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Abstract

Thymoquinone (TQ) is the main constituent of Nigella sativa oil, which has been traditionally used against arthritis in the
Middle East. In this study, we investigated the effect of TQ against matrix metalloproteinase (MMP) expression in both
rabbit chondrocytes and animal mode of osteoarthritis (OA) induced by anterior cruciate ligament transection and tested
whether or not nuclear factor kappa B (NF-«B) was involved in this process. TQ down-regulated MMP-1, MMP-3 and
MMP-13 expression and up-regulated tissue inhibitors of metalloproteinase-1 expression as assessed by quantitative
realtime polymerase chain reaction. In addition, NF-«xB p65 protein level as well as its translocation induced by interleukin-

18 were inhibited by TQ. Our findings suggest the potential of TQ in the treatment of OA.
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Introduction

Osteoarthritis (OA) is a degenerative joint disease of carti-
lage degradation as well as synovial inflammation and sub-
chondral sclerosis. Previous studies have demonstrated that
proteolytic enzymes such as matrix metalloproteinases
(MMPs), aggrecanases and cathepsins are involved in the
breakdown of cartilage.'”®> Among them, MMPs have
been considered as the key matrix-degradation enzymes
due to the ability to cleave most components of extracellular
matrix.*” The activities of MMPs are antagonized by tissue
inhibitors of metalloproteinases (TIMPs).” The imbalance
between MMPs and TIMPs plays a pathophysiological
role in OA. Recently, inflammation has been believed to
play a pivotal role in the OA progression.””” For instance,
interleukin-18 (IL-1B8), a proinflammatory cytokine, has
been shown to contribute to OA progression via inducing
MMP expression as well as other catabolic factors, e.g. pros-
taglandin E2 and nitric oxide.'*~**

Nuclear factor kappa B (NF-«B) is a ubiquitous protein
involved in inflammation. Previous studies have proved
that activation of NF-«kB was involved in the synthesis of
cytokines such as IL-18 and tumor necrosis factor «
(TNF-@).">'® Furthermore, the correlation between NF-«B
activation and the induction of MMPs in arthritis is also
well documented.””'® These findings suggest that NF-«B
may be considered a potential target in the treatment of OA.

Recently, considerable attention has been drawn to herbal
drugs for the treatment of OA. Thymoquinone (TQ) is the
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main constituent of Nigella sativa oil which has been tradition-
ally used against arthritis in the Middle East."” TQ possesses
antioxidative properties and exhibits anticancer activity
against several tumor cells.***! Additionally, TQ has been
reported to exert anti-inflammatory properties.”> Tekeoglu
et al. found that TQ reduced the levels of TNF-« and IL-1 in
blood in a rat model of adjuvant-induced arthritis.” These
findings suggest the potential of TQ in the treatment of OA
because inflammation plays an important role in the disease.
In the present study, we investigated the effect of TQ in
IL-1B-stimulated rabbit chondrocytes, and we also assessed
the in vivo effect of TQ in experimental OA induced by anterior
cruciate ligament transection (ACLT) in rabbits.

Material and methods
Animals

Twenty mature New Zealand rabbits weighting 2.0-2.5 kg
were used for the in vivo study and 10 five-week-old
female China white rabbits were used for chondrocyte
culture (Animal center of Zhejiang University). This study
was approved by the Institutional Animal Care and Use
Committee of Zhejiang University (Hangzhou, China).

Reagents

TQ, recombinant human (rh) IL-18, collagenase II and 3-
(4,5-dimethylthiazolyl-2)-2,5-diphe-nyltetrazoliumbromide
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(MTT) were obtained from Sigma (St Louis, MO, USA).
Dulbecco’s modified Eagle’s medium (DMEM), penicillin,
streptomycin, fetal bovine serum (FBS) and 0.25% trypsin
were obtained from Gibco BRL (Grand Island, NY, USA).
TQ was dissolved in dimethylsulfoxide (DMSO).

Culture of rabbit articular chondrocytes

Articular cartilage was isolated from knee and hip joints of
five-week-old female China white rabbits under sterile con-
ditions. Cartilage was digested with 0.1% collagenase II for
four hours to obtain chondrocytes. Cell suspension was
transferred to 75cm® culture flasks at a density of
10 cells/cm? in 10 mL DMEM containing 10% FBS and anti-
biotics (100 units/mL penicillin, 100 ng/mL streptomycin).
The chondrocytes were cultured in a 5% CO, atmosphere
at 37°C. Confluent primary chondrocytes were passaged at
a ratio of 1:3. Chondrocytes passages two to four were used.

Cell viability assays

Cytotoxicity of TQ was assessed by MTT assay.
Chondrocytes were seeded on 96-well plates at a density
of 1 x 10*/well. TQ (1, 5 and 10 umol/L) was added to cul-
tured wells and incubated for 24 h. Twenty microliters of
MTT solution (5 mg/L in phosphate-buffered saline [PBS])
was added to each well and incubated for four hours at
37°C. After aspiration of the supernatant, 150 uL of DMSO
were added to each well. The plate was shaken for 10 min.
Absorbance at 570 nm was measured with an ELISA
reader (Bio-Rad, Hercules, CA, USA).

Quantitative realtime polymerase chain reaction

Cells (2.5 x 10°/well) in six-well plates were serum-starved
overnight. Then cells were pretreated with various concen-
trations of TQ for one hour followed by 10 ng/mL of IL-18
for 24 h in no serum media, then harvested for analysis of
the mRNA level of MMPs. TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) was used for total RNA extraction
according to the manufacturer’s instructions. For the first
strand cDNA synthesis, the Moloney murine leukemia
virus (M-MLV) reverse transcriptase cDNA synthesis kit
(Promega, Madison, WI, USA) was used, containing 2 ug of
total RNA, 1 uL of Oligo (dT),g primer, 25 units of RNase
inhibitor, 5 uL. of M-MLV 5 X reaction Buffer and 2 uL. of
dNTPs (10 mmol/L). Quantitative realtime polymerase
chain reaction (PCR) assays were carried out with the
iCycler apparatus system (Bio-Rad) and SYBR Green I tech-
nology. PCR primers for MMP-1, MMP-3, MMP-13, TIMP-1
and 185 rRNA are shown in Table 1. 18s rRNA was used as
an internal control to standardize mRNA levels. The realtime

PCR data were quantified using the ACT method with the
formula: 11 = 100 x 27(ACT targeted gene- ACT 18s rRNA).

Preparation of nuclear extracts and Western blot
analysis

Cells were pretreated with TQ (10 umol/L) for 24 h and
then stimulated with IL-18 (10 ng/mL) for one hour.

Treated cells were harvested and washed with ice-cold
PBS. A nuclear protein extract kit was used for nuclear
protein extraction according to the manufacturer’s instruc-
tions (Beyotime Institute of Biotechnology, Jiangshu,
China). Protein concentration was determined using
Bradford assay. Protein was resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Then, proteins in the gel were electrotransferred to polyvi-
nylidene fluoride membranes. Membranes were incubated
with primary antibodies against NF-«B p65 and
anti-Lamin B overnight at 4°C (Santa Cruz Biotechnology,
Inc, Santa Cruz, CA, USA) and then incubated for one
hour at room temperature with horseradish peroxidase-
linked secondary antibodies. Reactions were detected with
Enhanced Chemiluminescence kit (Amersham Biosciences,
Arlington Heights, IL, USA).

Immunofluorescence staining

Confluent cells in slides were serum-starved overnight and
treated with TQ for 24 h, and stimulated with 10 ng/mL
of IL-1B for one hour subsequently. Then, cells were
washed with PBS, fixed with 4% paraformaldehyde and
incubated with rabbit polyclonal anti-NF-«B p65 antibody
overnight followed by PE-conjugated goat anti-rabbit anti-
body for 60min (Santa Cruz Biotechnology). After
washing, cells were counterstained with 4’-6-diamidino-
2-phenylindole for 30 min, and viewed using confocal
microscopy (Carl Zeiss, Oberkochen, Germany).

OA induced and rabbits treatment

Fourteen mature rabbits underwent bilateral ACLT in the
knee as described previously.** Four weeks after surgery,
rabbits received an intra-articularly injection of 0.3 mL of
TQ (10 wmol/L) in the left knee and vehicle (DMSO) in
the right knee. Weekly injections continued for five weeks.
Rabbits were killed nine weeks after surgery. Six rabbits
were used as the normal control.

Gross evaluations

The gross morphological changes of the femoral condyles
were assessed in a blind manner using Indian ink staining,
according to a previously described grading method as
follows: Grade 1: intact surface; Grade 2: minimal fibrilla-
tion; Grade 3: overt fibrillation; and Grade 4: erosion.??

Histologic evaluations

Histologic evaluation was performed on sections from
femoral condyles. Specimens were fixed in 10% neutral buf-
fered formalin; after decalcification and dehydration, speci-
mens were embedded in paraffin, cut into 5-um thick
sections, and stained with Safranin O-fast green, and then
graded according to the Mankin score system.*



Table 1 Primers of targeted genes
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Targeted genes Sequence (5'-3)*

Amplicon length (bp) Accession number

MMP-1 S: AAGCCAGATGCTGAAACCCTG
A: GACCCTTGGAGACTTTGGTGAAT
MMP-3 S: ACACCGGATCTGCCAAGAGA
A: CTGGAGAACGTGAGTGGAGTCA
MMP-13 S: TTGACCACTCCAAGGACCCAG
A: GAGGATGCA GACGCCAGAAGA
TIMP-1 S: CAACTGCGGAACGGGCTCTTG
A: CGGCAGCGTAGGTCTTGGTGAA
18s rRNA S: GACGGACCAGAGCGAAAGC
A: CGCCAGTCGGCATCGTTTATG

328 AHO005676

89 NM001082280
252 NM001082037
102 AY829730
119 EU236696

TIMP-1, tissue inhibitors of metalloproteinase-1; MMP, matrix metalloproteinase
*S = sense; A = antisense

Gene analysis of cartilage by quantitative realtime PCR

Cartilage was frozen in liquid nitrogen until use.
Quantitative realtime PCR was performed as mentioned
above to assess the expression of MMP-1, MMP-3,
MMP-13 and TIMP-1.

Statistical analysis

All data are expressed as mean + standard deviation (SD).
Cell viability data were performed by the unpaired f-test.
Gross morphology data were analyzed by the non-parametric
Mann-Whitney U test, while histologic and gene expression
data were analyzed by the paired t-test. Differences were con-
sidered significant when P was less than 0.05.

Results

Effects of TQ on MMP-1, MMP-3, MMP-13 and TIMP-1
expression in IL-1B-induced rabbit chondrocytes

As expected, stimulation with IL-13 resulted in the increase
of MMP-1, MMP-3 and MMP-13 expression and the
decrease of TIMP-1 expression. Although 1 umol/L of TQ
showed no effects, a higher concentration of TQ inhibited
the expression of MMP-1, MMP-3 and MMP-13 and
increased the expression of TIMP-1 (P < 0.05) (Figure 1).
MTT assays showed that TQ at concentrations of 1, 5 or
10 umol/L exhibited no cytotoxicity (Figure 2). Therefore,
10 umol/L of TQ were used in the further study.

TQ inhibited IL-1B-stimulated NF-«xB p65 expression
and translocation in chondrocytes

In the present study, we investigated NF-«B p65 protein levels
in the nuclei of IL-1B-stimulated chondrocytes by Western
blots and immunofluorescence. Figure 3 shows that IL-13
increased the protein level of NF-«B p65 in the nuclei com-
pared with normal chondrocytes and the elevated protein
level was inhibited in TQ treated cells. Accordingly, TQ inhib-
ited IL-1B-induced NF-«B p65 translocation as assessed by
immunofluorescence staining (Figure 4).

Gross evaluations

Rabbits which underwent ACLT showed varying cartilage
lesions. Condyles in knees treated with TQ showed a

trend of less cartilage damage than that in the vehicle-
treated group, but the difference was not significant (P >
0.05) (data not shown).

Histologic evaluations

Intra-articular injection of TQ reduced histological lesions.
The Safranin-O staining reduction was less in TQ-treated
cartilage while a severe reduction of Safranin-O staining
was noted in the vehicle-treated cartilage (Figure 5). When
evaluated according to the Mankin score system, the
vehicle-treated cartilage had average values of 10.93 + 3.12
while the TQ-treated cartilage showed significantly lower
values of 8.71 + 3.24 (P < 0.05) (Table 2).

Gene expression in cartilage

As seen in Figure 6, gene expression of MMP-1, MMP-3 and
MMP-13 was increased, while TIMP-1 expression was
decreased, in cartilage from vehicle-treated knees as com-
pared with the normal cartilage. TQ significantly decreased
the expression of MMP-1, MMP-3 and MMP-13, and
increased the expression of TIMP-1 compared with the
vehicle-treated cartilage (P < 0.05).

Discussion

The current study demonstrated that TQ inhibited the
expression of MMP-1, MMP-3 and MMP-13 and increased
the expression of TIMP-1 in both chondrocytes and carti-
lage. Our findings also suggest the involvement of NF-«B
in the inhibition of MMPs by TQ.

In general, cartilage degradation in OA was mainly
mediated by MMPs, and the pivotal roles of the MMP
family in cartilage degradation are well accepted.”
Among MMPs, MMP-1 and MMP-13 are the two main
MMPs contributing to cartilage degradation. Therefore, in
the current study, we focused on the inhibition of MMPs
in rabbit chondrocytes to investigate whether TQ has chon-
droprotective properties. TQ significantly inhibited MMP-1,
MMP-3 and MMP-13 expression in response to IL-18 in
rabbit chondrocytes. Since the activities of MMPs were
affected by TIMPs, in this study we also investigated the
effect of TQ on TIMP-1 expression and found the increase
of TIMP-1 expression by TQ in IL-1B-stimulated chondro-
cytes as shown in Figure 1. Thus, we speculated that TQ
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Effects of TQ on the expression of MMP-1, MMP-3, MMP-13 and TIMP-1 in IL-1B-induced rabbit chondrocytes. Chondrocytes were treated with TQ

(1, 5, 10 umol/L) for one hour and then followed by 10 ng/mL of IL-13 for 24 h. Data are expressed as mean + SD. *P < 0.05 compared with cells stimulated with
IL-18. MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase; TQ, thymoquinone; IL-1, interleukin-13

may affect the ratio of MMPs to TIMPs to exert its biological
effect in chondrocytes. Our data are partly supported by
previous studies showing that agents inhibited MMPs’
exerted beneficial effects in the treatment of OA in vitro
and in vivo.”®*

IL-1B has been known as a critical proinflammatory cyto-
kine during the progression of OA. Induction of MMPs as
well as other catabolic factors such as iNOS and COX-2 by
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Figure 2 Effects of TQ on cell viability. Cells were treated with different con-
centrations of TQ for 24 h. The effects of TQ on rabbit chondrocytes viability
were evaluated using an MTT assay. TQ, thymoquinone; MTT assay, 3-
(4,5-dimethylthiazolyl-2)-2,5-diphe-nyltetrazoliumbromide assay

IL-18 in chondrocytes has been well documented.’**" Our
previous study showed elevated IL-18 expression in carti-
lage in a rabbit model of OA induced by ACLT.** Similar
findings were reported by Pelletier et al;”® they found that
production of IL-1 increased in both synovium and cartilage
in ACLT-induced OA in dogs. Furthermore, recombinant
IL-1 receptor antagonist has been proved to reduce cartilage
damage in both cartilage explant culture and animal
model."*** In light of the importance of IL-1 in OA,

0 0 10 TQ (umoliL)
IL-1p (10 ng/mL)
— NF- kB p65
R Ry L e

Figure 3 NF-«B expression in IL-1B-induced rabbit chondrocytes pretreated
by TQ. Chondrocytes were precultured with 10 umol/L of TQ for 24 h then
stimulated with IL-13 (10 ng/mL) for one hour. NF-«B, nuclear factor kappa B;
TQ, thymoquinone; IL-1, interleukin-13
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Figure 4 Immunofluorescence staining of NF-«B p65. Cells were pretreated with TQ for 24 h and stimulated with 10 ng/mL of IL-138 for one hour.
Immunofluorescence staining was performed to assess the translocation of NF-«B p65. (a) Normal cells; (b) IL-13 treatment; (c) TQ plus IL-13 treatment.
TQ, thymoquinone; IL-18, interleukin-13; NF-«B, nuclear factor kappa B (A color version of this figure is available in the online journal)

inhibition of IL-1 may be a strategy in the treatment of OA.
TQ has been reported to reduce serum sample IL-18 concen-
tration in animal studies.”®” In the present study, TQ

(a)

Figure articular

5 Photographs of
Safranin-O. Intra-articular injections of TQ or vehicle were performed once a
week for five weeks starting at four weeks after ACLT. Knee joints were
obtained at nine weeks after ACLT; cartilage was stained with Safranin-O.

cartilage stained by

(@ Normal cartilage showed no reduction of Safranin staining.
(b) TQ-treated cartilage showed reduction in loss of Safranin O staining as
compared with the (c) vehicle-treated cartilage (original magnification x50).
TQ, thymoquinone; ACLT, anterior cruciate ligament transection (A color
version of this figure is available in the online journall)

inhibited the induction of MMPs by IL-13 in chondrocytes;
this suppressive effect indicates the therapeutic potential of
TQ in the treatment of OA.

In the present study, we also investigated the in vivo effect
of TQ on cartilage degradation in experimental OA induced
by ACLT in rabbits. We demonstrated that intra-articular
injection of TQ ameliorated cartilage degradation during
OA development. Histological analyses show that severity
of cartilage degradation as well as structure changes in car-
tilage was less severe in the TQ-treated knees than the
vehicle-treated knees. In addition, MMP-1, MMP-3 and
MMP-13 expression decreased while TIMP-1 expression
increased in TQ-treated cartilage compared with the vehicle-
treated cartilage. The results are consistent with the findings
obtained from in vitro study. Together, these observations
confirm the therapeutic potential of TQ in the treatment
of OA.

The mechanisms by which TQ affected MMPs and TIMPs
in chondrocytes are still unclear. It is well established that
NF-«B-dependent signaling pathways participate in the
process of OA via inducing cytokine and MMP
expression.’**” NF-«B is present in the cytoplasm in an inac-
tive form; when activated by stimuli, NF-«B p65 shuttled
from the cytoplasm to the nuclei. TQ has been shown to
suppress the NF-«B activation pathway in other system.*®
Therefore, in the present study, we investigated whether
NF-«B was involved in the inhibition of MMPs by TQ. We
demonstrated that TQ inhibited the IL-1B-induced NF-«B
p65 protein expression in rabbit chondrocytes. In addition,

Table 2 Histological quantification of articular cartilage

TQ (N = 14) OA (N =14)
Structural changes 3.43 + 1.50* 4.29 +1.49
Cellular changes 2.14 + 0.53* 2.71 + 0.61
Safranin staining 2.79 + 0.89* 3.14 4+ 0.86
Tidemark 0.36 + 0.50* 0.79 + 0.43
Total score 8.71 + 3.24* 10.93 + 3.12

Values are the means + SD. *P < 0.05 compared with OA group analyzed by
paired-samples t-test
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Figure 6 Gene expression in cartilage. Relative gene expression data were normalized with 18S rRNA. TQ inhibited MMP-1, MMP-3 and MMP-13 expression and
increased expression of TIMP-1. Data are presented as mean + SD. *P < 0.05 when compared with vehicle-treated cartilage. MMP, matrix metalloproteinase;

TIMP, tissue inhibitor of metalloproteinase; TQ, thymoquinone

we found that TQ inhibited the NF-«B p65 translocation as
assessed by immunofluorescence staining. Thus, we specu-
lated that NF-«B may be involved in the inhibition of
MMPs by TQ in chodrocytes. Since other signaling path-
ways such as mitogen-activated protein kinase also play
an important role in the regulation of MMPs,* further
studies are needed to reveal the precise mechanisms that
underlie the regulation of MMPs by TQ.

In conclusion, we demonstrated that TQ down-regulated
MMP-1, MMP-3 and MMP-13 expression and up-regulated
TIMP-1 expression in both rabbit chondrocytes and carti-
lage. These effects may partly associate with the inhibition
of NF-«B. In vivo, TQ reduced cartilage degradation in the
progression of experimental OA. The findings suggest that
TQ can be considered as a therapeutic agent for OA.
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