dehydrogenase
[quinone] 1; Nrf2, nuclear factor erythroid 2 p-45 (NF-E2) related factor; p21, cyclin-dependent kinase inhibitor 1; p53, tumor protein p53/cellular tumor antigen p53,
phosphoprotein p53/tumor suppressor p53; p70S6 K, serine/threonine kinase; PARP, poly (ADP-ribose) polymerase; PFK, phosphofructokinase; Pgp, P-glycoprotein; PI3K,
phosphatidylinositol-4,5-bisphosphate 3-kinase; Pro IGF II, proinsulin like growth factor-II; ROS, reactive oxygen species; Src, proto-oncogene Src; STAT3, signal transducer
and activator of transcription 3; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; VCAM 1, vascular cell adhesion protein 1; VEGF, vascular endothelial growth
factor.

sex steroid hormone binding globulin in postmenopausal women
with high body mass index [265].
9. Future directions and conclusion
The current concept of understanding breast cancer came with
DNA microarray which revealed that breast cancer is not a single
disease with different morphologic patterns, but a group of diseases with differential intrinsic gene signature. The ﬁve distinct
molecular subgroups, namely luminal A, luminal B, HER2-enriched,
basal-like and normal-like breast cancer can be distinguished on
the basis of differentially expressed genes, such as ER and ERrelated genes, proliferation-related genes, HER2, and the genes
mapping to the region of the HER2 amplicon on chromosome 17.
Indeed, a number of new advancements, including gene expression
proﬁle, mutational analysis, miRNAs, therapeutic agents targeting
ER/PR/HER2-positive breast cancer, identiﬁcation of biomarkers,
targeted therapy for combating hormonal resistance, advent of
molecular diagnostics and therapeutics, are on the horizon to bring
about a revolutionary change in the diagnosis, treatment and prognosis of breast cancer [4]. It has been observed in clinical trials that
continous exposure to E2/E1 may lead to the development of sporadic breast cancer. Cell proliferation may occur due to binding of
estrogen to nuclear and membrane-bound estrogen receptors or
by oxidative metabolism of E2/E1 to catechols and quinones which
induce oxidative DNA damage. Both may be targeted as potential pathways for preventive intervention in breast cancer [266].
Amidst these advancements natural compounds have gained much

attention for preventive and therapeutic strategies against breast
cancer.
Resveratrol is one such compound which has shown both the
chemopreventive and chemotherapeutic potential against mammary carciniogenesis. The antitumor activities of resveratrol are
mediated through a network of several cell signaling pathways
which, in turn, cause cell cycle arrest, suppression of tumor cell
proliferation, induction of apoptosis and differentiation, reduction of inﬂammation and angiogenesis, and inhibition of adhesion,
invasion, and metastasis [31,33]. It has been established that
resveratrol can behave as a phytoestrogen and has the potential to be used in hormone-dependent therapy against ER␣ and
PR subtypes of breast cancer [153]. Resveratrol can behave both
as a pro-oxidant [96] and antioxidant [97] and this differential
oxidant state was prudently used by researchers in the combat
against breast cancer. Moreover, resveratrol has elicited efﬁcacy
in stem cell therapy [196], and sensitization and potentiation of
chemotherapeutic drugs [116].
Besides the innumerable number of evidences supporting the
candidate role of resveratrol as a potent therapeutic agent there
are also some facts that might limit the universal acceptance of
resveratrol in ﬁghting out breast cancer. These include: (a) low
bioavailability, (b) no conclusive evidence from animal or human
studies, (c) no effect on spontaneous neoplasia formation [267], (d)
cellular structures involved in proliferation, such as microtubules
or nucleotide synthetic enzymes, have not yet been targeted which
many of the traditional chemotherapeutics have already targeted
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[35]. However, with advancements of science this enigma may be
solved in near future.
At present, many natural and synthetic analogs of cis- and
trans-reveratrol are being continuously tested for improvement in
the bioavailability of the compound. Recently, a lipid-based delivery system of resveratrol with self nanoemulsifying ability was
found far more effective than resveratrol in inducing cytotoxicity against MCF-7 cells [268]. Resveratrol has exhibited efﬁcacy
in partial maintenance of cellular homeostasis by protecting cells
against oxidative injury and other cancer-causing perturbations.
The use of resveratrol along with standard chemotherapeutic
regimens was effective in preventing the development of secondary
malignancies resulting from mutagenic effects of chemotherapy
and radiotherapy [269–276,225]. Resveratrol was proposed to be
helpful in prevention of other long-term morbidities associated
with anti-cancer therapy, cardiac myocyte toxicity and subsequent
heart failure from exposure to anthracyclines, such as doxorubicin
[277]. Thus, although resveratrol is not likely to be a primary treatment for cancer, its potential role in primary cancer prevention
by reducing carcinogenesis for primary malignancies may have
a role in the prevention of secondary malignancies and/or other
toxic effects of traditional chemotherapeutic agents. As a result, it
is important to further emphasize resveratrol supplementation as
a way to prevent the development of cancer and to propose it as
a supplement which may be used in conjugation with traditional
chemotherapeutics [35].
The enormous amount of preclinical studies on resveratrol as an
anticancer agent against breast cancer (including various molecular targets involved in the cellular processes of cell proliferation,
apoptosis, EMT/metastasis, phaseI/II detoxiﬁcation system, epigenetic responses and chemosensitization toward chemotherapy)
needs more attention regarding the improvement of bioavailability (Fig. 3). The long-term epidemiological studies and controlled
clinical trials are the need of the hour which may pave the way for
resveratrol as a successful clinical agent against breast cancer in the
near future.
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[118] A. Lançon, J.J. Michaille, N. Latruffe, Effects of dietary phytophenols on the
expression of microRNAs involved in mammalian cell homeostasis, J. Sci.
Food Agric. 93 (2013) 3155–3164.
[119] N.H. Phuah, N.H. Nagoor, Regulation of microRNAs by natural agents: new
strategies in cancer therapies, Biomed. Res. Int. 804510 (2014).
[120] K. Bove, D.W. Lincoln, M.F. Tsan, Effect of resveratrol on growth of 4T1
breast cancer cells in vitro and in vivo, Biochem. Biophys. Res. Commun. 291
(2002) 1001–1005.
[121] E. Pozo-Guisado, M.J. Lorenzo-Benayas, P.M. Fernández-Salguero,
Resveratrol inhibited cell proliferation of MCF-7 cells by interfering with
ER␣ associated PI3K/AKT pathway, Int. J. Cancer 109 (2004) 167–173.
[122] S. Vyas, Y. Asmerom, D.D. de Leoı́n, Resveratrol regulates insulin-like growth
factor-II in breast cancer cells, Endocrinology 146 (2005) 4224–4233.

229

[123] S. Vyas, Y. Asmerom, D.D. de León, Insulin-like growth factor II mediates
resveratrol stimulatory effect on cathepsin D in breast cancer cells, Growth
Factors 24 (2006) 79–87.
[124] G. Lanzilli, M.P. Fuggetta, M. Tricarico, A. Cottarelli, A. Seraﬁno, R. Falchetti,
et al., Resveratrol down-regulates the growth and telomerase activity of
breast cancer cells in vitro, Int. J. Oncol. 28 (2006) 641–648.
[125] B. Ebert, A. Seidel, A. Lampen, Phytochemicals induce breast cancer
resistance protein in caco-2 cells and enhance the transport of
benzo[a]pyrene-3-sulfate, Toxicol. Sci. 96 (2007) 227–236.
[126] E. Dolﬁni, L. Roncoroni, E. Dogliotti, G. Sala, E. Erba, N. Sacchi, et al.,
Resveratrol impairs the formation of MDA-MB-231 multicellular tumor
spheroids concomitant with ceramide accumulation, Cancer Lett. 249
(2007) 143–147.
[127] J. Lubbers, S. Lewis, E. Harper, M.P. Hledin, G.A. Marquez, A.E. Johnson, et al.,
Resveratrol enhances anti-proliferative effect of VACM-1/cul5 in T47D
cancer cells, Cell Biol. Toxicol. 27 (2011) 95–105.
[128] F. de Amicis, F. Giordano, A. Vivacqua, M. Pellegrino, M.L. Panno, D.
Tramontano, et al., Resveratrol, through NF-Y/p53/Sin3/HDAC1 complex
phosphorylation, inhibits estrogen receptor alpha gene expression via
p38MAPK/CK2 signaling in human breast cancer cells, FASEB J. 10 (2011)
3695–3707.
[129] T.C. Hsieh, C. Wong, D. John Bennett, J.M. Wu, Regulation of p53 and cell
proliferation by resveratrol and its derivatives in breast cancer cells: an in
silico and biochemical approach targeting integrin ␣v␤3, Int. J. Cancer 129
(2011) 2732–2743.
[130] L.S. Gomez, P. Zancan, M.C. Marcondes, L. Ramos-Santos, J.R.
Meyer-Fernandes, M. Sola-Penna, et al., Resveratrol decreases breast cancer
cell viability and glucose metabolism by inhibiting
6-phosphofructo-1-kinase, Biochimie 95 (2013) 1336–1343.
[131] Y. Fu, H. Chang, X. Peng, Q. Bai, L. Yi, Y. Zhou, et al., Resveratrol inhibits
breast cancer stem-like cells and induces autophagy via suppressing
Wnt/␤-catenin signaling pathway, PLoS One 9 (2014) e102535.
[132] F. Scarlatti, G. Sala, G. Somenzi, P. Signorelli, N. Sacchi, R. Ghidoni,
Resveratrol induces growth inhibition and apoptosis in metastatic breast
cancer cells via de novo ceramide signaling, FASEB J. 17 (2003)
2339–2341.
[133] M.T. Laux, M. Aregullin, J.P. Berry, J.A. Flanders, E. Rodriguez, Identiﬁcation
of a p53-dependent pathway in the induction of apoptosis in human breast
cancer cells by the natural product, resveratrol, J. Altern. Complement. Med.
10 (2004) 235–239.
[134] H. Kim, P. Hall, M. Smith, M. Kirk, J.K. Prasain, S. Barnes, et al.,
Chemoprevention by grape seed extract and genistein in
carcinogen-induced mammary cancer in rats is diet dependent, J. Nutr. 134
(2004) 3445S–3452S.
[135] E. Pozo-Guisado, J.M. Merino, S. Mulero-Navarro, M.J. Lorenzo-Benayas, F.
Centeno, A. Alvarez-Barrientos, et al., Resveratrol-induced apoptosis in
MCF-7 human breast cancer cells involves a caspase-independent
mechanism with downregulation of Bcl-2 and NF-B, Int. J. Cancer 115
(2005) 74–84.
[136] A. Kotha, M. Sekharam, L. Cilenti, K. Siddiquee, A. Khaled, A.S. Zervos,
Resveratrol inhibits Src and Stat3 signaling and induces the apoptosis of
malignant cells containing activated Stat3 protein, Mol. Cancer Ther. 5
(2006) 621–629.
[137] S. Garvin, K. Ollinger, C. Dabrosin, Resveratrol induces apoptosis and inhibits
angiogenesis in human breast cancer xenografts in vivo, Cancer Lett. 231
(2006) 113–122.
[138] Y. Li, J. Liu, X. Liu, K. Xing, Y. Wang, F. Li, et al., Resveratrol-induced cell
inhibition of growth and apoptosis in MCF7 human breast cancer cells are
associated with modulation of phosphorylated Akt and caspase-9, Appl.
Biochem. Biotechnol. 135 (2006) 181–192.
[139] H.Y. Lin, L. Lansing, J.M. Merillon, F.B. Davis, H.Y. Tang, A. Shih, et al., Integrin
alphaVbeta contains a receptor site for resveratrol, FASEB J. 20 (2006)
1742–1744.
[140] H.Y. Tang, A. Shih, H.J. Cao, F.B. Davis, P.J. Davis, H.Y. Lin,
Resveratrol-induced cyclooxygenase-2 facilitates p53-dependent apoptosis
in human breast cancer cells, Mol. Cancer Ther. 5 (2006) 2034–2042.
[141] D. Sareen, S.R. Darjatmoko, D.M. Albert, A.S. Polans, Mitochondria, calcium,
and calpain are key mediators of resveratrol-induced apoptosis in breast
cancer, Mol. Pharmacol. 72 (2007) 1466–1475.
[142] S.K. Singh, D. Moretta, F. Almaguel, N.R. Wall, M. de León, D. de León,
Differential effect of proIGF-II and IGF-II on resveratrol induced cell death by
regulating survivin cellular localization and mitochondrial depolarization in
breast cancer cells, Growth Factors 25 (2007) 363–372.
[143] M. Alkhalaf, Resveratrol-induced apoptosis is associated with activation of
p53 and inhibition of protein translation in T47D human breast cancer cells,
Pharmacology 80 (2007) 134–143.
[144] M. Alkhalaf, Resveratrol-induced growth inhibition in MDA-MB-231 breast
cancer cells is associated with mitogen-activated protein kinase signaling
and protein translation, Eur. J. Cancer Prev. 16 (2007) 334–341.
[145] G. Filomeni, I. Graziani, G. Rotilio, M.R. Ciriolo, Trans-resveratrol induces
apoptosis in human breast cancer cells MCF-7 by the activation of MAP
kinases pathways, Genes Nutr. 2 (2007) 295–305.
[146] S.K. Singh, D. Moretta, F. Almaguel, M. de León, D.D. de León, Precursor IGF-II
(proIGF-II) and mature IGF-II (mIGF-II) induce Bcl-2 And Bcl-X L expression
through different signaling pathways in breast cancer cells, Growth Factors
26 (2008) 92–103.

230

D. Sinha et al. / Seminars in Cancer Biology 40–41 (2016) 209–232

[147] T.H. Nguyen, F.B. Mustafa, S. Pervaiz, F.S. Ng, L.H. Lim, ERK1/2 activation is
required for resveratrol-induced apoptosis in MDA-MB-231 cells, Int. J.
Oncol. 33 (2008) 81–92.
[148] F. Scarlatti, R. Maffei, I. Beau, P. Codogno, R. Ghidoni, Role of non-canonical
beclin 1-independent autophagy in cell death induced by resveratrol in
human breast cancer cells, Cell Death Differ. 15 (2008) 1318–1329.
[149] T. Sakamoto, H. Horiguchi, E. Oguma, F. Kayama, Effects of diverse dietary
phytoestrogens on cell growth, cell cycle and apoptosis in
estrogen-receptor-positive breast cancer cells, J. Nutr. Biochem. 21 (2010)
856–864.
[150] Y. Shi, S. Yang, S. Troup, X. Lu, S. Callaghan, D.S. Park, et al., Resveratrol
induces apoptosis in breast cancer cells by E2F1-mediated up-regulation of
ASPP1, Oncol. Rep. 25 (2011) 1713–1719.
[151] D.C. Ferraz da Costa, F.A. Casanova, J. Quarti, M.S. Malheiros, D. Sanches, P.S.
Dos Santos, et al., Transient transfection of a wild-type p53 gene triggers
resveratrol-induced apoptosis in cancer cells, PLoS One 7 (2012) e48746.
[152] K.G. Lim, A.I. Gray, S. Pyne, N.J. Pyne, Resveratrol dimers are novel
sphingosine kinase 1 inhibitors and affect sphingosine kinase 1 expression
and cancer cell growth and survival, Br. J. Pharmacol. 166 (2012) 1605–1616.
[153] H. Mehdawi, M. Alkhalaf, I. Khan, Role of Na+/H+ exchanger in
resveratrol-induced growth inhibition of human breast cancer cells, Med.
Oncol. 29 (2012) 25–32.
[154] M.A. Khan, H.C. Chen, X.X. Wan, M. Tania, A.H. Xu, F.Z. Chen, et al.,
Regulatory effects of resveratrol on antioxidant enzymes: a mechanism of
growth inhibition and apoptosis induction in cancer cells, Mol. Cells 35
(2013) 219–225.
[155] S. Aravindan, M. Natarajan, T.S. Herman, V. Awasthi, N. Aravindan, Molecular
basis of hypoxic breast cancer cell radio sensitization: phytochemicals
converge on radiation induced Rel signalling, Radiat. Oncol. 8 (2013) 4.
[156] F.P. Chen, M.H. Chien, Phytoestrogens induce apoptosis through a
mitochondria/caspase pathway in human breast cancer cells, Climacteric 17
(2014) 385–392.
[157] P. Mohapatra, S.R. Satpathy, D. Das, S. Siddhath, T. Choudhuri, C.N. Kundu,
Resveratrol mediated cell death in cigarette smoke transformed breast
epithelial cells is through induction of p21Waf/Cip1 and inhibition of long
patch base excision repair pathway, Toxicol. Appl. Pharmacol. 275 (2014)
221–231.
[158] A.A. Sprouse, B.S. Herbert, Resveratrol augments paclitaxel treatment in
MDA-MB-231 and paclitaxel-resistant MDA-MB-231 breast cancer cells,
Anticancer Res. 34 (2014) 5363–5374.
[159] N.G. Azios, S.F. Dharmawardhane, Resveratrol and estradiol exert disparate
effects on cell migration, cell surface actin structures, and focal adhesion
assembly in MDA-MB-231 human breast cancer cells, Neoplasia 7 (2005)
128–140.
[160] C.M. Rodrigue, F. Porteu, N. Navarro, E. Bruyneel, M. Bracke, P.H. Romeo,
et al., The cancer chemopreventive agent resveratrol induces tensin, a
cell-matrix adhesion protein with signaling and antitumor activities,
Oncogene 24 (2005) 3274–3284.
[161] N.G. Azios, L. Krishnamoorthy, M. Harris, L.A. Cubano, M. Cammer, S.F.
Dharmawardhane, Estrogen and resveratrol regulate Rac and Cdc42
signaling to the actin cytoskeleton of metastatic breast cancer cells,
Neoplasia 9 (2007) 147–158.
[162] F.Y. Tang, Y.C. Su, N.C. Chen, H.S. Hsieh, K.S. Chen, Resveratrol inhibits
migration and invasion of human breast-cancer cells, Mol. Nutr. Food Res.
52 (2008) 683–691.
[163] F.Y. Tang, E.P. Chiang, Y.C. Sun, Resveratrol inhibits
heregulin-beta1-mediated matrix metalloproteinase-9 expression and cell
invasion in human breast cancer cells, J. Nutr. Biochem. 19 (2008) 287–294.
[164] M.F. Lee, M.H. Pan, Y.S. Chiou, A.C. Cheng, H. Huang, Resveratrol modulates
MED28 (Magicin/EG-1) expression and inhibits epidermal growth factor
(EGF)-induced migration in MDA-MB-231 human breast cancer cells, J.
Agric. Food Chem. 59 (2011) 11853–11861.
[165] H.S. Lee, A.W. Ha, W.K. Kim, Effect of resveratrol on the metastasis of 4T1
mouse breast cancercells in vitro and in vivo, Nutr. Res. Pract. 6 (2012)
294–300.
[166] D. Vergara, C.M. Valente, A. Tintelli, C. Siciliano, V. Lorusso, R. Acierno, et al.,
Resveratrol inhibits the epidermal growth factor induced epithelial
mesenchymal transition in MCF-7 cells, Cancer Lett. 310 (2011) 1–8.
[167] X.P. Shi, S. Miao, Y. Wu, W. Zhang, X.F. Zhang, H.Z. Ma, et al., Resveratrol
sensitizes tamoxifen in antiestrogen-resistant breast cancer cells with
epithelial-mesenchymal transition features, Int. J. Mol. Sci. 14 (2013)
15655–15668.
[168] Y. Bader, N. Getoff, Effects of resveratrol and mixtures of resveratrol and
mitomycin C on cancer cells under irradiation, Anticancer Res. 26 (2006)
4403–4408.
[169] M. Zahid, N.W. Gaikwad, M.F. Ali, F. Lu, M. Saeed, L. Yang, et al., Prevention of
estrogen-DNA adduct formation in MCF-10F cells by resveratrol, Free Radic.
Biol. Med. 45 (2008) 136–145.
[170] F. Lu, M. Zahid, C. Wang, M. Saeed, E.L. Cavaleiri, E.G. Rogan, Resveratrol
prevents estrogen dependent-DNA adduct formation and neoplastic
transformation in MCF-10F cells, Cancer Prev. Res. 1 (2008) 135–145.
[171] S.R. Beedanagari, I. Bebenek, P. Bui, O. Hankinson, Resveratrol inhibits
dioxininduced expression of human CYP1A1 and CYP1B1 by inhibiting
recruitment of the aryl hydrocarbon receptor complex and polymerase II to
the regulatory regions of the corresponding genes, Toxicol. Sci. 110 (2009)
61–67.

[172] G.H. Perdew, B.D. Hollingshead, B.C. Dinatale, J.L. Morales, M.P. Labrecque,
M.K. Takhar, et al., Estrogen receptor expression is required for low-dose
resveratrol-mediated repression of aryl hydrocarbon receptor activity, J.
Pharmacol. Exp. Ther. 335 (2010) 273–283.
[173] L. Macpherson, J. Matthews, Inhibition of aryl hydrocarbon
receptor-dependent transcription by resveratrol or kaempferol is
independent of estrogen receptor ␣ expression in human breast cancer
cells, Cancer Lett. 299 (2010) 119–129.
[174] B. Hinrichs, M. Zahid, M. Saeed, M.F. Ali, E.L. Cavalieri, E.G. Rogan, Formation
of diethylstilbestrol-DNA adducts in human breast epithelial cells and
inhibition by resveratrol, J. Steroid Biochem. Mol. Biol. 127 (2011) 276–281.
[175] H.J. Kang, Y.B. Hong, H.J. Kim, A. Wang, I. Bae, Bioactive food components
prevent carcinogenic stress via Nrf2 activation in BRCA1 deﬁcient breast
epithelial cells, Toxicol. Lett. 209 (2012) 154–160.
[176] I. Leon-Galicia, J. Diaz-Chavez, E. Garcia-Villa, L. Uribe-Figueroa, A.
Hidalgo-Miranda, L.A. Herrera, et al., Resveratrol induces downregulation of
DNA repair genes in MCF-7 human breast cancer cells, Eur. J. Cancer Prev. 22
(2013) 11–20.
[177] A. Chatterjee, A. Ronghe, B. Singh, N.K. Bhat, J. Chen, H.K. Bhat, Natural
antioxidants exhibit chemopreventive characteristics through the
regulation of CNC b-Zip transcription factors in estrogen-induced breast
carcinogenesis, J. Biochem. Mol. Toxicol. 28 (2014) 529–538.
[178] A.J. Papoutsis, S.D. Lamore, G.T. Wondrak, O.I. Selmin, D.F. Romagnolo,
Resveratrol prevents epigenetic silencing of BRCA-1 by the aromatic
hydrocarbon receptor in human breast cancer cells, J. Nutr. 140 (2010)
1607–1614.
[179] A.J. Papoutsis, J.L. Borg, O.I. Selmin, D.F. Romagnolo, BRCA-1 promoter
hypermethylation and silencing induced by the aromatic hydrocarbon
receptor-ligand TCDD are prevented by resveratrol in MCF-7 cells, J. Nutr.
Biochem. 23 (2012) 1324–1332.
[180] B. Stefanska, H. Karlic, F. Varga, K. Fabianowska-Majewska, A. Hasiberger,
Epigenetic mechanisms in anti-cancer actions of bioactive food
components—the implications in cancerprevention, Br. J. Pharmacol. 167
(2012) 279–297.
[181] S. Mirza, G. Sharma, R. Parshad, S.D. Gupta, P. Pandya, R. Ralhan, Expression
of DNA methyl transferases in breast cancer patients and to analyze the
effect of natural compounds on DNA methyltransferases and associated
proteins, J. Breast Cancer 16 (2013) 23–31.
[182] A.M. Osman, H.M. Bayoumi, S.E. A.I-Harthi, Z.A. Damanhouri, M.F. Elshal,
Modulation of doxorubicin cytotoxicity by resveratrol in a human breast
cancer cell line, Cancer Cell Int. 12 (2012) 47.
[183] J. Díaz-Chávez, M.A. Fonseca-Sánchez, E. Arechaga-Ocampo, A. Flores-Pérez,
Y. Palacios-Rodríguez, G. Domínguez-Gómez, et al., Proteomic proﬁling
reveals that resveratrol inhibits HSP27 expression and sensitizes breast
cancer cells to doxorubicin therapy, PLoS One 8 (2013) e64378.
[184] F. Huang, X.N. Wu, J. Chen, W.X. Wang, Z.F. Lu, Resveratrol reverses
multidrug resistance in human breast cancer doxorubicin-resistant cells,
Exp. Ther. Med. 7 (2014) 1611–1616.
[185] T.H. Kim, Y.J. Shin, A.J. Won, B.M. Lee, W.S. Choi, J.H. Jung, et al., Resveratrol
enhances chemosensitivity of doxorubicin in multidrug resistant human
breast cancer cells via increased cellular inﬂux of doxorubicin, Biochim.
Biophys. Acta 1840 (2014) 615–625.
[186] M. Sachdeva, Q. Liu, J. Cao, Z. Lu, Y. Mo, Negative regulation of miR-145 by
C/EBP-␤ through the Akt pathway in cancer cells, Nucleic Acids Res. 40
(2012) 6683–6692.
[187] A. Vislovukh, G. Kratassiouk, E. Porto, N. Gralievska, C. Beldiman, G. Pinna,
et al., Proto-oncogenicisoform A2 of eukaryotic translation elongation factor
eEF1 is a target of miR-663 and miR-744, Br. J. Cancer 108 (2013)
2304–2311.
[188] K. Hagiwara, N. Kosaka, Y. Yoshioka, R. Takahashi, F. Takeshita, T. Ochiya,
Stilbene derivatives promote Ago2-dependent tumour-suppressive
microRNA activity, Sci. Rep. 2 (2012) 314.
[189] S. Banerjee, C. Bueso-Ramos, B.B. Aggarwal, Suppression of
7,12-dimethylbenz(a)anthracene-induced mammary carcinogenesis in rats
by resveratrol:role of nuclear factor-B, cyclooxygenase 2, and matrix
mettaloproteinase 9, Cancer Res. 62 (2002) 4945–4954.
[190] M. Sato, R.J. Pei, T. Yuri, N. Danbara, Y. Nakane, A. Tsubura, Prepubertal
resveratrol exposure accelerates N-methyl-N-nitrosourea induced
mammary carcinoma in female Sprague-Dawley rats, Cancer Lett. 202
(2003) 137–145.
[191] T. Whitsett, M. Carpenter, C.A. Lamartiniere, Resveratrol, but not EGCG, in
the diet suppresses DMBA-induced mammary cancer in rats, J. Carcinog. 5
(2006) 15.
[192] M. Chatterjee, S. Das, M. Janarthan, H.K. Ramachandran, M. Chatterjee, Role
of 5-lipoxygenase in resveratrol mediated suppression of
7,12-dimethylbenz(␣)anthracene-induced mammary carcinogenesis in rats,
Eur. J. Pharmacol. 668 (2011) 99–106.
[193] A.J. Papoutsis, O.I. Selmin, J.L. Borg, D.F. Romagnolo, Gestational exposure to
the AhR agonist 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin induces BRCA-1
promoter hypermethylation and reduces BRCA-1 expression in mammary
tissue of rat offspring: preventive effects of resveratrol, Mol. Carcinog. 54
(2013) 261–269.
[194] B. Singh, R. Shoulson, A. Chatterjee, A. Ronghe, N.K. Bhat, D.C. Dim, et al.,
Resveratrol inhibits estrogen-induced breast carcinogenesis through
induction of NRF2-mediated protective pathways, Carcinogenesis 35 (2014)
1872–1880.

D. Sinha et al. / Seminars in Cancer Biology 40–41 (2016) 209–232
[195] W. Qin, K. Zhang, K. Clarke, T. Weiland, E.R. Sauter, Methylation and miRNA
effects of resveratrol on mammary tumors versus normal tissue, Nutr.
Cancer 66 (2014) 270–277.
[196] P.R. Pandey, H. Okuda, M. Watabe, S.K. Pai, W. Liu, A. Kobayashi, et al.,
Resveratrol suppresses growth of cancer stem-like cells by inhibiting fatty
acid synthase, Breast Cancer Res. Treat. 130 (2011) 387–398.
[197] P.R. Pandey, F. Xing, S. Sharma, M. Watabe, S.K. Pai, M. Iiizumi-Gairani, et al.,
Elevated lipogenesis in epithelial stem-like cell confers survival advantage
in ductal carcinoma in situ of breast cancer, Oncogene 32 (2013) 5111–5122.
[198] L. Castillo-Pichardo, L.A. Cubano, S. Dharmawardhane, Dietary grape
polyphenol resveratrol increases mammary tumor growth and metastasis in
immunocompromised mice, BMC Complement. Altern. Med. 13 (2013) 6.
[199] M. Provinciali, F. Re, A. Donnini, F. Orlando, B. Bartozzi, G. Di Stasio, et al.,
Effect of resveratrol on the development of spontaneous mammary tumors
in HER-2/neu transgenic mice, Int. J. Cancer 115 (2005) 36–45.
[200] S.A. Zander, A. Kersbergen, W. Sol, M. Gonggrijp, K. van de Wetering, J.
Jonkers, et al., Lack of ABCG2 shortens latency of BRCA1-deﬁcient mammary
tumors and this is not affected by genistein or resveratrol, Cancer Prev. Res.
5 (2012) 1053–1060.
[201] C.K. Singh, J. George, N. Ahmad, Resveratrol based combinatorial strategies
for cancer management, Ann. N. Y. Acad. Sci. 1290 (2013) 113–121.
[202] A.P. Niﬂi, M. Kampa, V.I. Alexaki, G. Notas, E. Castanas, Polyphenol
interaction with the T47D human breast cancer cell line, J. Dairy Res. 72
(2005) 44–50.
[203] A. Schlachterman, F. Valle, K.M. Wall, N.G. Azios, L. Castillo, L. Morell, et al.,
Combined resveratrol, quercetin, and catechin treatment reduces breast
tumor growth in a nude mouse model, Transl. Oncol. 1 (2008) 19–27.
[204] T.C. Hsieh, J.M. Wu, Suppression of cell proliferation and gene expression by
combinatorial synergy of EGCG, resveratrol and gamma-tocotrienol in
estrogen receptor-positive MCF-7 breast cancer cells, Int. J. Oncol. 33 (2008)
851–859.
[205] L. Castillo-Pichardo, M.M. Matrínez-Montemayor, J.E. Matrínez, K.M. Wall,
L.A. Cubano, S. Dharmawardhane, Inhibition of mammary tumor growth and
metastases to bone and liver by dietary grape polyphenols, Clin. Exp.
Metastasis 26 (2009) 505–516.
[206] D.T. Cosan, B. Bayram, A. Soyocak, A. Basaran, H.V. Gunes, I. Degirmenci,
et al., Role of phenolic compounds in nitric oxide synthase activity in colon
and breast adenocarcinoma, Cancer Biother. Radiopharm. 25 (2010)
577–580.
[207] D.T. Cosan, A. Soyocak, A. Basaran, I. Degirmenci, H.V. Gunes, F.M. Sahin,
Effects of various agents on DNA fragmentation and telomerase enzyme
activities in adenocarcinoma cell lines, Mol. Biol. Rep. 38 (2011) 2463–2469.
[208] L. Castillo-Pichardo, S.F. Dharmawardhane, Grape polyphenols inhibit
Akt/mammalian target of rapamycin signaling and potentiate the effects of
geﬁtinib in breast cancer, Nutr. Cancer 64 (2012) 1058–1069.
[209] A. Catania, E. Barrajón-Catalán, S. Nicolosi, F. Cicirata, V. Micol,
Immunoliposome encapsulation increases cytotoxic activity and selectivity
of curcumin and resveratrol against HER2 overexpressing human breast
cancer cells, Breast Cancer Res. Treat. 141 (2013) 55–65.
[210] J. Wesierska-Gadek, M.P. Kramer, M. Maurer, Resveratrol modulates
roscovitine-mediated cell cycle arrest of human MCF-7 breast cancer cells,
Food Chem. Toxicol. 46 (2008) 1327–1333.
[211] N. Singh, M. Nigam, V. Ranjan, R. Sharma, A.K. Balapure, S.K. Rath, Caspase
mediated enhanced apoptotic action of cyclophosphamide- and
resveratrol-treated MCF-7 cells, J. Pharmacol. Sci. 109 (2009) 473–485.
[212] M. Fukui, N. Yamabe, B.T. Zhu, Resveratrol attenuates the anticancer efﬁcacy
of paclitaxel in human breast cancer cells in vitro and in vivo, Eur. J. Cancer
46 (2010) 1882–1891.
[213] N. Singh, M. Nigam, V. Ranjan, D. Zaidi, V.K. Garg, S. Sharma, et al.,
Resveratrol as an adjunct therapy in cyclophosphamide-treated MCF-7 cells
and breast tumor explants, Cancer Sci. 102 (2011) 1059–1067.
[214] M. Zahid, M. Saeed, C. Beseler, E.G. Rogan, E.L. Cavalieri, Resveratrol and
N-acetylcysteine block the cancer-initiating step in MCF-10F cells, Free
Radic. Biol. Med. 50 (2011) 78–85.
[215] X. He, Y. Wang, J. Zhu, M. Orloff, C. Eng, Resveratrol enhances the anti-tumor
activity of the mTOR inhibitor rapamycin in multiple breast cancer cell lines
mainly by suppressing rapamycin-induced AKT signaling, Cancer Lett. 301
(2011) 168–176.
[216] F. Casanova, J. Quarti, D.C. da Costa, C.A. Ramos, J.L. da Silva, E. Fialho,
Resveratrol chemosensitizes breast cancer cells to melaphan by cell cycle
arrest, J. Cell. Biochem. 113 (2012) 2586–2596.
[217] S. Chottanapund, M.B. Van Duursen, P. Navasumrit, P. Hunsonti, S.
Timtavorn, M. Ruchirawat, et al., Anti-aromatase effect of resveratrol and
melatonin on hormonal positive breast cancer cells co-cultured with breast
adipose ﬁbroblasts, Toxicol. In Vitro 28 (2014)
1215–1221.
[218] A. Alayev, S.M. Berger, M.Y. Kramer, N.S. Schwartz, M.K. Holz, The
combination of rapamycin and resveratrol blocks autophagy and induces
apoptosis in breast cancer cells, J. Cell. Biochem. 116 (2014) 450–457.
[219] T.G. Whitsett Jr., C.A. Lamartiniere, Genistein and resveratrol: mammary
cancer chemoprevention and mechanisms of action in the rat, Expert Rev.
Anticancer Ther. 6 (2006) 1699–1706.
[220] T. Kisková, C. Ekmekcioglu, M. Garajová, P. Orendáš, B. Bojková, N. Bobrov,
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