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Abstract—Pemetrexed (PMTX) is an anti-folate drug as methotrexate. The purpose of this study was to
assess the efficacy of PMTX on collagen-induced arthritis (CIA). Forty Wistar albino rats were randomized
into four groups. Arthritis was induced by intradermal injection of chicken type II collagen combined with
incomplete Freund’s adjuvant. Animals were sacrificed at the 15th day after the onset of arthritis. Tumor
necrosis factor alpha (TNF-α), interleukin (IL)-17, and malondialdehyde (MDA) levels were increased, and
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) activities and the expressions
of nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) were decreased in the
arthritis group. In the PMTX-treated (0.2 and 1 mg/kg/week i.p.) groups, the levels of TNF-α, IL-17, and
MDAwere decreased; the activities of SOD, CAT, and GPx and the expressions of Nrf2 and HO-1 were
restored, and perisynovial inflammation and cartilage–bone destruction were decreased. PMTX has anti-
arthritic potential in the CIA model and may be a therapeutic agent for rheumatoid arthritis.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic systemic in-
flammatory disease that causes morbidity and mortality
[1]. The treatment of RA is difficult because of its uncertain
etiopathogenesis and variable clinical findings. Currently,
pro-inflammatory cytokines are accepted playing a key
role in the pathogenesis of RA [2]. They directly build
pannus formation and lead to joint damage. Moreover, free
radicals released from inflammatory cells enhance the joint
damage. In addition to the increase of oxidants, anti-
oxidants are decreased in patients with RA. Joint erosions
occur within the first six monthly period of this disease [3].

Pemetrexed (PMTX) is an anti-folate drug as metho-
trexate (MTX). PMTX inhibits several folate-dependent
enzymes including mainly thymidylate synthase, more
effectively than MTX. Because of these features, PMTX
has been included into multiple target folic acid antago-
nists. In addition, PMTX versusMTX is better substrate for
folylpolyglutamate synthase that increases potency and
half-life of folic acid analogs [4]. Positive results have been
obtained by using PMTX in oncological diseases that
MTX is not effective [5, 6].

Collagen-induced arthritis (CIA) is an experi-
mental arthritis model that is widely used in the
studies on treatment methods [7]. The CIA model
has been used as a model of experimental arthritis
since 1977 [7]. CIA is a well-defined animal model
of human RA. Injection of type II collagen leads to
the development of severe polyarticular arthritis in
mammals and rodents. This model which is associat-
ed with the immune system causes erosion of both
bone and cartilage leading to severe loss of joint
function. The mechanism of arthritis formation has
not clearly defined. However, it is known that both B
and T cells play a role in the pathogenesis of arthritis
as in human RA [8].

The purpose of the present study is to explore the
efficacy of PMTX treatment in a CIA model.
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MATERIALS AND METHODS

Animals. Female albino Wistar rats obtained from the
Firat University Research Center, Elazig, Turkey, were
used in the study. This study was conducted on 40 female
albino Wistar rats, 8–10 weeks old, weighing 200–250 g.
They were housed four per cage at a temperature of
22±2 °C and humidity of 55±5 % with 12-h light/
dark cycle under a controlled environment. Rats were fed a
standard pellet diet and water ad libitum. The study was
approved by the Animal Experiments Ethics Committee of
Firat University.

Experimental Design. The rats were randomized into
four groups (n=10 in each group). Group I as control
group, group II as arthritic sham group, group III as
lower-dose PMTX group, and group IV as higher-dose
PMTX group were assigned. Type 2 collagen (Sigma-
Aldrich, St. Louis, USA) obtained from chicken sternum
was diluted with 0.1 M acetic acid (1 mg/ml). The collagen
solution was emulsified with an equal amount of incom-
plete Freund’s adjuvant (Difco Laboratories, Detroit,
USA). The resulting solution was administered to group
II, III, and IV rats with intradermal injections into the tail
dorsal (100 μg/rat) and back paws (50 μg to each paw and
total 200 μg to each rat). Seven days after the first admin-
istration, booster injection (100 μg to each rat) was given
through the tail dorsal. Following the collagen injection,
each rat was assessed on a daily basis for the development
of arthritis and the clinical scoring of arthritis. Clinical
scoring of arthritis was performed on each back paws on
a scale between 0 and 4 points as described previously [9].
Group III and group IV rats were given intraperitoneal
doses of 0.2 mg/kg/week and 1 mg/kg/week PMTX
(Alimta, Eli Lilly, Istanbul, Turkey), respectively, at the
14th, 21st, and 28th days after onset of arthritis.

Sample Collection. All rats were sacrificed by decapi-
tation on day 29 at the 15th day after the onset of arthritis.
Blood samples were collected, and the back paws were
amputated from the knee down for further histopathologi-
cal analysis. The blood samples were centrifuged at 3,000
rpm for 10 min, and the harvested sera were kept at −20 °C
until the day of analysis. One back paw was fixed with 10
% formalin solution and embedded in paraffin for histo-
pathological examination, and the other back paw was
stored immediately at −80 °C for Western blot analysis.

Histopathological Evaluations. Tissue samples fixed in
formalin solution were decalcified with 10 % nitric acid
(30 days) to prepare paraffin blocks. Cross sections taken
from the blocks were stained with hematoxylin and eosin
(H&E). Then, they were examined by a specialist

pathologist under ×40, ×100, ×200, and ×400 magnifica-
tions in a light microscope to assess inflammatory cell
infiltration, pannus formation, and bone destruction around
the joint. The samples were scored on a scale between 0
and 4 points for histopathological scoring as described
previously (Tables 1 and 2) [10, 11].

Biochemical Analysis. Serum TNF-α (Invitrogen,
Camarillo, CA, USA) and interleukin (IL)-17 (Uscn Life
Science Inc., China) levels were studied using the relevant
commercial kits according to the enzyme-linked immuno-
sorbent assay (ELISA) method. Serum superoxide dismu-
tase (SOD), catalase (CAT), and glutathione peroxidase
(GPx) activities were analyzed using appropriate commer-
cial kits (Cayman Chemical Company, Ann Arbor, MI,
USA) in accordance with ELISA method. Serum malon-
dialdehyde (MDA) levels were measured with a high-
performance liquid chromatography device (Shimadzu,
Japan).

Western Blot Analysis. Joint tissue samples were ana-
lyzed for the expression of nuclear factor erythroid 2-
related factor-2 (Nrf2) and heme oxygenase-1 (HO-1) us-
ing theWestern blot technique. In all groups, the hind paws
were excised rapidly from sacrificed rats and then quickly
frozen at −80 °C. Small pieces of the paw joints in each
group of animals were pooled together for Western blot
analysis. Homogenates were prepared in ice-cold lysis
buffer containing 50 mM Tris–HCl (pH, 8.0), 150 mM
NaCl, 5 mM EDTA, 1 % Triton X-100, 0.26 % sodium
deoxycholate, 50 mM sodium fluoride, 10 mM β-glycer-
ophosphate, 0.1 mM sodium orthovanadate, 10 μg/ml
leupeptin, and 50 μg/ml phenylmethylsulfonyl fluoride
(PMSF) and incubated on ice for 40 min [12]. Eighty
microliters of 10 % Nonidet P-40 (NP-40) solution was
added to the homogenates, and the mixture was then
centrifuged for 2 min at 14,000g at 4 °C for removing the
cellular debris and isolating total protein. Concentration of
the protein was determined according to the procedure
described by Lowry et al. [13] using a protein assay kit
supplied by Sigma (St. Louis, MO, USA). Sodium dodecyl
sulfate–polyacrylamide gel electrophoresis sample buffer

Table 1. Histopathologic Assessment of Inflammation Severity

Perisynovial tissue (PT) inflammation severity Score

Normal PT 0
PT inflammation, no aggregates 1
PT inflammation, occasional, small, focal aggregates 2
Moderate PT inflammation, many small aggregates 3
Diffuse PT inflammation and large aggregates 4
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containing 2 % β-mercaptoethanol was added to the su-
pernatant. Equal amounts of protein (50 μg) were electro-
phoresed and subsequently transferred to nitrocellulose
membranes (Schleicher and Schuell Inc., Keene, NH,
USA). Nitrocellulose blots were washed twice for 5 min
each in phosphate-buffered saline (PBS) and blocked with
1 % bovine serum albumin in PBS for 1 h prior to appli-
cation of the primary antibody. The antibody against Nrf2
and HO-1 was purchased from Abcam Inc. (Abcam, Cam-
bridge, UK). Primary antibody was diluted (1:1000) in the
same buffer containing 0.05 % Tween-20. The nitrocellu-
lose membrane was incubated overnight at 4 °C with
protein antibody. The blots were washed and incubated
with horseradish peroxidase-conjugated goat anti-mouse
IgG (Abcam, Cambridge, UK). Specific binding was
detected using diaminobenzidine and H2O2 as substrates.
Protein loading was controlled using a monoclonal mouse
antibody against β-actin antibody (A5316; Sigma). Blots
were performed at least three times to confirm the repro-
ducibility of the results. Bands were analyzed densitometri-
cally using an image analysis system (Image J; National
Institute of Health, Bethesda, USA).

Statistical Analysis. Statistical evaluations were per-
formed using the SPSS package program, version 21. Data
were presented as mean±standard deviation. Kruskal–
Wallis one-way analysis of variance was used for com-
parisons among the groups, and the Mann–Whitney U
test was used for dual comparisons. Differences in
continuous values (clinical scoring of arthritis on 14th
and 29th days) were assessed using the Wilcoxon rank-
sum test. A p value of <0.05 was considered to be
significant.

RESULTS

Clinical Scoring of Arthritis. Arthritis was clinically
developed in all rats of the groups II, III, and IV at 12 to
13 days after the injection of collagen. The 29th day scores
were decreased in the groups III and IV compared to the

own 14th day score (p<0.05 for both), while it was in-
creased in the group II (p<0.05). Moreover, the mean
arthritis scores on the 29th day in the groups III and IV
were lower than those in the group II (p<0.01 and
p<0.001, respectively) (Fig. 1).

Histopathological Evaluations. The histopathological
scoring of joint tissue samples showed a significant de-
crease in inflammation and destruction scores of groups III
and IV when compared with group II (Table 3). Destruc-
tion score in the group IV was lower than in the group III
(p<0.01), but inflammation scores were similar in the
groups III and IV (p>0.05) (Fig. 2).

Serum Pro-inflammatory Cytokine Levels. Serum TNF-
α, and IL-17 levels in the group II were higher than in the
group I (p<0.01 for both). They were similar in the groups
III and IV (p>0.05). However, their levels were lower in
the groups III and IV than in the group II (Table 3). The
mean serum TNF-α levels of groups III and IV were
similar in the group I (p>0.05 for both), while serum IL-
17 levels were higher in the groups III and IV than in the
group I (p<0.01 and p<0.01, respectively) (Table 3).

Serum Malondialdehyde Levels. Serum MDA levels
were higher in the group II than in the group I (p<0.01).
On the other hand, serum MDA levels were lower in the
groups III and IV than in the group II (p<0.01 for both)
(Table 3). No significant difference in MDA levels was
observed between groups III and IV (p>0.05).

Serum Anti-oxidants. SOD, CAT, and GPx activities
were lower in the group II than in the group I (p<0.01
for all). However, they were higher in the group III than in
the group II (p<0.01, p<0.05, and p<0.05, respectively).
SOD andGPx activities were higher in the group IV than in
the group II (p<0.01 for all). However, there was no
significant difference between groups II and IV in terms
of the CAT activities (p>0.05) (Table 3).

Western Blot Analysis. The Nrf2 and HO-1 expressions
were lower in the group II when compared to the group I
(p<0.05 for both). Nrf2 and HO-1 expressions were higher
in the group III than in the group II (p<0.05). Moreover,
Nrf2 andHO-1 expressions were higher in the group IV than
in the group II (p<0.01 and p<0.05, respectively) (Fig. 3).

DISCUSSION

In the present study, synovial inflammatory cell infil-
trations; cartilage–bone destruction; and the serum levels
of TNF-α, IL-17, MDA, and anti-oxidant enzyme activi-
ties (SOD, CAT, and GPx) were investigated in an

Table 2. Histopathologic Assessment of Arthritis Severity

Arthritis severity Score

Normal cartilage and bone tissue 0
Synovial hyperplasia or hypertrophy 1
Pannus or superficial cartilage erosion 2
Subchondral erosion, mild bone erosion 3
Marked bone erosion 4
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experimental model of arthritis CIA. Moreover, the effec-
tiveness of PMTX, an anti-folate drug in the treatment of
experimental arthritis, was evaluated. PMTX decreased the
inflammatory cell infiltrations; cartilage–bone destruction;
and serum TNF-α, IL-17, and MDA levels, while it re-
stored SOD, CAT, and GPx anti-oxidant enzyme activities.
The therapeutic potential of PMTX in CIA model was
observed in the present study.

RA is a chronic systemic inflammatory disease that
can cause morbidity and mortality [1, 14]. Recent studies
show that 50% of patients with RA became unable to work

in the first ten yearly periods [15]. RA severely impacts on
the quality of life, and patients with RA have high rate of
work disability. Consequently, the economic burden of RA
is substantial. The main purpose of RA treatment should be
the minimizing loss of function.

There are many studies about efficacy of alternative
biologic therapy agents developed against disease-
modifying anti-rheumatic drugs (DMARDs). In a study
about radiographic progression, it has been shown that
there is no difference between the treatments of conven-
tional DMARDs and biological therapy agents. Cost effec-
tiveness analysis shows that biological agents are not su-
perior to conventional DMARDs [16]. Moreover, biologi-
cal agents consist of several concerns. For instance, the risk
of bacterial infection has been increased in patients treated
with these agents [17]. Therefore, cost-effective new
agents comprising less toxicity are needed to enhance the
treatment options of RA [18].

Nowadays, MTX is the most commonly used
DMARD [19]. Several mechanisms are proposed for the
activity of MTX. These include anti-inflammatory, anti-
proliferative, and immunosuppressive effects [20]. PMTX
is an anti-folate drug as MTX. While MTX inhibits only
dihydrofolate reductase, PMTX inhibits multiple targets.
Its effects caused by disrupting several folate-dependent
metabolic pathways essential for cell replication
through inhibiting thymidylate synthase, glycinamide
ribonucleotide transferase, and, to a lesser extent, at 5-ami-
noimidazole-4-carboxamide ribonucleotide formyltransfer-
ase and dihydrofolate reductase enzymes [21]. In our study,
arthritis scores were reduced in mice treated with PMTX.
This preliminary study documents the anti-arthritic effect of

Fig. 1. Assessments of daily arthritis score in the all study groups.
Multiplication sign the mean 14th day clinical arthritis scores were
higher in the groups II, III, and IV than in the group I (p<0.01 for all). Plus
sign the mean 29th day score of group II was higher than that of groups III
and IV (p<0.01 and p<0.001, respectively). Asterisk the 29th day scores
were decreased in the groups III and IV compared to the own 14th day
score (p<0.05 for both).

Table 3. Clinical and Laboratory Data in the Study Groups

n=10 for each group Group I (control) Group II (arthritis) Group III (PMTX 0.2 mg/kg) Group IV (PMTX 1 mg/kg)

14th day arthritis score – 1.4±0.7 1.9±1.3 1.4±0.5
29th day arthritis score – 2.4±0.5 1.0±0.6## 0.4±0.5###,†
Inflammation score – 4.0±0.0 3.2±0.9# 2.4±0.9###
Cartilage–bone destruction score – 3.9±0.3 3.3±0.7## 2.0±0.0###,††
TNF-α (pg/ml) 25.6±5.0 62.7±12.9** 31.7±7.1## 30.7±10.4##
IL-17 (pg/ml) 29.5±8.3 65.7±8.9** 42.3±4.8**,## 47.0±5.6**,##
MDA (μmol/l) 0.58±0.23 1.60±0.20** 0.69±0.14## 0.70±0.16##
SOD (U/ml) 12.0±7.3 3.4±1.6** 6.5±2.7**,## 6.5±1.8**,##
CAT (nmol/min/ml) 0.33±0.07 0.12±0.08** 0.23±0.08*,# 0.13±0.1**
GPx (nmol/min/ml) 335.5±179.2 179.1±45.2** 292.0±126.2# 322.0±198.2##

Data were presented as mean±standard deviation
PMTX pemetrexed, TNF tumor necrosis factor, IL interleukin,MDAmalondialdehyde, SOD superoxide dismutase,CATcatalase,GPx glutathione peroxidase
When compared to the group I: *p<0.05, **p<0.01
When compared to the group II: #p<0.05, ##p<0.01, ###p<0.001
When compared to the group III: †p<0.05, ††p<0.01.
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PMTX but cannot suggest that PMTX is superior to MTX.
For instance, oral bioavailability of PMTX has not been

evaluated in human yet. However, the oral absorption of
PMTX has been documented to be low in mice.

Fig. 2. Histopathological sections of joints in study groups (H&E×40). Normal perisynovial tissue and cartilage–bone appearance in the group I (a). Obvious
perisynovial inflammation and destruction of cartilage–bone in the group II (b). Decreased perisynovial inflammation and synovial hyperplasia in group III
(c) and group IV (d).

Fig. 3. Western blot analysis and densitometric quantifications of Nrf2 (a) andHO-1 (b). Representative blots, repeated at least three times (n=4), are shown.
Actin was included to ensure equal protein loading. The densitometric quantifications were normalized to actin densities for each sample and expressed as
mean±SD. Different letters (a–b, a–c, and b–c) indicate group mean differences (p<0.05). Nrf2 nuclear factor erythroid 2-related factor-2, HO-1 heme
oxygenase-1.
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IL-17 plays an important role in the pathogenesis of
RA. IL-17 is a pro-inflammatory cytokine that leads to
bone destruction by RANKL activation. In RA patients,
high levels of IL-17 have been determined in both periph-
eral blood and synovial fluid [22]. Miranda-Carus et al.
[23] have showed that treatment with MTX reduced IL-17
levels in an experimental arthritis model. TNF-α is an
important cytokine, which plays critical role in the patho-
genesis of inflammation and proliferation in RA. TNF-α is
released from monocytes, and it is determined at high
levels in the synovial fluid, tissues, and serum of RA
patients [24]. Arthritis has been shown to be suppressed
by the treatment methods targeting to TNF-α. Seitz et al.
[25] have showed that MTX treatment reduced TNF-α
levels in RA patients. In our study, IL-17 and TNF-α levels
increased in the arthritis group and decreased in the
PMTX-treated groups.

Oxidative stress plays a critical role in the pathogen-
esis of RA [26]. In RA patients, radicals released from
inflammatory cells in the synovial fluid such as superoxide
and hydrogen peroxide cause joint damage and pannus
formation [27]. SOD, CAT, and GPx are the enzymes that
play a role in defense system against free radicals. Thus,
they act anti-oxidant actions. The activities of these anti-
oxidant enzymes have been shown to be decreased in
patients with RA [28–31]. On the other hand, Salvenimi
et al. [32] have showed that SOD treatment reduces the
cartilage and bone destruction in experimental arthritis. In
our study, SOD, CAT, and GPx activities are decreased in
experimental arthritis, while PMTX treatment restored
their activities.

Free radicals damage protein, lipid, and DNA struc-
ture [33]. They generate lipid peroxidation reacting with
membrane lipids. Lipid peroxidation damages membrane
structure and other cell components by producing reactive
aldehyde. Thus, it causes many diseases and tissue damage
[34]. MDA, which is an oxidative stress marker, is a
product of lipid peroxidation [35]. In previous studies on
RA patients, high levels of MDA have been determined in
both synovial fluid and sera [36]. On the other hand,
Bauerova et al. [37] have showed thatMDA levels reduced
with MTX treatment in experimental arthritis model. Sim-
ilarly, MDA levels were determined to be increased in
arthritis group when compared with control group in our
study. Moreover, treatment with PMTX decreased MDA
levels.

Nrf2, a redox-sensitive transcription factor, binds to
anti-oxidant response elements (ARE) encoding many
phase II detoxifying or anti-oxidant enzymes and
related stress-responsive proteins including glutathione

S-transferase, GPx, and HO-1. Thus, Nrf2 regulates redox
status and plays key roles in cellular defense by enhancing
the removal of reactive oxygen species [38]. It has been
documented that Nrf2-knockout mice had more severe
cartilage injuries and more oxidative damage, and the
expression of Nrf2 target genes was enhanced in Nrf2
wild-type, but not in knockout, mice during arthritis [39,
40]. These results [39, 40] support a protective role of
Nrf2 against joint inflammation. In the present study, Nrf2
and HO-1 expressions were decreased in the arthritis
group, while PMTX treatment increased their expressions.
It may be concluded that anti-inflammatory effects of
PMTX lead to the restoration of oxidative stress. At the
end of the treatment, anti-oxidant potentials of PMTXmay
contribute to its anti-arthritic effects.

The present study has several limitations. Firstly, our
study does not comprise a MTX comparison group. It
would be better to examine similar and different actions
of MTX and PMTX.

In conclusion, PMTX inhibits several pathways that
play a significant role for the pathogenesis of RA, in CIA
model. These results suggest that PMTX may be a novel
candidate DMARD as alternative to MTX. However, fur-
ther and more detailed studies are needed for use of PMTX
on human RA as an alternative treatment agent.
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