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Abstract Rheumatoid arthritis (RA) is a debilitating autoim-
mune disease whose etiology remains unknown, but studies
have consistently implicated a plethora of inflammatory
mechanisms culminating in chronic symmetric and erosive
synovitis. Importantly, reactive oxygen species (ROS) have
been attributed to directly contribute towards the destructive,
proliferative synovitis evident in RA. Accordingly, this study
aimed to establish whether the degree of oxidative stress and
disease activity score (DAS28) correlated with the down-
stream effects of oxidative damage. The redox status of neu-
trophils sourced from synovial fluid (SF) was measured by
flow cytometry in terms of total ROS and hydroxyl radicals.
Among the molecular damage markers, protein carbonylation
and lipid peroxidation were detected by spectrophotometry
and S-nitrosothiols by fluorimetry. Neutrophils constituted the
major cellular component of the SF of patients with RA and
their levels of ROS and hydroxyl radicals correlated strongly
with protein carbonylation and lipid peroxidation. However,
all the oxidative damage markers correlated positively with
DAS28. Taken together, in patients with RA, the strong cor-
relation between levels of ROS and DAS28 with markers of
oxidative damage suggests that measurement of oxidative
stress could serve as a biomarker for monitoring disease
severity in RA.
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Introduction

Rheumatoid arthritis (RA) is a debilitating autoimmune dis-
ease of global prevalence whose etiology is basically un-
known. Several studies have implicated a combination of
genetic factors and environmental triggers, and current litera-
ture indicates that a host of inflammatory mechanisms includ-
ing oxidative stress contributes towards disease pathogenesis
[1]. It has been proposed that alongwith inflammation, there is
activation of neutrophils, macrophages, and lymphocytes
which extravasate from blood vessels into the inflammatory
area leading to increased secretion of proinflammatory medi-
ators that include kinins, reactive oxygen, and nitrogen species
(ROS and RNS), eicosanoids, proinflammatory cytokines (IL-
12, TNF-α, IFN-γ, IL-6, and IL-1β) and proinflammatory
enzymes that mediate production of prostaglandins (PGE2)
and leukotrienes (e.g., lipooxygenase), together with expres-
sion of adhesion molecules, matrix metalloproteases (MMPs),
and hyperproliferation of synovial fibroblasts [2]. All these
factors are regulated by activation of the transcription factor
NF-κβ and Iκβ kinase (IKK)s which maintain the cellular
oxidative stress [3].

Biomarkers of oxidative stress have helped to explore the
relation between oxidative damage to macromolecules (pro-
teins, lipids, and DNA) and disease progression [4]. Increased
production of superoxide and hydrogen peroxide initiates the
proinflammatory events in RA [1] along with peroxynitrite
that mediates many cytotoxic effects that impact upon cellular
thiols, lipids, proteins, and DNA [1, 5]. Although these reac-
tive species directly contribute towards the destructive, prolif-
erative synovitis evident in RA [2], studies correlating the
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degree of oxidative stress with downstream effects of oxida-
tive damage in synovial joints have not been undertaken.
Accordingly, this study aimed to establish this correlation, if
any, between pro-oxidants generated in the synovial joint and
markers of oxidative damage, with a view to facilitate moni-
toring of disease progression in patients with RA.

Materials and methods

Reagents

All chemicals were obtained from Sigma Aldrich (St. Louis,
MO, USA) except 3′-p-hydroxyphenyl fluorescein (HPF)
from Molecular Probes (Carlsbad, CA, USA), thiobarbituric
acid (TBA), ammonium sulfamate, 5,5′-dithio-bis (2-
nitrobenzoic acid) (DTNB), trichloroacetic acid (TCA) from
Sisco Research Laboratories (Mumbai, India), cell lysis buffer
from Cell Signaling Technology (Danvers, MA, USA),
enzyme-linked immunosorbent assay (ELISA) kits for
TNF-α, IL-6, and IL-8 (Immunotools, Friesoythe, Germany),
and 2,2′-azino-bis[3-ethylbenzthiazoline-6-sulfonic acid]
(ABTS) (Roche Applied Science, Penzberg, Germany).

Study population

The study population included patients with RAwho fulfilled
the American College of Rheumatology criteria for RA [6, 7].
They were recruited from the outpatient unit of the Rheuma-
tology clinic at Seth Sukhlal Karnani Memorial Hospital,
Kolkata and were unresponsive to both DMARDs and
NSAIDs. Patients with psoriatic arthritis, scleroderma, reac-
tive arthritis, viral polyarthritis, and systemic lupus erythema-
tosus were excluded as were patients with RA having renal
and/or hepatic impairment as also if they were receiving
steroids or any antioxidants. All knee joints demonstrated
signs of active synovitis at the time of aspiration; from each
patient, synovial fluid was collected. The study protocol re-
ceived prior approval from the Institutional Ethics Committee,
and informed consent was obtained from all participants.

Disease activity assessment

Disease activity status was determined using disease activity
score evaluating 28 joints, erythrocyte sedimentation rate
(ESR), and visual analog score [8]. According to the American
College of Rheumatology (ACR) criteria [6, 7], patients were
classified according to their disease activity into four different
groups, namely, (1) group 1: DAS28<2.6 (remission); (2)
group 2: 2.6≤DAS28≤3.2 (low disease activity); (3) group
3: 3.2<DAS28≤5.1 (moderate disease activity); and (4) group
4: DAS28>5.1 (high disease activity). Additionally, C-

reactive protein (CRP) and ESR were measured using com-
mercially available kits.

Isolation of cellular components in the synovial fluid

Synovial fluid from the knee joint was collected by aspiration;
following centrifugation (300×g, 15 min), the resultant pellet
was considered as the cellular infiltrate and is stated as “sy-
novial cells” along with the supernatant, stated as “cell-free
fraction” (stored at −20 °C). The cell pellets were washed
twice with RPMI 1640 PR− medium (250×g for 5 min) and
cell viability (>85 %) confirmed by trypan blue exclusion.
Neutrophils were gated and acquired in a flow cytometer.

Generation of free radicals

Intracellular ROS was measured using a membrane-
permeable compound 2′, 7′,-dichlorodihydrofluorescein
diacetate (H2DCFDA), a nonfluorescent dye which upon en-
zymatic hydrolysis by esterases and oxidation by intracellular
ROS produces a fluorescent compound dichlorofluorescein
(DCF) [9]. Therefore, the DCF-based fluorescence is directly
proportional to the amount of intracellular ROS.

Synovial cells (1×106/ml) were preloaded with H2DCFDA
(50 μM, 30 min, 37 °C); after two washes with phosphate
buffered saline (PBS, 0.02M, pH 7.2), cells were resuspended
in PBS and acquired in a flow cytometer [10]. For hydroxyl
radicals, synovial cells (1×106/ml) were incubated in the dark
with HPF (2.5 μM, 20 min, 37 °C), and acquired in a flow
cytometer [10].

Preparation of cellular lysate

Synovial cells (1×106/ml) were lysed in a cell lysis buffer (as
per manufacturer’s instructions) followed by three freeze thaw
cycles using liquid nitrogen; after centrifugation (9,000×g,
10 min, 4 °C), the cell lysate was collected and protein was
estimated [11].

Measurement of advanced oxidation of protein products

Advanced oxidation of protein products (AOPP)were assayed
by spectrophotometry [12]; briefly, in 96well plates, 200 μl
cell-free fraction (diluted 1:20 in PBS) was added followed by
acetic acid (20 μl) and potassium iodide (1.16 M, 10 μl). In
standard wells, potassium iodide (1.16M, 10 μl) was added to
chloramine-T (0–100 μmol/l, 200 μl) and acetic acid (20 μl).
For calibration, chloramine-T (0–100 μmol/l) was used, and
absorbances were immediately read at 340 nm on a spectro-
fluorometer (Spectromax, M2/M2e Multimode plate reader,
Molecular Devices, Sunnyvale, CA, USA). AOPP concentra-
tions were expressed as micromoles per liter chloramine-T
equivalents.
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Measurement of protein carbonylation

To obtain the degree of protein carbonylation, derivatization
was initially done with 2, 4-dinitrophenyl-hydrazine (DNPH)
[13, 14]. Briefly, protein lysates from synovial cells (50 μg)
were incubated with DNPH (10 mM in 2 N HCl, 100 μl for
30 min in dark, 20–25 °C); proteins were precipitated with
TCA (20%, 100 μl) and free DNPHwas removed bywashing
with ethanol-ethyl acetate (1:1). The resultant pellet was dis-
solved in 350 μl of sodium dodecyl sulfate (2 % SDS) and
absorbances of the protein-hydrazone complex measured at
370 nm. The carbonyl concentration was calculated from the
specific absorption (relative to the reagent blank), the extinc-
tion coefficient of the protein-hydrazone complex being
22,000 M−1 cm−1 and expressed as nanomoles of carbonyl
groups per milligram protein [15].

Measurement of S-nitrosothiols

Levels of S-nitrosothiols were measured in the cell-free frac-
tion of patients with RA [16]. Briefly, the cell-free fraction
(50 μl) was diluted 1:1 in H2O and incubated with ammonium
sulfamate (50 μl, 100 μM in H2O, 10 min) in order to trap the
NO2− present. This was followed by addition of a 2, 3-
diaminonaphthalene (DAN) reaction mixture containing
HgCl2 (1.11 mM) and DAN (158 μM in 0.62 N HCl) in a
ratio of 1:4; after incubation at room temperature in the dark
for 10 min, the pH was then adjusted to 11.5–12.0 with 1 N
NaOH, and fluorescence measured in a spectrofluorometer,
excitation/emission wavelengths being 360 and 450 nm, re-
spectively. The standard curve was prepared by incubating
50 μl GSH (0–10 μM in 1 N HCl) with 50 μl NaNO2 (10 μM
in H2O) for 15 min at room temperature; this reaction mixture
was then incubated with 50 μl ammonium sulfamate (100 μM
in H2O), followed by addition of the DAN reaction mixture
(50 μl) and processed as described above; results were
expressed as micromolars.

Measurement of lipid peroxidation

Lipid peroxidation was measured in terms of malonaldehyde
(MDA) in the cell-free fraction using the modified method of
Beuge and Aust [17, 18]. Briefly, one volume of cell-free
fraction was mixed thoroughly with two volumes of 15 %w/
v TCA, 0.375 %w/v TBA, and 0.25 N HCl. The mixture was
incubated at 100 °C for 30 min in a shaking water bath; it was
then cooled and the flocculent precipitate was removed by
centrifugation (1,000×g for 10 min, 20–25 °C). The absor-
bances were determined at 535 nm and concentration of
thiobarbituric acid reactive substances (TBARS) calculated
using 1.56×105 M−1 cm−1 as molar extinction coefficient of
MDA.

Measurement of cytokines in synovial fluid

Levels of TNF-α, IL-6, and IL-8 were determined in the cell-
free fraction by ELISA as per the manufacturer’s instructions.
Briefly, individual cytokine antibodies were coated on ELISA
plates; nonspecific binding sites were blocked with PBS-
bovine serum albumin; cytokine standards (TNF-α/IL-6/IL-
8) or serum samples were added to designated wells (100 μl/
well) and after being incubated for 1 h at room temperature,
binding was detected using biotinylated anti-cytokine capture
antibodies followed by addition of streptavidin-HRP, with
ABTS as the substrate, and absorbances were measured at
405 nm. The cytokine levels were then correlated with the
oxidant status of patients with RA.

Flow cytometry

Cells (106) were monitored for their intracellular fluorescence
using a flow cytometer (FACS Calibur, Becton Dickinson,
San Jose, CA, USA) equipped with an argon-ion laser
(15 mW) tuned to 488 nm. The fluorescence of DCF and
oxidized HPF were collected in the FL1 channel, equipped
with a 530/30 nm band pass filter. Fluorescence was measured
in the log mode and expressed as geometrical mean fluores-
cence channel (GMFC). Cells were gated on the basis of the
characteristic forward and side scatter of neutrophils; neutro-
phils were confirmed with CD66b-FITC and appropriate
isotype control. Acquisitions were performed on 5,000 events
gated according to morphology, and the fluorescence of DCF
or HPF was acquired. Data analysis was carried out using
CellQuest Pro software (BD Biosciences, San Jose, CA,
USA).

Statistical analysis

Data are expressed as mean±SD or median and interquartile
range (IQR). Correlation was done using Pearson’s correlation
coefficient test for parametric data and Spearman rank corre-
lation coefficient for nonparametric data using Graph Pad
Prism software, version 5.0, (GraphPad Software Inc, La
Jolla, CA, USA); p<0.05 was considered as significant.

Results

Study population

The study population included 36 patients with RA who
fulfilled the ACR criteria [6, 7]. Their ages ranged from 23
to 56 years, median and IQR being 40 (31–50), a female
predominance was evident (female:male being 7:2), and du-
ration of disease ranged from 11 months to 24 years (Table 1).
Out of 36 patients, only 8 (22 %) belonged to group 3, i.e.,
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moderate activity, while the majority (78 %) belonged to
group 4, i.e., high disease activity. Levels of CRP and ESR
were raised in all patients but serum rheumatoid factor was
positive in 26/36 patients (Table 1); none of them received any
antioxidants.

Characterization of synovial cells and levels of oxidative
stress in synovial fluid of patients with RA

The neutrophil component was gated as R1 based on their
characteristic side and forward scatter. Furthermore, neutro-
phils were confirmed by staining with FITC labeled CD66b
whose frequency was found to be 82.11 % (Figs. 1a–c). These
cells generated maximum amount of ROS as compared to
other cells present in the synovial fluid (SF) [19]. Neutrophils,
upon activation of the NADPH oxidase system generate reac-
tive oxygen intermediates which by their propensity to freely
react with biomolecules like lipids, proteins, and nucleic acids

can cause oxidative damage. High levels of total ROS includ-
ing hydroxyl radical was generated in the synovial cells (pri-
marily neutrophils), the GMFC of DCF being 1,293.10±
648.50 and HPF being 188.05±36.80. In the synovial fluid
of patients with rheumatoid arthritis, neutrophils, macro-
phages, and lymphocytes were the principal cellular compo-
nents, of which neutrophils were predominated.

Correlation of protein damage markers with oxidative stress
and DAS28

AOPP are considered as a stable marker of oxidative protein
damage as they are produced in pro-oxidative conditions by
the action of chlorinated oxidants (mainly chloramines and
hypochlorous) [20]. The levels of AOPP present in the cell-
free fraction was 150.90±82.43 μM/mg protein (Table 2) and
showed a positive correlation with disease activity score (r=
0.48, 95 % CI 0.053 to 0.763, p<0.05, Fig. 2a) but correlated
poorly with generation of ROS (data not given).

ROS are known to react with the amino group of lysine
residues and cause carbonyl groups to be introduced into
proteins; therefore, the degree of carbonylation is considered
as an effective indicator of the extent of ROS-induced oxida-
tive modification of proteins [4]. A substantial amount of
protein carbonylation was present in the synovial cells, being
1.54±0.30 nmol/mg protein (Table 2). Additionally, the raised
levels of ROS sourced from synovial cells strongly correlated
with protein carbonylation (r=0.73, 95 % CI 0.403 to 0.893,
p<0.001, Fig. 2b). More specifically, the hydroxyl radical
which is considered as the most toxic among ROS strongly
correlated with protein carbonylation (r=0.64, 95 % CI
−0.112 to 0.927, p<0.05 Fig. 2c). The extent of protein
carbonylation also correlated with the DAS28 (r=0.67,
95 % CI 0.326 to 0.859, p<0.001, Fig. 2d).

Another important group of cytotoxic molecules includes
the nitrosothiols (RSNO) as they can disrupt the protein
structure and/or interfere with the catalytic activity of enzymes
[20, 21]. In the cell-free fraction of RA patients, the levels of

Table 1 Study population

Parameters Patients with RA (n=36)

Age range (median, IQR) in years 23–56 (40, 31–50)

Sex (female:male) 7:2

Duration of illness 11 months- 24 years

Duration of morning stiffness
(in minutes)a

115.20±88.94

DAS28a 5.63±1.11

DMARDs received Methotrexate (10–15 mg/week)
Sulfasalazine (1 g/day)
Hydroxychloroquine
(200–1,000 mg/day)

ACR criteria fulfilled Yes

Antioxidants received None

Rheumatoid factor (RF) Positive (29/36)

CRP (mg/l)a 47.57±29.21

ESR (mm/h)a 68.72±35.43

a Values indicated are mean±SD

Fig. 1 Representative profile of gated neutrophils in synovial fluid of a
patient with RA. a Representative profile of the characteristic side and
forward scatter of the cellular components present in the synovial fluid;
based on their morphological characteristics, neutrophils were gated as

R1. b Representative profile of % positivity of isotype mouse IgG1 in
neutrophils (R1). c Representative profile of % positivity of CD66b+ in
neutrophils (R1)
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RSNO were 6.62±1.54 μM and correlated with DAS28 (r=
0.61, 95 % CI 0.102 to 0.872, p<0.05, Fig. 2e); however, they
correlated poorly with intracellular ROS (data not given).

Markers of lipid damage correlated with markers of oxidative
stress and DAS28

Lipid peroxidation occurs following an attack on polyunsatu-
rated fatty acids of the membrane byROS and thereby initiates
a self-propagating chain reaction which culminates in destruc-
tion of membrane lipids and loss of cell viability [22]. In the
synovial fluid of RA patients, lipid peroxidation as measured
in terms of MDA was 6.24±1.47 μM. The levels of ROS in
terms of GMFC, mean±SD (1,293.10±648.50), and hydroxyl
radicals (188.05±36.80) strongly correlated with levels of

MDA, r=0.80 (95 % CI 0.522 to 0.925, p<0.001, Fig. 3a)
and r=0.69 (95 % CI 0.057 to 0.929, p<0.05, Fig. 3b),
respectively. Additionally, the levels of MDA also significant-
ly correlated with DAS28 (r=0.59, 95 % CI 0.207 to 0.821,
p<0.05, Fig. 3c).

Correlation of cytokines with the oxidant status

In the cell-free fraction, levels of proinflammatory cytokines
TNF-α, IL-6, and IL-8 were 418.40±210.40, 3,503.00±
2,118.00, and 1,861.00±1,622.00 pg/ml, respectively, and
corroborated with published data [1]. Although levels of all
three cytokines were raised, the generation of ROS correlated
only with levels of TNF-α, r=0.56 (p=0.12, 95 % CI being
−0.165 to 0.892, Fig. 4); whereas levels of IL-6 and IL-8
correlated poorly with ROS, r=0.19 (95 % CI −0.427 to
0.691) and −0.76 (95 % CI −0.930 to −0.337), respectively.

Discussion

In several disease pathologies, there is a large body of evi-
dence implicating the role of ROS that are generated as by-
products of cellular metabolism, primarily in the mitochondria
[4]. Physiological amounts of ROS are a mandatory cellular
requirement as they are involved in signaling pathways, reg-
ulating a variety of cellular activities including cytokine

Table 2 Markers of oxidative damage markers in synovial fluid from
patients with RA

Parameters Synovial fluid

AOPP (μM/mg protein) 150.90±82.43

Protein carbonylation (nmol/mg protein) 1.54±0.30

S-Nitrosothiols (μM) 6.62±1.54

MDA (μM) 6.24±1.47

Values indicated are Mean±SD. Synovial fluid was separated into cell-
free fraction and synovial cells; the extent of oxidative damage was
measured as described in “Materials and methods”

Fig. 2 Correlation between protein damage markers, oxidative stress,
and DAS28. a Relationship between DAS28 and levels of AOPP in
patients with RA. b Relationship between generation of ROS in neutro-
phils and protein carbonylation in patients with RA. c Relationship

between hydroxyl radicals generated in neutrophils and protein carbon-
ylation in patients with RA. d Relationship between DAS28 and protein
carbonylation in patients with RA. e Relationship between DAS28 and
level of S-nitrosothiols in patients with RA
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secretion, growth, differentiation, and host defense against
invading pathogens [23]. However, ROS can be considered
as a double-edged sword as it also has the potential to induce
significant biological damage by countering the cell’s robust
antioxidant system [1, 4]. It has been previously demonstrated
that in patients with RA, neutrophils obtained from the syno-
vial fluid generate large amounts of ROS [10, 19] which was
corroborated by this study. However, an unanswered yet per-
tinent question is whether enhanced generation of pro-
oxidants directly correlates with the extent of tissue damage
responsible for the disease progression.

Proteins are major components of the synovial fluid and
one of the main targets of oxidation, wherein the structure and
activity of proteins is altered along with prolongation of the
half-life of AOPPs. These circulating AOPPS have been re-
ported to be elevated in several diseases including Chagas
disease, Type 2 diabetes, neurodegenerative disorders, rheu-
matoid arthritis, systemic sclerosis, etc., and the concentration
of AOPPs ranged from 20.83 to 180.00 μM/mg protein
[24–27]. The scenario was similar in this study where levels
of AOPP in the synovial infiltrate were elevated (Table 2) and
importantly correlated positively with DAS28 (Fig. 2a),

strongly suggesting that measurement of AOPPs can serve
as a biomarker of tissue damage.

Carbonylation is an irreversible nonenzymatic modifica-
tion of proteins following the direct oxidation of amino acid
side chains (Pro, Arg, Lys, and Thr), resulting in the formation
of 2-pyrrolidone [28, 29]. The introduction of carbonyl groups
into proteins occurs by the Michael addition reactions of a,b-
unsaturated aldehydes, such as 4-hydroxy-2-nonenal, MDA
and 2-propenal (acrolein) derived from lipid peroxidation,
being inserted into either the amino group of lysine, the
imidazole moiety of histidine, or the sulfydryl group of cys-
teine leading to the generation of AOPPs [28].

As compared to other parameters of oxidative stress such as
glutathione disulphide and MDA, protein carbonyls tend to
form early and circulate in the blood for longer periods [28].
Among the protein oxidation markers, carbonyls are relatively
difficult to induce as compared to methionine sulfoxide and
cysteinyl derivatives as also higher levels of oxidative stress
are required for their induction. Therefore, the presence of
carbonyl groups indicates a higher generation of oxidative
stress in the synovial cells [28]. In patients with RA, plasma
levels of carbonylated proteins were higher than healthy con-
trols; similarly, in the SF of RA patients, higher degree of
carbonylation was evident vis a vis nonarthritic controls, e.g.,
osteoarthritis, with values ranging from 1.27 to 3.5 nmol/mg
of protein [13, 15, 18]. However, unlike our study, none of
these studies have concomitantly measured the extent of ox-
idative stress. A substantial amount of protein carbonylation
was evident (Table 2) which correlated positively with levels
of ROS (Fig. 2b) and hydroxyl radicals (Fig. 2c) as also with
disease severity (Fig. 2d). Taken together, the redox imbalance
following enhanced generation of pro-oxidants can be directly
linked to the extent of oxidative damage, strongly indicating
that antioxidants may well be considered as an additional
therapeutic modality in RA.

Nitric oxide (NO) is an important mediator of diverse
physiologic and pathologic processes, including arthritis.
However, as NO has a relatively short half-life (1 to 10 s), it

Fig. 3 Correlation of lipid damage marker with oxidative stress and
DAS28. a Relationship between generation of ROS in neutrophils and
levels of MDA in patients with RA. b Relationship between hydroxyl

radicals generated in neutrophils and levels of MDA in patients with RA.
c Relationship between DAS28 and levels of MDA in patients with RA

Fig. 4 Correlation between levels of TNF-α and ROS. Relationship
between generation of ROS in neutrophils and levels of TNF-α in patients
with RA
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is technically difficult to quantify [16, 30]. Aviable alternative
is measurement of S-nitrosothiols being a relatively stable
form, whose levels would reflect the amount of NO that forms
adducts with cellular SH compounds, such as glutathione,
thereby decreases the bioavailability of free thiols in biologi-
cal fluid, rendering cells to become more susceptible to oxi-
dative stress. This relatively stable complex can also diffuse to
remote sites and release bioactive NO. In previous studies, we
have shown that relatively low amounts of NO was generated
in the synovial cells [19] and showed a poor correlation with
DAS28, whereas the levels of S- nitrosothiols correlated with
DAS28 (Table 2, Fig. 2e).

Malonaldehyde which arises from the breakdown of lipid
peroxyl radicals is an important indicator of oxidative stress
and mediates injury by oxidizing protein molecules and by
facilitating incorporation of protein carbonyl and sulfydryl
groups [18, 31]. Lipid peroxidation is a self-propagating chain
reaction wherein the initial oxidation of a few lipid molecules
perpetuates significant tissue damage [22]. MDA levels were
enhanced in RA patients, both in plasma and SF as also
patients with Chagas disease and diabetes mellitus, the values
ranged from 0.71 to 4.8 μM [18, 24–27]. In this study, the
MDA levels were comparable (Table 2) and importantly cor-
related with both levels of ROS and OH radicals (Figs. 3a, b)
as also the DAS28 (Fig. 3c) which was in concordance with
previous studies that indicated a positive correlation between
levels of ROS, hydroxyl radical, and DAS28 [10]. Although
TNF-α showed a positive correlation with generation of ROS
(Fig. 4), other proinflammatory cytokines like IL-6 and IL-8,
even though present in higher levels in SF, correlated poorly
with levels of ROS, possibly because increased levels of
proinflammatory cytokines are contributed by multiple fac-
tors, one of them being oxidative stress.

Measurement of oxidative stress in peripheral blood has
been shown to mirror the status in the synovial infiltrate
and it was proposed that measurement of ROS in peripheral
blood can serve as an indirect measure of the degree of
inflammation in patients with RA [10]. As this study has
established a strong correlation between increased oxidative
damage and causative agents such as ROS and OH radicals,
it strengthens our contention that measurement of oxidative
stress (peripheral blood and/or SF) is an effective biomarker
for monitoring disease activity. Administration of metho-
trexate along with an antioxidant has been shown to sup-
press disease progression in rat models of arthritis [32].
Moreover, in an adjuvant-induced arthritis model, combi-
natorial treatment of methotrexate with an antioxidant had
beneficial effect in terms of disease progression and atten-
uation of increased methotrexate-induced liver damage [33,
34]. Taken together, the positive correlation between dis-
ease severity and oxidative damage suggests that inclusion
of antioxidants in the pharmacotherapy of RA is worthy of
future consideration.
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