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	� CARTILAGE

Histone deacetylase inhibitors 
attenuated interleukin- 1β-induced 
chondrogenesis inhibition in synovium- 
derived mesenchymal stem cells of the 
temporomandibular joint

Aims
In the repair of condylar cartilage injury, synovium- derived mesenchymal stem cells (SMSCs) 
migrate to an injured site and differentiate into cartilage. This study aimed to confirm that 
histone deacetylase (HDAC) inhibitors, which alleviate arthritis, can improve chondrogene-
sis inhibited by IL- 1β, and to explore its mechanism.

Methods
SMSCs were isolated from synovium specimens of patients undergoing temporomandibular 
joint (TMJ) surgery. Chondrogenic differentiation potential of SMSCs was evaluated in vitro 
in the control, IL- 1β stimulation, and IL- 1β stimulation with HDAC inhibitors groups. The 
effect of HDAC inhibitors on the synovium and condylar cartilage in a rat TMJ arthritis model 
was evaluated.

Results
Interleukin (IL)- 1β inhibited the chondrogenic differentiation potential of SMSCs, while the 
HDAC inhibitors, suberoylanilide hydroxamic acid (SAHA) and panobinostat (LBH589), at-
tenuated inhibition of IL- 1β-induced SMSC chondrogenesis. Additionally, SAHA attenuated 
the destruction of condylar cartilage in rat TMJ arthritis model. IL- 6 (p < 0.001) and matrix 
metalloproteinase 13 (MMP13) (p = 0.006) were significantly upregulated after IL- 1β stimu-
lation, while SAHA and LBH589 attenuated IL- 6 and MMP13 expression, which was upregu-
lated by IL- 1β in vitro. Silencing of IL- 6 significantly downregulated MMP13 expression and 
attenuated IL- 1β-induced chondrogenesis inhibition of SMSCs.

Conclusion
HDAC inhibitors SAHA and LBH589 attenuated chondrogenesis inhibition of SMSC induced 
by IL- 1β in TMJ, and inhibition of IL- 6/MMP13 pathway activation contributes to this biologi-
cal progress. This study provides a theoretical basis for the application of HDAC inhibitors in 
the treatment of TMJ arthritis.
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	� Whether histone deacetylase (HDAC) 
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mesenchymal stem cells (SMSCs) inhib-
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induced by IL- 1β. IL- 6/MMP13 pathway inhibition 
contributed to this biological progress.
	� Silencing of IL- 6 could directly downregulate MMP13 

and attenuate inhibition of IL- 1β-induced SMSC 
chondrogenesis.

Strengths and limitations
	� The strength of this study is that we showed that the 

HDAC inhibitors, SAHA and LBH589, attenuate chon-
drogenesis inhibition of SMSCs induced by IL- 1β, and 
that the attenuated IL- 6/MMP13 pathway activation 
contributed to this biological progress.
	� The main limitation of this study is lack of further 

exploration of the mechanism underlying attenuation 
of IL- 6 expression by HDAC inhibitors.

Introduction
Destruction of the condylar cartilage of the temporoman-
dibular joint (TMJ) is an important pathological process 
in temporomandibular arthritis.1 Because of their chon-
drogenic differentiation and immune regulation abilities, 
mesenchymal stem cells (MSCs) have been used to treat 
patients with cartilage injuries and osteoarthritis (OA).2- 5 
MSCs are isolated from both synovial fluid and synovium 
of the TMJ.6,7 Compared to MSCs from different sources, 
synovium- derived MSCs (SMSCs) show optimal chondro-
genic ability.8 However, the chondrogenic ability of MSCs 
is inhibited by proinflammatory cytokines in OA joints, 
such as interleukin- 1β (IL- 1β).9

The expression level of IL- 1β is elevated in the TMJ 
of patients with temporomandibular disorder (TMD) 
compared to that in the control group.10,11 IL- 1β inhibits 
the synthesis of collagen in articular chondrocytes and 
increases the expression of articular cartilage matrix 
degrading enzymes.12,13 IL- 1β impedes the chondrogenic 
differentiation of synovial fluid MSCs in the human TMJ.14 
Therefore, IL- 1β is also an important inflammatory cyto-
kine that hinders the repair of condylar cartilage damage 
in TMD.

Histone deacetylases (HDACs) promote the deacetyla-
tion of histones, leading to increased chromatin conden-
sation and inhibition of gene transcription.15 Recently, 
HDAC inhibitors have been shown to have therapeutic 
potential in OA;16- 19 the underlying mechanism, however, 
remains poorly understood. HDAC inhibitors attenuate 
IL- 6/MMP13 pathway activation in chondrocytes.20,21 In 
addition, a previous study found that upregulation of IL- 6 
may contribute to the biological process by which IL- 1β 
inhibits the chondrogenic differentiation of synovial fluid 
MSCs.14 Therefore, we hypothesized that HDAC inhibitors 
attenuate the IL- 1β-induced inhibition of SMSC chondro-
genesis through inhibition of the IL- 6/MMP13 pathway in 
the TMJ.

Here, we aimed to evaluate whether HDAC inhibitors 
can improve chondrogenesis inhibited by IL- 1β, and to 
explore its mechanism.

Methods
Reagent preparation and grouping. IL- 1β was dissolved 
using 5% trehalose buffer (Peprotech, USA), and then 
the solution was diluted to 10 ng/ml. IL- 6 (Peprotech) 
and IL- 6 soluble receptor (IL- 6R; Novoprotein, China) 
was diluted to 10 ng/ml or 100 ng/m. The cells cultured 
in the plate were stimulated with 10 ng/ml IL- 1β for 
24 hours. Suberoylanilide hydroxamic acid (SAHA; Santa 
Cruz Biotechnology, USA) and panobinostat (LBH589; 
Santa Cruz Biotechnology) were dissolved in DMSO (MP 
Biomedicals, USA) and were diluted to 3 μM and 5 μM, 
respectively; the plated cells were treated with SAHA and 
LBH589 for two hours.
SMSC cell culture. Synovial tissues were obtained from 
patients with temporomandibular joint osteoarthritis 
(TMJOA) during open surgery of the TMJ. This study was 
approved by our Institutional Ethics Board. Informed con-
sent was obtained from all patients before surgery. The 
synovial tissues were cut into small pieces and digested in 
4 mg/ml type I collagenase (Sigma- Aldrich, USA). Then, 
the primary cells were suspended in complete culture 
medium comprising low- glucose Dulbecco’s modified 
Eagle medium (DMEM; Thermo Fisher Scientific, USA) 
containing 10% fetal bovine serum (FBS; Thermo Fisher 
Scientific). The cells were passaged at a density of 500 
cells/cm2. Cells from passages 3–5 were used in the fol-
lowing experiments.
Characterization of SMSCs. SMSCs were incubated with 
antibodies against the surface markers and isotype con-
trols. Surface markers, including CD34, CD11b, CD19, 
CD44, CD45, CD90, CD105, human leucocyte antigen 
(HLA)- DR, and CD146 were obtained from BD Biosciences 
(Germany). CD73 was provided by Miltenyi Biotechnology 
(Germany). Flow cytometer (BD Biosciences) was used to 
detect the positive cells.

To confirm whether the cells after in vitro passage met 
the minimal definition criteria of human MSCs proposed 
by the Mesenchymal Tissue Stem Cell Committee of 
the International Society for Cellular Therapy,22 osteo-
genic, adipogenic, and chondrogenic differentiation was 
performed using the methods described previously.23

Chondrogenic induction of SMSCs. A total of 3 × 105 
SMSCs were harvested and centrifuged in each 15  ml 
tube at 450 × g for ten minutes. The precipitate was in-
cubated with 500 μl chondrogenetic induction medium 
(Stem Chondro Diff Kit, Thermo Fisher Scientific) at 37°C 
with the caps loosened. The medium was replaced with 
fresh chondrogenetic induction medium every three to 
four days. After one week incubation, the cartilage pellets 
could be observed in the bottom of the tube. The car-
tilage pellets were then treated with chondrogenetic in-
duction medium containing 10 ng/ml IL- 1β and/or with 
3 μM SAHA or 5 μM LBH589 separately according to the 
grouping. The cartilage pellets or the supernatants were 
collected for the subsequent examination after treatment 
above for two weeks.



BONE & JOINT RESEARCH 

W. LIAO, J. SUN, Y. WANG, Y. HE, K. SU, Y. LU, G. LIAO, Y. SUN42

Histological analysis and immunohistochemical stain-
ing. Cartilage pellets were fixed in 4% paraformaldehyde. 
Sections of cartilage pellets were stained with Alcian blue 
(Cyagen, USA) following the manufacturer’s instructions. 
The sections for immunohistochemical staining were 
achieved after incubation with type II collagen antibody 
(1:100; CST) overnight. The stained sections were ob-
served under a microscope (Axioskop40; Carl Zeiss AG, 
Germany).
Construction and transduction of lentiviral vectors. The 
lentiviral vectors Lv- green fluorescent protein (GFP, nega-
tive control) and Lv- siIL- 6 (silencing IL- 6) were construct-
ed by Genechem (China). The sequence of Lv- siIL- 6 was 
TCTCATTCTGCGCAGCTTT. The vectors were diluted with 
enhanced transfection solution at a multiplicity of infec-
tion (MOI) of 1:10. Afterwards, cells were treated accord-
ing to grouping or dislodged by gentle pipetting and 
used as a supply for chondrogenic differentiation.
Enzyme-linked immunosorbent assay for soluble sulphat-
ed glycosaminoglycan in the supernatant. Cell culture 
supernatant was centrifuged at 3,000 × g for ten min-
utes. Microtiter plates coated with purified human solu-
ble sulphated glycosaminoglycan (sGAG) antibody were 
provided in the enzyme- linked immunosorbent assay 
(ELISA) kit (Blue gene, China). The concentration of sGAG 
secreted in the supernatant was detected according to 
the manufacturer’s instructions.
RNA extraction and reverse transcription polymerase 
chain reaction analysis. Total RNA was extracted from 
SMSCs using TRIzol (Thermo Fisher Scientific); the car-
tilage pellets were powdered in liquid nitrogen before 
adding TRIzol. RNA (1  µg) was reverse- transcribed us-
ing the Superscript reverse- transcription system (Takara 
Biotechnology, China). The relative messenger RNA 
(mRNA) expression level of specific genes was measured 
using a SYBR Green qPCR kit (Roche, Switzerland) and 
calculated using the 2-ΔΔCT method. The primer sequences 
of the target genes are shown in Supplementary Table i.
Measurement of IL-6 in culture supernatants using a cy-
tometric bead array assay. The culture supernatants of 
cartilage pellets were collected after treatment, accord-
ing to the experimental grouping. The supernatants were 
centrifuged at 3,000 × g for ten minutes. The concentra-
tion of IL- 6 was measured using a human IL- 6 CBA kit (BD 
Biosciences, USA). Samples were prepared according to 
the manufacturer’s instructions. Data were analyzed us-
ing the Cytoflex software (Beckman Coulter, USA).
Western blotting. A total of four to six cartilage pellets 
were powdered in liquid nitrogen before protein extrac-
tion. Proteins were separated via sodium dodecyl sul-
phate–polyacrylamide gel electrophoresis (SDS- PAGE) 
(Beyotime, China) and transferred to a polyvinylidene 
difluoride (PVDF) membrane (Millipore, USA). The mem-
branes were incubated with primary antibodies including 
type II collagen, SRY- Box Transcription Factor 9 (SOX9), 
and actin (Cell Signaling Technology, USA) and then 
with a secondary antibody (Cell Signaling Technology). 

Proteins were detected using an enhanced chemilumines-
cence kit (Millipore).
Animal experiments. A total of 40 male Sprague- Dawley 
rats (300 g to 400 g, eight to ten weeks old) were randomly 
divided into four groups. No treatment was administered 
to the control group. The bilateral TMJs of the rest of the 
rats were intra- articularly injected with 200 μl of 10 mg/
ml collagenase (Sigma- Aldrich) every two weeks. Four 
weeks after injection, the other 20 rats were injected with 
200 μl of 10 μM or 20 μM SAHA once. After treatment with 
SAHA for two weeks, all the rats were killed. The technical 
procedure of injection into the TMJ of rats has been previ-
ously described.24 As TMJOA developed, the destruction 
of the surface of the condyles was evaluated using a ste-
reoscopic microscope. Five synovium samples from each 
group were collected, mixed, and stored in TRIzol for 
RNA extraction. The expression of IL- 1β, IL- 6, IL- 8, tissue 
inhibitor of matrix metalloproteinase- 1 (TIMP1), TIMP2, A 
Disintegrin and Metalloproteinase with Thrombospondin 
motifs 4 (ADAMTS4), and ADAMTS5 was determined using 
reverse transcription quantitative polymerase chain reac-
tion (RT- qPCR). The other five specimens were then fixed, 
decalcified, and embedded in paraffin. Sections of con-
dyle were stained with safranin O- fast green, following 
the manufacturer’s instructions. This study was approved 
by the Animal Ethical and Welfare Committee. An ARRIVE 
checklist has been provided as Supplementary Material.
Statistical analysis. Data are presented as the mean 
and standard deviation (SD). Analysis of variance or 
independent- samples t- test were used to determine the 
statistical significance between two or more than two 
groups. A p- value < 0.05 was defined as statistically sig-
nificant. The experiments in this study were repeated at 
least three times.

Results
Characterization of SMSCs derived from the TMJ. After 
homogeneous spindle- shaped cells were subjected to 
osteogenic induction for four weeks, calcium deposits 
could be observed after being stained with Alizarin red 
(Supplementary Figure aa). The upregulation of the ex-
pression of two osteogenic differentiation markers, RUNX2 
(Supplementary Figure ad) and OCN (Supplementary 
Figure ae), was detected by RT- PCR. Lipid vesicles were 
observed by Oil red staining in the cells after adipogen-
ic induction for 28 days (Supplementary Figure ab). 
The expression of two adipocyte- specific genes, LPL 
(Supplementary Figure af) and PPARG2 (Supplementary 
Figure ag), was significantly upregulated. After cul-
ture in chondrogenic induction medium for 28 days, 
histological sections of the cartilage nodules showed 
a cartilage matrix that was stained with Alcian blue 
(Supplementary Figure ac). Expression levels of the chon-
drogenic markers COL2 (Supplementary Figure ah) and 
SOX9 (Supplementary Figure ai) were significantly high-
er than those in the control group. Moreover, these cells 
expressed CD90, CD73, CD105, and CD44 at high rates 
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(> 95%), and rarely expressed CD45, CD34, CD11b, HLA- 
DR, CD19, or CD146 (< 2%), as detected by flow cytome-
try (Supplementary Figure aj).
Chondrogenic differentiation of SMSCs was inhibited by 
IL-1β. After chondrogenic induction for two weeks, the 
expression of COL2, SOX9, aggrecan (ACAN), and MMP13 
was significantly higher than that in the control group, in 
which the SMSCs were cultured in medium without chon-
drogenic induction. The concomitant addition of 10 ng/
ml IL- 1β to the chondrogenic induction medium inhibited 
the expression of COL2, SOX9, and ACAN, but increased 
the expression of MMP13, as shown in Supplementary 
Figures aa to ad. The size of cartilage nodules after chon-
drogenic induction with co- treatment of IL- 1β was smaller 
than that of the induction group without IL- 1β treatment 
(Figure  1a). Immunohistochemical results showed that 
type II collagen expression in the IL- 1β-induced group 
was lower than that in the induced group (Figure 1a). The 
level of sGAG in the supernatant of the culture medium 
increased after chondrogenic induction, but decreased in 
the IL- 1β-treated group (Figure 1b).
HDAC inhibitor reversed IL-1β-induced inhibition of SMSC 
chondrogenesis. The effect of HDAC inhibitors on IL- 1β-
induced inhibition of SMSC chondrogenesis was evalu-
ated by adding IL- 1β and HDAC inhibitors (10 μM SAHA 
and 3 μM LBH589), concomitantly with the chondrogen-
ic induction cultures. The expression of the chondrocyte 
marker genes COL2, SOX9, and ACAN increased after co- 
treatment with SAHA or LBH589 compared to that in the 
IL- 1β-induced group (Figure 2a). A similar trend was found 
for type II collagen and SOX9 expression, as detected by 
western blotting (Supplementary Figures ca and cb). The 
cartilage matrix- degrading enzyme, MMP13, was down-
regulated by adding SAHA or LBH589 (Figure 2a). After 
co- treatment with SAHA or LBH589, the levels of sGAG in 
the culture medium increased (Figure 2b). After adding 

SAHA or LBH589, the size of cartilage nodules was larg-
er than that of the induction group with IL- 1β treatment 
(Figure 2c). The increased size of the cartilage matrix was 
detected by immunostaining with a type II collagen anti-
body (Figure 2c).
HDAC inhibitors decreased cartilage destruction factors in 
the synovium and protected TMJ cartilage in vivo. To fur-
ther verify the cartilage protection effect of HDAC inhibi-
tors in vivo, a TMJOA rat model was constructed by inject-
ing collagenase into the TMJ cavity. Then, the damage to 
the condylar cartilage was evaluated after injecting 10 μM 
or 20 μM SAHA into the TMJ cavity of the TMJOA model 
group for two weeks. After the rats were killed, condyles 
were removed and observed under a stereomicroscope. 
Obvious cartilage destruction and a congestion reaction 
on the condylar surface were observed in the TMJOA 
group. Cartilage destruction and hyperemia decreased 
after injecting SAHA (Figure 3a). This result was further 
confirmed by safranin O- fast green staining of the con-
dyle sections. The cartilage matrix that was red- stained in 
the section decreased significantly in the TMJOA group, 
but it was partially alleviated after co- treatment with 
SAHA in a concentration- dependent manner (Figure 3a). 
RT- qPCR analysis showed that gene expression of in-
flammatory factors (IL- 1β, IL- 6, IL- 8, and tumour necrosis 
factor (TNF)-α) and cartilage matrix metabolism- related 
enzymes (TIMP1, TIMP2, ADAMTS4, and ADAMTS5) in the 
synovial tissue from the TMJ were both decreased in the 
SAHA treatment group compared to that in the TMJOA 
group (Figure 3b).
HDAC inhibitor attenuated IL-6 contributing to the im-
provement of IL-1β-induced inhibition of chondrogene-
sis. The levels of IL- 6 in the supernatant of chondrogenic 
induction medium and gene expression were both sig-
nificantly increased after IL- 1β stimulation, but decreased 
after co- treatment with the HDAC inhibitors (Figures 4a 
and 4b). To further analyze the role of IL- 6 in chondro-
genic differentiation of SMSC induced by IL- 1β, IL- 6 was 
silenced using lentiviral transfection. Knockdown effi-
ciency was confirmed by measuring gene expression 
(Supplementary Figure da). Silencing IL- 6 suppressed the 
induced gene expression of IL- 6 and in the supernatant of 
chondrogenic induction medium (Supplementary Figures 
db and dc) and MMP13 induced by IL- 1β (Figure  4c). 
After chondrogenic induction for 21 days, silencing of IL- 
6 increased the expression of chondrocyte marker genes 
(COL2, SOX9, and ACAN), while decreasing the cartilage 
destruction factors MMP13 and IL- 6 in the cartilage pel-
lets (Figure 4d). Stereomicroscopy showed that silencing 
of IL- 6 expression restored the size of cartilage nodules, 
which was affected by IL- 1β. The accumulation of type 
II collagen in the cartilage nodules also increased, as re-
vealed by immunohistochemistry (Figure 4e). In order to 
further confirm the role of IL- 6 in this system, 10 ng/ml or 
100 ng/ml IL- 6 with or without the same concentration of 
IL- 6R were added to the chondrogenic induction medium 
for two weeks. After chondrogenic induction with IL- 6, 
the expression of COL2, SOX9, and ACAN were decreased 

Fig. 1

a) Interleukin (IL)- 1β inhibits chondrogenic differentiation of synovium- 
derived mesenchymal stem cells (SMSCs). Stereoscopic microscopy reveals 
the morphology and size of cartilage pellets after SMSCs underwent 
chondrogenic differentiation with or without 10 ng/ml IL- 1β treatment. Scale 
bar = 1 mm. Immunohistochemical staining of type II collagen in cartilage 
pellet sections. Scale bar = 100 μm. b) Soluble sulphated glycosaminoglycan 
(sGAG) in the culture supernatant, as determined by enzyme- linked 
immunosorbent assay. *p < 0.05 compared to the control group. #p < 0.05 
compared to the chondrogenic- induced group. One- way analysis of variance 
was used to determine the p- values. Least- Significant Difference (LSD) test 
was used to analyze data with homogeneous variances, and Games- Howell 
test was used for data with non- homogeneous variances.
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(Supplementary Figures ea to ec), while the expression 
of MMP13 was increased (Supplementary Figure ed). The 
levels of sGAG in the culture medium were also decreased 
after being treated with IL- 6 (Supplementary Figure ee).

Discussion
MSCs are widely distributed in various tissues of the TMJ, 
such as the intima of the synovium, subintima of the 
synovium, and synovial fluid.23 High- purity and uniform 
SMSCs could be obtained from primary cells cultured from 

synovial specimens in vitro by screening antigen markers 
of MSCs. While in this study, the primary cells cultured 
from synovial specimens were expanded in vitro at a low 
density, and after in vitro passage, the cells also met the 
minimal definition criteria of human MSCs proposed 
by the Mesenchymal Tissue Stem Cell Committee of 
the International Society for Cellular Therapy.22 Studies 
have revealed that SMSCs show decreased proliferation 
and chondrogenic capacity, but with enhanced migra-
tion, proinflammatory, and matrix degradation activities 

Fig. 2

Histone deacetylase (HDAC) inhibitor reverses interleukin (IL)- 1β-induced inhibition of synovium- derived mesenchymal stem cell (SMSC) chondrogenesis. 
a) Messenger RNA expression of type II collagen (COL2), SRY- box transcription factor 9 (SOX9), aggrecan (ACAN), and matrix metalloproteinase 13 (MMP13) 
using reverse transcription- quantitative polymerase chain reaction (RT- qPCR) after SMSCs were co- treated with 10 ng/ml IL- 1β and 10 μM suberoylanilide 
hydroxamic acid (SAHA) or 3 μM LBH589 during chondrogenic induction. b) Soluble sulphated glycosaminoglycan (sGAG) in culture supernatant, as 
determined by enzyme- linked immunosorbent assay. c) The size of cartilage pellets by stereoscopic microscope observation. Scale bar = 0.5 mm. Type II 
collagen immunochemical staining of cartilage pellet sections. Scale bar = 100 μm. *p < 0.05 compared to the chondrogenic induced group. #p < 0.05 
compared to the chondrogenic induced group with IL- 1β treatment. One- way analysis of variance was used to determine the p- values. Least- Significant 
Difference (LSD) test was used to analyze data with homogeneous variances, and Games- Howell test was used for data with non- homogeneous variances. 
GAPDH, glyceraldehyde- 3- phosphate dehydrogenase.
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in patients with OA.25 However, the exact mechanism 
of action of how the inflammatory microenvironment 
impairs SMSC function is not fully understood.

IL- 1β is generally considered to be a vital pathogenic 
factor in the TMJ. Expression of IL- 1β is greatly increased 
in the synovial fluid of patients with TMJ disorders.26,27 
IL- 1β is the first inflammatory response factor when the 

TMJ is overloaded.28 Many studies have examined the 
pathogenic mechanism of IL- 1β in joints; one reports 
that 10 ng/ml IL- 1β inhibits collagen synthesis in rabbit 
articular chondrocytes and reduces expression levels of 
COL2 mRNA in vitro.12 Early degenerative changes and 
decreased synthesis of type II collagen are observed 
after human articular chondrocytes are pretreated with  

Fig. 3

Histone deacetylase (HDAC) inhibitor decreases cartilage destruction factors in the synovium and protects temporomandibular joint (TMJ) cartilage in vivo. 
a) Evaluation of the rat condyle articular surface using a stereoscopic microscope. Safranin O- fast green (SO&FG) staining of condyle sections. The TMJ 
osteoarthritis (OA) rat model was established by injecting 200 μl 10 mg/ml collagenase into the TMJ cavity for two weeks. A total of 200 μl 10 μM or 20 μM 
suberoylanilide hydroxamic acid (SAHA) was injected into the TMJ cavity of TMJOA rats for two weeks, which was considered the collagenase + SAHA- treated 
group. Red staining indicates the cartilage matrix. Scale bar = 100 μm. b) Expression of interleukin (IL)-1β, IL- 6, IL- 8, tumour necrosis factor (TNF-α), TIMP 
metallopeptidase inhibitor 1 (TIMP1), TIMP2, ADAM metallopeptidase with thrombospondin type 1 motif 4 (ADAMTS4), and ADAMTS5 in the synovial tissue 
from the TMJ of rats, as determined by reverse transcription- quantitative polymerase chain reaction. *p < 0.05 compared to the control group. #p < 0.05 
compared to the collagenase group. One- way analysis of variance was used to determine the p- values. Least- Significant Difference (LSD) test was used to 
analyze data with homogeneous variances, and Games- Howell test was used for data with non- homogeneous variances.
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Fig. 4

Histone deacetylase (HDAC) inhibitors attenuate interleukin (IL)- 6 contributing to the improvement of IL- 1β-induced inhibition of chondrogenesis. a) After 
synovium- derived mesenchymal stem cells (SMSCs) were pre- treated with 10 μM suberoylanilide hydroxamic acid (SAHA) or 3 μM LBH589 for two hours 
and then treated with 10 ng/ml IL- 1β for 24 hours, RNA was extracted. Reverse transcription- quantitative polymerase chain reaction (RT- qPCR) was used 
to evaluate IL- 6 messenger RNA (mRNA) expression; *p < 0.05 compared to the control group. #p < 0.05 compared to the IL- 1β-treated group, n = 3. b) 
Secretion of IL- 6 in the supernatant of chondrogenic induction medium, as detected by a cytometric bead array (CBA). c) The expression levels of matrix 
metalloproteinase 13 (MMP13) were detected after SMSCs were pre- transfected with the empty GFP vector or the knock- down IL- 6 GFP vector for 48 hours 
and then co- treated with 10 ng/ml IL- 1β for 24 hours, as detected by RT- qPCR and CBA. d) mRNA expression of type II collagen (COL2), SRY- box transcription 
factor 9 (SOX9), aggrecan (ACAN), MMP13, and IL- 6, as estimated by RT- qPCR after chondrogenic induction; *p < 0.05 compared to the GFP group. #p < 0.05 
compared to the GFP+IL- 1β group. e) The size of the cartilage pellets, as estimated by stereoscopic microscopy. Scale bar = 1 mm. Immunohistochemical 
staining of type II collagen in cartilage pellet sections. Scale bar = 100 μm. One- way analysis of variance was used to determine the p- values. Least- Significant 
Difference (LSD) test was used to analyze data with homogeneous variances, and Games- Howell test was used for data with non- homogeneous variances. 
GAPDH, glyceraldehyde- 3- phosphate dehydrogenase.
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10 ng/ml IL- 1β.28 In this study, 10 ng/ml IL- 1β was also 
used to evaluate its effect on SMSCs. In general, the 
current understanding of IL- 1β pathogenesis in arthritis 
mainly has the following two points. First, IL- 1β inhibits 
the synthesis of collagen and increases the secretion of 
cartilage matrix- degrading enzymes in articular chondro-
cytes, participating in cartilage matrix destruction.12,29 
Second, IL- 1β increases the secretion of cartilage matrix- 
degrading enzymes, such as MMP13, disrupts immu-
nomodulatory function, and impedes chondrogenic 
differentiation of MSCs in the joint.14,30 Here, the proin-
flammatory cytokine IL- 1β also exhibited a negative 
effect on the chondrogenic differentiation of SMSCs. 
Further, elevated IL- 6 expression induced by IL- 1β in 
SMSCs contributed to this biological process, indicating 
that blocking IL- 1β-induced IL- 6 upregulation in SMSCs 
is likely a target for improved MSC- based therapy in the 
TMJ.

Studies have demonstrated that changes in HDAC 
activity and expression lead to the initiation and progres-
sion of OA.31,32 Currently, type I and type II HDAC members 
are considered to be closely related to OA.33 Many studies 
have confirmed that HDAC inhibitors mainly protect joints 
by reducing the secretion of inflammatory factors that 
damage cartilage, such as IL- 1 and IL- 6, via chondrocytes 
secreting proteases that destroy cartilage matrix, such 
as MMP13, and inhibiting chondrocyte hypertrophy.34- 37 
Therefore, the effects of HDAC inhibitors (most of them 
are type I and type II HDAC member inhibitors) on OA 
have been well explored.

SAHA and LBH589 used in this study are the most 
common broad- spectrum HDAC inhibitors. They are 
currently approved by the Food and Drug Administra-
tion for use as anticancer drugs. Studies have confirmed 
that they might benefit arthritis treatment, as SAHA 
selectively inhibits the activation of human chondrocyte 
p38 and extracellular signal- regulated protein kinase 
1/2 to block the production of MMPs and nitric oxide 
induced by IL- 1β.19 SAHA induces the production of the 
IL- 6 negative feedback regulator monocyte chemotactic 
protein- 1- induced protein- 1 in human chondrocytes, 
thereby inhibiting the expression of IL- 6 caused by IL- 1β 
stimulation.21 According to the current animal study, it 
was also confirmed that SAHA attenuated joint cartilage 
damage caused by collagenase, and additionally atten-
uated inflammatory cytokine and protease expression, 
which were detrimental to cartilage in the synovium. As 
well as protecting chondrocytes and attenuating synovial 
inflammation, the HDAC inhibitors SAHA and LBH589 
blocked IL- 1β-induced IL- 6 upregulation and improved 
the potential of MSCs that differentiated into cartilage, 
which was inhibited by IL- 1β.

The IL- 6 concentration in synovial fluid from patients 
with OA is higher than that in healthy individuals.38 IL- 6 
expression was also significantly increased after IL- 1β stim-
ulation in SMSCs in this study. The pathogenesis of IL- 6 in 
arthritis is similar to that of IL- 1β; IL- 6 plays an important 
role in cartilage destruction in a mouse model of OA 

induced by mechanical stress or hypoxia inducible factor 
2a.39 IL- 6 also stimulates chondrocytes to produce aggre-
canase, which leads to cartilage matrix degradation.40 
Additionally, IL- 6 affects the behaviour of MSCs, as IL- 6 
inhibits the early chondrogenic differentiation of ATDC5 
cells.41 In this study, IL- 6 also inhibited the chondrogenic 
differentiation of SMSCs in the TMJ. Blocking IL- 6 using 
knockdown technology, or the HDAC inhibitors SAHA and 
LBH589, significantly improved the potential of MSCs 
that differentiated into cartilage. Furthermore, MMP13 is 
one of the most important collagenases involved in the 
degradation of articular cartilage in OA.42 MMP13 expres-
sion is significantly upregulated in chondrocytes after 
IL- 1β treatment. In this study, MMP13 expression was also 
significantly upregulated in SMSCs after treatment with 
IL- 1β. The link between IL- 6 and MMP13 remains contro-
versial; in this study, silencing of IL- 6 significantly blocked 
MMP13 expression.

In conclusion, the HDAC inhibitors SAHA and LBH589 
attenuated the IL- 1β-induced inhibition of SMSC chondro-
genesis in the TMJ, and attenuated IL- 6/MMP13 pathway 
activation that contributed to this biological progress.

Supplementary material
  Table showing primer sequences for polymerase 

chain reaction, and figures showing the character-
ization of synovium- derived mesenchymal stem 

cells (SMSCs) from the temporomandibular joint, inter-
leukin (IL)- 1β inhibition of chondrogenic differentiation 
of SMSCs, histone deacetylase inhibitor reversal of IL- 1β-
induced inhibition of SMSC chondrogenesis, and IL- 6 in-
hibition of chondrogenic differentiation of SMSCs.
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