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Abstract

Thymoquinone (TQ), a bioactive ingredient of the volatile oil of black seed (Nigella sativa), has been shown to possess anti-
neoplastic and anti-inflammatory effects on a variety of tumours. However, the precise mechanism of action is not clear in
normal cells such as primary chondrocytes. So, we have investigated the effects of TQ on the apoptosis of chondrocytes with a
focus on reactive oxygen species (ROS) production. In in vitro experiments, chondrocytes were cultured with increasing concen-
trations of TQ for 24 h or with 20 umol/L TQ for the indicated time periods, and various experiments were performed to detect the
apoptotic effects caused by TQ. The results showed that TQ significantly increases apoptosis. Apoptosis was dose- and time-
dependently expressed, and the generation of ROS also dramatically increased in a dose-dependent manner. Pretreatment of
N-acetyl-L-cysteine (NAC), an inhibitor of ROS, inhibited both TQ-induced apoptosis and ROS generation. Also, TQ up-regulated
phosphorylation of phosphatidylinositol 3-kinase/Akt (PI3K/Akt) and mitogen-activated protein kinases ((MAPKs] p38kinase, ERK-
1/-2, and JNKinase), and these effects were prevented by pretreatment of NAC. However, pretreatment with inhibitors of PI3K/Akt
and MAPKSs did not inhibit TQ-caused ROS generation. Among the inhibitors of PI3K/Akt, p38kinase, ERK-1/-2, and JNKinase,
pretreatment with LY294002 and SB203580 abolished TQ-induced apoptosis, but PD98059 and SP600125 did not have any effect
on TQ-caused apoptosis. These findings suggest that TQ-induced ROS generation regulates apoptosis by modulating PI3K/Akt
and p38kinase pathways.
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is crucial event in the pathogenesis of cartilage degradation,
the detailed apoptosis pathways in pathology of arthritis
have not yet clearly elucidated.”® To understanding the
causes of arthritis, we need studies of signalling pathway
related with apoptosis modulated by a number of stimuli.
Apoptosis is characterized by a number of well-defined
features, including the presence of apoptotic bodies, chro-
matin condensation, nuclear fragmentation, and the activa-

Introduction

Osteoarthritis (OA) is a painful bone and joint disease that
develops as a result of insufficient and aberrant repair of
damaged synovial joint tissue." It is characterized by a loss
of cartilage, alteration of subchondral bone, and low-grade
synovitis, leading to a gradual loss of articular cartilage.’
Although symptoms involved in OA are well understood,
the trigger onset for cartilage matrix destruction and

changes remain largely unknown. Chondrocytes in OA car-
tilage is accompanied by morphological changes that are
characteristic features of apoptosis.” During the OA pro-
gression, to maintain the chondrocytes viability and their
ability to resist apoptosis play an important role.*
Apoptosis of chondrocytes has been reported to be
involved with the strictness of OA and is correlated with
the progression of the disease.” It plays a critical role in
development, maintenance of homeostasis, and a wide
range of diseases.® Although apoptosis of chondrocytes
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tion of caspases.’ Also, p53 and p21"A™ have been shown
to function as an apoptosis-promoting protein, and the
mechanisms by which p53 and p21"*™ promote apoptosis
may be associated with their interaction with the DNA
repair machinery.*

Reactive oxygen species (ROS) including oxygen ions,
free radicals and peroxides usually have highly reactive
properties and are produced as by-products of cellular
metabolism. During physiological homeostasis, oxidative
balance is maintained by the removal of ROS through
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diverse antioxidants to match the production of ROS from a
variety of stimuli.'' When cellular generation of ROS
exceeds its antioxidant facility, it damages lipids, protein,
and DNA.*2 ROS also promotes oxidative stress and chon-
drocytes apoptosis by altering mitochondrial function.'®
ROS has been hypothesized to contribute to the develop-
ment of OA. Overproduction of ROS can lead to activation
of the receptor for advanced glycation end products, which
modulate chondrocytes and synovial responses in OA."*

Thymoquinone (TQ), a drug derived from Nigella sativa,
has a variety of biological effects that include antimicrobial,
antiviral, anti-inflammatory, and immunomodulatory
activities. TQ belongs to a family of quinones, which are
known to regulate as redox couples within the mitochon-
drial respiratory chain.'?

Many findings indicate that the activation of receptor
tyrosine kinases, which are transmembrane receptors with
an intrinsic ability to phosphorylate tyrosine residues in
their cytoplasmic domains, such as phosphatidylinositol
(PI) 3-kinase/Akt (PI3K/Akt), results in the activation of
nuclear transcription factors that regulate apoptosis.’®!”
Mitogen-activated protein kinases (MAPKs) are also
involved in relaying extracellular stimulations to intracel-
lular responses and coordinately regulate cell proliferation,
differentiation, motility, and survival."™®" It has been shown
that a number of events including PI3K/Akt and MAPKs
signalling pathways could play a role in mediating
apoptosis.?’?!

However, no reports exist on the effect of TQ on the
apoptosis of chondrocytes. In this study, we have investi-
gated the effect of TQ on apoptosis with a focus on the
generation of ROS and its related mechanistic pathways
to identify an association between ROS and joint diseases,
such as OA. Here, we demonstrated that TQ strongly pro-
duces ROS and this oxidative stress causes apoptosis
through the activation of PI3K/Akt and p38kinase signal-
ling in rabbit articular chondrocytes.

These studies evidenced that PI3K/Akt and p38kinase
signalling play a critical role in TQ-induced apoptosis. Also,
these findings can be provided a scientific data basis for
understanding the process of cartilage damage.

Materials and methods
Culture and treatment of rabbit articular chondrocytes

Articular chondrocytes were isolated from cartilage slices of
two-week-old New Zealand White rabbits by enzymatic
digestion, as previously described.” Briefly, cartilage
slices were enzymatically dissociated in 0.2% collagenase
type II (381 units/mg solid, Sigma-Aldrich, St. Louis, MO,
USA) in Dulbecco’s modified Eagle’s medium (DMEM,;
Invitrogen, Burlington, ON, Canada). Individual cells
were suspended in DMEM supplemented with 10% (v/v)
bovine calf serum (Invitrogen), 50 ug/mL streptomycin,
and 50 units/mL penicillin. The cells were seeded on cul-
ture dishes at a density of 5 x 10* cells/cm® The medium
was replaced every two days, and cells reached confluence
after approximately five days. For these experiments, 3.5-
day cell cultures were treated with TQ (Sigma-Aldrich). To
explore the signalling pathway in TQ-induced apoptosis,

10 pmol/L  p38kinase inhibitor SB203580 (SB; Tocris
Bioscience, Ellisville, MO, USA), 10umol/L MEK-1/-2
inhibitor PD98059  (Tocris  Bioscience), 10pmol/L
PI3kinase inhibitor LY294002 (San Diego, CA, USA),
10 umol/L JNK inhibitor SP600125 (Tocris Bioscience),
5mmol/L ROS inhibitor N-acetyl-L-cysteine (NAC; Sigma-
Aldrich), and 200 umol/L mitochondrial anion channel
inhibitor (4,4'-diisothiocyano-2,2’-stilbenedisulphonic acid
[DIDS], Sigma-Aldrich) were used. Chondrocytes were
pre-incubated with each inhibitor for 1h, followed by co-
incubation with TQ. The study was approved by the ethics
committee of Kongju National University, Gongju, Republic
of Korea.

Western blot analysis

After the indicated TQ treatment, the medium was
removed, and the cells were rinsed with phosphate-
buffered saline (PBS) twice. After the addition of cold
radio immuno precipitation buffer (10 mmol/L Tris pH
7.5,100 mmol/L NaCl, 1 mmol/L ethylenediaminetetraace-
tic acid [EDTA], 0.5% Na-deoxycholate, 0.1% sodium dode-
cyl sulphate [SDS], and 1% Triton X-100), supplemented
with protease inhibitors (10 g/mL leupeptin, 10 g/mL pep-
statin A, 10g/mL aprotinin, and 1mmol/L of 4-[2-ami-
noethyl] benzenesulphonyl fluoride) and phosphatase
inhibitors (I mmol/L NaF and 1mmol/L Na3zVO,). Cells
were scraped at 4°C. Cell lysate was then subjected to a
centrifugation of at 13,000 x g for 10 min at 4°C. Resultant
protein samples were separated by sodium dodecyl sul-
phate SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto a nitrocellulose (NC) mem-
brane (Millipore, Billerica, MA, USA). The membrane was
stained by ponceau S solution to confirm the uniform trans-
fer of all samples and was then incubated in blocking solu-
tion (Tris-buffered saline [TBS] with 0.05% Tween 20 and 5%
nonfat dry-milk) for 1h at room temperature. The antibo-
dies used in this study, pro-caspase-3, p53, p21, and actin,
were obtained from Santa Cruz Biotechnology Inc (CA,
USA), and phospho-p38, phopho-ERK-1/-2, phospho-
JNK, and phospho-Akt were purchased from Cell
Signaling (Beverly, MA, USA). The membrane was reacted
first with the desired primary antibodies for 24 h at 4°C. The
membrane was then incubated with appropriate horserad-
ish peroxidase conjugated secondary antibody (Sigma-
Aldrich) for 2h, washed with TBST, and developed using
the ECL kit.

Measurement of ROS

ROS production was determined using 2’,7’-dichlorodihy-
drofluorescein diacetate (DCFH-DA; Sigma-Aldrich). The
acetoxymethyl group on DCFH-DA is cleaved by non-
specific esterases within the cell, resulting in a nonfluores-
cent-charged molecule that did not cross the cell membrane.
Intracellular ROS irreversibly oxidized DCFH-DA to
dichlorofluorescein (DCF), which is a fluorescent product.
After the cells were treated with various concentrations of
TQ for 30 min to 2h, the cells were washed with PBS twice
and then loaded for 30 min with DCFH-DA (10 umol/L) in
DMEM without phenol red. After the media were removed,
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the chondrocytes were centrifuged to collect cells, and the
fluorescence was assessed using an Flx 8000 fluorometer
(excitation 485nm/emission 525nm; Bio-tek Instruments
Inc., Winooski, VI, USA) and flow cytometry (Partec,
Munster, Germany, excitation at 495nm and emission at
529nm). For visualization of ROS by fluorescent micros-
copy, cells were labelled and placed in darkness for
30min at 37°C with a DCFH-DA (10 pmol/L) probe. The
chondrocytes were washed with PBS twice. Fluorescence
was then observed using an inverted Olympus BX50 micro-
scope (Tokyo, Japan).

Cell cycle analysis

The cells were serum starved for 24 h to synchronize them
in the Gy phase of cell cycle. Synchronous populations of
cells were subsequently treated with TQ for 24 h. The cells
were washed twice with cold PBS and then centrifuged. The
pellet was fixed in 70% (vol/vol) ethanol for 1h at 4°C. The
cells were washed once with PBS and resuspended in cold
PI solution (50 pg/mL) containing RNase A (0.1 mg/mL) in
PBS (pH 7.4) for 30 min in the dark. Flow cytometry ana-
lyses were performed using flow cytometer. Forward light
scatter characteristics were used to exclude the cell debris
from the analysis. The sub-G; population was calculated to
estimate the apoptotic cell population.

Determination of proliferation

Cell proliferation was monitored using Cell Proliferation
Reagent Kit I (MTT) (Roche Applied Science,
Indianapolis, IN, USA). Chondrocytes (2 x 10* cells/well)
were allowed to grow in 96-well plates and treated with
reagents. After the exposure period, media were removed.
Thereafter, the medium was changed and incubated with
MTT (0.1 mg/mL) for 4h. The viable cell number per well
was directly proportional to the production of formazan,
which was solubilized in dimethyl sulphoxide, and mea-
sured spectrophotometrically at 595nm. All experiments
were performed in triplicate.

Determination of apoptosis

Apoptotic death of chondrocytes was determined by exam-
ining DNA fragmentation using standard procedures.
Briefly, cell pellets were resuspended in 750 pL of ice-cold
lysis buffer (100mmol/L Tris-HCl, pH 7.4, 5mmol/L
EDTA, 200 mmol/L NaCl, and 0.2% SDS) for 45 min with
occasional shaking. DNA was extracted with phenol and
precipitated with alcohol. The pellet was dried and resus-
pended in 100 uL of 20mmol/L Tris-HCl, pH 8.0. After
digesting RNA with RNase (0.1 mg/mL) at 37°C for 1h,
the samples (5pg) were electrophoresed through a 1.5%
agarose gel in 450nmol/L Tris-acetate-EDTA buffer, pH
8.0. DNA was photographed under ultraviolet light.

4,6-Diamidino-2-phenylindole staining

Cells were plated onto 12mm? coverslips in dishes and
cultured with complete medium. After treating with
20 pmol/L TQ in the absence or presence of 5mmol/L
NAGC, the cells were fixed with 3.5% paraformaldehyde

for 15min at room temperature and were then washed
with PBS. The membrane-permeable fluorescent dye 4,6-
diamidino-2-phenylindole (DAPI), 2 pg/mL, which binds
to the chromatin of cells, was added to the fixed cells, and
the cells were examined by an Olympus BX50 microscope.
Apoptotic cells were identified by condensation and frag-
mentation of nuclei. For each experiment, nuclei from 10
random fields of each coverslip were examined at x 1000
magnification.

Data analysis and statistics

The results are expressed as mean values with standard
deviation. The values were calculated from the specified
number of determinations. An analysis of variance test
was used to compare individual treatments with their
respective control values. Significance was defined at the
P <0.01 level.

Results
TQ induces intracellular ROS generation

To test the hypothesis that TQ is an inducer of oxidant
stress, we first examined TQ-treated cells for the accumula-
tion of ROS. Chondrocytes were treated with various con-
centrations of TQ (5-20 pmol/L) for 2h and the level of
intracellular ROS was monitored using a DCF-DA probe,
which emits a green fluorescence on oxidation (Figure 1).
TQ caused the accumulation of ROS, resulting in a substan-
tial increase in the number of fluorescent cells as detected
by fluorescence microscopy (Figure 1a, left panel).
Quantification of the fluorescent signal by fluorescence
microscopy showed a 1.37-fold increase in the ROS content
of TQ-treated cells relative to that observed in control cells
(Figure 1a, right panel). A fluorometer and flow cytometry
analysis also indicated that the concentration of intracellu-
lar ROS increased transiently in a dose-dependent manner
in TQ-treated chondrocytes (Figure 1b and c). These obser-
vations indicated that TQ induces the generation of ROS in
rabbit articular chondrocytes (Figure 1).

TQ inhibits proliferation and causes apoptosis

We investigated whether TQ could regulate the prolifer-
ation and apoptosis of articular chondrocytes. When cells
were treated with various concentrations of TQ for 24 h, the
cell viability was significantly reduced (Figure 2a). To assess
the cellular apoptosis induced by TQ, cells were treated
with TQ at different concentrations for 24 h, then stained
with DAPI dye, and examined by fluorescence microscopy
(Figure 2b). The staining of cell nuclei with DAPI revealed
characteristics typical of apoptosis, including chromatin
condensation and nuclear fragmentation (Figure 2c).
Consistent with the morphological changes seen by DAPI
staining, a ladder pattern of fragmentation was distinctly
seen for TQ-treated cells. The fragmentation pattern of a
DNA ladder also significantly increased at 20 pmol/L TQ,
while cells did not show distinct fragmented DNA at con-
centrations of less than 20 pmol/L (Figure 2c). Flow cyto-
metry was performed to analyse the cell cycle perturbation
and apoptosis (Figure 2d). As expected, TQ-induced cell
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Effect of TQ on intracellular ROS generation in primary rabbit articular chondrocytes. (a) Chondrocytes were treated with various concentrations of TQ for

2 h. DCF fluorescence intensity was observed by converted fluorescence microscopy (left panel). DCF fluorescence intensity was measured by Image J (Vector Lab.,
USA,; right panel). (b) Cells were treated with the indicated concentrations of TQ for 2 h. ROS fluorescence was measured by using an Fix 8000 Bio-Tek fluorometer (Bio-
tek Instruments Inc., Winooski, VT, USA). (c) Articular chondrocytes were treated with an increasing dose of TQ for 1 h, and then ROS accumulation (shift to right) was
determined by flow cytometry analysis. Data were given as mean + SD with three independent experiments performed in triplicate. Compared with the control group:
*P <0.01. TQ: thymoquinone; ROS: reactive oxygen species; DCF: dichlorofluorescein. (A color version of this figure is available in the online journal)

cycle arrest in sub-G1 phase and level of apoptotic fractions
increased up to 34.5% (Figure 2d). ROS has been shown to
cause apoptosis in chondrocytes through several important
signal transmission steps, including accumulation of p53
and activation of caspase-3. We examined the changes in
apoptosis-related proteins, p53, p21, and procaspase-3. We
observed the accumulation of p53 and we observed that
expression of p21 increased, whereas expression of procas-
pase-3 decreased in a dose- and time-dependent manner
(Figure 2e). These results suggested that TQ inhibits

proliferation and causes apoptosis via p53 and caspase-3
dependent pathways (Figure 2).

TQ-induced apoptosis is inhibited by NAC, an ROS
scavenger

Numerous chemical treatments capable of causing apop-
tosis can also induce ROS production, suggesting a close
relationship between ROS production and apoptosis.”
Therefore, the alteration of apoptosis was examined to
determine the relationship between the accumulation of
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Figure 2 Effect of TQ on cell viability in rabbit articular chondrocytes. (a) Chondrocytes were treated with various concentrations of TQ for 24 h. Cell viability was
assessed by MTT assay. (b) Cells were treated with 20 pmol/L TQ for 24 h. Apoptotic cells were determined by DAPI staining and fluorescence microscopy. Arrow point
is the apoptotic body in apoptotic cells. (c) Primary cells were treated with various concentrations of TQ for 24 h. DNA Fragmentation was determined by DNA gel
electrophoresis. Line M, 100 bp size markers. (d) Articular chondrocytes were treated with 20 umol/L TQ for 24 h. Apoptosis of cells were quantified with the propidium
iodide, using a flow cytometer. (€) Chondrocytes were treated with various concentrations of TQ for 24 h or 20 umol/L TQ for the indicated time periods. Expression of
p53, p21, procaspase-3, and actin was detected by Western blot analysis. Actin was used as a loading control. Data were given as mean + SD with three independent
experiments performed in triplicate. Compared with the control group: *P < 0.01. TQ: thymoquinone; DAPI: 4,6-diamidino-2-phenylindole. (A color version of this figure

is available in the online journal)

ROS and the induction of apoptosis (Figure 3). When cells
were pretreated for 1h with 5mmol/L NAC, a ROS scav-
enger, and subsequently treated with TQ, cell viability was
evaluated, indicating that the antioxidant NAC interfered
with the TQ-caused apoptosis of chondrocytes (Figure 3).
As expected, compared with the control cells, NAC did not
affect the ROS level or the apoptotic rate (data not shown),
but it dramatically reduced TQ-induced ROS accumulation
in chondrocytes as determined by fluorescence microscopy
and flow cytometry analysis (Figure 3a). Compared with
the TQ-treated cells, the mean DCF fluorescence intensity
of chondrocytes treated with NAC and TQ was markedly
decreased to the level of control cells, as determined by

fluorometry (Figure 3b). DAPI staining and flow cytometry
analysis were performed to examine whether NAC
improved cell survival rate by inhibiting apoptosis
(Figure 3c). Treatment with NAC increased cell survival
ratio by ~95% (Figure 3c, upper panel). The proportion of
fragmented cells was dramatically lower in TQ-treated cells
with NAC than in cells treated with TQ alone. The survival
ratio was also significantly increased, from 50% to 95%
(Figure 3d). To investigate the mechanisms underlying the
anti-apoptotic effects of NAC, we analysed p53, p21, and
procaspas-3 in NAC-treated and untreated chondrocytes.
Consistent with the changes in the apoptotic rate and the
ROS level, NAC considerably reduced the expression of p53
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Figure 3 Effect of antioxidant, NAC, on TQ-caused ROS generation and apoptosis in chondrocytes. (a) Chondrocytes were treated with 20 umol/L TQ in the absence
or presence of 5 mmol/L NAC for 1-2 h. ROS accumulation (shift to right) was determined by flow cytometry analysis (left upper panel). DCF fluorescence intensity was
observed by converted fluorescence microscopy (magnification, x 400, left lower panel). DCF fluorescence intensity was measured by Image J (Vector Lab., USA,; right
panel). (b) Cells were treated with 20 umol/L TQ in the absence or presence of 5mmol/L NAC for 2 h. ROS fluorescence was measured by using an Fix 8000 Bio-Tek
fluorometer (Bio-tek Instruments Inc., Winooski, VT). (c—e) Chondrocytes were treated with 20 umol/L TQ in the absence or presence of 5 mmol/L NAC for 24 h. (c)

Nuclear damage in chondrocytes was assessed using nuclear stain DAPI (magnification, x 1000, lower panel). Apoptosis of cells were quantified with the propidium
iodide, using flow cytometer (upper panel). (d) Cell proliferation was assessed by MTT assay. (€) Expression of p53, p21, procaspase-3, and actin was measured by
Western blot analysis. Actin was used as a loading control. Data were given as mean + SD with three independent experiments performed in triplicate. Compared with
the control group: *P <0.01. NAC: N-acetyl-L-cysteine; TQ: thymoquinone; ROS: reactive oxygen species; DCF: dichlorofluorescein; DAPI: 4,6-diamidino-2-pheny-

lindole. (A color version of this figure is available in the online journal)

and p21, and the cells with activated caspase-3 were treated
with TQ (Figure 3e). These findings indicated that NAC
inhibited TQ-induced apoptotic changes via suppression
of apoptosis (Figure 3).

TQ activates PISK/Akt and MAPKs

To determine whether ROS production could be responsible
for the activation of PI3K/Akt and MAPKs by TQ, chon-
drocytes were treated with TQ in the absence or presence of
NAC. Western blot analysis was used to detect the expres-
sion of PI3K/Akt and MAPKs, p38kinase, ERK-1/-2, and
JNKinase, in cells treated with TQ. TQ was found to
increase PI3K/ Akt and MAPKSs, p38kinase, ERK-1/-2, and
JNKinase in a dose-dependent manner (Figure 4a).
Compared with the control cells, treatment with NAC
alone did not affect the expression of observed proteins
(data not shown), whereas NAC significantly blocked TQ-
activated PI3K/Akt and MAPKs (Figure 4c). These data
indicate that TQ increases PI3K/Akt and MAPKs,
p38kinase, ERK-1/-2, and JNKinase.

TQ-caused apoptosis was abolished by inhibitor of
PI3K/Akt and p38kinase, SP600125 and SB203580

The PI3K/ Akt and MAPKSs, stress kinases activated under
conditions of extreme oxidative stress, were examined in

cells treated with TQ in the absence or presence of PI3K/
Akt inhibitor, LY294002, and MAPKSs inhibitors, SB203580,
PD98059, and SP600125, for 24 h. To confirm the activation
of PI3K/ Akt and MAPKSs on apoptosis caused by the pro-
duction of ROS, levels of ROS and cell viability were moni-
tored in chondrocytes that were pretreated with inhibitors
for 1h and then with TQ for 24 h, followed by determination
of cell viability and ROS assay (Figure 5a and b). We clearly
observed that pretreatment of inhibitors, SB203580 and
LY294002, significantly inhibited TQ-induced apoptosis,
whereas treatment of PD98059 and SP600125 did not
show any significant changes in TQ-caused apoptosis com-
pared with TQ-treated cells (Figure 5b). However, inhibitors
in cells treated with TQ had no dramatic effects on ROS
production (Figure 5a). Because inhibition of PI3K/Akt
and p38kinase with LY294002 or SB203580 had effects on
cell viability, it was therefore examined whether apoptosis
by TQ-induced ROS production was regulated by PI3K/
Akt and p38kinase pathway or not (Figure 5c).
Chondrocytes were treated with TQ in the absence or pres-
ence of LY294002 or SB203580 and then the levels of apop-
tosis-related proteins, p53, p32, and pro-caspase-3, were
analysed by Western blot analysis (Figure 5c). These data
showed that apoptosis caused by TQ-induced generation of
ROS was modulated by PI3K/ Akt and p38kinase pathways
(Figure 5).
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Figure 5 The relationship of PIBK/Akt and MAPKs on apoptosis by TQ-induced ROS in rabbit articular chondrocytes. (A) Chondrocytes were treated with 20 umol/L
TQ in the absence or presence of various inhibitors, PD98059, SB203580, SP600125, and LY294002, for 2 h. ROS fluorescence was measured by using an Fix 8000
Bio-Tek fluorometer (Bio-tek Insturments Inc., Winooski, VT). (B) Cell proliferation was assessed by MTT assay. (C) Rabbit chondrocytes were treated with 20 umol/L TQ
in the absence or presence of inhibitors, SB203580 or LY294002, for specific time periods. Expression of p53, p21, pAkt, Akt, pp38, p38, procaspase-3, and Actin was
determined by Western blot analysis. Actin was used as a loading control. Data were given as mean + SD with three independent experiments performed in triplicate.
Compared with the control group: *P < 0.01. PI3K/Akt: phosphatidylinositol 3-kinase/Akt; MAPKs: mitogen-activated protein kinases; TQ: thymoquinone; ROS: reactive
oxygen species

TQ-induced apoptosis by ROS generation was blocked

by DIDS, a mitochondrial anion channel inhibitor that transport inhibition of ROS into the cytoplasm by

DIDS recovered apoptosis by TQ-induced ROS production
Mitochondria are an important source of ROS within most (Figure 6).

mammalian cells.*** Mitochondria-generated ROS is Taken together, our results indicated that TQ-caused
transported to the cytoplasm by voltage-dependent anion = ROS induces apoptosis through PI3K/Akt and p38kinase
channels (VDAC)? and it is inhibited by DIDS, a mitochon- pathways in rabbit articular chondrocytes.

drial anion channel inhibitor. DIDS protects cells by block-
ing the egress of ROS from the mitochondria.”” To
determine whether DIDS prevents TQ-induced apoptosis,
chondrocytes were treated with DIDS for 1h, and then cell ~ROS plays a critical role in the modulation of cellular
viability was analysed by MTT assay (Figure 6a). DIDS com-  responses, such as proliferation, differentiation, and
pletely inhibited TQ-induced apoptosis (Figure 6a). As immune regulatory responses.”®>' ROS is produced via
shown in Figure 6(b), Western blot analysis also indicated  various stimuli and a variety of cellular events. A high
that TQ-caused expression of p53 and p21 was reduced by  level of generation of ROS results in oxidative stress,
DIDS (Figure 6b). These results collectively demonstrate  which contributes to abnormal events including organ

Discussion
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Figure 6 Effect of DIDS on TQ-induced apoptosis in chondrocytes. (A) Rabbit articular chondrocytes were treated with 20 umol/L TQ in the absence or presence of
200 umol/L DIDS for 24 h. Cell proliferation was assessed by MTT assay. (B) Expression of p53, p21, procaspase-3, and actin was detected by Western blot analysis.
Actin was used as a loading control. Data were given as mean + SD with three independent experiments performed in triplicate. Compared with the control group:

*P <0.01. DIDS: cyano-2,2'-stilbenedisulphonic acid, Si; TQ: thymoquinone

dysfunction and apoptosis of cells.’*>> A lot of recent evi-
dence demonstrates that the accumulation of ROS is related
to the apoptotic response caused by several chemotherapy
reagents.

Apoptosis has two major pathways: the extrinsic, also
known as the death receptor pathway, and intrinsic, the
so-called mitochondrial pathway, regulating apoptosis
and cross-talk between pathways. In the death receptor
pathway, the death receptors such as Fas or tumour necrosis
factor-o. receptors are activated by specific death ligands.
The mitochondrial pathway is activated by various stimuli
including ROS, DNA damage, calcium, and proapoptotic
Bcl-2 family members. These stimuli cause an increase of
permeabilization of the outer mitochondrial membrane, as
determined by altering mitochondrial membrane potential,
and activate caspase-9 and caspase-3.>*

The intrinsic pathway has been described as an import-
ant downstream signal of ROS in apoptosis. The excessive
generation of ROS can cause apoptotic cell death by accel-
erating mitochondrial permeability transitioning pore
opening, releasing pro-apoptotic factors, and activating cas-
pases, such as caspase-3 and caspase-9.%>7 It has been sug-
gested that ROS-triggered apoptosis involves the intrinsic
pathway of apoptosis which involves the activation of
caspase-3.%

TQ has been shown to inhibit proliferation and to induce
apoptosis in various cancer cells, but the mechanism of TQ-
induced apoptosis in rabbit articular chondrocytes has not
been well defined.?®4° Our study, in concert with previous
publications, showed that treatment with TQ induced pro-
liferation inhibition in the articular chondrocytes (Figure 2).
Our data also showed that treatment with TQ resulted in
significant up-regulation of ROS expression in chondro-
cytes (Figure 1). All of these findings of TQ imply that
TQ-induced ROS may regulate apoptosis.

A number of previous publications suggest that pre-
incubation with NAC is necessary to abrogate the cytotoxic
effects of quinines because NAC can form adducts with
quinines and reduce their toxicity.*"** These may be mod-
ulatory mechanisms for the potent effects of NAC in sup-
pressing the apoptotic effects of TQ.

To confirm the role of ROS generation in TQ-induced
apoptosis, we also used NAC to scavenge the ROS
(Figure 3). Pretreatment of chondrocytes with NAC not only
abrogated the induction of ROS by TQ, but it also significantly
protected these cells against TQ-induced apoptosis (Figure 3).
These findings clearly corroborated our hypothesis that TQ
induces apoptosis in chondrocytes via the generation of ROS.

The elevated ROS levels have been shown to inhibit pro-
liferation and to induce apoptosis in malignant cell types by
activating both caspase and stress kinase pathways, includ-
ing PI3K/ Akt and MAPKs pathways.**~*® Activation of cas-
pase is a very common mechanism by which eukaryotic
cells undergo apoptosis.*” Our data indicated that the acti-
vation of caspase-3 is involved in TQ-induced cytotoxicity
(Figures 2 and 5).

The apoptosis-inducing effect observed in in vitro sys-
tems as shown in this study may be pathologically impli-
cated as inducers of joint diseases such as arthritis. In vitro
responses are variable depending on the species, condition
of the donor, and the culture conditions. Although the sig-
nificance of our findings should be validated in subsequent
studies using in vivo animal models, the study suggests an
initial clue that quinines such as TQ may play a role in the
aetiology of cartilage disease through an induction of chon-
drocyte apoptosis. Our results may support a new light in
studying the role of quinones in the aetiology of arthritis.

In conclusion, our results demonstrate that TQ induces
apoptosis in rabbit articular chondrocytes through the gen-
eration of ROS as depicted in Figure 7. Caspase-3 and p53,
which are located downstream of ROS and perform apop-
tosis, were activated during the apoptosis of cells treated
with TQ. Moreover, ROS caused by TQ increased the acti-
vation of PI3K/ Akt and MAPKSs, which is also relevant to
apoptosis. We predict that TQ may have the potential not
only to inhibit proliferation, but also to induce apoptosis
through p38kinase and Akt pathways.

Author contributions: SMY designed experiments, con-
ducted research, and wrote manuscript. SJK designed
experiments, conducted research, analysed data, and
wrote manuscript.
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Figure 7 Schematic summary of TQ-induced apoptosis of chondrocytes.
Production of ROS by TQ-caused apoptosis is due to activate PI3-kinase and
p38kinase, p53 accumulation, and caspase-3 activation. The apoptosis by TQ
are inhibited by treating NAC and DIDS. TQ: thymoquinone; ROS: reactive
oxygen species; DIDS: cyano-2,2’-stilbenedisulphonic acid; NAC: N-acetyl-L-
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