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Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by
symmetrical polyarthritis as its main clinical manifestation. Uncontrolled RA
eventually leads to joint deformities and loss of function. Currently, the
pathogenesis of RA remains under discussion, and RA treatment is still at the
bottleneck stage. Resveratrol has long been regarded as a potential antioxidant
drug for RA treatment. Currently, resveratrol is considered to exert therapeutic
effects on RA by activating silent information regulator 1 (SIRT1) and its
downstream pathways. There is notable crosstalk between the SIRT1 and
NF-xB pathways, and these pathways, which play an essential role in the
development of RA, are unexpectedly linked to the influence of resveratrol.
Based on recent studies of almost all the pathways that resveratrol can affect,
this review summarizes a regulatory chain of core components that cover
multiple tracks. We also list the effects of resveratrol on immune cells and other
subtle controls, which can help clinicians understand the known mechanism of
resveratrol and better treat patients with RA.
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Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease of unknown etiology. The
basic pathological changes include synovitis and pannus formation, progressive bone
destruction, joint deformity, and loss of joint function (Harris, 1990; Yanni et al., 1994;
McInnes and Schett, 2011). In addition, an abnormal production of autoantibodies,
especially rheumatoid factor (RF) and anti-citrullinated protein/peptide antibodies
(ACPA), is usually regarded as a vital component of the disease (Gavrild et al., 2016).
The disease is most common in women (Crowson et al., 2011) and the elderly, where
50 percent of the risk can be attributed to genetic factors, with smoking being the main
environmental factor (Scott et al., 2010). Methotrexate (MTX) is a frontline drug for RA
(Singh et al., 2016); however, a third of patients do not show an adequate response to MTX
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due to insufficient improvement of the disease symptoms or the
appearance of side effects that result in treatment discontinuation
(Klareskog et al., 2004). Thus, the biological agents represented
by tumor necrosis factors (TNFs) has become a reasonable choice
for second-line treatment. When necessary, joint replacement
may be performed. The current goal of RA treatment is to
minimize joint pain and swelling and prevent visible
deformities to allow patients t0 work normally and participate
in personal activities to improve their quality of life (Wasserman,
2011).

Resveratrol (3,5,4 -trihydroxy trans-stilbene) is a natural
polyphenol found in grapes, red wine, grape juice, and several
kinds of berries (Nunes et al, 2018) and is considered an
antioxidant, anti-inflammatory, anti-apoptotic, and anti-cancer
drug (Shakibaei et al., 2009; Hsieh and Wu, 2010; Kalantari and
Das, 2010; Chan et al., 2016; Blanquer-Rossell6 et al., 2017;
Jardim et al., 2018). It has been discovered in different areas
of the world, and resveratrol varies slightly from place to place
(Cock and van Vuuren, 2014; Cock et al., 2015). Resveratrol is a
free radical scavenger; however, its direct scavenging activity is
relatively poor, and its antioxidant properties in vivo are more
likely due to its role as a gene regulator. For example, resveratrol
inhibits NADPH oxidase-mediated ROS production by
downregulating the expression and activity of NADPH
oxidase (Xia et al,, 2017; Breuss et al., 2019). It is important
to note that most of the regulation of these genes by resveratrol is
mediated by sirtuin 1 (SIRT1) or Nrf2. SIRT1 plays a critical role
in the ability of moderate doses of resveratrol to stimulate AMPK
and improve mitochondrial function in vitro and in vivo (Price
et al, 2012). In muscle cells, resveratrol activates AMPK,
increases SIRT1 and PGC-la protein levels, increases citrate
synthase activity without altering mitochondrial content, and
improves muscle mitochondrial respiration on fatty acid-derived
substrates (Timmers et al., 2011). In addition, resveratrol has
been shown to protect mitochondria and regulate redox biology
and kinetics in in vitro and in vivo experimental models. (Valero,
2014; Gibellini et al., 2015; Tellone et al., 2015; de Oliveira et al.,

2016)
The possible therapeutic effect of resveratrol on RA has
attracted the attention of researchers worldwide, and

considerable study results have been obtained. At present,
many reviews on resveratrol have clarified its anti-cancer
(Carter et al., 2014) and anti-cardiovascular disease effects.
Some scholars have also systematically summarized the effects
of resveratrol on inflammatory bowel disease (a disease with a
mechanism similar to RA). However, there has been no specific
review of the anti-RA effects of resveratrol. Therefore, this review
summarizes current research on the mechanism of resveratrol in
the treatment of RA, including its effect on Sirtl-mediated anti-
oxidant gene regulation, mitochondrial protection, and other
aspects. In addition, the results of in vivo studies that provide
evidence for the efficacy of resveratrol, as an adjuvant or single
treatment for RA, in relieving symptoms and prevent
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complications are detailed. It is worth noting that based on
the above retrospective studies, this review also focuses on
novel ideas and prospects for future clinical applications of
resveratrol in combination with the latest research results and
technologies in the field of life science and medicine.

Overview of RA and resveratrol

Resveratrol (3,5,4’—trihydroxy trans-stilbene) is a natural
edible polyphenol compound of the stilbene family, which
mainly exists in various types of plant foods and is
synthesized by more than 70 plants. It was first reported by
Japanese scholar Takaoka in 1939 (Hasan and Bae, 2017).
Resveratrol has shown a wide range of biological activities in
various in vitro and in vivo experiments, including antioxidant,
anti-inflammatory, anti-cancer, anti-aging, and nervous system
protection effects. Resveratrol is a popular and novel research
item, and its application in various diseases has been widely
investigated.

Given its antioxidant, anti-inflammatory, and protective
roles in the normal redox function of the mitochondria,
resveratrol is likely to play a therapeutic role in the
pathophysiology of RA. Elmali et al. first reported in
2005 that resveratrol injection effectively alleviated cartilage
degradation in an experimental rabbit osteoarthritis model
(OA) induced by unilateral anterior cruciate ligament
transection (ACLT) (Elmali et al., 2005). In 2007, it was
reported that the injection of resveratrol effectively reduced
cartilage damage in an experimental arthritis model (RA)
induced by lipopolysaccharide (LPS) (Elmali et al, 2007).
These studies provide empirical evidence for the application
of resveratrol in RA. As for clinical trials, Hani M. Khojah
et al. conducted a clinical randomized controlled trial in
100 patients with RA (68 women, 32 men) in 2018, and the
results support the addition of resveratrol as an adjuvant to
traditional anti-rheumatic drugs (Khojah et al., 2018).

RA is a common autoimmune disease that is characterized by
synovial inflammation and hyperplasia (swelling), autoantibody
production (ACPA), cartilage and bone destruction (deformity),
and systemic features, including cardiovascular, pulmonary,
psychological, and skeletal diseases. Compared with systemic
lupus erythematosus (SLE), RA is an erosive arthritis that can
cause bone destruction. Specifically, the bone destruction occurs
due to an autoimmune inflammatory reaction that concentrates
on the synovium and can lead to joint deformity. Synovitis occurs
due to changes in RA in the joint. During the acute phase,
synovial exudation, congestion, and edema are accompanied by
neutrophil infiltration. In the chronic stage, the sliding surface
becomes hypertrophic and forms fluffy processes called pannus,
which protrude into the articular cavity or invade the cartilage
and subchondral bone. Outside the joints, this can manifest as
vasculitis. Small and medium arteries and veins are also involved.
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Rheumatoid nodules are a manifestation of vasculitis, and RA
onset is slow. The common initial sites are hand facets, such as
the (PIP)
metacarpophalangeal joints (MCP), and the condition presents

proximal  interphalangeal  joints and
as symmetrical, multiple, and peripheral facet arthritis. The pain
occurs repeatedly and worsens after rest, and the clinical
manifestations of RA vary significantly among individuals. RA
occurs in the joints and can manifest as joint stiffness, pain,
tenderness, and swelling. In the late stage, joint muscle atrophy,
finger deviation to the ulnar side, metacarpophalangeal joint
subluxation, and the appearance of “swan neck” and “button
patterns” occurs. Some patients with RA may present or later
develop disease manifestations in other organs (sometimes
without obvious articular involvement), such as interstitial
(ILD),

bronchiectasis (Sparks, 2019). The most basic pathological

lung disease pericarditis, pleural effusion, or
processes of RA include the production of inflammatory
factors and the proliferation, invasion and migration of fibroid
synovial cells. One of the most important inflammatory factors is
TNFa. In RA, TNFa exerts pro-inflammatory effects that induce
leukocyte and endothelial cytokine and

chemokine cascades, angiogenesis, and nociceptor activation

cell activation,
(Grell et al,, 1995). TNFa can also regulate the generation of
osteoclasts and inhibit the differentiation of osteoblasts, thereby
breaking the balance between osteoclasts and osteoblasts,
resulting in damage to bone and joints (Bertolini et al., 1986;
Marahleh et al, 2019). In synovial cells extracted from RA
patients, it was found that knocking down TNFa could
significantly reduce the production of other pro-inflammatory
factors, such as IL-1pB, IL-6, IL-8, granulo-macrophage colony-
stimulating factor (GM-CSF), efc., thereby exerting anti-
(Micheau
Tschopp, 2003). More interestingly, another study found that

inflammatory and anti-rheumatic effects and
the expression of IL-1B in macrophages in bronchoalveolar

with RA-associated
was

lavage fluid of patients interstitial
(RA-UIP)
suggesting the role of IL-1p in the pulmonary complications
of RA (Shin et al., 2019).

Population-based findings suggest that the prevalence of RA

pneumonia significantly  up-regulated,

ranges between 0.5 and 1.0 percent among adults in developed
countries. In these studies, the prevalence rates in women were three
times higher than those in men. The condition is most common in
women over 65 years of age, which suggests that hormonal factors
may play a pathogenic role (Symmons et al., 2002). The prevalence
of RA among adults in developed countries ranges from 5 to 50 per
100,000 people and increases with age (Carbonell et al, 2008),
(Pedersen et al, 2009). However, there is also epidemiological
evidence that the incidence of RA may decline as its onset is
2002;
Kautiainen, 2006). RA prevalence varies geographically (Biver

delayed (Doran et al, Kaipiainen-Seppanen  and
et al, 2009), and the disease is relatively rare in developing
countries, such as rural West Africa, compared to North

America and Northern Europe (Szaplyko et al, 2003). This
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suggests that the genetic risk and environmental exposure in
different populations play important roles in the development of RA.

The pathogenesis of RA is very complex, is not fully
understood, and can be induced by multiple factors, such as
heredity, infection, and environment. Heritability is estimated to
be 60%, which may be caused by gene mutations in the HLA class
IT family (Dedmon, 2020). Among them, the HLA-DRBI allele
mutation has the strongest genetic association with RA, which
may account for at least 30% of the total inheritance of the disease
(van der Helm-van Mil et al., 2005). Infection and autoimmune
reactions are central to the pathogenesis of RA. Although there
no confirmed direct infection factors have been identified to lead
to RA, several studies have shown that smoking can significantly
increase the risk of RA.

Current views on immune disorders mainly focus on the
abnormal initiation of the innate immune response (such as the
activation of the monocyte macrophage system) and adaptive
immune response (such as the activation of the T cell system),
the abnormal expression of cytokines, growth and differentiation
factors, and transcription factors, and the abnormal activation of
intracellular signaling pathways. RA is generally considered to be a
disease that is mediated by Th1 cells, but more recently, investigators
have paid increasing attention to the role of Th17 cells, which can
produce IL17A, il17f, 1121, IL22, and TNF, and a series of cytokines
that promote the pathological process of RA. In addition, many
experimental results have confirmed the role of the NF-«B signaling
pathway in the pathogenesis of RA (Zhang et al., 2019; Wang et al,,
2020). Coincidentally, resveratrol has been shown to reduce the
number and function of Th17 cells in draining lymph nodes (DLN)
(Xuzhu et al., 2012; Nguyen N. et al., 2015). The compound can also
reduce the ROS production by inhibiting the NF-kB signaling
pathway. There are many cases in which the pathogenesis of RA
has been found to involve the target of resveratrol, which opens the
possibility for the use of resveratrol in RA treatment.

Molecular mechanism of resveratrol
in RA

While the molecular mechanism of resveratrol in RA requires
further study, the known mechanisms have largely elucidated the
effects of resveratrol. We have compiled comprehensive studies of
resveratrol, and provide an overview of new research. We also
summarize several core pathways that are mediated by resveratrol,
including a regulatory chain based on SIRT1. Other effects of
resveratrol, including its role in promoting apoptosis and
inhibiting immune cell function, have also been detailed.

A regulation chain based on SIRT1

SIRT1 participates in a wide variety of cellular processes;
however, its molecular mechanism remains largely unknown.

frontiersin.org
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FIGURE 1

Wendling et al. (Wendling et al., 2015) found that in patients
with RA, Sirtl protein levels in peripheral blood mononuclear
cells were lower than normal.

SIRT1 down-regulates MMP expression

Matrix metalloproteinases (MMPs) are a group of
enzymes that degrade various protein components in the
extracellular matrix (ECM) and destroy the histological
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synovial tissues and to point destruction

The RA molecular regulation chain surrounding SIRTL. SIRT1 can downregulate NF-kB and MMP1/MMP13, both of which promote the invasion

of RA. NF-kB participates in mir-29a-3p/Keapl and mir-23a-3p/Cul3. They both regulate downstream Nrf2, mediate ARE expression, and produce
ROS. On the other hand, BK/B2R/PKCu Pathway and Nrf2/ARE/ROS pathway can act on downstream MAPK, which can mediate AP-1 and NF-«B,
thus forming a closed loop of complex signaling pathways starting from the SIRT1 pathway.

04

cytokine

pro-inflammatory Genes

barrier of fibroblast-like synoviocytes (FLS). MMPs are
secreted by the synovial pannus into the synovial fluid and
are then transferred to the ECM, leading to the degradation of
articular bones and cartilages (Miller et al., 2009; Marrelli
et al., 2011; Bartok et al., 2014; Li et al.,, 2015). Aggressive
expression of MMP3 and MMP13 has been detected in RA-
FLS isolated from patients with RA (Fan et al, 2013).
Furthermore, the migration and invasion abilities of RA-
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FIGURE 2

Resveratrol inhibits RA by promoting apoptosis. Resveratrol inhibits the expression of BCL-XL in MH7A cells, which enhances the activation of
caspase-8 in fls-85 cells and causes the efficient release of cytoc in mitochondria, eventually activating caspase-9 and caspase-3, and promoting
apoptosis.
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FIGURE 3

Resveratrol is closely related to innate immunity and autoimmunity, which can reduce the number of immune cells and inhibit the function of
immune cells through intact mechanisms. Resveratrol can inhibit the PMA-induced phosphorylation and nuclear translocation of PU.1, thus
inhibiting monocyte differentiation into macrophages. Resveratrol can also inhibit the function of Thl and Th17 cells.

FLS were significantly inhibited by the downregulation of SIRT1 down-regulates NF-«B (nuclear factor-xB)

MMP1 and MMP13 expression (Gao et al., 2015; Jie et al,, expression

2015). Sirtl inhibits the invasion of RA-FLS by promoting the The NF-xB signaling pathway and SIRT1 enzymes are
decomposition of MMPs, thus inhibiting the development of evolutionarily conserved mechanisms that maintain cellular
RA (Hao et al., 2017). homeostasis (Kauppinen et al., 2013). SIRT1 can inhibit NF-
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A drug delivery system idea for resveratrol. QRU-PLGA-RES-DS nanoparticles can effectively aggregate at the lesion site, promote the
transformation of M2 macrophages, and reduce the recruitment of M1 macrophages, so as to effectively treat RA by eliminating an inflammatory

response.

kB signaling directly or indirectly, In turn, the NF-kB system
suppresses SIRT1-mediated function by the
downstream targets of SIRT1. Wang et al. (Wang et al., 2014)
reported that the induction of Sirtl levels via inhibition of

inhibiting

nuclear factor-kB (NF-kB) p65 protein expression improves
in CIA This finding suggests that the
antagonistic effects of both may be reflected in the
pathogenesis of RA. Furthermore, Yeung et al. (Yeung et al,
2004) demonstrated that SIRT1 directly interacts with and
deacetylates the RelA/p65 component of the NF-kB complex.

arthritis rats.

SIRT1 can play an anti-inflammatory role by inhibiting the NF-
kB signaling pathway and the production of monocyte
inflammatory factors TNF-a, IL-1B, IL6, and Ki-67 (Park
et al,, 2016). Circulating monocytes infiltrate synovial tissues
across synovial blood vessels and differentiate into macrophages,
which play a crucial role in the pathogenesis of RA (Alivernini
etal., 2020). Notably, activated macrophages are the major source
of IL-1 and TNF-a in the synovium of patients with RA. Yang
and Karsenty (Yang and Karsenty, 2002) reported PU.l (a
hematopoietic transcription factor) is required for macrophage
differentiation, and SIRT1 has been shown to suppress PU.1.
This means that SIRT1 regulates RA by inhibiting NF-kB during
The
differentiation further suppresses pro-inflammatory cytokine

monocyte differentiation. inhibition of monocyte
production and consequently inhibits the severity of collagen-
induced arthritis in mice (Park et al., 2013).

The identification of the role of the MAPK signaling pathway

in RA has aroused extensive investigations. Bradykinin (BK) is a
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potent mediator of pain and swelling and initiates the release of
cytokines from leukocytes in arthritis (Bhoola et al., 1992). In
FLS, BK activates the B2R receptor, which in turn activates
PKCy, and the activated MAPK signaling pathway can
promote the expression of AP-1 (specifically c-Jun and FOS)
and NF-KB (specifically p65) to produce COX-2 (el-Dahr et al.,
1996; Xie et al.,, 2000). Many experiments have suggested that
Cox-2 is an inducible cyclooxygenase that metabolizes
arachidonic acid into prostaglandin E2 (PGE2), a key trigger
for subsequent inflammation (Sano et al., 1992; Crofford, 1997).
Resveratrol has been found to inhibit NF-KB as well as the above
mechanism. Therefore, resveratrol can reduce the production of
COX-2 and function as a powerful drug against RA (Tsai et al.,
2017; Yang et al.,, 2017; Dudics et al., 2018a).

In FLS, resveratrol can also inhibit NF-kB through the NF-
kB/miR-29a-3p/Keapl/Nrf2/ARE/ROS pathways, and NF-xB/
miR-23a-3p/cul3/Nrf2/ARE/ROS the
production of ROS. ROS are one of the key factors that
activates upstream MAPK signaling. The reduction in ROS

inhibition  reduces

indirectly inhibits the activation of the MAPK signaling
pathway, thus inhibiting the production of COX-2 at the
upstream level.

In conclusion, we have summarized the mechanisms and
cross-pathways of SIRT1 in RA. SIRT1 can downregulate NF-«kB
and MMP1/MMP13, both of which promote the invasion of RA.
NEF-kB participates in mir-29a-3p/Keapl and mir-23a-3p/Cul3.
They both regulate downstream Nrf2, mediate ARE expression,
and produce ROS. On the other hand, BK the B2R/PKCp

frontiersin.org
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Pathway and Nrf2/ARE/ROS pathways can act on downstream
MAPK, which can mediate AP-1 and NF- k B, thus forming a
closed loop of complex signaling pathways starting from the
SIRT1 pathway (Figure 1).

In addition to basic research studies, resveratrol has been widely
used in clinical studies to activate SIRT1 to treat RA. Daniel
Wendling et al. (Wendling et al., 2014) published a study that
highlighted the importance of SIRT1 in RA. They found that
SIRT1 activity (nucleus and cytoplasm) was not related to Das28,
CRP, ESR, or IL-8, but rather to baseline IL-6 (p = 0.02) and TNF
(p = 0.04) in the RA and control groups. SIRT1 activity in ACPA-
positive RA was lower than that in ACPA-negative RA (p = 0.01).
Furthermore, SIRT1 activity was higher in the corticosteroid group
than in the ACPA-negative RA group (p = 0.03).

Pro-apoptotic effects

RSV inhibits the expression of BCL XL in MH7A cells and
promotes SIRT1 mediated apoptosis; which enhances the activation
of caspase 8 in fls-85 cells, both of which can cause the efficient
release of cytochrome ¢ in mitochondria, activate caspase 9 and
caspase 3, and promote apoptosis (Byun H. S. et al., 2008; Nakayama
et al, 2012b; Nguyen N. T. et al,, 2015). In inflammatory cells, an
increased level of caspase 3 activation was observed with RSV
(Dudics et al, 2018b). Furthermore, a microarray analysis
showed that RSV also affects the expression of DNA replication-
related genes, p53 pathway genes, PDGF signal pathway genes,
ccna2, and rhoj in RA-FLS (Glehr et al., 2013b).

The important pathological features of RA include the
proliferation of FLS cells, differentiation and adhesion of
macrophages, and infiltration of inflammatory cells. Related
that
significantly promote the apoptosis of these cells; therefore,

experimental results have shown resveratrol can
resveratrol has the potential to alleviate and treat RA. The
pro-apoptotic function of resveratrol depends mainly on the
caspase pathway. However, using the caspase 8 inhibitor z-IETD-
fmk in RA-FLS cells can completely eliminate the apoptosis-
promoting effect of resveratrol, whereas the caspase 3 inhibitor
z-DEVDfmk only partially eliminates the apoptosis-promoting
effect of resveratrol. This phenomenon proves that apoptotic
pathways mediated by caspase-independent death effect factors
(including mitochondrial AIF) may exist (Byun H. et al., 2008).

Using the figure below, we summarize several ways in which
resveratrol can inhibit RA by promoting apoptosis (Nakayama
et al., 2012a; Glehr et al., 2013a; Nguyen N. et al., 2015; Dudics

et al., 2018a) (Figure 2).
Suppression of immune cell function

The differentiation of mononuclear cells into macrophages
plays a central role in the pathophysiology of RA. Macrophages
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are the primary cellular responder to rheumatoid factor and
simulate the secretion of various inflammatory mediators in
synovial tissue, which has been considered an important
Pul is of the
transcription factor ETS family and a major regulator of

clinical target. an important member
hematopoietic stem cell proliferation and differentiation.
Pu.l regulates immune cell proliferation and differentiation,
and plays an important role in the regulation of innate and
acquired immunity (Alivernini et al., 2016). Several studies have
shown that resveratrol can inhibit the expression of CD11B,
CD14, and CD36 in PMA-induced macrophages. This finding
that inhibit the PMA-induced

phosphorylation and nuclear translocation of PU.1, thus

suggests resveratrol can

inhibiting monocyte differentiation into
(Buhrmann et al., 2017).

As an important part of the adaptive immune response, the

macrophages

activation of the T-cell system plays an important role in the
pathological process of RA. In past research on RA, great
attention has been paid to Thl; however, Th17 cells have
attracted the interest of researchers due to their ability to
produce a series of cytokines, such as IL17A, IL17F, IL21,
IL22, and TNFa, that greatly promote RA development.
Resveratrol can inhibit the TNF-p-mediated adhesion of
T cells to chondrocytes as well as the production of
CYP1ALl by inhibiting the AHR receptor, thus reducing the
number and impairing the function of Th17 in DLNs (Figure 3).

The effect of resveratrol on autophagy and
mitochondrial energy metabolism

We believe that the decrease in autophagy and the disruption of
mitochondrial energy metabolism may affect each other. Resveratrol
can promote the production of mitochondrial reactive oxygen
species (MTROS), decrease the levels of autophagic protein
Beclinl, LC3A/B, and oxidative stress protein MnSOD, and
promote FLS apoptosis by changing the
membrane potential (Aym)(Zhang et al, 2016). Another study
showed that
autophagy-related

mitochondrial

resveratrol can decrease the expression of
(LC3A/b,  a, TG-5).

Downregulation of autophagy can lead to ROS accumulation.

proteins and
Subsequently, ROS can induce morphological changes in
mitochondria that lead to mitochondrial dysfunction. Meanwhile,
a decrease in the mitochondrial membrane potential leads to a
decrease in intracellular ATP production, which results in a gradual
decrease in intracellular calcium release and influx (Cao et al., 2018).

Other resveratrol mechanisms remain to
be thoroughly explored

Resveratrol has been shown to be an effective therapy for RA
in several ways, and numerous mechanisms of action have been
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studied by hard-working scientists. However, owing to the
complexity of its mechanism and the scope of its far-reaching
impact, there remain many potential mechanisms worthy of
further exploration. First, HIF-la reaches abnormally high
levels in RA FLS that may relate to angiogenesis. Several
studies have shown that resveratrol inhibits the development
of HIF-1a (Yang et al., 2018), and we hypothesized that this may
also relate to the ability of resveratrol to inhibit RA. Furthermore,
TNF-a plays an important role in RA pathogenesis, and recently,
an entirely new concept has been proposed. Resveratrol inhibits
the activation of the TNF-a-induced PI3/Akt signaling pathway
in FLS, which inhibits the production of IL-1B and MMP3 (Tian
et al, 2013; Gupta et al., 2014; Xu et al,, 2017). Early research on
resveratrol inhibition of the Wnt (Oz et al, 2019) and
STAT3 pathways also provides new ideas, and the anti-
inflammatory mechanism of resveratrol in these two pathways
requires further investigation. Much of the literature we have
read remains limited to measuring the expression of key target
molecule mRNA throughout the joint, while the response of
downstream immune components requires further investigation.

Potential clinical applications of
resveratrol in RA

The underlying mechanisms of resveratrol action are highly
mature, and several clinical studies have been conducted (Mittal
et al., 2021). In a recent study, resveratrol was shown to be
effective in patients with RA. Specifically, the scientists divided
the patients into two groups: a resveratrol-treated group and a
control group. Interestingly, the differences in clinical and
biochemical indices changed dramatically after the treatment
period and favored the resveratrol-treated group. These clinical
studies demonstrate that resveratrol plays an active role in RA.
On the other hand, resveratrol was found to be effective as an
adjuvant in a study of the effects of methotrexate alone and in
combination with resveratrol (cell viability test). The results
showed synergy between the two therapeutics (Lomholt et al.,
2018). Compared with the traditional drug non-Norbert (in rats),
resveratrol has been found to perform better (Wahba et al., 2016).
In addition, resveratrol has been shown to have therapeutic
potential for RA complications, such as atrial remodeling and
atrial fibrillation (AF). Notably, resveratrol significantly reduced
the rate and duration of AF in CIA rats and the elevation of IL-6
and TNF-a in the atria and serum of CIA mice, which reduced
the occurrence of atrial apoptosis and fibrosis. In addition,
has energy
metabolism dysfunction in CIA rats by inhibiting the AMPK/
PGCI1 a pathway (Zhang et al., 2018). Furthermore, resveratrol

resveratrol been shown to reverse atrial

has been found to have protective effects on RA-induced atrial
structure and metabolic remodeling and may provide a new
therapeutic approach for RA-associated AF. Interstitial lung
disease (ILD) is the most common pulmonary manifestation
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of RA, and resveratrol treatment was found to alleviate RA-ILD
in rats by inhibiting the JAK/STAT/RANKL signaling pathway
(Yang et al.,, 2019). With the occurrence of RA, patients are often
susceptible to periodontitis. According to recent research,
resveratrol may be effective in reducing periodontal disease by
reducing the concentrations of tumor necrosis factors and
2017; Javid et al, 2019).
conclusion, resveratrol has the potential to be used alone or as

interleukins (Chin et al,, In
a supplement to improve treatment outcomes and prevent
complications in patients with RA.

Future expectations

The efficacy and mechanism of action of RSV in the
treatment of RA have been extensively discussed. There is an
urgent need to determine how to relate RSV to routine patient
care. Here, we list several application methods for RSV, with the
hope of catalyzing the development of new ideas and

investigations.

Drug delivery systems

A drug delivery system (DDS) refers to a technical system for
regulating the distribution of drugs in an organism with respect
to space, time, and dose. Specifically, the goal is to deliver the
right amount of drug to the right place at the right time, to
increase the efficiency of drug use, improve efficacy, reduce costs,
and reduce side effects. Chen et al. designed and synthesized a
core-shell nanocomposite material (QRU-PLGA-RES-DS NPs).
The core of the system was a tetragonal ruthenium nanoparticle
(QRuNP) with a photothermal effect. The shell was composed of
a thermosensitive molecular poly (lactic-glycolic acid) (PLGA)
that was modified by the target molecule dextran sulfate (DS).
The self-assembly of QRU-PLGA-DS nanoparticles effectively
improved the water solubility and targeting properties of
resveratrol (RES) (Chen et al., 2019). The QRU-PLGA-RES-
DS nanoparticles significantly enhanced the ability of RES to
reverse M1-TYPE macrophages to M2-TYPE macrophages by
precision release. In vivo experiments further confirmed that
QRU-PLGA-RES-DS
nanoparticles can effectively aggregate at the lesion site,

under exogenous stimulation,
promote the transformation of M2 macrophages, and reduce
the recruitment of M1 macrophages, so as to effectively treat RA
by eliminating an inflammatory response. Thus, QRU-PLGA-
RES-DS nanoparticles were found to effectively treat RA by
the addition,

photoacoustic imaging (PA) of QRU nanoparticles can

reducing inflammatory  response. In
provide image guidance for the distribution and analysis of
nanoparticles in inflammatory tissues. As RA is characterized
by a long duration and recurrent attacks, it may be possible to

achieve long-term controlled release of resveratrol by wrapping
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the compound in polymer layers. At the right temperature, the
drug loading and release rates of QRU-PLGA-DS were
significantly higher than those of liposomes, and investigators
were able to control drug release rate by determining the
appropriate temperature gradient. Notably, RA is a classic
chronic disease that can be controlled by the long-term
administration of drugs in the body, which DDS make possible.
As the technology matures, the way resveratrol is administered will
revolutionize. There is no doubt that with advances in drug delivery
methods, resveratrol will compensate for the lack of other clinical
advancements (Figure 4). In the future, we believe that resveratrol
will be used in additional large-scale applications.

Combination with radiation therapy

The of
irradiation can significantly reduce mouse foot swelling and
enhance the effect on serum TNFa, IL-1 B, inhibition of
TBARs, and NOx levels. The relief of histopathological injury
by dual treatment was found to be greater than that by single

administration resveratrol during low-dose

treatment. In addition, the expression of NF-kB (p65) in the
synovial tissue under dual treatment was significantly inhibited,
with similar efficacy to that of the diclofenac group. Therefore,
the use of resveratrol in combination with radiotherapy is
recommended.

Current and future resveratrol
investigation trends

Basic research on resveratrol is well established; however,
large-scale multi-center clinical trials are lacking, and the exact
effective dose and safety concerns (side effects) are yet to be
established. Future research should focus on large-scale clinical
studies and investigations into the pharmacology and other
of
dedication to finding sufficient medical evidence for the

aspects transformative medicinal research, with a

proper use of resveratrol in RA.

Conclusion

Resveratrol, a natural phytohormone, has attracted much
attention in recent years owing to its therapeutic effects on RA. It
was found that resveratrol can inhibit mitogen-activated protein
kinase (MAPK), nuclear factor kB (NF-kB), and other cellular
signaling pathways, thereby inhibiting the production and release
of cytokines,
metalloenzymes. In addition, resveratrol can induce the

interleukins, proinflammatory and matrix
apoptosis of MH7A, FLS, and inflammatory cells in RA,
regulate macrophage differentiation and function, and protect

the normal redox kinetics of mitochondria. Furthermore,
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resveratrol can effectively relieve synovial inflammation,
proliferation, and cartilage destruction in RA. In particular,

resveratrol has been shown to reduce RA-related
complications, such as periodontitis, AF, and interstitial
pneumonia. Owing to the lack of sufficient clinical

experimental evidence, resveratrol remains under investigation
as a health care component. However, with the investigation of
large patient samples, multi-center clinical research trials, and
maturity and application of targeted, controlled-release, and
other pharmaceutical technologies, resveratrol is expected to
provide a new generation of anti-RA drugs.
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