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Abstract
Disturbances of extracellular matrix homeostasis are associated with a number of pathological conditions. The ability of extra-

cellular matrix to provide contextual information and hence control the individual or collective cellular behavior is increasingly

being recognized. Hence, newer therapeutic approaches targeting extracellular matrix remodeling are widely investigated. We

reviewed the current literature showing the effects of resveratrol on various aspects of extracellular matrix remodeling. This review

presents a summary of the effects of resveratrol on extracellular matrix deposition and breakdown. Mechanisms of action of

resveratrol in extracellular matrix deposition involving growth factors and their signaling pathways are discussed. Involvement of

phosphoinositol-3-kinase/Akt and mitogen-activated protein kinase pathways and role of transcription factors and sirtuins on the

effects of resveratrol on extracellular matrix homeostasis are summarized. It is evident from the literature presented in this review

that resveratrol has significant effects on both the synthesis and breakdown of extracellular matrix. The major molecular targets of

the action of resveratrol are growth factors and their signaling pathways, phosphoinositol-3-kinase/Akt and mitogen-activated

protein kinase pathways, transcription factors, and SIRT-1. The effects of resveratrol on extracellular matrix and the molecular

targets appear to be related to experimental models, experimental environment as well as the doses.
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Introduction

Extracellular matrix (ECM) is the collection of several pro-
teins and sugars that form a matrix around the cells in all
solid organs. The insoluble scaffold formed by ECM pro-
vides not only the structural support but also creates an
essential milieu to support the fundamental cellular func-
tions.1 The ability of ECM to provide contextual information
and hence control the individual or collective cellular behav-
ior is increasingly being recognized. Disturbances of ECM
remodeling are known to be associated with a number of
pathological conditions such as cancer and fibrotic diseases.
Accordingly, newer therapeutic approaches targeting ECM
remodeling are increasingly being investigated. Resveratrol,
a polyphenol from grapes and berries, has undergone exten-
sive investigations for its benefits in a wide range of dis-
eases. This review presents a summary of literature to
understand the effects of resveratrol on various aspects of
ECM remodeling and to assess if resveratrol could be a
potential candidate for the treatment of diseases involving
disruption of ECM homeostasis. The literature search for
this review was made using Pubmed search engine. A

total of 90 papers were included and the abstracts as well
as full text papers of all included studies were appraised.

Extracellular matrix: composition,
function, and remodeling

ECM consists of a complex network of elastic fibers, colla-
gens, and non-collagenous glycoproteins. Among all, colla-
gens are most abundant; however, individual ECM
components are differentially expressed in different tissues.
For example, major arteries, cartilages, tendons and liga-
ments consist of ECM rich in chondroitin sulfate which
gives them the required tensile strength. ECM also consists
of basement membranes (BM) made up of laminins, entac-
tin, collagen IV, and heparan sulfate that provide an anchor-
ing surface for epithelial cells. The composition and
concentration of ECM components determine its biochem-
ical properties and is tissue specific.2 BM in ECM regulate
the apicobasal orientation of cells. Alterations in the com-
position of BM lead to loss of cell polarity, which in turn can
promote cell proliferation and tumorigenesis.3 A precise
spatial organization of molecular network confers such
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biophysical properties to ECM that allow it to integrate
complex signals and provide an ‘‘outside-in’’ cellular sig-
naling to enable cells to detect biomechanical and biochem-
ical changes in tissue and respond accordingly.1,4 ECM
signaling regulates cell behavior by modulating cell prolif-
eration, cytoskeletal organization, cellular differentiation,
and receptor signaling.5,6 ECM also acts as a local depot
and sequesters several cytokines and growth factors.7

ECM remodeling is a continuous dynamic process that
involves a precise balance of the rate of matrix synthesis,
secretion and modification with the rate of its degradation.
Enzymes such as hyaluronidases, matriptases, cathepsins,
heparanase, metzincins, and serine and threonine proteases
are involved in ECM degradation.8 Metzincins superfamily
includes ADAMs (disintegrin and metalloproteinases),
ADAMTSs (ADAMs with thrombospondin motifs), matrix
metalloproteases (MMPs), and the tissue inhibitors of
MMPs (TIMPs).9

Resveratrol

Resveratrol (3,5,40-trihydroxystilbene) is a phytoalexin
with a stilbenoid core and is present abundantly in
grapes, berries, and peanuts. It exists as two isomers; cis
and trans, and between the two, trans-resveratrol is bio-
logically more active. Clinical trials have demonstrated its
safety and efficacy in several diseases including hyperten-
sion, cardiovascular diseases, colorectal cancer, and
Alzheimer disease.10–13 An extensive review on the proper-
ties of resveratrol in animals and human has recently
been published.14 The potential therapeutic benefits of
resveratrol in many of these pathological conditions may
at least partially be attributed to its effects on ECM
remodeling.

Resveratrol and ECM deposition

Shen et al. showed that resveratrol enhances ECM produc-
tion by degenerative nucleus pulposus cells (DNPCs) and
Yaman et al. showed that it increases the hydroxyproline
levels, collagen deposition, and neovascularization in rats
after laparotomy.15 Resveratrol was shown to prevent loss
of matrix proteoglycan content in cartilage of rabbits with
experimental osteoarthritis.16 Studies, however, have also
shown that it inhibits ECM synthesis.17 In one of the stu-
dies, it prevented the advanced glycation end product
(AGE)-induced prolyl hydroxylase increase, a marker for
collagen synthesis, in vascular smooth muscle cells from
stroke-prone spontaneously hypertensive rats in a dose-
dependent manner.18 In fructose-induced rat model of
metabolic syndrome, cardiac fibrosis (collagen I accumula-
tion) is associated with expression of osteopontin, a factor
induced by reactive oxygen species (ROS) and a collagen I
expression inducer. Administration of resveratrol 2.1 mg/
kg to these rats prevented expression of both the collagen I
and osteopontin.19 In streptozotocin-induced diabetic rats,
resveratrol alleviates vascular wall thickening, collagen
deposition/cross-linking, and vascular permeability.20

Resveratrol (2.5 mg/kg) was also shown to alleviate cardiac
fibrosis and functional abnormalities in spontaneously

hypertensive rats.21 Similar antifibrotic effects of resveratrol
have been observed in liver,22,23 GIT,24–27 urinary tract,28

lungs,29,30 pancreatic stellate cells (PSCs)31 and skin.32

Resveratrol and ECM degradation

Among several ECM degrading enzymes, MMPs, a zinc-
dependent endopeptidase family, have been investigated
most widely. MMPs are at least of 26 types and are classified
on the basis of their specificity for different substrates. In
recent years, MMPs have been shown to play an important
role particularly in cancer metastasis. Additionally, condi-
tions such as chronic inflammation, arthritis, and wrinkle
formation are also characterized by excessive ECM break-
down. Hence, reduction in MMPs seems an important
therapeutic option in these pathological conditions. On
the other hand, increased MMPs would be beneficial in
pathological conditions with increased fibrotic changes.
While resveratrol largely inhibits ECM deposition, it has
variable effects on MMPs. In fact, collective results from
several studies indicate dual effects of resveratrol on
MMP secretion. Some studies have shown that it reduces
MMPs while others have shown that it induces MMPs both
at protein and mRNA level. The effects appear rather dose-
and context-dependent.

Studies, particularly those using cancer cell lines, have
shown that resveratrol inhibits MMP secretion. Human cul-
tured glioblastoma cells showed a dose-related decrease of
MMP-2 mRNA and protein and lower Secreted Protein
Acidic and Rich in Cysteine (SPARC) gene and protein
expression 72 h after resveratrol (1 and 50 mM) treatment.33

SPARC is a glycoprotein that has counter-adhesive proper-
ties.34 It also takes part in proteolytic pathways by increas-
ing the expression of collagenase and MMP-9, and
activating MMP-2.35 Similar observations have been made
in breast cancer cells,36 glioblastoma-initiating cells,37

human fibrosarcoma cells38 and human lung adenocarcin-
oma cells.39 Treatment of human brain microvascular endo-
thelial cells (HBMEC) and HepG2 cells with resveratrol
after incubation with phorbol ester PMA, a known cancer
promoting agent, also resulted in dose-dependent decrease
in MMP-9 activity and increase in TIMP-1 protein.40,41 In
contrast, resveratrol caused a dose-dependent increased
activation and expression of MMP-9 in HT1080 human
fibrosarcoma cells.42

Besides tumorigenesis and metastatic progression of
cancer, MMPs also play a role in ECM remodeling in
response to inflammation. Treatment of U937 cell line, a
human promonocytic cell line, with PMA (10 pmol/L –
0.1mmol/L) induces cell differentiation and increased
MMP-9 production that mimics inflammatory conditions.
However, co-treatment with resveratrol causes a dose-
dependent decrease in PMA-induced MMP-9 production.43

Release and activation of MMP-2 and �9 from activated
endothelial cells in response to tumor necrosis factor
(TNF)-a and monocyte chemoattractant protein (MCP)-1
is also inhibited by resveratrol (25mM).44 Macrophages pre-
treated with resveratrol (30 mM) and stimulated with pro-
inflammatory 7-oxo-cholesterol also showed significant
prevention of the upregulation of MMP-2 and MMP-9.45
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The neurological damage caused by ischemia-reperfu-
sion injury is also known to involve increased MMP activity.
Resveratrol inhibits MMP-9 and �3 expression induced by
middle cerebral artery occlusion in mice or by transient
oxygen-glucose deprivation in primary cortical neu-
rons.46,47 Recently, studies have shown that resveratrol pro-
vides neuroprotection against ischemia by restoring the
balance of MMP-9/TIMP-1 expressions and activities,
hence maintaining the integrity of blood-brain barrier.48

However, in the delayed phase of focal neurological
injury, resveratrol seems to cause upregulation of MMP-2
and VEGF, both of which are important in remodeling the
ECM components and new vessel formation.49 Suppression
of MMP-2 and MMP-9 was also demonstrated in rats with
ethinylestradiol-induced intrahepatic cholestasis of preg-
nancy50 and in the retina of rats with high intraocular pres-
sure-induced retinal ischemia.51

In contrast to its effects on MMPs in tumour cells or in
response to inflammation and ischemia, other studies have
shown that resveratrol increases MMP secretion.52 In one of
our recent studies, topical application of resveratrol in rats
pretreated with dexamethasone resulted in increased
MMP-2 levels in the aqueous humor of rat eyes. Steroid
instillation is known to increase the ECM deposition in
the trabecular meshwork resulting in reduced aqueous
humor drainage and consequently elevated intraocular
pressure (IOP).53 Increased MMP-2 secretion in response
to treatment with resveratrol was associated with reduced
ECM deposition and reduced IOP.54 Moreover, in another
study, TIMP-1 mRNA expression was found to be reduced
in mice with bile duct ligation injury after treatment with
resveratrol (4 mg/kg/day) for seven days.27

Mechanisms of inhibition of
ECM deposition by resveratrol
Resveratrol inhibits growth factors

Resveratrol downregulates growth factors, and in one of the
studies, connective tissue growth factor was shown to be
downregulated by an oral dose of 17 mg/kg/day in rats 12
weeks after experimentally induced myocardial infarc-
tion.55 The effects of resveratrol on transforming growth
factor (TGF)-b have more widely been investigated. In epi-
thelial malignant human tumors and experimental tumors
such as squamous cell carcinoma (SCC), TGF-b is overex-
pressed. Its overexpression promotes epithelial-mesenchy-
mal transition (EMT), progression of tumor and its
metastasis.56 Human SCCs and p53þ/�/SKH-1 mice
with UVB-induced SCCs also overexpress TGF-b1 and
TGF-b2. Treatment with resveratrol, 100 mg/kg, was
shown to substantially decrease TGF-b2 expression in a
time- and concentration-dependent manner, whereas the
effect on TGF-b1 expression was substantially less.57

Using several cell lines such as A549 (lung cancer cell
line), ZR75-1 (breast cancer cell line), HaCaT (keratinocyte
cell line), HeLa (uterus cancer cell line) and PANC-1 (pan-
creatic cancer cell line), Suenaga et al. studied the effects of
resveratrol on TGF-b2 promoter-luciferase reporter con-
struct that incorporated human TGF-b2 gene promoter
regions.58 In contrast to the results of the study by Kim

et al.,57 A549 human lung epithelial cells showed a signifi-
cant increase in the reporter activity in response to treat-
ment with 3 and 10 mM of resveratrol with an increase in the
amounts of total TGF-b2. However, TGF-b1 and -b3 pro-
teins did not show any change. Additionally, it was
observed that tamoxifen, an estrogen receptor antagonist,
abolished this effect of resveratrol, hence indicating that in
A549 cells, resveratrol induced the formation of TGF-b2
protein through estrogen receptors. This study also demon-
strated that resveratrol initially up-regulates TGF-b2
expression and then the endogenously produced TGF-b2
acts on A549 cells in an autocrine manner.58 Lu and
Serrero have also reported earlier that MCF-7, an estrogen
receptor-positive human breast cancer cell line, shows
increased expression of TGF-b2 mRNA after treatment
with >5mM resveratrol.59 The differential effects of resver-
atrol on TGF-b2 could perhaps be attributed to the differ-
ences in the concentration of resveratrol and also the type of
cells used.

A number of other studies have shown that resveratrol
also significantly affects TGF-b1. In rats with unilateral uret-
eral obstruction, resveratrol was shown to reduce TGF-b1
expression. In the same study, TGF-b1-induced EMT and
ECM synthesis by cultured renal tubular epithelial cells
(NRK-52 E), was found to be abolished after treatment
with resveratrol.28 TGF-b1-induced EMT and expression
of vimentin and fibronectin was suppressed by resveratrol
(20mM) in A549 lung cancer cells in vitro.60 Similar observa-
tions were made on animals models of hepatic fibrosis,22,23

enterocolitis,25 allergic airways disease30 and in MCF-7/TR
cells.61

TGF-b is also a potent inducer of the differentiation of
fibroblasts to myofibroblasts, which are an important
source of ECM proteins.62 Hence, inhibition of fibroblast
differentiation is considered a useful strategy to combat
fibrosis. In one of the studies, pretreatment with resveratrol
prevented TGF-b-induced differentiation of cardiac fibro-
blasts into myofibloblasts. Besides TGF-b, angiotensin II
also stimulates fibroblast differentiation via angiotensin II
type 1 (AT1) receptors. The above study also demonstrated
inhibitory effect of resveratrol on angiotensin II-induced
differentiation of cardiac fibroblasts.63

Resveratrol-induced suppression of growth
factors involves Smad-dependent and
Smad-independent pathways

TGF-b-induced changes in cellular functions are mediated
through Smad-dependent as well as Smad independent
intracellular pathways.64 Resveratrol causes dose-depen-
dent decrease in the levels of phospho-Smad2/3 (signal
transducers that are downstream targets of TGF-b recep-
tor-I) in mice with UVB-induced SCC and completely
abolishes Smad phosphorylation at 100 mM.57 Inhibition of
Smad phosphorylation by resveratrol was also observed in
A549 human lung epithelial cell and MCF-7/TR cell
line.58,59 Besides affecting Smad-dependent pathways,
resveratrol also affects Smad-independent pathways as
indicated by the modulation of the activity of the compo-
nents of mitogen activated protein kinase (MAPK)
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pathways. Vergara et al. demonstrated that resveratrol inhi-
bits epidermal growth factor (EGF)–induced EMT by sup-
pressing extracellular regulated kinase1/2 (ERK1/2)
pathway in MCF-7 cells.65 In a recent study, resveratrol sig-
nificantly attenuated phosphorylation of p44/p42 MAPK
and SAPK/JNK in osteoblast-like MC3T3-E1 cells stimu-
lated by TGF-b; however, the phosphorylation of Smad2
and p38 MAPK remained largely unaffected.66

Collagen I synthesis in response to IGF-1 is also known to
be mediated through MAPK pathways. Not only the IGF-1-
induced but also the basal expression of collagen I gene and
protein was inhibited by resveratrol in CCD-18Co cells and
intestinal fibroblasts. This inhibitory effect of resveratrol
involved IGF-1/IGF-1receptor (R)/ERK1/2 pathway.26 It
was observed that IGF-1-stimulated phosphorylation of
IGF-1 R and ERK1/2 was remarkably inhibited after treat-
ment with resveratrol for 30 min without affecting the
expression of total IGF-1 R and ERK1/2. This suggests
that resveratrol reduces IGF-1 R activity and intracellular
ERK signaling cascade. In this study, it was also observed
that treatment of CCD-18Co cells with IGF-1 after pretreat-
ment with resveratrol for 30 min effectively downregulates
phosphorylation of IGF-1 R compared to treatment with
IGF-1 alone.26 The above data, collectively, suggest that
the repression of collagen I synthesis by resveratrol can be
attributed to inhibition of IGF-1 R/ERK1/2 signaling.

Mitogenic effect of angiotensin II on cardiac fibroblasts
and vascular smooth muscle cells (VSMC) also involves
ERK activation; however, transactivation of EGF receptor
(EGFR) is an essential intervening step. Resveratrol was
shown to inhibit ERK phosphorylation via AT1 as well as
EGFR in cardiac fibroblasts and VSMC. Since effects of AT1
stimulation are mediated through multiple signaling path-
ways, it is likely that resveratrol also inhibits pathways
other than MAPK. In line with this assumption, the effect
resveratrol on VSMC proliferation was also shown to
involve inhibition of phosphatidylinositide 3-kinase (PI3-
kinase)/Akt pathway.63

Similarly, Akt- cAMP response-binding protein (CREB)
signaling is involved in resveratrol-mediated TGF-b2
downregulation.57 A stable interaction with the co-activa-
tors p300 and the CREB-binding protein (CBP) is induced
by phosphorylation of CREB at serine 133 which in turn
leads to transactivation of target genes.67 Accordingly, in
A431 cells, resveratrol caused dose-dependent decrease in
the levels of both phospho-Akt (S473) and phospho-CREB
but did not affect total Akt and CREB. Since, inhibition of
CREB phosphorylation by resveratrol was only partially
antagonized by Akt overexpression, it was concluded that
Akt-dependent as well as -independent mechanisms medi-
ate inhibition of CREB phosphorylation by resveratrol.57

Resveratrol alters the expression of SIRT-1

Sirtuins (SIRT1-7) are a family of protein-modifying
enzymes that belong to class III histone deacetylases
(HDACs) and play a key role in regulating gene transcrip-
tion. SIRT1 seems to be involved in a wide range of diseases.
It deacetylates lysine groups of proteins and transcription
factors.68 Deacetylation of RelA/p65 subunit of NF-kappaB

at lysine 310 inhibits transcription.69 Li et al. verified if
repression of collagen I by resveratrol involves SIRT1.
Fibroblasts transfected with either WT SIRT1 or deacety-
lase-inactive mutant SIRT1 expression constructs were trea-
ted with IGF-1. Collagen I protein expression in response to
IGF-1 was markedly decreased in cells with WT but not in
those with inactive SIRT1. Furthermore, in CCD-18Co cells,
resveratrol-induced reduction of collagen I expression was
abolished following SIRT1depletion by siRNA (1 and 3).
These results indicate involvement of SIRT1 in the repres-
sion of collagen I expression by resveratrol.26 Resveratrol
was also shown to induce SIRT1-dependent autophagy in
primary human fibroblasts.29 Treatment of these cells with
resveratrol was found to increase the levels of autophagy
markers LC3BII and Atg5. In lung epithelial cells and fibro-
blasts, increased expression of LC3BII is associated with
SIRT1 overexpression. Importantly, resveratrol fails to
reduce ECM deposition after SIRT1 silencing. Hence, sug-
gesting that resveratrol decreases ECM deposition in a
SIRT1-dependent manner.

Contrary to the results of the studies showing SIRT-1-
dependent suppression of ECM deposition by resveratrol,
Shen et al. observed the opposite. Treatment of primary
alginate-cultured DNPCs with resveratrol 0, 12.5, 25, 50,
100, and 200 mmol/L for 12, 24, and 48 h caused upregula-
tion of the SIRT1 mRNA and protein expression, and this
was accompanied with increased ECM expression. They
also observed significantly reduced expressions of
Colla2a1 and aggrecan after silencing SIRT1 expression by
siRNA.17 Hence, it was concluded that resveratrol stimu-
lates synthesis of ECM by DNPCs in a dose-dependent and
SIRT1-dependent manner.

Therefore, it is likely that SIRT-1-dependent effects of
resveratrol on ECM deposition are affected not only by
dose and the type of cells but also by the type of stimuli
modulating ECM deposition.

Mechanisms of action of resveratrol
on ECM degrading enzymes
Resveratrol acts on adenosine receptors

Several studies have demonstrated that resveratrol acti-
vates adenosine receptors.70–72 In one of our previous stu-
dies, topical application of resveratrol to rat eyes after
pretreatment with dexamethasone resulted in reduced
IOP and the reduction in IOP was attributed to stimulation
of adenosine A1 receptors. Using computational studies, we
also observed that trans-resveratrol has highest affinity for
A2B and A1, followed by A2A and A3 adenosine receptor
subtypes.73 Adenosine receptor stimulation has been
shown to cause increased MMP secretion,74 and accord-
ingly, resveratrol-induced adenosine receptor stimulation
was shown to cause increased MMP-2 secretion.73

Resveratrol affects activation of transcription factors

Resveratrol-induced suppression of MMPs gene and pro-
tein expression has been shown to involve NF-kB signaling.
Resveratrol-induced MMP-3 inhibition in primary cortical
neurons exposed to transient oxygen-glucose deprivation

Agarwal and Agarwal Resveratrol and ECM remodeling 377
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



was shown to involve inhibition of NF-kB expression.51

Annabi et al. showed that treatment of HBMEC with 1 mM
phorbol ester PMA led to phosphorylation of inhibitory kB
(IkB) that peaked at 15 min. However, IkB phosphorylation
was diminished when PMA treatment was done after pre-
incubation with 30 mM resveratrol. Migration of NF-kB to
nucleus is preceded by its release after phosphorylation of
IkB.40 Pretreatment of macrophages with resveratrol also
prevented the upregulation of active NF-kB p50 and p65
in response to proinflammatory 7-oxo-cholesterol in macro-
phages.45 Inhibition of NF-kB by resveratrol was also
demonstrated by Jiao et al. using glioblastoma-initiating
cells. In this study, treatment with resveratrol 10 and
20 mM for 48 h inhibited the nuclear translocation of
NF-kB p65, and this effect was confirmed by immunofluor-
escence assay. Resveratrol also efficiently inhibited the
phosphorylation of IKKa/b and IkBa.37 These results indi-
cated that resveratrol inhibits NF-kB activation, which is the
upstream activator for MMP-2 expression. One of the stu-
dies using human lung adenocarcinoma cells has shown
that resveratrol-induced inhibition of NF-kB activation
involves heme oxygenase 1. Inhibition or silencing of
heme oxygenase-1 caused downregulation of MMP-2 and
MMP-9 due to inhibition of the NF-kB-dependent signaling
pathway.39 In other studies as well, resveratrol inhibited the
nuclear translocation of activating protein (AP)-1 in U937
cells43 and NF-kB in primary cortical neurons exposed to
transient oxygen-glucose deprivation.47 Pretreatment of
chondrocytes with resveratrol (25–100mM) for 24 h fol-
lowed by stimulation with AGEs (100 mM) for another 24 h
was also shown to produce dose-dependent inhibition of
DNA-binding activity of NF-kB induced by AGEs.
Degradation of IkBa was observed 2 h after treatment as it
precedes the NF-kB activation. Phosphorylation of IkBa by
IkB kinases (IKK) is required for degradation of IkBa. It was
observed that AGEs effectively induced IKKa/b phosphor-
ylation without affecting total IKK. In the presence of
resveratrol, the levels of AGEs-induced phosphorylated
IKKa/b decreased. Hence, it can be concluded that resver-
atrol inhibits NF-kB by inhibiting IKKa/b!IkBa!NF-kB
!DNA-binding activity. Along with the inhibition of NF-
kB activation, this study also demonstrated significant
inhibition of AGE-stimulated transcriptional activity of
AP-1 after treatment of chondrocytes with resveratrol.
Since NF-kB and AP-1 signaling pathways regulate
MMP-13, the level MMP-13 was also found to be signifi-
cantly reduced in this study.75 In agreement with the results
of the in vitro studies, resveratrol completely attenuated
NF-kB activity in a rat model of colonic anastomotic heal-
ing76 and normalized the expression of NF-kB/p65 in dia-
betic rats.77 In contrast to the results of above mentioned
studies, Yar et al. observed a 1.2 fold increase in
NF-kB expression in the heart tissue of resveratrol-treated
(10 mg/kg/day; intraperitoneal for four weeks)
streptozotocin-induced diabetic rats compared to untreated
rats; however, the difference was not significant.78 As it was
an in vivo study, the dose of 10 mg/kg/day may not have
provided the high enough concentration of unmetabolized
resveratrol as used for in vitro studies leading to insignifi-
cant increase in the expression of NF-kB.

Aberrant activation of STAT3 (signal transducers and
activators of transcription 3), a cytoplasmic transcription
factor, has been demonstrated in several types of cancers.
It contributes to upregulation of MMP-9 and cancer pro-
gression.79,80 RANTES-induced STAT3 activation in MDA-
MB-231 breast cancer cells was inhibited by LYR71. LYR71
caused deacetylation of H3 and H4 histones, which inhib-
ited STAT3 and p300 binding to MMP-9 promoter region
and resulted in reduced expression and activity of MMP-9
and suppressed tumor progression.36

The effects of resveratrol on NF-kB expression are of dual
nature. NF-kB expression was downregulated by 10�7 mol/L
concentration of resveratrol in human embryonic kidney
cells, but was stimulated at 10�4 mol/L.81 It remains unclear
if NF-kB activation is involved in resveratrol-induced
increase in MMP secretion. Several intracellular signaling
pathways may be involved in resveratrol-induced modula-
tion of the activity of transcription factors (Figure 1). Some of
them, particularly those involved in NF-kB activity, have
been investigated in various studies and are summarized
below.

PI-3 K/Akt signaling pathway. Jiao et al. while demonstrat-
ing that treatment of glioblastoma-initiating cells with
resveratrol 10 and 20mM for 48 h inhibits the nuclear trans-
location of NF-kB p65 and phosphorylation of IKKa/b and
IkBa, also observed that resveratrol significantly reduced the
phosphorylation of Akt and mTOR without affecting their
total level.37 The IGF-1 has also been shown to increase
MMP-2 secretion through activation of PI-3 K/Akt signaling
pathway. This IGF1-stimulated increase in MMP-2 secretion
was shown to be reduced by resveratrol due to inhibition of
PI-3 K/Akt signaling pathway in human breast cancer
cells.82 Contrary to the above finding, Gweon and Kim
showed that treatment of HT1080 human fibrosarcoma
cells with resveratrol (50mM) for 24 h causes increased
MMP-9 secretion due to inhibition of Akt phosphorylation.42

Mitogen activated protein (MAP) kinase pathway. The
MAP kinases are involved in the regulation of MMPs and
are modulated by transcription factors. Liu et al. demon-
strated that resveratrol (25–100mM), along with AP-1, inhi-
bits AGE-induced activation of both ERK and JNK but not
p38 in porcine chondrocytes. The JNK activity was sup-
pressed in a dose-dependent manner; however, resveratrol
did not affect the total amount of JNK. The results of this
study, therefore, indicate suppression of AGE-activated
JNK/ERK-AP-1 pathway as the mechanism of MMP-13
inhibition by resveratrol in porcine chondrocytes.75

Similarly, in another study that used human oral cancer
cell line, SCC-9, TPA-induced phosphorylation of ERK1/2,
and JNK were inhibited by resveratrol (25–100mM), but not
that of p38. This study also demonstrated that inhibition of
ERK1/2 and JNK by specific inhibitor inhibits MMP-9
expression, hence suggesting that resveratrol inhibits
MMP activity through MAPK pathways.83 Contrary to
this, Gweon and Kim showed that treatment of HT1080
human fibrosarcoma cells with resveratrol 50 mM results
in inhibition of p38 phosphorylation resulting in increased
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MMP-9 secretion.42 One of the in vivo studies using strepto-
zotocin-induced diabetic rats showed that resveratrol favor-
ably shifts ERK1/2 and p38 MAPK activation.84 In contrast
to all the above observations, Jiao et al. showed that treat-
ment of glioblastoma-initiating cells with resveratrol
although reduced Akt and mTOR phosphorylation, did
not affect the phosphorylation of the ERK1/2, p38, and
JNK pathways. The authors suggested that phosphoinosi-
tol-3-kinase (PI3K)/Akt but not the MAPK pathway were
involved in resveratrol-induced inhibition of NF-kB activa-
tion.37 The differential effect on two pathways observed in
this study may perhaps be related to the concentration of
resveratrol (10 and 20 mM) used in this study. Treatment of
human cerebral microvascular endothelial cell line with
resveratrol (0.1–10 mM) has been shown to cause activation
of both the PI3K/Akt and ERK pathways leading to
increased MMP-2 and MMP-9 secretion.52

Resveratrol activates SIRT1

MMPs’ expression is also modulated by SIRT1. The deace-
tylation activity of SIRT1 regulates MMPs and is affected by
several polyphenols. Intraperitoneal administration of
resveratrol (10 mg/kg/day) in rats with streptozotocin-

induced diabetes significantly activates SIRT1 gene expres-
sion in the heart tissue.78 Treatment of human fibrosarcoma
cell line with resveratrol at a concentration above 8mM
caused increased expression of SIRT1 and reduced expres-
sion of phosphoERK and MMP-9 at a concentration of
16 mM. Furthermore, treatment with resveratrol reduced
expression of p65 and c-fos in the nucleus, which was indi-
cative of the inhibition of nuclear translocation of NF-kB
and AP-1, respectively.38 PMA-induced activation of AP-1
in U937 cells has also been reported to be suppressed by
resveratrol.43 These results, therefore, suggest that resvera-
trol-induced inhibition of MMP-9 expression involves
modulation of nuclear translocation of transcription factors
such as NF-kB and AP-1, which in turn is affected by the
total contents of SIRT1 intracellularly. Annabi et al., as
described earlier, showed that preincubation of HBMEC
with 30mM resveratrol followed by a 30 min PMA led to
diminished IkB phosphorylation. In the same study, it
was observed that silencing of SIRT1 by transfecting cells
with siRNA, designed to downregulate SIRT1, abolished
the inhibitory effect of resveratrol on PMA-induced IkB
phosphorylation.40 Hence it could be concluded that
SIRT1 is indeed important in the inhibitory potential of

Figure 1 The effects of resveratrol on ECM homeostasis and its molecular targets. PI3: Phosphoinositol-3-kinase; Akt: Protein kinase B; JNK: c-Jun NH(2)-terminal

kinase; ERK1/2: Extracellular regulated kinase ½; JNK: NF-KB: Nuclear factor kappa B; AP-1: Activator protein-1; STAT-3: signal transducers and activators of

transcription 3; SIRT-1: Sirtuin-1. (A color version of this figure is available in the online journal.)
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resveratrol against PMA-mediated NF-kB signaling path-
way. However, the inhibitory effect of resveratrol on
MMP-9 persisted despite SIRT1 silencing, suggesting that
effect of resveratrol on MMP-9 is SIRT1 independent.
Resveratrol has also been shown to suppress the inflamma-
tory responses of P. gingivalis-stimulated human gingival
epithelial cells by inhibiting NF-kB signaling independent
of SIRT1.85 Lee et al. also showed that activation of SIRT1 in
the presence of resveratrol inhibits the expression of MMP-9
in human fibrosarcoma cells through the suppression of
reactive oxygen species, AP-1 and NF-kB activation by the
enhanced activity of SIRT1.38

It is important to highlight that there is also antagonistic
cross-talk between SIRT-1 and NF-kB signaling which
implies that while SIRT-1 inhibits NF-kB; NF-kB down-reg-
ulates SIRT1 activity.86 Hence, it is likely that the effects of
resveratrol are not only dose-dependent but also context-
dependent.

Resveratrol: challenges in translation
from bench to bedside

There is minefield of data from preclinical studies regarding
the biological activities of resveratrol. A Pubmed search
with the key word ‘‘resveratrol’’ gives more than 8800
results. But search for ‘‘resveratrol clinical trial’’ limits the
number of search results to 360. Understandably, there are
multiple obstacles at present that have limited the progres-
sion of resveratrol as a therapeutic agent from bench to
bedside. For instance, it remains unclear whether resvera-
trol itself or its metabolites exert the real biological effects.
Resveratrol rapidly metabolizes and its monosulfates have
been shown to possess significant biological activity.87

However, studies have also shown that monosulfates may
be converted back to resveratrol intracellularly.88 Hence, it
is likely that after cellular delivery, monosulfates are
recycled back to resveratrol, which then produces the bio-
logical effects. Development of appropriate formulations is
another obstacle currently. Development of prodrugs or car-
rier-based formulations may help in targeted delivery of
resveratrol. Development of nanoformulations of resvera-
trol has been described widely; however, their detailed
pharmacokinetic studies have not been done.89 The issue
of appropriate oral dose of resveratrol also needs to be
investigated. In healthy volunteers, 5 g of resveratrol as
single or multiple doses was found to be free of adverse
effects. However, if this is true in patients with various con-
ditions, such as cancer, remains unclear.90 Understanding of
the pharmacodynamics and precise mechanisms of action
of resveratrol in various pathologies remains extremely
complicated. It has multiple targets which seem to vary
with the type of organ system involved, type of pathology
targeted as well as the dose. It is important to determine the
precise mechanisms of action to understand the scope of
efficacy, optimum dose, duration of treatment, pharmaco-
dynamics-related adverse effects as well as the appropriate
patient population suitable to achieve therapeutic benefits
of resveratrol. Interactions of resveratrol with other drugs
and food are another area for investigations.

Conclusions

Disturbances of ECM homeostasis play a significant role in
several pathological conditions besides cancer and its meta-
static spread. Hence, it seems an appropriate approach to
design therapeutic modalities that can normalize the ECM
homeostasis. Due to significant effects of resveratrol on
ECM deposition as well as its breakdown, its potential
benefits have extensively been investigated in a wide
range of diseases. It inhibits ECM deposition by suppress-
ing the growth factors and their signaling pathways.
However, the effects have largely been studied on TGF-b.
It remains to be seen if other growth factors are also affected
by resveratrol. Moreover, it remains to be determined if
resveratrol could directly target the intracellular signaling
pathways. The effects of resveratrol on MMPs are more
variable. Some of the studies have shown that resveratrol
increases MMP secretion while others have shown that it
reduces MMP secretion. Similarly, the effects of resveratrol
on molecular pathways such as those involving NF- kB and
SIRT-1 vary from one study to the other. It is likely that
factors related to experimental models, experimental envir-
onment, and the doses, perhaps collectively, trigger the
molecular pathways in one or the other direction. Despite
encouraging results from preclinical and some clinical stu-
dies, there are several challenges in translating these results
into real clinical applications. Nevertheless, considering the
wide ranging biological effects of resveratrol and absence of
significant adverse effects even at high doses, resveratrol
remains a potential candidate for translation from bench
to bedside.
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22. Chávez E1, Reyes-Gordillo K, Segovia J, Shibayama M, Tsutsumi V,

Vergara P, Moreno MG, Muriel P. Resveratrol prevents fibrosis, NF-

kappaB activation and TGF-beta increases induced by chronic CCl4

treatment in rats. J Appl Toxicol 2008;28:35–43

23. Hong SW, Jung KH, Zheng HM, Lee HS, Suh JK, Park IS, Lee DH,

Hong SS. The protective effect of resveratrol on dimethylnitrosamine-

induced liver fibrosis in rats. Arch Pharm Res 2010;33:601–9

24. Garcia P, Schmiedlin-Ren P, Mathias JS, Tang H, Christman GM,

Zimmermann EM. Resveratrol causes cell cycle arrest, decreased col-

lagen synthesis, and apoptosis in rat intestinal smooth muscle cells. Am
J Physiol Gastrointest Liver Physiol 2012;302:G326–35

25. Rahal K, Schmiedlin-Ren P, Adler J, Dhanani M, Sultani V,

Rittershaus AC, Reingold L, Zhu J, McKenna BJ, Christman GM,

Zimmermann EM. Resveratrol has antiinflammatory and antifibrotic

effects in the peptidoglycan-polysaccharide rat model of Crohn’s dis-

ease. Inflamm Bowel Dis 2012;18:613–23

26. Li P, Liang ML, Zhu Y, Gong YY, Wang Y, Heng D, Lin L. Resveratrol

inhibits collagen I synthesis by suppressing IGF-1R activation in intes-

tinal fibroblasts. World J Gastroenterol 2014;20:4648–61

27. Chan CC, Cheng LY, Lin CL, Huang YH, Lin HC, Lee FY. The protective

role of natural phytoalexin resveratrol on inflammation, fibrosis and

regeneration in cholestatic liver injury. Mol Nutr Food Res 2011;55:1841–9

28. Bai Y, Lu H, Wu C, Liang Y, Wang S, Lin C, Chen B, Xia P. Resveratrol

inhibits epithelial-mesenchymal transition and renal fibrosis by antag-

onizing the hedgehog signaling pathway. Biochem Pharmacol

2014;92:484–93

29. Mise N, Fernandez IE, Eickelberg O. Resveratrol regulates ECM

remodeling in lung fibrosis. Eur Resp J 2014;44:3914

30. Royce SG, Dang W, Yuan G, Tran J, El Osta A, Karagiannis TC, Tang ML.

Resveratrol has protective effects against airway remodeling and

airway hyperreactivity in a murine model of allergic airways disease.

Pathobiol Aging Age Relat Dis 2011;110.3402/PBA.v1i0.7134)

31. Tsang SW, Zhang H, Lin Z, Mu H, Bian ZX. Anti-fibrotic effect of trans-

resveratrol on pancreatic stellate cells. Biomed Pharmacother 2015;71:91–7

32. Zeng G, Zhong F, Li J, Luo S, Zhang P. Resveratrol-mediated reduction

of collagen by inhibiting proliferation and producing apoptosis in

human hypertrophic scar fibroblasts. Biosci Biotechnol Biochem

2013;77:2389–96

33. Gagliano N, Moscheni C, Torri C, Magnani I, Bertelli AA, Gioia M.

Effect of resveratrol on matrix metalloproteinase-2 (MMP-2) and

Secreted Protein Acidic and Rich in Cysteine (SPARC) on human cul-

tured glioblastoma cells. Biomed Pharmacother 2005;59:359–64

34. Bornstein P, Sage EH. Matricellular proteins: extracellular modulators

of cell function. Curr Opin Cell Biol 2002;14:608–16

35. Tremble PM, Lane TF, Sage EH, Werb Z. SPARC, a secreted protein

associated with morphogenesis and tissue remodeling, induces

expression of metalloproteinases in fibroblasts through a novel extra-

cellular matrix-dependent pathway. J Cell Biol 1993;121:1433–44

36. Kim JE, Kim HS, Shin YJ, Lee CS, Won C, Lee SA, Lee JW, Kim Y,

Kang JS, Ye SK, Chung MH. LYR71, a derivative of trimeric resveratrol,

inhibits tumorigenesis by blocking STAT3-mediated matrix metallo-

proteinase 9 expression. Exp Mol Med 2008;40:514–22

37. Jiao Y, Li H, Liu Y, Guo A, Xu X, Qu X, Wang S, Zhao J, Li Y, Cao Y.

Resveratrol inhibits the invasion of glioblastoma-initiating cells via

down-regulation of the PI3K/Akt/NF-kB signaling pathway. Nutrients

2015;7:4383–402

38. Lee SJ, Kim MM. Resveratrol with antioxidant activity inhibits matrix

metalloproteinase via modulation of SIRT1 in human fibrosarcoma

cells. Life Sci 2011;88:465–72

39. Liu PL, Tsai JR, Charles AL, Hwang JJ, Chou SH, Ping YH, Lin FY,

Chen YL, Hung CY, Chen WC, Chen YH, Chong IW. Resveratrol inhi-

bits human lung adenocarcinoma cell metastasis by suppressing heme

oxygenase 1-mediated nuclear factor-kappaB pathway and subse-

quently downregulating expression of matrix metalloproteinases. Mol

Nutr Food Res 2010;54:S196–204
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Tardif JC, Hébert TE, Calderone A, Nattel S. Effects of resveratrol (trans-

3,5,40-trihydroxystilbene) treatment on cardiac remodeling following

myocardial infarction. J Pharmacol Exp Ther 2007;323:916–23

56. Han G, Lu SL, Li AG, He W, Corless CL, Kulesz-Martin M, Wang XJ.

Distinct mechanisms of TGF-beta1-mediated epithelial-to-mesenchy-

mal transition and metastasis during skin carcinogenesis. J Clin Invest

2005;115:1714–23

57. Kim KH, Back JH, Zhu Y, Arbesman J, Athar M, Kopelovich L, Kim AL,

Bickers DR. Resveratrol targets transforming growth factor-b2 signaling

to block UV-induced tumor progression. J Invest Dermatol

2011;131:195–202

58. Suenaga F, Hatsushika K, Takano S, Ando T, Ohnuma Y, Ogawa H,

Nakao A. A possible link between resveratrol and TGF-beta: resveratrol

induction of TGF-beta expression and signaling. FEBS Lett

2008;582:586–90

59. Lu R, Serrero G. Resveratrol, a natural product derived from grape,

exhibits antiestrogenic activity and inhibits the growth of human breast

cancer cells. J Cell Physiol 1999;179:297–304

60. Wang H, Zhang H, Tang L, Chen H, Wu C, Zhao M, Yang Y, Chen X,

Liu G. Resveratrol inhibits TGF-b1-induced epithelial-to-mesenchymal

transition and suppresses lung cancer invasion and metastasis.

Toxicology 2013;303:139–46

61. Shi XP, Miao S, Wu Y, Zhang W, Zhang XF, Ma HZ, Xin HL, Feng J,

Wen AD, Li Y. Resveratrol sensitizes tamoxifen in antiestrogen-resistant

breast cancer cells with epithelial-mesenchymal transition features. Int J

Mol Sci 2013;14:15655–68

62. Kuwahara F, Kai H, Tokuda K, Kai M, Takeshita A, Egashira K,

Imaizumi T. Transforming growth factor-beta function blocking pre-

vents myocardial fibrosis and diastolic dysfunction in pressure-over-

loaded rats. Circulation 2002;106:130–5

63. Olson ER, Naugle JE, Zhang X, Bomser JA, Meszaros JG. Inhibition of

cardiac fibroblast proliferation and myofibroblast differentiation by

resveratrol. Am J Physiol Heart Circ Physiol 2005;288:H1131–8

64. Agarwal R, Agarwal P. Future target molecules in antiglaucoma ther-

apy: TGF-Beta may have a role to play. Ophthalmic Res 2010;43:1–10

65. Vergara D, Valente CM, Tinelli A, Siciliano C, Lorusso V, Acierno R,

Giovinazzo G, Santino A, Storelli C, Maffia M. Resveratrol inhibits the

epidermal growth factor-induced epithelial mesenchymal transition in

MCF-7 cells. Cancer Lett 2011;310:1–8

66. Kuroyanagi G, Otsuka T, Yamamoto N, Matsushima-Nishiwaki R,

Kozawa O, Tokuda H. Resveratrol suppresses TGF-b-induced VEGF

synthesis in osteoblasts: Inhibition of the p44/p42 MAPKs and SAPK/

JNK pathways. Exp Ther Med 2015;9:2303–10

67. Chrivia JC, Kwok RP, Lamb N, Hagiwara M, Montminy MR,

Goodman RH. Phosphorylated CREB binds specifically to the nuclear

protein CBP. Nature 1993;365:855–9

68. Fulco M, Schiltz RL, Iezzi S, King MT, Zhao P, Kashiwaya Y, Hoffman E,

Veech RL, Sartorelli V. Sirt2 regulates skeletal muscle differentiation as a

potential sensor of the redox state. Mol Cell 2003;12:51–62

69. Yeung F, Hoberg JE, Ramsey CS, Keller MD, Jones DR, Frye RA,

Mayo MW. Modulation of NF-kappaB-dependent transcription and cell

survival by the SIRT1 deacetylase. EMBO J 2004;23:2369–80

70. Bradamante S, Barenghi L, Piccinini F, Bertelli AE, De Jonge R,

Beemster P, De Jong JW. Resveratrol provides late-phase cardioprotec-

tion by means of a nitric oxide- and adenosine-mediated mechanism.

Eur J Pharmacol 2003;465:115–23

71. Gupta YK, Chaudhary G, Srivastava AK. Protective effect of resveratrol

against pentylenetetrazole-induced seizures and its modulation by an

adenosinergic system. Pharmacology 2002;65:170–4

72. Voloshyna I, Hai O, Littlefield MJ, Carsons S, Reiss AB. Resveratrol

mediates anti-atherogenic effects on cholesterol flux in human macro-

phages and endothelium via PPARg and adenosine. Eur J Pharmacol
2013;698:299–309

73. Razali N, Agarwal R, Agarwal P, Kumar S, Tripathy M, Vasudevan S,

Crowston JG, Ismail NM. Role of adenosine receptors in resveratrol-

induced intraocular pressure lowering in rats with steroid-induced

ocular hypertension. Clin Exp Ophthalmol 2015;43:54–66

74. Shearer TW, Crosson CE. Adenosine A1 receptor modulation of MMP-2

secretion by trabecular meshwork cells. Invest Ophthalmol Vis Sci
2002;43:3016–20

75. Liu FC, Hung LF, Wu WL, Chang DM, Huang CY, Lai JH, Ho LJ.

Chondroprotective effects and mechanisms of resveratrol in advanced

glycation end products-stimulated chondrocytes. Arthritis Res Ther
2010;12:R167

76. Bedirli A, Salman B, Pasaoglu H, Ofluoglu E, Sakrak O. Effects of

nuclear factor-kB inhibitors on colon anastomotic healing in rats. J Surg
Res 2011;171:355–60

77. Hussein MM, Mahfouz MK. Effect of resveratrol and rosuvastatin on

experimental diabetic nephropathy in rats. Biomed Pharmacother
2016;82:685–92

78. Yar AS, Menevse S, Alp E. The effects of resveratrol on cyclooxygenase-

1 and -2, nuclear factor kappa beta, matrix metalloproteinase-9, and

sirtuin 1 mRNA expression in hearts of streptozotocin-induced diabetic

rats. Genet Mol Res 2011;10:2962–75

79. Page C, Huang M, Jin X, Cho K, Lilja J, Reynolds RK, Lin J. Elevated

phosphorylation of AKT and Stat3 in prostate, breast, and cervical

cancer cells. Int J Oncol 2000;17:23–8

80. Wei D, Le X, Zheng L, Wang L, Frey JA, Gao AC, Peng Z, Huang S,

Xiong HQ, Abbruzzese JL, Xie K. Stat3 activation regulates the

expression of vascular endothelial growth factor and human pancreatic

cancer angiogenesis and metastasis. Oncogene 2003;22:319–29

81. Yin H, Cheng G. Dual regulatory effects of resveratrol on activation of

NF-kB and cell proliferation in human embryonal kidney 293 cells. Chi
Sci Bull 2005;50:770–4

82. Tang FY, Su YC, Chen NC, Hsieh HS, Chen KS. Resveratrol inhibits

migration and invasion of human breast-cancer cells. Mol Nutr Food Res
2008;52:683–91

83. Lin FY, Hsieh YH, Yang SF, Chen CT, Tang CH, Chou MY, Chuang YT,

Lin CW, Chen MK. Resveratrol suppresses TPA-induced matrix

382 Experimental Biology and Medicine Volume 242 February 2017
. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .



metalloproteinase-9 expression through the inhibition of MAPK path-

ways in oral cancer cells. J Oral Pathol Med 2015;44:699–706

84. Gao Y, Kang L, Li C, Wang X, Sun C, Li Q, Liu R, Wang J. Resveratrol

ameliorates diabetes-induced cardiac dysfunction through AT1R-ERK/

p38 MAPK signaling pathway. Cardiovasc Toxicol 2016;16:130–7

85. Minagawa T, Okui T, Takahashi N, Nakajima T, Tabeta K, Murakami S,

Yamazaki K. Resveratrol suppresses the inflammatory responses of

human gingival epithelial cells in a SIRT1 independent manner.

J Periodontal Res 2015;50:586–93

86. Kauppinen A, Suuronen T, Ojala J, Kaarniranta K, Salminen A.

Antagonistic crosstalk between NF-kB and SIRT1 in the regulation of

inflammation and metabolic disorders. Cell Signal 2013;25:1939–48

87. Hoshino J, Park EJ, Kondratyuk TP, Marler L, Pezzuto JM, van

Breemen RB, Mo S, Li Y, Cushman M. Selective synthesis and biological

evaluation of sulfate-conjugated resveratrol metabolites. J Med Chem
2010;53:5033–43

88. Patel KR, Andreadi C, Britton RG, Horner-Glister E, Karmokar A, Sale

S, Brown VA, Brenner DE, Singh R, Steward WP, Gescher AJ, Brown

K.Sulfate metabolites provide an intracellular pool for resveratrol gen-

eration and induce autophagy with senescence. Sci Transl Med
2013;5:205ra133

89. Summerlin N, Soo E, Thakur S, Qu Z, Jambhrunkar S, Popat A.

Resveratrol nanoformulations: challenges and opportunities. Int J
Pharm 2015;479:282–90

90. Popat R, Plesner T, Davies F, Cook G, Cook M, Elliott P, Jacobson E,

Gumbleton T, Oakervee H, Cavenagh J. A phase 2 study of SRT501

(resveratrol) with bortezomib for patients with relapsed and or refrac-

tory multiple myeloma. Br J Haematol 2013;160:714–7

Agarwal and Agarwal Resveratrol and ECM remodeling 383
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .


