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Abstract

Resveratrol is a well-known antioxidant that harbours many health beneficial
properties. Multiple studies associated the antioxidant, anti-inflammatory, and
cell protective effects of resveratrol. These diverse effects of resveratrol are also
potentially involved in cutaneous wound healing, scarring, and (photo-)aging
of the skin. Hence, this review highlighted the most relevant studies involving
resveratrol in wound healing, scarring, and photo-aging of the skin. A system-
atic review was performed and the database PubMed was searched for suitable
publications. Only original articles in English that investigated the effects of
resveratrol in wound healing, scarring, and (photo-)aging of the skin were
analysed. The literature search yielded a total of 826 studies, but only 41 studies
met the inclusion criteria. The included studies showed promising results that
resveratrol might be a feasible treatment approach to support wound healing,
counteract excessive scarring, and even prevent photo-aging of the skin. Res-
veratrol represents an interesting and promising novel therapy regime but to
confirm resveratrol-associated effects, more evidence based in vitro and in vivo

studies are needed.
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peanuts, and soy.” The so-called “French Paradox” that
describes the potential health benefits associated with

Resveratrol (3,5,4'-trihydroxy-trans-stilbene) belongs to
the stilbenoid group of polyphenols. It consists of two
phenol rings linked by an ethylene bridge, which gives
rise to two geometric isomers: the active frans-isomer
and an inactive cis-isomer." Resveratrol has been found
in more than 70 different plant species and important
dietary sources are grapes (skin and seeds), red wine,

regular and moderate wine consumption was first cor-
related to wine polyphenols, especially resveratrol, by
Renaud and De Logeril in 1992.” Since then, resveratrol
has received increasing scientific attention regarding
its diverse biological activities, including antioxidant,
anti-inflammatory, antiobesity, and anticancer
properties.
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Among these diverse biological effects of resveratrol,
the antioxidant properties are most prominent. Resvera-
trol has been shown to protect cells against hydrogen
peroxide-induced oxidative stress, as well as UV-irradia-
tion-mediated cell death. These results were partially
attributed to direct effects of resveratrol as a radical scav-
enger but indirect effects were also observed, where res-
veratrol was able to modulate cellular antioxidant
pathways.*”’

Resveratrol has also been known to interfere with
inflammatory responses and to reveal anti-inflammatory
properties, as it targets nuclear factor-kB (NFkB), expres-
sion of pro-inflammatory cytokines (e.g. interleukin 6,
IL6), and also genes involved in eicosanoid production."®
Resveratrol also targets toll-like receptor (TLR) signal-
ling, such as TLR2, TLR3, and TLR4 signalling.” "> In
skin, resveratrol reduces imiquimod-induced, TLR7,
TLR8, TLR9-mediated, psoriatic inflammation in animal
models, most likely via interfering with NF-kB activa-
tion."*'> This anti-inflammatory activity of resveratrol
can be associated with health benefits for several autoim-
mune and chronic inflammatory conditions.®

Numerous in vitro and in vivo studies confirmed the
inhibitory effects of resveratrol on carcinogenesis in all
stages, such as initiation, promotion, and progression.'®*’

Resveratrol serves as a chemopreventive agent'®' and
displays chemotherapeutic properties that are attributed
to its antioxidant, anti-inflammatory, proapoptotic, and
antiproliferative features.'”?° Resveratrol is supposed to
target intracellular signalling pathway components
including regulators of cell survival and apoptosis, pro-
inflammatory mediators, and key components of tumour
angiogenesis and metastasis by interfering with a distinct
set of transcription factors, upstream kinases, and their
regulators.” >3

In vivo studies demonstrated that resveratrol addi-
tionally exerted beneficial effects on metabolic syndrome-
related alterations, for example, glucose and lipid homeo-
stasis improvement and a reduction in fat mass, blood
pressure, low-grade inflammation, and oxidative
stress.”***® Further studies verified that resveratrol
mimics caloric restriction via the activation of sirtuin 1
(SIRT 1)°** resulting in improved exercise performance
and insulin sensitivity, as well as showing body fat-
lowering effects by inhibiting adipogenesis, and increas-
ing lipid mobilisation in adipose tissue.*>*'

These diverse effects of resveratrol are also potentially
involved in cutaneous wound healing, scarring, and
(photo-) aging of the skin, which is reflected by an
increasing number of publications in this field over the
past decade. This review will therefore summarise the
most relevant studies involving resveratrol in wound
healing, scarring, and photo-aging of the skin.

Key messages

« Resveratrol accelerates wound healing due to
anti-inflammatory properties

« Resveratrol could serve as potential treatment
in wound healing

« Resveratrol showed antifibrotic properties in a
non-clinical setting

« Resveratrol might be a promising agent to
reduce (photo-)aging of the skin

2 | METHODS

The online database PubMed was used to review the
medical literature covering resveratrol application in
wounds, skin aging, and scars. The day the database was
accessed was on 28 November 2020, and the last 10 years
have been analysed. The following MeSH terms have
been used [“Resveratrol”’[Mesh] AND (“Wounds and
Injuries”’[Mesh] OR “Wound Healing”[Mesh] OR “Re-
Epithelialization”’[Mesh] OR “Skin Aging”[Mesh] OR
“Aging”’[Mesh] OR “Cicatrix”[Mesh])]. To minimise the
risk of missing relevant data, the search term [resveratrol
AND (“Wound*” OR “Anti-Aging” OR “Cicatrix” OR
“Scar”)] has been used additionally.

All search results were listed in an excel sheet
(Microsoft Excel 2016 MSO [16.44] 32-bit) and duplicates
have been removed. Titles, abstracts, and if available,
full-text articles have been analysed, which concern the
exact study purpose. Non-English articles, reviews, com-
mentaries, and studies that aimed at wrong topics were
excluded. The remaining studies were included and
analysed for their specific content. In order to minimise
the bias of wrongful exclusion, each study was evaluated
by at least two reviewers (AH and MS), and exclusion
decisions were based on the consensus of the reviewing
authors. If a discrepancy between the reviewers occurred,
the literature was evaluated by a third reviewer (EH).

The initial literature search yielded a total of 942 stud-
ies with 539 results in PubMed with MeSH-terms and
403 results in PubMed without MeSH terms. After dupli-
cate exclusion (116 duplicates), 784 studies of the
remaining 826 studies were excluded according to the
prior mentioned exclusion criteria.

Thirty studies were excluded due to non-English,
217 studies because they were reviews or commentaries,
and 538 studies because of wrong topic. In total, 41 stud-
ies about the effects of resveratrol have been included. A
flowchart, summarising the systematic algorithm, as well
as the quantitative results can be found in Figure 1. A
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summary of in vitro, in vivo, and clinical studies investi-
gating the effects of resveratrol in the context of wound
healing, scarring and photo-aging, are presented in
Tables 1-3. The included studies can be divided into these
major effects: wound healing, antiscarring, and antiaging
properties of resveratrol, which will be presented in the
following.

3 | RESVERATROL IN SKIN
WOUND HEALING

Wound healing is a complex, highly regulated process
crucial for maintaining the skin's barrier function.”
Numerous disease processes are associated with an
impairment of pathways involved in wound healing,
resulting in chronic, non-healing wounds that expose the
patient to significant discomfort.”'  Insufficient
vascularisation, infections, and prolonged inflammatory
responses cause poor and delayed wound healing. Res-
veratrol has become a subject of interest to improve
wound healing by promoting anti-inflammatory, antioxi-
dant, and angiogenic effects.!

Resveratrol has an impact on the regulation of
inflammation and therefore, repair-related processes in

P wWiLEy-L ®

the skin.>® According to Pastore et al, anti-inflammatory
and wound healing effects of resveratrol depend rather
on their interaction with epidermal growth factor recep-
tor (EGFR)-controlled cytoplasmic and nuclear pathways
than on their direct antioxidant and free radical scaveng-
ing activity.*® An in vivo study in rats showed that resver-
atrol can limit the infiltration of mast cells toward the
wounded area, while the infiltration of lymphocytes and
macrophages is stimulated.®® It is assumed that resvera-
trol is able to suppress an acute antigen-dependent reac-
tion (Thl-type response) in favour of a Th2 response. The
infiltration of neutrophils differs depending on the type
of pathogen.®

In vitro studies demonstrated protective effects on
fibroblasts by decreasing oxidative stress levels. Due to its
antioxidative properties, resveratrol can stabilise cell pro-
liferation, and improve migration quality and ultrastruc-
tural preservation.>**! Also, in vivo results demonstrated
significantly improved wound healing following resvera-
trol application based on antioxidant activity.>*

Angiogenesis also plays a central role in wound
healing, and resveratrol is discussed to influence
neovascularisation.’” Among the known growth factors,
vascular endothelial growth factor (VEGF) is believed to be
one of the most prevalent, effective, and long-term signal-

(n = 403)

Search results
PubMed without MeSH-terms

Search results
PubMed with MeSH-terms
(n=539)

Records after duplicates removed

(n=826)

FIGURE 1
in a flowchart

Review process depicted

A 4

Records screened R Records excluded
(n = 826) " (n=538)
Full-text articles excluded,
with reasons
Y (n=247)
Full-text articles assessed
for eligibility » o Non-English
(n=288) (n=30)
e Reviews/
commentaries
(n=217)

A 4

Studies included in
analysis
(n=41)
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RESVERATROL

@ Anti-inflammatory
@ Anti-oxidant
@ Angiogenic
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A SIRT1 ¥ mTOR ¥ NF-kB
\ VEGF A SIRT1 A Nrf2
FIGURE 2 Resveratrol and its potential targets in wound

healing, skin scarring, and photo-aging

stimulating angiogenesis in wounds.*’ Several studies
showed that resveratrol induces VEGF expression and sub-
sequently regulates angiogenesis.*>*>®’” Christovam et al
ascribed the proangiogenic properties of resveratrol to its
activation of SIRT1. SIRT1 is associated with the induction
of angiogenesis, fibroplasia, and collagen organisation.
Therefore, resveratrol, as an activator of SIRT1, shows sev-
eral beneficial effects for wound healing.*®

Khanna et al showed that the wound site is rich in
oxidants, which promote VEGF expression and thereby
support wound healing. According to their study, resvera-
trol treatment enhanced the oxidising environment at the
wound site and was also associated with increased VEGF
and tenascin expression in the wound edge.*’ Another
in vitro study supports these findings and showed that
resveratrol induced oxidant-induced VEGF expression in
keratinocytes.”® Data from another in vivo study also
found angiogenetic properties of resveratrol following
chronic topical administration. Improved vascularisation
of the wound bed was attributed to the stimulation of the
AMPK pathway, a key mediator of wound healing.>

However, Brakenhielm et al proposed that resveratrol
might block both VEGF- and FGF-receptor-mediated angio-
genic responses, inhibiting capillary endothelial cell growth,
and therefore the antiangiogenetic effect would cause a delay
in wound healing.** To clarify the exact mechanism on how
resveratrol treatment affects angiogenesis, more studies using
suitable in vitro and in vivo models are needed.

Resveratrol is associated with antibacterial and anti-
fungal properties and showed immune-stimulating effects
in the wound site.**®° Shevelev et al showed that topical
resveratrol treatment exhibited a significant antimicro-
bial efficacy against Staphylococcus aureus, Pseudomonas
aeruginosa, and Candida albicans, which are discussed as
significant pathogens in the context of non-healing
wounds.®® Resveratrols' antimicrobial effects seemed to
be even superior than some commercial antimicrobial
(Levomecol) and antifungal (Clotrimazole) ointments.®
Further in vitro studies showed that resveratrol directly
inhibited microbial growth in dose dependently and
therefore resveratrol might be a promising agent in fight-
ing skin infections.**

3.1 | Non-healing wounds

Resveratrol also showed promising potential for the treat-
ment of diabetic ulcers.®® Resveratrol prevented
hyperglycemia-induced endothelial dysfunction and
angiogenic impairment by activating endothelial SIRT1
and promoting forkhead box O1 (FOXO1) degradation,
following a de-repression of c-Myc expression.*’ Further-
more, resveratrol is involved in improved angiogenesis
induced by glyoxalase 1 (GLO1) overexpression in the
context of diabetic non-healing wounds. GLO1 might
support wound healing through multiple pathways, in
addition to supporting inositol-requiring enzyme 1 «
(IRElw) action.”’

4 | ANTISCARRING PROPERTIES
OF RESVERATROL

Pathological scar formation is a type of tissue fibrosis
caused by excessive deposition of extracellular matrix
(ECM) components such as collagen and an unbalance in
fibroblasts proliferation and apoptosis.*?> These patho-
physiological processes are mediated by transforming
growth factor beta 1 (TGF-p1). Through its profibrotic
properties, TGF-f1 is one of the key players in pathologi-
cal scar formation.*>*® Currently, there are several treat-
ment options available, but due to the lack of permanent
improvement or absence of therapy-related side effects,
pathological scars remain a major health problem, but
there is increasing evidence that resveratrol exhibits
antifibrotic properties.****

On a cellular level, Zeng et al were able to show that
resveratrol treatment in human hypertrophic scar-
derived fibroblasts (HSFBs) suppressed cell proliferation,
which lead to cell cycle arrest and induced apoptosis in a
dose- and time-dependent manner.** Treatment with
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resveratrol for 24 hours achieved an antiproliferative
effect through an induction of apoptosis. The effect was
enhanced with longer resveratrol treatment duration and
higher resveratrol concentration. In addition, resveratrol
downregulated Type I and III procollagen mRNA expres-
sion in HSFBs, which resulted in a decreased collagen
deposition.** Similar results were reported by Zhai et al
and by Pang et al regarding the apoptosis induction by
resveratrol in HSFB.***

A small number of studies investigated the genes and
signalling pathways involved in the proliferation of path-
ological scar fibroblasts. In this context, Zhai et al showed
that a resveratrol-associated suppression of cell prolifera-
tion and induction of apoptosis in HSFBs is caused by
altering TGF-p1/Smad signalling.*> Here, a resveratrol
treatment suppressed TGF-pl1 and Smad-2,3,4 protein
expression in HSFBs and thereby induced antifibrotic
effects.*® Pang et al demonstrated that microRNA-4654
expression, which is involved in cell proliferation, cell
differentiation, apoptosis, and autophagy regulation, was
significantly downregulated in HSFBs compared to nor-
mal skin-derived fibroblasts (NSFBs). Resveratrol treat-
ment of HSFBs induced autophagy via downregulation of
Ras homologue enriched in brain (RHEB) expression, a
GTP-binding protein and target gene of microRNA-4654,
through the upregulation of microRNA-4654.*° Besides
RHEB, the mammalian target of rapamycin (mTOR) sig-
nalling pathway also seems to have an influence on the
specific proliferation mechanism in pathological scar for-
mation.*” An enhanced expression of mTOR and its
corresponding downstream target protein ribosomal pro-
tein S6 kinase (70S6K) was found by Tang et al in HSFBs
in 2017 while no explicit expression was found in NSFBs.
Resveratrol treatment of HSFBs decreased the expression
of mTOR and 70S6K mRNA.* Similar results regarding
the relationship between mTOR signalling pathway and
resveratrol treatment were confirmed by Tang et al in
2020. In addition, further key factors of the mTOR signal-
ling pathway such as PI3K and AKT were identified to be
elevated in HSFBs. The expression of AKT in HSFBs was
reduced by a resveratrol intervention.”” The molecular
mechanisms underlying microRNA-4654, TGF-pf1/Smad
and mTOR signalling pathway and the influence of res-
veratrol on their regulation, may be a new approach for
novel potential therapeutic strategies in pathological scar
formation.

In addition to the before mentioned potential molecu-
lar targets for prevention or therapy of pathological scar
formations, the deacetylase SIRT 1 seems to play an
important role as a drug target in fibrotic diseases.*
Compared with NSFBs, a decreased expression of SIRT 1
in HSFBs was observed by Bai et al. As an agonist to
SIRT 1, resveratrol downregulated mRNA levels of

P wWiLEy- L =

collagen I, collagen III, and a-smooth muscle actin
(a-SMA) due to upregulation of SIRT1 in a dose-
dependent manner. Furthermore, resveratrol inhibited
TGF-pl-associated trans-differentiation of fibroblasts into
myofibroblasts due to SIRT 1 upregulation, resulting in a
decreased expression of fibrotic markers such as
collagen I, collagen III, and a-SMA.** The same authors
confirmed the in vitro results in a mouse wound model
with full-thickness wounds. By using intradermal injec-
tion of a recombinant lentiviral vector for silencing SIRT
1 (SIRT1 shRNA), the authors blocked SIRT 1 expression
in the mouse wound. Compared to the SIRT1 shRNA-
treated mice, resveratrol treatment led to a more
organised and thinner collagen fibres.** The results rev-
ealed that SIRT1 upregulation with resveratrol has the
potential to prevent in vivo pathological scar formation.
A novel resveratrol-loaded peptide-hydrogel wound
dressing showed similar results with regard to collagen
deposition in an in vivo full-thickness rat wound
model.®?

Although resveratrol improved antifibrotic properties
within different targets in a small number of in vitro and
in vivo studies, these resveratrol-associated effects still
need to be confirmed in more animal models and, espe-
cially, in more clinical studies. Yet, no clinical studies
could be found which investigated the antifibrotic effect
of resveratrol.

5 | PHOTOPROTECTIVE AND
ANTI-AGING PROPERTIES OF
RESVERATROL

Numerous studies have repeatedly revealed the damaging
effects of UV irradiation as a major cause of skin aging:
Chronic UV exposure induces reactive oxygen species
(ROS) production, activating three major skin aging cas-
cades. These are the matrix metalloproteinase 1 (MMP-
1)-mediated  aging, inflammation-induced aging
(“inflammaging”) via interleukin 6 (IL6) and interleukin
8 (IL8), and/or apoptosis-induced aging via, for example,
nuclear factor-kappa B (NF-kB) or caspase 3.*”*® Resver-
atrol has been widely used to prevent photo-aging
through anti-inflammatory, antioxidant, and antitumour
pathways. However, the specific mechanism underlying
the protective effect on UV-induced damage on a cellular
level has not fully been elucidated yet.*”** Recently, Sub-
edi et al were able to show a promising downregulation
of the abovementioned pathways by resveratrol in
in vitro irradiated cells. Resveratrol and resveratrol
enriched rice (RR) downregulated UVB-induced ROS
production in normal human dermal fibroblast cells
(NHDFs). As a result, MMP-1 expression and
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transcription of inflammatory cytokines responsible for
“inflammaging” were reduced while the expression of
type I collagen was increased.*’

Similar results were reported by Zhou et al where a
photoprotective effect of resveratrol was achieved via the
upregulation of heat shock protein 27 (HSP27) expres-
sion. Further, resveratrol treatment showed antiapoptotic
effects through inhibition of NF-kB and caspase-3 activa-
tion. Consequently, the viability of cultured human
keratinocytes (HaCaT cell line) pretreated with different
doses of resveratrol significantly increased up to 94%.**

Results of prior in vitro studies were also transferable
to following in vivo investigations. A recent in vivo study
using mice revealed that oral or topical administration of
resveratrol resulted in a suppression of UVB-induced epi-
dermal thickening.®® On a cellular level, the expression
of MMP-1 and MMP-9 was decreased through resveratrol
treatment.®® Activation of the intracellular Nrf2-mediated
antioxidant signalling pathway provides protection from
UV-induced cellular damage.®®

A further in vivo study in adult male Wistar rats by
Abbas et al also indicated a photoprotective effect of topi-
cally applied resveratrol. To enhance the penetration
through the epidermis, the authors wused lipid
nanoparticles as a drug carrier. The compritol ATO-based
resveratrol colloidal carrier CCC6 containing P407/P188
as bisurfactant attained the highest drug loading and
release efficiency during a span of 24 hours. This binary
mixture of surfactants even showed superior dermal pho-
toprotection compared to the resveratrol suspension
alone.®*

The potential of resveratrol containing binary systems
was also investigated by Moyano-Mendez et al, who
showed a significant inhibition of ROS in vitro, similar to
Subedi et al.*’*® Resveratrol and a combination with
f-cyclodextrin (BCD) as a solubilising excipient were sub-
sequently tested in eight women aged between 45 and
70 years, showing clear clinical signs of photo-aging con-
sidered as loss of luminosity, hydration, and elasticity.
After 30 days of daily application, a visible improvement
of the skin condition with a remarkable decrease of aging
signs in the hemi face treated with the pCD-containing
formula could be detected in all patients.®®

Yet, only a small number of further clinical studies
investigated the effect of resveratrol in photo-aged skin or
its protection. A recent study by Farris et al reported sig-
nificant improvement in several skin parameters after a
daily usage of a night-time topical antioxidant containing
resveratrol, baicalin, and vitamin E for 12 weeks. Besides
an induction of the Nrf2 pathway and a decrease of ROS,
the authors were able to detect a significant increase in
collagen type II alpha 1 gene expression. This finding was

supported with a clinical improvement in elasticity and
skin thickness as measured by ultrasound.®

In 2019, Igielska-Kalwat et al were not only able to
verify tightening but also skin-moisturising properties of
resveratrol, in an observation of 20 volunteers during a
period of 6 weeks. During the regular use, a 20% increase
in skin hydration was detected after 2 weeks of treat-
ment. The authors showed that resveratrol is able to
replenish and modify the natural water-lipid layer and
intercellular cement in skin deeper layers, leading to an
inhibition of transepidermal water loss (TEWL).”

6 | CLINICAL VALUE

Even though several studies elucidate the potential for
therapeutic  application of resveratrol, the fast
metabolisation and excretion, is the main issue for its clini-
cal use. Therefore, improving the bioavailability of resvera-
trol is the subject of extensive biotechnology research.
Studies aim to develop innovative drug delivery systems
for local and topical resveratrol application or improve its
bioavailability during systemic intake. Regarding wound
healing, a controlled and prolonged release directly at the
target site would ensure the beneficial effects of resvera-
trol.>! The combination of specific wound dressing proper-
ties and resveratrol even lead to synergistic beneficial
effects.*>>*>*%773 Especially hydrogels with encapsulated
resveratrol seem to provide a gradual release of resveratrol,
show excellent biocompatibility, and appear promising as
dressing materials to support wound healing.’*°%%* A
small number of studies examined the effects of resveratrol
in combination with other agents for wound healing such
as histatin, ferulic acid, or p-sitosterol, and report promis-
ing results. However, beneficial effects cannot only be
ascribed to resveratrol itself.*”>">%¢!

Nevertheless, the studies that were included in this
review show promising results that resveratrol might be a
feasible approach to support dermal wound healing,
counteract excessive scarring, and even prevent photo-
aging of the skin.

7 | CONCLUSION

Despite numerous beneficial effects and mechanisms of
action of resveratrol that have been studied intensively,
there is still room for improvement in the context of skin
wound healing and photo-aging. Our literature research
yielded only 41 relevant original research articles that
studied the effects, outcomes, or applicability of resvera-
trol in the treatment of acute or chronic wounds,
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hypertrophic scars, and skin aging. Interestingly, the
experimental in vitro and in vivo studies that were dis-
cussed here highlighted that similar pathways are
targeted by resveratrol treatment in wound healing, scar-
ring, or the prevention of photo-aging and are further
summarised in Figure 2. Although there is little clinical
evidence for the efficacy and applicability of resveratrol
treatment, the studies summarised in Table 3 show prom-
ising results and underline the importance of more sys-
tematical clinical investigation. Nevertheless, resveratrol
represents an interesting and promising novel therapy
regime or could also be used as a supplementary treat-
ment for classical treatment regimes. Therefore, more
studies that investigate and improve the resveratrol skin
pharmacokinetics and their clinical relevance are
urgently needed.

8 | LIMITATIONS

In this review, some limitations occur that should be
mentioned. Firstly, only studies that are published in the
English language were investigated. Secondly, PubMed
was the only database that was searched. These limita-
tions leave the risk of studies being missed in this analy-
sis. Five out of the 41 included studies investigated
resveratrol within a clinical setting. These studies pres-
ented partially small cohorts, missing control groups that
were judged as standard of care, and short or no follow-
up. The remaining 36 studies examined the effects of res-
veratrol in vivo and mostly in vitro studies. Hence, the
results presented in this review offer limited insight in
the context of clinical application.
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