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Abstract

Objective This study aimed to assess the chondroprotec-
tive potential of atorvastatin in rat’s cartilage explant
culture model of osteoarthritis, stimulated by interleukin-
1B (IL-1B).

Materials and methods The cartilage explants were
treated with 20 ng/ml IL-1P alone or with 20 ng/ml IL-
1B + various concentration of atorvastatin (1, 3, or 10 uM
dissolved in DMSO) and incubated at 37 °C for 24 h. Also,
control (0.25 % DMSO), stimulated (20 ng IL-1f8) and
treatment (atorvastatin 10 uM) cartilage explants were
incubated without and with 1400W (10 puM). After 24 h of
incubation, TNF-o, PGE,, MMP-13, TIMP-1, NO, and
superoxide anion formation (O, ) concomitant with gly-
cosaminoglycans (GAGs) were estimated in the medium.
Results Atorvastatin inhibited IL-1B-induced GAGs
release, TNF-a, MMP-13, and O,  with no effect on
TIMP-1 and NO. In addition, the source of NO in normal
and atorvastatin-treated cartilage was eNOS, while for IL-
1B-stimulated cartilage it was iNOS. The cartilage degra-
dation was associated with the combined effects of
increased NO and O, rather than only NO.

Conclusion The present study suggests that atorvastatin
has the ability to protect cartilage degradation following
IL-1B-stimulated cartilage in in vitro OA model and sup-
ports additional therapeutic application of atorvastatin in
OA.
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Abbreviations
MMP Matrix metalloproteinases

TIMP Tissue inhibitors of matrix metalloproteinases
TNF-oo  Tumor necrosis factor-o

IL-1B Interleukin-1 beta

PGE, Prostaglandin E2

NO Nitric oxide

GAGs  Glycosaminoglycans

DMSO Dimethyl sulfoxide

DMMB 1, 9-dimethylmethylene blue

MTT Methylthiazolyldiphenyl-tetrazolium bromide
ROS Reactive oxygen species

Introduction

Osteoarthritis (OA) is a major cause of disability in aged
people worldwide [1]. Progressive degeneration of the
cartilage is one of the hallmarks of OA. Unfortunately,
despite extensive research, the etiology of OA is poorly
known and its treatment is still restricted to analgesics and
non-steroidal anti-inflammatory drugs (NSAIDs) which are
based on symptoms rather than underlying causes [2].
Therefore, a need to develop an alternative option which
could modify or reverse the progression of cartilage deg-
radation in affected joint is warranted.

Previously, OA was considered as a degenerative dis-
ease; however, due to the presence of inflammatory
cytokines, immunoglobulin and other mediators in the
joints, the role of inflammation in disease progression in
cartilage degeneration has been widely accepted [3-5].
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Tumor necrosis factor-oo (TNF-o) and interleukin-1 beta
(IL-1B)-mediated inflammatory cascade led to the produc-
tion of matrix metalloproteinases (MMPs) and nitric oxide
(NO). The role of MMPs through enzymatic cleavage
together with cytokines in the initiation and progression of
cartilage destruction had been demonstrated [6, 7]. The
elevated NO levels cause hyperalgesia through prosta-
glandins (PGs)-mediated sensitization of nociceptors to
other mediators [8, 9]. Furthermore, the extent of extra-
cellular matrix (ECM) degradation is also highly associated
with an imbalance between MMPs and tissue inhibitors of
matrix metalloproteinases (TIMPs) [10]. Hence, a thera-
peutic approach regulating the inflammation and MMPs/
TIMPs balance could be effective in the treatment of OA.

IL-1B, a proinflammatory cytokine—one of the most
catabolic factors which plays a vital role in the pathogen-
esis of OA [11] through enhanced production of MMPs,
inhibition of TIMPs [12, 13] and also by suppressed syn-
thesis of ECM and increased apoptosis, thus inhibiting
cartilage repair process [7]—has been extensively used to
establish OA model in cartilage and chondrocytes [14, 15].

Statins (HMG-CoA reductase inhibitors) are widely used
therapeutically in patients with hyperlipidemia in cardiovas-
cular disease [16, 17]; however, lipid-independent beneficial
effects of statins have also been recognized [17]. In addition,
the beneficial effects of statins have also been demonstrated
through its anti-inflammatory activity [18-20] and its ability to
inhibit MMPs [21-23]. These properties of statins have been
used to modify inflammatory disease states such as rheuma-
toid arthritis (RA) [24, 25]. Based on these properties of
statins, we hypothesized that atorvastatin, a most widely pre-
scribed statin, may have the potential to prevent degeneration
of articular cartilage. Thus, in the present study, we investi-
gated the potential of atorvastatin to protect cartilage against
the imbalance of MMP-13/TIMP-1, inflammation and NO in
an IL-1B-mediated OA model in cartilage explant culture.

Materials and methods

Animals

Adult male albino Wistar rats (180-250 g) were procured
from the Laboratory Animal Resource Section of the
institute. Experimental protocol and animal husbandry
were conducted according to ethical principles and ethical
guidelines of the CPCSEA. All animal experiments were
duly approved by the Institute Animal Ethics Committee.

Cartilage explant culture

Articular cartilages (femoral head) were obtained surgi-
cally under sterile conditions from adult rats and
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submerged in complete medium (DMEM, supplemented
with heat-inactivated 10 % fetal bovine serum (FBS);
100 unit/ml of penicillin; 10 pg/ml streptomycin). After
rinsing several times with complete medium, the cartilage
explants were then incubated for 24 h at 37 °C in a
humidified 5 % CO,/95 % air incubator for stabilization.
After 24 h, the medium was replaced with serum-free
medium (DMEM, supplemented 100 unit/ml of penicillin;
10 pg/ml streptomycin without FBS). The cartilage were
placed in 24-well plates and treated with various con-
centration of atorvastatin (Glenmark, India) followed by
challenging with rat IL-1fB. The cartilage explants were
treated with 20 ng/ml IL-1B alone or with 20 ng/ml IL-
1B + various concentrations of atorvastatin (1, 3, or
10 uM dissolved in 25 % DMSO to make a final con-
centration of 0.25 % DMSO) and incubated at 37 °C for
24 h. In parallel, explants were also cultured with DMSO
(final concentration 0.25 %) without IL-1f and atorva-
statin and were used as normal control (0.25 % DMSO
control). To know the effect of NO and its sources, control
(0.25 % DMSO), stimulated (20 ng IL-1p), and treatment
(atorvastatin 10 pM) explants’ culture of cartilage were
incubated without and with 1400W (10 uM). The super-
natants were collected at 24 h and stored at —20 °C until
use.

MTT assay for cartilage viability

The concentration of atorvastatin for our study was deter-
mined by cartilage viability test using MTT [26]. Articular
cartilage of rats (femoral head) were placed in 24-well
plate and incubated with various log doses of atorvastatin
(1, 3, 10, 30, 100, and 300 uM dissolved in DMSO, with
the final concentration of DMSO not more than 0.25 %) for
24 h at 37 °C in a humidified 5 % CO,/95 % air incubator.
Cartilage explants were removed from medium, weighed,
and incubated in 200 pl of a 0.1 % (w/v) solution of MTT
in phosphate buffer saline at 37 °C for 4 h. After removal
of MTT, the dye crystals were solubilized in extraction
buffer (1000 pl of 96 % isopropanol and 4 % 1 M hydro-
chloric acid) for an additional 30 min at room temperature.
The resulting solution was read on a spectrophotometer at
an absorbance of 563 nm. The cartilage viability was
expressed as absorbance at 563 nm/mg cartilage/ml of
isopropyl alcohol. The results were expressed as viable
cartilage (% of normal control) assuming 100 % of carti-
lage viability of normal control.

Enzyme-linked immunosorbent assay (ELISA)
The levels of TNF-o (Koma Biotech Inc. South Korea),

PGE, (Cayman chemical, USA), MMP-13, and TIMP-1
(Genetix Biotech Asia Pvt. Ltd.) in the harvested explant
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culture media after 24 h were quantified using ELISA kits
according to the manufacturer’s instructions. Values were
expressed as picograms per milligram of wet cartilage. A
best-fit linear standard curve was developed for TNF-o
(R* > 0.999), PGE, (R* > 0.994), MMP-13 (R* > 0.972),
and TIMP-1 (R* > 0.998).

Glycosaminoglycan (GAG) degradation assay

GAG levels in the explant culture medium were deter-
mined by the amount of polyanionic material reacting with
1, 9-dimethylmethylene blue (DMMB) [27], using shark
chondroitin sulfate (Sigma-Aldrich, USA) as the standard.
The samples were examined spectrophotometrically at
540 nm. The results were expressed as microgram GAG
released into the medium per milligram of the cartilage
tissue (wet weight).

Measurement of NO

Nitrite, a stable product of NO, was analyzed in culture
medium, using the spectrophotometric method at
545 nm based on the Griess reaction [28]. The concen-
tration of nitrite (WM/1) was measured from the standard
curve and results were expressed as pM nitrite released
into the medium per milligram wet weight of the carti-
lage tissue.

Measurement of superoxide anion (O, ) formation

O, formation was indirectly estimated spectrophotomet-
rically at 540 nm as reduced nitroblue tetrazolium which
forms formazan as an index of superoxide anion generation
[29]. The results were expressed as picomole/min/mg
cartilage

Statistical analysis

The results were expressed as mean =+ standard error of
means (SEM) followed by one-way ANOVA along with
Tukey’s multiple comparison tests using Graph Pad Prism
Version-4.0 software. A p value <0.05 was considered to
be statistically significant.

Results

Cartilage viability assay

In the present study, cartilage viability was found to be
120, 117, 130, 90, 31, and 12 % respectively at 1, 3, 10, 30,
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Fig. 1 Effect of atorvastatin on cartilage viability in cartilage explant
cultures”. Cartilage explants were treated with various concentrations
of atorvastatin (1, 3, 10, 30, 100, and 300 uM) dissolved in DMSO
(final concentration 0.25 %) for 24 h, followed by MTT assay. n = 5.
Relative viability of atorvastatin-treated cartilage was expressed in
percentage (%) of control group as 100 %. ATR atorvastatin

100, and 300 uM concentration of atorvastatin as com-
pared to normal control cartilage (Fig. 1).

Atorvastatin inhibits the IL-1f-induced production
of inflammatory cytokines

Inflammatory cytokines such as TNF-o and inflammatory
product PGE,, estimated by ELISA, were increased sig-
nificantly, compared to control group (0.25 % DMSO) in
the cartilage explant culture media in response to IL-1f
challenge (Fig. 2). Atorvastatin at 3 and 10 pM signifi-
cantly decreased TNF-a and PGE, levels.

Effect of atorvastatin on MMP-13 and TIMP-1
in IL-1B-induced cartilage explant cultures

IL-1B enhanced MMP-13, but decreased TIMP-1 produc-
tion in cultured cartilage explants (Fig. 3). Atorvastatin at 3
and 10 pM significantly inhibited the IL-1B-induced
increased production of MMP-13; however, no effect was
observed on TIMP-1 at any concentration of atorvastatin
used in the present study.

Effect of atorvastatin on GAGs, O, , and nitrite
production in IL-1B-induced cartilage explant cultures

GAGs, O,7, and nitrite production were significantly
enhanced after IL-1P challenge to the cartilage. Atorva-
statin at 3 and 10 uM significantly inhibited the IL-1(-
induced increased production of GAGs and O, ; however,
no such effects were observed on nitrite at any concen-
tration of atorvastatin in the present study (Fig. 4).
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Fig. 2 Effect of atorvastatin on the levels of TNF-a (a) and PGE,
(b) in IL-1p-induced cartilage explant cultures”. Cartilage explants
were treated with IL-1B (20 ng/ml) or/and various concentration of
atorvastatin (1, 3 and 10 uM) for 24 h, followed by ELISA. n = 6.
The vertical lines at the top of the bars represent the SEM. The bars
bearing no superscript in common differ significantly (p < 0.05). ATR
atorvastatin
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Fig. 3 Effect of atorvastatin on the activity of MMP-13 (a) and
TIMP-1 (b) in IL-1B- induced cartilage explant cultures”. Cartilage
explants were treated with IL-1p (20 ng/ml) or/and various concen-
tration of atorvastatin (1, 3 and 10 uM) for 24 h, followed by ELISA.
n = 6. The vertical lines at the top of the bars represent the SEM. The
bars bearing no superscript in common differ significantly (p < 0.05).
ATR atorvastatin
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Fig. 4 Effect of atorvastatin on the activity of GAGs release (a), O,
formation (b), and nitrite production (¢) in IL-1f- induced cartilage
explant cultures”. Cartilage explants were treated with IL-1f (20 ng/
ml) or/and various concentration of atorvastatin (1, 3 and 10 pM) for
24 h, followed by DMMB assay for GAGs, NBT reduction method
for O, , and the Griess reaction assay for nitrite. n = 6. The vertical
lines at the top of the bars represent the SEM. The bars bearing no
superscript in common differ significantly (p < 0.05). ATR
atorvastatin

Effect of 1400W on nitrite, O,~, and GAGs production
in normal, IL-1B-stimulated, and atorvastatin-treated
cartilage in explant culture

Figure 5 depicts the effects of 1400W (10 uM) on nitrite,
0,~, and GAGs production in normal, IL-1pB-stimulated
and atorvastatin-treated cartilage in explant culture med-
ium. 1400W did not cause any alteration in basal level
nitrite, GAGs, and O,  production in control groups
(0.25 % DMSO). IL-1B stimulation caused significant
increased production of nitrite, O, , and GAGs compared
to control groups (0.25 % DMSO) which were significantly
decreased by 10 uM 1400W. Atorvastatin (10 M) sig-
nificantly increased nitrite, but not O, and GAGs
production as compared to control (0.25 % DMSO) and all
these were not altered significantly by 1400W.
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Fig. 5 Effect of 1400W on nitrite production (a), O, formation (b),
and GAGs release (c¢) in normal, IL-1B-stimulated, and atorvastatin-
treated cartilage explant cultures”. Normal, stimulated (20 ng IL-1p),
and atorvastatin (10 pM)-treated cartilage were incubated alone and
with 1400W (10 pM) for 24 h, followed by Griess reaction assay for
nitrite, NBT reduction method for O, ", and DMMB assay for GAGs.
n = 6. The vertical lines at the top of the bars represent the SEM. The
bars bearing no superscript in common differ significantly (p < 0.05).
ATR atorvastatin

Discussion

In the present study, we demonstrated the potential anti-
inflammatory and chondroprotective effects of atorvastatin
at multiple dose levels in IL-1B-induced cartilage degra-
dation in an in vitro OA model.

Pain control, restoration of joint function, and the pre-
vention of the cartilage degradation process are the prime
goals of pharmacological treatment of OA. Unfortunately,
at present, there is no available therapy to stop or reverse
the cartilage degradation process. The current pharmaco-
logic treatment of OA mainly aims to alleviate symptoms
and therapy and thus remains unsatisfactory [30, 31].
NSAIDs have been used clinically for the past few years to
treat arthritic disease; however, their potential adverse
effects and the negative effects on cartilage make their use
controversial [32, 33]. Therefore, development of alterna-
tive therapies with few side effects along with possible
inhibition of cartilage degradation is needed.

Statins are widely used for preventing cardiovascular
diseases. Although the lipid-lowering activity of statins is
responsible in preventing cardiovascular diseases, the anti-
inflammatory and immunomodulatory effects of statins
independent of their lipid-lowering activity have been
reported clinically and experimentally [34-37]. Further-
more, a beneficial effect of statins including atorvastatin in
chronic inflammatory condition such as RA by inhibiting
inflammatory markers has also been reported in patients
[38, 39] and experimentally [24, 40].

Osteoarthritis like RA is another chronic inflammatory
condition characterized by joint inflammation with con-
comitant destruction of cartilage. However, little is known
about the effect of statins on cartilage. In fact, recently the
chondroprotective effect of simvastatin [39, 41, 42] and
pravastatin [43] has been evaluated on IL-1f-stimulated
chondrocytes culture. The effect of atorvastatin had also
been studied at higher concentrations (10 and 50 pmol/l) in
chondrocytes [44]. To date, the chondroprotective efficacy
of atorvastatin, a commonly used statin on cartilage
explants, has not been investigated. Therefore, we aimed to
evaluate the effect of atorvastatin at multiple doses on IL-
1B-induced inflammatory cytokines, MMP-13/TIMP-1
alteration, and ROS such as O, and NO production and its
correlation with cartilage degradation in an in vitro model
of articular cartilage in this study. The choice of atorva-
statin was based on the effectiveness of this drug in chronic
inflammation models in rats and humans [34, 38]. The
concentrations of DMSO and atorvastatin were selected for
the study on the basis of % cartilage viability test by MTT
assay (Fig. 1). Mitochondrial enzyme activity-based MTT
assay is a good indicator of cell viability, regardless of cell
cycle state. It is rapid, non-expensive, and reproducible
which does not need any radioisotope and had been used
previously to assess the viability of cartilage [26]. Indeed,
the lack of uniform penetration of MTT in the cartilage
explants may be a limiting factor of the assay; however, in
the present study the cell viability of atorvastatin was
compared with the control cartilage (% of control) to make
the assay reliable. Although we did not evaluate the
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viability of the cartilage treated with IL-1 B, the concen-
tration of IL-1p used in this study was selected on the basis
of previous report [45]. The concentration we used had no
adverse effect on cartilage viability as revealed by
increased levels of O, , NO, and GAGs in explant culture
medium, which are believed to be produced in live carti-
lage on stimulation with IL-1f.

The pathogenesis of OA involves the combined effects
of mechanical stress and biochemical and genetic factors.
In contrast to rheumatoid arthritis, OA is defined as a
noninflammatory arthropathy. However, various evidences
supports the involvement of inflammation in OA as evi-
denced by the presence of cytokines such as interleukin IL-
1B and TNF-o in both the rheumatoid and osteoarthritic
joints and synovial fluid [46], thus opening a new and
potential target for its therapeutic intervention. Our finding
of increased proinflammatory cytokines, TNF-oo and its
product PGE,, concomitant with enhanced degradation of
cartilage as evidenced by increased GAGs by catabolic
factor IL-1P, further supports the roles of inflammation in
OA. In the present study, the inhibitory effects of atorva-
statin on IL-B induced cartilage degradation through
marked reduction of inflammatory cytokines may be
important in devising new approaches for the prevention
and treatment of OA as demonstrated earlier [44, 47]. The
observed inhibitory effect of atorvastatin in this study in
IL-1B-induced cartilage degradation may be due to its anti-
inflammatory or antioxidative potential noted with other
statins [24].

Although the etiology of OA is not completely under-
stood, imbalanced MMPs and TIMPs have a vital role in
the ECM turnover and breakdown under normal and dis-
ease conditions [48]. Excessive production of MMPs have
a key role in OA progression through cartilage matrix
destruction [49, 50]. Among the various MMPs, MMP-13
is of particular interest because of its elevated levels in
osteoarthritic synovial fluid and more efficient to cleave
proteoglycans (GAGs) and type II collagen, the major
components of the cartilage matrix [48]. MMP-13 deficient
mice are resistant to osteoarthritic cartilage erosion further
supporting the role of MMP-13 in OA [51]. Excessive
MMPs-mediated tissues breakdown is mainly controlled by
irreversible binding of MMPs with endogenous TIMPs
[52]. In chondrocytes and synovial cells, inhibition of
MMPs is mainly mediated through a glycoprotein TIMP-1.
Synthesis and secretion of MMPs by chondrocytes in
response to stimulants including IL-1P and TNF-a [53, 54]
indicate their therapeutic value in the treatment of OA. We,
therefore, aimed to elucidate the effect of atorvastatin on
IL-1B induced cartilage degradation by regulating MMP-
13/TIMP-1 activity.

In the present study, we observed an increased MMP-13
and decreased TIMP-1 activity in IL-1B-induced cartilage
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explant. Atorvastatin is able to reverse the imbalance of
MMP-13/TIMP-1; however, this was achieved by the
reduction of MMP-13 rather than increased TIMP-1. The
inhibition of MMP-13, concomitant with decreased GAGs,
a marker of cartilage degradation by atorvastatin, suggests
its ability to protect against IL-B-mediated cartilage deg-
radation. In the present study, chrondroprotection by
atorvastatin was achieved at two levels: one, by direct
inhibition of MMP-13 and the other by inhibition of
inflammatory cytokines which are known to stimulate the
synthesis and secretion of MMPs by chondrocytes [53, 54].
A similar effect of pravastatin [43], simvastatin [41, 47],
and atorvastatin [44] had been reported in chondrocyte
culture.

Increased production of various reactive oxygen spe-
cies (ROS) and reactive nitrogen species (RNS) such as
NO, O,7, and peroxynitrite as a consequence of proin-
flammatory cytokine IL-1f [3, 55] and its role in cartilage
destruction [56, 57] had been documented in earlier
studies. These ROS and RNS cause substantial destruction
of the cartilage matrix through increased production of
proteolytic enzymes such as aggrecanases and MMPs
after stimulation of chondrocytes. In the present study, we
found increased NO and O,  formation concomitant with
increased GAGs in IL-1fB-induced cartilage explant, sup-
porting the roles of ROS in cartilage degradation.
Surprisingly, despite increased levels of NO, atorvastatin
was able to protect cartilage degradation as evidenced by
decreased GAGs release in the explant medium. Indeed,
decreased O, production by atorvastatin used in this
study may be responsible for its chondroprotective effects,
which are known to induce cartilage degradation.
Although we did not assess peroxynitrite, the chondro-
protective effects of atorvastatin by inhibition of
peroxynitrite could not be ruled out as O, ™, a precursor of
peroxynitrite was significantly decreased by atorvastatin
and this observation is supported by antioxidative poten-
tial [24] and direct scavenging effect of O, [58] by
atorvastatin.

We demonstrated the sources of NO in normal, IL-1p-
stimulated, and atorvastatin-treated cartilage by use of
1400W, a selective iNOS inhibitor. The nitrite level in the
control cartilage was unaffected by 1400W, indicating that
the source of basal NO levels in normal cartilage is eNOS.
Also, the increased nitrite levels in cartilage (unstimulated/
normal) treated only with atorvastatin compared to the
normal one, which was unaffected by 1400W, suggesting
that the source for increased NO is eNOS rather than iNOS
and confirm previous similar reports on cultured osteoar-
thritic chondrocytes [44]. The statin including atorvastatin
had been reported to increase eNOS expression [17]. As
expected, increased nitrite levels in IL-1pB-stimulated car-
tilage compared to normal were significantly reduced by



Anti-inflammatory and chondroprotective effects of atorvastatin

167

1400W, suggesting that the source of increased NO was
iNOS rather than eNOS as in an earlier finding in cultured
osteoarthritic chondrocytes [44]. The increased production
of NO by increased iNOS expression had been observed in
IL-1pB-stimulated cartilage [59] and chondrocytes in
patients with OA [60, 61]. Furthermore, we evaluated
cartilage degradation in terms of GAGs release and its
correlation with O,~ formation and NO production by
iNOS inhibitor 1400W in normal, stimulated, and atorva-
statin-treated cartilage. It is interesting to note that the
basal levels of nitrite, O, , and GAGs in normal cartilage
were unaffected by 1400W; however, the increase in the
levels of nitrite and O, along with GAGs in IL-1B-stim-
ulated cartilage compared to normal was decreased by
1400W. Atorvastatin significantly increased nitrite, but not
O,~ and GAGs production as compared to control. Neither
the increased nitrite nor the normal levels of O, and
GAGs were altered significantly by 1400W. This obser-
vation suggests that not increased NO, but increased NO
along with O, is responsible for cartilage degradation, as
observed in IL-1B-stimulated cartilage. Further, peroxyni-
trite generated by the combination of NO and superoxide
contributes to a number of destructive events in cartilage
including apoptosis [62, 63]. Our results are in agreement
with a previous study where it was demonstrated that both
NO and ROS are required for cartilage destruction, sug-
gesting that NO alone may have beneficial effects on
chondrocytes [61].

The effects of atorvastatin on most parameters were seen
at concentrations in the range of 1-10 pM, with the max-
imum effect at 10 uM. These concentrations were not
cytotoxic to the cartilage, as assessed by cartilage viability
using MTT assay. Moreover, the effects observed at con-
centrations of atorvastatin used in our study are consistent
with previous studies on in vitro model of OA for various
statins [41, 43, 44, 47, 53, 54].

In conclusion, the present study suggests that atorva-
statin has the ability to protect cartilage degradation
following IL-1B-stimulated cartilage in an in vitro OA
model. The chondroprotective effect of atorvastatin was
mainly mediated through its anti-inflammatory action by
decreasing cytokines, its inhibitory effects on MMP-13,
and its ROS scavenging potential. In addition, the study
further suggests that not only increased NO, but increased
NO along with O, is responsible for cartilage degradation
and supports the additional therapeutic application of
atorvastatin in OA besides its major cholesterol-lowering
effect.
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