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Abstract: Resveratrol (RSV) is a natural extract that has been extensively studied for its significant
anti-inflammatory and antioxidant effects, which are closely associated with a variety of injurious
diseases and even cosmetic medicine. In this review, we have researched and summarized the role of
resveratrol and its different forms of action in wound healing, exploring its role and mechanisms in
promoting wound healing through different modes of action such as hydrogels, fibrous scaffolds and
parallel ratio medical devices with their anti-inflammatory, antioxidant, antibacterial and anti-ageing
properties and functions in various cells that may play a role in wound healing. This will provide a
direction for further understanding of the mechanism of action of resveratrol in wound healing for
future research.
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1. Introduction

The skin is the first line of defence against the external environment, which is divided
into an epidermis and a dermis [1]. When external physical damage and chemical stimuli
reach the deep dermis, skin trauma repair time is prolonged. During the repair process,
a number of cytokines are activated by the immune response and oxidative stress of
the body [2]. However, excessive activation of these cytokines eventually leads to the
development of pathological scarring, such as hyperplastic scars and keloids. In addition,
the healing of diabetic wounds has long been a clinical challenge [3-5], which has a
significantly negative impact on people’s mental and social lives. For this reason, natural
compounds with anti-inflammatory, antioxidant and antibacterial properties have been
identified for wound healing.

Resveratrol (RSV) is a naturally occurring non-flavonoid polyphenolic compound
derived from plants and it belongs to the class of stilbene compounds [6,7]. It is a colourless
needle-like crystal, insoluble in water and soluble in ether, chloroform and alcohol solvents.
It is mainly found in red wine, spruce bark, rice, grape skins, peanuts and berries [8] and
has been shown to have antioxidant, anti-inflammatory, anti-ageing, anti-diabetic and pro-
angiogenic regulatory effects with a wide range of physiopathological effects. Compared to
the use of antibiotics, RSV has the advantage of being of natural origin and low cytotoxicity.
However, due to its rapid drug metabolism and excretion, the drug is rapidly degraded
when administered orally and its bioavailability is poor [9,10]. In order to improve RSV
drug utilization, various forms of RSV-loaded dressings have been developed and are
widely used in the pharmaceutical, cosmetic and nutraceutical industries.
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This review expounds that the role of RSV and its application dressings in wound
healing. We described the effects of RSV on different effector cells in the process of wound
healing and the underlying mechanisms of RSV action were summarized, containing anti-
inflammatory, antibacterial, antioxidant and anti-aging effects. It provides a reference for
further research on the pharmacological effects of RSV in wound healing.

2. The Performance Forms of RSV to Wound Healing

Due to the low bioavailability of RSV for oral ingestion and the water-insoluble nature
of RSV, various types of wound dressings have been developed for topical treatment [11,12].
Increasingly, studies have designed new drug delivery systems for topical application of
RSV or have modified the structural characteristics of RSV to improve its bioavailability
during systemic ingestion and eventually develop this potential molecule as a first-line
treatment against various diseases [13]. However, before the clinical potential of RSV can be
fully accepted, appropriate application protocols must be designed for both systemic and
topical subcutaneous. RSV can also be incorporated into different types of wound dressings,
such as hydrogels [14] and biological scaffolds [15], to preserve its biological function and
to integrate with the surrounding host tissue. Figure 1 shows the basic form of RSV
application in wound healing. Biomaterials used in skin delivery systems must meet the
requirements of biocompatibility, biodegradability, good moisture and oxygen permeability,
good adhesion and permeability, and reduced infection and mechanical irritation.
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Figure 1. The native and wound dressing modes of RSV.

RSV is a natural compound derived from peanut, grape peel and spruce bark. Cur-
rently, the application of RSV is divided into natural compound and loaded dressing, which
includes hydrogels, scaffolds, Dermalix, nanovesicles and wafer.

2.1. Hydrogel Chitosan-Based Wound Dressing

Hydrogels are a polymer with a three-dimensional network structure formed by cross-
linking hydrophilic, which can absorb large amounts of water and not be dissolved by water.
Hydrogels can absorb large amounts of water and swell under surface tension and capillary
action, where the three-dimensional network structure prevents breakage or dissolution
during the swelling process [16]. Smart hydrogels are hydrogels that are responsive to
temperature, pH, electric field and light, etc. These hydrogels have unique physicochemical
properties, bio-softness and compatibility, tissue adhesion and injectability. Chitosan, a
derivative of chitin, is a natural alkaline cationic polysaccharide second only to cellulose
in nature, with good water absorption and moisturizing properties, biocompatibility and
bio-degradability [17]. Studies have concluded that chitosan has antibacterial effects on
most bacteria and has low cytotoxicity [18]. Chitosan dissolves in weakly acidic solutions
and generates protonated amine (-NH3*), which can combine with negatively charged
macromolecules on the surface of bacteria, forming a dense film on the surface of bacteria,
affecting the exchange of substances inside and outside the bacteria and inhibiting the
growth and reproduction of bacteria [19]. Therefore, chitosan hydrogels are widely used
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in biological fields such as drug delivery, biomedicine and tissue engineering. Mihai-
Stefan Muresan et al. discovered that a polymer-based sponge containing chitosan-sodium
hyaluronate-RSV was formed by titrating the chitosan gel with 10% sodium hydroxide
at a stable pH of 9, causing cross-linking of the chitosan gel and the hyaluronic acid gel,
followed by mixing the RSV solution gel. This gel dressing has good biocompatibility and
tissue adhesion, and has certain antibacterial and anti-inflammatory effects when combined
with RSV drugs [20]. The combination of RSV-containing-acrylic-modified cyclodextrin and
gelatin molecules through host—guest assembly results in a hydrogel with good shear and
injectable properties for easier injection and rapid adaptation to irregular wounds [21]. In
addition, RSV-encapsulated hydrogels can be prepared by freezing and thawing techniques
to form RSV-loaded PVA Cryogel Membranes. These Cryogel Membranes are more effective
in spreading RSV to the wound with their good mechanical and elastic properties [22]. In
addition to direct complexation with bioactive substances, RSV can be used as carriers
for the preparation of structures to improve their structural physical properties, such
as scaffolds.

2.2. Electrospun Scaffolds

In trauma treatment, excellent trauma dressings can significantly reduce the rate of
infection, disability and death. Traditional dressings such as gauze and bandages have
many defects, such as poor moisturizing and anti-infection effects, and the trauma surface
tends to adhere to the dressing, resulting in pain and damage to new tissues during dressing
changes. With the development of medical technology in recent years, various new trauma
dressings have been increasingly researched and applied. Electrospun scaffolds are a
technical method to prepare nanofibers, which are simple and low cost compared with
traditional spinning methods [23]. Scaffolds have unique size advantages, which can
mimic the structure and function of biological extracellular matrix (ECM), promoting
cell proliferation and accelerating wound healing, and show great potential in the field
of medical dressings. Electrostatic poly(e-caprolactone) (PCL) spinning scaffolds were
prepared by using PCL as a co-solvent in a 7:3 ratio of chloroform and dimethylformamide,
and 5% RSV solution 5% (w/v) RSV solution was added to form RSV-loaded electrostatic
spinning scaffolds to accelerate wound closure and re-epithelialization [23]. In addition,
the bilayer scaffolds formed by the combination of RSV-loaded electrostatic spun silk
scaffolds and hydrogels have good haemostatic and swelling reduction abilities in wound
healing [24].

2.3. Others

Besides the more classic hydrogels and scaffolds, a number of new RSV-loaded adjunc-
tive therapies have been explored, including Dermalix, nanovesicles, wafers. Dermalix [25]
is a microparticle formed by the fibrous component collagen, the cell-binding protein
laminar flow adhesion protein bound to the skin matrix and hyaluronic acid, and the cell
membrane lipid dipalmitoyl phosphatidylcholine, which have good mechanical stability
and permeability, providing mechanical support for the effective release of RSV into the
wound environment and improving wound healing efficiency. Wafers have been exten-
sively studied as wound dressings. Compared to semi-solid polymer gels that flow easily,
wafers sheets can maintain a swollen gel structure for long periods of time. It is a solid
dosage form with a highly porous structure prepared by freeze-drying of the gel or polymer
solution, which has good drug loading and water absorption capacity. The combination of
RSV-loaded nanoparticles with the wafer increases the residence time of the drug in the
skin [26]. In addition, the combination of RSV and gallic acid, two natural phenols with
different water solubility, with phospholipids, forms a single vesicle with antioxidant and
antibacterial activity, protecting the skin from external contamination and damage [27].
Binding of RSV-carrying HA-DPPC particles to a collagen-laminin dermal matrix by using
the physicist method enhances the stability of RSV release and improves diabetic wound
healing efficacy with its antioxidant properties [28].
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3. Beneficial Effects of RSV on Different Cells

Wound healing is an evolutionarily conserved, complex, multicellular process that
involves the synergistic action of multiple cells, including endothelial cells, fibroblasts,
keratinocytes, macrophages and mesenchymal stem cells [29]. The migration, infiltration,
proliferation, and differentiation of these cells play key roles in various stages of the
inflammatory response, granulation tissue formatio and tissue remodelling. Figure 2 shows
the beneficial cells of RSV effects on wound healing. These cells are recruited at various
stages of wound healing and contribute to tissue repair and remodelling.

Keratinocytes
Epidermis
Macrophages
Dermis
Fibroblasts
Mesenchymal stem cells
Subcutaneous
o ;_#

Figure 2. Beneficial cells of RSV in wound healing.

Skin is mainly divided into epidermis, dermis and subcutaneous tissue. There are
many cells involved in the wound healing process, including keratinocytes, fibroblasts,
macrophages and mesenchymal stem cells.

3.1. Fibroblasts

Fibroblasts are the most abundant cell type in the dermis and the one that plays the
most crucial role in wound healing. Wound healing is a dynamic process with four main
phases: haemostasis, inflammation, granulation formation and tissue remodelling. The
movement of fibroblasts extends from the inflammatory phase to the tissue remodelling
phase of wound healing. In general, fibroblasts can be collectively referred to as cells
that express the genes encoding collagen I alpha chain (COL1A), platelet-derived growth
factor receptor-alpha (PDGFRw) in the resting state [30]. Some reports suggest that dermal
fibroblasts can promote wound healing from the late inflammatory phase by the secretion of
growth factors, cytokines, collagen and other extracellular matrix (ECM) components until
complete re-epithelialization of the injured tissue [31]. Given the central role of fibroblasts
in wound healing, the alterations in the expression and secretion of a number of collagen
factors are frequently found, including in hypertrophic scars and keloids. Fibroblasts with
high expression of x-SMA, Col-1, Col-3 are more frequent in scars compared to non-injured
tissue, characterizing by increased proliferation migration of fibroblasts and even differenti-
ation to myofibroblasts, leading to excessive accumulation of collagen fibres and deposition
of ECM. The process of wound injury is inseparable from oxidative stress. Under sustained
oxidative stress conditions, low doses of RSV were able to reverse the HyO,-induced reduc-
tion in fibroblast proliferation and migration and accelerate wound healing by stabilizing
the ultrastructure of fibroblasts and promoting collagen fibre alignment during the antioxi-
dant process. However, the presence of autophagic vacuoles was also found in the RSV
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group, suggesting that there are still shortcomings in the treatment of wound healing by
RSV [32]. When it comes to the effect of autophagy in wound healing, some researchers
also found that fibroblasts exposed to 100uM/L RSV inhibited their binding with Rheb
by stimulating miR-4654 to induce autophagy and apoptosis, ultimately inhibiting the
formation of hypertrophic scars [33]. The above suggests that RSV has a dose-dependent
effect on fibroblast proliferation and apoptosis in wound healing. In addition, RSV can also
regulate the proliferation and apoptosis of pimple fibroblasts by targeting HIF-1« [34].
The TGF-1/Smads signalling pathway is the most classical mechanism of action in
wound healing. Several studies have suggested that high doses of RSV can induce apoptosis
and inhibit the proliferation of scar fibroblasts. RSV inhibits fibroblast proliferation and
induces apoptosis through downregulation of TGF-1 and Smad2, Smad3 protein and gene
level expression [35], which can be regarded as a pathway for the treatment of pathological
scarring. Further studies have found that RSV inhibits the activation of TGF-31 on normal
fibroblasts through upregulation of Sirtuin1 (SIRT1), suggesting that SIRT1 can act as an
upstream target of TGF-f3 to reduce the formation of proliferative scarring [36]. Aside from
TGF-31/Smads, downregulation of the mammalian target of (mTOR)/70S6K signalling
pathway has also been investigated as a mechanism to inhibit scarring fibroblasts [37].

3.2. Keratinocytes

Keratinocytes are the main constituent cells of the skin’s epidermis that are resistant
to microorganisms and prevent ultraviolet light from entering the deeper layers of the
skin. It is thought that keratinocytes can be used as a skin substitute for wound treatment,
and the proliferation and migration of keratinocytes contribute to the healing of burn
wounds. During wound healing, the secretion of keratinocyte growth factor is one of the
important factors in promoting re-epithelialization, which promotes the migration and
proliferation of keratinocytes towards the wound edge to restore the epidermal barrier in
the wound bed [38]. In addition, it activates and promotes the proliferation of downstream
cellular fibroblasts with a paracrine manner [39]. In a lipopolysaccharide-induced human
epidermal keratinocytes (HaCaT) injury model, RSV promoted skin wound recovery by
targeting the miR-212/CASP8 axis of healing [40]. In particulate matter (PM)-induced
HaCaT, RSV reduced PM-induced expression of cyclooxygenase-2 (COX-2)/prostaglandin
E2 (PGE2) and pro-inflammatory cytokines, including matrix metalloproteinase (MMP)-1,
MMP-9 and interleukin-8 (IL-8), to promote skin injury repair with anti-inflammatory
and antioxidant properties [41]. Interestingly, in HyO,-induced HaCaT [42], grape seed
proanthocyanidin extract (GSPE) containing 5000 ppm RSV accelerated wound contraction
and closure by driving VEGF to promote angiogenesis, indirectly demonstrating RSV’s
ability to treat traumatic injuries. In the process of wound healing, SIRT1 acts not only on
fibroblast proliferation but also stimulates the growth of keratinocytes. It was found [43]
that class Il and class I histone deacetylases interacted with each other in a NO-dependent
manner without the activation of SIRT1, stimulating keratinocytes proliferation through
phosphorylation of endothelial NO synthase and NO production.

In conclusion, the above suggests that RSV promotes keratinocytes proliferation
and accelerates wound repair and healing via its anti-inflammatory, antioxidant and pro-
angiogenic properties. Surprisingly, Liudmila G. Korkina et al. [44] believed that RSV
blocked the cell cycle via the EGFR/P-EGFR axis and inhibited keratinocytes proliferation,
which was detrimental to wound healing. Therefore, considering the dose-dependent
nature of RSV, its action on keratinocytes repair still needs to be further explored.

3.3. Macrophages

Macrophages are important inflammatory cells that play a key role in fighting infection
in the body during wound healing. However, it has been suggested that an increase in
excessive inflammatory cytokines is positively associated with the severity of trauma [45].
Therefore, balancing macrophages homeostasis is also a critical step in wound healing.
During the early stages of wound healing, macrophages produce several pro-inflammatory
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cytokines such as IL-6, IL-13 and tumour necrosis factor-o (TNF-«) [46]. RSV-loaded
hydrogels reduced macrophages infiltration and the expression of cytokines such as TNF-«
and IL-1f3 in a rat skin damage model, which promoted shrinkage and repair of wounds [47].
Similarly, lipopolysaccharide-induced macrophages activation exhibited a marked increase
in inflammatory cytokines in a severe burn mouse model, which was suppressed by
stimulation of SRIT1 levels in response to RSV [48].

In addition to the secretion of pro-inflammatory factors, macrophages are the first
line of defence against endocytic bacteria. Pterostilbene, as a methoxylated derivative of
RSV, is rapidly phagocytosed by macrophages and facilitating intracellular eradication of
methicillin-resistant S. aureus [49]. Paul Yao et al. [50] found that pterostilbene can reverse
the epigenetic changes of macrophages and inhibit the expression of proinflammatory
factors by comparison with RSV in diabetic wound healing, thus accelerating wound
healing. In a word, macrophages have an irreplaceable role in wound healing. The use of
RSV also impedes macrophages infiltration and the secretion of pro-inflammatory factors,
which is beneficial in expediting wound healing.

3.4. Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are pluripotent cells derived from a variety of tissues,
including bone marrow, adipose, dental pulp, placenta, umbilical cord and liver. They have
a high proliferative and differentiation potential and low immunogenicity, which can be
used in the study of a wide range of clinical diseases. MSCs play an important role in cell
growth and maintenance of skin tissue through the secretion of a number of cytokines and
growth factors. Recent studies have shown that MSCs stimulate human dermal fibrob-
lasts (HDFs) through paracrine action to accelerate wound healing via reducing collagen
deposition and scar proliferation [51,52]. In MSCs, RSV dose-dependently promotes the
increase of secretory factors such as TGF-f3, VEGF, PEGF and EGF and the proliferation
of MSCs, contributing to faster wound healing [53]. In a rat model of type 1 diabetes
mellitus [54], RSV-stimulated extracellular vesicles secreted by MSCs also contributed to
improving diabetic wound healing.

4. Mechanisms Underlying the Beneficial Effects of RSV on Wound Healing
4.1. Anti-Inflammatory Effect

Inflammation is a physiological stress response that occurs when the organism is
exposed to external aggression and can be divided into acute and chronic inflammation.
Normally, inflammation is beneficial and is the body’s automatic defence response, but
it can be damaging to the organism if it becomes chronic as the disease progresses. Anti-
inflammatory effects therefore play a vital role in the fight against pathogens and wound
healing. Macrophages are the most predominant type of immune cells in which the
inflammatory response of the body occurs. In vitro experiments, macrophages are usually
induced to produce an inflammatory response by lipopolysaccharide. Apparently, RSV in
its natural form or in wound dressings inhibits the production of certain pro-inflammatory
cytokines released into the cell supernatants, such as COX-2, and its derivatives PGE2,
TNF-a and IL-1p decrease with increasing duration of RSV action [47], or down-regulate
the expression of the corresponding genes in cells [55,56]. In a rat burn wound model,
RSV-loaded hydrogels inhibited the expression of inflammatory factors such as IL-6, IL-13
and TNF-« [21].

The anti-inflammatory effects of RSV in wound healing are closely linked to SIRT1 [57].
Several studies have found that RSV reduces the expression of APE1/Ref-1, a common
target of SIRT1, in lipopolysaccharide-stimulated monocytes and shifts it from the cyto-
plasm to the nucleus, suggesting that acetylation of proteins occurs under the action of
RSV. There is accumulated evidence to show [47] that RSV can reduce excessive collagen
formation by activating SIRT-1, thereby reducing scar formation and accelerating skin
wound healing. In addition, SIRT1 mediated endothelial protection and pro-angiogenic
effects in the RSV-treated mouse diabetic wound model [58]. Although it is still not fully
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understood how RSV exerts its biological functions, its activation of SIRT1 seems to have
been considered a necessary link.

Nuclear factor kappa b (NF-kB) has been validated as a common anti-inflammatory
mechanism in a variety of diseases, including respiratory diseases [59], enteropathy [60],
mechanical abnormal pain [61], and others. Certainly, NF-«B was also found to be involved
in the anti-inflammatory role of RSV during skin injury by James E Sligh et al. [62]. In
RAW 264.7 cells [63], the treated group of biopolymer nanoparticles encapsulated with RSV
promoted the release of the anti-inflammatory factor IL-10 and inhibited the expression
of NO, IL-18, IL-6, in which MAPK phosphorylation was inhibited, suggesting that RSV
can mediate its anti-inflammatory mechanisms through the MAPK signalling pathway.
Interestingly, some novel ideas [64] suggest that the anti-inflammatory and wound healing
effects of RSV depend on their interaction with Epidermal growth factor receptor (EGFR)-
controlled cytoplasmic and nuclear pathways rather than on their direct redox properties.

4.2. Anti-Microbial Effect

Avoiding local wound infections in the early stages of tissue damage is an essential part
of early treatment. Most common clinical infections are bacterial and fungal, with S. aureus,
P. aeruginosa and C. albicans predominating [65]. Therefore, the use of antimicrobial agents is
essential in the early treatment of the tissue repair process. In modern clinical medicine, the
widespread use of antibiotics has made resistance to microbial pathogens a major clinical
problem. The search for an effective drug with fewer side effects that can resist/resolve
this disadvantage of drug resistance has therefore become a new direction. RSV, a natural
plant extract, has been shown to have antimicrobial properties and its antimicrobial activity
may be due to disruption of cell membrane potential or blockage of DNA synthesis. In one
study, RSV was found to be antibacterial against both bacterial and fungal infections [66].
However, compared to S. aureus and P. aeruginosa, RSV did not hinder the growth of
C. albicans although it also inhibited it better, which means that the inflammatory response
is stronger in fungal infections than in bacterial infections. Furthermore, as a natural
plant extract, RSV has a better antibacterial effect compared to other extracts. Three plant
polyphenols containing RSV, dihydroquercetin and dihydromyricetin have been extracted
from the bark of the fir tree. Compared to the latter two, RSV treatment resulted in
a significant increase in the proportion of macrophages and fibroblasts, which became
important in accelerating wound healing and restoring the normal stratification of the
epidermis and hair follicles [67]. In addition, RSV had been found to be an effective
compound against Stenotrophomonas in burn wounds [68]. It is thus clear that RSV could be
a candidate for antimicrobial therapy.

4.3. Antioxidant Effect

Oxidative stress and inflammation go hand in hand. Therefore, having oxidative stress
is also an important factor in wound healing. In general, oxidative stress usually is a result
of excessive reactive oxygen species (ROS), which might be the important mechanism of
delayed wound healing [69]. RSV is a natural antioxidant with powerful antioxidant effects
against damaging diseases. In HyO,-induced oxidative stress in Human Umbilical Vein
Endothelial Cells (HUVECs), RSV was found to inhibit ROS production by promoting
Nrf2 aggregation in the nucleus and stimulating the expression of the downstream factor
Mn-SOD [70]. Similarly, the results were consistently validated in a rat model of skin burn
trauma. However, it has also been found that the antioxidant properties of RSV may have a
biphasic concentration effect. The effect of 0.1uM RSV reduced JNK and COX-2 expression
in keratinocytes and upregulated expression at 1TuM provides evidence for this theory [41].

4.4. Anti-Ageing Effect

With age comes an increasing risk of chronic non-healing skin wounds. It has been
shown that RSV has anti-ageing effects during tissue damage repair [71]. The anti-aging
effect of RSV is dependent on continuous dosing, and animal studies have demonstrated
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that intermittent dosing does not improve wound healing in young rats. In aged rats,
continuous RSV treatment down-regulated senescence factors such as p16, p21, promoted
cell proliferation in the epidermis and perifollicular areas, and improved senescence in skin
wound healing, confirming the anti-aging effect of RSV in wound healing [72]. Moreover,
CD31 mapping in granulation tissue confirmed that RSV promotes the increase of CD31*
vascular endothelial cells by stimulating adenosine monophosphate-activated protein
kinase (AMPK), thereby accelerating angiogenesis and wound healing. In addition, the
anti-ageing activity of RSV in combination with other phytonutrients has been reported in
the context of skin damage [73]. The following mapping illustrates the function of RSV in
wound healing and its possible mechanisms (Figure 3).

Antioxidant effect
%+ ROS: Oxidative stress

#+ Biphasic concentration effect;

up or down regulated JNK and COX2

Anti-microbial effect

+ Bacteria: S aureus

Anti-inflammatory effect
% SIRT1: Acetylation of proteins

<+ NF-kB: The inhibition of pro-inflammatory
factors and the release of anti-inflammatory

-/ factors
™ 4 EGFR controlled cytoplasmic and nuclear
Resveratrol) pathways

\““-________//

P aeruginosa
Stenotrophomonas

+ Fungi: C albicans

Anti-ageing effect
+ Down-regulated senescence factors such as pl6, p21

+ Anti-ageing activity was effected by combining with
other phytonutrients

Figure 3. Mechanisms underlying the beneficial effects of RSV on wound healing.

The role of RSV in wound healing is chiefly manifested in four aspects, which con-
tains anti-oxidation, anti-inflammatory, anti-aging and anti-bacterial effects, and its brief
mechanism of action is elucidated.

5. Cytotoxicity and Adverse Effects of RSV on Wound Healing

The cytotoxicity potential of RSV resisting human wound healing demonstrated that
RSV had low associated cytotoxicity. Most studies have shown that higher doses of RSV
lead to cell proliferation inhibition and cell viability decline, such as T cells, macrophages,
skin cells and mammalian cells [74,75]. In contrast, the bioeffects of low dose (10 um/mL)
RSV did not affect its ability for cell morphology and function [76]. In distinction, a case
for macrophages, the degree of cytotoxic appears to be related to the activation status of
the cells. The investigators also found that the elevated glutathione and stable levels of
lipid peroxidation suggest that RSV exhibited cytotoxicity that did not involve oxidative
stress [77]. In conclusion, the current cytotoxicity assay indicates that this compound has
low cytotoxicity and a preliminary safety profile.

6. Discussion

In recent years, there has been an increasing interest in the healing of skin wounds.
The healing of some mechanical injuries, burns, diabetic wounds and others has become
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a clinical challenge and the resistance to antibiotics in modern medicine has become a
therapeutic bottleneck. As a result, natural plant extracts have become the target of focus.
RSV is found in a variety of plants, including beans, rice and grape skins. It has also
been found to have anti-inflammatory, antioxidant, antibacterial and even pro-angiogenic
effects in a variety of diseases, of course, containing the healing of skin wounds. Due to
the high gastrointestinal degradation and low bioavailability of RSV orally, several forms
of dressings have been investigated and developed. In this review, we focussed on the
effects of different forms of RSV-loaded dressings on the proliferation and migration of
different cells during skin wound healing and also elaborated on their anti-inflammatory,
antioxidant and antimicrobial properties and mechanisms of action in the treatment of
wound healing. Several experiments have demonstrated its beneficial effects on wound
healing at the cellular level and in animal studies. However, in reviewing the literature,
we found that the dose-dependence of RSV drugs is particularly pronounced, with high
or low concentrations of action even leading to contradictory results, which offers us a
new approach to the treatment of different diseases. Considering that RSV promotes
wound healing by activating fibroblast proliferation or apoptosis [32,78], it reminds us
to wonder whether greater attention should be paid to reducing scar formation in the
process of accelerating wound healing. While it is indisputable that fibroblasts proliferation
accelerates wound healing, several studies [79,80] have shown that fibroblasts proliferation
during the granulation phase and tissue remodelling leads to the deposition of collagen
fibres and ECM, resulting in the formation of scarring, which has a significant impact on
the physiological function of the skin and people’s psychological well-being. Therefore,
more in-depth studies are needed on the treatment of fibroblasts proliferation by RSV and
its phase of action.

Author Contributions: Conceptualization and Writing—Review & Editing, Y.J. and J.-H.S,;
Writing—Original Draft Preparation and Software, K.-W.Z.; Visualization, M.-L.Z. and Y.-Y.T.; Investi-
gation, F.T.; Supervision, M.-N.C. and W.-W.C_; Project Administration, Z.-D.Y. and J.-].W,; Funding
Acquisition, F-L.Y. All authors have read and agreed to the published version of the manuscript.

Funding: Funding for this study was provided by the Natural Science Foundation of China (81770876)
and the Natural Science Foundation of Jiangsu Province (BK20191141).

Data Availability Statement: Not applicable.

Acknowledgments: All the authors would like to express immense gratitude to the Nanjing Univer-
sity of Chinese Medicine and the Affiliated Hospital of Jiangnan University, for the guidance and
resources to complete this review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Butkeviciute, A.; Ramanauskiene, K.; Kurapkiene, V.; Janulis, V. Dermal Penetration Studies of Potential Phenolic Compounds Ex
Vivo and Their Antioxidant Activity In Vitro. Plants 2022, 11, 1901. [CrossRef] [PubMed]

2. Bryan, D.; Walker, K.B.; Ferguson, M.; Thorpe, R. Cytokine gene expression in a murine wound healing model. Cytokine 2005, 31,
429-438. [CrossRef] [PubMed]

3. Erogluy, I.; Gokee, E.H.; Tsapis, N.; Tanriverdi, S.T.; Gokge, G.; Fattal, E.; Ozer, O. Evaluation of characteristics and in vitro
antioxidant properties of RSV loaded hyaluronic acid-DPPC microparticles as a wound healing system. Colloids Surf. B
Biointerfaces 2015, 126, 50-57. [CrossRef] [PubMed]

4. Li, H.; O'Meara, M.; Zhang, X.; Zhang, K.; Seyoum, B.; Yi, Z.; Kaufman, R.J.; Monks, T.J.; Wang, ] M. Ameliorating Methylglyoxal-
Induced Progenitor Cell Dysfunction for Tissue Repair in Diabetes. Diabetes 2019, 68, 1287-1302. [CrossRef]

5. Huang, X.; Sun, J.; Chen, G.; Niu, C.; Wang, Y.; Zhao, C.; Sun, J.; Huang, H.; Huang, S.; Liang, Y.; et al. Resveratrol Promotes Diabetic
Wound Healing via SIRT1-FOXO1-c-Myc Signaling Pathway-Mediated Angiogenesis. Front. Pharmacol. 2019, 10, 421. [CrossRef]

6.  Valletta, A ; Iozia, L.M.; Leonelli, F. Impact of Environmental Factors on Stilbene Biosynthesis. Plants 2021, 10, 90. [CrossRef]

7. Bryl, A,; Falkowski, M.; Zorena, K.; Mrugacz, M. The Role of Resveratrol in Eye Diseases-A Review of the Literature. Nutrients
2022, 14, 2974. [CrossRef]

8.  Burns, J.; Yokota, T.; Ashihara, H.; Lean, M.E.; Crozier, A. Plant foods and herbal sources of resveratrol. J. Agric. Food Chem. 2002,

50, 3337-3340. [CrossRef]


http://doi.org/10.3390/plants11151901
http://www.ncbi.nlm.nih.gov/pubmed/35893606
http://doi.org/10.1016/j.cyto.2005.06.015
http://www.ncbi.nlm.nih.gov/pubmed/16102971
http://doi.org/10.1016/j.colsurfb.2014.12.006
http://www.ncbi.nlm.nih.gov/pubmed/25543983
http://doi.org/10.2337/db18-0933
http://doi.org/10.3389/fphar.2019.00421
http://doi.org/10.3390/plants10010090
http://doi.org/10.3390/nu14142974
http://doi.org/10.1021/jf0112973

Molecules 2022, 27, 6736 10 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

Varikova, E.; Paldrychovd, M.; Kasparova, P.; Lokoc¢ova, K.; Kodes, Z.; Mat'atkovd, O.; Kolouchov4, I.; Masdk, J. Natural
antioxidant pterostilbene as an effective antibiofilm agent, particularly for gram-positive cocci. World J. Microbiol. Biotechnol. 2020,
36, 101. [CrossRef]

Tripathi, V.; Chhabria, S.; Jadhav, V.; Bhartiya, D.; Tripathi, A. Stem Cells and Progenitors in Human Peripheral Blood Get
Activated by Extremely Active Resveratrol (XAR™). Stem Cell Rev. Rep. 2018, 14, 213-222. [CrossRef]

Avila-Salas, F.; Marican, A.; Pinochet, S.; Carrefio, G.; Valdés, O.; Venegas, B.; Donoso, W.; Cabrera-Barjas, G.; Vijayakumar, S.;
Duran-Lara, E.F. Film Dressings Based on Hydrogels: Simultaneous and Sustained-Release of Bioactive Compounds with Wound
Healing Properties. Pharmaceutics 2019, 11, 447. [CrossRef] [PubMed]

Valachova, K.; Soltés, L. Self-Associating Polymers Chitosan and Hyaluronan for Constructing Composite Membranes as
Skin-Wound Dressings Carrying Therapeutics. Molecules 2021, 26, 2535. [CrossRef] [PubMed]

Chen, K,; Sivaraj, D.; Davitt, M.E,; Leeolou, M.C.; Henn, D.; Steele, S.R.; Huskins, S.L.; Trotsyuk, A.A.; Kussie, H.C,;
Greco, A.H.; et al. Pullulan-Collagen hydrogel wound dressing promotes dermal remodelling and wound healing compared
to commercially available collagen dressings. Wound Repair Regen. Off. Publ. Wound Heal. Soc. Eur. Tissue Repair Soc. 2022, 30,
397-408. [CrossRef] [PubMed]

Yang, G.; Zhang, Z.; Liu, K; Ji, X.; Fatehi, P.; Chen, J. A cellulose nanofibril-reinforced hydrogel with robust mechanical,
self-healing, pH-responsive and antibacterial characteristics for wound dressing applications. J. Nanobiotechnol. 2022, 20, 312.
[CrossRef] [PubMed]

Poornima, B.; Korrapati, P.S. Fabrication of chitosan-polycaprolactone composite nanofibrous scaffold for simultaneous delivery
of ferulic acid and resveratrol. Carbohydr. Polym. 2017, 157, 1741-1749. [CrossRef]

Dickmeis, C.; Kauth, L.; Commandeur, U. From infection to healing: The use of plant viruses in bioactive hydrogels. Wiley
Interdiscip. Rev. Nanomed. Nanobiotechnol. 2021, 13, e1662. [CrossRef]

Boominathan, T.; Sivaramakrishna, A. Recent Advances in the Synthesis, Properties, and Applications of Modified Chitosan
Derivatives: Challenges and Opportunities. Top. Curr. Chem. 2021, 379, 19. [CrossRef]

Lan, W.; Zhao, J.; Sun, Y.; Liu, ].; Xie, ]. Chitosan-grafted-phenolic acid copolymers against Shewanella putrefaciens by disrupting
the permeability of cell membrane. World . Microbiol. Biotechnol. 2022, 38, 73. [CrossRef]

Fuster, M.G.; Montalban, M.G.; Carissimi, G.; Lima, B.; Feresin, G.E.; Cano, M.; Giner-Casares, ].J.; Lépez-Cascales, ].J.; Enriz, R.D.;
Villora, G. Antibacterial Effect of Chitosan-Gold Nanoparticles and Computational Modeling of the Interaction between Chitosan
and a Lipid Bilayer Model. Nanomaterials 2020, 10, 2340. [CrossRef]

Berce, C.; Muresan, M.S.; Soritau, O.; Petrushev, B.; Tefas, L.; Rigo, I.; Ungureanu, G.; Catoi, C.; Irimie, A.; Tomuleasa, C.
Cutaneous wound healing using polymeric surgical dressings based on chitosan, sodium hyaluronate and resveratrol. A
preclinical experimental study. Colloids Surf. B Biointerfaces 2018, 163, 155-166. [CrossRef]

Zheng, Y.; Yuan, W,; Liu, H.; Huang, S.; Bian, L.; Guo, R. Injectable supramolecular gelatin hydrogel loading of resveratrol and
histatin-1 for burn wound therapy. Biomater. Sci. 2020, 8, 4810—4820. [CrossRef] [PubMed]

Gorska, A.; Krupa, A.; Majda, D.; Kulinowski, P.; Kurek, M.; Weglarz, W.P.; Jachowicz, R. Poly(Vinyl Alcohol) Cryogel Membranes
Loaded with Resveratrol as Potential Active Wound Dressings. AAPS PharmSciTech 2021, 22, 109. [CrossRef] [PubMed]
Lakshmanan, R.; Campbell, J.; Ukani, G.; O'Reilly Beringhs, A.; Selvaraju, V.; Thirunavukkarasu, M.; Lu, X,; Palesty, ].A.; Maulik,
N. Evaluation of dermal tissue regeneration using resveratrol loaded fibrous matrix in a preclinical mouse model of full-thickness
ischemic wound. Int. J. Pharm. 2019, 558, 177-186. [CrossRef] [PubMed]

Ma, W.; Zhou, M.; Dong, W.; Zhao, S.; Wang, Y.; Yao, J.; Liu, Z.; Han, H.; Sun, D.; Zhang, M. A bi-layered scaffold of a poly(lactic-co-
glycolic acid) nanofiber mat and an alginate-gelatin hydrogel for wound healing. J. Mater. Chem. B 2021, 9, 7492-7505. [CrossRef]
Cetinkalp, $.; Gokge, E.H.; Simsir, I.; Tuncay Tanriverdi, S.; Dogan, E; Biray Avci, C.; Eroglu, I; Utku, T; Giindiiz, C.; Ozer, O.
Comparative Evaluation of Clinical Efficacy and Safety of Collagen Laminin-Based Dermal Matrix Combined With Resveratrol
Microparticles (Dermalix) and Standard Wound Care for Diabetic Foot Ulcers. Int. J. Low. Extrem. Wounds 2021, 20, 217-226.
[CrossRef]

Amanat, S.; Taymouri, S.; Varshosaz, J.; Minaiyan, M.; Talebi, A. Carboxymethyl cellulose-based wafer enriched with resveratrol-
loaded nanoparticles for enhanced wound healing. Drug Deliv. Transl. Res. 2020, 10, 1241-1254. [CrossRef]

Vitonyte, J.; Manca, M.L.; Caddeo, C.; Valenti, D.; Peris, J.E.; Usach, I.; Nacher, A.; Matos, M.; Gutiérrez, G.; Orru, G.; et al.
Bifunctional viscous nanovesicles co-loaded with resveratrol and gallic acid for skin protection against microbial and oxidative
injuries. Eur. J. Pharm. Biopharm. Off. ]. Arb. Fur Pharm. Verfahr. 2017, 114, 278-287. [CrossRef]

Gokcee, E.H.; Tuncay Tanriverdi, S.; Eroglu, I.; Tsapis, N.; Gokce, G.; Tekmen, I.; Fattal, E.; Ozer, O. Wound healing effects of
collagen-laminin dermal matrix impregnated with resveratrol loaded hyaluronic acid-DPPC microparticles in diabetic rats. Eur. .
Pharm. Biopharm. Off. J. Arb. Fur Pharm. Verfahr. 2017, 119, 17-27. [CrossRef]

Chen, L.; Tredget, E.E.; Wu, PY,; Wu, Y. Paracrine factors of mesenchymal stem cells recruit macrophages and endothelial lineage
cells and enhance wound healing. PLoS ONE 2008, 3, €1886. [CrossRef]

Trojanowska, M. Role of PDGF in fibrotic diseases and systemic sclerosis. Rheumatology 2008, 47 (Suppl. 5), v2-v4. [CrossRef]
Wei, K.; Nguyen, H.N.; Brenner, M.B. Fibroblast pathology in inflammatory diseases. ]J. Clin. Investig. 2021, 131, e149538.
[CrossRef] [PubMed]

Kaleci, B.; Koyuturk, M. Efficacy of resveratrol in the wound healing process by reducing oxidative stress and promoting fibroblast
cell proliferation and migration. Dermatol. Ther. 2020, 33, €14357. [CrossRef] [PubMed]


http://doi.org/10.1007/s11274-020-02876-5
http://doi.org/10.1007/s12015-017-9784-7
http://doi.org/10.3390/pharmaceutics11090447
http://www.ncbi.nlm.nih.gov/pubmed/31480682
http://doi.org/10.3390/molecules26092535
http://www.ncbi.nlm.nih.gov/pubmed/33926140
http://doi.org/10.1111/wrr.13012
http://www.ncbi.nlm.nih.gov/pubmed/35384131
http://doi.org/10.1186/s12951-022-01523-5
http://www.ncbi.nlm.nih.gov/pubmed/35794620
http://doi.org/10.1016/j.carbpol.2016.11.056
http://doi.org/10.1002/wnan.1662
http://doi.org/10.1007/s41061-021-00331-z
http://doi.org/10.1007/s11274-022-03261-0
http://doi.org/10.3390/nano10122340
http://doi.org/10.1016/j.colsurfb.2017.12.041
http://doi.org/10.1039/D0BM00391C
http://www.ncbi.nlm.nih.gov/pubmed/32744545
http://doi.org/10.1208/s12249-021-01976-1
http://www.ncbi.nlm.nih.gov/pubmed/33718994
http://doi.org/10.1016/j.ijpharm.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30639221
http://doi.org/10.1039/D1TB01039E
http://doi.org/10.1177/1534734620907773
http://doi.org/10.1007/s13346-020-00711-w
http://doi.org/10.1016/j.ejpb.2017.02.004
http://doi.org/10.1016/j.ejpb.2017.04.027
http://doi.org/10.1371/journal.pone.0001886
http://doi.org/10.1093/rheumatology/ken265
http://doi.org/10.1172/JCI149538
http://www.ncbi.nlm.nih.gov/pubmed/34651581
http://doi.org/10.1111/dth.14357
http://www.ncbi.nlm.nih.gov/pubmed/32996685

Molecules 2022, 27, 6736 11 of 12

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Pang, K.; Li, B.; Tang, Z.; Yang, W.; Hao, L.; Shi, Z.; Zhang, J.; Cai, L.; Li, R.; Liu, Y.; et al. Resveratrol inhibits hypertrophic scars
formation by activating autophagy via the miR-4654/Rheb axis. Mol. Med. Rep. 2020, 22, 3440-3452. [CrossRef] [PubMed]

Si, L.; Zhang, M.; Guan, E.; Han, Q; Liu, Y.; Long, X.; Long, E; Zhao, R.C.; Huang, J.; Liu, Z.; et al. Resveratrol inhibits proliferation
and promotes apoptosis of keloid fibroblasts by targeting HIF-1c. J. Plast. Surg. Hand Surg. 2020, 54, 290-296. [CrossRef]

Zhai, X.X.; Ding, J.C.; Tang, Z.M. Resveratrol Inhibits Proliferation and Induces Apoptosis of Pathological Scar Fibroblasts
Through the Mechanism Involving TGF-f1/Smads Signaling Pathway. Cell Biochem. Biophys. 2015, 71, 1267-1272. [CrossRef]
Bai, X.Z; Liu, J.Q.; Yang, L.L,; Fan, L.; He, T.; Su, L.L.; Shi, ].H.; Tang, C.W.; Zheng, Z.; Hu, D.H. Identification of sirtuin 1 as a
promising therapeutic target for hypertrophic scars. Br. J. Pharmacol. 2016, 173, 1589-1601. [CrossRef]

Tang, Z.M.; Zhai, X.X.; Ding, ].C. Expression of mTOR/70S6K signaling pathway in pathological scar fibroblasts and the effects of
resveratrol intervention. Mol. Med. Rep. 2017, 15, 2546-2550. [CrossRef]

Bartolo, I.; Reis, R.L.; Marques, A.P,; Cerqueira, M.T. Keratinocyte Growth Factor-Based Strategies for Wound Re-Epithelialization.
Tissue Eng. Part B Rev. 2022, 28, 665-676. [CrossRef]

Werner, S.; Smola, H. Paracrine regulation of keratinocyte proliferation and differentiation. Trends Cell Biol. 2001, 11, 143-146.
[CrossRef]

Liu, Y.;; Xiong, W.; Wang, C.W,; Shi, J.P.; Shi, Z.Q.; Zhou, ].D. Resveratrol promotes skin wound healing by regulating the
miR-212/CASPS axis. Lab. Investig. A J. Tech. Methods Pathol. 2021, 101, 1363-1370. [CrossRef]

Shin, JJW.; Lee, H.S.; Na, ].I; Huh, C.H.; Park, K.C.; Choi, H.R. Resveratrol Inhibits Particulate Matter-Induced Inflammatory
Responses in Human Keratinocytes. Int. J. Mol. Sci. 2020, 21, 3446. [CrossRef]

Khanna, S.; Venojarvi, M.; Roy, S.; Sharma, N.; Trikha, P,; Bagchi, D.; Bagchi, M.; Sen, C.K. Dermal wound healing properties of
redox-active grape seed proanthocyanidins. Free. Radic. Biol. Med. 2002, 33, 1089-1096. [CrossRef]

Spallotta, F.; Cencioni, C.; Straino, S.; Nanni, S.; Rosati, J.; Artuso, S.; Manni, I.; Colussi, C.; Piaggio, G.; Martelli, F; et al. A
nitric oxide-dependent cross-talk between class I and III histone deacetylases accelerates skin repair. . Biol. Chem. 2013, 288,
11004-11012. [CrossRef]

Pastore, S.; Lulli, D.; Maurelli, R.; Dellambra, E.; De Luca, C.; Korkina, L.G. Resveratrol induces long-lasting IL-8 expression and
peculiar EGFR activation/distribution in human keratinocytes: Mechanisms and implications for skin administration. PLoS ONE
2013, 8, €59632. [CrossRef]

Bird, M.D.; Kovacs, E.J. Organ-specific inflammation following acute ethanol and burn injury. J. Leukoc. Biol. 2008, 84, 607-613.
[CrossRef]

Rodrigues, M.; Kosaric, N.; Bonham, C.A.; Gurtner, G.C. Wound Healing: A Cellular Perspective. Physiol. Rev. 2019, 99, 665-706.
[CrossRef] [PubMed]

Zhao, C.C; Zhu, L.; Wu, Z; Yang, R.; Xu, N.; Liang, L. Resveratrol-loaded peptide-hydrogels inhibit scar formation in wound
healing through suppressing inflammation. Regen. Biomater. 2020, 7, 99-107. [CrossRef] [PubMed]

Tao, K.; Bai, X,; Jia, W,; Liu, Y,; Zhu, X.; Han, J.; Dong, M.; Li, J.; Chen, D.; Hu, D. Effects of resveratrol on the treatment of
inflammatory response induced by severe burn. Inflammation 2015, 38, 1273-1280. [CrossRef] [PubMed]

Yang, S.C.; Tseng, C.H.; Wang, PW.; Lu, P.L.; Weng, Y.H.; Yen, EL.; Fang, ].Y. Pterostilbene, a Methoxylated Resveratrol Derivative,
Efficiently Eradicates Planktonic, Biofilm, and Intracellular MRSA by Topical Application. Front. Microbiol. 2017, 8, 1103.
[CrossRef]

Xie, W.; Zhou, X.; Hu, W,; Chu, Z.; Ruan, Q.; Zhang, H.; Li, M.; Zhang, H.; Huang, X.; Yao, P. Pterostilbene accelerates wound
healing by modulating diabetes-induced estrogen receptor 3 suppression in hematopoietic stem cells. Burn. Trauma 2021,
9, tkaa045. [CrossRef] [PubMed]

Gentile, P; Sterodimas, A.; Calabrese, C.; Garcovich, S. Systematic review: Advances of fat tissue engineering as bioactive scaffold,
bioactive material, and source for adipose-derived mesenchymal stem cells in wound and scar treatment. Stem Cell Res. Ther.
2021, 12, 318. [CrossRef]

Li, Y,; Zhang, J.; Shi, J.; Liu, K.; Wang, X,; Jia, Y.; He, T.; Shen, K.; Wang, Y.; Liu, J.; et al. Exosomes derived from human adipose
mesenchymal stem cells attenuate hypertrophic scar fibrosis by miR-192-5p /IL-17RA /Smad axis. Stem Cell Res. Ther. 2021, 12,
221. [CrossRef]

Prakoeswa, C.R.S.; Rindiastuti, Y.; Wirohadidjojo, Y. W.; Komaratih, E.; Nurwasis; Dinaryati, A.; Lestari, N.M.I.; Rantam, F.A.
Resveratrol promotes secretion of wound healing related growth factors of mesenchymal stem cells originated from adult and
fetal tissues. Artif. Cells Nanomed. Biotechnol. 2020, 48, 1160-1167. [CrossRef]

Hu, J.; Liu, X,; Chi, J.; Che, K.; Ma, X.; Qiu, M.; Fu, Z.; Wang, Y.; Wang, Y.; Wang, W. Resveratrol Enhances Wound Healing in Type
1 Diabetes Mellitus by Promoting the Expression of Extracellular Vesicle-Carried MicroRNA-129 Derived from Mesenchymal
Stem Cells. . Proteome Res. 2022, 21, 313-324. [CrossRef]

de Sa Coutinho, D.; Pacheco, M.T.; Frozza, R.L.; Bernardi, A. Anti-Inflammatory Effects of Resveratrol: Mechanistic Insights. Int.
J. Mol. Sci. 2018, 19, 1812. [CrossRef]

Latruffe, N.; Lancon, A.; Frazzi, R,; Aires, V.; Delmas, D.; Michaille, ].J.; Djouadi, E; Bastin, J.; Cherkaoui-Malki, M. Exploring new
ways of regulation by resveratrol involving miRNAs, with emphasis on inflammation. Ann. N. Y. Acad. Sci. 2015, 1348, 97-106.
[CrossRef] [PubMed]

Pignet, A.L.; Schellnegger, M.; Hecker, A.; Kohlhauser, M.; Kotzbeck, P.; Kamolz, L.P. Resveratrol-Induced Signal Transduction in
Wound Healing. Int. J. Mol. Sci. 2021, 22, 12614. [CrossRef]


http://doi.org/10.3892/mmr.2020.11407
http://www.ncbi.nlm.nih.gov/pubmed/32945452
http://doi.org/10.1080/2000656X.2020.1771719
http://doi.org/10.1007/s12013-014-0317-6
http://doi.org/10.1111/bph.13460
http://doi.org/10.3892/mmr.2017.6339
http://doi.org/10.1089/ten.teb.2021.0030
http://doi.org/10.1016/S0962-8924(01)01955-9
http://doi.org/10.1038/s41374-021-00621-6
http://doi.org/10.3390/ijms21103446
http://doi.org/10.1016/S0891-5849(02)00999-1
http://doi.org/10.1074/jbc.M112.441816
http://doi.org/10.1371/journal.pone.0059632
http://doi.org/10.1189/jlb.1107766
http://doi.org/10.1152/physrev.00067.2017
http://www.ncbi.nlm.nih.gov/pubmed/30475656
http://doi.org/10.1093/rb/rbz041
http://www.ncbi.nlm.nih.gov/pubmed/32440361
http://doi.org/10.1007/s10753-014-0097-6
http://www.ncbi.nlm.nih.gov/pubmed/25586484
http://doi.org/10.3389/fmicb.2017.01103
http://doi.org/10.1093/burnst/tkaa045
http://www.ncbi.nlm.nih.gov/pubmed/33654697
http://doi.org/10.1186/s13287-021-02397-4
http://doi.org/10.1186/s13287-021-02290-0
http://doi.org/10.1080/21691401.2020.1817057
http://doi.org/10.1021/acs.jproteome.1c00248
http://doi.org/10.3390/ijms19061812
http://doi.org/10.1111/nyas.12819
http://www.ncbi.nlm.nih.gov/pubmed/26190093
http://doi.org/10.3390/ijms222312614

Molecules 2022, 27, 6736 12 of 12

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Hecker, A.; Schellnegger, M.; Hofmann, E.; Luze, H.; Nischwitz, S.P.; Kamolz, L.P.; Kotzbeck, P. The impact of resveratrol on skin
wound healing, scarring, and aging. Int. Wound J. 2022, 19, 9-28. [CrossRef] [PubMed]

Filardo, S.; Di Pietro, M.; Mastromarino, P.; Sessa, R. Therapeutic potential of resveratrol against emerging respiratory viral
infections. Pharmacol. Ther. 2020, 214, 107613. [CrossRef]

Lephart, E.D. Phytoestrogens (Resveratrol and Equol) for Estrogen-Deficient Skin-Controversies/Misinformation versus Anti-
Aging In Vitro and Clinical Evidence via Nutraceutical-Cosmetics. Int. . Mol. Sci. 2021, 22, 11218. [CrossRef]

Wang, Y.; Shi, Y.; Huang, Y,; Liu, W,; Cai, G.; Huang, S.; Zeng, Y.; Ren, S.; Zhan, H.; Wu, W. Resveratrol mediates mechanical
allodynia through modulating inflammatory response via the TREM2-autophagy axis in SNI rat model. J. Neuroinflammation 2020,
17, 311. [CrossRef] [PubMed]

Boyer, ].Z.; Jandova, J.; Janda, J.; Vleugels, ER; Elliott, D.A.; Sligh, J.E. Resveratrol-sensitized UVA induced apoptosis in human
keratinocytes through mitochondrial oxidative stress and pore opening. J. Photochem. Photobiol. B Biol. 2012, 113, 42-50. [CrossRef]
Liu, Y,; Liang, X.; Zou, Y.; Peng, Y.; McClements, D.]J.; Hu, K. Resveratrol-loaded biopolymer core-shell nanoparticles: Bioavail-
ability and anti-inflammatory effects. Food Funct. 2020, 11, 4014-4025. [CrossRef]

Pastore, S.; Lulli, D.; Fidanza, P.; Potapovich, A.I; Kostyuk, V.A.; De Luca, C.; Mikhal’chik, E.; Korkina, L.G. Plant polyphenols
regulate chemokine expression and tissue repair in human keratinocytes through interaction with cytoplasmic and nuclear
components of epidermal growth factor receptor system. Antioxid. Redox Signal. 2012, 16, 314-328. [CrossRef] [PubMed]
Brown, H.L.; Clayton, A.; Stephens, P. The role of bacterial extracellular vesicles in chronic wound infections: Current knowledge
and future challenges. Wound Repair Regen. Off. Publ. Wound Heal. Soc. Eur. Tissue Repair Soc. 2021, 29, 864-880. [CrossRef]
Wang, X.C.; Huang, H.B.; Gong, W.; He, W.Y,; Li, X;; Xu, Y.; Gong, X.J.; Hu, ].N. Resveratrol Triggered the Quick Self-Assembly
of Gallic Acid into Therapeutic Hydrogels for Healing of Bacterially Infected Wounds. Biomacromolecules 2022, 23, 1680-1692.
[CrossRef] [PubMed]

Shevelev, A.B.; La Porta, N.; Isakova, E.P; Martens, S.; Biryukova, Y.K.; Belous, A.S.; Sivokhin, D.A; Trubnikova, E.V.; Zylkova,
M.V.; Belyakova, A.V,; et al. In Vivo Antimicrobial and Wound-Healing Activity of Resveratrol, Dihydroquercetin, and Dihy-
dromyricetin against Staphylococcus aureus, Pseudomonas aeruginosa, and Candida albicans. Pathogens 2020, 9, 296. [CrossRef]
[PubMed]

Bharadwaj, S.S.; Vaidyanathan, L. Effects of resveratrol on the growth and enzyme production of Stenotrophomonas maltophilia:
A burn wound pathogen. |. Wound Care 2020, 29, S38-543. [CrossRef]

Burmeister, D.M.; Chu, G.C.; Chao, T.; Heard, T.C.; Gémez, B.I,; Sousse, L.E.; Natesan, S.; Christy, R.J. ASCs derived from burn
patients are more prone to increased oxidative metabolism and reactive oxygen species upon passaging. Stem Cell Res. Ther. 2021,
12,270. [CrossRef]

Zhou, X,; Ruan, Q.; Ye, Z.; Chu, Z.; Xi, M; Li, M.; Hu, W.; Guo, X,; Yao, P; Xie, W. Resveratrol accelerates wound healing by
attenuating oxidative stress-induced impairment of cell proliferation and migration. Burn. J. Int. Soc. Burn. Inj. 2021, 47, 133-139.
[CrossRef]

Li, L.; Li, Y,; Luo, J.; Jiang, Y,; Zhao, Z.; Chen, Y,; Huang, Q.; Zhang, L.; Wu, T.; Pang, J. Resveratrol, a novel inhibitor of GLUT9,
ameliorates liver and kidney injuries in a D-galactose-induced ageing mouse model via the regulation of uric acid metabolism.
Food Funct. 2021, 12, 8274-8287. [CrossRef] [PubMed]

Zhao, P; Sui, B.D.; Liu, N; Lv, YJ.; Zheng, C.X.; Lu, Y.B.; Huang, W.T.; Zhou, C.H.; Chen, J.; Pang, D.L.; et al. Anti-aging
pharmacology in cutaneous wound healing: Effects of metformin, resveratrol, and rapamycin by local application. Aging Cell
2017, 16, 1083-1093. [CrossRef] [PubMed]

Buonocore, D.; Lazzeretti, A.; Tocabens, P; Nobile, V.; Cestone, E.; Santin, G.; Bottone, M.G.; Marzatico, F. Resveratrol-procyanidin
blend: Nutraceutical and antiaging efficacy evaluated in a placebocontrolled, double-blind study. Clin. Cosmet. Investig. Dermatol.
2012, 5, 159-165. [CrossRef]

Nguyen, ].K,; Jorfi, M.; Buchanan, K.L.; Park, D.J.; Foster, E.J.; Tyler, D.J.; Rowan, S.J.; Weder, C.; Capadona, J.R. Influence of
resveratrol release on the tissue response to mechanically adaptive cortical implants. Acta Biomater. 2016, 29, 81-93. [CrossRef]
Lin, L.X.; Wang, P.; Wang, Y.T.; Huang, Y,; Jiang, L.; Wang, X.M. Aloe vera and Vitis vinifera improve wound healing in an in vivo
rat burn wound model. Mol. Med. Rep. 2016, 13, 1070-1076. [CrossRef]

Saleh, H.A.; Ramdan, E.; Elmazar, M.M.; Azzazy, HM.E.; Abdelnaser, A. Comparing the protective effects of resveratrol,
curcumin and sulforaphane against LPS/IFN-y-mediated inflammation in doxorubicin-treated macrophages. Sci. Rep. 2021,
11, 545. [CrossRef]

Radkar, V.; Hardej, D.; Lau-Cam, C.; Billack, B. Evaluation of resveratrol and piceatannol cytotoxicity in macrophages, T cells, and
skin cells. Arh. Za Hig. Rada I Toksikol. 2007, 58, 293-304. [CrossRef]

Ikeda, K.; Torigoe, T.; Matsumoto, Y.; Fyjita, T.; Sato, N.; Yotsuyanagi, T. Resveratrol inhibits fibrogenesis and induces apoptosis in
keloid fibroblasts. Wound Repair Regen. Off. Publ. Wound Heal. Soc. Eur. Tissue Repair Soc. 2013, 21, 616-623. [CrossRef] [PubMed]
Zou, M.L,; Teng, Y.Y,; Chen, Z.H.; Liu, S.Y,; Jia, Y.; Zhang, KW.; Wu, ].].; Yuan, Z.D.; Tang, X.Y.; Yu, S.; et al. The uPA System
Differentially Alters Fibroblast Fate and Profibrotic Ability in Skin Fibrosis. Front. Immunol. 2022, 13, 845956. [CrossRef]

Zou, M.L.; Teng, Y.Y,; Wu, ]J.J; Liu, S.Y;; Tang, X.Y.; Jia, Y.; Chen, Z.H.; Zhang, KW.; Sun, Z.L; Li, X,; et al. Fibroblasts:
Heterogeneous Cells With Potential in Regenerative Therapy for Scarless Wound Healing. Front. Cell Dev. Biol. 2021, 9, 713605.
[CrossRef] [PubMed]


http://doi.org/10.1111/iwj.13601
http://www.ncbi.nlm.nih.gov/pubmed/33949795
http://doi.org/10.1016/j.pharmthera.2020.107613
http://doi.org/10.3390/ijms222011218
http://doi.org/10.1186/s12974-020-01991-2
http://www.ncbi.nlm.nih.gov/pubmed/33081801
http://doi.org/10.1016/j.jphotobiol.2012.04.013
http://doi.org/10.1039/D0FO00195C
http://doi.org/10.1089/ars.2011.4053
http://www.ncbi.nlm.nih.gov/pubmed/21967610
http://doi.org/10.1111/wrr.12949
http://doi.org/10.1021/acs.biomac.1c01616
http://www.ncbi.nlm.nih.gov/pubmed/35258295
http://doi.org/10.3390/pathogens9040296
http://www.ncbi.nlm.nih.gov/pubmed/32316572
http://doi.org/10.12968/jowc.2020.29.Sup12.S38
http://doi.org/10.1186/s13287-021-02327-4
http://doi.org/10.1016/j.burns.2020.10.016
http://doi.org/10.1039/D1FO00538C
http://www.ncbi.nlm.nih.gov/pubmed/34180933
http://doi.org/10.1111/acel.12635
http://www.ncbi.nlm.nih.gov/pubmed/28677234
http://doi.org/10.2147/CCID.S36102
http://doi.org/10.1016/j.actbio.2015.11.001
http://doi.org/10.3892/mmr.2015.4681
http://doi.org/10.1038/s41598-020-80804-1
http://doi.org/10.2478/v10004-007-0020-8
http://doi.org/10.1111/wrr.12062
http://www.ncbi.nlm.nih.gov/pubmed/23815229
http://doi.org/10.3389/fimmu.2022.845956
http://doi.org/10.3389/fcell.2021.713605
http://www.ncbi.nlm.nih.gov/pubmed/34354997

	Introduction 
	The Performance Forms of RSV to Wound Healing 
	Hydrogel Chitosan-Based Wound Dressing 
	Electrospun Scaffolds 
	Others 

	Beneficial Effects of RSV on Different Cells 
	Fibroblasts 
	Keratinocytes 
	Macrophages 
	Mesenchymal Stem Cells 

	Mechanisms Underlying the Beneficial Effects of RSV on Wound Healing 
	Anti-Inflammatory Effect 
	Anti-Microbial Effect 
	Antioxidant Effect 
	Anti-Ageing Effect 

	Cytotoxicity and Adverse Effects of RSV on Wound Healing 
	Discussion 
	References

