¥

B%a nutrients MBPY

Review

Resveratrol Role in Autoimmune Disease—A
Mini-Review

Ana Ligia de Brito Oliveira !, Valter Vinicius Silva Monteiro 2 ,

Kely Campos Navegantes-Lima 1 Jordano Ferreira Reis 2, Rafaelli de Souza Gomes !,
Davila Valentina Silva Rodrigues 2, Silvia Leticia de Franca Gaspar 2 ' and

Marta Chagas Monteiro 1*

1 Pharmaceutical Science Post-Graduation Program, Neuroscience and Cellular Biology Post Graduation

Program, Faculty of Pharmacy, Federal University of Para, Avenue Augusto Correa SN, Guama,

Para 66075-110, Brazil; any_015_@hotmail.com (A.L.d.B.O.); kenavegantes@gmail.com (K.C.N.-L.);
rafaelli_gomes@hotmail.com (R.d.S.G.)

School of Pharmacy, Health Science Institute, Federal University of Pard/UFPA, Avenue Augusto Correa SN,
Guamd, Pard 66075-110, Brazil; valterv@live.com (V.V.5.M.); jordanoreis@outlook.com (J.ER.);
davilavrodrigues@gmail.com (D.V.S.R.); leticiagaspar.farma@hotmail.com (S.L.d.FG.)

*  Correspondence: martachagas2@yahoo.com.br

Received: 16 August 2017; Accepted: 20 October 2017; Published: 1 December 2017

Abstract: Autoimmune diseases are still considered to be pressing concerns due the fact that they
are leaders in death and disability causes worldwide. Resveratrol is a polyphenol derived from
a variety of foods and beverages, including red grapes and red wine. Anti-inflammatory, antioxidant,
and antiaging properties of resveratrol have been reported, and in some animal and human studies
this compound reduced and ameliorated the progression of autoimmune diseases, such as rheumatoid
arthritis, systemic lupus erythematosus, psoriasis, inflammatory bowel disease, and type 1 diabetes
mellitus. Thus, this review aims to summarize and critically analyze the role of resveratrol in the
modulation of several organ-specific or systemic autoimmune diseases.
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1. Introduction

Among chronic diseases, autoimmune diseases are one of the leading causes of morbidity and
mortality in the world [1,2]. The main processes regarding their development are failures of the
mechanisms of lymphocyte autotolerance, which leads to an imbalance between the activation and
regulation of these cells [3]. Dysregulated activation of these lymphocytes can lead to the production
of autoantigens, which can cause damage to different tissues. This leads to the predisposition of a local
or systemic immune response and inflammation [3].

Development of autoimmune diseases can lead to possible damage to one or more body tissues
or organs. Autoimmune diseases can be classified into two types: (1) organ-specific, where the
autoimmune process is directed against a single organ and includes diseases such as type 1 diabetes
(T1DM), inflammatory bowel diseases (IBD) and psoriasis [4] and (2) systemic autoimmune disorders,
where the immune response attacks different organs and tissues at the same time, for example,
in rheumatoid arthritis (RA), amyotrophic lateral sclerosis (ALS) and systemic lupus erythematosus
(SLE) [5,6].

Natural products have been widely studied in the treatment and prevention of various chronic
diseases. Resveratrol—a molecule derived from natural products—is a well-studied substance, known
for its effect on a large number of chronic diseases and its high number of therapeutic benefits, that
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include antioxidant, antiviral, antifungal, cardio protection, and anticancer as well as anti-inflammatory
activities [7-13].

Resveratrol is a molecule that has cis-trans isoforms and is chemically known as
3,5,4-trihydroxystilbene (Figure 1). It is a natural phytoalexin synthesized in various plants—grapes,
wines, soy, nuts and chocolate [14]—as a response to pathogenic and stressful environmental
situations [15]. This molecule is composed of two phenolic rings, one with a double meta hydroxyl
substitution and the other with an ortho hydroxyl substitution. Both of them are bound in
a non-condensed structure, by a double carbon—carbon bond, which gives this molecule cis-trans
isomerism [16] and allows for its distribution to tissues by binding reversibly to serum albumin [17].
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Figure 1. (A) cis-resveratrol; (B) trans-resveratrol.

The trans isomer of resveratrol is the most abundant and biologically active [18]. However, when
the trans isomer is exposed to ultraviolet light, it undergoes photochemical degradation and becomes
the less active cis isomer [19]. However, resveratrol is a natural, well-studied substance in most types
of chronic diseases, including autoimmune diseases. Thus, this review will detail comprehensive
coverage of the current evidence available on the efficacy and possible mechanisms of action of
resveratrol in some autoimmune organ-specific and systemic autoimmune diseases, including in vitro
assays and animal and human studies. Thus, this work will not only report the strengths but also
the limitations of using resveratrol in vivo, since resveratrol has limited bioavailability, due to its
rapid in vivo metabolism [20,21]. In addition, this antioxidant also has shown some mild toxic effects
during high-dose treatments, such as headache, myalgia of the lower extremities, somnolence, blood
electrolyte changes, and rash [22]. Therefore, this review aims to summarize and critically analyze the
role of resveratrol as a possible therapeutic option in some organ-specific or systemic autoimmune
diseases and consider its effects, bioavailability, and toxicity.

2. Effects of Resveratrol on Organ-Specific Autoimmune Diseases

2.1. Resveratrol: A Potential T1DM

Similar to other autoimmune diseases, TIDM occurs due the destruction of beta cells in the islets
of Langerhans, by autoantigen-specific cluster of differentiation 4 (CD4") and cluster of differentiation
8 (CD8*) T lymphocytes [23,24] and by macrophages, dendritic cells (DCs), neutrophils and natural
killer T (NKT) cells, which leads inflammation in this tissue [25]. The destruction of beta cells results
in insulin deficiency and in hyperglycemia [26,27]. Subsequently, the course of TIDM results in health
complications that may include ketoacidosis, kidney failure, heart disease, and blindness [26,28].

The process involved in the immunological aspect of the disease is due the inflammatory response.
Thus, the release of tumor necrosis factor alpha (TNF-«) and interferon gamma (IFN-y) by white
blood cells stimulates nitric oxide (NO), which interferes with the apoptosis of beta cells and the
consequent recruitment of antigen presenting cells (APCs) [29]. APCs activate CD4" T cells, which
stimulate macrophages to release cytokines and reactive oxygen species (ROS). The pro-inflammatory
environment and the contact with beta cell antigen-specific CD4" T cells can induce the APCs to
cross-present antigens to beta cell antigen-specific CD8" T cells, thus enhancing their cytotoxic
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properties to islet cells [30]. The main mechanisms of development of TIDM and the resveratrol
effects on TIDM are summarized on Figure 2.
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Figure 2. Type 1 diabetes mellitus disease mechanism and resveratrol role. Islet resident dendritic cell
(DC) uptake of beta cell antigens, presenting to naive T cells, and promoting promoting T-helper 1
(Th1) differentiation will activate B lymphocytes that will produce autoantibodies against beta cells.
Th1 will also activate macrophage and neutrophil migrations to the islet that will promote beta cell
destruction by increasing ROS. Resveratrol acts by (A) inhibiting Th1 cell migration by binding to CCR6
and (B) forming a complex with insulin that increases its glucose intake. Resveratrol also acts via SIRT1
to inhibit apoptotic cell injury during oxidative stress and increases antioxidant capacity by reducing
ROS. In addition, resveratrol also plays a role in restoring beta cells in the islets. CCR6: chemokine
receptor 6; APC: antigen presenting cell; FoxO3a: forkhead box O3; MHC: major histocompatibility
complex; RNS: reactive nitrogen species; ROS: reactive oxygen species; SIRT1: Sirtuin 1; TCR: T-cell
receptor. This figure used elements from Servier Medical Art (www.servier.com).

The pharmacological effects of resveratrol in autoimmunity, especially in TIDM, may be related
to the suppression of nuclear factor kappa B (NF-«B) through the inhibition of other protein and
lipid kinases—mitogen-activated protein kinase, plasma creatine kinase, Src family tyrosine kinases,
and phosphoinositide 3-kinase (PI3K)—and the suppression of the production of inflammatory
cytokines [31].

In vitro studies. Another mechanism of resveratrol action is through increased expression of the
nicotinamide adenine dinucleotide (NAD) deacetylase-dependent protein sirtuin 1 (SIRT1), which
is extensively involved in various physiological processes, by acting as a regulator of the innate and
adaptive responses: forkhead transcription factors assigned to the O3a class (FoxO3a), and a lower
expression of p47phox, a cytosolic protein in monocytes. FoxO3a is deacetylated by SIRT1, which
inhibits apoptotic cell injury during oxidative stress [32,33]. This mechanism was demonstrated
by Yun et al. [27], when they evaluated in vitro human monocytes from T1DM patients and acute
monocytic leukemia cell line (THP-1). The monocytes were cultured under hyperglycemic conditions
(25 mm mol/L), in the presence or absence of resveratrol (3 pumol/L and 6 pmol/L), for 48 h.
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Animal studies. In an animal model of TIDM, Lee et al. [31] investigated whether resveratrol is
capable of prevention and treatment. The authors administered resveratrol orally (250 mg/kg) or
by subcutaneous injection (25 mg/kg) and observed that non-obese diabetic mice were protected
from T1DM, not only preventing the disease but also reversing higher stages of insulitis in the
islets of Langerhans. To elucidate that activity, they observed chemokine receptor 6 (CCR6) protein
expression in T cells. The results showed a low amount of CCR6 expression in T helper (Th17) cells
and pathogenic CD11b*F4/80" macrophages, blocking the trafficking of the cells from peripheral
lymphoid organs to the pancreas, in a manner independent of its ligand chemokine (C—C motif) ligand
20 (CCL20). Another animal study with streptozotocin-induced diabetic rats, administrated 25 mg/kg
of resveratrol by gavage and observed that the proportions of acinar and beta cells in the pancreases of
healthy animals differed from those in diabetic cells with resveratrol treatment, and they restored the
proportion of islet cells with insulin staining [34]. On the other hand, Yonamine et al. [35] evaluated
the adjunctive effect of resveratrol (10 mg/kg intraperitoneally) when administrated together with
insulin (5 U/day subcutaneously), and they observed a reduction in blood glucose to similar levels
observed in non-diabetic rats and a decrement in glycosuria.

2.2. Resveratrol as a Supplement to Treat Inflammatory Bowel Disease (IBD)

IBD is a group of clinical manifestations characterized by chronic gastrointestinal inflammation,
with Crohn's disease (CD) and ulcerative colitis (UC) being the most common forms [36]. The main
forms of the disease can be differentiated through the depth of the inflammation, location,
and complications of the disease. Clinically, CD and UC have similar symptoms, including abdominal
pain, diarrhea, and hematochezia [37].

IBD does not have a well-defined etiology and is characterized as having a multifactorial and
complex pathogenesis. Factors that contribute to the manifestation of the disease include genetic
variation, bacterial contamination, and imbalance in the immune system [38]. Many IBD susceptibility
genes have been recently identified as being associated with host immune function, including epithelial
barrier function and host defense mechanisms in response to pathogens [39]. These genes include
intelectin 1 (galactofuranose binding) (ITLN1), interleukin 23 receptor (IL23R), signal transducer
and activator of transcription 3 (STAT3) [40], and protein tyrosine phosphatase, non-receptor type
(PTPN2) [41].

The inadequate inflammatory response to intestinal microorganisms is then immune-mediated
in a genetically susceptible host [42,43]. Individuals who have mutations in the gene located on
chromosome, 16412, that codifies the nucleotide-binding oligomerization domain-containing protein 2
(NOD2) have increased susceptibility to the development of IBD. This gene is responsible for encoding
intracellular proteins activated by NF-«B in response to bacterial products [44]. Impaired signaling
may result in inadequate mucosal healing and increased permeability in the intestine [37]. In turn, if
the acute infection is not resolved by anti-inflammatory mechanisms, the homeostasis of the immune
system in the intestine is disrupted, leading to chronic inflammation of the intestine by an excessive
response to foreign antigens [39].

The mucosal barrier, when altered, induces the translocation of commensal bacteria and bacterial
products from the intestinal lumen to the intestinal wall, which leads to the activation of immune
cells [43]. In IBD, dysregulated activation of a subset of the effector T cells—Th1 and Th17—occurs in
CD, and in Th2 and Th217 in UC, and leads to an inappropriate inflammatory process. The perpetuation
of inflammation in both UC and CD leads to the activation of anti-apoptotic T lymphocyte pathways
in the lamina propria of the mucosa with increased interleukin (IL)-17 cytokines [42].

After activation of Th1 lymphocytes in CD, release of the IL-12, TNF-«, IFN-y, and IL-23 cytokines
occurs, whereas UC is associated with a Th2 profile, leading to the production of anti-inflammatory
cytokines, including IL-4, IL-5, IL-6, and IL-10 [45]. In intestinal inflammation, high levels of TNF-«
were found. TNF-« is a key cytokine in the pathogenesis of IBD as it induces cell proliferation and
differentiation and is responsible for the upregulation of adhesion molecules in endothelial cells.
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TNF-a is also associated with apoptosis through the recruitment and autoproteolytic activation of
caspases [38]. Overproduction of ROS and reactive nitrogen species (RNS) by macrophages and
neutrophils during inflammation of the mucosa can lead to lipid peroxidation and cause changes in
protein function, leading to cell death and increased changes in the colonic mucosa [46]. The main
mechanisms in the development of IBD and the resveratrol effects on IBD are summarized in Figure 3.
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Figure 3. Inflammatory bowel disease (IBD) mechanisms and resveratrol role. IBD develops via
a change the intestinal mucosal barrier that leads to a process involving bacterial translocation
and subsequent activation of immune cells. The activation of neutrophils and macrophages in the
epithelium leads to the production of inflammatory mediators, such as ROS and TNF-«. Antigen
recognition by naive T lymphocytes induces the differentiation to Th1 and Th17 profiles in Crohn’s
disease, and to TH2 and Th17 profiles in ulcerative colitis, with the release of inflammatory cytokines,
especially TNF-a. Resveratrol is capable of acting on the inhibition of inflammatory cytokines and
neutralizing ROS. COX2: cyclooxygenase-2; IFN-y: interferon gamma; IL: interleukin; MHC: major
histocompatibility complex; MPO: myeloperoxidase; NO: nitric oxide; ROS: reactive oxygen species;
TCR: T-cell receptor; TNF-«: tumor necrosis factor alpha. This figure used elements from Servier
Medical Art (www.servier.com).

Animal studies. Several studies in animal models of IBD have observed an antioxidant and
immunomodulatory effect of resveratrol—a reverse in chronic inflammation by reducing inflammatory
cytokines as well as reducing reactive species in disorders such as IBD [47-49]. Yildiz et al.
(2015) evaluated the effect of pre-treatment of resveratrol in rats with trinitrobenzenesulfonic acid
(TNBS)-induced colitis. In this study, pre-treatment with resveratrol (10 mg/kg) was able to reduce the
microscopic score of tissue and oxidative damage with a reduction in malondialdehyde (MDA) and
an increase in glutathione peroxidase (GSH-Px) activity [47]. In a study by Lozano-Pérez et al. (2014),
using a trinitrobenzenesulfonic acid model of rat colitis treated with resveratrol, myeloperoxidase
activity (MPO) was decreased by the lower infiltration of neutrophils and lower levels of inflammatory
markers, such as TNF-«, IL-1p3, IL-6, and IL-12, in the rat colitis model [48].

Larrosa et al. (2010) found that resveratrol prodrugs, like resveratrol-3-O-(60-O-butanoyl)-3-D-
glucopyranoside and resveratrol-3-O-(60-O-octanoyl)--D-glucopyranoside, reduced cell damage
in rodents with preservation of mucosal architecture and diminished expression of inflammatory
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cytokines, such as macrophage inflammatory protein 1y (MIP-1y) and TNF receptor type L, in a murine
model of colon inflammation [49]. In addition, there was an increase in bifidobacteria and lactobacilli,
which are correlated with an improvement in intestinal health [49]. In this study, oral pre-treatment,
at a dose of 2.1 mg/kg, of prodrugs modulated the mechanism of homeostasis and made the delivery
of resveratrol more effective in the colon [49].

Martin and collaborators (2004) verified, during early colonic inflammation in rats, that resveratrol
reduced the expression of cyclooxygenase (COX2) and prostaglandin D2 (PGD2) concentrations
and also stimulated apoptosis and mucus production in the colon following injury caused by the
intracolonic instillation of TNBS [50]. In this study, resveratrol (5-10 mg/kg) gavage treatment,
performed at 48, 24 and 1 h prior to the induction of colitis, resulted in improved acute experimental
colitis, demonstrating a chemopreventive role of resveratrol in animal models 24 h later [50]. In a study
by Sanchez-Fidalgo et al. (2010), the implementation of a diet rich in resveratrol (20 mg/kg) in
a dextran sulfate sodium-induced colitis model was able to reduce the concentration of inflammatory
cytokines, such as TNF-« and IL-1f3, as well as increase levels of the anti-inflammatory cytokine,
IL-10. In addition, levels of prostaglandin E synthase-1 (PGES-1), COX2, and inducible nitric oxide
synthase (iNOS) were reduced. Likewise, clinical signs of the disease—diarrhea, weight loss, and
bleeding—were attenuated in the animals that received this diet [51].

Another study by Rahal et al. (2012) administrated polyphenols by gavage, for 27 days, after
the induction of CD, which resulted in a decrease in the prophylactic cytokine transforming growth
factor beta 1 (TGF-31) as well as a series of inflammatory cytokines (IL-13, IL-6, and TNF-«). In this
animal model of CD, induced by peptidoglycan-polysaccharide (PG-PS) or human serum albumin
(HSA), they observed that resveratrol decreased inflammation and fibrosis in the intestinal wall of
rats [52]. These authors then concluded that resveratrol might be a potent immunomodulatory agent
of CD therapy.

Human studies. There is still a lack of studies regarding resveratrol in IBD in humans. Samsamikor
et al. (2015) verified, in a double-blind trial, that UC patients who took resveratrol supplementation
(500 mg/day) for 6 weeks had reduced NF-«B activity in peripheral blood mononuclear cells (PBMC)
and reduced plasma levels of TNF-a and high sensitivity C-reactive protein (hs-CRP) [53].

2.3. Resveratrol: A Possible Therapeutic Agent for Psoriasis

Psoriasis is a genetic disease, trigged by environmental factors, such as infections, injury to the
skin, stress, smoking, and alcohol consumption [54]. It is characterized mainly by the appearance of
red patches covered with squamous layers. The plaques are characterized by the hyperproliferation
of epidermal cells and keratinocytes (including aberrant differentiation of these cells) in addition
to the formation of an inflammatory infiltrate in the dermis [54]. This disease is mediated by
the immune system (mainly by DCs and T cells) [55,56]. Psoriasis is initiated by conjugation of
the cathelicidin peptide LL-37 and self-DNA fragments, originating from keratinocytes, and the
posterior presentation of the immune complex by resident DC to naive T lymphocytes at the draining
lymph node [54]. In the chronic phase of the disease, activated resident DCs produce two major
cytokines related to psoriasis—IL-12 and IL-23 [55]. Those cytokines promote the T-cell class shift
to Th1l and Th17 patterns, respectively, which increases the expression of IL-12 and IFN by Th1 and
IL-17 by Th17, which are key cytokines in the development of the disease [57]. The increase in the
concentration of these cytokines causes the activation of keratinocytes, which promote cell proliferation
and differentiation [56]. The main mechanisms of the development of psoriasis and the resveratrol
effects on psoriasis are summarized in Figure 4.

In vitro studies. Resveratrol is a molecule that exhibits anti-inflammatory properties, by reducing
the production of inflammatory cytokines and promotes keratinocyte cell death through SIRT1
activation. Resveratrol was shown to induce apoptosis in the HaCaT keratinocyte cell line in
in vitro studies. The study demonstrated that stimulation with resveratrol could activate the SIRT1
pathway, by increasing its expression, leading to the inhibition of the Protein kinase B (Akt), due to its
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phosphorylation. This protein plays an important role in regulating cell survival and proliferation [58].
Another study demonstrated that resveratrol was able to inhibit the proliferation of normal human
epidermal keratinocytes by inhibiting aquaporin 3 (AQP3), an important cellular survival regulator.
This inhibition occurs due to the activation of SIRT1, which leads to increased aryl hydrocarbon
receptor nuclear translocator (ARNT) activation, which leads to extracellular signal-regulated kinase
(ERK) dephosphorylation, which, in turn, prevents AQP3 activation [59].
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Figure 4. Psoriasis disease mechanism and resveratrol role. Psoriasis begins with the release of
cathelicidin peptide (LL37) and fragments of DNA, forming an immunocomplex that activates resident
DC cells. These cells activate T lymphocytes primarily through the release of IL-23, promoting
differentiation into Th17. IL-16 promotes differentiation into Thl. These cells produce three major
cytokines—IL-17, IL-22 (produced by Th17), and IFN (produced by Th1)—that promote the proliferation
of keratinocytes. Resveratrol acts in two ways: inhibiting the production of IL-17 and directly inhibiting
the proliferation of keratinocytes. DC: dendritic cell; IFN: interferon; IL: interleukin; MHC: major
histocompatibility complex; RNS: reactive nitrogen species; ROS: reactive oxygen species; TCR: T-cell
receptor. This figure used elements from Servier Medical Art (www.servier.com).

Animal studies. Using a mouse model of imiquimod-induced psoriasis, a study demonstrated
that resveratrol could ameliorate the damage caused by psoriasis, reducing the thickness of the
animals' skins as well as decreasing mRNA expression of IL17 and IL19, which are key cytokines
in the development of the disease [60]. Another study demonstrated that resveratrol increases
the expression of phosphoenolpyruvate carboxykinase 1 (PCK1) and tripartite motif containing 63
(TRIM63)—important proteins related to atrophy and cellular hypertrophy [60].
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3. Effects of Resveratrol on Systemic Autoimmune Disease

3.1. Resveratrol: A Potential Therapeutic Agent for RA

RA is a systemic autoimmune disease that affects 0.5-1% of the population and affects more
women than men [61-63]. Several factors may contribute to the pathogenesis of the disease—hormonal,
environmental, and immunological—that act together in genetically susceptible individuals: human
leukocyte antigen (HLA) genes, such as HLA-DRBI; encoding protein tyrosine phosphatase
non-receptor type 22 (PTPN22) gene; peptidyl arginine deiminase type 4 (PADI4) gene; and cytotoxic
T-lymphocyte associated protein 4 (CTLA-4) gene [64].

The pathophysiological mechanism of RA is characterized by chronic inflammation of multiple
joints, leading to the destruction of joint cartilage and bone erosion. The pathology of RA includes
release of proteolytic enzymes, inflammatory mediators, and reactive species that contribute to
worsening clinical symptoms. With persistent inflammation, other organs can also became inflamed,
resulting in systemic complications that increase morbidity and mortality, such as vasculitis, cachexia
anemia, cerebrovascular issues, lymphoma and depression [65,66].

The immune response involves a sequence of events involving the loss of immunological tolerance
of T and B cells against citrullinated autoantigens, resulting in an autoimmune response in the inflamed
joint [67]. The activation of T cells results in the activation of macrophages. The cross talk between
macrophages and neutrophils in RA was recently discussed. Synovial macrophages may stimulate
angiogenesis, leukocyte and lymphocyte recruitment, fibroblast proliferation, and protease secretion,
which contribute to cartilage and bone destruction during pannus formation in RA, while neutrophils
play a key role in tissue damage and facilitate the inflammatory process [68]. Moreover, endothelial cells
that express specific cell adhesion molecules (CAMs) are involved and include E-selectin, intercellular
adhesion molecule 1 (ICAM1), and vascular cell adhesion molecule 1 (VCAM1) [66,69].

Many cytokines contribute to RA (IFN-y, IL-12, IL-21, and IL-23) but the primary cytokines are
IL-6, which promotes synovial inflammation, cartilage, and bone destruction; TNF-«, which when
dysregulated in experimental animals, is sufficient to cause destructive arthritis and; IL-1, which
stimulates synoviocytes and chondrocytes. These cells release matrix metalloproteinases (MPP) and
other proteinases that degrade cartilage and bone and increase the expression of COX2 and NO
synthase [61,70,71].

During the inflammatory process of RA, an increase in ROS occurs, which act as secondary
messengers in immunological cellular responses. In addition, free radicals can directly degrade the
joint cartilage, attack and inhibit synthesis of proteoglycan, and may also be involved in the mutation
of p53 in RA-derived fibroblast-like synoviocytes (FLS) [72,73]. The FLS are the major cells in articular
synovial tissues [74]. Recently, studies have demonstrated that SIRTs, such as SIRT1, are involved in
the pathogenesis of RA and exhibit abnormal expression in RA synovial tissues [75]. In animal models,
SIRT1 deletion aggravates inflammatory arthritis in mice and increases production of pro-inflammatory
cytokines in murine macrophages [76]. The main mechanisms for the development of RA and the
resveratrol effects on RA are summarized in Figure 5.

In RA, several studies have reported that resveratrol has a potent joint protection effect through
the modulation of the inflammatory process with suppression of carrageenan-induced paw edema,
chondrolysis, and angiogenesis [77]. The anti-inflammatory effect in RA by resveratrol is through the
inhibition of TNF-« and IL-13 induced NF-«B activation, and activator protein 1 (AP1). In addition,
it inhibits the enzymatic activities of COX1 and COX2 [78,79].

In vitro studies. The literature has many in vitro studies involving human FLS [80-83]. Recently,
Tsai and collaborators (2017) showed, in vitro, that resveratrol stimuli (10 and 20 uM) in human FLS
reduced COX2/PGE2 and attenuated nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
activity and ROS generation, suggesting that resveratrol could inhibit the inflammatory responses in
human FLSs [81]. In another in vitro study, Hao and collaborators (2017) demonstrated that resveratrol
treatment (1, 3 and 10 pg/mL) of RA-FLS, collected from patients with RA, who had undergone knee
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replacement surgery, exhibited increased expression levels of SIRT1 mRNA and protein compared to
a control group, in a dose-dependent manner. In addition, resveratrol inhibited the invasive ability of
RA-FLS and reduced MPP (mainly MMP9) [82].

Glehr and collaborators (2013) also evaluated the effect of resveratrol in RA-FLS after treatment
with 100 uM for 24 h, and they observed inhibition of the overproduction of MMPs and receptor
activator of nuclear factor kappa-B ligand (RANKL), which is responsible for causing chondrocyte
degeneration and pathological bone resorption [83].

Animal studies. Elmali and collaborators (2006) investigated the effects on cartilage destruction
and synovial inflammation following intra-articular injections of resveratrol in a rabbit arthritis
model. The animals were divided into two groups. The first group received 10 pmol/kg of
resveratrol in dimethyl sulfoxide (DMSO), while the second group of animals were treated with
DMSO only, under the same protocol as the control group [84]. They observed that the resveratrol
group significantly decreased cartilage destruction, had a reduced loss of proteoglycan content in the
cartilage, and reduced inflammation.
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Figure 5. Rheumatoid arthritis mechanism and resveratrol’s role. The pathophysiological mechanism
of rheumatoid arthritis (RA) is mediated by environmental factors and susceptible gene interactions,
and the immune response involves a sequence of events. (A) In the lymph node, antigen recognition
occurs by naive T lymphocytes, which are differentiated to Th2 and Th17, with subsequent activation
of B cells, with increased autoantibody production; (B) in addition, the Th17 response increases
with the pro-inflammatory cytokine, IL-17; (C) Synovial macrophages may stimulate angiogenesis,
leukocyte and lymphocyte recruitment, fibroblast proliferation, and protease secretion, contributing
to cartilage and bone destruction at the site of pannus formation. In addition, the increased cytokine
production, especially TNF-« and IL-1, stimulates synoviocytes; (D) the synovial fibroblasts at the
inflammatory site increase COX2/PGE2, and a decrease in SIRT1. Chondrocytes are also stimulated by
synovial macrophages; (E) Macrophages increase the recruitment of neutrophils at the inflammatory
site, by increasing the production of ROS and RNS and the activation of MPO and NF-«B. Resveratrol
is able to act by reducing the production of autoantibodies, Th17 population, oxidative stress and
NF-«B activation. Resveratrol also reduces COX2 and PGE2 expression and activates SIRT1, therefore
improving the patient's clinical condition. COX2: cyclooxygenase 2; IL: interleukin; TNF-«: tumor
necrosis factor alfa; MMP: metalloproteinases; MPO: myeloperoxidase; NF-«B: nuclear factor kappa B;
PGE2: prostaglandin E2; ROS: reactive oxygen species; RNS: reactive nitrogen species; SIRT1: sirtuin 1.
This figure used elements from Servier Medical Art (www.servier.com).
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Riveiro-Naveira and collaborators (2016) used an acute model of antigen-induced arthritis in rats
treated with resveratrol (12.5 mg/kg) daily for 2 months by oral gavage. They observed significantly
reduced knee swelling, which suggests that oral administration of resveratrol can reduce severity
in this model [85]. Chen and collaborators (2014), reported that oral administration of resveratrol
(10 or 50 mg/kg body weight) for 2 weeks reversed arthritis dysfunction in adjuvant arthritis rats [86].
In another study by Xuzhu and collaborators (2012), in mice with collagen-induced arthritis (CIA),
the authors demonstrated that 20 mg/kg per mouse of resveratrol, had joint-protective properties
due to the inhibitory effect on pro-inflammatory cytokine levels, such as IFN-y, TNF-«, IL-6, IL-1,
and IL-4. In addition, this compound reduced the Th17 cell population and the production of IL-17
and autoantibodies [87].

Besides the anti-inflammatory effect, resveratrol is considered a potential agent for RA therapy,
because it is an excellent scavenger of hydroxyl, superoxide, and other radicals and improves
antioxidant defenses, such superoxide dismutase (SOD), catalase, thioredoxin, and GSH-Px [88-90].
Zhang et al. (2016) showed reducing oxidative injury parameters in adjuvant arthritis rats that
were treated for 12 days with resveratrol (5, 15, 45 mg/kg) led to a significant reduction in MDA
content capacity, glutathione peroxidase, and the glutathione reductase ratio [90]. Wahba, Messiha,
and Abo-5aif (2016) also reported that treatment with 10 mg/kg/day of resveratrol in rats with arthritis,
induced by complete Freund’s adjuvant (CFA), restored serum MDA and glutathione (GSH) levels
back to normal. They also demonstrated an anti-inflammatory effect, through decreased levels of
MDA, TNF-«, and MPO [91].

3.2. Resveratrol: A Possible Therapeutic Agent to ALS

ALS is a fatal disease that causes selective dysfunction and progressive degeneration of motor
neurons [92]. There are two disease classifications: familiar amyotrophic lateral sclerosis (FALS),
associated with genetic inheritance, and sporadic ALS (SALS). Both show the same symptoms: muscle
weakness and atrophy, paralysis, respiratory insufficiency, and death [92,93].

This disease occurs due to a mutation in the TAR DNA Binding Protein (TARDBP) gene that
generates an overexpression of TAR DNA-binding protein 43 (TDP-43) and an enzymatic dysfunction of
SOD, an important antioxidant. The TDP-43 protein is responsible for regulating RNA processing and
mitochondrial function and when it accumulates in the cytoplasm, it deregulates these processes [94].
On the other hand, aggregation of the SOD enzyme causes mitochondrial damage and increases
glutamate and cellular superoxide, increasing free radical production. The microglia recognize
autologous antigens of these motor neurons, activate autoreactive CD4* lymphocytes to eliminate the
defective cells, and activate CD4* lymphocytes, which generates a Th1l response that increases the
secretion of pro-inflammatory cytokines—TNEF-c, INF, IL-1 IL-2, IL-6, and IL-7. This event promotes B
cell differentiation, which produces specific immunoglobulins (Ig) against self-antigens that trigger
a systemic process of cellular destruction [95]. The main mechanisms of development in ALS and the
resveratrol effects on ALS are summarized in Figure 6.
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Figure 6. Amyotrophic lateral sclerosis mechanism and resveratrol therapy. TDP-43 accumulation
in the motor neuron cytoplasm deregulates mitochondrial biogenesis and SOD1 function, increasing
glutamate and free radicals in the cytosol. Microglia detect an abnormal cell and activate naive
T-cell differentiation in the Thl pattern that releases cytokines (TNF-«, INF, IL-1, IL-2, IL-6, and IL-7).
Resveratrol acts by activating SIRT1 and regulates its substrate expression, increases the SOD1 useful
life, reduces ROS, and acts in mitochondrial biogenesis as an antioxidant and antiapoptotic. IFN:
interferon; IL: interleukin; PGC-1o:: peroxisome proliferator-activated receptor gamma coactivator
1-alpha; ROS: reactive oxygen species; SIRT1: sirtuin 1; SOD1: superoxide dismutase 1; TDP-43: TAR
DNA-binding protein 43; TNF-o:: tumor necrosis factor alpha. This figure used elements from Servier
Medical Art (www.servier.com).

In vitro studies. In muscle tissue culture cells, studies have shown that a concentration of 50 uM
of resveratrol, administered in one or three doses, with a concentration of 20 uM, and administered
with a 6-h break, can activate SIRT1, with overexpression of peroxisome proliferator-activated receptor
gamma coactivator-lalpha (PGC-1«) and can increase mitochondrial biogenesis over a 24 h period,
thus improving motor coordination [96]. In addition, another ALS mouse model has shown that
increased PGC-1x expression and activity after resveratrol treatment increases superoxide dismutase 1
(50OD1) life and motor function [97].

Animal studies. Studies with Wistar rats and ¢57BL/6] mice, on a diet of 4 g/kg of resveratrol per
day, showed no effect on mitochondrial biogenesis and expression of PGC-1«, because the plasma
levels of resveratrol were less than 10 uM. In order to activate mitochondrial biogenesis, the plasma
amount must be higher than this concentration [96].

In a study conducted by Song et al. (2014), using the SOD1G93A transgenic mouse model,
resveratrol had limited effects, due to its low bioavailability; however, it was capable of inducing
the expression of PGC-1x in several tissues, increasing SOD1 lifespan, decreasing p53 activity,
and increasing expression of the B-cell lymphoma 2 (BCL2) anti-apoptotic protein. This compound is
capable of decreasing motor neuron degeneration and retarding muscular atrophy and has proven to
be an efficient antioxidant and antiapoptotic [98].
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3.3. Resveratrol: A Possible Therapeutic Agent for Systemic Lupus Erythematosus

Lupus is an autoimmune disease, characterized by the production of autoantibodies that recognize
components of the cell nucleus, which is the main cause of tissue damage in patients with SLE [99,100].
SLE has complex aspects regarding its pathogenesis, with environmental triggers and a genetic
predisposition essential to the onset of the disease. Patients with deficiencies in the early components
of complement—especially Clq, C2, and C4—are at risk of developing SLE [101,102]. Moreover,
polymorphisms of genes from class Il human HLA—DR?2 and DR3, mannose binding lectin, T-cell
receptor, and IgG Fc receptor—also contribute to the development of SLE in patients [103-105]. As for
environmental triggers, chemicals, like aromatic amines; drugs, such as hydralazine, isoniazid, and hair
dryers; hormonal therapy; and bacterial DNA and endotoxins have been fully associated and reviewed
elsewhere [106].

Studies have shown that one possible start to the early stages of SLE and its pathogenesis is related
to the impaired clearance of apoptotic cells by macrophages and increased and abnormal apoptosis,
which increases the chance of leakage of intracellular antigens that can trigger an autoimmune response,
including anti-double stranded DNA. In fact, the presence of anti-double stranded DNA is a common
finding in SLE patients [107-109]. Altogether, this leads to an increased immune response, with a high
activation of T cells, a shift in response from Th1 to Th2, increased IL-10 presence, activation of B cells,
and the consequent production of autoantibodies [110,111].

The high amounts of autoantibodies lead to the formation of an immune complex, which can
cause damage in peripheral blood vessels, vasculopathy, and vasculitis. These events are common in
all affected systems of SLE patients, given that the renal damage and cardiovascular impairment are the
most important predictors of mortality [112-114]. In a publication by Wang and collaborators (2014),
the authors point out that deficiency of SIRT1 is related to the development of autoimmune syndromes,
such as lupus in mice, where high titers of antinuclear antibodies and deposition of immunoglobulin
in the kidneys can be found [115].

Cardiovascular complications as well as kidney impairment is common in SLE patients and
usually contributes to their disability and death. Atherosclerotic cardiovascular disease characteristics
in patients with lupus results in the death of 20-30% of said patients [116]. However, the mechanisms
of pathogeneses are not fully understood. It is only known that atherosclerosis in SLE patients
is facilitated due to the action of IgG antibodies oxidized to lipoproteins, especially low-density
lipoprotein (LDL) [117]. Also, Voloshyna and peers (2016) showed that plasma collected from SLE
patients had impaired cholesterol flux in vitro [118]. In this regard, this paper will focus on the effects
of resveratrol on kidney impairment and cardiovascular complications of SLE. The main mechanisms
of development of SLE and the resveratrol effects on SLE are summarized in Figure 7.
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Figure 7. Summary of the pathogenesis of systemic lupus erythematosus (SLE) and resveratrol
mechanisms of action. The immune dysregulation caused by environmental triggers and genetic
predisposition leads to increased apoptosis. Decreased clearance causes recognition of self-antigens by
the immune system, activation of B and T cells, and the production of self-antibodies. Those antibodies,
mainly IgG, cause the formation of immune complexes that can lead to renal impairment in kidneys
and vasculopathy and atheromatous plaque formation in blood vessels. Atheroma plaques are caused
by the action of anti-oxidized low-density lipoprotein (LDL), which is very common in SLE, which
leads to the decrease of ABCA1 and ABCG1 by a yet unknown mechanism. Resveratrol acts as an
SIRT1 activator, inhibiting proliferation of B and T cells and antibody production and also increasing
ABCA1 and ABCGI1 levels. ABCA1l: ATP-binding cassette transporter Al; ABCG1: ATP-binding
cassette transporter G1; APC: antigen presenting cell; IL: interleukin; MHC: major histocompatibility
complex; SIRT1: sirtuin 1; TCR: T-cell receptor; TNF-o:: tumor necrosis factor alpha. This figure used
elements from Servier Medical Art (www.servier.com).

3.3.1. Kidney Damage

Animal studies. Using in vivo assays to test if resveratrol, a well-known SIRT1 activator, may
be useful for SLE treatment, Wang and collaborators (2014) used a pristane-induced lupus BALB/c
mouse model [119], in which the mice received an 0.5 mL injection of pristane and were treated with
resveratrol (50 mg/kg/day and 75 mg/kg/day) over 7 months and the serum levels of autoantibodies
and kidney damage were assessed [115]. They concluded that resveratrol was able to attenuate
proteinuria, decrease IgM and IgG kidney deposition, and reduce kidney histological lesions. They
also concluded that resveratrol was able to inhibit CD4* T cells and B cell activation in vitro as well
as antibody production and B cell proliferation. Also, they found that resveratrol decreased levels of
CD4INFy* Th1 cells, the Th1/Th2 ratio, B cells, and Th1 cytokine promoting immunoglobulins (IgG2a,
IgG3). All those effects have an unknown mechanism; however, the authors suggested that it may be
due to resveratrol SIRT1 activation [120].

Other works have also shown that resveratrol induces the apoptosis of T cells, by Fas, BCL2, BCL2
associated X (BAX), and p53-mediated mechanisms or by depolarizing mitochondrial membranes and
activating caspase 9. Resveratrol inhibits COX2 expression, by suppressing NF-«B activation and also
inhibits TNF-a-induced inflammation in fibroblasts, by activating SIRT1 [121-124].


www.servier.com

Nutrients 2017, 9, 1306 14 of 22

3.3.2. Cardiovascular Impacts

In vitro studies. In this regard, in vitro studies have shown that resveratrol positively affects
cholesterol transport, reduces the level of oxidized LDL, due to its antioxidant properties, and thus
has therapeutic activities in SLE atherosclerotic cardiovascular disease. Yvan-Charvet and colleagues
observed that cells treated with 10% SLE plasma had significantly reduced levels of ATP-binding
cassette transporter A1 (ABCA1) and ATP-binding cassette transporter G1 (ABCG1)—proteins involved
in reverse cholesterol transport and responsible for cholesterol efflux [125]. In comparison to healthy
patients, the co-incubation of SLE plasma with resveratrol restored the efflux proteins to cell levels of
healthy patients, showing that resveratrol was able to augment the ability of the tested cells to remove
cholesterol to the medium.

Animal studies. Such results were confirmed in vivo with double knockout ApoE~/~Fas™/~
mice—a model that closely represents SLE in mice. They found that the group treated with resveratrol
had fewer atherosclerotic plaques in comparison to the untreated group (non-significant), with 43% of
the treated animals not developing plaques [117]. They also evaluated the mRNA levels of ABCA1
and ABCGI1 in bone marrow-derived macrophages and found that they were significantly higher in
the resveratrol-treated group. Both the in vitro and the in vivo tests suggested that resveratrol acts as
an antiatherogenic agent by augmenting the cholesterol efflux pathway [117].

Altogether, resveratrol seems to be a potent new drug to treat and delay the progression of SLE
regarding kidney and heart failures. However, the lack of data regarding its use in other common SLE
complications, such as impairment of lungs, the peripheral nervous system, and the liver, might be
an impediment to the commencement of clinical trials for this drug. Also, resveratrol does not seem to
have curative properties in SLE and should be treated as an adjuvant in the disease therapy.

4. Resveratrol Bioavailability and Toxicity

The major problem faced in the treatment of diseases with resveratrol is in its low bioavailability,
where, after oral administration, much of it is metabolized through phase II enzymes, especially
glucuronides and sulfatases [21]. Oral studies in humans treated with a single 25 mg/day dose had
a peak plasma concentration of 10 ng/mL [126,127]. Studies with high doses of 500 mg/day also
had low plasma concentrations of about 71.2 ng/mL [128,129]. Despite the low oral bioavailability,
a number of studies have been carried out to try and overcome this problem, such as the creation of
prodrugs that, after mentalization, will give rise to resveratrol molecules, or also by microencapsulation
through carrier systems [130,131].

As for toxicity, extensive studies using resveratrol supplementation or treatment for an array
of diseases have shown some adverse effects in therapeutic approaches, mainly disorders in the
gastrointestinal tract and nephrotoxicity with higher doses of supplementation [22,132]. Moreover,
several studies have reported that high doses of resveratrol administered orally lead to alterations in
the pharmacokinetics of drugs, xenobiotics, and other dietary supplements. These effects are associated
with positive or negative modulation of certain cytochrome P450 isozymes (i.e., CYP3A4, CYP1A1
1A2, and CYP2B6, among others) and microsome enzymes, thus interfering in the detoxification
or metabolization of these compounds [133-135]. Accordingly, Detampel et al. (2012) showed that
high doses of resveratrol could inhibit cytochrome P450 isoenzymes, such as CYP3A4, CYP2C9,
and CYP2D6, while CYP1A2 is regulated positively by supplementation with resveratrol [136]. These
effects become especially risky in conditions where the patient makes concomitant use of resveratrol
with drugs or other supplements, such as quercetin and other flavonoids, in order to improve the
bioavailability of resveratrol [137]. In this regard, higher doses of resveratrol can compete with other
polyphenols for transporters, reducing their uptake and potential synergistic effects [138]. Moreover,
individual factors may also influence resveratrol bioavailability and physiological responses, such
as variability in the human gut microbiota, genetic polymorphisms, age, sex, race, diet, and exercise
practices [139].
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On the other hand, recent clinical trials, with low or moderate doses of resveratrol, have
shown a positive effect on metabolic parameters and oxidative stress in some chronic diseases and
cancer [135,138], as well as several in vitro models of high oxidative stress levels [135,140]. This
lack of adverse effects related to low dose resveratrol is due to rapid metabolism and conversion
to glucuronate derivative. In addition, signs and symptoms associated with the use of high dose
resveratrol disappeared by themselves and showed no sequelae and found high acceptability of
resveratrol for the vast majority of tested subjects. In this way, the toxicity of resveratrol was completely
covered and reviewed elsewhere [21,133].

5. Concluding Remarks

In this review, we included some evidence of antioxidant and immunomodulatory effects for some
autoimmune diseases that are directly and indirectly mediated by resveratrol, especially by modulating
the immune system and interfering with multiple cellular and molecular processes. Resveratrol is
capable of inhibiting T-cell differentiation, especially by inhibiting key cytokines, such as TNF-c, IL-17,
IL-6, and IL-1f3. This compound is also key in the inhibition of inflammatory transcription factors, such
as NF-«B and SIRT1—major regulators of the inflammatory response in some autoimmune diseases.
Oxidative stress is other mechanism in which resveratrol is involved. It acts as a direct antioxidant by
neutralizing ROS and also improves some antioxidant enzyme activity. In addition, resveratrol also
inhibited autoantibody production by plasma cells, which are key factors in the progression of some
autoimmune diseases. However, these effects were minimized by the high degree of heterogeneity
by the approach of investigators in the in vivo studies, due to the lack of a standard model for these
diseases in animals, lack of standardization in the design and duration of treatment, and the lack of
agreement on the effective and tolerated dose. In terms of intervention, few studies have addressed
the efficacy of resveratrol in autoimmune diseases in humans, making it difficult to obtain concrete
evidence of the effect of this antioxidant. Overall, resveratrol appears to be a potent new drug for the
therapy of these diseases. However, some barriers have to be overcome, such low bioavailability and
adverse effects, as well as the effect of resveratrol administration on patient outcomes. These outcomes
are limited by sample size, large range of dosage levels, and various populations and groups studied,
although some studies have tried to increase bioavailability by encapsulation with delivery systems.
Therefore, more studies and clinical trials should be performed to fully elucidate the beneficial effects
of resveratrol supplementation on autoimmunity, as well as its toxic effects on human health.
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