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Abstract. Chondrocyte senescence is associated with the 
aging and degeneration of cartilage, and eventually leads to 
joint destruction. The aim of this study was to elucidate the 
mechanisms responsible for the cytoprotective effects of heme 
oxygenase‑1 (HO‑1) on chondrocytes in cartilage. Chondrocyte 
senescence was induced using cilostazol and measured using 
a specific senescence‑associated β‑galactosidase (SA‑β‑gal) 
staining assay. Cilostazol altered the expression of type  Ⅱ 
collagen and β‑catenin, which are phenotypic markers of the 
differentiation and dedifferentiation of chondrocytes. Cilostazol 
also significantly induced HO‑1 expression, and the induction 
of HO‑1 expression was affected by a significant increase in 
reactive oxygen species (ROS) production caused by cilostazol 
treatment. Of note, pre‑treatment with 3‑morpholinosyd-
nonimine hydrochloride (SIN‑1), an inducer of HO‑1 expression, 
markedly attenuated cilostazol‑induced chondrocyte senescence, 
and thus, we examined whether HO‑1 directly modulates chon-
drocyte senescence induced by cilostazol. The upregulation of 
HO‑1 was found to suppress cilostazol‑induced cellular senes-
cence. In addition, the inhibition of HO‑1 activity with the iron 
chelator, desferrioxamine (DFO), or HO‑1 siRNA increased cilo-
stazol‑induced chondrocyte senescence. Based on these results, it 
can be concluded that HO‑1 is associated with the suppression of 
chondrocyte senescence, and that the enforced overexpression of 
HO‑1 protects chondrocytes against stress‑induced senescence.

Introduction

Cellular senescence was originally described in normal cells 
that enter a state of permanent growth arrest after under-
going a finite number of divisions, resulting in progressive 
functional decline and eventual death. Senescent cells remain 

metabolically active and are resistant to apoptosis induced 
by exposure to genotoxic stress (1). Furthermore, chondro-
cyte senescence plays important roles in aging and articular 
cartilage degeneration (2), causes a decline in chondrocyte 
numbers, and is important in the development and progression 
of osteoarthritis (OA) (3,4). In fact, senescent chondrocytes 
accumulate with age and in the articular cartilages of patients 
with OA (2,5,6). However, apoptotic chondrocyte death is not 
always a widespread phenomenon in the cartilage degeneration 
of OA or during cartilage aging (7‑9).

Under physiological conditions, reactive oxygen species 
(ROS) are involved in the control of various aspects of 
biological processes, such as cell activation, proliferation and 
apoptotic death. Excessive ROS production induces oxida-
tive stress and can damage extracellular matrix components 
and chondrocytes in articular cartilage, leading to cartilage 
destruction (10). Furthermore, age‑related oxidative stress has 
been reported to render rat chondrocytes more susceptible to 
cell death mediated by oxidants (11). However, the factors that 
govern chondrocyte decisions regarding senescence and apop-
totic death are incompletely understood.

Heme oxygenase‑1  (HO‑1) is a well‑coordinated anti-
oxidant enzyme that disrupts heme to form biliverdin, carbon 
monoxide and free iron. HO‑1 is adaptively induced to remove 
the ROS produced by heavy metals, inflammatory cytokines 
and UV irradiation in a number of cell types (12‑14), including 
chondrocytes (15,16). In addition, it has been reported that 
HO‑1 inhibits the production of interleukin (IL)‑1β and tumor 
necrosis factor (TNF)‑α, which participate in the pathogenesis 
of cartilage damage (17). Moreover, it has also been reported 
that the induction of HO‑1 expression results in the downregu-
lation of catabolic enzymes and inflammatory mediators in 
articular tissue, which suggests that HO‑1 is a component of 
the defense systems of articular cartilage (18,19).

In the present study, we provide evidence that the induction 
of HO‑1 expression protects articular chondrocytes against 
cellular senescence induced by cilostazol. This supports the 
view that HO‑1 activity is associated with chondrocyte senes-
cence and the pathogenesis of cartilage damage.

Materials and methods

Reagents. 3‑Morpholinosydnonimine hydrochloride (SIN‑1), 
protease inhibitor cocktail, desferrioxamine  (DFO) and 
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5‑bromo‑4‑chloro‑3‑indolyl β‑D‑galactopyranoside  (X‑gal) 
were purchased from Sigma‑Aldrich (St. Louis, MO, USA). 
Cilostazol  (OPC‑13013) was generously donated by Otsuka 
Pharmaceutical Co., Ltd. (Tokushima, Japan). FBS, Dulbecco's 
modified Eagle's medium (DMEM) and other culture reagents 
were purchased from HyClone Laboratories,  Inc.  (Logan, 
UT, USA). Anti‑HO‑1, type  Ⅱ collagen, β‑catenin and 
β‑actin antibodies were purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA). Secondary horse 
radish peroxidase (HRP)‑conjugated antibody and the enhanced 
chemiluminescence (ECL) western blotting kit were obtained 
from Amersham Pharmacia Biotech (Piscataway, NJ, USA).

Culture of articular chondrocytes. Articular chondrocytes for 
primary culture were isolated from slices of the knee joint carti-
lages of 5‑week‑old female Sprague‑Dawley rats (Samtako Bio 
Korea, Osan, Korea), as previously described (20). Chondrocytes 
were isolated by enzymatic digestion for 1 h with 0.2% type II 
collagenase in DMEM. After collection by brief centrifugation, 
the cells were resuspended in DMEM supplemented with 10% 
heat‑inactivated FBS and antibiotics (50 U/ml of penicillin, 
50 µg/ml of streptomycin) at 37˚C in a 5% CO2/air atmosphere. 
The medium was replaced every 2 days, and the cells reached 
confluence after ~4‑5 days of culture, which was designated as 
passage 0. Passage 1 cells were used for all experiments.

Evaluation of cell viability. Cell viability was determined using 
the trypan blue exclusion assay. Chondrocytes were plated at 
1x105 cells per 6‑well plate, stabilized for 24 h and incubated 
for 48 h in the presence or absence of various concentrations of 
cilostazol in fresh DMEM medium. Following incubation, the 
cells were washed with phosphate‑buffered saline (PBS) and 
viable cells were counted by trypan blue dye exclusion using a 
hemocytometer.

Senescence‑associated β‑galactosidase (SA‑β‑gal) staining 
assay. SA‑β‑gal staining assay was performed at pH 6.0 as 
previously described with some modification (20,21). Briefly, 
the cells were washed in PBS, fixed for 5 min (room tempera-
ture) in 0.2% glutaraldehyde/2% formaldehyde, washed in 
PBS and incubated with SA‑β‑gal staining solution containing 
1 mg/ml X‑gal, 40 mM citrate/phosphate buffer  (pH 6.0), 
5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 
150 mM NaCl and 2 mM MgCl2, for 12 h at 37˚C. Degrees 
of senescence were obtained by expressing senescent cell 
numbers as percentages of total cell numbers.

Western blot analysis. Equivalent amounts (20 µg) of total 
protein were loaded onto 12% SDS‑polyacrylamide gels. The 
proteins were later transferred onto nitrocellulose membranes 
using an electroblotting apparatus (Bio‑Rad, Richmond, CA, 
USA), and the membranes obtained were incubated with 
each primary antibody. The blots were washed with TBS‑T 
and incubated with HRP‑conjugated secondary anti‑rabbit 
antibody. The membranes were then developed using the 
ECL reaction system and visualized using an LAS‑3000 
Luminescent Image Analyzer (Fujifilm, Tokyo, Japan). Image 
Gauge version 3.0 software was used to calculate changes in 
protein expression. β‑actin was used as an internal control to 
confirm equal protein loading.

Measurement of intracellular ROS. Intracellular ROS was 
detected by monitoring changes in the fluorescence of the 
ROS‑sensitive fluorophore, 2',7'-dichlorodihydrofluores-
cein diacetate (H2DCF‑DA), as previously described  (22). 
Fluorescence was measured following incubation with 
H2DCF‑DA for 10 min using a Zeiss LSM 510 laser‑scanning 
confocal microscope (Carl Zeiss, Inc., Göettingen, Germany). 
Absolute fluorescence intensities were determined using the 
same numbers of cells in randomly selected areas.

Preparation and transfection of cells with HO‑1 expression 
vector. HO‑1 cDNA was a kindly donated by Dr Hun‑Taeg 
Chung  (Wonkwang University, Iksan, Korea). HO‑1 was 
cloned into the pcDNA3 mammalian cell expression vector. 
Control cells were sham-transfected with the same plasmid 
excluding the HO‑1 construct. Briefly, the chondrocytes were 
plated in 6‑well plates at 5x105 cells/well, grown for 24 h 
and then transfected with 10 µg of the HO‑1 construct using 
Lipofectamine 2000 reagent (Invitrogen Life Technologies, 
Carlsbad, CA, USA). One day following transfection, the 
medium wase replated in fresh medium and the cells were 
treated with cilostazol.

Transfection of cells with HO‑1 siRNA. A 21‑nucleotide RNA 
with a 3'‑dTdT overhang was synthesized by Dharmacon 
(Lafayette, CO, USA) to interfere exclusively with HO‑1 
mRNA expression. As a negative control, the same nucleotides 
were scrambled to form a non‑genomic combination. The 
target of the AA‑N19 mRNA was the HO‑1 target sequence 
(5'‑ACACUCAGCUUUCUGGUGGUU‑3'). The chondrocytes 
were plated in 6‑well plates at 5x105 cells/well, grown for 24 h 
and then transfected with 30 nM of siRNA per well using 
DharmaFECT™ DUO reagent, according to the manufacturer's 
instructions.

Statistics and reproducibility. The experiments were repeated 
at least 3 times. The results are expressed as the means ± stan-
dard deviation  (SD). The results for the experimental and 
control groups were tested for significant differences using the 
one‑tailed Student's t‑test. A value of p<0.05 was considered to 
indicate a statistically significant difference.

Results

Cilostazol induces cellular senescence in primary articular 
chondrocytes. We first determined the effects of cilostazol 
on chondrocyte viability. Primary rat articular chondro-
cytes were isolated, maintained and treated with various 
concentrations (2, 10, and 50 µM) of cilostazol for 48 h and 
then subjected to trypan blue dye exclusion assay. Cilostazol 
reduced cell proliferation, without having a significant toxic 
effect  (Fig. 1A). The induction of cellular senescence was 
confirmed by an increase in the number of SA‑β‑gal‑positive 
cells among the cilostazol‑treated chondrocytes versus the 
untreated controls. Of note, cilostazol significantly increased 
the specific SA‑β‑gal staining of chondrocytes (Fig. 1B).

Next, to examine the effects of cilostazol on the mainte-
nance of chondrocyte phenotypes, we examined the effects of 
cilostazol on the expression of type Ⅱ collagen, a hallmark 
of chondrocytes. As shown in Fig. 2A, cilostazol significantly 
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reduced the expression of type Ⅱ collagen, which plays a 
crucial role in the regulation of the functions of chondrocyte 
via cell‑matrix interactions. In addition, cilostazol stimulated 
the accumulation of β‑catenin, a phenotypic marker of the 
differentiation and dedifferentiation of chondrocytes (Fig. 2B). 
These results suggest that cilostazol acts as an inducer of senes-
cence in chondrocytes, as has been previously reported (20).

Cilostazol induces ROS generation and HO‑1 expression in 
chondrocytes. To determine whether the cellular senescence 
induced by cilostazol is associated with HO‑1 expression, 
the cells were treated with various concentrations (2, 10, and 
50 µM) of cilostazol for 24 h and HO‑1 expression was analyzed 

by western blot analysis. It was found that the level of HO‑1 
expression was significantly increased by cilostazol (Fig. 3A). 
Subsequently, we examined whether the cilostazol‑induced 
HO‑1 expression is dependent on intracellular ROS generation 
in chondrocytes. As shown in Fig. 3B, a significant increase in 
DCF fluorescence was observed at 24 and 48 h after treating 
the cells with cilostazol. However, at early time points (<12 h), 
ROS generation was not detectable. These results reveal that 
cilostazol induces the expression of HO‑1 by enhancing ROS 
generation in articular chondrocytes.

HO‑1 induction inhibits cilostazol‑induced cellular senes‑
cence in chondrocytes. In order to investigate the effects 

Figure 1. Effect of cilostazol on cellular senescence in chondrocytes. Rat articular chondrocytes were plated at 1x105 cells per 6‑well plate, incubated for 24 h 
and treated with cilostazol (2, 10, or 50 µM for 12, 24, or 48 h, as indicated). (A) Cells were assessed for viability using the trypan blue dye exclusion assay (live 
cells, ●; dead cells, ○). Values are presented as percentages of the untreated control cells. (B) Chondrocyte senescence was confirmed using an senescence‑asso-
ciated β‑galactosidase (SA‑β‑gal) activity assay. Percentages of SA‑β‑gal‑positive cells were calculated from the numbers of blue cells per 200 cells in randomly 
selected areas. Representative images were obtained at a magnification of x20.

Figure 2. Effects of cilostazol on the expression of phenotypic markers in chondrocytes. Chondrocytes were treated with cilostazol (50 µM) for the indicated 
periods of time. (A) Whole cell lysates were analyzed by western blot analysis using specific antibodies against type Ⅱ collagen. β‑actin was used as an internal 
control. (B) Cells were fixed and reacted with β‑catenin antibody for immunofluorescence staining and examined using a confocal microscope. The right 
panels show superposition of β‑catenin antibody and propidium iodide (PI) immunoreactivity (orange).
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of HO‑1 on cellular senescence, the chondrocytes were 
pre‑treated with 100 µM of SIN‑1, an inducer of HO‑1 expres-
sion, for 6 h prior to stimulation with cilostazol. Treatment 
with SIN‑1 decreased the number of SA‑β‑gal‑positive cells 
as compared with the chondrocytes treated with cilostazol 
only (Fig. 4A) and decreased the accumulation of β‑catenin 
induced by cilostazol  (Fig.  4B). Therefore, we examined 
whether HO‑1 directly modulates cilostazol‑induced cellular 
senescence by using the HO‑1 expression vector. Of note, the 
overexpression of HO‑1 was found to inhibit the cellular senes-

cence induced by cilostazol (Fig. 5). These results suggest that 
the upregulation of HO‑1 has an anti‑aging effect on chondro-
cyte senescence.

Inhibition of HO‑1 enhances cilostazol‑induced cellular 
senescence in chondrocytes. To investigate the effects of 
HO‑1 activity on cilostazol‑induced cellular senescence in 
chondrocytes, the iron chelator, DFO, was used to block HO‑1 
activity. The chondrocytes were pre‑treated with 100 µM DFO 
for 30 min and then incubated with cilostazol for 48 h. At this 

Figure 3. Effect of cilostazol on generation of reactive oxygen species (ROS) and heme oxygenase‑1 (HO‑1) expression in chondrocytes. Chondrocytes were 
incubated for the indicated periods of time in the absence or presence of 50 µM cilostazol. (A) Whole cell lysates were analyzed by western blot analysis using 
a HO‑1 antibody. (B) Intracellular ROS levels were determined using a confocal laser‑scanning microscope.

Figure 5. Effect of heme oxygenase‑1  (HO‑1) overexpression on the 
stress‑induced senescence of chondrocytes. Chondrocytes were transfected 
with HO‑1 expression vector, incubated for 24 h, treated with cilostazol (50 µM) 
for 48 h, and subjected to senescence‑associated β‑galactosidase (SA‑β‑gal) 
activity assay. Values are the means ± standard deviations (SD) of 3 indepen-
dent experiments. The gel demonstrates the induction of HO‑1.

Figure 4. Attenuation of stress‑induced chondrocyte senescence by pre‑treat-
ment with 3‑morpholinosydnonimine hydrochloride (SIN‑1). Chondrocytes 
were pre‑treated with 200 µM SIN‑1 for 3 h and then stimulated with cilo-
stazol (50 µM) for 48 h. (A) Chondrocyte senescence was determined using 
a senescence‑associated β‑galactosidase (SA‑β‑gal) activity assay. Values 
are the means ± standard deviations (SD) of 3 independent experiments. 
(B) Whole cell lysates were analyzed by western blot analysis using specific 
antibody against β‑catenin.
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concentration DFO had no cytotoxic effect and abrogated HO 
activity (data not shown). As shown in Fig. 6A, the inhibition of 
HO activity significantly increased cilostazol‑induced cellular 
senescence. To confirm this result, we used HO‑1 siRNA to 
knockdown HO‑1. HO‑1 siRNA was found to effectively 
suppress HO‑1 expression. In addition the cells transfected 
with HO‑1 siRNA exhibited a greater degree of SA‑β‑gal 
staining than the control‑transfected chondrocytes (Fig. 6B). 
These findings suggest that HO‑1 activity is associated with 
chondrocyte senescence induced by cilostazol.

Discussion

Chondrocytes exist in avascular tissue in low oxygen environ-
ments. Nevertheless, chondrocytes produce ROS and have 
metabolisms that are adapted to anaerobic conditions and 
counteract abnormal levels of ROS produced by immune 
cells under pathological conditions. ROS can damage 
extracellular matrix components directly or indirectly by 
upregulating matrix metalloproteinases (MMPs), inducible 
nitric oxide synthase  (iNOS), cyclooxygenase‑2  (COX‑2) 
and IL‑6 genes (23‑25). In addition, the age‑related changes 
in the intracellular redox status of chondrocytes may be a 
major contributor to the increased apoptotic death and senes-
cence of chondrocytes. However, the precise roles played by 
redox‑related factors in cartilaginous tissue and chondrocytes 
remain largely unknown.

We recently reported that cilostazol accelerates cellular 
dedifferentiation and cellular senescence in primary rat 
articular chondrocytes (20). The present study demonstrates 
HO‑1 exerts a protective effect against cellular senescence 
induced by cilostazol in articular chondrocytes. As shown 
in Fig. 3, cilostazol itself significantly induced ROS production 
and HO‑1 expression in chondrocytes. Furthermore, the 
induction of HO‑1 was found to be associated with cellular 
senescence in chondrocytes, and the upregulation of HO‑1 
using SIN‑1 or an HO‑1 expression vector markedly suppressed 
cilostazol‑induced cellular senescence  (Figs.  4  and  5). In 
addition, the inhibition of HO‑1 activity with the iron chelator, 

DFO, or with HO‑1 siRNA enhanced cilostazol‑induced 
cellular senescence (Fig. 6). These results suggest that HO‑1 
protects chondrocytes against cilostazol‑induced cellular 
senescence, and that HO‑1 activity is associated with the 
chondrocyte senescence induced by oxidative stress. These 
results suggest that HO‑1 acts as an anti‑aging factor during 
chondrocyte senescence.

HO‑1 is considered to exert protective effects on cells and 
tissues exposed to cytotoxic conditions induced by oxida-
tive stress in cartilage  (26,27). It has also been shown to 
have anti‑inflammatory, anti‑proliferative and anti‑apoptotic 
effects due to its modulations of related gene expression or 
enzymatic activity (28,29). HO‑1 can act as a modulator of 
cellular homeostasis and regulate a variety of critical cellular 
processes in a number of different organisms. Therefore, HO‑1 
has been shown to be a positive regulator of chondrogenesis 
and chondrocyte differentiation  (19). Importantly, HO‑1 
expression is upregulated by ROS and anti‑inflammatory 
cytokines in chondrocytes and cartilage as well (15,16,18). 
Previous studies have demonstrated that HO‑1 significantly 
contributes to mechanisms that prevent the degeneration of 
human cartilage (30,31). In addition, the upregulation of HO‑1 
has been shown to diminish osteoclast numbers in a model 
of rheumatoid arthritis, which suggests that HO‑1 regulates 
osteoclastogenesis and consequently bone erosion in carti-
lage (31). However, although HO‑1 expression is known to be 
induced to protect against the cartilage destruction elicited 
by oxidative stress, the role of HO‑1 has not been thoroughly 
investigated. Thus, many researchers have focused on eluci-
dating the regulation and functions of HO‑1 in chondrocytes 
and cartilage.

However, HO‑1 may play a dual role in the pathology of 
tissue as high levels of HO‑1 are frequently detected in patho-
logical states (32,33). Investigators have shown that the induction 
of HO‑1 expresison by low dose sodium nitroprusside (SNP) 
protects human chondrocytes against apoptosis induced by 
high doses of this agent (34). Furthermore, age‑related changes 
in the intracellular redox status of chondrocytes may be major 
contributors to the development of cellular senescence (35,36), 

Figure 6. Effect of inhibition of heme oxygenase‑1 (HO‑1) on stress‑induced chondrocyte senescence. (A) Chondrocytes were pre‑treated with desferriox-
amine (DFO) (100 µM) for 30 min and then stimulated with cilostazol (50 µM) for 48 h. (B) Cells were transfected with siRNA in DharmaFECT™ DUO 
reagent to silence HO‑1 gene expression, as described in ‘Materials and methods’. Cells were treated with cilostazol for 24 h, and senescence‑associated 
β‑galactosidase (SA‑β‑gal) activity assay was performed. Whole cell lysates were analyzed by western blot analysis using a HO‑1 antibody. Values are the 
means ± standard deviations (SD) of 3 independent experiments.
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and thus, HO‑1 may be a potential therapeutic target for diseases 
associated with chondrocyte senescence and apoptosis. For this 
reason, it is important to identify the precise role of HO‑1 in the 
maintenance and death of chondrocytes in articular cartilage.
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