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joint osteoarthritis via NF-κB signaling pathway
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HMGB1 is a highly conserved nuclear protein that is rapidly released into the extracellular environment during
infection or tissue damage. In osteoarthritis, HMGB1 acts as a pro-inflammatory cytokine inducing a positive
feedback loop for synovial inflammation and cartilage degradation. The aim of this study was to explore the
role of HMGB1 in inflammation and catabolism of temporomandibular joint osteoarthritis (TMJOA) and
whether inhibition of HMGB1 affects TMJOA. Human synovial fibroblasts were incubated with HMGB1, the
expression of pro-inflammatory cytokines and catabolic mediators were measured by Western blot and ELISA.
NF-κB signaling pathway involvement was studied by the NF-κB inhibitor and detected by Western blotting
and immunofluorescence staining. TMJOA was induced by an injection of complete Freund’s adjuvant (CFA)
into anterosuperior compartment of rat’s joint. An anti-HMGB1 antibody was used to assess the effect to
HMGB1 in the synovium and cartilage of the CFA-induced TMJOA rats by hematoxylin and eosin, Safranin
O, Masson trichrome staining, immunohistochemistry and immunofluorescence. HMGB1 markedly increased
the production of MMP13, ADAMTS5, IL-1β and IL-6 through activating NF-κB signaling pathway in human
synovial fibroblasts. In vivo, application of the HMGB1 neutralizing antibody effectively ameliorated the detri-
mental extent of TMJOA. Furthermore, the HMGB1 neutralizing antibody reduced the expression of NF-κB,
pro-inflammatory cytokines and catabolic mediators in the synovium and cartilage of CFA-induced TMJOA
rats. HMGB1 inhibition alleviates TMJOA by reducing synovial inflammation and cartilage catabolism possi-
bly through suppressing the NF-κB signaling pathway and may become a therapeutic method against TMJOA. 

Key words: HMGB1 neutralizing antibody; temporomandibular joint osteoarthritis; inflammation; catabolism;
NF-κB.
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Introduction
Temporomandibular joint osteoarthritis (TMJOA) is a chronic

disease with the main pathological features of articular cartilage
destruction, subchondral bone degeneration and synovitis of the
whole joint.1 Although, the etiology is not fully understood, it is a
multifactorial disorder characterized by several cellular and molec-
ular changes, such as an imbalance between cartilage anabolism
and catabolism, infiltration of macrophages, synovial inflamma-
tion and activation of immune responses.2

HMGB1 is a highly conserved nuclear protein, binding to mul-
tiple cell surface receptors including Toll-like receptors (TLRs)
TLR2 and TLR4, as well as the receptors for advanced glycosyla-
tion end products (RAGE) to stimulate the innate immune system
and trigger inflammatory responses.3 HMGB1 has been found at
high levels extracellularly in inflamed joints, enhancing catabolic
processes and inflammatory responses that contribute to disease
progression. In knee osteoarthritis (OA), HMGB1 is overexpressed
in synovium and synovial fluid of patients, and the HMGB1 levels
in synovial fluid are associated with the severity of synovitis, pain,
and daily activities in patients.4 Studies show that HMGB1 and its
receptor RAGE are expressed in OA cartilage and their expression
correlates with the Osteoarthritis Research Society International
(OARSI) histological score.5 HMGB1 also synergizes with
cytokines or fibronectin fragment to enhance the inflammation and
upregulate the cartilage degrading enzymes.6 Inflammation is a
common accompaniment and contributes to the development of
OA, characterized by a large number of pro-inflammatory media-
tors including cytokines including IL-1β and IL-6 and chemokines
of innate immune response to joint injuries.7,8)Pro-inflammatory
cytokines such as IL-1β promote progressive degeneration of the
articular cartilage through the production of matrix metallopro-
teinase (MMPs),9 which degrade extracellular matrix components,
including collagen and proteoglycans.10 IL-1β may also induce
other proinflammatory cytokines such as IL-6 and IL-8 expression
in chondrocytes and synovial fibroblasts.11,12 Moreover, there is
increasing evidence that IL-6 plays an important role in the patho-
genesis of OA, suggesting that high levels of  IL-6 are linked to an
increased risk of OA.13

Several strategies have been proposed to inhibit HMGB1,
ranging from small natural or synthetic molecules, such as gly-
cyrrhizin, box A, HMGB1-specific antibodies, as well as peptide.14

Emerging findings reveal that glycyrrhizin inhibits HMGB1
expression and translocation and downregulates the expression of
inflammatory cytokines by reducing HMGB1 chemo-attraction,
which may have the therapeutic potential against HMGB1-mediat-
ed pathological diseases including neurological disorders.15 As a
special antagonist of HMGB1, box A has been reported to enhance
anti-inflammatory activity when fused with the acidic C-terminal
tail both in vivo and in vitro. Regarding the HMGB1-specific anti-
body, it binds to the DNA-binding surfaces of HMG boxes and this
binding could prevent the interaction of other molecules, such as
TLR4 and RAGE, and has been demonstrated beneficial effects in
experimental models of ischemia and traumatic brain injury.16,17

In this study, we evaluated the regulation of HMGB1 on the
pro-inflammatory and catabolic mediators and its downstream
pathways in human TMJOA synovial fibroblasts. Furthermore, the
HMGB1 neutralizing antibody was utilized to investigate the inhi-
bition of HMGB1 ameliorates inflammation and catabolism both
in the synovium and cartilage as well as the possible signaling
pathway in CFA-induced TMJOA rats.

Materials and Methods 

Samples collection and cell culture 
The synovium specimens were obtained from 20 TMJOA

patients [male:7, female:13; age (mean) 18-50 (28)] undergoing
arthroplasty. Informed consents were obtained from all patients
before surgeries. TMJOA was diagnosed by medical history, clini-
cal manifestation and imagological examination according to the
general revised classification criteria.19 All experiments and sam-
ple collections were performed according to the standards of the
Human Research Ethics Committee, School and Hospital of
Stomatology, Wuhan University (protocol No. 2014LUNSHEN-
ZI24) and was conducted based on the recommendations of the
Declaration of Helsinki.20

The synovium specimens were washed for three times with
ice-cold PBS (Hyclone, USA) containing 100 U/mL penicillin
(Hyclone, USA) and 100 mg/mL streptomycin (Hyclone, USA),
and then cultured as 1~2 mm3 explants in the Dulbecco’s modified
Eagle’s medium (DMEM, Hyclone, USA) containing 20% fetal
bovine serum (FBS, Hyclone, USA) in an incubator with 5% CO2
at 37°C.21 The culture medium was changed regularly, and the cells
grew and fused to a density of about 80% for subculture. The syn-
ovial fibroblasts at the third passage were incubated with HMGB1
(0, 10, 50, 100 and 500 ng/mL; HMGBiotech, Milan, Italy) for 24
h or 100 ng/mL of HMGB1 for 0 ,3, 6, 9, 12, 24 and 48 h respec-
tively. To investigate the role of NF-κB on HMGB1-induced
inflammation and catabolism of synovial fibroblasts, PDTC
(Sigma-Aldrich, St. Louis, MO, USA) was added 3 h in advance at
a concentration of 50 μM, followed by stimulation with HMGB1
at the concentration of 100 ng/mL for further 24 h.

Western blotting
Protein was collected from different treated synovial fibrob-

lasts. The concentrations of protein were measured with the BCA
protein assay. As previously described,22 equal amounts of each
protein were loaded on a 10% SDS-PAGE gels, and then trans-
ferred electrically to PVDF membranes (Millipore, Burlington,
MA, USA). After blocking for 2 h in 5% skim milk in TBST buffer
at room temperature, the membranes were incubated with corre-
sponding primary antibodies at 4°C for overnight, respectively,
including rabbit anti-MMP13 (1:1000, 18165-1-AP; Proteintech,
Wuhan, China), rabbit anti-ADAMTS5 (1:1000, ab41037, Abcam,
Cambridge, MA, USA), rabbit anti-phospho-NF-κB p65 (1:1000,
3033; Cell Signaling Technology, Danvers, MA, USA) and NF-κB
p65 (1:1000, 8242; Cell Signaling Technology). Then, PVDF
membranes were incubated with HRP-conjugated goat anti-rabbit
IgG secondary antibody, and proteins were detected by a chemilu-
minescence ECL system (Advansta, San Jose, CA, USA) and
quantitatively analyzed and normalized relative to β-actin using
Image-J software.

ELISA
Supernatants were harvested from synovial fibroblasts subject-

ed to different stimuli, and then protein levels including IL-6 and
IL-1β were determined by the ELISA kit (R&D Systems,
Minneapolis, MN, USA) following the manufacturer’s protocol.

Immunofluorescence staining for cells
The treated synovial fibroblasts were fixed with 4%

paraformaldehyde at room temperature for 15 min and permeabi-
lized with 0.25% Triton-X-100. Then, the synovial fibroblasts
were blocked with PBSTx (Beyotime, Haimen, China) and incu-
bated with the following antibody: rabbit anti-phospho-NF-κB p65
(1:1500, 3033, Cell Signaling Technology, USA) at 4°C for
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overnight. After incubated with the Dylight 594, Goat Anti-Rabbit
IgG (Abbkine, Wuhan, China) for 1 h at 37°C, the nuclei of cells
were stained by 4’6-diamidino-2-phenylindole (DAPI, Beyotime).
Finally, the treated synovial fibroblasts were imaged using confo-
cal laser scanning microscopy.

A rat TMJOA model 
Fifteen Sprague-Dawley rats (8 weeks in age, male, n=5 per

group) were divided randomly into three groups: Control (without
intervention), complete Freund’s adjuvant (CFA) and CFA with
anti HMGB1 antibody group. Briefly, 50 μL CFA (Sigma-Aldrich)
was injected bilaterally into the anterosuperior compartment of
TMJ of rats on the basis of Kameoka’s anterosuperior puncture
technique.23 After 2 weeks, 5 rats previously injected with CFA
were intraperitoneally injected with 100 μg/kg/day anti HMGB1
antibody (MAB1690-100; R&D System) for 7 days. The rats in
each group were sacrificed respectively on day 21 (the schematic
chart for the timeline of treating rats is shown in Figure 4A).22

Histological analysis 
The TMJ samples were fixed with 4% paraformaldehyde, dem-

ineralized in 10% EDTA for 6 weeks, embedded in paraffin, and
then cut into 5 μm sections parallel to the lateral surface of the
condyle. The sections were dewaxed with xylene and rehydrated in
gradient ethanol. Hematoxylin and eosin, Safranin O and Masson
trichrome staining were carried out according to the manufactur-
er’s protocol. The cartilage is divided into four layers including the
fibrous layer, the proliferative layer, the pre hypertrophic layer and
the hypertrophic layer and the thickness of the four layers mea-
sured is the cartilage thickness. The thickness of cartilage was
determined from H&E staining on the basis of the previous meth-
ods.24 The changes of proteoglycan in cartilage matrix were detect-
ed by Safranin O staining and the area of Safranin O staining
(stained red) / cartilage area of the region was the percentage of
proteoglycan in the region. Mineralized old trabecular bone and
unmineralized new bone were stained red and blue respectively by
Masson trichrome staining. The areas of unmineralized trabecular
bone (stained blue) / subchondral bone of the region was the per-
centage of unmineralized bone areas. Three regions (anterior, mid-
dle and posterior condylar process) of each section were selected
for measurement and the average was calculated for statistics, as
previously described.25

Immunohistochemistry and immunofluorescence staining
After having been dewaxed and rehydrated, the sections were

treated with citric acid buffer for heat-induced antigen retrieval and
then incubated with serum to block unspecific ligations after
endogenous peroxidase activity block. Subsequently, the sections
were incubated with the following primary antibodies: ADAMTS5
(1:1000, ab41037; Abcam), MMP13 (1:300, 18165-1-AP,
Proteintech), IL-6 (1:200, ab9243; Abcam), IL-1β (1:200, ab9722;
Abcam) and the substitution of serum instead of primary antibody
overnight at 4°C. Next day, the sections were incubated with sec-
ondary antibodies and avidin-biotin-peroxidase reagent succes-
sively. Positive staining was detected by utilizing chromogen
diaminobenzidine (DAB). Finally, the sections were counter-
stained with hematoxylin. For measurement, five magnified visual
fields (×10) of TMJ sections were randomly selected under an
Olympus DP72 microscope by three inspectors, and then Image-
Pro Plus 6.0 software was used to quantify the number of positive
cells and total cells on selected areas. The sections for immunoflu-
orescence were unspecific ligations blocked by serum following
antigen-retrieving, and rabbit anti-phospho-NF-κB p65 (1:1500,
3033; Cell Signaling Technology) was incubated overnight at 4°C,
then Dylight 594, Goat Anti-Rabbit IgG (Abbkine) was incubated

at 37°C for 1 h, the nuclei were stained by DAPI. For the
immunofluorescence analysis, Image-Pro Plus 6.0 software was
used to quantify the number of positive cells and total cells marked
with DAPI in selected synovium and cartilage area. Five fields of
each section were counted and averaged by three observers inde-
pendently according to the fluorescence intensity. 

Statistical analysis
All data were presented as the mean with 95% confidence

interval (CI). Data were calculated and visualized by using
GraphPad Prism 8.0. A Shapiro-Wilk test was utilized to verify
normality. Performing F-tests to determine whether variance of
parametric or non-parametric populations were equal. One-way
analysis of variance (ANOVA) was used among groups followed
by Tukey’s multiple comparison test to compare the mean between
each group; otherwise, a non-parametric Mann-Whitney U test was
performed.26 A p-value <0.05 was considered significant statisti-
cally.

Results

HMGB1 regulates the production of MMP13,
ADAMTS5, IL-1β and IL-6 from human TMJOA 
synovial fibroblasts

To determine whether extracellular HMGB1 can modulate pro-
inflammatory cytokines and catabolic mediators’ production in
human TMJOA synovial fibroblasts, cells were incubated with gra-
dient concentration of HMGB1 (0~500 ng/mL) for 24 h or 100
ng/mL of HMGB1 for 0, 3, 6, 9, 12, 24 and 48 h respectively and
the levels of MMP13, ADAMTS5, IL-1β and IL-6 were detected
by Western blotting. The expression of MMP13, ADAMTS5, IL-
1β and IL-6 was up-regulated after HMGB1 treatment for 24 h in
a dose-dependent manner. 100 ng/mL HMGB1 markedly increased
the levels of MMP13 (p<0.001, 16.36-fold; CI: -1.013 to -0.7208),
ADAMTS5 (p<0.001, 6.39-fold; CI: -0.6832 to -0.4796) and IL-6
(p<0.001, 2.59-fold; CI: -69.98 to -56.74) while IL-1β (p<0.001,
2.62-fold; CI: -77.26 to -37.23) production was substantially
increased in 50 ng/mL HMGB1 group (Figure 1 A,C,E,G).
However, there were no marked differences in the levels of
MMP13 (p=0.09; CI: -0.2774 to 0.01443) and ADAMTS5
(p=0.07; CI: -0.1966 to 0.006945) in 10 ng/mL groups. The pro-
duction of MMP13, ADAMTS5, IL-1β and IL-6 was then exam-
ined at different time points after HMGB1 treatment (100 ng/mL),
and peaked at 24 h (MMP13: p<0.001, 17.03-fold - CI: -0.8955 to
-0.6165; ADAMTS5: p<0.001, 13.64-fold - CI: -0.8249 to -0.4736;
IL-1β: p<0.001, 2.53-fold - CI: -71.15 to -45.93; IL-6: p<0.001,
2.44-fold - CI: -64.61 to -48.49) (Figure 1 B,D,F,H). Therefore, the
concentration of HMGB1 at 100 ng/mL for 24 h was utilized in the
following studies.

HMGB1 induces the production of MMP13,
ADAMTS5, IL-1β and IL-6 via activating NF-κB sig-
naling pathway in TMJOA synovial fibroblasts.

Studies have shown that NF-κB pathway is intimately related
to OA and a major regulator of pro-inflammatory and degradative
genes in joints.27 In this experiment, the effects of HMGB1
(0~500ng/mL) for 24 h or 100 ng/mL of HMGB1 for 0, 3, 6, 12,
24 and 48 h respectively on the activation of the NF-κB signaling
pathway in TMJOA synovial fibroblasts were examined. The
expression of phospho-NF-κB p65 was up-regulated after HMGB1
treatment in a time-dependent manner, and peaked at 12 h
(p<0.001, 4.80-fold; CI: -0.7754 to -0.3029) (Figure 2A). Also,
significant increase of phospho-NF-κB p65 (P < 0.001, 6.44-fold,
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[CI: -0.9955 to -0.2415]) was detected by Western blotting in syn-
ovial fibroblasts treated with HMGB1 (100 ng/mL) for 24 h
(Figure 2B). Further, immunofluorescence staining showed that
the amount of nuclear NF-κB was markedly increased after expo-
sure to HMGB1 at 100 ng/mL for 24 h while NF-κB is mainly
located in the cytoplasm in control (Figure 2C). To further eluci-
date the role of NF-κB signaling, a silencing experiment was per-
formed. The levels of MMP13 (p<0.001, 0.44-fold; CI: 0.4098 to
0.7519), ADAMTS5 (p<0.001, 0.28-fold; CI: 0.4724 to 0.6091),
IL-1β (p<0.001, 0.46-fold; CI: 44.39 to 55.08) and IL-6 (p<0.001,
0.72-fold; CI: 17.19 to 33.20) were found to be significantly
decreased in TMJOA synovial fibroblasts after treatment with the
NF-κB inhibitor (50 μM), indicating that HMGB1 activates
inflammation and catabolism of synovial fibroblasts through NF-
κB signaling pathway (Figure 3).

Inhibition of HMGB1 decreases the expression of pro-
inflammatory cytokines and catabolic mediators in rat
synovium of TMJOA

To investigate the therapeutic potential of HMGB1 blockade in
TMJOA, we intraperitoneally administered the HMGB1 neutraliz-
ing antibody to rats after CFA-injection and detected the expres-
sion of pro-inflammatory mediators (IL-1β, IL-6) and catabolic
mediators (ADAMTS5, MMP13) in synovium of rats by immuno-
histochemistry to evaluate its effect on TMJOA. Application of the
HMGB1 neutralizing antibody markedly reduced the production of
MMP13 (p<0.001, 0.40-fold; CI: 35.92 to 57.81), ADAMTS5
(p<0.001, 0.78-fold; CI: -0.7266 to 17.70), IL-1β (p<0.001, 0.38-
fold; CI: 40.11 to 56.49) and IL-6 (p<0.001, 0.48-fold; CI: 12.83 to
27.39) in the synovium compared with CFA group (Figure 4 A,B).
These results indicated that the HMGB1 neutralizing antibody
ameliorated rat TMJOA.

Inhibition of HMGB1 alleviates the damage of cartilage
and subchondral bone in CFA-induced TMJOA 

As shown in Figure 5, the CFA groups revealed that the thick-
ness of the condylar cartilage became thinner (p<0.001, 0.57-fold;
CI: -75.19 to -32.41), and the intensity and area of Safranin O
staining (p<0.001, 0.88-fold; CI: -0.1471 to -0.05468) were greatly
reduced in most cartilage areas, compared with control. Then we
performed Masson trichrome staining and found that the unminer-
alized area of the subchondral bone in the CFA groups was larger
(p<0.001, 0.42-fold; CI: 0.2150 to 0.2836). A week after intraperi-
toneal injection of anti-HMGB1 antibodies, the damage of carti-
lage and subchondral bone induced by CFA was significantly ame-
liorated (Figure 5 A-D). Immunohistochemical analysis further
suggested the inhibitory effects of anti-HMGB1 antibodies on the
expression of MMP13 (p=0.04, 0.71-fold; CI: 4.927 to 22.80),
ADAMTS5 (p=0.03, 0.70-fold; CI: 5.763 to 23.02), IL-1β
(p<0.001, 0.58-fold; CI: 20.33 to 38.75) and IL-6 (p<0.001, 0.49-
fold; CI: 24.12 to 57.70) in the cartilage (Figure 5 E,F).

Inhibition of HMGB1 suppresses the NF-κB signaling
pathway in CFA-induced TMJOA

Finally, we confirmed that the anti-HMGB1 antibody inhibited the
NF-κB signaling pathway in TMJOA. The phospho-p65 levels were
increased in the synovium (p<0.001, 3.99-fold; CI: 43.23 to 58.13) and car-
tilage (p<0.001, 4.62-fold; CI: 37.84 to 52.07) of CFA-induced TMJOA.
Immunofluorescence staining showed that the percentages of phospho-
p65-positive cells in the synovium (p<0.001, 0.44-fold; CI: 28.49 to 47.05)
and cartilage (p=0.002, 0.75-fold; CI: 6.034 to 22.73) were significantly
decreased in the CFA groups plus the anti-HMGB1 antibody rats compared
to the CFA rats (Figure 6). Taken together, the anti-HMGB1 antibody may
delay progression of TMJOA by reducing synovial inflammation and car-
tilage catabolism by suppressing the NF-κB signaling pathway (Figure 7).

Figure 1. HMGB1 regulates the production of MMP13, ADAMTS5, IL-1β and IL-6 from TMJOA synovial fibroblasts. A,C,E,G) A
dose-dependent augmentation of MMP13, ADAMTS5, IL-1β and IL-6 in synovial fibroblasts was induced by HMGB1 for 24 h.
B,D,F,H) A time-dependent increase of MMP13, ADAMTS5, IL-1β and IL-6 in these cells was induced by 100 ng/mL of HMGB1.
Western blotting assays were used to assay the relative expression levels; β-actin served as control; data are shown as the means with
95% CI and are analyzed by Mann-Whitney U test, n=6, *p< 0.05, **p<0.01, ***p<0.001.
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Figure 2. HMGB1 increases the phosphorylation level of the NF-κB subunit-P65 in TMJOA synovial fibroblasts. Western blotting
analysis of phospho-p65, p65 in synovial fibroblasts cultured with different doses of HMGB1 for 24 h (A), or 100 ng/mL HMGB1 for
various times (B); β-actin served as control; data are shown as the means with 95% CI and analyzed by Mann-Whitney U test, n=6,
*p<0.05, **p<0.01, ***p<0.001. C) Immunofluorescence staining of phospho-p65 (red) in synovial fibroblasts treated with HMGB1.
Scale bar: 30 μm.

Figure 3. HMGB1 induces the production of MMP13, ADAMTS5, IL-1β and IL-6 through activating NF-κB signaling pathway in
TMJOA synovial fibroblasts. A,B) Western blotting analysis of expression of MMP13 and ADAMTS5 in synovial fibroblasts treated
with HMGB1 (100 ng/mL) or NF-κB inhibitor (50 μM). C,D) ELISA assay was to assay the secretion of IL-1β and IL-6 in the super-
natants harvested from synovial fibroblasts treated with HMGB1 or NF-κB inhibitor; data are shown as the means with 95% CI and
are analyzed using one-way analysis of variance (ANOVA), n=9, ***p<0.001. 
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Figure 4. Inhibition of HMGB1 decreases the expression of pro-inflammatory cytokines and catabolic mediators in rat synovium of
CFA induced TMJOA. A) The schematic chart for the timeline of treating rats. B) The expression of ADAMTS5, MMP13, IL-1β, IL-6
and negative controls was detected by immunohistochemistry in the synovium of CFA groups, CFA with anti-HMGB1 antibody treat-
ment groups at day 21, or in the control synovium; scale bar: 100 μm. C) Quantitative analysis of ADAMTS5, MMP13, IL-1β and IL-
6 in the synovium of rats; data are shown as the means with 95% CI and analyzed by one-way analysis of variance (ANOVA), n=5,
*p<0.05, **p<0.01, ***p<0.001.
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Discussion
Previous study has demonstrated that HMGB1 effectively up-

regulated the production of VEGF and HIF-1α in TMJOA synovial
fibroblasts and regulated synovial angiogenesis.22 It is generally
believed that angiogenesis promotes the release of inflammatory
mediators, leading to imbalance between anabolism and
catabolism of the surrounding tissues.28 When the equilibrium of
chondrocyte metabolic activity is disturbed, the synthesis of carti-
lage matrix is inadequate, the catabolism increases, resulting in the
destruction of the structural and functional integrity of cartilage.29

Herein, we demonstrated that increasing HMGB1 levels in human
synovial fibroblasts alone was sufficient to enhance the expression
of TMJOA-associated catabolic and inflammatory proteins, partic-
ularly at the concentration of 100 ng/mL. It showed that a high
concentration of HMGB1 slightly inhibited the growth of synovial
fibroblast, possibly because of the cytotoxicity of high concentra-
tion of HMGB1 to synovial fibroblasts. It is well-known that syn-
ovitis is a common symptom in most patients with OA, even in the
early phase of the disease.30 Several lines of evidence support that
the synovial fibroblasts produce catabolic mediators, such as
MMP-1, MMP-13, and ADAMTS-5, and pro-inflammatory

cytokines, such as IL-1β, IL-6 and TNF-α that contribute to carti-
lage degradation in OA.31,32 In OA, HMGB1 plays an important
role as a pro-inflammatory cytokine inducing positive-feedback
loops of synovial fibroblasts reactivation, inflammation and carti-
lage degradation through the release of TNF-α, IL-1β, IL-6, IL-8
and MMPs.4 Specifically, these pro-inflammatory factors such as
IL-1β are produced by the synovial membrane and released into
the synovial fluid, then diffused into the cartilage, which exert
catabolic effects on the chondrocyte metabolism by decreasing
collagen and aggrecan synthesis and increasing the production of
MMPs.33

Considering that HMGB1 plays vital roles during development
of catabolic and inflammatory responses in synovial fibroblasts of
TMJOA, we applied an anti-HMGB1 antibody in CFA-induced
TMJOA rats. The articular injection of CFA is a repeatable and
easy method to establish the animal model of TMJOA. In addition,
previous studies have shown that synovial cells were apparently
hyperplasic in the inflammatory synovium and there were time-
dependent degeneration manners of TMJ cartilage and subchon-
dral bone after CFA injection of rat model.24 In this study, the
intraperitoneal injection of an anti-HMGB1 antibody markedly
reduced the expression of pro-inflammatory mediators, suppressed
the upregulation of catabolic mediators of synovium and cartilage,

Figure 5. Inhibition of HMGB1 alleviates the damage of cartilage and subchondral bone in CFA induced TMJOA. A) H&E, Safranin
O and Masson trichrome staining of rat models at day 21; scale bar: 100 μm. B-D) Analysis of the condylar cartilage thickness, the
Safranin O positive areas and unmineralized bone areas; data are shown as the means with 95% CI and analyzed by one-way analysis
of variance (ANOVA), n=5, *p<0.05, **p<0.01, ***p<0.001.

                                                             [European Journal of Histochemistry 2022; 66:3357]                                          [page 481]

Non
-co

mmerc
ial

 us
e o

nly



                             Article

Figure 6. Inhibition of HMGB1 decreases the expression of pro-inflammatory cytokines and catabolic mediators in rat cartilage of CFA
induced TMJOA. A) The expression of ADAMTS5, MMP13, IL-1β, IL-6 and negative controls was detected by immunohistochemistry
in the cartilage of CFA groups, CFA with anti-HMGB1 antibody treatment groups at day 21, or in the control cartilage; scale bar: 100
μm. B) Rate of ADAMTS5, MMP13, IL-1β and IL-6 positive cells in the cartilage was markedly increased in the CFA groups, while
markedly inhibited after treatment with anti-HMGB1 antibody; data are shown as the means with 95% CI and analyzed by one-way
analysis of variance (ANOVA), n=5, *p<0.05, **p<0.01, ***p<0.001.
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Figure 7. Inhibition of HMGB1 suppresses the NF-κB signaling pathway in vivo. Expression of phospho-p65 in the synovium (A) and
cartilage (B) of CFA groups, CFA with anti-HMGB1 antibody treatment groups at day 21 were detected by IF staining, or in the control
groups; data are shown as the means with 95% CI and analyzed by one-way analysis of variance (ANOVA), n=5, *p<0.05, **p<0.01,
***p<0.001; scale bar: 100 μm. C) Schematic diagram of inhibition of HMGB1 suppresses inflammation and catabolism in temporo-
mandibular joint osteoarthritis via NF-κB signaling pathway.

                                                             [European Journal of Histochemistry 2022; 66:3357]                                          [page 483]

Non
-co

mmerc
ial

 us
e o

nly



                             Article

and attenuated synovium inflammation, cartilage degradation and
subchondral bone destruction in the TMJOA model. Some studies
have shown that the inhibition of HMGB1 with a neutralizing anti-
HMGB1 antibody can afford a therapeutic effect of inflammatory
disease.34 Short term treatment with polyclonal anti-HMGB1 anti-
bodies was proved to reduce destruction to the joints and improved
arthritic symptoms of collagen induced arthritis (CIA) rodents via
interacting with the numerous epitopes of the extracellular
HMGB1,35 and early HMGB1 blockade ameliorates cartilage dam-
age in experimental OA.36 Actually, cartilage and synovium can
communicate through synovial fluid and share some inflammatory
signaling pathways, and it is widely accepted by researchers that
degraded cartilage fragments fall into the joint and activate syn-
ovial fibroblasts to produce inflammatory mediators, which can
not only cause cartilage degradation but also induce synovial
angiogenesis and increase the synthesis of inflammatory cytokines
and MMPs by synovial fibroblasts themselves (vicious circle).37 It
should be noted that they are two different types of tissues and may
have different responses to the same stimuli in OA, while HMGB1
has similar OA-responsive expressions in cartilage and synovium,
and inhibition of HMGB1 protects and repairs both cartilage and
synovium, which should be a potential target for OA treatment.4

Furthermore, we investigated a mechanism of HMGB1 inhibi-
tion during TMJOA. HMGB1 has three distinct domains: boxes A
and B and acid C-terminal tails, recognized by RAGE and TLR2/4.
In general, HMGB1 antagonists competitively interact with the
receptors including RAGE to inhibit the production of pro-inflam-
matory cytokines.14 Some studies have found that the administra-
tion of anti-HMGB1 antibody can promote the improvement of tis-
sue damage in a murine model of severe hemolytic uremia, and it
is believed that the anti-HMGB1 antibody recognizes the C-termi-
nal sequence (Box B) of HMGB1, which locates near the RAGE
binding region, and suppresses the release of IL-6 and TNF-a.38 In
Jun’s research, they treated subarachnoid hemorrhage (SAH) rats
with the same anti-HMGB1 antibody that we utilized, which inhib-
ited the translocation and release of HMGB1 in smooth muscle
cells and the activity in the HMGB1-induced TLR4 pathway, and
significantly decreased the expression of TLR4, IL-6, TNF-α and
inducible nitric oxide synthase (iNOS) in basilar artery.39 The bind-
ing of HMGB1 to RAGE and TLR2/4 promotes the activation of
the NF-κB signaling pathway in inflammation.40 NF-κB is a dimer
composed of two proteins, p65 and IκBα, under resting conditions.
Phosphorylation and subsequent degradation of IκBα lead to p65
phosphorylation, activation, and translocation from the cytoplasm
to the nucleus, where it facilitates the transcription of its target
genes, including many inflammation-related genes.41 NF-κB sig-
naling pathway is one of the major catabolic signaling pathways
regulating cartilage homeostasis and OA progression, playing a
critical role in the regulation of inflammatory mediators associated
with OA.42 NF-κB inactivation reduces the expression of down-
stream pro-inflammatory cytokines, matrix-degrading proteinases,
catabolic cytokines and chemokines, which leads to the regulated
accumulation and remodeling of ECM proteins and contributes to
the control of synovial inflammation and cartilage degradation.27,43

The antagonist of HMGB1 effectively suppressed the IL-1β-
induced phospho-p65 phosphorylation and reduced the expression
of MMPs and inflammatory mediators in human chondrocytes via
HMGB1/TLR4/NF-κB pathway.44 In the present study,
immunofluorescence data clearly showed that HMGB1 induced
p65 nuclear accumulation in synovial fibroblasts and inhibition of
NF-κB significantly decreased the levels of MMP13, ADAMTS5,
IL-1β and IL-6 in TMJOA synovial fibroblasts. Additionally, the
application of an anti-HMGB1 antibody decreased the levels of
phospho-p65, pro-inflammatory cytokines and catabolic mediators
in the synovium and cartilage in vivo. Also, the expression of

HMGB1, RAGE, TLR2 and TLR4 were up-regulated in OA carti-
lage,45 we speculated that the inhibition of HMGB1 blocked the
binding of HMGB1 to RAGE and TLR2/4 to quench the NF-κB
activity and suppressed inflammation and catabolism in TMJOA.

Collectively, the results demonstrated that HMGB1 increased
MMP13, ADAMTS5, IL-1β and IL-6 production in human syn-
ovial fibroblasts and blockade of HMGB1 reduced inflammatory
responses and catabolism in CFA-induced TMJOA rats, possibly
via deactivating the NF-κB signaling pathway, which provided a
potential treatment strategy for TMJOA.
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