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Abstract

The high glucose concentration is able to disturb chondrocyte homeostasis and contribute to OA pathogenesis. This study was
designed to investigate the protective effects of atorvastatin (ATO) on high glucose (HG)-mediated oxidative stress and mito-
chondrial apoptosis in C2812 human chondrocytes. The protective effect of ATO (0.01 and 0.1 uM) on HG (75 mM)-induced
oxidative stress and apoptosis was evaluated in C2812 cells. The effects of ATO on HG-induced intracellular ROS production and
lipid peroxidation were detected and the protein expression levels of Bax, Bcl-2, caspase-3, total and phosphorylated JNK and
P38 MAPKSs were analyzed by Western blotting. The mRNA expression levels of antioxidant enzymes including heme oxygen-
ase-1, NAD(P)H quinine oxidoreductase, glutathione S-transferase-P1, catalase, superoxide dismutase-1, glutathione peroxi-
dase-1, -3, -4 were evaluated by reverse transcription-polymerase chain reaction. Pretreatment with ATO remarkably increased
the gene expression levels of antioxidant enzymes and reduced HG-induced elevation of ROS, lipid peroxidation, Bax/Bcl-2
ratio, caspase-3 activation, and JNK and P38 phosphorylation. Atorvastatin could considerably reduce HG-induced oxidative
stress and mitochondrial apoptosis through increasing the expression of antioxidant enzymes. Atorvastatin may be considered as
a promising agent to prevent high glucose-induced cartilage degradation in OA patients.
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Introduction

Diabetes mellitus (DM) is defined as a group of metabolic
diseases resulting from carbohydrate metabolism dysfunction
characterized by hyperglycemia. Recent epidemiological
studies have reported that approximately 50% of patients with
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DM suffer from some form of arthritis such as osteoarthritis
[17]. Osteoarthritis, as a progressive joint disorder, is charac-
terized by irreversible breakdown of articular cartilage.
Chondrocytes, the only resident cells in articular cartilage,
are responsible for the synthesis and maintenance of extracel-
lular matrix (ECM) molecules, including type II collagen and
proteoglycans [11, 13]. Glucose has pivotal role in the chon-
drocyte homeostasis by producing energy required for synthe-
sizing cartilage matrix molecules. However, high glucose con-
centration is capable of disturbing chondrocyte homeostasis
and contributing to OA pathogenesis [25]. Hyperglycemia
induces oxidative stress and inflammatory responses playing
pivotal roles in the pathogenesis of OA. Oxidative stress has
been identified as a major cause of chondrocyte apoptotic
death. Chondrocyte apoptosis is proposed to be a key player
in OA pathogenesis via exacerbating cartilage degeneration
[12,17,25]. According to these findings, excessive generation
of ROS induced by high glucose in patients with DM can lead
to chondrocyte apoptosis through activation of pro-apoptotic
signaling pathways such as caspases and mitogen-activated
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protein kinases (MAPKSs). Inhibition of these cascades has
been shown to be effective to reduce the degree of cartilage
destruction related to progressive loss of chondrocytes [28].
Chondrocytes possess antioxidant defense, protecting them
from ROS detrimental effects. Impaired antioxidant enzyme
activities in chondrocytes lead to increased susceptibility to
oxidative stress-induced cell death and consequent cartilage
degradation. Furthermore, exogenous antioxidants have been
reported to protect chondrocytes from ROS-mediated oxida-
tive damage [12]. Atorvastatin (ATO) is a synthetic drug con-
taining penta-substituted pyrrole [23]. Atorvastatin belongs to
statins which are known as a group of drugs acting by com-
petitive inhibition of 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase, the rate-limiting enzyme of the
mevalonate pathway and consequent cholesterol biosynthesis.
Statins have been extensively used to lower serum cholesterol
levels in cardiovascular diseases. Statins also have other phar-
macological properties such as antioxidant, anti-inflammato-
ry, and immunomodulatory, proposing pleotropic effects of
statins beyond cholesterol-lowering activity [24]. Molecular
studies have demonstrated that ATO inhibits enzymatic source
of ROS such as NADPH oxidase leading to reduction of ox-
idative stress markers [29]. Atorvastatin enhances the activity
and the expression of antioxidant enzymes including heme
oxygenase-1 (HO-1), NAD(P)H quinine oxidoreductase 1
(NQO1), SOD, and CAT [14, 19, 24]. In addition, ATO alle-
viates apoptosis via decreasing the expression of apoptosis-
related proteins including Bax, cytochrome c, and caspase-3
[6]. The obtained results from our previous studies revealed
that antioxidant agents could protect chondrocytes against ox-
idative damage, which is induced by adding IL-1{3 to chon-
drocyte culture [12, 13]. The current study was then designed,
first, to identify the role of high glucose (HG) concentration in
the induction of oxidative stress and apoptosis, as the major
mechanisms of chondrocyte cell death, in C2812 human
chondrocytes and, second, to evaluate the protective effect
of ATO on HG-induced chondrocyte injury.

Materials and methods
Reagents and antibodies

All the materials used in this study were purchased from
Sigma-Aldrich (St Louis, MO, USA) unless noted. Fetal bo-
vine serum (FBS), Dulbecco’s Modified Eagle’s Medium/
Nutrient F-12 Ham, and penicillin—streptomycin were pur-
chased from Gibco (Invitrogen, Carlsbad, CA, USA).
TRIZOL reagent was from Invitrogen (Merelbeke, Belgium)
and antibodies were from cell signaling technology (Danvers,
MA, USA). Polyvinylidene fluoride (PVDF) membrane was
obtained from Bio-Rad (Hercules, CA, USA). 1x RIPA Lysis
buffer and phenyl methane sulfonyl fluoride (PMSF) were
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purchased from Roche (Applied Science, penzberg,
Germany). Chemiluminescence (ECL) kit was obtained from
Amersham Biosciences (Buckinghamshire, UK). Oligo (dT)
primer and moloney murine leukemia virus reverse transcrip-
tase (M-MLV RT) were from Fermentas (Loughborough,
UK). Red-safe was purchased from iNtRON Biotechnology
(Seongnam, Korea).

Stock solution of ATO with 10* uM concentration was
provided in dimethyl sulfoxide (DMSO), and serial dilutions
were prepared in DMEM/F12 prior to application. The final
concentration of DMSO was less than 0.01% that it was added
to untreated control cells.

The concentration of glucose used in this study was based
on the findings from previous studies [4, 5]. Although the
plasma level of glucose found in diabetic patients is less than
that we examined in our study, it is necessary to indicate that
our experiment was in short time exposure. Then, the higher
concentration of glucose was used compared to plasma level
of glucose in diabetic patients to induce oxidative stress and
apoptotic signaling pathways in short time.

Cell culture

C2812 chondrocyte cell line was supplied by Pasteur Institute
(Tehran, Iran). Cells were cultured in DMEM/F12 medium
supplemented with 10% (v/v) heat-inactivated FBS and 1%
(v/v) penicillin (100 U/mL)-streptomycin (100 pg/mL) and
kept at 37 °C in an incubator with humidified atmosphere of
90% air and 5% CO,. The culture medium was changed to
fresh medium every 48 h and cells were passaged every 2—
3 days.

Measurement of intracellular ROS

Intracellular generation of ROS was assessed using 2,7-
dichlorofluorescein diacetate (DCF-DA). C2812 cells were plat-
ed into 24-well plates. One day later, the media was removed
and cells were incubated with serum-free medium for over-
night. Serum-starved cells were pretreated with 0.01 and
0.1 uM of ATO for 6 h prior to the addition of HG (75 mM)
for 72 h. After treatment, the medium was discarded and cells
were washed with PBS and loaded with DCF-DA for 30 min at
37 °C. Then, cells were rinsed with fresh media and the oxida-
tion products were measured using 485/20 nm excitation and
528/20 nm emission wavelength by a Synergy HT Microplate
Reader (BioTek Instruments, Inc., Winooski, VT, USA).

Determination of malondialdehyde level; TBARS
assay

MDA content (as lipid peroxidation index) was measured
by a colorimetric method. Briefly, C2812 cells were cul-
tured into 24-well plates. Twenty-four hours later, the
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media was changed to serum-free medium and the cells
were incubated for overnight. The cells were pretreated
with ATO (0.01 and 0.1 uM) for 6 h before to the addition
of HG (75 mM) for 72 h. After treatment, the cells were
washed and homogenized. The homogenate was centri-
fuged and 100 uL of the supernatant was taken and mixed
with 1.5 mL of thiobarbituric acid (0.8%), 1.5 mL of acetic
acid (20%), and 200 puL of sodium dodecyl sulfate (8%).
Each reaction mixture was heated for 60 min at 95 °C.
After cooling in room temperature, 5 mL of n-butanol
was added and mixture was centrifuged at 3000g for
10 min. The absorbance of the supernatants was measured
at 532 nm.

Protein extraction/Western blot analysis

Western blot analysis was performed to measure protein con-
centration. Briefly, serum-starved cells were pretreated with
ATO (0.01 and 0.1 uM) for 6 h before the addition of HG
(75 mM) for 72 h. To protein extraction, cells were washed
twice with ice-cold PBS and lysed via 1x RIPA lysis buffer
including protease and phosphatase inhibitor cocktails.
Subsequently, total cell lysates were centrifuged at 12,000g
at 4 °C for 30 min. Bradford assay was used to determine
protein concentration. Protein samples in equal amounts were
separated by SDS-PAGE and transferred on a PVDF mem-
branes which were incubated with first antibodies (Bax, Bcl-2,
cleaved caspase-3, INK, p38, phospho-JNK, and phospho-
p38) at 4 °C with mild shaking, overnight. Then, the mem-
branes were incubated with horseradish peroxidase-labeled

secondary antibody. Eventually, the immunocomplexes were
visualized via ECL detection kit. Image J software was used to
quantify the density of the bands (National Institutes of
Health, Bethesda, MD, USA).

Reverse transcription-polymerase chain reaction

After incubation with serum-starved medium for overnight,
C2812 cells were pretreated with ATO (0.1 and 0.1 uM) for
6 h before the addition of HG (75 mM) for 72 h. Total RNA
was extracted from treated and untreated cells using TRIZOL
reagent (Invitrogen Cor., Carlsbad, CA, USA) according to
the manufacturer’s directions. The quality and concentration
of RNA were evaluated using a NanoDrop ND-1000 (Thermo
Scientific, Waltham, MA, USA). In order to synthesize the
complementary DNA (cDNA), 3 ug of extracted RNA was
employed in a single-round RT reaction containing oligodT
(2 uL), deoxyribonucleotide triphosphate (ANTP, 1 pL), M-
MLV RT (1 uL), and RNase Inhibitor (0.5 pL) at the total
volume of 20 puL. Reverse transcription reaction was carried
out at 42 °C for 1 h, followed by incubation at 72 °C for
10 min. Afterwards, cDNA was exposed to PCR utilizing
specific primers (Table 1). The standard PCR conditions for
HO-1, NQOI, and GSTP! for SODI, GPxl, GPx3, GPx4,
and CAT primers were as follows: hot start at 94 °C for 3 min,
followed by 35 amplification cycles consisting of 94 °C for
30 s, 1 min at 60 °C, 72 °C for 40 s, and a final extension at
72 °C for 5 min and for (3-actin (ACTB gene) primer was 30 s at
94 °C, 1 min at 56 °C, and 40 s at 72 °C. ACTB was used as the

Table 1 Oligonucleotides

primers for semi-quantitative RT- Gene Primer sequence(5'-3") Size (bp) Gen Bank accession number
PCR analysis
HO-1 F: GCTGACCCATGACACCAAG 161 NM_002133.2
R: GTGTAAGGACCCATCGGAGA
NQO!I F: ACTGATCGTACTGGCTCACTC 167 NM_001286137.1
R: CCTTCAGTTTACCTGTGATGTCC
GSTP1 F: TACACCAACTATGAGGCGGG 143 NM_000852.3
R: AGGTTGTAGTCAGCGAAGGAG
CAT F: TGGCTACTTTGAGGTCACACA 102 NM_001752.3
R: ACAGTGGAGAACCGAACTGC
GPx1 F: GTCGGTGTATGCCTTCTCGG 105 NM_001329503.1
R: CAGAGGGACGCCACATTCTC
GPx3 F: CACGACATCCGCTGGAACTT 197 NM_002084.4
R: AGTCCCTCCCCTACATGGTG
GPx4 F: CAGTGAGGCAAGACCGAAGT 109 NM_001039848.2
R: GCTTCCCGAACTGGTTACAC
SOD1 F: GTGAAGGTGTGGGGAAGCAT 182 NM_000454.4
R: GCAGTCACATTGCCCAAGTC
ACTB F: CACCATGGATGATGATATCGC 467 NM_001101.3

R: AGTCCATCACGATGCCAGTG

HO-1 heme oxygenase-1, NOO1 NAD(P)H quinine oxidoreductase 1, GSTP/ glutathione S-transferase P1, CAT
catalase, GPx glutathione peroxidase, SOD/ superoxide dismutasel, ACTB [3-actin
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internal control. The PCR products were size-fractionated on
agarose gel (2%) and visualized by red-safe staining.

Statistical analysis

The results were expressed as mean + SD. Statistical signifi-
cance was analyzed by unpaired student’s ¢ test for compari-
sons between two groups and one-way analysis of variance
with Tukey’s post-test for multiple comparisons. Statistical
values of < 0.05 were considered significant.

Results

Effect of ATO on HG-induced elevation of intracellular
ROS production and MDA level

The production of intracellular ROS significantly increased after
exposure of C2812 cells to HG (p <0.001 vs. control).
Pretreatment of cells with ATO (0.01 and 0.1 uM) for 6 h before
addition of HG significantly decreased HG-induced ROS ele-
vation (0.01 uM; p <0.05 and 0.1 uM; p <0.001, Fig. 1a).
MDA level was significantly elevated in HG group com-
pared to the control group (p < 0.001). Pretreatment with ATO

2004

150+

(0.01 and 0.1 uM) for 6 h prior to addition of HG significantly
reduced MDA level when compared to HG group (0.01 puM;
p<0.05and 0.1 uM; p<0.001, Fig. 1b).

Effect of ATO on HG-induced increased Bax/Bcl2 ratio

To determine the influence of ATO on Bax/Bcl-2 ratio in
C2812 cells stimulated by HG, Western blot analysis was
performed. High glucose significantly increased Bax/Bcl-2
ratio in comparison with the control group (»p <0.01) and
ATO pretreatment significantly reduced HG-induced in-
creased Bax/Bcl-2 ratio (0.01 uM; p<0.05 and 0.1 puM;
p<0.01, Fig. 2).

Effect of ATO on HG-induced caspase-3 activation

In order to investigate the enzymatic activity of the caspase-3,
cleaved form of protein was measured by Western blotting.
Our results indicated that HG significantly increased cleaved
caspase-3 level compared to the control group (p <0.001).
Pretreatment with ATO could significantly attenuate HG-
induced increased cleaved caspase-3 level in C2812 cells
(0.01 uM; p<0.01 and 0.1 uM; p < 0.01, Fig. 2).

=3 Control

B HG (75 mM)
=1 HG +0.01 uM ATO

1004

50

Cellular ROS (% of control) Q)

3 HG +0.1 uM ATO

Groups

H#H#

3001

200

1007

Concentration of MDA (uM) O

Groups

Fig. 1 a Effects of ATO (0.01 and 0.1 uM) on HG-induced formation of
intracellular ROS in C2812 cells were detected using DCF-DA. The
generation of ROS increased significantly in HG (75 mM)-treated
group (**p <0.001) while pretreatment with ATO for 6 h prior to
addition of HG significantly reduced HG-induced ROS formation

('p<0.05 and ““p <0.001). Results are expressed as percentage mean
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£ Control

Bl HG (75 mM)

B3 HG +0.01 uM ATO
= HG + 0.1 uM ATO

+ SD (n=06). b Effects of ATO (0.01 and 0.1 uM) on HG-induced lipid
peroxidation in C28I12 cells were evaluated using TBARS assay. The
MDA level significantly increased in HG (75 mM)-treated group
(**p <0.001). Pretreatment with ATO significantly decreased HG-
induced lipid peroxidation (‘p<0.05 and “**p <0.001). Results are
expressed as percentage mean + SD (n=06)



Protective effects of atorvastatin on high glucose-induced oxidative stress and mitochondrial apoptotic... 157

HG (75 mM) - +

ATO (uM)

Bax

Bcl-2

B- actin

0.5+

=3 Control

@l HG (75 mM)

&3 HG +0.01 yM ATO
£33 HG + 0.1 yM ATO

Bax/Bcl-2

Relative fold change of protein expression

Fig. 2 The effect of ATO (0.01 and 0.1 uM) on caspase-3 activity and
Bax/Bcl-2 ratio in C2812 cells exposed to HG (75 mM) was evaluated
using Western blot analysis (n = 3). The density of Bax and Bcl-2 bands
was analyzed and Bax/Bcl-2 ratio was determined. The ratio of Bax/Bcl-2
significantly increased in HG-treated group (*p <0.01) compared to the
control group. Pretreatment with ATO significantly reduced HG-induced
elevation of Bax/Bcl-2 ratio (p < 0.05 and “"p < 0.01). Cleaved caspase-3

Effect of ATO on HG-induced JNK and P38 MAPKs
phosphorylation

Western blot assay was used to evaluate the effect of ATO on
JNK and P38 phosphorylation in C28]12 cells induced by HG
for 72 h. High glucose significantly increased JNK1/2 (p < 0.01
and p < 0.05) and P38 (p <0.001) phosphorylation in compari-
son with the control group. Pretreatment of cells with ATO (0.01
and 0.1 uM) significantly prevented HG-induced phosphoryla-
tion of JINK1 (» <0.01), INK2 (p <0.05), and P38 (0.01 uM;
p<0.05and 0.1 uM; p<0.001) in C2812 cells (Fig. 3).

Effect of HG and ATO on gene expression
of detoxifying phase Il and antioxidant enzymes
in RT-PCR

Analysis RT-PCR was performed to examine the effects of
HG and ATO on gene expression of antioxidant enzymes in-
cluding HO-1, NQOI1, SOD1, CAT, GPx1, GPx3, and GPx4
in C2812 cells. The mRNA expression level of HO-1 gene
exhibited no significant change after treatment with HG for
72 h in comparison with the control group. Moreover, ATO

Cleaved caspase-3/ g-actin

band density was determined and cleaved caspase-3/f3-actin ratio was

analyzed. The ratio of cleaved caspase-3/f3-actin significantly elevated

in HG-treated group (**p <0.001) compared to the control group.

Pretreatment with ATO significantly decreased HG-induced elevation of
cleaved caspase-3/B-actin ratio (~p <0.01). Data show results from
three experiments with the ratios given as a mean + SD

could significantly increase the expression level of HO-1 gene
compared to the control and HG groups (p < 0.001, Fig. 4).

Our results also indicated that the expression levels of
NQOI and GSTPI in HG group were significantly less than
that in the control group (p < 0.01 and p < 0.001, respectively).
Pretreatment with ATO could significantly enhance the ex-
pression levels of NOQOI (p<0.001) and GSTP! (p<0.01)
genes compared to that in the HG group. ATO also elevated
the expression level of NOQOI gene compared to the control
group (p <0.05, Fig. 4).

The expression levels of GPx1, GPx3, GPx4 genes in the
HG group were significantly less than control group
(»<0.001, p<0.01, and p < 0.05, respectively), while the ex-
pression levels of CAT and SOD1 did not significantly change
after treatment with HG for 72 h. Pretreatment with ATO
significantly increased the expression levels of GPxI
(p<0.01), GPx3 (p<0.01), GPx4 (p<0.001), CAT
(0.01 uM; p<0.05 and 0.1 uM; p<0.001), and SODI
(0.1 uM; p<0.01) genes compared to the HG group.
Furthermore, pretreatment with ATO significantly increased
the expression levels of CAT (0.1 uM; p <0.001), and SODI
(0.1 uM; p < 0.05) genes compared to the control group (Fig. 5).
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Fig. 3 The effect of ATO (0.01 HG (75 mM) - + + +
and 0.1 uM) on HG-induced

phosphorylation of INK1/2 and ATO (uM) - - 0.01 0.1
P38 MAPKSs was evaluated in

C2812 cells by Western blotting p-P38 . - 5

(n=3). The densities of
phosphorylated and total INK1/2

and P38 MAPKSs bands were P38
evaluated and ratios of p-JNKs/

JNKSs and p-P38/P38 were P-JNK1/2
calculated. High glucose (75 mM)

significantly elevated p-JNKs/

INKs (*p <0.01 and *p <0.05) JNK1/2
and p-P38/P38 (**p < 0.001)

ratios in comparison with the B- actin

control group. Pretreatment with
ATO significantly reduced HG-
induced elevation of p-JNK1/
INK1 (“p <0.01), p-INK2/INK2
("p<0.05), and p-P38/P38
(p<0.05and ™"

ratios. Data show results from
three experiments with the ratios
given as a mean + SD

Relative fold change of protein expression

Discussion

Diabetes mellitus, as a chronic metabolic disorder, has been
found to induce the initiation and/or the severity of OA [25].
Due to the increase of dyslipidemia and cardiovascular events
in diabetic subjects, lipid-lowering therapy is used to reduce
the risk of cardiovascular events. Although recent studies have
demonstrated that statin-treated individuals are at risk of de-
veloping type 2 diabetes, statins are the first-line strategy for
reducing low-density lipoprotein cholesterol levels in patients
with established type 2 diabetes [31]. Considering that lipid-
lowering drugs such as statins are used to modify DM-related
dyslipidemia, the present study investigated the effects of
ATO on another DM complication, OA, in in vitro.
Oxidative/nitrosative stress is suggested to be one of the
main causative factors incriminated in OA initiation and pro-
gression [13, 15]. The remodeling of collagen types in liga-
ments, cartilage, and synovia has been reported to contribute
to the ECM degradation and consequent functional limitation
of articular joints in streptozotocin-induced diabetic rats [3].
High-glucose conditions directly increase the generation of
ROS and NO- by articular chondrocytes via inducing mito-
chondrial dysfunction and pro-inflammatory cytokine
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production [20]. Excessive production of ROS and reactive
nitrogen species (RNS) contributes to the cartilage degrada-
tion through destroying ECM, inhibiting matrix production,
activating MMPs, and inducing apoptosis [11]. Recent studies
have shown that exogenous antioxidants can protect
chondrocytes from oxidative stress-induced damage [1].
Molecular studies have demonstrated that the induction of
HO-1 and NQOI1 expression inhibits IL-13 and TNF-«x-
induced chondrocyte apoptosis via decreasing DNA fragmen-
tation, JNK activity, and MMPs and COX2 expression [9, 16].
Considering the role of HG in the induction of pro-
inflammatory cytokine production such as TNF-« and IL1-£3
[17], HG may induce OA through increasing inflammatory
responses. Based on results from our previously published
studies, inflammatory cytokines such as IL-1[3 lead to induc-
tion of oxidative stress and apoptosis in chondrocytes [12, 13].
We have also conducted experiment which showed that HG
increases the activation of nuclear factor-kB (NF-kB), a tran-
scription factor inducing the expression of inflammatory cy-
tokines, in human chondrocytes (data not shown). These find-
ings suggest that HG could induce OA through inducing ox-
idative stress and inflammation resulting in the apoptotic
chondrocyte death.
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Fig. 4 The expression of HO-1, HG (75 mM) = + + +
NQOI, and GSTPI genes was
measured using RT-PCR analysis ATO (uM) = - 0.01 0.1

(n=3). The gene expressions
were normalized to optical ACTB

density. The expression of HO-1 Ho-1
gene was shown no significant

change in the HG-treated group NQO1
compared to the control group.

The expression level of NOO!

and GSTPI genes in HG-treated GSTP1
group was sign’glcantly less than

control group ("p<0.01 and ACTB

###) < 0.001, respectively).
Pretreatment with ATO
significantly elevated the
expression of HO-1 and NQOI
genes compared to the control
(**p <0.001 and *p < 0.05,
respectively) group. ATO
significantly increased the
expression level of HO-1, NQOI,
and GSTP! in comparison with
HG-treated group (~p <0.001,
"p<0.05,and “p <0.01,
respectively). Data show results
from three experiments with the
ratios given as a mean + SD

1.51

1.0

0.5

0.0-

Relative fold change of mRNA expression

Current results indicated that ATO decreased HG-induced
elevated levels of ROS and MDA and enhanced the mRNA
expression of antioxidant enzymes including GPx-1, -3, -4,
CAT, SOD1, GSTPI, NQO-1, and HO-1 in C28I2 cells.
These results are in agreement with previous in vitro and
in vivo studies indicating that ATO has strong antioxidant
activity. Atorvastatin has been found to reduce the generation
of MDA, ROS, and NO-in chronic construction injury-
induced neuropathic rats. These effects are attributed to anti-
oxidant property of ATO via enhancing the activity of CAT
and GST as well as increasing the levels of reduced glutathi-
one and total thiol [26]. Treatment with ATO can effectively
exert protective effects against arsenic-induced hypertension
in rats by elevating SOD, catalase, and GPx activity and
down-regulating iNOS protein expression, peroxynitrite and
ROS generation, and lipid peroxidation [30]. Experimental
evidence indicates that ATO enhances the expression of HO-
1 and NQO1 through activating the nuclear factor erythroid 2-
related factor 2 (Nrf2)/antioxidant response element (ARE)
signaling pathway [22].

High glucose can activate various signaling pathways such
as NF-kB, JNK, and P38 MAPKSs [10]. The phosphorylated
levels of JNK and p38 MAPKSs increase in the articular
chondrocytes of OA patients, which are involved in the carti-
lage destruction [12]. The destructive effects of INK and p38

= Control
PO HB HG (75 mM)
d 3 HG +0.01 pM ATO
= HG + 0.1 uM ATO

MAPKSs on articular cartilage can be resulted from induction
of apoptosis. Activated JNK and P38 MAPKSs regulate apo-
ptotic signaling through increasing the activity and the expres-
sion of pro-apoptotic Bcl-2 family proteins. Therefore, inhibi-
tion of these MAPKSs pathways seems to be a potential thera-
peutic approach for inhibiting OA development [11].

Current results revealed that ATO significantly attenuated the
HG-induced JNK and P38 MAPKSs phosphorylation in C28I2
cells. This is in agreement with previous published report indi-
cating that ATO is able to attenuate hyperglycemia-induced ne-
phropathy by inhibiting p38 and/or INK MAPKs pathways [36].

The main feature of OA is the chondrocyte death.
Chondrocyte apoptosis is found to be an important reason for
the loss of chondrocytes. In chondrocytes of osteoarthritic car-
tilage, the expression levels of apoptotic factors such as caspase-
3 have been found to be elevated, while anti-apoptotic Bcl2
proteins are expressed at lower levels [35]. Given that HG in-
duces apoptosis in various tissues and cells [2], apoptosis in-
duced by high glucose seems to play an important role in the
cartilage destruction in DM patients. Thereby, inhibition of ap-
optotic signaling pathways may be a potential therapeutic target
to prevent cartilage destruction resulted from chondrocytes loss
in diabetic patients. Current results indicated that pretreatment
with ATO could significantly attenuate the ratio of Bax/Bcl-2 by
blocking HG-induced elevation of Bax, as well as reducing the
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Fig.5 The effect of ATO (0.01 and HG (75 mM) - + + +

0.1 uM) on the expression of CAT,

SODI, GPxI, GPx3, and GPx4 ATO (uM) - - 0.01 0.1

genes was performed using RT-
PCR analysis (7= 3). The gene

expressions were normalized to GPx1
optical ACTB density. The
expression of GPxI, GPx3, and
GPx4 genes was significantly ehe
reduced in the HG-treated group

GPx4

compared to the control group
(™ <0.001, #p <0.01, and

#p < 0.05, respectively). The ex-
pression of CAT and SOD1 genes
was shown no significant change in
the HG-treated group in
comparison with the control group.
Pretreatment with ATO
significantly increased the
expression level of GPx/
("p<0.001 and “p <0.01),
GPx3 ("p<0.01), GPx4
(""p<0.001), CAT (""p<0.001
and “p <0.05), and SODI
("p<0.01) genes compared to the
HG-treated group. Furthermore,
ATO (0.1 uM) significantly
elevated the expression of CAT and
SODI genes compared to the
control group (**p <0.001 and

#p < 0.05, respectively). Data show
results from three experiments with
the ratios given as a mean + SD

Relative fold change of mRNA expression

HG-induced elevation of caspase-3 activity in C2812 cells. This
is in line with previous study performed by Cheng et al., shown
that ATO could alleviate subarachnoid hemorrhage-induced
brain injury through inhibiting caspase cascades [6].

Although statins have been shown to induce apoptosis in
cancer cells, these effects may be due to high concentrations
of statins or/and variations in the nature of examined cells [21].
The chondroprotective effect of statins has been evaluated in
clinical setting and in vitro and in vivo models of OA.
Treatment of OA patients with ATO could improve the quality
of life and reduce the inflammatory response, the pain syn-
drome during rest and movement as well as the progression
of symptomatic knee OA; these effects of ATO may contribute
to the reduction in the need for joint replacement operation [33,
34]. Results from animal studies have shown that ATO sup-
presses OA development and reduces osteoarthritic pain.
Molecular studies have demonstrated that ATO could reduce
the serum levels of total cholesterol, TNF-«, IL-6, and C-
reactive protein. Furthermore, ATO decreases levels of lipid
peroxidation, myeloperoxidase, and MMP2, while increases
tissue inhibitor metalloproteinase2, GSH content, and SOD ac-
tivity in joint tissue samples of animal models [7, 8, 18, 27]. In
cultured osteoarthritic chondrocytes, ATO could reduce the
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B3 HG +0.01 yM ATO
= HG + 0.1 uM ATO

expression levels of MMP13 and IL-13 as well as enhance
the expression levels of collagen type II and aggrecan; these
indicate that ATO may exert chondroprotective effects via de-
creasing cartilage degradation [32].

Conclusions

The present data revealed that pretreatment of C2812
chondrocytes with atorvastatin (ATO) could inhibit high glu-
cose (HG)-induced oxidative stress through reducing the ele-
vated level of ROS and lipid peroxidation as well as increas-
ing the gene expression levels of antioxidant enzymes.
Furthermore, ATO suppressed HG-induced mitochondrial ap-
optosis via reducing the ratio of Bax/Bcl-2, the activity of
caspase-3, and the phosphorylation of JNK and P38
MAPKSs. These findings suggest that protective effects of
ATO on HG-induced oxidative stress and subsequent apopto-
sis may be resulted from its antioxidant properties. Our results
demonstrated that ATO may be employed as a promising ther-
apeutic option to impede the progression of cartilage destruc-
tion in diabetic patients.
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