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Abstract Rheumatoid arthritis (RA) is an autoimmune
disease responsible for significant human morbidity in
modern life. However, oxidative stress is one of the key
markers for determining pathophysiology of patients with
RA. The interaction between cellular immune system and
body’s endogenous and/or exogenous antigens produce
reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) in autoimmune disease like RA. ROS and RNS
include highly toxic superoxide (O, ) and peroxynitrite
(ONOQ7) radicals, which activate the signaling cascades
of inflammatory cells to synthesize pro-inflammatory
cytokines and chemokines. Previous studies reported that
Thl cytokines could promote the development of autoim-
mune disorders like RA, whereas the Th2 cytokines may
attenuate the same diseases. An increased awareness of the
relationship between food and health led to a tremendous
increase of antioxidant research in the last decade.
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Evaluation of the efficacy of dietary antioxidants is also
becoming highly acceptable in RA research. A number of
dietary phytomolecules are already established as having
antioxidant activity in isolated synovial cellular infiltrate or
peripheral blood neutrophils and lymphocytes. This review
aims to highlight the oxidative stress in inflammatory cells
of patients with RA and to summarize the clinical rele-
vance of dietary antioxidants as a first step in assessing
beneficial effect, safety and dose safety ratio in patients
with RA.
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Abbreviations

RA Rheumatoid arthritis

ROS Reactive oxygen species

RNS Reactive nitrogen species

O, Superoxide

ONOO™  Peroxinitrite

CAID Chronic autoimmune disease

COX Cyclooxygenase

NF«B Nuclear factor kappa light chain enhancer of
activated B cells

IKK IkB kinase

PL-A2 Phospholipase A2

MMPs Matrix metalloproteinase(s)

NOS Nitric oxide synthase

GPCR G-protein couple receptor

GSH Reduced glutathione

GSSG Oxidized glutathione
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Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune dis-
ease (CAID) which shows inflammatory responses
through the involvement of inflammatory cells like
monocytes, lymphocytes, neutrophils and macrophages
(Kundu et al. 2011). Modern studies have enumerated a
positive involvement of inflammatory mechanism in the
body through synovial cellular infiltrate as well as
peripheral blood inflammatory cells (Bala and Haldar
2013). Polymorphonuclear neutrophils and lymphocytes
play a pivotal role in synovial inflammation and joint
damage (Datta et al. 2014). Reactive oxygen species
(ROS) and reactive nitrogen species (RNS) contribute
directly to the destructive and proliferative synovitis in
patients with RA (Kundu et al. 2011). As a result, the
treatment of RA is becoming more advanced over the past
decade with the development of new target on the
inflammatory markers (Yamaoka 2016).

T- and B-lymphocyte cells are responsible for the
body’s active soldiers in clinical RA, whereas most of the
damages in this disease are due to the effector cells and
their products including auto-antibodies, cytokines and
other inflammatory mediators (Tineke et al. 2008,
Mohammad and Abbas 2012). Thl cytokines can promote
the development of autoimmune disorders like RA,
whereas the Th2 cytokines may attenuate the diseases by
modifying the pathological targets (Giacomelli et al.
2016; Pandey et al. 2010). Oxidative stress refers to a
situation where the production of oxidant exceeds the
capacity to neutralize them and lead damage to cells
membrane, lipids, nucleic acids and proteins (Bala et al.
2012b). The cytokines produced by Thl cells directly or
indirectly induce the oxidative stress in the cells of patient
with RA; therefore; antioxidants play a vital role in
reducing the oxidative stress. Thus, the antioxidant drug
evaluation is becoming more acceptable in RA research
now a day (Kundu et al. 2011; Datta et al. 2014; Bala
et al. 2014).

Natural phytomolecules play a significant role in curing
different diseases since ancient times (Abdullah et al.
2014). The World Health Organization (WHO) study
reported that about 80% of world’s population relies on
traditional medicine (WHO 2002). A number of phyto-
molecules found beneficial showing antioxidant activity in
inflammatory cells of patients with RA (Kundu et al. 2011;
Bala et al. 2014). The present review aims to assess the
clinical etiology of RA and to highlight the oxidative stress
in inflammatory cells of patients with RA. The review also
summarizes the clinical relevance of dietary antioxidants as
a first step in assessing beneficial effect, safety and dose
safety ratio in patients with RA.
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Etiology of RA

RA is one type of CAID that shows chronic responses,
whereas inflammation is the body’s immediate immune
response to eliminate toxic pathogens or other stimuli.
Inflammation also restores the cells towards normal state or
replace the damaged tissue (Kundu et al. 2011; Emmen-
doerffer et al. 2000). The cellular interaction with body’s
endogenous and/or exogenous antigens generates reactive
oxygen species (ROS) and reactive nitrogen species (RNS).
Activation of cellular signaling cascade occurs in cellular
inflammation via activation of NFxB for synthesizing
proinflammatory cytokines and chemokines (Emmendo-
erffer et al. 2000; Ryan et al. 2004). In the innate immune
system, mononuclear monocytes or macrophages play a
significant role in eliminating the pathogen/antigen or in
destroying cellular components through generation of
ROS/RNS includes superoxide, nitric oxide, hydrogen
peroxide, hydroxyl radical, peroxy nitrite and hydrochlor-
ous acid (HOCI) (Ryan et al. 2004; Bala et al. 2014).

COX enzymes exist in two isoforms, one is COX-1 and
another one is COX-2. COX-1 is constitutive enzyme while
COX-2 is inducible enzyme and produced in high amount in
activated inflammatory cells at the site of inflammation.
Cyclooxygenase isoforms (Both COX-1 and COX-2) acti-
vated in all type of cellular stress and consider as the vital
enzymes in inflammation. It is unregulated in the in
inflammatory cells mainly macrophages, neutrophils and
lymphocytes during inflammation (Bala et al. 2013; Sarkar
et al. 2008). These enzymes are responsible for the forma-
tion of important inflammatory mediators called prostanoids
(including prostaglandins, prostacyclin and thromboxane).
COX enzymes convert arachidonic acid into prostaglandins,
which generally shows vasodilatation in inflammation
(Sarkar et al. 2008). The bioactive lipids, derived from
arachidonic acid by COX-2, are potent inflammatory
mediator for vasodilatation. PGE2, an oxygenated product of
arachidonic acid, is dependent on ROS- and RNS-mediated
activation of COX enzymes. PGE2 increases vascular per-
meability along with other vasoactive components such as
histamine, bradykinin or nitric oxide thereby causing edema,
pain and hyperalgesia at the local inflammatory sites during
inflammation (Pandey et al. 2010). Therefore, a number of
anti-inflammatory compounds show antioxidant property
(Bala et al. 2013; Bala et al. 2014) and are consider as
clinically effective in inflammation.

The role of inflammatory cytokines, such as tumor
necrosis factor alpha (TNF- a), interleukin (IL)-1p and IL-
6, in pathogenesis of arthritis is well documented.
Increased production of TNF- a alters the disease etiology
in RA. Levels of TNF-a, IL-1f and IL-6 are elevated in the
synovium of patients with RA (Bala et al. 2013). The
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inflammatory cytokines produced through the activation of
Nuclear Factor Kappa light chain enhancer of Activated B
cells (NFxB). Interaction of activated T cells with synovial
and peripheral blood monocytes/lymphocytes also triggers
signal to produce cytokines in RA (Mirshafiey et al. 2008;
Magari et al. 2004). The balance between Thl and Th2
cytokines has significant interest in inflammation related to
RA. The degree of polarization and heterogeneity of T-cell
lymphocytes are important in the initiation and continua-
tion of inflammation in RA via a direct relationship with
NF«B (Magari et al. 2004) for inflammation.

Role of NFkB in inflammation and Rheumatoid
arthritis

NF«xB is the protein complex present in all cell cytoplasm
as a heterodimer made up with P50 and Rel A or P52 and
Rel B protein (Prajapati et al. 2010). Inactivated NFkB
located in the cytosol by binding with the inhibitory protein
IkB (Prajapati et al. 2010; Laura et al. 2012). Due to
intermediacy of integral membrane receptors, a variety of
extracellular signals can activate the enzyme known as IkB
kinase (IKK). IKK leads to phosphorylation of IkB protein,
which in turn dissociates IkB from NFkB and eventually
degrades IkB by the proteosomes (Laura et al. 2012). The
activated NFkB translocated into the nucleus where it
binds to specific sequence of DNA called response element
(RE). The DNA/NFkB complexes then recruit other pro-
teins such as coactivators and RNA polymerase and
transcribe downstream DNA into mRNA. mRNA further
translocated into proteins and result in a change of cell
functions (Bastian and Johannes 2013; Laura et al. 2012).
NF«B signal regulates the following biological functions
during inflammatory response:

e Upregulates the production of proinflammatory (TNF-
o, IFN-v, IL 1) and anti-inflammatory cytokines (IL4,
IL10, IL13).

e It regulates the synthesis of pro/anti apoptotic signaling
proteins that control the natural apoptotic programmed
cell death.

e Upregulates the synthesis of different growth factors for
repair and healing in inflammation.

e Regulates the synthesis of proteolytic proteins that play
a key role in rheumatoid arthritis.

e Increased ROS and RNS production in cells and control
oxidative stress during RA.

Role of prostaglandin in Inflammation
and rheumatoid arthritis

Activation of COX enzymes occurs in inflammation and
becomes extremely unregulated in the chondrocytes.

Chondrocytes then accumulate in synovium in patients
with RA (Bala et al. 2013; Sarkar et al. 2008). Arachidonic
acid synthesized from membrane phospholipids through
Phospholipase A2 (PL-A2) and PL-A2 converts to pros-
taglandins by the biological action of COX enzymes.
Prostaglandins (PGs) show the following biological role in
inflammation and RA (Mohammad and Abbas 2012;
Emanuela and Garret 2011):

e FElevate the movement of plasma and leucocytes in the
affected site or synovial joints by virtue of vasodilata-
tion capacity of prostaglandin mainly prostaglandin E2
(PGE2) (Emanuela and Garret 2011).

e Inhibit the platelets aggregation that rise the facility to
accumulate the leucocytes mainly neutrophils in
affected site or synovial joints in inflammatory disease
or RA (Bala et al. 2013). Platelets aggregation inhibits
the facility of chondrocyte’s movement to synovium in
patients with RA.

e Prostaglandins directly activate the NADPH Oxidase
enzymes, thus increasing ROS and RNS. ROS and RNS
are the main key players in healing process in
inflammation. It also plays a key role in cartilage
damage in RA (Sarkar et al. 2008).

e Elevated COX expression as well as increased PG
formation activate the NFkB pathway and thus increase
cytokines synthesis (Bastian and Johannes 2013; Laura
et al. 2012).

Role of Bradykinin in Inflammation and rheumatoid
arthritis

Bradykinin is a protein vasodilator peptide synthesized
from high molecular weight kininogen with the help of
kallikrein and Hageman factor. It is the most important
component in kinin group (Zhanli et al. 2014). The role of
bradykinin in inflammation and RA is summarized below
(Kidd and Urban 2001).

e Bradykinin activates the PL-A2 and increases PG
synthesis. This action is mediated by G protein-coupled
B2 receptor (Bradykinin 2 Receptor; GPCR) present in
visceral smooth muscle, endothelium and sensory nerve
through phospholipase C, IP3/DAG as secondary
messengers (Zhanli et al. 2014).

e B2 receptor causes visceral smooth muscle relaxation
and vasodilatation and promote cell migration in
inflammation and RA (Mohammad and Abbas 2012).

e B2 receptor in sensory nerve causes pain perception in
inflammation and RA (Kidd and Urban 2001; Zhanli
et al. 2014).

e Increased level of ROS/RNS/cytokines by B1 receptor
(Bradykinin 1 Receptor; GPCR) activates the PG
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synthesis and responsible for tissue repairing in
inflammation and tissue damage in RA (Emanuela
and Garret 2011; Zhanli et al. 2014).

B-cell activation and autoantibodies

B lymphocytes activate through interaction with activated
T cells and soluble inflammatory cytokines/ROS or RNS
and enhance their proliferation and differentiation in RA
(Bala et al. 2014; Kundu et al. 2011; Dorner and Burmester
2003). B cells correlate the link between lymphoid tissue
and the autoimmune antibody in the sinovium (Dorner and
Burmester 2003). The CD20 receptor expressed in differ-
entiated B cells on their surfaces and lost upon in the
terminal differentiation to antibody-forming plasma cells
(Benito et al. 2009; Tineke et al. 2008). Autoimmune
antibodies made by plasma cell represent the terminal stage
of differentiation for B-lymphocytes.

Clinical RA characterized by the presence of auto
immunoantibodies known as rheumatoid factors (RF).
Auto immunoantibodies produced by B cells and/or anti-
citrullinated peptide antibodies (Marta et al. 2012; Dorner
and Burmester 2003). Modern hypothesis concludes that
B-cell depletion in circulating peripheral blood has a reg-
ulatory role in controlling patients with RA. Different
diverse immunoglobulin (Ig) molecules are generated by
recombination of gene segment in B cells as it express Ig
receptors and secrete the same Ig after activation in
autoimmune disease. These immunoantibodies work as
destructive molecule in RA and are responsible for the
disease severity in patients with RA.

Therefore, T cells and B cells play an important role in
pathogenesis in RA. The damage in RA is due to effector
cells and it interacts to form inflammatory products
including autoantibodies, cytokines and other mediators
like ROS and RNS (Tineke et al. 2008; Mohammad and
Abbas 2012). The concrete synovial lining in RA repre-
sented as an expansion of fibroblast like cells and
macrophages (Mohammad and Abbas 2012; Kundu et al.
2011). Macrophages are producer of proinflammatory
mediators like ROS, RNS and cytokines including TNF,
IL-1, IL-6, IL-8 (Kobayashi et al. 2010). These cytokines
further stimulate other monocytes/macrophage, as well as
other inflammatory cells in the body’s microenvironment.
However, cells like fibroblasts, osteoclasts, chondrocytes
and hepatocytes are responsible for the generation of
C-reactive protein. The synovial fibroblast also secretes
cytokines including IL-6, IL-8 and GM-CSF, and other
mediators including destructive proteases and collagenases
(Lally et al. 2005; Mohammad and Abbas 2012).

Neutrophil and lymphocyte served as the important
predictive markers for sustained remission in RA
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(Chandrashekara et al. 2015). Neutrophils accumulated to
the rheumatoid synovial cavity and aspirated mostly in the
synovial fluid in large in number (Kundu et al. 2011).
Neutrophils involvement in the joint synovium is purely
driven by IL-8, leukotriene B4, and possibly localized
plasma complement activation through C5a (Marta et al.
2012; Lally et al. 2005). Activated neutrophils in the syn-
ovial fluid also release oxygen-derived free radicals like
ROS and RNS. Chondrocytes like synovial fibroblasts and
monocytes are activated by IL1 and TNF-o to secrete
proteolytic enzymes in RA. Thus, chondrocytes contribute
to destruction of cartilage matrix and lead a progressive
narrowing of joint spaces as observed radiographically in-
patient with RA (Lally et al. 2005).

Increased amount of ROS/RNS is present in the synovial
joint infiltrates as well as peripheral blood inflammatory
cells of the patients with RA (Datta et al. 2014; Kundu
et al. 2011). Peripheral blood primarily comprises of neu-
trophils, monocytes and lymphocytes. Therefore, previous
studies mentioned the use of phytomolecules to suppress
inflammation in peripheral blood mononuclear cells
(PBMC) and polymorph nuclear (PMNC) cells. Studies
also mentioned the direct involvement of ROS and RNS in
RA as evaluated by using modern techniques like Flow
Cytometry, Western Blot ELISA etc., (Bala et al. 2014;
Datta et al. 2014; Kundu et al. 2011).

Inflammatory mediators in RA

As discussed above, the direct involvement of inflamma-
tory mediators in clinical RA is well established. The most
important inflammatory mediators in RA are ROS, RNS
cytokines whereas the most active of these are O,
ONOO™,TNF-a, IL-1, and IL-6 (Martin et al. 2014,
Mohammad and Abbas 2012). Cytokines, released in the
synovial joint in RA, activate the T cells as well as other
nearby cells including macrophages and neutrophils. The
cytokines TNF-a, IL-1, and IL-6 upregulate the expression
of the other mediators as their shared function (Mohammad
and Abbas 2012).
The important effects of cytokines are:

Activate lymphocytes for cytokine synthesis.

Upregulate the adhesion molecule synthesis.

Activate the osteoclasts in joints.

Induce other inflammatory mediators including pros-

taglandins and nitric oxide.

e Increased the matrix metalloproteinase synthesis in
endothelial cell lining.

e Induce the acute phase of response through C-reactive
protein synthesis.

e Regulate the systemic features like fatigue, fever,

cachexia and pain.
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e Activate B cells (IL-6) to synthesize autoantibody as
RF.

e Upregulate the production of toxic peroxynitrite and
hypochlorous acid in cells.

In addition to this, some of the important soluble
mediators of inflammation including prostaglandins,
leukotrienes, matrix metalloproteinase may diffuse to
blood and settle in joint cavity (Raimund et al. 2007;
Martin et al. 2014). Prostaglandins regulate vasodilata-
tion; pain sensitization in localized inflammation,
whereas leukotrienes play vital roles in vascular per-
meability and chemotaxis in RA. The proteolytic Matrix
metalloproteinase (MMPs) enzymes degrade the colla-
gen matrix of cartilage in joints (Burrage et al. 20006).
Bradykinin causes release of prostaglandins from syn-
ovial fibroblasts, and potent algesic agent. Bradykinin
acts on G-protein-coupled receptors (GPCR) i.e., bra-
dykinin 2 receptors (B2) presents in visceral smooth
muscle, endothelium and sensory nerve and are
responsible for pain perception in RA. In addition,
plasma complementary proteins are also available for
interaction with immune complexes to generate addi-
tional chemo tactic stimuli during cell—cell interaction.
The neuropeptide substance P is a potent vasoactive and
proinflammatory peptide implicated in RA (Mohammad
and Abbas 2012).

Involvement of ROS and RNS in Rheumatoid
Arthritis

Free radical biology plays an important role in the
pathophysiology of rheumatoid arthritis (Kundu et al.
2011). Free radicals are defined as any chemical species
that bear unpaired electron(s) in its outer orbit. Free
radicals are highly reactive due to the presence of
unpaired electrons. They readily take part in chemical
chain reactions with virtually all cell components (lipids,
proteins, complex carbohydrates and nucleic acids) in the
body. These reactions occur through a chain of oxidative
reaction to cause tissue injury (Bala et al. 2013). In most
biological systems, the O, or N, derived free radicals
often referred to as reactive oxygen species (ROS) and
reactive nitrogen species (RNS), respectively. The most
significant biologically active free radicals derived from
oxygen. ROS produced in cells include superoxide anion
(O;7), hydroxyl radical (-OH) and hydrogen peroxide
(H,0,). Regulatory role of free radical biology starts with
the superoxide anion radical (O, ) formation and its
degradation by superoxide dismutase (SOD) enzyme as
describing in Fig. 1.

Some internally generated sources of free radicals
are

e Mitochondria: mitochondrial electron transport chain
generates superoxide anion (O, ) as a lead ROS and
circulated in the body. Oxidative damage to cellular
macromolecules or micromolecules is mainly caused
by O, and leads to the dysfunction of normal cellular
activity (Jeffrey et al. 2014).

e Xanthine oxidase: mitochondrial O, production does
not significantly increased in many diseases. However,
xanthine oxidase activity to generate O, is higher in
liver and plasma in different chronic diseases (Maria
et al. 2016). The increase of plasma xanthine oxidase
activity explained by the increase in the hepatic release
of this enzyme, which is not due to nonspecific
membrane damage but due to increase of cellular
oxidative stress (Loba et al. 2010).

e Peroxisomes: the presence of a novel group of enzyme
known as peroxisome involved in the metabolism of
oxygen free radicals. In addition to hydrogen peroxide,
peroxisomes also generate O,  radicals and nitric
oxide. O, and NO are the cellular messengers with a
variety of physiological roles in intra- and inter-cellular
communication (Corpas et al. 2001).

e Inflammation: inflammation is the body’s way of
initiating healing response. However, unregulated
inflammation can result in excessive free radicals
activity and cause tissue destruction. Immune signal-
ing/inflammation is one of the primary mechanisms for
initiating the inflammatory pathway. The notable im-
mune-signaling cytokines are generated/activated by
free radicals (Woo et al. 2000).

e Phagocytosis: phagocytes mediate innate immunolog-
ical response by releasing products to damage invading
microorganisms (Loba et al. 2010).Oxidative stress is
the main factor responsible for key changes leading to
the repairing and degeneration of cells involved in
phagocytosis of macromolecules (Olchawa et al. 2016).

Some externally generated sources of free radicals
are (Loba et al. 2010)

Cigarette smoking.

Environmental/chemical pollutants.
Radiation contact to cells.
e Stress.

RNS refer to nitrogen-centered radicals and these include
nitric acid (NO), peroxynitrite (ONOO™) and nitrogen
dioxide radical (-NO,). Nitric oxide (NO) acts as one of the
lead RNS, that play significant beneficial role in human

@ Springer
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eNOS
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Fig. 1 Generation of free radicals in inflammatory cells: the biolog-
ical oxygen (O,) utilized by the mitochondria for the electron
transport chain (ETC) system to generate ATP in cells. However, the
membrane bound NADPH Oxidase enzyme activated during stress
condition and utilized the free O, to generate toxic O,  radicals
(Fig. 1) (Bala et al. 2013). The body’s defensive enzyme superoxide
dismutase (SOD) immediately converts O, to less toxic hydrogen
peroxide (H,O,) to prove its antioxidant activity. In addition, toxic
hypochlorite (HOCI) generated from H,O, and CI~ by a heme
enzyme myeloperoxidase (MPO) particularly in immunologically
activated macrophages cells. H,O, produces the toxic hydroxyl
radical via a Fe'"-mediated reaction, which is known as Fenton

cells/systems (Seaman et al. 2016). Biologically active NO
is formed from the amino acid rL-arginine by one of the
three available isoforms of Nitric Oxide synthase (NOS)
(nNOS, iNOS, and eNOS). nNOS is originally identified as
constitutive in neuronal tissue. It is also known as NOS-I or
NOS-1. iNOS is originally identified as being inducible by
cytokines in activated macrophages and liver. It is also
known as NOS-II or NOS-2. eNOS is originally identified
as constitutive in vascular endothelial cells. It is also
known as NOS-III or NOS-3 (Seaman et al. 2016; Bala
et al. 2013). NOS requires oxygen, tetrahydrobiopterin,
NADPH, calmodulin, flavin adenine dinucleotide (oxi-
dised; FAD), flavin mononucleotide (FMN) and heme for
catalytic reaction and activation, whereas Ca®*™ is essen-
tial for nNOS and eNOS activity (Mirshafiey et al. 2008).
RNS and ROS are always reactive as they carry a free
electron in outer orbital. Freely available NO can react with
0, or H,O; to form peroxynitrite (ONOO™). The oxidant
potential of high molecular weight ONOO™ is greater than
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reaction (Kavian et al. 2012; Bala et al. 2013). H,O, immediately
neutralized by catalase enzyme in the cells. Free radicals can also be
formed in cell by some of the non-enzymatic reactions of oxygen with
organic compounds as well as those initiated by ionizing reactions
(Lobo et al. 2010). Nitric oxide formed from L-arginine through
different isoform of NOS (as described in section “Involvement of
ROS and RNS in Rheumatoid Arthritis”). Freely available NO can
react with O, or H,O, to form high molecular weight peroxynitrite
(ONOO—), whose oxidant potential is higher than that of O, or
H,O, alone probably due to inability to escape from the cells (Bala
et al. 2013; Bala et al. 2012a)

that of O,~ or H,O, alone probably due to inability to
escape from the cells (Bala et al. 2013; Bala et al. 2012a).

Antioxidant enzymes work as the protective cellular
defense against oxidative damage in inflammation. Cata-
lase (CAT), GSH (Reduced Glutathione) peroxidases (GP),
superoxide dismutase (SOD) are the most important
antioxidant defense enzymes in cell. Reduced glutathione
(GSH) is the most important non-enzymatic antioxidant
defense in inflammatory cells (Halliwell 1992; Bala et al.
2013; Bala et al. 2012a). The tripeptide glutathione in its
reduced form (GSH; c-L-glutamyl-L-cysteinyl-glycine) acts
as antioxidant by virtue of its ability to donate HY. GSH is
considered as the principal cellular antioxidant thereof in
cells (Bala et al. 2012b).

Cells make glutathione in two adenosine triphosphate-
dependent steps (Couto et al. 2013):

e Gamma-glutamyl-cysteine is synthesized from L-gluta-
mate and cysteine via the enzyme gamma-
glutamylcysteine synthetase (glutamate cysteine ligase,



Oxidative stress in inflammatory cells of patient with rheumatoid arthritis: clinical... 601

GCL). The reaction is considered as the rate-limiting
step in glutathione synthesis.

e Glycine added to the C-terminal of gamma-glutamyl-
cysteine via the enzyme glutathione synthetase.

Glutathione is the thiol-containing low molecular weight
molecule, synthesized from glutamate, cysteine and glycine.
N-acetyl cysteine is a stable, effective precursor of cysteine
for intracellular GSH synthesis (Bala et al. 2012a). As the
major component of the cellular antioxidant system, GSH
(reduced) reacts with all ROS and RNS and stabilizes them
by donating H" and itself converted into GSSG (Oxidized
Glutathione). GSSG again get back to GSH by the action of
glutathione reductase (GR) with the coenzyme NADH (Bala
et al. 2014). Several studies mentioned the direct reduction
of GSH level during inflammatory diseases like RA.

Accumulation of inflammatory cells in synovial joints
and increased oxidative damage observed clinically in
patients with RA. Protein carbonylation, lipid peroxidation
as detected by spectrophotometer and S-nitrosothiols
detected by flow cytometry show evidence to oxidative
damage in RA (Datta et al. 2014). Neutrophils constituted
the major cellular component of the synovium of patients
with RA. The levels of ROS and RNA also correlated
strongly with protein carbonylation and lipid peroxidation
(Kundu et al. 2011). Scientific studies on phytomolecules
found effective as inhibiting different O, and N, radicals
(Bala et al. 2014; Kundu et al. 2011). Therefore, the role of
ROS and RNS in the pathophysiology of RA is docu-
mented in modern advanced research.

Sources and classification of natural dietary
antioxidants according to their antioxidant
mechanism

Plants are rich source of naturally occurring antioxidants like
phenols, phenolic acid, flavonoids and their derivatives.
Fruits and vegetables contain abundant source of these types
of compounds as antioxidant (Carocho et al. 2013; Liu
2013). Several studies have reported the antioxidant poten-
tial of a wide variety of dietary green vegetables.
Vegetable provides rich source of antioxidants, specially
anthocyanins, flavonones, flavonols and vitamin C (Liu
2013). Fruits, especially berries, cherries and citrus fruits
contain high levels of polyphenolic compound and the
polyphenol content in berries varies from 30 to 2000 mg/
100 g, which include anthocyanins, proanthocyanidins and
flavonols (Atreyi and Uma 2016; Suhaj 2006). Spices and
herbs like garlic, ginger, curcumin also have antioxidant
potential (Moure et al. 2001; Suhaj 2006). A comprehensive
study on the role of phenolic compounds in the oxidative
process of fruits reveals the effects of processing and storage

on its antioxidative capacity (Moure et al. 2001). Wines
contain a variety of polyphenolic compounds, the most
abundant being anthocyanins whose antioxidant activity was
also reported in whiskeys (Suhaj 2006).

Antioxidants comprise a broad class of compounds that
counteract free radicals, inhibit oxidative chain reactions
and can react with damaged DNA. Their chemical struc-
tures and particular mechanism of antioxidants activity
differ widely (Kushi et al. 2012). The growing interest in
the role of antioxidants in health care and disease is well
documented. Antioxidants work in multiple pathways—act
as radical scavenger, hydrogen donor, electron donor,
peroxide decomposer, singlet oxygen quencher, enzyme
inhibitor, synergist, and as metal chelating agents. Both
enzymatic and no enzymatic antioxidants exist in the
intracellular and extracellular environment to detoxify
ROS & RNS (Bala et al. 2013; Moure et al. 2001).

Classification of natural antioxidants according
to their antioxidant mechanism

The mechanism of action of antioxidants differs widely.
Many of them act as radical scavenger others as prooxidant
enzyme inhibitors (CYP2E1 or NADPH Oxidase). Some of
them inactivate of the NF-xB pathway to inhibit cytokine
synthesis. However, antioxidant activity does not necessarily
imply in a single mechanism in biological system always
(Bala et al. 2012b). The mechanism of action of antioxidants
is described below and summarized in Table 1.

e Antioxidants scavenge/directly inhibit the active free
radicals or toxic non-radicals to suppress chain initia-
tion and/or break the chain propagation reaction. Some
antioxidants are hydrophilic and some others are
lipophilic. Vitamin C, uric acid, bilirubin, albumin,
and thiols are hydrophilic. However, vitamin E and
ubiquinol are lipophilic radical scavenging antioxi-
dants. Whereas vitamin E is known as the most active
lipophilic antioxidant (Kushi et al. 2012; Bala et al.
2013; Lobo et al. 2010).

e The preventive antioxidant suppresses the formation of
free radicals in the cell (Lobo et al. 2010). These are the
second line of defense in body. Although, the precise
mechanism and site of in vivo radical formation are not
clearly well documented. The metal-induced decom-
position of hydro peroxides and hydrogen peroxide
must be one of the important sources (Bala et al. 2013).
Glutathione  peroxidase, glutathione-s-transferase,
phospholipid hydro peroxide glutathione peroxidase
are known to decompose lipid hydro peroxides to
corresponding alcohols by antioxidant. Glutathione
peroxidase and catalase reduce hydrogen peroxide to
water (Christine and Joseph 2010).
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Table 1 The summary of mechanism of action of antioxidants already established

S1. Multiple mechanism of antioxidants

Examples References

1. Antioxidants comprise a broad class of compounds that counteract/scavenge Phenolic compounds,
free radicals. The ability of these compounds to donate HT makes them

able to scavenge free radicals

2. Inhibit the formation of free radical formation by inhibiting prooxidant
enzymes like SOD, MPO or by act as metal chelator to inhibit this type of

enzymes

3. Inhibit oxidative chain reactions that can react with DNA and damage cells. Proteins, amino acid

4. Repair the damage caused by free radicals.

Kushi et al. (2012), Bala et al.

Citric acid, ascorbic (2013), Atreyi and Uma (2016)
acid

Phosphoric acid, Maillard Kundu et al., (2011), Bala et al.
compounds, citric acid (2013), Atreyi and Uma (2016)

Rock et al. (2012), Diplock
(1995), Atreyi and Uma (2016)

Bala et al. (2013), Mai et al.
(1990), Atreyi and Uma (2016)

Carotenes, Proteins,
amino acid

e DNA repairs system plays an important role as
defensive against oxidative damage. Various kinds of
enzymes such as glycosylases and nucleases, which
repair the damaged DNA, are also known as antioxidant
(Rock et al. 2012; Diplock 1995; Lobo et al. 2010).

e The proteolytic enzymes like proteinases, proteases,
and peptidases, present in the cytosol and in the
mitochondria of mammalian cells, recognize, degrade,
and remove damaged/modified proteins to prevent the
accumulation of oxidized proteins (Bala et al. 2013;
Mai et al. 1990; Lobo et al. 2010).

Generally, biological antioxidants act as free radical
scavengers and are, thus, found to play a significant pro-
tective role during oxidative stress in a variety of diseases
such as liver cirrhosis, inflammation, atherosclerosis, dia-
betes, cancer, neurodegenerative diseases and also in RA
(Hitchon and El-Gabalawy 2004). Many important mole-
cules including proteins, lipids and nucleic acid chains are
very susceptible to oxidizing reaction by free radicals
(Khansari et al. 2009). It is not expected to see many
deteriorating events following oxidative stress leading to
decreased longevity of the cells as well as destroying the
normal physiological function of cells (Kundu et al. 2011).
Pro-inflammatory cytokines like TNF-o, IFN-v, interleukin
(IL)-1B and IL-6 are key elements in abnormal transfor-
mation of the cells and autoimmune activities leading to
RA. Therefore, chronic inflammation should be considered
as a high risk factor for RA. The antioxidant system within
the body can easily try to handle free radicals; however,
dietary antioxidant supplements are considered as acquired
defense in body (Bonnefont 2002).

Effectiveness of phytomolecules in Rheumatoid
Arthritis

As discussed, RA is responsible for significant human

morbidity in modern life. Oxidative stress is considered as
a  potential biomarker for detecting  disease

@ Springer

pathophysiology in patients with RA (Kundu et al. 2011;
Datta et al. 2014). Th1l and Th2 cytokines balance attract
the great interest as described earlier. The degree of
polarization and heterogeneity of mononuclear T lympho-
cytes or polymorphonuclear neutrophils may be important
in the initiation and perpetuation of inflammation in RA
(Magari et al. 2004). Therefore, the studies on non-toxic
natural antioxidants are of great interest now a days. Some
of the important clinically effective natural antioxidants are
mentioned below and summarized in Table 2.

e 5-Hydroxy-3,4',7-trimethoxyflavone: it is isolated from
Cleome gynandra L. (Capparidaceae). It is equally
effective to decrease oxidative damage by inhibiting
superoxide radical, hydroxyl radical and NO in the
isolated peripheral blood mononuclear lymphocytes of
patients with RA and human erythrocytes (Bala et al.
2014; Bala et al. 2012a).

e Allylpyrocatechol  (APC; 3-prop-2-enylbenzene-1,2-
diol): it is isolated from Piper betle (Family-Piper-
aceae). The effect of APC on nitric oxide measured in
macrophages using 4,5-diaminofluorescein diacetate by
flow cytometry whereas, it decreased production of
nitric oxide in synovial infiltrated cells. The effect also
correlated with its in vitro nitric oxide scavenging
activity (Kundu et al. 2011).

e Curcumin: curcumin is yellow hydrophobic polyphenol
compound derived from the herb turmeric. It is
effective through somatostatin generation via cAMP/
PKA and Ca*"/CaMKII signaling pathways. However,
“thetracurmin” which is a highly bioavailable form of
curcumin, is found effective in patients with
osteoarthritis to suppress pain. (Yasuaki et al. 2014;
Qingshan et al. 2013).

e Curcumin analogues Diarylpentanoid (BDMC33) [2,6-
bis(2,5-dimethoxybenzylidene) cyclohexanone]: it sig-
nificantly inhibits the pro-gelatinase B (pro-MMP-9)
and collagenase activities via suppression of MMP-1 in
activated SF. In addition, BDMC33 strongly suppressed
MMP-3 gene expression as well as inhibited COX-2
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Table 2 List of important natural antioxidants active clinically in inflammatory cells of patients with RA

Sl.  Name of the phytomolecules Clinical effectiveness in Mechanism of action References
no. Patients with RA
1. 5-Hydroxy-3,4',7-trimethoxyflavone =~ Human peripheral Suppress the ROS and RNS. Specially H,O,, NO, Bala et al.
blood mononuclear ONOO™ are inhibited in human peripheral blood (2014)
cells of patient with mononuclear cells
RA
2. Allylpyrocatechol (3-prop-2- Synovial Cellular Suppress the ROS and RNS. Equally, effective to Kundu et al.
enylbenzene-1,2-diol) Infiltrate of patient suppress NFkB mediated oxidative stress in human  (2011)
with RA synovial chrondrocytes
3. Curcumin Small intestine Act on cCAMP/PKA and Ca”*/CaMKII Yasuaki et al.
(2014) and
Qingshan
et al. (2013)
4.  Curcumin analogues Diarylpentanoid Synovial fibroblast cells BDMC33 strongly suppressed MMP-3 gene Lee et al. (2015)
[2,6-bis(2,5-dimethoxybenzylidene) expression as well as inhibited COX-2 and IL-6 pro-
cyclohexanone] (BDMC33) inflammatory gene expression
5. Epigallocatechin-3-gallate Human chrondocytes Inhibits IL-1B- induced phosphorylation and Singh et al.
proteasome degradation of IxBa to suppress NF-xB ~ (2002) and
nuclear translocation Ahmed et al.
(2002)
6. Genistein Fibroblast-like Inhibit cytokines or growth factor-induced Lu et al. (2015)
synoviocytes proliferation and transformation
7. Icaritin Human fetal bone Enhancing bone formation via its osteopromotive Yao et al. (2012)
marrow stem cells property
8. Paeoniflorin Lymphocytes and Suppresses inflammatory process by reducing the Zhang et al.
fibroblast-like production of prostaglandin E2, leukotriene B4, (2008)

synoviocytes

reactive nitric oxide, reactive oxygen species,
proinflammatory cytokines and chemokines.
Inhibits the proliferation of lymphocytes and
fibroblast-like sinoviocytes

and IL-6 gene expression. BDMC33 abolished the p65
NF-«B nuclear translocation and NF-xB DNA binding
activity in PMA-stimulated SF (Lee et al., 2015).
Epigallocatechin-3-gallate: green tea polyphenol Epi-
gallocatechin-3-gallate regulates inducible nitric oxide
synthase. It also inhibits IL-1B- induced phosphoryla-
tion and proteasomal degradation of IkBa to suppress
NF-kB nuclear translocation (Singh et al. 2002; Ahmed
et al. 2002).

Genistein: isoflavones such as genistein and daidzein
are found in a number of plants including lupin, fava
beans, soybeans, kudzu, and psoralea. It is also found as
the primary food source in the medicinal plants like
Flemingia vestita, F. macrophylla, and coffee. Genis-
tein inhibits cytokines or growth factor-induced
proliferation and transformation phenotype in fibrob-
last-like synoviocytes in RA (Lui et al. 2015).
Icaritin: Epimedii herba is one of the most widely
studied herbs for treatment of bone metabolic and
related diseases in China. Epimedium flavonoid is
composed of seven flavonoid compounds and its main
active compound extracted as Icaritin. Icaritin enhances
bone-healing (Yao et al. 2012). Icaritin possessed the

potential for enhancing bone formation via its osteo-
promotive but not an osteoinductive mechanism.
Paeoniflorin: total glycosides of paeony (TGP) are
obtained from Radix paeoniae, in which paeoniflorin is
the major active component. TGP/paeoniflorin sup-
presses inflammatory process by reducing the
production of prostaglandin E2, leukotriene B4, nitric
oxide, reactive oxygen species, proinflammatory
cytokines and chemokines. TGP/paeoniflorin also
inhibits the proliferation of lymphocytes and fibrob-
last-like sinoviocytes. The inhibitory effect on
formation of new blood vessels, and the production of
matrix metalloproteinase is also reported (Zhang et al.
2008).

Plants provide a rich resource for natural drug research

and development. In recent years, the use of traditional
medicine information on plant research received consid-
erable interest. Additionally, the consequent use of dietary
antioxidants is continuously increasing worldwide (Bala
et al. 2011). The previous studies focused on the scientific
and clinical etiology of RA in correlation with oxidative
stress and the effectiveness of the plant-derived active
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molecules on all type of inflammatory cells is established
(Kundu et al. 2011; Bala et al. 2014).

Safety of natural antioxidants

Natural antioxidants are preferred by consumers worldwide
and may gain easy consumer acceptance and easy scientific
approval than synthetic additives. However, any natural
compound commonly found in food has no guarantee that
it is entirely non-toxic for human health (Carocho et al.
2013). Synthetic antioxidants are tested for carcinogenic or
mutagenic effect, but many natural food compounds have
not been tested yet (Atreyi and Uma 2016; Carocho et al.
2013). The comparative advantages and disadvantages of
synthetic and natural antioxidants are summarized in
Table 3.

The clinical safety and efficacy of natural dietary
antioxidants are controversial worldwide (Bala et al. 2013).
Number of researchers are concerned that high-dose
antioxidant supplement could decrease the oxidative stress
in all type of inflammatory diseases (Rock et al. 2012).
Antioxidant supplementation could selectively protect
healthy cells from such damage or may protect the damage
cells as well (Kushi et al. 2012).

In contrary, the toxicological risk of food-based dietary
compounds are enquired. However, there are no such
reports on the harmful toxicological aspect of the flavo-
noids. The acute toxicity test is the most basic method of
testing of toxicology safety assessment, and plays a key
role in chemical toxicity assessment (Ke-Zheng et al.
2015).

In one of our studies during the cellular toxicity test of
an isolated plant flavonoid (CWF; 5-Hydroxy-3,4’,7-tri-
methoxyflavone isolated from Cleome gynandra L), we
found no such significant cellular toxicity in mouse mac-
rophage cells at 3 h of incubation in Krebs Hensleit (KH)
buffer (Fig. 2a, unpublished data). 1.449% erythrocytes

only lysed at a concentration of 500 pg/ml of the CWF at
1 h of incubation in controlled condition (Fig. 2b, unpub-
lished data). Both the graphs are prepared in Graph Pad
Prism software version 4.03., software. Linear regression
for figure B analyzed with effect of “force zero” and
unknown value interpolated from standard curve. All
experiments are done in triplicate and final graph is pre-
pared as showing mean = SEM.

Furthermore, to understand the antioxidant conundrum,
it is useful to review the basics. Antioxidants block the
negative effects of free radicals. Free radical damages
DNA, proteins, and lipids; augment the aging process; and
plays a role in weakening the immune system towards
many diseases such as cancer, diabetes, and cardiovascular
complication. Conversely, naturally produced free radicals
(by-products of metabolism) are essential for health. They
destroy unhealthy cells, bacteria, and viruses and detoxify
harmful chemicals (Liu et al. 2011).

Conclusion

The use of specific dietary components changes from
treating deficiencies to preventing diseases (Aalt and Guido
2002). Many chronic diseases are associated with oxidative
stress and researchers are trying to establish the beneficial
role of antioxidants clinically (Couto et al. 2013). There-
fore, the use of antioxidant-rich food or antioxidant food
supplements became immensely popular worldwide. The
term “nutraceuticals” is introduced to indicate the use of
purified or concentrated food components in a pharma-
ceutical formulation with a presumed health or increasing
effect (Bala et al. 2013; Couto et al. 2013).

Modern therapeutic drugs have a number of adverse or
toxic effects. Since the scientists are continuously trying to
find new traditional knowledge-based alternative for the
treatment of RA, traditional medicine as multi-component
and multi-target approaches perfectly matches with the

Table 3 Comparative advantage and disadvantage of synthetic and natural antioxidants

Type of Antioxidants

Differences -
Synthetic

Natural

Cost affectively Expensive, synthesize in labs

Application Widely applied; in food industry

Capacity Medium to high antioxidant capacity

Solubility Low water solubility

Pharmacokinetics Some of them are stored in adipose tissue and not
metabolized

Safety Not safe; additional carcinogenic or mutagenic property

exist

Inexpensive however expense depends upon source and
extraction process

Restricted use. However, widely used as dietary supplement
Wide range of antioxidant activity
Highly water-soluble. Broad range of solubility

Completely metabolized in human body

Safe and no additional carcinogenic or mutagenic property
reported yet

@ Springer
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A cellular Toxicity Study of CWF
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Fig. 2 Cellular toxicity study of CWF (a): CWF (5-Hydroxy-3,4',7-
trimethoxyflavone at different concentration) was incubated with
mouse macrophages cells up to 3 h in Krebs Hensleit buffer (In BOD
incubator), cell viability was confirmed by trypan blue exclusion

| DIETARY ANTIOXIDANTS |

7

[ IROS, (-)COX-2, (-) NF-kB, (-) MMP-3, (-) Cytokines ]

58 years old Indian female untreated Rheumatoid Arthritis patient
having Finger mallet, ulnar drift and ruptured tendon in fingers

Fig. 3 Severity of disease and effective biological targets

holistic concept of ancient systems biology. It is also
applicable in the treatment of RA. Appropriate knowledge
on side effect, biotransformation or bio kinetics of the
nutraceuticals, therapeutic dose and molecular mechanism
of action of natural antioxidants is highly recommended in
modern RA research. However, modernization of tradi-
tional knowledge for subsequent careless application of
natural antioxidant is highly demanded.

This review highlighted recent studies describing the
relationships between rheumatoid arthritis and free radi-
cals, and the potential biological mechanisms to explain
these associations. Based on existing research evidence,
patients with RA should therapeutically utilize antioxidant
supplement, especially in controlled dose to retard side or
adverse effect. However, very few antioxidant dietary
supplements reported for their side or adverse effect.

methods. Haemolytic study of CWF (b): CWF (at different concen-
tration) was incubated with RBC (1% washed erythrocyte suspension
in PBS) at 37 °C for 1 h. Distilled water (DW) and PBS were taken as
positive and negative controls, respectively. OD taken at 540 nm

Results from many clinical studies conducted to date have
shown benefits and in all cases mentioned significant effect
on appropriate biological targets (Shown in Fig. 3).
Although, it is not yet clear that in which specific phase of
RA, antioxidant consumption may be beneficial. Therefore,
it is advisable to apply the cautionary principle and to
advise patient not to consume excess antioxidant dietary
supplement without medical supervision, until further
studies bring greater clarity .
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