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Abstract

Chondrocyte apoptosis is closely related to the development and progression of osteoarthritis (OA); however, the underlying
mechanisms remain enigmatic. Previous studies have confirmed that cell apoptosis is one of the main pathological alterations
during oxidative stress, and chondrocyte apoptosis induced by oxidative stress plays an important role in the development of OA.
Rat chondrocytes exposed to hydrogen peroxide (H,O,) were used as the experimental oxidative stress model. We assessed cell
viability, cell apoptosis, levels of intracellular reactive oxygen species (ROS), nitric oxide (NO) production, gene relative
expression level of inducible nitric oxide synthase (iNOS), and expressions of iNOS, PI3K, phospho-Akt, caspase-9, and
caspase-3. With the rising of intracellular ROS and increasing iNOS synthesis, producing a large amount of NO in chondrocytes,
H,0, decreased the cell viability and induced cell apoptosis of chondrocytes. Furthermore, the levels of caspase-9 and caspase-3
protein expression were significantly elevated as well as the level of p-Akt protein expression when induced by oxidative stress.
These findings suggest that oxidative stress-induced chondrocyte apoptosis occurred via activating both PI3K/Akt and caspase

pathways in the early stage in these processes.
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Introduction

Osteoarthritis (OA), known as a degenerative joint disease, is
characterized by the loss of chondrocyte function and extra-
cellular matrix (ECM) destruction (LaPrade and
Swiontkowski 1999; Oliviero et al. 2010). Previous literature
has suggested that chondrocyte apoptosis and cartilage tissue
degeneration induced by oxidative stress are among the devel-
opment and progression processes of OA (Berenbaum 2008;
Sekar et al. 2017).

Oxidative stress, which reflects the balance between the
systemic manifestation of reactive oxygen species (ROS)
and detoxification of reactive intermediates, has been
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found in a wide range of human diseases, including cell
apoptosis in OA (Brandl et al. 2011). Apoptosis is an au-
tonomous programmed cell death process regulated by
multiple signaling pathways (Matheny and Adamo 2010).
A better understanding of molecular mechanisms
concerning oxidative stress-initiated chondrocyte apopto-
sis could lay a framework for optimal development of in-
novative therapies for OA.

Akt is a serine/threonine protein kinase that can be phos-
phorylated and activated by extracellular factors in a
phosphoinositide 3-kinase (PI3K)-dependent fashion (Yang
et al. 2017). As a potent inhibitory signal for apoptosis, Akt
plays an important role in regulating chondrocyte apoptosis
and survival and potentially preventing OA. The caspases are
believed to function in the effector stage of cell apoptosis
following an initiating signal (Carmody and Cotter 2000).
Such signals may derive from the direct activation of death
receptors such as Fas or from the release of cytochrome c
from mitochondria (Dai et al. 2017). When activated,
caspase-9 may initiate the activation of caspase-3, and then
induces hydrolysis of nucleic acids and cytoskeletal pro-
teins, which ultimately leads to cell apoptosis (Carvour
et al. 2008; Huang et al. 2013).
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The present study was undertaken to evaluate the molecu-
lar mechanism of apoptosis in H,O,-induced chondrocyte.

Materials and methods
Reagents

Collagenase II was obtained from Sigma-Aldrich (St
Louis, MO, USA). Dulbecco’s modified Eagle’s medium
(DMEM) with 100 U penicillin and 100 pg/streptomycin
was from Nanjing KeyGEN Biotech. Co., Ltd. (Nanjing,
China). Fetal bovine serum (FBS) was from Tianjin
Haoyang Biotech. Co., Ltd. (Tianjin, China). FITC
Annexin V Apoptosis Detection Kit was from BD
Pharmingen™ (San Diego, CA, USA). Cell Counting
Kit-8 (CCK-8), 0.25% trypsin, Total Nitric Oxide (NO)
Assay Kit, ROS Assay Kit, and BCA Protein Assay Kit
were purchased from Beyotime Biotechnology (Shanghai,
China). TRIzol was from Invitrogen (Carlsbad, CA, USA).
High Capacity cDNA Reverse Transcription Kit was ob-
tained from Applied Biosystems (Foster City, CA, USA).
SYBR® Select Master Mix was obtained from Applied
Biosystems (Austin, TX, USA). Rabbit anti-rat PI3K anti-
body, rabbit anti-rat phosphate-Akt antibody, rabbit anti-rat
caspase-3 and caspase-9 antibody, rabbit anti-rat iNOS an-
tibody, and rabbit anti-rat GAPDH antibody were pur-
chased from Cell Signaling Technology (Danvers, MA,
USA). Collagenase II was dissolved in DMEM and diluted
to 2 mg/mL to digest articular cartilage.

Cell harvest and culture

A method for harvesting chondrocytes was conducted as
described previously. In brief, chondrocytes were isolated
from the articular cartilage of 4-week-old male Sprague
Dawley rats from Cavens Lab Animal (Changzhou,
China). SD rats were euthanized via an overdose of anes-
thesia and then the cartilage was removed from animals.
The cartilage was cut into thin slices, washed with sterile
phosphate-buffered saline (PBS), and then digested with
2 mg/mL collagenase type Il in DMEM overnight in the
incubator. The digested cartilage was collected and centri-
fuged. The pellet was re-suspended in DMEM and filtered
through a 70-um nylon mesh. The resulting chondrocytes
were cultured in DMEM supplemented with 10% FBS in a
5% CO, incubator at 37 °C. All of the experiments were
conducted when the cells reached confluence within the
first passage. This study was reviewed and approved by
the ethics committee of the Second People’s Hospital of
Changzhou, Jiangsu, China.
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Cell treatment

Cultured chondrocytes were grown in 96-well plates (5 x 10°
cells/well) for cell viability assay, in 6-well plates (2 x 10°
cells/well) for cell apoptosis detection and protein experi-
ments, and in 6-cm dishes (5 x 10° cells/dish) for mRNA ex-
traction. When chondrocytes reached confluence, cells were
treated with H,O, (0, 0.1 mM, 0.3 mM, and 0.5 mM) for
30 min.

Cell viability assay

To assess the dose-response relationship of H,O,in the ex-
periment, the cell viability was evaluated by CCK-8.
Chondrocytes were plated in 96-well plates at a density
of 5x 10° cells/well to adhere overnight and treated with
four concentrations of H,O, for 30 min. After the incuba-
tion time, 10 uL of CCK-8 solution was added to each well
and the cells were further incubated for 1 h at 37 °C in 5%
CO,. Absorbance at 450 nm was measured using a micro-
plate reader (E1x808 ™ Bio-Tek Instruments, Winooski,
VT, USA).

Cell apoptosis detection

To quantify the percentage of cells undergoing apoptosis, the
FITC Annexin V Apoptosis Detection Kit was used according
to the manufacturer’s instructions. Briefly, after treatment,
chondrocytes were harvested and washed twice with cold
PBS, then re-suspended in 100-uL binding buffer into which
5 uL of FITC Annexin Vand 5 uL propidium iodide (PI) were
added for 15 min at 25 °C in the dark. After incubation,
400-pL binding buffer was added, and the cells were analyzed
with a FACScan flow cytometer (BD Biosciences, San Jose,
CA, USA).

The measurement of ROS production in chondrocytes

The ROS level in chondrocyte was measured by using a
commercialized kit according to the manufacturer’s opti-
mized instructions. Briefly, the number of washed
chondrocytes was counted using a cell-count board.
They were suspended by diluted DCFH-DA (10 mM)
with PBS, and incubated at 37 °C for 20 min. After wash-
ing twice with the PBS, ROS production in the re-
suspended solution was measured by using a FACScan
flow cytometer.

The measurements of NO concentration
The concentrations of NO in cell supernatants were mea-

sured according to the instruction of Total NO Assay Kit
with the use of the modified Griess reaction method,
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measuring the concentration of both nitrate and nitrite.
The molar concentration of NO in chondrocyte was deter-
mined from standard curves generated using standard
preparation (n = 6).

Quantitative real-time reverse transcription
polymerase chain reaction (RT-qPCR)

Total RNA was extracted from treated samples using
TRIzol. High Capacity cDNA Reverse Transcription Kit
was used to reverse transcribe total RNA (1 pg) according
to the manufacturer’s protocol. Rat-iNOS and Rat-Actin
were amplified using SYBR® Select Master Mix in a
Bio-Rad iQ5. The specific primer sequences (designed by
Sangon Biotech. Co., Ltd., Shanghai, China) are presented
in Table 1. The data were calculated by comparative
threshold cycle method.

Western blot

Chondrocytes were harvested and lysed in RIPA buffer for
total protein extraction. The protein concentration of each
sample was determined by the BCA Protein Assay Kit.
Equal amounts of protein (10 pg) were boiled and subjected
to electrophoresis on 10% sodium dodecyl sulfate-
polyacrylamide gels and transferred to a polyvinylidene fluo-
ride (PVDF) membrane. After being blocked for 1 h in Tris-
buffered saline with Tween-20 with 5% nonfat milk, the
PVDF membrane was then probed with primary antibodies
overnight at 4 °C and then with horseradish peroxidase-
conjugated secondary antibodies for 1 h at room tempera-
ture. The blots were detected with the enhanced
Chemiluminescence Assay Kit. Rabbit anti-rat GAPDH
antibody was used to detect GAPDH signal as an internal
loading control and relative expression levels were quanti-
fied by running the Quantity One software (Bio-Rad
Laboratories, Hercules, CA, USA).

Statistical analysis
All data were analyzed using Prism (GraphPad Software, San

Diego, CA, USA). Two-tailed  test was used for the statistical
analysis and P < 0.05 was considered statistically significant.

Results
Cell viability of chondrocytes

The influence of H,O, on normal chondrocyte viability was
detected by incubating cells with increasing concentrations of
H,0, (0, 0.1 mM, 0.3 mM, and 0.5 mM) for 30 min for
subsequent CCK-8 assay. The result showed that 0.1 mM
H,0, did not exhibit significant cytotoxicity for normal
chondrocytes; it reduced cell activity by 10%. When treated
with 0.3 mM H,0, for 30 min, the viability of cells decreased
by 30% (P <0.05). When concentration of H,O,reached to
0.5 mM, the viability of cells decreased by 55% (P <0.01),
suggesting the dosage influence of HO, on normal chondro-
cyte viability (Fig. 1a).

Cell apoptosis of chondrocytes

The apoptosis of chondrocytes was detected by flow cytome-
try assay (Fig. 1c¢). Chondrocytes were treated with increasing
concentrations of H,O, (0.1 mM,0.3 mM, and 0.5 mM) for
30 min. Chondrocytes cultured in DMEM for 30 min was
used as a negative control. The percentage of apoptotic cells
in quadrant Q1-UR and Q1-LR was calculated and shown in
Fig. 1b. The average percentage of apoptotic cells in the
0.1 mM group was 10% and did not show a significant differ-
ence from negative control. However, addition of H,O,
(0.3 mM and 0.5 mM) into the cell culture significantly in-
creased the fraction of apoptotic cells, respectively (average
18% P < 0.05 and average 50% P <0.01). These results sug-
gest that H,O, can induce the apoptosis of chondrocytes
in vitro in a dose-dependent manner.

ROS production and NO concentration
in chondrocytes

We chose ROS as a marker of oxidative stress. Treatment
with H,O, (0.1 mM, 0.3 mM, and 0.5 mM) for 30 min
significantly increased the intensity of fluorescence of
ROS by 11-fold, 54-fold, and 62-fold, respectively, when
analyzing with a FACScan flow cytometer (Fig. 2d), which
suggested the increasing of the level of intracellular ROS
compared with vehicle control (Fig. 2¢). NO is a highly
reactive cytotoxic free radical, which can be induced by
oxidative stress. As shown in Fig. 2a, the secretion of

Table 1 Primer sequences for

RT-qgPCR Gene Forward (5" — 3') Reverse (5" — 3')
iNOS TCCCAGCCTGCCCCTTCA CTCCTGCCCACTTCCTCC
Actin CCCATCTATGAGGGTTACGC TTTAATGTCACGCA
CGATTTC
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Fig. 1 Cell viability and cell apoptosis in chondrocytes treated with
different concentrations of H,O,. a Normal chondrocytes (CK) were
treated with different concentrations of H,O, (0.1 mM, 0.3 mM, and
0.5 mM) for 30 min. Cell viability was detected by CCK-8. b Results
of cell apoptosis in different groups. ¢ Normal chondrocytes (CK) were
treated with different concentrations of H,O, (0.1 mM, 0.3 mM, and
0.5 mM) for 30 min. Normal chondrocytes cultured in DMEM for

NO was increased significantly by treatment with H,O,
(0.1 mM, 0.3 mM, and 0.5 mM) for 30 min by 1.2-fold,
1.5-fold, and 1.8-fold, respectively.

Measurement of iNOS gene expression

ROS induced human chondrocytes to produce iNOS, which is
the key enzyme for the synthesis of NO. In our experiment,
the expression of iNOS increased by 1.7-fold, 2.2-fold, and
3.4-fold, respectively, with increasing concentrations of H,O,,
compared with normal chondrocytes, which was consistent
with the secretion of NO (Fig. 2b).

PI3K/Akt and caspase-9 and caspase-3 mediate
H,0,-induced chondrocyte apoptosis

To determine the mechanisms by which H,O, induced chon-

drocyte apoptosis, the protein expression of the apoptosis-
related markers was studied by western blotting (Fig. 3a). In
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30 min were used as a negative control. FITC annexin V/PI staining
and flow cytometry assays were used to detect cell apoptosis. Results
are presented as means =+ standard deviation of three independent
experiments. Untreated chondrocytes were used as control and
considered 100% viable. Asterisk indicates P < 0.05, double asterisks
indicate P <0.01 versus normal control

contrast, protein level of iNOS was found to be upregulated
(Fig. 3f), which was consistent with the gene expression of
iNOS. The levels of caspase-9 (Fig. 3d) and caspase-3
(Fig. 3e) protein expression were significantly elevated when
treated with increasing concentrations of H,O, compared with
vehicle control, suggesting that it acted as a pro-apoptotic
pathway. Surprisingly, known as an anti-apoptotic pathway,
the level of p-Akt protein expression was also found to be
significantly elevated when induced by oxidative stress in
our experiment (Fig. 3c).

Discussion

OA is a degenerative joint disease with multiple underlying
pathogenic mechanisms caused by various risk factors
(Betteridge 2003; Palferman 2003). Cytoreduction is a char-
acteristic feature of progressive degradation and destruction of
articular cartilage in OA (Zhuang et al. 2016). Cell apoptosis
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Fig. 2 Oxidative stress in chondrocytes treated with different
concentrations of H,O,. a The levels of NO in cell supernatants in
different groups were measured by assay kit. b Cultured and treated
chondrocytes were harvested and total RNA was extracted, followed by
RT-qPCR for detection of gene expression levels of iNOS. ¢ Results of
the levels of intracellular ROS in different groups. d Cultured and treated

plays a key role in the degeneration and degradation of artic-
ular cartilage of OA and increased chondrocyte apoptosis is
considered a key pathological feature of OA (Li et al. 2016).
The increased production of ROS has been found to suppress
the rate of chondrocyte proliferation and induce oxidative
stress. Oxidative stress elicited by ROS has been found to be
one of the main causative factors involved in the development
of OA, which contributes to cartilage degradation by
inhibiting matrix synthesis, activating latent matrix-
degrading enzymes (Hosseinzadeh et al. 2017; Wang et al.
2017). However, the relationship between oxidative stress
and apoptosis in OA has not been well elaborated.

ROS are generated during metabolic processes and perform
several biological functions. However, excessive ROS induce
oxidative stress and cause cellular damage to DNA, lipids, and
proteins (Du et al. 2015; Xu et al. 2012). H,O,, one of the
common forms of ROS, can easily penetrate the plasma mem-
brane and affect neighboring cells. Therefore, in our experi-
ments, we chose H,O, to stimulate normal chondrocytes and
mimic the oxidative stress microenvironment. After treatment,
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chondrocytes were harvested and the levels of intracellular ROS in
different groups were analyzed with a FACScan flow cytometer.
Results are presented as means + standard deviation of three
independent experiments. Untreated chondrocytes were used as normal
control. Asterisk indicates P < 0.05, double asterisks indicate P<0.01
versus normal control

with the increasing concentrations of H,O,, the viability of
chondrocytes was significantly lower than that of the normal
group and the percentage of apoptotic cells was significantly
higher than that of the normal group.

As a source of ROS, H,0, promoted the expression of
iNOS in chondrocytes, as we observed in our experiment.
iNOS is the key enzyme for the synthesis of NO. Once in-
duced, NO can be synthesized at a constant rate for quite a
long time. NO is a highly reactive cytotoxic free radical,
which can inhibit the synthesis and secreting of ECM in
chondrocytes, affecting the nutritional exchange of cartilage
and making cartilage under a bad microenvironment, which
eventually leads to the decline and progressive degeneration
of cartilage quality (Zhuang et al. 2018). Our results con-
firmed that in H,O,-stimulated chondrocytes, with the in-
creasing of ROS level, there are marked expression of iNOS
and release of NO.

The PI3K/Akt signaling is an important pathway involved
in cell differentiation (Faghiri and Bazan 2010; Xu et al.
2012). PI3K activation leads to Akt phosphorylation, which

@ Springer



200 D. Lietal.
a b
PI3K —— % 44
2
p-Akt - - - 2
Caspase- W s Gap D .
C  40-
Caspase-3 s G GND S
304
i el ok . ] -
.
L 20-
GAPDH 4 s S s Iy
SN 10
o Q7 O o
d e
4- 44
o\ 3 *% (VI') 34 e 20'
) o 15
% 4 % 10
O 14 O 14
5
Y S 8 o T o °
F & S S t &S S F & &S

Fig. 3 Oxidative stress activates PI3K/Akt and caspase pathways in
chondrocyte apoptosis. Following treatment, the levels of iNOS, PI3K,
p-Akt, caspase-9, and caspase-3 in total cell lysates were determined by
western blot analysis. Representative western blot (a) and quantification
data (b—f) are shown respectively. The relative protein levels were
normalized to the level of the internal control, GAPDH, and presented

is supposed to promote cell survival against oxidative stress
(Kang et al. 2010). Earlier studies have indicated that the
PI3K/Akt pathway promoted chondrocyte survival and
ECM synthesis. Conversely, inhibition of PI3K/Akt signaling
blocks proteoglycan synthesis in chondrocytes and reduces
chondrocyte survival (Grishko et al. 2009; Yan et al. 2017).
In our experiments, within 30 min, we found the level of p-
Akt protein expression was significantly elevated when in-
duced by oxidative stress. The PI3K/Akt pathway participates
in multiple apoptotic signaling pathways and we believe acti-
vation of the PI3K/Akt pathway in the early stage of cell
apoptosis is understandable. With the progression of cell ap-
optosis, cells can be protected against apoptosis by a transient
insult, a preconditioning property of apoptosis, and demon-
strate self-sustained apoptosis following withdrawal from a
transient apoptotic insult, a remodeling process of apoptosis,
in which PI3K/Akt signaling could be turned off through
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o
as fold changes relative to the control group (the level of the control group
was set as 1). Results are presented as mean + standard deviation of three
independent experiments. Untreated chondrocytes were used as normal
control. Asterisk indicates P <0.05, double asterisks indicate P<0.01
versus normal control

negative feedback mechanism and exhibits protection of cell
survival (Facchini et al. 2011).

Caspases, a family of specific cysteine proteases, are
critical mediators of apoptosis, which can be activated by
oxidative stress. The family of caspases is divided into two
classes: initiator caspases, such as caspases-9, activated
through the apoptosis-signaling pathways, and effector
caspases, such as caspases-3, which carry out apoptosis
(Maheshwari et al. 2011). Activation of caspase-9 leads
to the mitochondrial release of cytochrome ¢ which in turn
results in the activation of caspase-3. Caspase-3 is a mem-
ber of the caspase signaling pathway and the most impor-
tant executor of cell apoptosis, which can be activated both
by the intrinsic and the extrinsic apoptotic pathways
(Mendivil-Perez et al. 2012). In the intrinsic pathway, cy-
tochrome c¢ enters the cytoplasm and activates a chain re-
action of caspase family and the cell apoptosis (Hu et al.
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2011). Therefore, inhibition of caspase-3 activation may be
the key to decrease chondrocyte apoptosis (Yao et al.
2007). Although apoptosis can occur independently of cas-
pase involvement in some cell types (Carmody and Cotter
2000), all of the existing data indicate that caspase activa-
tion is a prerequisite for chondrocyte apoptosis. In our
experiments, the caspase-9 and caspase-3 expression in
cultured chondrocytes was increased after H,O, exposure
within 30 min, which clearly demonstrates that caspase-9
and caspase-3 activation is a necessary step in the cascade
of cellular events that leads to chondrocyte apoptosis after
exposure to H,O,.

Conclusion

The present study demonstrated that H,O, caused oxidative
damage in the chondrocyte, and ROS acting as mediators of
cell apoptosis in vitro was driven by oxidative stress, which
was consistent with the increased percentages of chondrocyte
apoptosis and ROS-induced oxidative stress. Thus, the results
in the current study revealed the H,O,-induced oxidative
stress in the chondrocyte caused alterations of iNOS,
PI3K/Akt, caspase-9, and caspase-3 protein expression level,
and finally resulted in chondrocyte apoptosis via the intrinsic
apoptosis pathway.
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