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Abstract

Rheumatoid arthritis (RA) is an autoimmune condition that mainly affects peripheral joints.
Although immunosuppressive drugs and non-steroidal anti-inflammatory drugs (NSAIDs) are
used to treat this condition, these drugs have severe side effects. Flavonoids are the most
abundant phenolic compounds which exhibit antioxidant, anti-inflammatory and
immunomodulatory properties. Many bioactive flavonoids have powerful anti-inflammatory
effects. However, a very few have reached clinical use. Dietary flavonoids have been reported to
control joint inflammation and alleviate arthritis symptoms in both human RA and animal
models of arthritis. There is little scientific evidence about their mechanism of actions in RA. We
review the therapeutic effects of different groups of flavonoids belonging to the most common

and abundant groups on RA. In particular, the probable mechanisms of major flavonoids on
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cells and chemical messengers involved in the inflammatory signalling components of RA are

discussed in detail.

Keywords

Cytokines; inflammation; arthritis; collagen-induced arthritis, immunosuppression
Abbreviations

AIA  Adjuvant-induced arthritis

AP-1 Activating protein-1

CCL Chemokine (C-C motif) ligand

CIA  Collagen-induced arthritis

COX Cyclooxygenase

CXCL Chemokine (C-X-C motif) ligand
CXCR CXC chemokine receptor

EGCG Epigallocatechin-3-gallate

IL Interleukin

LO  Lipoxygenase

MCP-1Monocyte chemoattractant protein-1

MMP Matrix metalloproteinase
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MRNA Messenger ribonucleic acid
NF-kB Nuclear factor-xB
NO  Nitric oxide

RA Rheumatoid arthritis

RA-FLS Human rheumatoid arthritis fibroblast-like synoviocytes

TNF  Tumour necrosis factor
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INTRODUCTION
Rheumatoid arthritis

Rheumatoid arthritis (RA) is a systemic autoimmune disease. It is the most commonly
occurring form of inflammatory arthritis. It is a disease affecting the mobile joints, progressively
disabling over time and thus, inflicts significant suffering for patients and care givers. RA is
characterised by a deforming symmetrical polyarthritis varying in extent and severity (Khurana
and Berney, 2005; Lee and Weinblatt, 2001). Systemic features may also be observed during the
course of the disease including, vasculitis, pulmonary and serositis inflammation. In 2010, an
estimated 0.5-1% of adults in the developed world were affected by RA. Rheumatoid arthritis is
more prevalent in most European populations (1%) than in the Asian and African ancestry (<
0.5%). Disease incidence is less common in countries such as South Africa, Nigeria, Indonesia,
Pakistan, China, the Philippines and Argentina, compared to Western people (Kalla & Tikly
2003). Moreover, a three times higher frequency of RA was reported in women than in men
(Scott and Wolfe, 2010). Life expectancy of patients with RA decreases by 20 years into disease,
varying depending on the therapy. The WHO reports that 80% of those suffering from RA are
severely disabled. This causes loss of a substantial portion of their basic functions. Not only does
this affect the livelihood of patients with RA but also poses a social and economic burden to the
community. Even though arthritis can occur at any age, the incidence of RA is more common in

those aged between 40-70 years (Khurana and Berney, 2005; Symmons et al., 1986).

Typical features of RA are symmetrical inflammation in the small joints of the hands,

wrists, and feet (Gordon, 1998). Though any synovial joint may be involved at any point of the
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disease RA often begins subtly with symptoms of joint pain and stiffness associated with
swelling over the joint area. The joints most commonly involved first are the
metacarpophalangeal joints (MCP), proximal interphalangeal joints (PIP), wrists and
metatarsophalangeal joints. A typical manifestation of RA is known as Boutonniere’s deformity;
a swelling of the PIP and MCP joints with associated loosening of ligaments (Lee and Weinblatt,

2001; Khurana and Berney, 2005).
Pathogenesis and treatment of RA

The initiating cause of RA is still unknown, but through many recent developments into
the disease, there have been significant progress in the understanding the pathogenesis of RA. It
is clear that dysregulated immune system plays a major role in the propagation of this disease.
An unknown trigger stimulate the activation of autoreactive CD4+ T-cells and B-cells
(Chaiamnuay, 2005). It has been speculated that APCs are responsible for this, initiating an
autoimmune response to collagen type Il found in the synovium by presenting this antigen to T-
cells (Fournier, 2005). These T-cells (known as collagen-specific T cells or CII-T) undergo
clonal expansion and stimulate various other cells in the joint to produce cytokines and other
inflammatory mediators (Lee and Weinblatt, 2001). These particularly play a major role in the
development of RA. Cytokines such as TNF-a and IL-1p are produced by macrophages and
synoviocytes (Figure 1). Both these cytokines act synergistically in the production of
inflammatory mediators such as matrix metalloproteinases (MMP) and the expression of various
cell adhesion molecules (CAM) (Dayer and Burger, 1999). MMPs are known to cause

remodelling and destruction of the extracellular matrix leading to degradation of cartilage and

> ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

bone destruction (Yasuda, 2006). On the other hand, CAMs are responsible for the recruitment
of inflammatory cells into the synovium (Tarrant and Patel, 2006). High levels of cytokines
circulating the synovium are speculated to activate the translocation of a transcription factor
nuclear factor-«B (NF-kB) into nuclei (Romas et al., 2002). An increasing number of studies
have described the involvement of this factor in RA as it has been shown to regulate the genes
encoding pro-inflammatory cytokines involved in RA. Thus, there is a cascade of events which

contribute to a vicious cycle of inflammation (Romas et al., 2002; Gossye et al., 2009).

Early treatment for RA has a significant beneficial effect. Several drugs exist for the
treatment of rheumatoid arthritis which includes non-steroidal anti-inflammatories (NSAIDs),
glucocorticoids, disease modifying anti-rheumatic drugs (DMARDSs) and biological DMARDs.
Non-steroidal anti-inflammatories target the cyclooxygenase (COX) pathway; reducing
prostaglandin (PG) biosynthesis (Crofford, 2013; Smolen et al., 2014). The inhibition of PG
synthesis underlies the ability of these molecules to provide symptomatic relief in RA.
Glucocorticoids interfere with the generation of immune cell and reduce most leukocytes, except
for B cells (Ferreira, 2016). A wide variety of molecules come under the umbrella of DMARDs
including methotrexate, sulfasalazine, leflunomide, tofacitinib, cyclosporin A, chloroquine and
hydroxychloroquine (Her and Kavanaugh, 2015; Smolen et al., 2014). These DMARDs are
immunosuppressive in nature and, therefore, increase the risk of infection. (Nandi et al., 2008).
Renal, gastric, allergic, nervous, hematologic, cardiovascular and hepatic side effects and
delayed bone healing has been reported with NSAID therapy. The cardiovascular side effects and
delayed bone healing are more problematic; given the association of these complications in

patients with RA (Crofford, 2013; Roubille, et al., 2015). A large number of conventional and
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biologic therapies are currently being used to modify disease response in RA. These include anti-
TNF and anti-IL-1 therapies (Lee and Weinblatt, 2001). These biological response modifiers are
used in combination with DMARD therapy in clinical practice. Currently TNF-a., IL-6, and IL-1
are targeted by biological DMARDs which consists of monoclonal antibodies, direct cytokine
inhibitors, or receptor antagonists (Nigrei et. al., 2016; Singh et. al., 2016). Additionally, T and B
lymphocyte activity is also targeted by biological DMARDs (Negrei et al., 2016). Recent
research into the immune and inflammatory pathways in RA has lead to therapies that target pro-
inflammatory mediators like IL-1, IL-6 and its receptors, IL-17 and GM-CSF. Although
promising, these therapies are expensive and do not confer complete protection (Nandi et al.,
2008; Roubille, et al., 2015). Side effects such as increased risk of infection, vasculitis, arterial
wall and cellular inflammation have been reported (Bernelot Moens et al. 2016; de La Forest
Divonne et al., 2016; Gutiérrez-Gonzélez 2016; Ishiguro et al., 2016). Hence, new approaches
that reprogram the immune dysregulation in RA are necessary. Many natural compounds exhibit
anti-inflammatory and immunomodulatory properties and have the potential for treating
inflammatory diseases. In recent years there is a greater interest in natural compounds, such as
dietary supplement and herbal remedies to reduce pain and inflammation. Many of these
compounds work by inhibiting the inflammatory mediators. Flavonoids are one such group of
compounds that have long been reported to possess anti-inflammatory, anti-atherogenic, and
anti-osteoporotic activities. Flavonoids represent a highly diverse class of secondary metabolites.
These compounds are under evaluation for development as therapies for RA (Guardia et al.,
2001; Serafini. et al., 2010). Bioflavonoids are naturally ingested as part of human diet, and there

is growing interest in the pharmacological potential of these compounds as possible modulators
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of inflammation in rheumatoid arthritis. A number of plant flavonoids and related polyphenols
have been studied in recent years in animal models of rheumatoid arthritis (Ansari et. al., 2014;

Imada et al., 2008; Li et al., 2015; Morinobu et al., 2008).
What are flavonoids?

In recent years, numerous dietary compounds present in vegetables and fruits have been
isolated and evaluated for their therapeutic potentials. Some of these important compounds are
flavonoids and non-flavonoid polyphenols. Flavonoids are a class of secondary plant metabolites
(de Villiers et al., 2015). There are more than 6,000 flavonoids, which act as physiological and
metabolic regulators in plants (Saija et al., 1995). Flavonoids are commonly isolated from plants;
however, they are also present in dietary sources (Burda, and Oleszek, 2001; Peterson and
Dwyer, 1998). These sources range from beverages, such as tea, wine or beer, to grains, legumes,
berries, herbs, fruits, and vegetables (Peterson and Dwyer, 1998). The widespread distribution of
flavonoids and the relatively low toxicity compared to other active plant compounds mean that
humans may safely ingest significant quantities of flavonoids in their diet. These polyphenolic
compounds vary in the degree of oxidation and saturation of the central ring; some of the general
structures of these flavonoids are shown in Figure 2. These polyphenolic compounds contain 2-
phenylbenzopyron, which is the heterocyclic aromatic skeleton of the compound. Flavonoids are
synthesized by the phenylpropanoid metabolic pathway in which the amino acid phenylalanine is
used to produce 4-coumaroyl-CoA, yielding the backbone of flavonoids (de Villiers et al., 2015;
Jackson et al., 2006). Along this pathway, six flavonoid subgroups with distinct structural

patterns are formed, they are; flavonols, flavones, isoflavones, flavonones, flavanols and
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anthocyanidins (Figure 2; Table 1). The structural variations in the different classes of flavonoids

explain the observed differences in the bioactivity of these related compounds.

Flavonoids are more commonly known for their antioxidant and anti-radical properties (Cao et
al., 1997; Burda, and Oleszek, 2001; Saija et al., 1995; Torel et al., 1986). However, flavonoids
can also exert an anti-inflammatory effect by inhibiting the production of pro-inflammatory
cytokines, nitric oxide (NO), eicosanoids, and interfere with NF-xB and activating protein-1
(AP-1) signalling (Li et al., 2014; Serafini et al., 2010). In this review, we present an overview of
the anti-inflammatory, immunosuppressive, and anti-arthritic properties of quercetins, tea
flavonoids, hesperetins, and a few other flavonoids like apigenin, kaempferol, nobiletin,

myricetin, leuteolin.
Quercetin

Quercetin (3,3’,4°,5,7-pentahydroxyflavone) is a flavonol, commonly found in broccoli,
tea, onions, apples, and green leafy vegetables. This antioxidative flavonoid (Figure 3) is widely
distributed in the human diet. Additionally, quercetin is one of a group of over 5000 naturally
available plant phenolic compounds. Quercetin and its conjugates have been shown to possess
potent anti-inflammatory effects in several disease models. Quercetin has also been reported to

influence several aspects of cell function relevant to RA.
Effect on joint state

Ex vivo articular cartilage explants was protected against degradation by collagenase with

quercetin treatment (Natarajan et al. 2015). Matsuno et al. (2009) have shown that co-
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administration of quercetin, as quercetin 3-4”(0O-a-glucosyl);-s-O-B-glucoside, with glucosamine
and chondroitin, did not alter clinical measurements of synovial fluid properties in RA patients.
Arthritis associated weight loss in adjuvant-induced arthritis (AlA) and collagen-induced arthritis
(CIA) animals was diminished with quercetin and rutin(a quercetin glycoside) therapy (Kauss et
al. 2008; Mamani-Matsuda et al. 2006). Clinical scores in several models of RA such as CIA,
AlA, and adjuvant-carrageenan induced arthritis, were improved with administration of quercetin
or rutin (Ansari et al. 2014; Guardia et al. 2001; Kauss et al. 2008; Mamani-Matsuda et al. 2006).
However, only rutin was observed to remain active during the chronic phase of the disease;
reducing clinical scores in rats with adjuvant-carrageenan induced arthritis (Guardia et al. 2001).
Quercetin and rutin reduced paw edema in animals with CIA, AIA, or adjuvant-carrageenan
induced arthritis (Ansari et al. 2014; Guardia et al. 2001; Jeyadevi et al. 2013; Rotelli 2003).
Changes in joint histopathology in CIA or AIA models was also attenuated with quercetin or
rutin treatment (Ansari et al. 2014; Choi et al. 2009; Jeyadevi et al. 2013; Kauss et al. 2008); in

some cases resulting in cartilage regeneration (Jeyadevi et al. 2013).

Quercetin inhibited the proliferation of rabbit synoviocytes in vitro with an 1Csy of 45
uM. Gene expression of MMP-1 and -3 in inflammation stimulated chondrocytes was also
reduced by quercetin treatment (Jackson et al. 2006). However, other report showed no
inhibition of MMP-1 by quercetin in pure enzyme assays (Lee & Kim 2010). The proliferation of
in vitro RA synovial fibroblasts, induced by IL-13, was inhibited by quercetin (Sung et al. 2012).
Expression and production of MMP-1, MMP-3, COX-2 and PGE; in IL-13 stimulated RA
synovial fibroblasts was inhibited by quercetin therapy. Additionally, quercetin also inhibited the

expression of NF-xB in IL-1p stimulated RA synovial fibroblasts (Sung et al., 2012).
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Effect on immune cells

Quercetin reduced the in vitro viability of THP-1 macrophages and B lymphocytes at doses
greater than 25uM and 50uM, respectively. Activation of neutrophils was antagonised by
quercetin in vitro (Drummond et al. 2013). There was inhibition of reactive oxygen species
generation but no inhibition of phagocytic function or cytotoxicity, in neutrophils isolated from
RA patients with quercetin treatment (Santos et al. 2014). Activation and accumulation of
polymorphonuclear leukocytes, measured by articular elastase activity, was diminished in CIA
rats treated with quercetin (Ansari et al. 2014). Expression of several proinflammatory genes and
production of TNF-o, NO, and IL-1p and IL-6 was inhibited by rutoside treatment in vitro.
Kauss et al (2008) showed that the production of TNF-a. and NO was reduced in macrophages
isolated from rutoside treated AIA rats. Quercetin reduced nitrites and TNF-o from in vitro
macrophages isolated from AIA rats. Expression of inducible NO synthase mRNA and
production of nitrites was also reduced in activated macrophages treated with quercetin

(Mamani-Matsuda et al. 2006).
Effect of cytokines and inflammatory pathways

Quercetin inhibited the genetic expression and secretion of TNF-a, IL-1p, -6 and -8 mMRNA
in stimulated human mast cells in vitro. Additionally, NF-xB in stimulated human mast cells was
downregulated by quercetin treatment in vitro (Min et al. 2007). Choi et al (2009) reported that
the mice with CIA that were supplemented with 5% quercetin in their diet, expressed decreased
TNF-a and IL-18 mRNA in their tissues compared to controls. Serum monocyte chemoattractant

protein-1 (MCP-1), NO, and PGE; was significantly reduced in CIA mice treated with quercetin.
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This was confirmed by Gardi et al (2015), who have shown that plasma IL-1p and MCP-1 was
significantly reduced with quercetin in AlA rats. Rutoside decreased serum TNF-a, IL-13 and
MCP-1 concentrations in rats with AIA (Kauss et al., 2008). Secretion of TNF-a, IL-1p and
MCP-1 was reduced in ex vivo activated macrophages treated with quercetin (Mamani-Matsuda
et al. 2006). Enzymes involved in inflammation, such as hyaluronidase, 15-lipoxygenase (15-
LO), COX-1 and -2, were inhibited by quercetin, and synthesis of NO in macrophages was also
attenuated by quercetin with an ICs of 62.4 uM (Lee & Kim 2010). Peripheral 12- and 15-LO
activity, in addition to NF-«B activation, was reduced in AlA rats treated with quercetin (Gardi
et al. 2015). Expression of NF-kB and COX-2 in the joints of CIA rats, as well as NO production
in the joints, was reduced with quercetin treatment (Ansari et al. 2014). Thus, several recent in
vivo and in vitro studies have shown a significant antiinflammatory and antiarthritic role of
flavonoid quercetin. Quercetins antiinflammatory role may be mediated mainly through the
inhibition of proinflammatory cytokines like TNF-o. and IL-1B. Quercetin also showed

bone/cartilage protective effects by inhibiting the level and expression of different MMPs.
Tea flavonoids

Tea leaves contain a large amount (more than 35% of the dry substance) of polyphenols,
mainly flavonoids. The major class of flavonoids present in tea both black and green tea are
flavanols class of flavonoids, which include catechin, epicatechin, epigallocatechin, epicatechin

gallate, and epigallocatechin gallate (Figure 3).

Effects on joint state
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Natarajan et al., (2015) have recently shown that tea flavonoid catechin and
epigallocatechin gallate protected articular cartilage explants against degradation by collagenase.
Glycosaminoglycan loss in enzymatically digested explants and in vitro TNF-a stimulated break
down of cartilage proteoglycans was also attenuated by epigallocatechin gallate treatment
(Adcocks et al. 2002). Epicatechin and epicatechin gallate (Figure 3) inhibited cartilage
breakdown mediated by IL-1a in vitro. Proteoglycan breakdown was enhanced in human RA
cartilage explants treated with TNF-o and IL-1p, and epicatechin gallate and epigallocatechin
gallate significantly antagonised this effect. Adcocks et al. (2002) reported that the breakdown of
type 1l collagen, mediated by IL-1a, was ameliorated by epicatechin gallate, epigallocatechin,
and epigallocatechin gallate. However, intra-articular administration of epigallocatechin gallate
inhibited cartilage degradation, but not paw volume, in CIA rats (Natarajan et al., 2015).
Scanning electron microscopy of the bone of rats with AIA showed a breakdown in the collagen
fibril network and pore formation, which was rescued with theaflavin treatment. Moreover, bone
joint destruction seen in AIlA rats was partially reversed with theaflavin treatment (Datta et al.,
2014). A combination of dexamethasone, a potent synthetic steroid, and epigallocatechin resulted
in reduced paw swelling in AIA rats; monotherapy with either agent produced a similar effect,
however, to a lesser extent. Combination therapy decreased serum markers of inflammation
which was absent in epigallocatechin monotherapy (Roy et al., 2013). This study also reported
that the monotherapy with epigallocatechin or combination therapy with dexamethasone and
epigallocatechin increased bone mineral density in AIA animals. Additionally, bone erosion and
inflammation was greatly reduced with combination therapy of dexamethasone and

epigallocatechin. There was a significant improvements in histopathological markers of AlA,
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such as synovial proliferation, diminished joint space, bone and cartilage breakdown, bone
erosion, fibrin exudation, pannus formation and bone matrix invasion, occurred with

dexamethasone, epigallocatechin or combination treatment (Roy et al., 2013).

Epigallocatechin-3-gallate (EGCG) improved clinical scores, and inflammation in obese
CIA mice. Arthritis severity, paw edema, clinical scores, ankle circumferences, and
histopathological changes were reduced with EGCG in CIA and AIA rats (Ahmed et al. 2008;
Byun et al. 2014; Lin et al. 2008; Liu et al. 2012). Increased clinical scores and foot swelling
seen in collagen type Il antibody induced arthritis was antagonised with (-)-epigallocatechin-3-
gallate treatment. Histopathological scores and osteoclast numbers were reduced in antibody-
induced arthritis animals treated with (-)-epigallocatechin-3-gallate (Morinobu et al. 2008). Paw
edema and haematological abnormalities, such as an elevated white blood cell count, in AlA rats
was abolished with methotrexate/epigallocatechin-3-gallate therapy. Additionally radiological
and histopathological markers of arthritis were also reduced in methotrexate/(-)-epigallocatechin-

3-gallate combination therapy treated AlA rats (Roy et al., 2012).

Osteoclasts differentiation was inhibited by theaflavin-3,3’-digallate, epigallocatechin
gallate and EGCG in vitro. Theaflavin-3, 3’-digallate and (-)-epigallocatechin gallate dose-
dependently reduced osteoclast formation, MMP-9 mRNA, MMP-2 and MMP-9 activity in
osteoclast precursor cells (Morinobu et al. 2008; Oka et al. 2012). Epigallocatechin-3-gallate
reduced the number of osteoclasts in ankles of AIA rats, and bone resorption was attenuated by
this tea flavonoid treatment on osteoclasts. Study by Lin et al (2008) has shown that EGCG

inhibited the in vitro production of MCP-1 mRNA in oncostatin M stimulated, human bone
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marrow-derived osteoblasts. In another study, theaflavin increased serum osteocalcin, a bone

formation marker levels in AlA rats (Datta et al., 2014).

Genetic expression and synthesis of IL-6 by RA synovial fibroblasts, induced by IL-
1B, was reduced by EGCG. Furthermore, protein levels and activity of MMP-2 in IL-6
stimulated RA synovial fibroblasts and joints of AIA rats was attenuated with epigallocatechin-
3-gallate treatment in vitro (Ahmed et al. 2008). Levels of MMP-1 and -3, both mRNA and
protein, and activation of AP-1 were reduced in TNF-a stimulated human RA synovial
fibroblasts treated with EGCG (Yun et al. 2008). This flavonoid also inhibited the expression and
production of TNF—a and MMP-13 in human chondrocytes treated with advanced glycation end
products. Activation of NF-xB in human chondrocytes was also inhibited by epigallocatechin
gallate in another study by Rasheed et al. (2009). Expression, production, and activity of MMP-
1, MMP-13, and TIMP-1 in human chondrocytes stimulated with IL-1f, was inhibited by
epigallocatechin gallate treatment. There was also the inhibition of NF-kB activation in human

chondrocytes stimulated with IL-13 (Ahmed et al. 2004).
Effects on immune cells

According to Datta et al (2014), a greater percentage of white blood cells were arrested at
the Go/G; phase of the cell cycle in theaflavin-treated AIA rats compared to indomethacin-
treated animals. EGCG reduced BAFF-mediated B-cell proliferation and enhanced IGF-1
mediated B-cell apoptosis in vitro. Infiltration of AIA rat ankle joints by macrophages was

reduced with EGCG treatment (Lin et al. 2008).
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Effects on cytokines and inflammatory pathways

Immunolocalisation of MCP-1 was attenuated in the joints of AIA rats treated with
EGCG (Lin et al. 2008). The number of cells staining positive for TNF-a, IL-1f, IL-6 or IL-17
were reduced in obese CIA animals treated with EGCG (Byun et al. 2014). Additionally,
production of CCL5, MCP-1, CXCLS5, and CXCL1 in RA synovial fibroblasts, mediated by IL-
1B, was antagonised with EGCG treatment (Ahmed et al. 2006). The number of splenocytes
containing mRNA for IL-17 and IL-21 was reduced in EGCG treated, obese CIA animals (Byun
et al. 2014). Theaflavin decreased serum IL-12 and C-reactive protein levels in AlA rats.
Additionally, concentrations of IL-6 and TNF-o were reduced in the synovial fluid of theaflavin-
treated AIA rats (Datta et al. 2014). Enzymes involved in inflammation, such as hyaluronidase
and 15-LO, were weakly to moderately inhibited by catechin in pure enzyme assays.
Additionally, catechin was also shown to be a selective, albeit poor, COX-2 inhibitor (Lee &
Kim 2010). Activation and DNA translocation of NF-xB in IL-1p stimulated RA synovial
fibroblasts was attenuated with EGCG treatment (Ahmed et al. 2006). Immunohistochemical
staining revealed that increases in TNF-o.and IL-6, mediated by AIA, were reduced with
dexamethasone and epigallocatechin co-administration (Roy et al., 2013). Methotrexate and
EGCG co-administration reduced immunopositivity of TNF-a and IL-6 in the joints of AIA rats

(Roy et al., 2012).

Tea flavonoids exhibited inhibitory effects against several MMPs. Theaflavin reduced

serum levels of MMP-1 in AIA rats (Datta et al., 2014). Epicatechin gallate inhibited MMP-2
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and MMP-9 with an 1Cso of 95 and 28 uM, respectively. Epigallocatechin gallate was a more
potent inhibitor of MMP-2 and MMP-9 with ICsy values of 6 and 0.3 uM, respectively.
Epicatechin gallate and epigallocatechin gallate also inhibited the activity of MMP-12 by 60%
(Demeule et al. 2000). EGCG antagonised the production of MMP-2 in RA synovial fibroblasts,
mediated by IL-13, CCL5, CXCL-1 or -5 (Ahmed et al. 2006; Riegsecker et al. 2013). EGCG is
the most commonly used tea flavonoid in the animal models of arthritis studies, and this tea
flavonoid has shown a significant antiarthritic effects in rat and mouse models of arthritis. Most
of the studies have confirmed a significant decrease in TNF-q, IL-1f, IL-6 and MCP-1 levels. In
vitro studies using tea flavonoids have also shown positive results against inflammatory

cytokines and chemokines expressions.
Hesperetins

Hesperidin, is a natural flavanone glycoside composed of hesperetin (aglycone) (Figure
3) and rutinose, and is found richly in citrus fruits. In vivo and in vitro studies have attributed a

significant antioxidant and anti-inflammatory role for hesperidin derivatives.
Effects on joint state

Collagen induced arthritis mice treated with o-glucosylhesperidin exhibited reduced
clinical scores, joint damage, synovial cell proliferation, inflammatory cell infiltration and
pannus formation (Kometani et al., 2008). Administration of 7,3’-dimethoxyhesperetin (Figure 4,
Structure 2) reduced paw edema and arthritis scores in AIA rats (Li et al., 2012; R. Li et al.,

2013). Synovial hyperplasia, inflammatory cell infiltration, vascular proliferation, and bone or
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cartilage loss were attenuated in 7,3’-dimethoxyhesperetin treated AIA rats (Li et al., 2012).
Apoptosis of fibroblast-like synoviocytes and synovial cells, isolated from AIA rats, was
enhanced with 7,3’-dimethoxyhesperetin (Li, et al., 2010; Li et al., 2013). The proliferation of
fibroblast-like synoviocytes, isolated from AIA rats, was attenuated with 7,3’-

dimethoxyhesperetin (Li, et al., 2010).

In a study by Rovensky et al. (2009) using a combination of detralex, a mixture of
diosmin and hesperidin, and methotrexate in AIA rats, improved paw edema, bone mineral
density and clinical scores. Several other studies have shown a reduction in arthritis scores in
AlA rats treated with hesperidin (Ansari et al., 2014; Li et al., 2008; Rotelli 2003; Umar et al.,
2013; Yang, et al., 2010). Additionally, hesperidin reduced both paw swelling and arthritic
clinical scores in rats with adjuvant-carrageenan induced arthritis (Guardia et al., 2001). Bone
destruction, vascular proliferation, synovial hyperplasia and inflammatory cell infiltration were
attenuated in hesperidin treated AIA animals. Pathological changes in joint structure, splenic
histology, and inflammation scoring were reduced in hesperidin treated AIA rats. The
proliferation of synoviocytes taken from AIA rats was inhibited with hesperidin. A few other
studies have also confirmed hesperidin induced apoptosis in synovial fibroblasts, obtained from

RA patients, stimulated with TNF-o (Li et al., 2010; Li et al., 2008; Ahmed et al., 2015;

(Kokotkiewicz et al. 2013).
Effects on immune cells

Cartilage elastase activity, a measure of neutrophil activation and infiltration, was

reduced in CIA rats treated with hesperidin (Umar et al. 2013). Production of IL-2 by AIA rat
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splenocytes and proliferation of AlA rat T lymphocytes was enhanced and the production of IL-
1, IL-6, and TNF-a by peritoneal macrophages was attenuated with hesperidin in AlA rats (Li et

al. 2008).
Effects on cytokines and inflammatory pathways

A study by Kometani et al. (2008) showed a reduction in plasma C-reactive protein in RA
patients treated with a-glucosyl hesperidin (Kometani et al. 2008). Production of NO, measured
by serum nitrite/nitrate, was decreased in AIA rats treated with methotrexate/detralex
combination therapy (Rovensky et al. 2009). Li et al. (2010) showed a reduced TNF-a and IL-
18 mRNA and protein whilst increasing IL-10 mRNA and protein in AIA rat synoviocytes.
Serum levels of TNF-a and IL-10 were reduced and increased, respectively, in AlA rats treated
with hesperidin (Ahmed et al. 2015). Expression and production of 1L-6 in AlA rats was reduced
with 7, 3’-dimethoxyhesperetin treatment. In another study, serum levels of IL-1f and
TNF-a protein were reduced in AIA rats treated with 7, 3’-dimethoxyhesperetin. Moreover,
hesperetin significantly reduced the production of MMP-3 and IL-6 in human synovial cells

stimulated with IL-13 (Choi and Li 2010; Li et al. 2012; Li et al. 2013).
Other flavonoids
Effects on joint state

The onset and severity of arthritis were reduced in apigenin (4°, 5,7-trihydroxyflavone)
(Figure 4) treated CIA mice. Histopathology confirmed that apigenin exerted an anti-arthritic

effect in AIA rats; reducing inflammation scores, inflammatory cell infiltration, cartilage
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damage, synovial edema and cellular damage in the hind paw (Li et al. 2015; Chang et al. 2015).
Flavonoid astilbin decreased footpad swelling, clinical scores and disease incidence in CIA mice
(Cai et al. 2003; Chang et al. 2015). Histopathological changes, such as inflammatory cell
infiltration, fluid accumulation in in the joint cavity, synovial hyperplasia, and hyperemia and
edema of the synovial membrane, were reduced in CIA mice treated with astilbin. A few other
studies have shown that the flavonoid baicalein (Figure 4) treatment improved paw edema,
weight changes and arthritis scores in AlA rats (Butenko et al. 1993; Cai et al. 2003; Kubo et al.
1984). Other studies have reported that treatment with baicalin, a glucuronide of baicalein,
improved symptomology and pro-inflammatory cytokine mRNA in AIA or CIA rodents
(Butenko et al. 1993; Kubo et al. 1984; Yang et al. 2013). Baicalin also inhibited
pathophysiology and progression of arthritis in CIA rats. Daidzein reduced the severity of RA
symptoms and incidence of arthritis in CIA rats. Additionally, histopathological changes induced
by CIA were reduced with daidzein treatment (Mohammad Shahi et al 2011). Genistein, (4°,5, 7-
trihydroxyisoflavone, found in soy beans) improved clinical scores, arthritis incidence, and
symptom severity in CIA rats and mice. Additionally, genistein reduced paw volumes and
radiological changes in both sham operated and ovariectomised CIA rats. Histopathological
changes seen in CIA animals such as synovial hyperplasia, inflammatory cell infiltration,
synovitis, and cartilage-bone destruction were improved with genistein treatment (Li et al. 2013;
Mohammad Shahi et al 2011; Verdrengh et al. 2003; Wang et al. 2008). Enhanced synovial cell
growth, induced by IL-1p and TNF-a, was reduced with genistein treatment in vitro (Zhang et
al. 2012). Luteolin (3°,4°,5,7-tetrahydroxylflavone) (Figure 4) improved clinical scores, paw

edema, the severity of arthritis and weight loss in AlA rats and CIA mice (Zhang et al. 2012; Shi
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et al. 2015); this effect was synergistic with palmitoylethanolamide, an endogenous fatty acid
amide. Additionally radiological and histopathological changes in CIA were improved with
luteolin/palmitoylethanolamide compared to monotherapy with either agent. Moreover, greater
improvements in locomotor activity and pain sensitivity were reported in CIA animals treated
with luteolin/palmitoylethanolamide combination therapy (Impellizzeri et al. 2013). Paw edema,
body weight losses and joint damage in AlA rats were ameliorated with morin treatment (Rotelli
2003); the effect was synergistic with indomethacin, a NSAID. An improvement in several
histopathological markers was also reported with morin and morin plus indomethacin treatment
in AIA rats. In female CIA rats, treatment with morin was comparable to dexamethasone in
terms of reducing paw edema, joint damage, clinical and histopathological scores (Sultana and
Rasool 2015; Zeng et al. 2015). Myricetin (Figure 4) improved clinical scores, decreased paw
thickness in CIA mice. Histopathological changes associated with CIA were also reduced with
myricetin treatment (Zeng et al. 2015; Yuan et al. 2015). Additionally, myricetin antagonised the
production of IL-6 and MMP-1 in IL-1p stimulated synovial cells (Yuan et al., 2015; Lee et al.
2007). In another study, Hiermann et al. (1998) reported that the glycosides of myricetin reduced
paw edema induced by either carrageenan or AlA in rats. Naringin and its aglycone, naringenin,
reduced paw edema and clinical scores in AIA and CIA mice. Additionally, histopathological
changes in AlIA or CIA mice were ameliorated by either naringin or naringenin. Expression of
TNF-ao mMRNA was reduced in the knee joints of naringin treated CIA mice. The expression of
IL-1B, IL-17 and MCP-1 mRNA was reduced in the ankle tissues of naringin treated AIA mice
(Ahmad et al. 2014; Kawaguchi et al. 2011; Li et al. 2015). Footpad swelling, incidence and

clinical scores were reduced in CIA mice treated with nobiletin. Histopathological markers of
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CIA such as inflammation, pannus formation, bone, and cartilage destruction, were reduced by
nobiletin in these animals (Imada et al. 2008; Murakami et al. 2007). Clinical scores and
histopathology were improved in CIA rats treated with kaempferol (3,4, 5,7-

tetrahydroxyflavone) (Figure 4) (Lin et al. 2015).

Apigenin treatment resulted in inhibition of RANKL-mediated osteoclastogenesis from
mononuclear cells and bone resorption by primary osteoclasts and enhanced apoptosis of mature
osteoclasts. Levels of IL-6, MCP-1, and MCP-3, released from TNF-a stimulated osteoblasts
were decreased with apigenin. Production of CXCL-9 and CXCL-10 from IFN-y stimulated
osteoblasts was reduced with apigenin treatment (Bandyopadhyay et al. 2006). Kaempferol
inhibited IL-1pB stimulated osteoclast differentiation from bone marrow derived precursors, in a
dose dependent manner. The IL-1 mediated survival of osteoclast precursor cells was also
attenuated by kaempferol accoding to Lee et al. (2014). In vitro osteoblast activity was
stimulated by luteolin or orientin. Furthermore, reductions in IL-6, TNF-a, osteoprotegrin,
osteopontin and sclerostin proteins were seen in luteolin or orientin treated osteoblasts. Luteolin
treated CIA rat synovial fibroblasts also showed a reduction in the expression of IL-6, IL-8 and
IL-15 mRNA (Hou et al. 2009). Additionally, mineralisation of Saos2 cells was increased with
orientin or luteolin treatment (Nash et al. 2015). Transforming growth factor-p mRNA was
reduced in CIA rat synovial fibroblasts treated with luteolin (Hou et al. 2009). Myricetin induced
differentiation of osteoblasts and enhanced mineralisation and collagen type | levels of
osteoblasts in vitro (Kuo, 2005; Hsu et al. 2007). Nobiletin (Figure 4) inhibited

osteoclastogenesis and TRAP activity in vitro (Murakami et al. 2009). Expression of proMMP-1
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mMRNA and production of proMMP-1 and proMMP-3 was decreased in IL-1o stimulated human
synovial fibroblasts treated with nobiletin. Conversely, the production of TIMP-1 was increased
with IL-1a stimulated human synovial fibroblasts treated with nobiletin. Additionally,
production of COX-2 mRNA and protein and PGE, was reduced in IL-1a stimulated human

synovial fibroblasts treated with nobiletin (Lin et al. 2003).

Apigenin reduced the proliferation of, and induced apoptosis in, RA-FLS in vitro.
Apoptosis of RA-FLS was induced with apigenin treatment in vitro; this effect was synergistic
with TNF-related apoptosis-inducing ligand (TRAIL) (Shin et al. 2009; Sun et al. 2011).
However, TRAIL mediated induction of RA-FLS proliferation was reduced with apigenin
treatment in vitro (Sun et al. 2011). Baicalein reduced the production of TNF-o and IL-1 from
RA-FLS, and splenocyte adhesion to IL-17 stimulated synoviocytes in vitro (Wang et al. 2014;
Yang et al. 2013). In vitro proliferation of RA-FLS, stimulated by IL-1, was attenuated with
baicalein treatment (Chen et al. 2013). Genistein inhibited proliferation of RA-FLS and induction
of MMP-2 and MMP-9 in these cells, mediated by IL-1p or TNF-a in vitro (Zhang et al. 2012).
Inhibition of IL-1p mediated proliferation of, and induction of apoptosis in, human RA synovial
fibroblasts occurred with kaempferol treatment in vitro (Yoon et al. 2013). Luteolin inhibited the
proliferation of synovial fibroblasts isolated from CIA rats; with or without the stimulation of
TNF-a.. The secretion of MMP-1 and MMP-3 from CIA rat synovial fibroblasts, with or without
TNF-a stimulation, was also inhibited by luteolin treatment in vitro (Hou et al. 2008). A recent
study by Lou et al (2015) has shown a greater induction of apoptosis in IL-1p stimulated rat

fibroblast-like synoviocytes treated with a combination of luteolin and chlorogenic acid, another

* ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

phytochemical, compared to monotherapy with either agent. Expression of NF-kB p100 in rat
fibroblast-like synoviocytes, stimulated with I1L-1(3, was also enhanced. Conversely, expression
of NF-xB p50 was reduced with luteolin/chlorogenic acid combination therapy or monotherapy
with either agent (Lou et al. 2015). Nobiletin inhibited IL-1a stimulated expression of proMMP-
9 mRNA and proMMP-1, -3 and -9 protein from rabbit synoviocytes in vitro. Additionally,
production of PGE, was attenuated in IL-1o stimulated rabbit synoviocytes treated with this

flavonoid (Ito et al.1999)
Effects on immune cells

Apigenin did not impair B lymphocyte viability but inhibited human macrophage
viability at doses greater than 1 uM in vitro (Drummond et al. 2013). A study by Lin et al (2015)
using flavonoid kaempferol has shown an enhanced Treg suppressive function in vitro.
Additionally, expression of Foxp3 in Treg cells was enhanced with kaempferol treatment. The
mRNA expression of Ctla4, 1110, and Foxp3 was also increased in CD4"'CD25" T cells isolated
from kaempferol-treated, CIA rat lymph nodes. An increased level of FOXP3 protein was
reported in CD4" and CD25" spleen cells isolated from kaempferol-treated, CIA rats (Lin et al.
2015). In another recent study Shi et al. (2015) have shown a reduction in inflammatory cells in
the joints of luteolin treated AIA rats. Naringin increased the Th2 response whilst
downregulating the Thl response in the blood of AIA mice. Naringin increased the number of
Treg cells and CD4"CD25" Treg cells whilst decreasing the number of CD4" and CD25" T cells
(Ahmad et al. 2014). Cytokine production and proliferation of T cells, mediated by activated

dendritic cells, was reduced with naringenin, and the production of IL-17" CD4" and IFN-y"
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CD4" T cells was reduced in CIA mice treated with naringenin treatment (Li et al., 2015).
Dendritic cell maturation and cytokine secretion were reduced in bone marrow derived dendritic
cells treated with apigenin. Additionally, expression of chemokine receptor 4 (CXCR4) in, and
migration of, immune stimulated bone marrow derived dendritic cells was inhibited by apigenin
treatment. Dendritic cell maturation during the acute phase of CIA was reduced with apigenin
treatment (Li et al. 2015). Moreover, in apigenin-treated CIA mice, dendritic cell percentages
and the number of Langerhans cells in draining lymph nodes were reduced (Li et al. 2015).
Neutrophil and mast cell infiltration into the joints of CIA mice was greatly reduced by

luteolin/palmitoylethanolamide therapy (Impellizzeri et al. 2013).
Effects on cytokines and inflammatory pathways

Serum concentrations of TNF-a, IL-18 and IL-6 were reduced in AlA rats or CIA mice
treated with apigenin (Chang et al. 2015; Li et al. 2015). Moreover, production of TNF-a, IL-
1B and IL-6 by lymph nodes isolated from CIA mice, was attenuated with apigenin treatment.
Dendritic cell expression of CXCR4 in the periphery was reduced in CIA mice treated with
apigenin (Li et al. 2015). Upregulated mRNA expression of TNF-a, IL-1pB, IL-6, IL-17, and
MCP-1, and increased serum protein levels of TNF-a, IL-1p3, and MCP-1, were decreased in
morin or morin plus indomethacin treated AIA rats (Sultana and Rasool. 2015). Baicalin reduced
serum levels of TNF-a and IL-1B in CIA rats (Wang et al. 2014). Expression of ICAM-1,
VCAM-1, TNF-aand IL-6 in IL-17 stimulated synoviocytes was reduced with baicalin
treatment (Yang et al. 2013). Increased serum concentrations of TNF-a and IL-6 observed in

CIA rats was attenuated by genistein or daidzein treatment (Mohannad Shahi et al. 2011). In
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vitro production of IFN-y was reduced from splenocytes isolated from sham operated or
ovariectomised CIA rats treated with genistein. Decreased T-bet mMRNA was observed in the
splenocytes of genistein treated CIA animals which were correlated to IL-4 levels (Wang et al.
2008). Concanavalin A stimulated production of IFN-y was inhibited by kaempferol-3-O-3-D-
glucopyranoside in vitro . Additionally, kaempferol-3-O-B3-D-glucopyranoside inhibited
concanavalin A stimulated production of TNF-o in vitro (Dang et al. 2008). Plasma
concentrations of TNF-a, IL-1pB, IL-6 and IL-17 were reduced in AlA rats treated with luteolin
(Shi et al. 2015). Levels of MIP-1la, MIP-2, IL-1B, IL-6, and TNF-o protein were greatly
reduced in CIA mice treated with luteolin/palmitoylethanolamide (Impellizzeri, 2013). Zeng et
al. reported that the concentrations of TNF-o and IL-6 in the serum was reduced with flavonoid
morin treatment in female CIA rats (Zeng et al. 2015). Ex vivo production of 1L-4 was reduced
from splenocytes isolated from sham operated CIA rats treated with genistein. Increased GATA-
3 mRNA was observed in the splenocytes of genistein treated CIA animals which were
correlated to 1L-4 levels (Wang et al. 2008). Morin treatment increased IL-10 levels in the sera of
female CIA rats (Zeng et al. 2015). Expression of IL-4, Foxp3 and GATA-3 mRNA was

enhanced in the ankle tissues of naringin treated AIA mice (Ahmad et al. 2014).

Apigenin reduced NF-kB protein expression in the joints of AIA animals (Chang et al.
2015). Leukotriene synthesis in macrophages was inhibited by baicalein with an 1Csq of 9.5 uM
in vitro (Butenko et al. 1993). Treatment of RA-FLS with IL-1 or macrophage migration
inhibitory factor (MIF) increased NF-kB DNA binding; this effect was decreased with baicalein

administration. However, co-administration of MIF with IL-13 abolished the positive effects of
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baicalein on NF-xB DNA binding (Chen et al. 2013). Wang et al. (2014) have shown that the
activation of NF-xB in CIA rat synovium and rheumatoid arthritis fibroblast-like synoviocytes
was attenuated by baicalein. Increased protein and mMRNA expression of MMP-1, -3, and COX-
2, and the increased production of PGE; in IL-1p stimulated human RA synovial fibroblasts was
attenuated by kaempferol treatment. Moreover, increased NF-kB activity in human RA synovial
fibroblasts, mediated by IL-1pB, was lessened by kaempferol (Yoon et al. 2013). Expression of
COX-2 and NF-kB, and serum PGE,was reduced in AIA rats treated with morin or morin plus
indomethacin (Sultana, and Rasool, 2015). Myricetin-3-O-B-D-glucuronide inhibited 5-LO
activity in human polymorphonuclear leukocytes, in addition to isolated COX-1 and COX-2
activity, with low micromolar ICsq values. Prostaglandin synthesis in perfused rabbit ear was also
inhibited by myricetin-3-O-B-D-glucuronide treatment (Hiermann et al. 1998). Binding of NF-
kB in activated dendritic cells was reduced with naringenin (Li et al. 2015). In vitro activation of

NF-kB in macrophages was reduced with nobiletin treatment (Murakami et al. 2007).

Astilbin attenuated MMP-2 and MMP-9 activity in spleens isolated from CIA mice.
Proliferation of, and NO production by, concanavalin A stimulated spleen cells from CIA mice
was reduced with astilbin treatment. Furthermore, survival and concanavalin A stimulated
proliferation of spleen cells from naive mice was maintained with astilbin treatment (Cai et al.
2003). Splenic enlargement and CD4™ IL17 and Th17 splenocytes numbers were diminished in
AIlA mice by baicalein treatment (Yang et al. 2013). The proliferation of splenocytes was
reduced in sham-operated, and ovariectomised CIA rats treated with genistein (Wang et al.

2008). Proliferation of lymph node cells from CIA rats was inhibited by kaempferol-3-O-3-D-
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glucopyranoside in vitro (Dang et al. 2009). Morin treatment inhibited angiogenesis in both an
in vitro setting and in female CIA rats (Zeng et al. 2015). Thus several flavonoids such as
apigenin, luteolin, kaempferol, nobiletin, morin, baicalein, and naringin inhibited pro-
inflammatory pathways, enhanced anti-inflammatory mechanisms, and improved clinical signs
in cell lines and animal models of RA. There was also matrix degradation inhibition and reduced
Nf-kB and MMP expression after treatment with these flavonoids in several recent studies
(Figure 5) (Agarwal 1982; Darwish et al. 2014; Lee et al. 2009; Lee et al. 2012; Li et al. 2015;

Kubo et al. 1984; Wang & Zhong 2015).
Conclusions

Flavonoids are a family of compounds including flavonols, flavanones, flavanols,
isoflavones, and anthocyanins. Flavonoids have attracted increased attention in recent years due
to their disease preventing effects. Quercetin, as quercetin 3-4” (O-a-glucosyl) 1-6-O-B-
glucoside, and hesperetin, as a—glucosylhesperidin, has been trialled in humans. No effect was
seen in RA patients treated with quercetin, however, some effect was seen in a small trial with
hesperetin. The beneficial effect of a-glucosyl hesperidin in RA patients warrants further
investigation in a larger trial, or as a lead compound for further development. The reviewed
flavonoids affected joint state in several animal and cellular models; inhibiting cellular
proliferation, cartilage destruction, edema, inflammatory cell infiltration, pannus formation and
bone loss whilst modulating cytokine and MMP function (Figure 5). The inhibition of bone loss
might be due to the inhibition of osteoclastic activity and function, and the promotion of

osteoblastic function and bone mineralisation. Immune cells were also affected by the reviewed
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flavonoids. Inhibition of cytokine production by immune cells was a shared mechanism of these
flavonoids, however, reduced cell viability, activity, and maturation were also observed. In
addition to the inhibition of inflammatory mediators, production of inflammatory cytokines at
the genetic and protein levels was antagonised by many flavonoids. Several mechanisms of
action have been proposed to explain the anti-inflammatory and immunomodulatory actions of
flavonoids. Modulation of cellular activities of macrophages, and neutrophils, modulation of pro-
inflammatory enzyme activities, modulation of the recruitment and production of pro-
inflammatory cytokines and altered pro-inflammatory gene expression are some of the important
mechanisms by which these flavonoids provide anti-arthritis effects in RA. A vast number of in
vitro and laboratory animal studies and some in vivo studies show flavonoids inducing
immunomodulatory mechanisms against inflammatory mediators and protecting against
inflammation-induced joint destruction. However, there are not many clinical research on
flavonoids and their anti-inflammatory effects in RA. Moreover, there is not enough data
concerning the bioavailability of flavonoids in humans. Additionally most of these flavonoids
have not been tested against all the pathological features of RA. Natural product based therapy
could be a promising preventative/treatment for RA. Flavonoids could have a more effective and
less toxic therapeutic potential for the treatment of RA. New anti-inflammatory therapies are
inevitably required for RA treatment. Flavonoids could contribute to future disease modifying
anti-rheumatic strategy for RA. Further research with the aim of determining the disease
modifying effects of these flavonoids should include human trials and interpretation of their anti-

inflammatory mechanism of actions.

* ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

ACKNOWLEDGEMENTS

The authors acknowledge the support of Arthritis Australia -The HI & GJ McKenzie Grant

(2015) and the Australian Institute of Tropical Health and Medicine (AITHM) for this study.

% ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

REFERENCES
Adcocks, C., Collin, P., Buttle, D. J. (2002). Catechins from green tea (camellia sinensis) inhibit
bovine and human cartilage proteoglycan and type Il collagen degradation in vitro. J. Nutr. 132:

341-346.

Agarwal, O. P. (1982). The anti-inflammatory action of nepitrin, a flavonoid. Agents Actions.
12:298-302.

Ahmad, S. F., Zoheir, K. M. A., Abdel-Hamied, H. E., Ashour, A. E., Bakheet, S. A., Attia, S.
M., et al.(2014). Amelioration of autoimmune arthritis by naringin through modulation of T
regulatory cells and Th1/Th2 cytokines. Cell. Immunol. 287:112—120.

Ahmed, S., Marotte, H., Kwan, K., Ruth, J. H., Campbell, P. L., Rabquer, B. J., et al. (2008).
Epigallocatechin-3-gallate inhibits IL-6 synthesis and suppresses trans signaling by enhancing
soluble gp130 production. Proc. Natl. Acad. Sci. 105:14692—-14697.

Ahmed, S., Pakozdi, A., Koch, A. E. (2006). Regulation of interleukin-1p—induced chemokine
production and matrix metalloproteinase 2 activation by epigallocatechin-3-gallate in rheumatoid
arthritis synovial fibroblasts. Arthritis Rheum. 54: 2393-2401.

Ahmed, S., Wang, N., Lalonde, M., Goldberg,V. M., Haqqi,T. M. (2004). Green tea polyphenol
epigallocatechin-3-gallate (EGCG) differentially inhibits interleukin-1p-induced expression of
matrix metalloproteinase-1 and -13 in human chondrocytes, J. Pharmacol. Exp. Ther. 308:767—

773.

' ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Ahmed, Y. M., Messiha, B. A. S., Abo-Saif, A. A. (2015). Protective effects of simvastatin and
hesperidin against complete freund’s adjuvant-induced rheumatoid arthritis in rats. Pharmacol.
96:217-225.

Ansari, M.M., Neha, H.A. Khan, N. H. A. (2014). Quercetin alleviate oxidative stress and
inflammation through upregulation of antioxidant machinery and down- regulation of COX2 and
NF-kB expression in collagen induced rheumatoid arthritis. Int. J. Drug Dev. Res. 6:215-232.
Bandyopadhyay, S., Lion, J. M., Mentaverri, R., Ricupero, D. A., Kamel, S., Romero, J. R. et al.
(2006). Attenuation of osteoclastogenesis and osteoclast function by apigenin. Biochem.
Pharmacol. 72:184-197.

Bernelot Moens, S.J., van der Valk, F.M., Strang, A.C., et. al.(2016) Unexpected arterial wall
and cellular inflammation in patients with rheumatoid arthritis in remission using biological
therapy: a cross-sectional study. Arthritis Res. Ther. 18:115.

Burda, S., and W. Oleszek, W. (2001). Antioxidant and Antiradical Activities of Flavonoids. J.
Agric. Food Chem. 49:2774-2779.

Butenko, I. G., Gladtchenko, S. V., Galushko, S. V. (1993). Anti-inflammatory properties and
inhibition of leukotriene C4 biosynthesis in vitro by flavonoid baicalein from Scutellaria
baicalensis georgy roots. Agents Actions. 39:C49-C51.

Byun, J. K., YoonB. Y., Jhun, J. Y., Oh, H. J, Kim, E.,, MinJ. K., et al. (2014).
Epigallocatechin-3-gallate ameliorates both obesity and autoinflammatory arthritis aggravated by
obesity by altering the balance among CD4+ T-cell subsets. Immunol. Lett. 157:51-59.

Cai, Y., Chen, T., Xu, Q. (2003). Astilbin suppresses collagen-induced arthritis via the

dysfunction of lymphocytes. Inflamm. Res. 52:334-340.

% ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Cao,G., E. Sofic,E., R.L. Prior,R.L. (1997). Antioxidant and Prooxidant Behavior of Flavonoids:
Structure-Activity Relationships. Free Radic. Biol. Med. 22:749-760.

Chaiamnuay, S., and Bridges, S. L. (2005). The role of B cells and autoantibodies in rheumatoid
arthritis. Pathophysiology. 12:203-216.

Chang, X., He, H., Zhu, L., Gao, J., Wei, T., Ma, Z., et al. (2015). Protective effect of apigenin
on Freund’s complete adjuvant-induced arthritis in rats via inhibiting P2X7/NF-xB pathway.
Chem. Biol. Interact. 236:41-46.

Chen, S., Yang, Y., Feng, H., Wang, H., Zhao, R., Liu, H. (2013). Baicalein inhibits interleukin-
1B-induced proliferation of human rheumatoid arthritis fibroblast-like synoviocytes.
Inflammation. 37:163-1609.

Choi, E. J,, Bae, S. C,, Yu, R,, Youn, J., Sung, M. K. (2009). Dietary vitamin E and quercetin
modulate inflammatory responses of collagen-induced arthritis in mice. J. Med. Food. 12:770-
775.

Choi, E. M., and Lee, Y. S., (2010). Effects of hesperetin on the production of inflammatory
mediators in IL-1beta treated human synovial cells. Cell. Immunol. 264:1-3.

Crofford, L. (2013). Use of NSAIDs in treating patients with arthritis. Arthritis Res. Ther. 15:S2.
Dang, D.T.N., Eriste, E., Liepinsh, E., Trinh, T. T., Erlandsson-Harris, H., Sillard, R. et al.,
(2009). A Novel Anti-inflammatory compound, artonkin-4’-O-glucoside, from the leaves of
artocarpus tonkinensis suppresses experimentally induced arthritis. Scand. J. Immunol. 69:110-

118.

% ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Darwish, H. A., Arab, H. H., Abdelsalam, R. M. (2014). Chrysin alleviates testicular dysfunction
in adjuvant arthritic rats via suppression of inflammation and apoptosis: comparison with
celecoxib. Toxicol. Appl. Pharmacol. 279:129-140.

Datta, P., Mukherjee, S., Dasgupta, S., Gomes, A. (2014). Anti-arthritic activity of theaflavin
(TF), chief flavonoid of black tea against adjuvant induced rheumatoid arthritis in experimental
animal models. Orient. Pharm. Exp. Med. 14:245-253.

Dayer, J. M., and Burger,D. (1999). Cytokines and direct cell contact in synovitis: relevance to

therapeutic intervention. Arthritis Res. 1:17-20.

de La Forest Divonne, M., Gottenberg, J.E. & Salliot, C. (2016). Safety of biologic DMARD:S in
RA patients in real life: A systematic literature review and meta-analyses of biologic registers.
Joint Bone Spine. Jun 21. pii: S1297-319X(16)30050-1.

de Villiers, A., P. Venter,P., H. Pasch,H. (2015). Recent advances and trends in the liquid-
chromatography-mass spectrometry analysis of flavonoids. J. Chromatogr. A. 1430:16-78.
Decendit, A., Mamani-Matsuda, M., Aumont, V., Waffo-Teguo, P., Moynet, D., Boniface, K. et
al., (2013). Malvidin-3-O-p glucoside, major grape anthocyanin, inhibits human macrophage-
derived inflammatory mediators and decreases clinical scores in arthritic rats. Biochem.
Pharmacol. 86: 1461-1467.

Demeule, M., Brossard, M., Pagé M., Gingras, D., Béliveau, R. (2000). Matrix
metalloproteinase inhibition by green tea catechins. Biochim. Biophys. Acta - Protein Struct.

Mol. Enzymol. 1478:51-60.

* ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Drummond, E. M., Harbourne, N., Marete, E., Martyn, D., Jacquier, J. C., O’Riordan, D. et al.
(2013). Inhibition of proinflammatory biomarkers in THP1 macrophages by polyphenols derived
from chamomile, meadowsweet and willow bark. Phyther. Res. 27:588-594.

Ferreira, J.F., Ahmed Mohamed, A. A., Emery, P. (2016). Glucocorticoids and Rheumatoid
Arthritis. Rheum. Dis. Clin. North Am. 42: 33-46.

Fournier, C. (2005). Where do T cells stand in rheumatoid arthritis? Joint. Bone. Spine. 72:527—
532.

Gardi, C., Bauerova, K., Stringa, B., Kuncirova, V., Slovak, L., Ponist, S. et al. (2015). Quercetin
reduced inflammation and increased antioxidant defense in rat adjuvant arthritis. Arch. Biochem.
Biophys. 583:150-157.

Gordon, D. A. (1998). Rheumatoid arthritis--new treatments, and a new look at medical ethics. J.
Rheumatol. 25:2049.

Gossye, V., Elewaut,D., Bougarne,N., Bracke, D., Van Calenbergh,S., Haegeman, G. et al.,
(2009). Differential mechanism of NF-kappa B inhibition by two glucocorticoid receptor
modulators in rheumatoid arthritis synovial fibroblasts. Arthritis Rheum. 60:3241-3250.

Guardia, T., Rotelli, A.E., Juarez, A. O., Pelzer, L.E. (2001). Anti-inflammatory properties of
plant flavonoids. Effects of rutin, quercetin and hesperidin on adjuvant arthritis in rat. Farm.
56:683-687.

Gutiérrez-Gonzélez, L.A. (2016). Biological Therapy-Induced Systemic Vasculitis. Curr.
Rheumatol. Rep. 18:1-6.

Her, M. and Kavanaugh, A. (2015). Advances in use of immunomodulatory agents [mdash]a

rheumatology perspective. Nat. Rev. Gastroenterol Hepatol. 12: 363-368.

% ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Hiermann, A., Schramm, H. W., Laufer, S. (1998). Anti-inflammatory activity of myricetin-3-O-
B-D-glucuronide and related compounds. Inflamm. Res. 47:421-427.

Hou, Y., Wu, J., Huang, Q., Guo, L. (2009). Luteolin inhibits proliferation and affects the
function of stimulated rat synovial fibroblasts. Cell Biol. Int. 33:135-147.

Hsu, Y. L., Chang, J. K., Tsai, C. H., Chien, T.T.C., Kuo, P.L. (2007). Myricetin induces human
osteoblast differentiation through bone morphogenetic protein-2/p38 mitogen-activated protein
kinase pathway. Biochem. Pharmacol. 73:504-514.

Huh, J. E., Jung, I. T., Choi, J., Baek, Y. H., Lee, J. D., Park, D. S., et al. (2013). The natural
flavonoid galangin inhibits osteoclastic bone destruction and osteoclastogenesis by suppressing
NF-kB in collagen-induced arthritis and bone marrow-derived macrophages. Eur. J. Pharmacol.
698:57-66.

Imada, K., Lin, N., Liu, C., Lu, A.,, W. Chen, M. Yano, et al. (2008). Nobiletin, a citrus
polymethoxy flavonoid, suppresses gene expression and production of aggrecanases-1 and -2 in
collagen-induced arthritic mice. Biochem. Biophys. Res. Commun. 373:181-185.

Impellizzeri, D., Esposito, E., Di Paola, R., Ahmad, A., Campolo, M., Peli, A., et al. (2013).
Palmitoylethanolamide and luteolin ameliorate development of arthritis caused by injection of
collagen type Il in mice. Arthritis Res. Ther. 15:R192.

Ishiguro, N., Atsumi, T., Harigai, M., Mimori, T., Nishimoto, N., Sumida, T., Takeuchi, T.,
Tanaka, Y., Nakasone, A., Takagi, N., Yamanaka, H. (2016). Effectiveness and safety of
tocilizumab in achieving clinical and functional remission, and sustaining efficacy in biologics-

naive patients with rheumatoid arthritis: The FIRST Bio study. Mod. Rheumatol. Jul 14:1-10.

% ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Ito, A., Ishiwa, J. U. N., Sato, T., Mimaki, Y., Shashida, Y. (1999). The citrus flavonoid
nobiletin suppresses the production and gene expression of matrix metalloproteinases-
9/gelatinase B in rabbit synovial cells. Ann. N. Y. Acad. Sci. 878:632—634.

Jackson, J. K., Higo, T., Hunter, W. L., Burt,H. M. (2006). The antioxidants curcumin and
quercetin inhibit inflammatory processes associated with arthritis. Inflamm. Res. 55:168-175.
Jeyadevi, R., Sivasudha, T., Rameshkumar, A., Ananth, D. A., Aseervatham, G. S. B.,
Kumaresan, K. et al., (2013). Enhancement of anti-arthritic effect of quercetin using thioglycolic
acid-capped cadmium telluride quantum dots as nanocarrier in adjuvant induced arthritic Wistar

rats. Colloids Surf. B. Biointerfaces. 112: 255-263.

Kalla, A.A. & Tikly, M. (2003). Rheumatoid arthritis in the developing world. Best Pract. Res.

Clin. Rheumatol. 17:863-875.

Kauss, T., Moynet, D., Rambert, J., Al-Kharrat, A., Brajot, S., Thiolat, D. et al., Rutoside
decreases human macrophage-derived inflammatory mediators and improves clinical signs in
adjuvant-induced arthritis. Arthritis Res. Ther. 10: R19.

Kawaguchi, K., Maruyama, H., Hasunuma, R., Kumazawa, Y. (2011). Suppression of
inflammatory responses after onset of collagen-induced arthritis in mice by oral administration of
the Citrus flavanone naringin. Immunopharmacol. Immunotoxicol. 33:723-729.

Khurana, R., S.M. Berney, S. M. (2005). Clinical aspects of rheumatoid arthritis.
Pathophysiology. 12:153-65.

Kokotkiewicz, A., Luczkiewicz, M., Pawlowska, J., Luczkiewicz, P., Sowinski, P., Witkowski,

J., et al. (2013). Isolation of xanthone and benzophenone derivatives from Cyclopia genistoides

3 ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

(L.) Vent. (honeybush) and their pro-apoptotic activity on synoviocytes from patients with
rheumatoid arthritis. Fitoterapia. 90:199-208.

Kometani, T., Fukuda, T., Kakuma,T., Kawaguchi,K., Tamura,W., Kumazawa,Y ., et al. (2008).
Effects of a-glucosylhesperidin, a bioactive food material, on collagen-induced arthritis in mice
and rheumatoid arthritis in humans. Immunopharmacol. Immunotoxicol. 30:117-134.

Kubo, M., Matsuda, H., Tanaka, M., Kimura, Y., Okuda, H., Higashino, M. et al. (1984). Studies
on scutellariae radix. VII. Anti-arthritic and anti-inflammatory actions of methanolic extract and
flavonoid components from scutellariae radix, Chem. Pharm. Bull. 32:2724-2729.

Kuo, P.L. (2005). Myricetin inhibits the induction of anti-Fas IgM-, tumor necrosis factor-a- and
interleukin-1B-mediated apoptosis by Fas pathway inhibition in human osteoblastic cell line MG-
63. Life Sci. 77:2964-2976.

Lee, D. M., and Weinblatt, M. E. (2001). Rheumatoid arthritis. Lancet 358: 903-911.

Lee, J. D., Huh, J. E., Jeon, G., Yang, H. R., Woo, H. S., Choi, D. Y., et al. (2009). Flavonol-rich
RVHxR from Rhus verniciflua Stokes and its major compound fisetin inhibits inflammation-
related cytokines and angiogenic factor in rheumatoid arthritic fibroblast-like synovial cells and
in vivo models. Int. Immunopharmacol. 9:268-276.

Lee, J. H., Kim,G. H. (2010). Evaluation of antioxidant and inhibitory activities for different
subclasses flavonoids on enzymes for rheumatoid arthritis. J. Food Sci. 75:H212-H217.

Lee, W. S., Lee, E. G., Sung, M. S,, Yoo, W. H. (2014). Kaempferol Inhibits IL-1p-Stimulated,
RANKL-mediated Osteoclastogenesis via Downregulation of MAPKSs, c-Fos, and NFATc1,

Inflammation. 37:1221-1230.

% ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Lee, Y. S., and E.M. Choi, E. M. (2010). Myricetin inhibits IL-1beta-induced inflammatory
mediators in SW982 human synovial sarcoma cells. Int. Immunopharmacol. 10:812-814.
doi:10.1016/j.intimp.2010.04.010.

Li, A. N., Li,S., Zhang, Y. J,, Xu, X. R., Chen, Y. M., Li, H. B. (2014). Resources and biological
activities of natural polyphenols. Nutrients. 6:6020-6047.

Li, G. Q., Zhang, Y., Liu, D., Qian, Y. Y., Zhang, H., Guo, S. Y., et al., (2013). PI3
kinase/Akt/HIF-1a pathway is associated with hypoxia-induced epithelial-mesenchymal
transition in fibroblast-like synoviocytes of rheumatoid arthritis. Mol. Cell. Biochem. 372:221—
231.

Li, R, Cai, L., Ren, D., Xie, X., Hu, C., Li, J. (2012).Therapeutic effect of 7, 3’-dimethoxy
hesperetin on adjuvant arthritis in rats through inhibiting JAK2-STAT3 signal pathway. Int.
Immunopharmacol. 14:157-163.

Li, R, Cai, L., Xie, X., Peng, L., Li, J. (2010). 7, 3’-dimethoxy hesperetin induces apoptosis of
fibroblast-like synoviocytes in rats with adjuvant arthritis through caspase 3 activation. Phyther.
Res. 24:1850-1856.

Li, R., Cai, L., Xie, X., Peng, L., Wu, T., Li, J. (2013). 7, 3'-dimethoxy hesperetin inhibits
inflammation by inducing synovial apoptosis in rats with adjuvant-induced arthritis.
Immunopharmacol. Immunotoxicol. 35:139-146.

Li, R., Cai, L., Xie, X., Yang, F., Li, J. (2010). Hesperidin suppresses adjuvant arthritis in rats by
inhibiting synoviocyte activity. Phyther. Res. 24:S71-S76.

Li, R., Li, J., Cai, L., Hu, C., Zhang, L. (2008). Suppression of adjuvant arthritis by hesperidin in

rats and its mechanisms. J. Pharm. Pharmacol. 60:221-228.

% ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Li, X., Han, Y., Zhou, Q., Jie, H., He, Y., Han, J., et al. (2015). Apigenin, a potent suppressor of
dendritic cell maturation and migration, protects against collagen-induced arthritis. J. Cell. Mol.
Med. doi:10.1111/jcmm.12717.

Li, Y. J.,, Zhang, T., Tu, J. X,, Li, G., Zhou,Y. (2015). Tangeretin inhibits IL-1p induced
proliferation of rheumatoid synovial fibroblasts and the production of COX-2, PGE2 and MMPs
via modulation of p38 MAPK/ERK/JNK pathways. Bangladesh J. Pharmacol. 10:714.

Li, Y. R, Chen, D. Y., Chu, C. L., Li, S., Chen,Y. K., Wu, C. L., et al. (2015). Naringenin
inhibits dendritic cell maturation and has therapeutic effects in a murine model of collagen-
induced arthritis. J. Nutr. Biochem. 26:1467-1478.

Lin, F., Luo, X., Tsun, A., Li, Z., Li, D., Li, B. (2015). Kaempferol enhances the suppressive
function of Treg cells by inhibiting FOXP3 phosphorylation. Int. Immunopharmacol. 28:859—
865.

Lin, N., Sato, T., Takayama, Y., Mimaki, Y., Sashida, Y., Yano, M., et al. (2003). Novel anti-
inflammatory actions of nobiletin, a citrus polymethoxy flavonoid, on human synovial
fibroblasts and mouse macrophages. Biochem. Pharmacol. 65:2065-2071.

Lin, S. K., Chang, H. H., Chen, Y. J.,, Wang, C. C., Galson, D. L., Hong, C. Y. et al. (2008).
Epigallocatechin-3-gallate diminishes CCL2 expression in human osteoblastic cells via up-
regulation of phosphatidylinositol 3-Kinase/Akt/Raf-1 interaction: A potential therapeutic benefit
for arthritis. Arthritis Rheum. 58: 3145-3156.

Liu, D., Li, P., Song, S., Liu, Y., Wang, Q., Chang, Y., et al. (2012). Pro-apoptotic effect of
epigallo-catechin-3-gallate on B lymphocytes through regulating BAFF/PI3K/Akt/mTOR

signaling in rats with collagen-induced arthritis. Eur. J. Pharmacol. 690:214-225.

“ ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Lou, L., Liu, Y., Zhou, J., Wei, Y., Deng, J., Dong, B., et al. (2015). Chlorogenic acid and
luteolin synergistically inhibit the proliferation of interleukin-1p-induced fibroblast-like
synoviocytes through regulating the activation of NF-xB and JAK/STAT-signalling pathways.
Immunopharmacol. Immunotoxicol. 37:499-507.

Mamani-Matsuda, M., Kauss, T., Al-Kharrat, A., Rambert, J., Fawaz, F., Thiolat, D. et al,,
Therapeutic and preventive properties of quercetin in experimental arthritis correlate with
decreased macrophage inflammatory mediators. Biochem. Pharmacol. 72:1304-1310.

Matsuno, H., Nakamura, H., Katayama, K., Hayashi S., Kano, S., Yudoh, K. (2009). Effects of
an oral administration of glucosamine-chondroitin-quercetin glucoside on the synovial fluid
Properties in patients with osteoarthritis and rheumatoid arthritis. Biosci. Biotechnol. Biochem.
73:288-292.

Min, Y. D., Choi, C. H., Bark, H., Son, H. Y., Park, H. H., Lee, S. et al. (2007). Quercetin
inhibits expression of inflammatory cytokines through attenuation of NF-xB and p38 MAPK in
HMC-1 human mast cell line. Inflamm. Res. 56: 210-215.

Mohammad-Shahi, M., Haidari, F., Rashidi, B., Saei, A. A., Mahboob, S., Rashidi, M. R. (2011).
Comparison of the effects of genistein and daidzein with dexamethasone and soy protein on
rheumatoid arthritis in rats. Biolmpacts. 1:161-170.

Morinobu, A., Biao, W., Tanaka, S., Horiuchi, M., Jun,L.,. Tsuji, G., et al. (2008). (-)-
Epigallocatechin-3-gallate suppresses osteoclast differentiation and ameliorates experimental
arthritis in mice. Arthritis Rheum. 58: 2012-2018.

Murakami, A., Song, M., Katsumata, S. I., Uehara, M., Suzuki, K., Ohigashi, H. (2007). Citrus

nobiletin suppresses bone loss in ovariectomized ddY mice and collagen-induced arthritis in

“ ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

DBA/1J mice: Possible involvement of receptor activator of NF-kappaB ligand (RANKL)-
induced osteoclastogenesis regulation, BioFactors. 30:179-192.

Nandi, P., Kingsley, G., Scott,D. (2008). Disease-modifying antirheumatic drugs other than
methotrexate in rheumatoid arthritis and seronegative arthritis. Curr Opin Rheumatol. 20:251-
256.

Nash, L.A., Sullivan, P. J., Peters, S. J., Ward, W. E. (2015). Rooibos flavonoids, orientin and
luteolin, stimulate mineralization in human osteoblasts through the Wnt pathway. Mol. Nutr.
Food Res. 59:443-453.

Natarajan, V., Madhan, B., Tiku, M. L. (2015). Intra-articular injections of polyphenols protect
articular cartilage from inflammation-induced degradation: Suggesting a potential role in
cartilage therapeutics. PLoS One. 10: e0127165.
http://dx.doi.org/10.1371%2Fjournal.pone.0127165.

Negrei, C., Bojinca, V., Balanescu, A., et. al. (2016). Management of rheumatoid arthritis:
Impact and risks of various therapeutic approaches. Exp Ther Med. 11:1177-1183.

Oka, Y., Iwai, S., Amano, H., Irie, Y., Yatomi, K., Ryu, K., et al. (2012). Tea polyphenols inhibit
rat osteoclast formation and differentiation. J. Pharmacol. Sci. 118:55-64.

Peterson, J., Dwyer, J. (1998). Flavonoids: Dietary occurrence and biochemical activity. Nutr.
Res. 18:1995-2018.

Rasheed, Z., Anbazhagan, A. N., Akhtar, N., Ramamurthy, S., Voss, F. R., Haqqi, T. M. (2009).
Green tea polyphenol epigallocatechin-3-gallate inhibits advanced glycation end product-induced
expression of tumor necrosis factor-alpha and matrix metalloproteinase-13 in human

chondrocytes. Arthritis Res. Ther. 11: R71.

“ ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Riegsecker, S., Wiczynski, D., Kaplan, M. J., Ahmed, S. (2013). Potential benefits of green tea
polyphenol EGCG in the prevention and treatment of vascular inflammation in rheumatoid
arthritis. Life Sci. 93:307-312.

Romas, E., Gillespie, M., Martin, T. (2002). Involvement of receptor activator of NF«xB ligand
and tumor necrosis factor-o in bone destruction in rheumatoid arthritis, Bone. 30:340-346.
Rotelli, A. (2003). Comparative study of flavonoids in experimental models of inflammation.
Pharmacol. Res. 48:601-606.

Roubille, C., Richer, V., Starnino, T., McCourt, C., McFarlane, A., Fleming,P., et al., (2015).
The effects of tumour necrosis factor inhibitors, methotrexate, non-steroidal anti-inflammatory
drugs and corticosteroids on cardiovascular events in rheumatoid arthritis, psoriasis and psoriatic
arthritis: a systematic review and meta-analysis, Ann. Rheum. Dis. 74:480-489.

Rovensky, J., Standikovd, M., Rovenska, E., Stvrtina, S., Stvrtinovd, V., Svik, K. (2009).
Treatment of rat adjuvant arthritis with flavonoid (Detralex®), methotrexate, and their
combination. Ann. N. Y. Acad. Sci. 1173:798-804.

Roy, S., Sannigrahi, S., Ghosh, B., Pusp, P., Roy, T. (2013). Combination therapy of
dexamethasone with epigallocatechin enhances tibiotarsal bone articulation and modulates
oxidative status correlates with cartilage cytokines expression in the early phase of experimental
arthritis. Eur. J. Pharmacol. 698:444-454.

Roy, S., Sannigrahi, S., Vaddepalli, R., Ghosh, B., Pusp, P. (2012). A novel combination of
methotrexate and epigallocatechin attenuates the overexpression of pro-inflammatory cartilage
cytokines and modulates antioxidant status in adjuvant arthritic rats. Inflammation. 35:1435—

1447.

“ ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Saija, A., Scalese, M., Lanza,M., Marzullo,D., Bonina,F., Castelli,F. (1995). Flavonoids as
antioxidant agents: Importance of their interaction with biomembranes. Free Radic. Biol. Med.
19:481-486.

Santos, E. O. L., Kabeya, L. M., Figueiredo-Rinhel, A. S. G., Marchi, L. F., Andrade,M. F.,
Piatesi, F. et al.(2014). Flavonols modulate the effector functions of healthy individuals’ immune
complex-stimulated neutrophils: a therapeutic perspective for rheumatoid arthritis. Int.
Immunopharmacol. 21:102-111.

Scott, D. L., Wolfe, F., Huizinga, T.W.J. (2010). Rheumatoid arthritis. Lancet. 376:1094-108.
Seong, A. R, Yoo, J. Y., Choi, K., Lee, M. H., Lee, Y. H., Lee, J. et al. (2011). Delphinidin, a
specific inhibitor of histone acetyltransferase, suppresses inflammatory signalling via prevention
of NF-kB acetylation in fibroblast-like synoviocyte MH7A cells. Biochem. Biophys. Res.
Commun. 410:581-586.

Serafini, M., Peluso, I., Raguzzini, A. (2010). Flavonoids as anti-inflammatory agents. Proc.
Nutr. Soc. 69:273-278.

Shi, F., Zhou, D., Ji, Z., Xu, Z., Yang, H. (2015). Anti-arthritic activity of luteolin in Freund’s
complete adjuvant-induced arthritis in rats by suppressing P2X4 pathway. Chem. Biol. Interact.
226:82-87.

Shin, G. C,, Kim, C., Lee, J. M., Cho, W. S,, Lee, S. G., Jeong, M. et al. (2009). Apigenin-
induced apoptosis is mediated by reactive oxygen species and activation of ERK1/2 in
rheumatoid fibroblast-like synoviocytes. Chem. Biol. Interact. 182:29-36.

Singh, J. A., Hossain, A., Tanjong Ghogomu, E., Kotbh, A., Christensen, R., Mudano, A.S.,

Maxwell, L.J., Shah, N.P., Tugwell, P., Wells, G.A. (2016). Biologics or tofacitinib for

“ ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

rheumatoid arthritis in incomplete responders to methotrexate or other traditional disease-
modifying anti-rheumatic drugs: a systematic review and network meta-analysis. Cochrane
Database Syst Rev. 13:CD012183.

Smolen, J. S., Landewe, R., Breedveld, F. C., Buch, M., Burmester, G., Dougados, M., et al.
(2014). EULAR recommendations for the management of rheumatoid arthritis with synthetic and
biological disease-modifying antirheumatic drugs: 2013 update. Ann. Rheum. Dis. 73:492-509.
Sultana, F., and Rasool, M. (2015). A novel therapeutic approach targeting rheumatoid arthritis
by combined administration of morin, a dietary flavanol and non-steroidal anti-inflammatory
drug indomethacin with reference to pro-inflammatory cytokines, inflammatory enzymes,
RANKL and transcr. Chem. Biol. Interact. 230:58-70.

Sun, Q., Jiang, S., Yang, K., Zheng, J., Zhang, L., Xu, W. (2011). Apigenin enhances the
cytotoxic effects of tumor necrosis factor-related apoptosis-inducing ligand in human rheumatoid
arthritis fibroblast-like synoviocytes. Mol. Biol. Rep. 39:5529-5535.

Sung, M. S., Lee, E. G, Jeon, H. S, Chae, H. J., Park, S., Lee, Y. et al. (2012). Quercetin
inhibits IL-1B-induced proliferation and production of MMPs, COX-2, and PGE2 by rheumatoid
synovial fibroblast. Inflammation. 35:1585-1594.

Symmons, D.P.M., Prior,P. Scott, D.L., Brown,R., Hawkins, C.F. (1986) Factors influencing
mortality in rheumatoid arthritis, J. Chronic Dis. 39:137-145.

Tarrant, T. K., and Patel, D. D. (2006). Chemokines and leukocyte trafficking in rheumatoid
arthritis. Pathophysiology. 13:1-14.

Torel,J., Cillard,J., Cillard,P. (1986). Antioxidant activity of flavonoids and reactivity with

peroxy radical. Phytochemistry. 25:383-385.

* ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Umar, S., Kumar, A., Sajad, M., Zargan, J., Ansari, M. M., Ahmad, S., et al. (2013). Hesperidin
inhibits collagen-induced arthritis possibly through suppression of free radical load and reduction
in neutrophil activation and infiltration. Rheumatol. Int. 33:657—663.

Verdrengh, M., Jonsson, I. M., Holmdahl, R., Tarkowski, A. (2003). Genistein as an anti-
inflammatory agent. Inflamm. Res. 52:341-346.

Wang, H. Z., Wang, H. H., Huang, S. S., Zhao, H., Cao,Y. G., Wang, G. Z., et al. (2014).
Inhibitory effect of baicalin on collagen-induced arthritis in rats through the nuclear factor—«B
pathway. J. Pharmacol. Exp. Ther. 350:435-443.

Wang, J., Zhang, Q., Jin, S., He, D., Zhao, S., Liu, S. (2008). Genistein modulate immune
responses in collagen-induced rheumatoid arthritis model. Maturitas. 59:405-412.

Wang, W., and Zhong, W. (2015). Isorhamnetin attenuates collagen-induced arthritis via
modulating cytokines and oxidative stress in mice. Int. J. Clin. Exp. Med. 8: 16536-16542.
Yang, X., Yang, J., Zou, H. (2013). Baicalin inhibits IL-17-mediated joint inflammation in
murine adjuvant-induced arthritis. Clin. Dev. Immunol. 268065. doi:10.1155/2013/268065.
Yasuda, T. (2006). Cartilage destruction by matrix degradation products, Mod. Rheumatol.
16:197-205.

Yoon, H. Y., Lee, E., Lee, H., Cho, I. J., Choi, Y. J.,, Sung, M. S., et al. (2013). Kaempferol
inhibits IL-1p-induced proliferation of rheumatoid arthritis synovial fibroblasts and the
production of COX-2, PGE2 and MMPs. Int. J. Mol. Med. 32:971-977.

Yuan, X., Liu, Y., Hua, X., Deng, X., Sun, P., Yu, C., et al. (2015). Myricetin ameliorates the
symptoms of collagen-induced arthritis in mice by inhibiting cathepsin K activity.

Immunopharmacol. Immunotoxicol. 37:513-519.

“ ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Yun, H. J.,, Yoo, W. H,, Han, M. K., Lee, Y. R., Kim, J. S., Lee, S. I. (2008). Epigallocatechin-3-
gallate suppresses TNF-a -induced production of MMP-1 and -3 in rheumatoid arthritis synovial
fibroblasts. Rheumatol. Int. 29:23-29.

Zeng, N., Tong, B., Zhang, X., Dou, Y., Wu, X., Xia, Y., et al. (2015). Antiarthritis effect of
morin is associated with inhibition of synovial angiogenesis. Drug Dev. Res.
doi:10.1002/ddr.21282.

Zhang, Y., Dong, J., He, P., Li, W., Zhang, Q., Li, N., et al. (2012). Genistein inhibit cytokines
or growth-induced proliferation and transformation phenotype in fibroblast-like synoviocytes of

rheumatoid arthritis. Inflammation. 35:377-387.

“" ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Table 1. Subgroups of flavonoids

Subgroup Examples

Flavones Apigenin, Baicalein, Diosmin, Luteolin,

Techtochrysin, Nobiletin.

Isoflavones Daidzin, Genistein

Flavonols Kaempferol, Myricetin, Myricitrin,

Quercetin, Quercitrin, Rutin.

Flavonones Hesperidin, Hesperetin, Naringin,
Naringenin.
Flavanols Catechin, Gallocatechin, Epicatechin,

Epigallocatechin, Theaflavin, Theaflavin-3-

gallate.

Anthocyanidins Delphinidin
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Table 2. Flavonoids in modulating Rheumatoid arthritis pathogenesis

RA Pathogenesis Flavonoids

Physical changes (Arthritis clinical scores, | Quercetin, Rutin, Epigallocatechin-3-gallate,
body weight changes) (-)-Epigallocatechin-3-gallate,a glucosyl
hesperidin, 7,3’-dimethoxyhesperetin,
Hesperidin, Apigenin, Astilbin, Baicalein,
Baicalin, Genistein, Daidzein, Luteolin,
Morin, Myricetin, Naringin, Naringenin,
Nobiletin, Kaempferol, Nepitrin, Fisetin,

Galangin, Isorhamnetin.

Paw edema Quercetin, Rutin, Epigallocatechin),
Epigallocatechin-3-gallate, (-)-
Epigallocatechin-3-gallate, (-)-
Epigallocatechin-3-gallate, 7,3’-

dimethoxyhesperetin, Apigenin, Baicalein,
Baicalin,Genistein, Luteolin, Morin,
Myricetin glycosides, Naringin, Nobiletin,

Nepitrin, Chrysin, Galangin, Wogonin

Synovial fibroblast function Quercetin, 7,3’-dimethoxyhesperetin,
Hesperidin, Kaempferol, Luteolin,
Tangeretin
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Histological changes Quercetin, Rutin, Epigallocatechin, (-)-
Epigallocatechin-3-gallate), 7,3’-
dimethoxyhesperetin, Hesperidin, Apigenin,
Astilbin, Baicalin, Daidzein, Genistein,
Luteolin, Morin, Myricetin,  Naringin,
Naringenin, Nobiletin, Kaempferol, Fisetin,

Galangin

Cartilage breakdown Catechin, Epigallocatechin gallate,

Epicatechin, Epicatechin gallate, Theaflavin

Synoviocyte proliferation Quercetin, 7,3’-dimethoxyhesperetin,

Hesperidin, Genistein, Apigenin, Baicalein,

Fisetin
Osteoclast function Theaflavin-3,3’-digallate,  Epigallocatehin,
Epigallocatechin-3-gallate, Apigenin,

Kaempferol, Nobiletin, Galangin

Osteoblast function Luteolin, Orientin, Myricetin

Immune cell viability and function Quercetin, Theaflavin, Epigallocatechin-3-
gallate, Hesperidin, Baicalin, Apigenin,

Naringenin, Naringin

Increased pro-inflammatory cytokines Rutoside, Quercetin, Epigallocatechin-3-

gallate, Theaflavin, Epigallocatechin,
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Hesperidin, o glucosyl hesperidin, 7,3’-
dimethoxyhesperetin, Hesperetin, Baicalin,
Myricetin, Naringin, Apigenin, Luteolin,
Orientin, Baicalein, Morin, Genistein,
Daidzein, Kaempferol, Fisetin, Galangin,

Isorhamnetin

Increased pro-inflammatory pathways Quercetin, Epigallocatechin,
Epigallocatechin-3-gallate, Epigallocatechin
gallate, Baicalin, Luteolin,  Apigenin,
Baicalein, Kaempferol, Naringenin,

Nobiletin, Tangeretin

Increased pro-inflammatory pathways Quercetin, Epigallocatechin,
Epigallocatechin-3-gallate, Epigallocatechin
gallate, Baicalin, Luteolin,  Apigenin,
Baicalein, Kaempferol, Naringenin,

Nobiletin, Tangeretin

Decreased anti-inflammatory molecules Hesperidin, Nobiletin, Kaempferol,

Genistein, Morin, Naringin, Isorhamnetin

Treg function Kaempferol, Naringin
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Figure 1. Pathogenesis of rheumatoid arthritis. Dendritic cell, T-cell, B-cell, TH-17 cell,

synovial fibroblast, macrophage, endothelium and chondrocyte are the important cells in the

pathogenesis of RA (IL=Interleukin; TNF=tumor necrosis factor; Anti CCP= Anti-cyclic

citrullined peptide)
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Figure 2. General backbones of the flavonoids reviewed.

*> ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

OH

Figure 3. Structures of flavonoids; A- Quercetin; B — Catechin; C - (-)-Epigallocatechin-3-

gallate; D — Hesperetin
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Figure 4: The structures of other flavonoids with antiarthritic properties. A- Apigenin; B —

Baicalein; C - Luteolin; D — Myricetin; E — Naringenin; F — Nobiletin; G — Kaempferol
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Proinflammatory cytokines
TNF-a., IL-6, IL-1B

Chemokines
MCP-1, CXCL1, CXCL5, CXCL9

Synoviocyte proliferation

flavonoids

Matrix metalloproteinases
MMP1, MMP3, MMP9, MMP13

Quercetin, Tea Flavonoids,
Hesperetins, and other

Apoptosis of inflammatory cells

Macrophages, synoviocytes, neutrophils

Figure 5. Common immunomodulatory effects of flavonoids in RA. Querecetin, tea flavonoids,
hesperetins, and other flavonoids inhibit the proinflammatory cytokines, chemokines, matrix
metalloproteinases and synovial proliferation. However, they stimulate the apoptosis of

inflammatory cells.
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