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Aims
Excessive chondrocyte hypertrophy is a common feature in cartilage degeneration which is
susceptible to joint overloading, but the relationship between mechanical overloading and
chondrocyte hypertrophy still remains elusive. The aim of our study was to explore the
mechanism of mechanical compression-induced chondrocyte hypertrophy.

Methods
In this study, the temporomandibular joint (TMJ) degeneration model was built through forced
mandibular retrusion (FMR)-induced compression in TMJ. Chondrocytes were also mechanically
compressed in vitro. The role of O-GlcNAcylation in mechanical compression-induced chondro-
cyte hypertrophy manifested through specific activator Thiamet G and inhibitor OSMI-1.

Results
Both in vivo and in vitro data revealed that chondrocyte hypertrophic differentiation is
promoted by compression. Immunofluorescent and immunoblotting results showed that
protein pan-O-GlcNAcylation levels were elevated in these hypertrophic chondrocytes.
Pharmacologically inhibiting protein pan-O-GlcNAcylation by OSMI-1 partially mitigated the
compression-induced hypertrophic differentiation of chondrocytes. Specifically, runt-related
transcription factor 2 (Runx2) and SRY-Box 9 transcription factor (Sox9) were subjected
to modification of O-GlcNAcylation under mechanical compression, and pharmacological
activation or inhibition of O-GlcNAcylation affected the transcriptional activity of Runx2 but
not Sox9. Furthermore, compression-induced protein pan-O-GlcNAcylation in chondrocytes was
induced by enhanced expression of glucose transporter 1 (GLUT1), and depletion of GLUT1 by
WZB117 dampened the effect of compression on chondrocyte hypertrophy.

Conclusion
Our study proposes a novel function of GLUT1-mediated protein O-GlcNAcylation in driving
compression-induced hypertrophic differentiation of chondrocytes by O-GlcNAc modification
of Runx2, which promoted its transcriptional activity and strengthened the expressions of
downstream hypertrophic marker.
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Article focus
• This study investigated the role of O-GlcNAc modification

of runt-related transcription factor 2 (Runx2) in promoting
hypertrophic differentiation of chondrocytes under
mechanical compression.

Key messages
• Both in vivo and in vitro data demonstrated that compres-

sion-induced chondrocyte hypertrophy was associated
with protein O-GlcNAcylation, and inhibition of O-GlcNAcy-
lation mitigated the chondrocyte hypertrophy under
compression.

• O-GlcNAc modification of Runx2 protein resulted in
elevated transcriptional activity of Runx2, which accounted
for the increased expressions of hypertrophic genes in
chondrocytes.

• The increased protein O-GlcNAcylation in chondrocytes
under mechanical compression was partially explained by
enhanced expression of glucose transporter 1 (GLUT1).

Strengths and limitations
• These data provide a potential mechanism underlying the

mechanical overloading-induced chondrocyte hypertrophy
and further cartilage degeneration.

• In vitro experiments performed Runx2 silencing in chon-
drocytes and validated its effect in compression-induced
chondrocyte hypertrophy. However, the effect of Runx2
overexpression was not investigated.

• Further transgenic animal and clinical studies are warranted
to better elucidate the pathogenesis of cartilage degenera-
tion.

Introduction
Temporomandibular joint (TMJ) degeneration is a progressive
degenerative disease that results in cartilage degradation and
joint friction, eventually leading to osteoarthritis (OA). Multiple
factors, such as systemic factors (ageing, genetic, hormone,
immunity) or local factors (trauma, occlusion, anatomy), are
related to initiation of TMJ degeneration.1 Notably, abnormal
mechanical loading inside TMJ is a critical element triggering
the disruption of TMJ homeostasis, gradually leading to TMJ
degeneration.

As the only resident cell type in cartilage, chondro-
cytes are solely responsible for the homeostatic synthesis
of cartilage matrix, the disruption of which contributes
to cartilage degeneration. Chondrocyte hypertrophy is a
natural phenomenon that usually occurs during endochon-
dral osteogenesis. Hypertrophic chondrocytes, characterized
by enlarged cell size and volume, undergo metabolic
changes with higher expressions of collagen type X (COL X),
runt-related transcription factor 2 (RUNX2), matrix metallo-
proteinase 13 (MMP13), and alkaline phosphatase (ALP),
whereas cartilage matrix proteins such as aggrecan, colla-
gen type II (COL II), and SRY-Box 9 transcription factor
(SOX9) are decreased. Abnormal chondrocyte hypertrophy
is an important pathological feature in degenerated carti-
lage, and also plays a vital role in accelerating cartilage
degeneration.2,3 The regulation of chondrocyte hypertrophy
has been intensively studied. Signalling pathways, such
as Indian hedgehog (Ihh), calcium/calmodulin-dependent

protein kinase II (CaMKII), and parathyroid hormone recep-
tor (PTH1R), were reported to be involved in this process.1,3

However, how excessive mechanical stimuli could affect
chondrocyte hypertrophy has not yet been explored.

O-linked N-acetylglucosaminylation (O-GlcNAcylation)
is a post-translational modification of proteins, which is
modified by the O-GlcNAc transferase (OGT) and the neutral
N-acetylglucosaminidase O-GlcNAcase (OGA). Alterations in
protein O-GlcNAcylation have pathogenic roles in various
chronic diseases such as diabetes mellitus, cardiovascular
disease, neurodegeneration, and cancer.4 Extracellular glucose
concentration is the main factor in regulating intracellular
protein O-GlcNAcylation, while other conditions such as
oxidative stress, hypoxia, or heat shock have also been
reported to orchestrate protein O-GlcNAcylation.5 Induction of
protein O-GlcNAcylation by OGT has been found to pro-
mote chondrocyte hypertrophy both in vitro and in vivo.6

In addition, Frank et al7 demonstrated for the first time that
mechanical compression was able to induce protein O‐GlcNAc
in human periodontal ligament cells, which was attributed to
dynamic cytoskeleton adaption to mechanical stimuli. Based
on these studies, we hypothesized that abnormal mechani-
cal loading might cause chondrocyte hypertrophy and TMJ
degeneration through dysregulating protein O-GlcNAcylation
in chondrocytes.

Methods
Materials and reagents
Alpha-modified Eagle’s minimal essential medium (α-MEM),
Dulbecco’s modified Eagle’s medium (DMEM), and fetal bovine
serum (FBS) were purchased from Invitrogen (Thermo Fisher
Scientific, USA). Antibodies against Runx2 (PA5-86506), Col
X (14-9771-82), Col II (PA5-99159), Sox9 (14-9765-82), RL2
(MA1-072), and GLUT1(MA5-31960) were purchased from
Thermo Fisher Scientific. Antibodies against ALP (ab229126)
and aggrecan (ab313636) were purchased from Abcam (UK),
and antibody against glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was purchased from Beyotime (China). All
the other chemicals used in this study are described in the
subsequent sections.

Animal model establishment
Six-week-old Sprague-Dawley (SD) male rats were used for the
following experiments. We adhered to the ARRIVE guidelines
and included the ARRIVE checklist as Supplementary Material.
SD rats were housed under room temperature (25°C), and
randomized into the control group (CON) and experimental
groups (EXP). After anaesthesia, rats in the EXP groups were
subjected to forced mandibular retrusion (FMR), and were
euthanized at two and four weeks. The CON group was
euthanized at the same time. During the experiment, both the
EXT and CON rats were fed with a liquid diet. For the intra-
articular injection of OSMI-1 or WZB117, rats were randomized
into three groups (CON, four-week EXP with injection of saline,
and four-week EXP with injection of OSMI-1 or WZB117).
The condyles of both sides of TMJ were collected for further
analysis. For the sample size determination, PASS.15 software
(NCSS Statistical Software, USA) was used by inputting the
following parameters: type I error (α) was set as 0.05, type I
error (β) was set as 0.1, and the means and SDs of each group
were calculated in GraphPad Prism 9 software (GraphPad
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Software, USA) based on our pilot experiments. The sample
size was calculated using PASS.15 software as follows:N = λΔ;  Δ 1σ2 i = 1

k (μi − μ)2;  μ = 1k j = 1
k μj;  λ = N σm2σ2

Where N is the sample size, σ is the SD, k is the group number,
and μi is the mean of each group. λ does not need to be
inputted in PASS.15 software.

H&E and Safranin O/Fast Green staining
The mandibular condyles of rats were dissected and fixed with
4% paraformaldehyde, decalcified with 4% ethylenediamine-
tetraacetic acid (EDTA) for four weeks, dehydrated in ethanol,
embedded in paraffin, and sagittally cut into 5 μm-thick serial
sections. The central sagittal sections of each condyle were
selected randomly for haematoxylin and eosin (H&E) stain-
ing and Safranin O/Fast Green staining. The H&E staining kit
(C0105S) was purchased from Beyotime, and Safranin O/Fast
Green staining kit (S0335) was purchased from Bioss Antibod-
ies (USA).

For the quantification of proliferative zone height and
hypertrophic zone height, three condyle sections in each
rat were randomly selected, and each condyle section was
delineated the top of the proliferative zone, the junction
between the proliferative zone and the hypertrophic zone, and
the chondro-osseous junction. These zones were established
based on the morphological characteristics of the chondro-
cytes, and on the changes in matrix staining. The vertical
height of each zone was measured at similar intervals across
the sections (n = 5 per section). Values for each individual rat
were obtained by averaging all 30 measurements (3 sections ×
5 locations × 2 (left and right sides)) per animal. For hypertro-
phic chondrocyte size determination, three locations (30 μm
× 40 μm) were randomly selected in the hypertrophic zone in
each section, and values for each individual rat were obtained
by averaging all measurements (3 sections × 3 locations ×
n cell numbers in each location × 2 (left and right sides)) per
animal.

Safranin O/Fast Green staining was used to visual-
ize proteoglycans in the articular cartilage. The severity of
degeneration was evaluated in the TMJ condyle with at
least five sections of Safranin O/Fast Green staining using
the Osteoarthritis Research Society International (OARSI)8

scoring system by four observers blinded to group-identifying
information.

Micro-CT scanning
After two and four weeks, the condyles of rats were dissec-
ted and fixed in 4% paraformaldehyde for micro-CT scanning
(PerkinElmer Quantum GX2, USA). The scan condition was set
at 70 kV, the electrical flow was 60 μA, the exposure time
was set at 4,000 ms, and the resolution was set at 12 μm. 3D
images of the micro-CT slices were used for comparison and
evaluation of subchondral bone resorption. Calculations of the
relevant microstructural parameters, including bone mineral
density (BMD), bone volume fraction (BV/TV), bone trabecular
number (Tb.N), trabecular thickness (Tb.Th), and trabecular
space (Tb.Sp), were analyzed using Simple Viewer (DeBrosse
Consulting, UK).

IHC and IF staining
The sections for IHC and IF staining were prepared similar to
those for H&E staining. For IHC staining, the sections were
incubated with the primary antibody against Sox9, Runx2, Col
X, and RL2 overnight at 4°C. Following this, sections were
incubated with horseradish peroxidase (HRP)-conjugated goat
antirabbit immunoglobulin G (IgG) polyclonal antibody at
37°C for one hour. The signal developed as a brown reaction
product using the peroxidase substrate 3,3-diaminobenzidine
(Bioss Bioscience, China). For quantification of Sox9, Runx2,
Col X, and RL2 positive cell percentage in IHC staining, the
region of interest (ROI) fields (50 μm × 40 μm) were ran-
domly chosen in each sample. For IF staining, the sections
were incubated with primary antibody against RL2 and Col X,
and mixed at appropriate ratios before incubation overnight
at 4°C. DAPI staining was performed after incubation with
fluorescent-labelled secondary antibodies. Digital images were
obtained using a laser scanning confocal microscope (Nikon,
Japan). For IF staining of in vitro compressed chondrocytes,
cells were first cultured on 0.1% Gelatin (Sigma-Aldrich, USA)
pre-coated glass coverslips. After mechanical compression
experiments, culturing medium was removed, and the cells
were fixed with 4% formaldehyde containing 0.1% glutaralde-
hyde for 15 minutes at 37°C. After being rinsed with cold PBS
(pH 7.4), the cells were permeabilized using 0.1% Triton X-100
(Fisher) for ten minutes, and then incubated with 1% bovine
serum albumin for one hour at room temperature. Antibodies
against Sox9, Runx2, and RL2 were added, and the fixed cells
were incubated with antibodies at 4°C overnight followed by
incubation with anti-IgG-fluorescein isothiocyanate (FITC) and
IgG-Texas Red (1:150 dilution) for one hour. After removal of
antibodies, cells were rinsed with PBS and mounted with 90%
glycerol. DAPI staining was conducted right after washing with
PBS. Fluorescence was immediately observed using a Nikon
ECLIPSE E400 microscope.

Intra-articular administration of OSMI-1 or WZB117
To pharmacologically inhibit O-GlcNAcylation or block GLUT1
expression in rat TMJ cartilage, OSMI-1 (Sigma, SML1621)
or WZB117 (Sigma, SML0621), respectively, were injected
intra-articularly. Briefly, OSMI-1 was dissolved in dimethyl
sulfoxide (DMSO) in a final concentration of 10 mg/ml, and
the OSMI-1 solution was injected directly via intra-articular
manner into both sides of rat TMJ (0.5 ml for one side).
Similarly, WZB117 was dissolved in DMSO in a final concen-
tration of 10 mg/ml, and the WZB117 solution was injected
directly intra-articularly into both sides of rat TMJ (1 ml for
one side). The intra-articular injection process was repeated
each day for the duration of the experiment, whereas control
animals were injected with DMSO. After that, animals of
both control and experimental groups were killed and TMJ
samples were prepared for H&E staining, Safranin O/Fast
Green staining, immunohistochemistry, and immunofluores-
cence staining.

Primary culture and mechanical compression of TMJ condyle
chondrocytes
Rat TMJ cartilage tissues were scraped from the condyle
surface, and were treated with 0.5% type II collagenase for
four hours at 37°C. Isolated chondrocytes were centrifuged
and resuspended with α-MEM. The synovial macrophages
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were maintained in culture for one week in α-MEM contain-
ing 15% FBS and 100 ng/ml macrophage colony-stimulat-
ing factor, while the condyle chondrocytes were cultured in
α-MEM containing 15% FBS. After two to three passages,
the chondrocytes were incubated in a commercial mechani-
cal compression stimulator (NK-P40; Naturethink, China), and
subjected to a cyclic compression protocol (50, 100, 200, 300,
and 400 kPa; 0.1 Hz) for three days. For inhibition of O-GlcNA-
cylation, OSMI-1 was added into culture medium in a final
concentration of 20 μM during mechanical compression; for
inhibition of GLUT1, WZB117 was added into culture medium
in a final concentration of 40 μM during mechanical compres-
sion. After three days’ mechanical compression, cells were
collected for the following experiments.

qRT-PCR
Total messenger RNA (mRNA) was extracted from com-
pressed chondrocytes using an RNA purification kit (Corning,
USA) according to the manufacturer’s instructions. Reverse
transcription (RT) was performed using the PrimeScript RT
Reagent Kit (TaKaRa, Japan). Real-time polymerase chain
reaction (PCR) was carried out using SYBR Premix Ex Taq
(Perfect Real Time, Takara). Then, quantitative PCR was
performed using LightCycler 96 System (Roche, Switzerland)
with the following primers: gapdh, forward 5'-AAAGGGTCATCA
TCTCTG-3', reverse 5'-GCTGTTGTCATACTTCTC-3'; col II, forward
5'-GACCTGCCGGTGAACAAG-3', reverse 5'-GGTACCAGGTTCTCC
ATCTCT-3'; col X, forward 5'-GATCATGGAGCTCACGGAAAA-3',
reverse 5'-CCGTTCGATTCCGCATTG-3'; runx2, forward 5'-TCT
TCCCAAAGCCAGAGCG-3', reverse 5'-TGCCATTCGAGGTGGTCG
-3'; sox9, forward 5'-CTCTCCTAACGCCATCTTCAAG-3', reverse
5'-ACGTCTGTTTT GGGAGTGG-3'; alp, forward 5'-CCCGAGTGC
TTTGTGTGTGCTG-3', reverse 5'- CCGCCGGTGTTCGTGTGTG-3';
aggrecan, forward 5'-GCAGACATTGATGAGTGCCTC-3', reverse
5'-CTCACACAGGTCCCCTCTGT-3'; glut1, forward 5'-ATGATGCGG
GAGAAGAAGGT-3', reverse 5'-GAACAGCGACACCACAGTGA-3'.
The results were presented as the calculated comparative
expression ratios of the target sample to control group for
each sample using the CT method (2−ΔΔCT).

Co-immunoprecipitation and immunoblotting
After compression, the cells were washed three times with
ice-cold phosphate-buffered saline (PBS) and solubilized in
lysis buffer. The lysates were then centrifuged for 15 minutes
at 4°C at 16,000 ×g and with Runx2 or Sox9 antibodies for
16 hours at 4°C, followed by immunoprecipitation with protein
G-agarose (Santa Cruz Biotechnology, USA). Immunoprecipi-
tates were washed five times with lysis buffer, boiled in sodium
dodecyl sulfate (SDS) sample buffer, collected using magnets,
and heated at 95°C for two minutes. Finally, the immunopre-
cipitates were subjected to SDS-polyacrylamide gel electro-
phoresis (PAGE) and immunoblot analysis as described in the
following section.

The compressed chondrocytes were washed with PBS
precooled at 4°C and lysed using radioimmunoprecipitation
assay (RIPA) buffer. The cell lysate was centrifuged and the
supernatant was separated at 14,000 ×g and 4°C for ten
minutes. Proteins were measured using the bicinchoninic acid
(BCA) protein assay. SDS-PAGE electrophoresis, transferring,
fixation, incubation, and development were performed. The
concentrations of primary antibodies for RL2, Sox9, Col II,

Aggrecan, Runx2, Col X, ALP, and Glut1 were 1:1,000. Finally,
the expressions of the specific proteins were quantified.

Luciferase reporter gene assay
Before applying external mechanical strain, chondrocytes
were cultured until 70% to 80% confluence, and were
transfected with luciferase reporter plasmids constructed in
the pGL2 basic vector: p-4Col2a1-luc harboring four mur-
ine Col2a1 promoter and p-6OSE2-luc harboring six murine
OSE2 promoter. The pMSVβ-gal plasmid was constructed in
the pGL2 basic vector, in which luciferase activity for each
promoter construct could be normalized for transfection
efficiency in all experiments. For transient transfections, cells
in each well were incubated in 1 ml of serum-free medium
containing 6 μg of Lipofectamine, 0.4 μg of p-4Col2a1-luc or
p-6OSE2-luc, and 0.4 μg of the pMSVβ-gal expression plasmid.
Transfection was terminated after 12 hours by replacing
transfection medium with serum-free DMEM. Cells were then
incubated in serum-free medium for an additional 48 hours
with or without being subjected to mechanical compression.
To measure the contribution of O-GlcNAcylation to compres-
sion-induced effects on promoter activity, pharmacological
inhibitor OSMI-1 and activator Thiamet G were included
in the medium of control or compressed cells after transi-
ent transfection. DMSO was used as a negative control. To
measure luciferase activity, cell lysates were collected and
assayed using the Luciferase Assay System (Promega, USA)
as per the manufacturer’s instructions. Cells were washed
with ice-cold Hanks’ balanced salt solution, then scraped
off of each well using cell lysis buffer. Afterward the cell
lysate was centrifuged, and luciferase activity was measured
in the supernatant using a Berthold Lumat LB 9507 Luminom-
eter (Berthold Technologies, Germany). Luciferase activity was
normalized to relative β-galactosidase activity.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 6.0
(GraphPad Software) and SPSS 11.0 software (SPSS, USA).
One-way analysis of variance (ANOVA) was used for multi-
ple comparisons among the groups. The independent-sam-
ples t-test was used between compared groups. All data are
presented as the mean and SD. A p-value of < 0.05 was
considered statistically significant.

Results
FMR resulted in TMJ degeneration
First, we investigated whether long-term mandibular retrusion
could lead to TMJ degeneration. The FMR animal models were
built and confirmed by radiograph (Figure 1a and Figure 2).
TMJ samples were collected two weeks and four weeks after
FMR. Safranin O/Fast Green staining demonstrated that TMJ
cartilage degradation was apparent following FMR, revealed
by lower glycosaminoglycan content compared with the
control group (Figures 3b and 3c). In addition, micro-CT results
displayed obvious condyle subchondral bone resorption in
two-week and four-week FMR groups (Figures 3d to 3i). Thus,
mandibular retrusion is a potential pathogenic factor leading
to TMJ degeneration.
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Excessive chondrocyte hypertrophy occurred in FMR-
induced TMJ degeneration
In cartilage, chondrocytes undergo hypertrophy in deeper
layers adjacent to subchondral bone. However, abnormal
hypertrophic differentiation of chondrocytes led to diminished
cartilage matrix production and enhanced endochondral
ossification, which escalate cartilage degeneration. We first
confirmed that the height of hypertrophic layer of cartilage
increased, whereas the height of proliferative layer of cartilage
decreased, during FMR-induced TMJ degeneration (Figures
3a to 3c). Moreover, the mean size of hypertrophic chondro-
cytes in FMR groups was also greater than in the control
groups (Figures 3a and 3d). The specific hypertrophic markers

Runx2 (Figures 3e and 3f) and Col X (Figures 3g and 3h) were
elevated, whereas the chondrogenetic marker Sox9 (Figures
3i and 3j) decreased, in chondrocytes in FMR groups, com-
pared with those in control groups. Altogether, these results
highlight the fact that chondrocytes underwent excessively
hypertrophic changes in FMR-induced TMJ degeneration.

Intracellular O-GlcNAcylation was involved in regulating
chondrocyte hypertrophy in FMR-induced TMJ
degeneration
Next, we investigated how pan-O-GlcNAcylation was altered
in FMR-induced TMJ degeneration. O-GlcNAcylation immu-
nohistochemical staining of TMJ cartilage revealed that

Fig. 1
Forced mandibular retrusion (FMR) resulted in temporomandibular joint (TMJ) degeneration. a) Upper and lower jaw gears made of stainless
steel; diagram of FMR animal model; frontal view of animal in control group; lateral view of animal in control group; jaw radiograph of animal
in control group; frontal view of animal in FMR group; lateral view of animal in FMR group; and jaw radiograph of animal in FMR group. b)
Safranin O/Fast Green staining of mandibular condyles in control and experimental groups at two and four weeks. Scale bar: 100 μm. c) Graph
showing the Osteoarthritis Research Society International (OARSI) score in two- and four-week FMR groups (n = 2 rat/group). *p < 0.05, **p < 0.01,
independent-samples t-test.

Fig. 2
a) Representative 3D and 2D micro-CT samples from two- and four-week control and experimental groups. b) Bone volume fraction (BV/TV) analysis.
c) Bone mineral density (BMD) analysis. d) Bone trabecular number (Tb.N) analysis. e) Bone trabecular thickness (Tb.Th) analysis. f ) Bone trabecular
space (Tb.Sp) analysis. These micro-CT parameters were analyzed using one-way analysis of variance to compare data among control group and
experimental groups (2 wks and 4 wks), n = 4 rat/group. *p < 0.05, **p < 0.01, t-test. FMR, forced mandibular retrusion.
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Fig. 3
Excessive chondrocyte hypertrophy occurred in forced mandibular retrusion (FMR)-induced temporomandibular joint (TMJ) degeneration. a)
Haematoxylin and eosin (H&E) staining of mandibular condyles in control and experimental groups at two and four weeks. Yellow dashed lines
mark the upper proliferative zone and lower hypertrophic zone in cartilage; n = 2 rat/group. Scale bar: 50 μm. b) Graph showing the hypertrophic
zone height in control and experimental groups at two and four weeks. c) Graph showing the proliferative zone height in control and experimental
groups at two and four weeks. d) Graph showing the average chondrocyte size in control and experimental groups at two and four weeks. e)
Representative Runx2 immunohistochemistry staining of condyles in control and experimental groups at two and four weeks. f ) Graph showing the
Runx2 positive cell percentage according to immunohistochemistry staining of condyles in control and experimental groups at two and four weeks.
g) Representative Col X immunohistochemistry staining of condyles in control and experimental groups at two and four weeks. h) Graph showing the
Col X positive cell percentage according to immunohistochemistry staining of condyles in control and experimental groups at two and four weeks.
i) Representative Sox9 immunohistochemistry staining of condyles in control and experimental groups at two and four weeks. j) Graph showing the
Sox9 positive cell percentage according to immunohistochemistry staining of condyles in control and experimental groups at two and four weeks. n
= 3 rat/group. *p < 0.05, **p < 0.01, t-test. Scale bar: 50 μm.
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chondrocytes of full cartilage layer exhibited pan-O-GlcNAcy-
lation under normal conditions (Figure 4a). In response to FMR
for two and four weeks, chondrocytes in cartilage displayed
significantly higher levels of pan-O-GlcNAcylation compared
to the control groups (Figures 4a and 4b). In addition, double
immunofluorescence staining of hypertrophic marker Col X
and pan-O-GlcNAcylation further confirmed that hypertrophic
chondrocytes were the major group of cells in cartilage that
underwent increased intracellular pan-O-GlcNAcylation in
FMR-induced TMJ degeneration (Figure 4c).

To further clarify the role of O-GlcNAcylation in
chondrocyte hypertrophic transition, the rats were intra-artic-
ularly injected with OSMI-1, a cell-permeable O-GlcNAc
transferase (OGT) inhibitor, to block O-GlcNAcylation in
chondrocytes. IHC staining showed that FMR-induced elevated
pan-O-GlcNAcylation level in condyle chondrocytes was
decreased by OSMI-1 administration (Figures 4d and 4e). The
level of hypertrophic marker Col X in TMJ condyle was reduced
in FMR group receiving OSMI-1 administration, compared to
the rats that received PBS administration (Figures 4f and 4g).
However, the level of another hypertrophic marker Runx2 was
not significantly changed upon OSMI-1 administration (Figures
4h and 4i). Notably, chondrocyte hypertrophy was also
partially blunted by OSMI-1 administration (Figures 4j and 4m).
Thus, elevated chondrocyte O-GlcNAcylation level following
FMR played a role in promoting chondrocyte hypertrophy.

Mechanical compression-induced chondrocyte hypertrophy
partially relied on O-GlcNAcylation of Runx2
A recent 3D finite element study demonstrated that the TMJ
condyle suffered from overloaded mechanical compression
by FMR.9 Therefore, we postulated that abnormal mechan-
ical loading increased the likelihood of chondrocyte hyper-
trophy. To test this hypothesis, isolated chondrocytes were
mechanically compressed in vitro for three days. Runx2 is
the key transcription factor in triggering hypertrophic change
of chondrocytes, while Sox9 is critical in maintaining the
chondrogenic phenotype. The mRNA and protein levels of
hypertrophic markers (Runx2, Col X, and ALP) were increased
under higher magnitudes of compression, whereas those
of chondrogenic markers (Sox9, Col II, and Aggrecan) were
decreased in these groups (Figures 5a and 5b). Hence,
mechanical overloading facilitated the hypertrophic transition
of in vitro cultured chondrocytes.

The intracellular pan-O-GlcNAcylation level in
chondrocytes was analyzed in chondrocytes under differ-
ent magnitudes of compression. Since higher magnitude
of compression (400 KPa) had the most obvious effect
in propelling chondrocyte hypertrophy and intracellular
pan-O-GlcNAcylation, we chose this magnitude for the
following experiments (Figures 5a and 5b). Double immuno-
fluorescence and co-immunoprecipitation results showed that
both Runx2 and Sox9 proteins were O-GlcNAc-modified after
mechanical compression, compared to the static condition
(Figures 5c and 5d). Moreover, the activity of Runx2 and Sox9
proteins was examined using luciferase reporter gene assays.
The activity of Runx2 increased, while that of Sox9 decreased,
in mechanically compressed chondrocytes, compared to the
control chondrocytes (Figure 5e).

To further verify the potential effect of O-GlcNAcylation
on protein levels and activities of Runx2 and Sox9, Thiamet G,

a selective inhibitor of O-GlcNAcase (OGA), and OSMI-1 were
separately added into chondrocyte culture medium. In static
culturing condition, addition of Thiamet G and OSMI-1 had
minor effects on Runx2 and Sox9 expressions and activities
(Figure 5f). Interestingly, when chondrocytes were subjected
to compression, Thiamet G promoted Runx2 activity, whereas
neither Runx2 and Sox9 expression nor Sox9 activity were
affected by Thiamet G (Figures 5e and 5f). By contrast, OSMI-1
had the opposite effects on Runx2 activity compared to
Thiamet G, but did not affect Runx2 and Sox9 expression or
Sox9 activity (Figures 5e and 5f).

The mRNA and protein expressions of downstream
targets of Runx2 (Col X and ALP) and Sox9 (Col II and aggre-
can) were further examined in compressed chondrocytes with
pharmacological intervention. Thiamet G increased the levels
of Col X and ALP, whereas OSMI-1 had the opposite effect
on expressions of these markers (Figures 5g and 5h). This
suggests that increased pan-O-GlcNAcylation by mechanical
compression promoted chondrocyte hypertrophy in vitro.
To investigate whether Runx2 was involved in this process,
chondrocytes were transfected with Runx2 shRNA plasmid.
Knockdown of Runx2 prohibited the elevations of Col X and
ALP induced by mechanical compression with or without
addition of Thiamet G (Figures 5g and 5h). In contrast to
Col X and ALP, expressions of Col II and Aggrecan were not
affected by Thiamet G or OSMI-1, similar to the results for Sox9
(Figures 5g and 5h). Altogether, these results demonstrate
that mechanical compression-induced chondrocyte hypertro-
phy was rendered by hyper-O-GlcNAcylation of Runx2, leading
to increased activity of Runx2 and activation of downstream
targets (Col X and ALP). However, the decreased expressions
of chondrogenetic markers (Sox9, Col II, and aggrecan) upon
mechanical compression were not dependent on O-GlcNAcy-
lation modification.

GLUT1 mediated hyper-O-GlcNAcylation and hypertrophic
transition
Since glucose transporter (GLUT)-mediated glucose uptake is
necessary for the hexosamine biosynthetic pathway (HBP) and
O-GlcNAcylation,10 it is reasonable to speculate that compres-
sive stress activates O-GlcNAcylation by influencing GLUTs. As
an ubiquitously expressed protein, GLUT-1 has been proven
to be dysregulated in degenerated chondrocytes.11 We first
confirmed that GLUT-1 expression was elevated in chondro-
cytes both in our animal model and in mechanically com-
pressed chondrocytes in vitro (Figures 6a to 6c). Moreover,
inhibition of GLUT-1 with WZB117 significantly suppressed
hyper-O-GlcNAcylation in chondrocytes in vivo and in vitro,
compared to vehicle control groups with the addition of
DMSO (Figures 6d and 6e). Furthermore, administration of
WZB117 also partially blunted chondrocyte hypertrophy, both
in the rat model and in mechanically compressed chon-
drocytes in vitro (Figures 6f to 6k). Therefore, these data
are sufficient to clarify that compression-induced GLUT-1
elevation plays a role in promoting chondrocyte hyper-O-
GlcNAcylation and hypertrophic transition.

Discussion
Occlusal problems inevitably cause abnormal mechanical
environments in TMJ, which are the specific factors leading
to TMJ degeneration, in addition to other potential factors
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Fig. 4
Intracellular O-GlcNAcylation was involved in regulating chondrocyte hypertrophy in forced mandibular retrusion (FMR)-induced
temporomandibular joint (TMJ) degeneration. a) Representative RL2 immunohistochemistry staining of condyles in control and experimental groups
at two and four weeks. Scale bar: 50 μm. b) Graph showing the O-GlcNAc positive cell percentage according to immunohistochemistry staining
of condyles in control and experimental groups at two and four weeks. c) Representative RL2 and Col X double immunofluorescence staining of
condyles in control and experimental groups at two and four weeks. Scale bar: 100 μm. d) Representative RL2 immunohistochemistry staining
of condyles in four-week control, four-week FMR, and four-week FMR administered with OSMI-1 groups. e) Graph showing the O-GlcNAc positive
cell percentage according to immunohistochemistry staining of condyles in four-week control, four-week FMR, and four-week FMR administered
with OSMI-1 groups. f ) Representative Col X immunohistochemistry staining of condyles in four-week control, four-week FMR, and four-week FMR
administered with OSMI-1 groups. g) Graph showing the Col X positive cell percentage according to immunohistochemistry staining of condyles in
four-week control, four-week FMR, and four-week FMR administered with OSMI-1 groups. h) Representative Runx2 immunohistochemistry staining
of condyles in four-week control, four-week FMR, and four-week FMR administered with OSMI-1 groups. i) Graph showing the Runx2 positive cell
percentage according to immunohistochemistry staining of condyles in four-week control, four-week FMR, and four-week FMR administered with
OSMI-1 groups. Scale bar: 50 μm. N = 3 rat/group. *p < 0.05, **p < 0.01. j) H&E staining of mandibular condyles in four-week control, four-week
FMR, and four-week FMR administered with OSMI-1 groups. Yellow dashed lines mark the upper proliferative zone and lower hypertrophic zone in
cartilage. N = 2 rat/group. Scale bar: 50 μm. k) Graph showing the hypertrophic zone height in four-week control, four-week FMR, and four-week
FMR administered with OSMI-1 groups. l) Graph showing the proliferative zone height in four-week control, four-week FMR, and four-week FMR
administered with OSMI-1 groups. m) Graph showing the average chondrocyte size in four-week control, four-week FMR, and four-week FMR
administered with OSMI-1 groups. *p < 0.05, **p < 0.01, one-way analysis of variance. N. S., not significant.
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Fig. 5
Mechanical compression-induced chondrocyte hypertrophy partially relied on O-GlcNAcylation of Runx2. a) Quantitative real-time reverse
transcription polymerase chain reaction (qRT-PCR) results of Runx2, Sox9, Col X, Col II, alkaline phosphatase (ALP), and aggrecan messenger RNA
(mRNA) levels in chondrocytes after mechanical compression at different magnitudes. b) Western blot results of Runx2, Sox9, Col X, Col II,
ALP, aggrecan, and O-GlcNAc protein levels in chondrocytes after mechanical compression at different magnitudes. c) RL2 and Sox9 or Runx2
double immunofluorescence staining of chondrocytes after mechanical compression at 400 kPa. Scale bar: 50 μm. d) Co-immunoprecipitation and
immunoblotting of Runx2 or Sox9 with RL2 antibody, in chondrocytes after mechanical compression at 400 kPa. e) Western blot results of Runx2,
Sox9, and O-GlcNAc protein levels in chondrocytes after mechanical compression at 400 kPa, with the addition of dimethyl sulfoxide (DMSO), Thiamet
G, or OSMI-1. f ) Luciferase reporter gene assay of Runx2 and Sox9 activities in chondrocytes after mechanical compression at 400 kPa, with addition
of DMSO, Thiamet G, or OSMI-1. g) qRT-PCR results of Col X, Col II, ALP, and aggrecan mRNA levels in chondrocytes transfected with Runx2 short
hairpin RNA (shRNA) or scrambled shRNA, with the addition of DMSO, Thiamet G, or OSMI-1. h) Western blots results of Col X, Col II, ALP, and aggrecan
protein levels in chondrocytes transfected with Runx2 shRNA or scrambled shRNA, with addition of DMSO, Thiamet G, or OSMI-1. *p < 0.05, **p <
0.01. N. S., not significant. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 6
Glucose transporter (Glut-1) mediated mechanical compression-induced chondrocyte hyper-O-GlcNAcylation and hypertrophic transition. a)
Representative Glut-1 immunofluorescence staining of condyles in control and experimental groups at four weeks. N = 2 rat/group. Scale bar: 100 μm.
b) Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) result of Glut-1 messenger RNA (mRNA) level in chondrocytes
after mechanical compression at different magnitudes. c) Western blot result of Glut-1 protein level in chondrocytes after mechanical compression
at different magnitudes. d) Western blot result of O-GlcNAc protein levels in chondrocytes after mechanical compression at 400 kPa, with addition
of dimethyl sulfoxide (DMSO) or WZB117. e) Representative Glut-1 and RL2 double immunofluorescence staining of condyles in control, four-week
forced mandibular retrusion (FMR), and four-week FMR with administration of WZB117 at four weeks. Scale bar: 100 μm. f ) qRT-PCR results of
Runx2, Sox9, Col X, Col II, alkaline phosphatase (ALP), and aggrecan mRNA levels in chondrocytes after mechanical compression at 400 kPa, with the
addition of DMSO or WZB117. g) Western blot results of Runx2, Sox9, Col X, Col II, ALP, and aggrecan protein levels in chondrocytes after mechanical
compression at 400 kPa, with addition of DMSO or WZB117. h) Haemotoxylin and eosin (H&E) staining of mandibular condyles in four-week
control, four-week FMR, and four-week FMR administered with WZB117 groups. Yellow dashed lines mark the upper proliferative zone and lower
hypertrophic zone in cartilage. N = 3 rat/group. Scale bar: 50 μm. i) Graph showing the hypertrophic zone height in four-week control, four-week
FMR, and four-week FMR administered with WZB117 groups. j) Graph showing the proliferative zone height in four-week control, four-week FMR,
and four-week FMR administered with WZB117 groups. k) Graph showing the average chondrocyte size in four-week control, four-week FMR,
and four-week FMR administered with WZB117 groups. *p < 0.05, **p < 0.01, one-way analysis of variance. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; N. S., not significant.
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such as ageing, genetics, and systemic disease.12 Based on this
clinical observation, various TMJ degeneration animal models
were constructed by disrupting the occlusal states and
generating mechanical overloading microenvironments in
TMJ. In this study, rat TMJ degeneration was induced by FMR,
which was demonstrated to cause anterior disc displacement
and abnormal compressive stress on condyle cartilage.13,14

Hypertrophic differentiation of chondrocytes is an
important pathological change in degenerated cartilage.15 In
addition, hypertrophic chondrocytes also secrete extracellu-
lar matrix proteins that lead to the calcification of cartilage,
and endothelial growth factors that promote the process of
angiogenesis, all of which could accelerate progression of OA.
As the sole cell type in cartilage, the homeostasis of chondro-
cytes, including apoptosis, differentiation, metabolism, and
the inflammatory milieu surrounding chondrocytes, are all
vital factors influencing OA development.16-21 In addition,
abnormal chondrocyte hypertrophy is a potential therapeutic
target for treatment of OA.22,23 In accordance with this, our
study showed that chondrocyte hypertrophy was signifi-
cantly promoted in FMR-treated rat models. In contrast, the
proliferative zone in condyle cartilage was inversely correla-
ted with the hypertrophic zone of cartilage during FMR.
Moreover, the hypertrophic transition of chondrocytes was
also induced by mechanical compression in vitro, as indica-
ted by increased expressions of Runx2, Col X, and ALP, as
well as decreased expressions of Sox9, Col II, and aggrecan.
Collectively, both in vivo and in vitro data supported the
role of mechanical compression in mediating hypertrophic
differentiation of chondrocytes. Regarding the influences of
compressive magnitude on chondrocyte hypertrophy, we
concluded from the in vitro data that higher magnitude of
compression was more efficient in prompting hypertrophy
than lower magnitude of compression. Interestingly, the effect
of compressions with different magnitudes on chondrogenesis
of primary chondrocytes was complex: it seemed that lower
compression was beneficial for chondrogenesis compared
with uncompressed condition, whereas chondrogenesis was
gradually inhibited with increased loading magnitude. This
is consistent with previous studies that reported chondroge-
netic or hypertrophic differentiation under mechanical stimuli
with various types (compressive or stretching), magnitudes
(ranging from kPa to MPa), and loading times.24-27 However,
to our knowledge, there are no studies reporting on the
mechanisms underlying mechanical stimuli-induced hypertro-
phic differentiation of chondrocytes.

O-GlcNAcylation has been known as a key regulator
of cellular function, by post-translational modification of
thousands of proteins, such as chromatin-associated pro-
teins, transcription factors, proteasomal proteins, cytoskeletal
proteins, and metabolic enzymes. Tardio et al28 first found
that the pan-O-GlcNAcylation level was significantly increased
in the cartilage of human knee with OA, associated with
dysregulated expressions of OGT and OGA. Moreover, in vitro
stimulation with IL-1β also dramatically elevated O-GlcNAcy-
lation in chondrocytes, suggesting that the proinflammatory
milieu in OA cartilage could encourage the accumulation
of O-GlcNAcylated proteins in chondrocytes.28 Furthermore,
a recently published study investigated the detailed correla-
tions between O-GlcNAcylation and cartilage degeneration
during OA progression – for example, heat-shock transcription

factor 1 (HSF1) facilitated IL-1β-induced OA by increasing
O-GlcNAcylation of Notch1, which stabilized Notch1 protein
and increased its expression.29 Another study reported that
silencing OGT mitigated lipopolysaccharide (LPS)-induced OA
by blocking the binding of NEK7 with NlRP3, which was
accomplished via O-GlcNAcylation of NEK7 at Ser204 site,
preventing NEK7 phosphorylation. The interaction between
NEK7 and NlRP3 incurred chondrocyte pyroptosis, and finally
led to OA progression.30 In addition to these studies reporting
O-GlcNAcylation in cartilage, the O-GlcNAcylation in syno-
vium of joint has also been shown to be related to OA, as
O-GlcNAc modification was involved in the downregulation
of proinflammatory factors TNF-α and IL-8 in synovial cells.31

Our data showed that during FMR-induced TMJ degeneration,
the O-GlcNAcylation level in condyle cartilage was signifi-
cantly elevated, especially in the deeper layer of cartilage
where most hypertrophic chondrocytes reside. This implied
the potential role of O-GlcNAcylation in mediating hypertro-
phic differentiation of chondrocytes during FMR. In order to
further confirm this hypothesis, the inhibitor of O-GlcNAcyla-
tion, OSMl-1, was applied in both in vivo FMR animals and
in vitro compressed chondrocytes. The immunohistochemical
and immunoblotting results showed that hypertrophic marker
Col X was clearly downregulated by OSMl-1, whereas H&E
staining results displayed that hypertrophic differentiation
was partially prohibited by OSMl-1. Thus, our study provides
strong evidence that FMR- or compression-induced O-GlcNA-
cylation in chondrocytes is involved in promoting chondrocyte
hypertrophic differentiation.

Runx2 has been demonstrated to be a critical media-
tor of various signals, such as bone morphogenetic protein
(BMP), Wnt, and transforming growth factor beta (TGF-β),
in promoting chondrocyte hypertrophy and endochondral
ossification.32,33 To date, post-translational modification of
Runx2, such as phosphorylation, acetylation, and ubiquiti-
nation, has been demonstrated to modulate Runx2 pro-
tein activity. Sun et al34 provided evidence that Runx2
protein could be O-GlcNAc modified in response to high
glucose condition using co-immunoprecipitation. Our study
extended this finding by illustrating that Runx2 was also
O-GlcNAc modified in chondrocytes in a mechanical com-
pression environment. O-GlcNAcylation of Runx2 was shown
to increase the binding ability of Runx2 with osteocal-
cin promoter, thus favouring osteogenic differentiation.35

Furthermore, O-GlcNAcylation sites in human Runx2 pro-
tein were identified, such as Ser32, Ser33, and Ser371, the
mutants of which disabled O-GlcNAcylation and pro-osteo-
genic activity of Runx2.36,37 However, another study provided
contrasting evidence that O-GlcNAcylation of Runx2 resul-
ted in decreased transcriptional activity.38 We theorized that
the discrepancy among these studies was mostly attrib-
uted to different cell types, which were mesenchymal cells
(C3H10T1/2 cells and bone marrow stem cells) and myogenic
C2C12 cells. When chondrocytes were compressed in vitro,
we obtained similar results with those studies using mesen-
chymal cells that O-GlcNAcylation of Runx2 contributed to
elevation of its transcriptional activity. Interestingly, although
compression induced both Runx2 expression and transcrip-
tional activity, O-GlcNAcylation was only involved in the
latter, whereas it had no effect on the former. This was
inconsistent with some studies that demonstrated cellular
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pan-O-GlcNAcylation level influenced the expression of Runx2
in other cells, such as osteogenic cell line MC3T3-E1 and
vascular smooth muscle cells.39,40 Thus, O-GlcNAcylation exerts
distinct roles in regulating Runx2 expression and activity
in different cell lines. In addition to Runx2, we found that
Sox9 protein could also be O-GlcNAc modified in compressed
chondrocytes, but the role of O-GlcNAcylation on Sox9 protein
remains illusive, since the addition of neither Thiamet G nor
OSMI-1 affected Sox9 protein level and activity.

Finally, the mechanism of mechanical compression
or FMR-induced hyper-O-GlcNAcylation in chondrocytes was
also investigated in this study. Around 2% to 5% of the
glucose is metabolized to UDP-GlcNAc through the hex-
osamine biosynthesis pathway, which is the precursor of
O-GlcNAcylation.41 Thus, the status of O-GlcNAcylation is
clearly influenced by intracellular glucose uptake. GLUTs
are the major mediators that transport glucose into cells.
Studies have shown that manipulations of GLUT function
are linked with alterations of protein O-GlcNAcylation.42,43

Furthermore, O-GlcNAcylation was able to promote GLUT3
expression in endometrial cells, thus creating a positive
feedback loop between O-GlcNAcylation and GLUT expres-
sion.44 In the background of cartilage degeneration, it was
demonstrated that impaired ability of degenerated chondro-
cytes to downregulate GLUT1 expression in response to
high glucose condition was partially related to ROS over-
production and chondrocyte damage.11 Inflammatory factors
such as IL-8 were shown to upregulate GLUTs expressions,
which might be the cause of GLUT overexpression and
hyper-O-GlcNAcylation in cartilage degeneration.45 In our
animal model, the GLUT1 level in chondrocytes was signifi-
cantly elevated compared to that in normal chondrocytes,
which correlated well with the condition of O-GlcNAcylation
levels. In addition, inhibition of GLUT1 with WZB117 blocked
the increased O-GlcNAcylation levels, demonstrating the
indispensible role of GLUT1 in mediating elevated O-GlcNA-
cylation levels in FMR-induced TMJ degeneration. Moreover,
WZB117 also prohibited hypertrophic transition of chon-
drocytes in FMR-induced TMJ degeneration. These studies
established the GLUT1-O-GlcNAcylation axis in promoting
chondrocyte hypertrophy. However, another study by Wen
et al46 showed that inhibiting GLUT1 and GLUT3 expression
facilitated chondrocyte hypertrophy. We assumed that the
discrepancy beween their studies and ours was attributed to
the different animal models, which was ACLT-induced knee
OA in their study and FMR-induced TMJ degeneration in
ours. Thus, site-specific differences in chondrocytes, as well as
distinct mechanical microenvironments, might cause opposite
functions of GLUTs in regulating chondrocyte hypertrophy.

With regard to in vitro mechanical compression model,
GLUT1 mRNA and protein levels were also elevated in
response to high magnitudes of compression. This finding
was consistent with some previous studies that manifested
the positive effect of mechanical loading on GLUT1 expres-
sion in various other cell types, such as periodontal ligament
cells, myotubes, and osteoblasts.47-50 In addition, inhibition
of GLUT1 by WZB117 partially blocked compression-induced
hyper-O-GlcNAcylation in chondrocytes, which was consistent
with our FMR-induced TMJ degeneration model. Interest-
ingly, the effect of WZB117 on expressions of chondrogenic
markers (Sox9, Col II, and aggrecan) and hypertrophic markers

(Runx2, Col X, and ALP) seemed to be independent of
dampened O-GlcNAcylation in chondrocytes. For example,
WZB117 partially blocked compression-induced expressions of
hypertrophic markers and promoted compression-abolished
expressions of chondrogenic markers (Figures 6f and 6g),
whereas expression of neither chondrogenic markers nor
hypertrophic marker Runx2 was affected by O-GlcNAcylation
activator Thiamet G and inhibitor OSMI-1 (Figures 5e, 5g, and
5h). Only expressions of hypertrophic markers Col X and ALP
were suppressed by both WZB117 and OSMI-1. Therefore,
these in vitro data support the fact that compression induces
chondrocyte hypertrophic differentiation via increased GLUT1
level; GLUT1 regulates chondrocyte hypertrophy both through
the elevation of pan-O-GlcNAcylation that promotes Runx2
activity, and through other unknown pathways that directly
affect expression of chondrogenic markers and hypertrophic
markers.

In conclusion, this study uncovered a novel mech-
anism underlying chondrocyte hypertrophy during FMR-
induced TMJ degeneration. A compressive microenvironment
generated by FMR incurred elevated GLUT1 expression
and subsequently promoted intracellular protein O-GlcNAcy-
lation modification. The O-GlcNAcylation of Runx2 regulates
its activity, which plays a role in facilitating downstream
hypertrophic marker expressions. In addition, elevated GLUT1
might inhibit chondrogenic differentiation and strengthen
hypertrophic differentiation via O-GlcNAcylation-independent
pathways. These findings highlight the critical involvement
of compression, GLUT1, and O-GlcNAcylation in chondrocyte
hypertrophic transition, and may also shed light on therapies
of FMR-induced progression of TMJ degeneration.
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