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TMF suppresses chondrocyte hypertrophy in osteoarthritic
cartilage by mediating the FOXO3a/BMPER pathway
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Abstract. Osteoarthritis (OA) is a disease of the joints,
characterized by chronic inflammation, cartilage destruc-
tion and extracellular matrix (ECM) remodeling. Aberrant
chondrocyte hypertrophy promotes cartilage destruction and
OA development. Collagen X, the biomarker of chondrocyte
hypertrophy, is upregulated by runt-related transcription
factor 2 (Runx2), which is mediated by the bone morpho-
genetic protein 4 (BMP4)/Smadl signaling pathway.
BMP binding endothelial regulator (BMPER), a secreted
glycoprotein, acts as an agonist of BMP4. 5,7,3'4'-tetra-
methoxyflavone (TMF) is a natural flavonoid derived from
Murraya exotica L. Results of our previous study demon-
strated that TMF exhibits chondroprotective effects against
OA development through the activation of Forkhead box
protein O3a (FOXO3a) expression. However, whether TMF
suppresses chondrocyte hypertrophy through activation
of FOXO3a expression and inhibition of BMPER/BMP4/
Smad]l signaling remains unknown. Results of the present
study revealed that TMF inhibited collagen X and Runx2
expression, inhibited BMPER/BMP4/Smadl signaling,
and activated FOXO3a expression; thus, protecting against
chondrocyte hypertrophy and OA development. However,
BMPER overexpression and FOXO3a knockdown impacted
the protective effects of TMF. Thus, TMF inhibited chon-
drocyte hypertrophy in OA cartilage through mediating the
FOXO3a/BMPER signaling pathway.
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Introduction

Osteoarthritis (OA) is a degenerative joint disease charac-
terized by articular surface lesions, cartilage degeneration,
chronic inflammation, subchondral bone alterations and
osteophyte formation (1,2). Chronic inflammation, exces-
sive mechanical loading, aging, obesity and trauma are all
risk factors for OA (3). However, the pathological develop-
ment of OA may be a result of numerous factors, including
those at the cellular, ultra-structural and tissue levels (4).
Current treatment options for OA in clinical practice include
non-steroidal anti-inflammatory drugs and analgesics, which
are the first-line treatment option for alleviating the symptoms
of pain associated with OA (5). However, the aforementioned
drugs do not have an effect on the progression of OA, and may
lead to gastrointestinal and cardiovascular adverse events (6).
Thus, novel therapeutic strategies that effectively inhibit the
pathogenesis of OA are required.

OA may result due to imbalances in joint cartilage homeo-
stasis, and a loss of articular cartilage may be facilitated by
the hypertrophy-like phenotype switch of chondrocytes (7).
Hypertrophic chondrocytes act as markers for numerous
degenerative disorders, including OA (8). In hypertrophic
chondrocytes, the expression of collagen X and runt-related
transcription factor 2 (Runx?2) is significantly increased (9).
Collagen X is a protein marker for hypertrophic chondrocytes,
and the presence of collagen X in the extracellular matrix
(ECM) may be an indicator of progressive alterations in the
growth plate during endochondral ossification (10). Runx2,
a transcription factor expressed in pre-hypertrophic and
hypertrophic chondrocytes, promotes the differentiation of
proliferative chondrocytes into hypertrophic chondrocytes (11).
Inactivation of Runx?2 leads to decreased chondrocyte hyper-
trophy and reduced collagen X expression (12). This suggests
that collagen X and Runx2 play key roles in chondrocyte
hypertrophy and bone diseases. Moreover, the increased
expression levels of collagen X and Runx2 are associated with
cartilage destruction during OA development (13).

Bone morphogenetic protein (BMP)/Smads signaling
may induce chondrocyte hypertrophy (14). Following treat-
ment with BMP4, human chondrocytes exhibit an increase
in the nuclear translocation of phosphorylated (p-)Smad1/5/8,
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resulting in the increased expression of collagen X (15). Runx2
is also a downstream factor of the BMP4/Smad1/5/8 signaling
pathway. Results of a previous study revealed that BMP4
promotes endochondral bone formation by increasing Runx2
expression (16). Inhibition of the BMP4/Smad/Runx?2 pathway
is associated with the suppression of osteogenic differentia-
tion in bone marrow mesenchymal stem cells (BMSCs) (17).
BMP-binding endothelial regulator (BMPER), a secreted
glycoprotein, directly interacts with BMP4 to modulate its
functions (18). BMPER acts as an agonist of BMP4 and medi-
ates angiogenesis in endothelial cells (19). However, whether
BMPER mediates chondrocyte hypertrophy and endochondral
ossification remains unknown.

Forkhead box O (FOXO), a member of the FOX family, is
a transcription factor with a highly conserved DNA-binding
domain. There are four elements in the FOXO sub-family:
Namely, FOXO1, FOX0O3a, FOX0O4 and FOX0O6. FOXO3a
activity is regulated by post-translational modifications, such
as acetylation, phosphorylation and ubiquitination (20). The
results of a previous study revealed that histone deacetylases,
such as Sirtl and Sirt3, deacetylate FOXO3a and mediate its
transcriptional activity (21).

5.7,3' 4'-tetramethoxyflavone (TMF) is a natural flavonoid
derived from Murraya exotica L. The results of our previous
study revealed that TMF exerts protective effects against the
development of OA through activation of the Sirtl/FOXO3a
signaling pathway (22). However, the molecular mechanism
underlying TMF in the inhibition of OA development remains
to be fully elucidated. Notably, BMPER is a downstream factor
of FOXO3a (19). Thus, the present study aimed to determine
whether TMF inhibited chondrocyte hypertrophy and OA
progression by mediating FOXO3a/BMPER signaling.

Materials and methods

Animals. The present study (approval no. 2020365) was
approved by The Institutional Animal Care and Use Committee
of Gannan Medical University (Ganzhou, China), according
to the principles of the Declaration of Helsinki. A total of 24
male rats (age, 8 weeks; weight, 220+20 g), provided by the
Experimental Animal Center of Gannan Medical University
(Ganzou, China), were housed in an SPF-grade room with
a 12/12 h light/dark cycle, a temperature of 21-23°C and a
humidity of 45-55%. All animals had free access to food and
water, and were left to acclimate to the conditions for 7 days.

Establishment of rat OA models. Rats were anesthetized with
3% sodium pentobarbitone (40 mg/kg) via an intraperitoneal
injection (i.p.). After routine shaving and disinfection in the right
knee, 10 ul of sterile saline with 1 mg of monosodium iodoace-
tate (MIA; Sigma-Aldrich; Merck KGaA) was intra-articularly
injected (23). Rats in the negative control group received the
same volume of vehicle. Rats were divided into four groups
(n=6) as follows: Negative control group, MIA-induced model
group, model group intragastrically treated with 25 mg/kg
TMEF and model group intragastrically treated with 100 mg/kg
TMF (24). Signs in rats, such as excessive fur grooming, 20%
loss of body weight and difficulty breathing during the experi-
ment were considered humane endpoints, requiring immediate
intervention. However, no cases required euthanasia due to

observation of a humane endpoint. After 8 weeks, rats were
sacrificed via cervical dislocation after euthanasia by sodium
pentobarbitone (40 mg/kg; i.p.). Cartilage tissues were obtained
from the joints for further examination.

Hematoxylin and eosin (H&E) staining and immuno-
histochemistry (IHC). Cartilage tissues were fixed in 4%
paraformaldehyde (Beyotime Institute of Biotechnology) for
48 h at 4°C and subsequently decalcified in 10% EDTA solu-
tion for 25 days at 4°C. Decalcified cartilage was embedded in
paraffin and samples were cut into 4-ym slices. Subsequently,
all samples were pre-heated for 20 min at 60°C. The samples
were then deparaffinized in xylene-I for 20 min at 60°C
and then in xylene-II for 10 min at room temperature, and
rehydrated with 100, 95, 80 and 75% ethanol. H&E (Beijing
Solarbio Science & Technology Co., Ltd.) staining was
performed and histological evaluation was carried out. Briefly,
sections were stained with hematoxylin for 5 min at 35°C.
Sections were then rinsed with running water, immersed in
1% hydrochloric acid alcohol for 5 sec, rinsed with running
water, immersed in 1% aqueous ammonia for 5 sec, and rinsed
with running water again. After soaking in 80, 90 and 95%
alcohol for 5 min each, sections were stained with eosin for
5 min at 35°C. Next, the stained sections were dehydrated
using ascending ethanol solutions before sealing. The sections
were analyzed using a confocal laser scanning microscope
(LSMS880; Carl Zeiss AG).

For immunohistochemical analysis, deparaffinized slices
were eluted in 3% H,0, to eliminate endogenous peroxidase
activity. Samples were treated with goat serum (10%) for
30 min at room temperature, and subsequently incubated
with the following primary antibodies: Anti-collagen
X (1:200; cat. no. DF13214; Affinity Biosciences,
Ltd.), anti-Runx2 (1:200; cat. no. AF5186; Affinity
Biosciences, Ltd.), anti-BMPER (1:200; cat. no. AV52569;
Sigma-Aldrich; Merck KGaA) or anti-FOXO3a (1:200; cat.
no. AF6020; Affinity Biosciences, Ltd.) overnight at 4°C.
Following primary incubation, samples were incubated
with the goat anti-rabbit horseradish peroxidase-conjugated
secondary antibody (1:2,000; cat. no. BA1039; Boster
Biological Technology) for 30 min at 37°C. Samples were
subsequently stained with DAB at room temperature
for 10 min and analyzed using a confocal laser scanning
microscope (LSM880; Carl Zeiss AG) and ImageJ software
(version 1.51r; National Institutes of Health).

Cell culture. Human immortal C28/12 cells (Procell Life
Science & Technology Co., Ltd.) were cultured in low-glucose
DMEM (Thermo Fisher Scientific, Inc.) supplemented with
penicillin, streptomycin and 10% fetal bovine serum at 37°C
in an incubator with 5% CO,. Recombinant human interleukin
1 (IL-1B; cat. no. IL038; Sigma-Aldrich; Merck KGaA) was
used to establish OA-like chondrocyte models at 37°C for 24 h.
Samples were treated with TMF at concentrations of 5 and
20 pg/ml at 37°C for 24 h (22,24,25).

Lentivirus (LV) infection. LV-BMPER and LV-short
hairpin RNA (sh/shRNA)-FOXO3a lentiviral particles were
constructed, screened and verified by OBiO Technology
Corp. Ltd. (Shanghai, China). The coding sequence of



EXPERIMENTAL AND THERAPEUTIC MEDICINE 28: 283, 2024 3

BMPER was cloned into the pLV-CMV-MCS-EF1-Zs-
Greenl-T2A-Puro vector. The FOXO3a short hairpin RNA
(shRNA) was cloned into the pSLenti-U6-shRNA-CMV-E
GFP-F2A-Puro-WPRE vector. The 2nd generation system
was used to package the lentivirus. The lentiviral particles
were prepared by transfecting 293T cells (Cell Bank of Type
Culture Collection of The Chinese Academy of Science) with
12 pg of either a plasmid containing the coding sequence or
an shRNA plasmid along with lentiviral packaging plasmid
psPAX2 and the envelope plasmid pMD2.G at a ratio of 4:3:1
at 37°C for 72 h. The 293T cells were cultured with DMEM
containing 10% FBS, penicillin (100 U/ml) and streptomycin
(100 U/ml) at 37°C for 48 h. The supernatant was collected
by centrifugation (3,000 x g) at 4°C for 10 min. The lentiviral
particles were harvested after centrifugation (100,000 x g)
at 4°C for 120 min. Chondrocytes (5x10* cells/ml) were
incubated into 6-well plates at 37°C for 12-24 h to 20-30%
confluency. Then, cells were infected with LV-BMPER and
LV-sh-FOXO3a, according to the instructions recommended
by manufacturer (OBiO Technology Corp. Ltd.). Simply,
cells were transferred to serum-free media containing 5 mg/
ml polybrene and lentiviral particles at a multiplicity of
infection (MOI) of 10.0. The cells were cultured at 37°C for
12 h, and the medium was replaced with a fresh complete
medium. After 72 h of infection, cells were selected using
puromycin-containing medium (1.5 pgg/ml puromycin;
Sigma-Aldrich; Merck KGaA) for 14 days, and 0.625 pg/ml
puromycin was maintained for the subsequent experiments.
The cells were observed under a fluorescence microscope.
The infection efficiency was >90%.

Western blot analysis. Total protein was extracted from
harvested C28/12 cells using RIPA lysis buffer (Beyotime
Institute of Biotechnology). Protein concentration was
determined using a BCA kit (Beyotime Institute of
Biotechnology), and 25 pg/lane of each sample was sepa-
rated by SDS-PAGE on a 10% gel. The separated proteins
were subsequently transferred onto a PVDF membrane
and blocked for 1 h at 37°C with 10% BSA Tris-buffered
saline (TBS) containing 5% non-fat milk, followed by
washing three times with TBS-Tween-20 (containing
0.05% Tween-20). Membranes were incubated with the
following primary antibodies: Anti-collagen X (1:1,000; cat.
no. DF13214; Affinity Biosciences, Ltd.), anti-Runx2 (1:1,000;
cat. no. AF5186; Affinity Biosciences, Ltd.), anti-BMP4
(1:1,000; cat. no. AF5175; Affinity Biosciences, Ltd.),
anti-Smad1 (1:1,000; cat. no. AF0614; Affinity Biosciences,
Ltd.), anti-p-Smadl (1:1,000; cat. no. AF8313; Affinity
Biosciences, Ltd.), anti-FOXO3a (1:1,000; cat. no. AF6020;
Affinity Biosciences, Ltd.), anti-BMPER (1:1,000; cat.
no. AV52569; Sigma-Aldrich; Merck KGaA) and anti-f-actin
(1:1,000; cat. no. AF7018; Affinity Biosciences, Ltd.) over-
night at room temperature. Following primary incubation,
membranes were incubated with the HRP-labeled goat
anti-rabbit secondary antibody (1:5,000; cat. no. A0208;
Beyotime Institute of Biotechnology) at room temperature for
1 h. Protein expression was analyzed using enhanced chemi-
luminescence Omni-ECL™ (cat. no. SQ101L; Epizyme;
Ipsen Biopharmaceuticals, Inc.) and ImageJ software
(version, 1.51r; National Institutes of Health).

Immunofluorescence assay. C28/12 cells on glass coverslips
were fixed with 4% paraformaldehyde at 37°C for 30 min, and
subsequently treated with 0.1% Triton X-100 for membrane
infiltration at 37°C for 10 min. Following blocking with 5%
BSA at 37°C for 30 min, C28/12 cells were incubated with
anti-collagen X (1:200; cat. no. DF13214; Affinity Biosciences,
Ltd.) and anti-Runx2 (1:200; cat. no. AF5186; Affinity
Biosciences, Ltd.) overnight at 4°C. Following primary incuba-
tion, cells were incubated with goat anti-rabbit secondary IgG
antibody (1:500; cat. no. S0001; Affinity Biosciences, L.td.) for
1 h at room temperature. DAPI was added to cells at 37°C for
20 min, and immunofluorescent intensity was analyzed using
a confocal laser scanning microscope (Zeiss GmbH) and
Imagel] software (National Institutes of Health).

Statistical analysis. Experiments were independently
performed three times, and data are expressed as the
mean + standard deviation. GraphPad Prism 8 (GraphPad
Software, Inc.) was used for statistical analysis. Comparisons
between multiple groups were carried out using one-way
ANOVA followed by Tukey's post hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

TMF protects against chondrocyte hypertrophy in rat OA
models. To explore the effects of TMF on chondrocyte hyper-
trophy, rat OA models were established (Fig. 1A). Results of
the present study demonstrated that the cartilage in the model
group was markedly damaged (Fig. 1A and B) and TMF
exerted protective effects. In addition, the expression levels
of collagen X (Fig. 1C and D) and Runx2 (Fig. 1E and F)
were significantly increased in the cartilage of the OA group
compared with those in the NC group. Consistently, TMF
suppressed the expression of collagen X and Runx2, and these
are biomarkers of chondrocyte hypertrophy. Thus, TMF may
protect against chondrocyte hypertrophy in OA rats.

TMF inhibits chondrocyte hypertrophy in IL-15-treated
C28/12 cells. To investigate the effects of TMF on chondro-
cyte hypertrophy in vitro, C28/12 cells were treated with IL-1
(10 ng/ml) to establish OA-like chondrocytes. Results of the
present study demonstrated that, compared with the NC group,
treatment with IL-1f significantly increased the expression of
collagen X (Fig. 2A and B) and Runx2 (Fig. 2A and C) in
C28/12 cells, indicating the induction of the hypertrophy-like
phenotype of chondrocytes. However, treatment with TMF
reversed the effects of IL-1f on C28/12 cells. In addition,
BMPER, BMP4 and p-Smadl/Smadl ratio protein expression
levels were significantly reduced following treatment with
TMF, indicating that IL-1B-induced BMPER/BMP4/Smadl
signaling was suppressed in C28/12 cells (Fig. 2A and D-F).
Results of the immunofluorescent assay also demonstrated that
TMEF reduced the expression of collagen X and Runx2 in a
concentration-dependent manner in IL-13-treated C28/12 cells
(Fig. 2G and H). Thus, the inhibitory activity of TMF against
chondrocyte hypertrophy may be associated with suppression
of the BMPER/BMP4/Smad]1 signaling pathway in C28/12
cells. TMF at 20 ug/ml exhibited higher activity in protecting
against IL-1B-induced chondrocyte hypertrophy than that at
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Figure 1. TMF exerts protective effects against OA development. (A) Overall observation of joint cartilage in rats. (B) H&E staining of cartilage.
Immunohistochemical analysis of (C) Col X and (E) Runx2 expression levels. Immunofluorescent intensity of (D) collagen X and (F) Runx2. The arrows
indicate positive staining. "P<0.05 and “P<0.01. TMF, 5,7,3'4'-tetramethoxyflavone; OA, osteoarthritis; Runx2, runt-related transcription factor 2; H&E,

hematoxylin and eosin; NC, negative control; Col X, collagen X.

5 pug/ml. To better understand the protective effects of TMF,
the 20 pg/ml concentration was selected for use in subsequent
experiments instead of 5 pg/ml.

TMF inhibits chondrocyte hypertrophy by suppressing
BMPER/BMP4 signaling. Expression levels of BMPER were
significantly increased in rat OA models. However, TMF
exhibited inhibitory activity against BMPER expression in the
cartilage of rat OA models (Fig. 3A and B). Similar results
are also displayed in Fig. 2A and D. To explore whether TMF
inhibited chondrocyte hypertrophy through suppression
of BMPER/BMP4 signaling, BMPER was overexpressed
in C28/12 cells. The significantly increased expression of
BMPER detected by western blot analysis indicated successful
infection (Fig. 3C and D). Results of the present study demon-
strated that BMPER overexpression may reverse the effects of
TMF on chondrocyte hypertrophy, indicated by the increased
protein expression of collagen X (Fig. 3E and F) and Runx?2
(Fig. 3E and G) in the BMPER-OE group compared with the
TMF (20 pug/ml) group. In addition, BMPER overexpression

significantly increased BMPER (Fig. 3E and H), BMP4
(Fig. 3E and I) and p-Smad1/Smadl (Fig. 3E and J) expres-
sion levels in C28/12 cells compared with the TMF (20 pg/ml)
group. Results of the immunofluorescent assay also indicated
that BMPER overexpression reversed the effects of TMF on
collagen X and Runx2 expression (Fig. 3K and L). Thus, TMF
inhibited chondrocyte hypertrophy through the suppression of
BMPER/BMP4 signaling in C28/12 cells.

TMF inhibits BMPER/BMP4 signaling-mediated chondro-
cyte hypertrophy through increasing FOXO3a expression.
FOXO3a expression levels were reduced in the cartilage of
rat OA models, and treatment with TMF increased FOXO3a
expression (Fig. 4A and B). To further investigate the mecha-
nisms underlying TMF-mediated inhibition of the BMPER/
BMP4 signaling pathway, FOXO3a expression was silenced
following the transfection of LV-sh-FOXO3a into C28/12 cells.
The significantly decreased expression of FOXO3a detected
by western blot analysis indicated successful infection
(Fig. 4C and D). Results of the present study demonstrated that
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Figure 2. Effects of TMF on chondrocyte hypertrophy in vitro. Protein expression levels of (A and B) Col X, (A and C) Runx2, (A and D) BMPER,
(A and E) BMP4 and (A and F) p-Smad1/Smadl. Immunofluorescent intensity of (G) Col X and (H) Runx2. "P<0.05 and “'P<0.01. TMF, 5,7,3' 4'-tetramethoxy-
flavone; BMPER, BMP-binding endothelial regulator; BMP4, bone morphogenetic protein 4; p-, phosphorylated; Runx2, runt-related transcription factor 2;

Col X, collagen X; NC, negative control.

collagen X (Fig. 4E and F) and Runx2 (Fig. 4E and G) expres-
sion levels were significantly increased following FOXO3a
knockdown compared with those in the TMF (20 pzg/ml) group,
highlighting that FOXO3a knockdown reversed the protective
effects of TMF on chondrocyte hypertrophy in C28/12 cells.
In addition, FOXO3a knockdown also significantly increased
BMPER, BMP4 and p-Smadl/Smadl expression levels in
LV-sh-FOXO3a-transfected C28/12 cells compared with the
TMF (20 pg/ml) group (Fig. 4E and H-K). Results of the
immunofluorescent assay also indicated that FOXO3a knock-
down reversed the effects of TMF on collagen X and Runx?2
expression (Fig. 4L and M). Thus, TMF inhibited BMPER/
BMP4 signaling-mediated chondrocyte hypertrophy through
increasing FOXO3a expression.

Discussion

Due to the aberrant terminal hypertrophic differentiation of
quiescent articular chondrocytes, chondrocyte hypertrophy is
a key feature of OA (26). The development of the hypertrophic
phenotype is associated with pathological ECM remodeling
and cartilage destruction (27). The results of the present study

revealed that MIA may severely damage rat knee joint carti-
lage and promote the expression of collagen X and Runx2,
which are biomarkers of chondrocyte hypertrophy. In vitro, the
BMPER/BMP4/Smadl signaling pathway was activated, and
treatment with TMF (20 pg/ml) inhibited chondrocyte hyper-
trophy by suppressing the BMPER/BMP4/Smadl signaling
pathway. Notably, BMPER overexpression or FOXO3a knock-
down reversed the protective effects of TMF on chondrocyte
hypertrophy in IL-1p3-treated C28/12 cells.

In addition to the inflammatory responses and degenera-
tion in joint cartilage, hypertrophic phenotype alterations of
chondrocytes in cartilage are key hallmarks of OA (28).
Hypertrophic chondrocytes secrete catabolic enzymes,
such as matrix metalloproteinase 13 (MMP-13) and a
disintegrin and metalloproteinase with thrombospondin 4/5
(ADAMTS4/5), which promote cartilage destruction and OA
development (29). Chondrocytes in the non-calcified zones
of joint cartilage do not undergo hypertrophic phenotype
alterations under normal conditions. However, OA-associated
hypertrophic phenotype alterations in joint cartilage enhance
pathological damage, such as calcification and vasculariza-
tion (30,31). Inhibition of chondrocyte hypertrophy in joint
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Figure 3. TMF inhibits chondrocyte hypertrophy by suppressing BMPER/BMP4 signaling. (A and B) Immunohistochemical analysis of BMPER in rat OA
cartilage. The arrows indicate positive staining. (C and D) The BMPER protein expression was detected by western blot in LV-BMPER-infected C28/12 cells.
Protein expression levels of (E and F) collagen X, (E and G) Runx2, (E and H) BMPER, (E and I) BMP4 and (E and J) p-Smadl/Smad1l. Immunofluorescent
intensity of (K) collagen X and (L) Runx2. "P<0.05 and “P<0.01. TMF, 5,7,3' 4'-tetramethoxyflavone; BMPER, BMP binding endothelial regulator; BMP4, bone
morphogenetic protein 4; OA, osteoarthritis; p-, phosphorylated; NC, negative control; OE, overexpression; LV, lentivirus; Runx2, runt-related transcription
factor 2.

cartilage exhibits potential as a therapeutic strategy for  Thus, further investigations are required to understand the
OA management (31). At present, numerous studies on the  mechanisms underlying chondrocyte hypertrophy in OA
pathogenesis of OA are focused on inflammatory responses.  pathogenesis.
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Figure 4. FOXO3a knockdown decreases the inhibitory activity of TMF against BMPER/BMP4 signaling-mediated chondrocyte hypertrophy.
(A and B) Immunohistochemical analysis of FOXO3a in the cartilage of rat OA models. The arrows indicate positive staining. (C and D) The FOXO3a protein
expression was detected by western blot in sShRNA-FOXO3a-infected C28/12 cells. Protein expression levels of (E and F) collagen X, (E and G) Runx2,
(E and H) FOXO3a, (E and I) BMPER, (E and J) BMP4 and (E and K) p-Smadl/Smadl. Immunofluorescent intensity of (L) collagen X and (M) Runx2.
“P<0.05, “P<0.01 and “"P<0.001. FOXO3a, forkhead box O 3a; TMF, 5,7,3'4'-tetramethoxyflavone; BMPER, BMP binding endothelial regulator; BMP4, bone
morphogenetic protein 4; OA, osteoarthritis; p-, phosphorylated; sShRNA, short hairpin RNA; Runx2, runt-related transcription factor 2.

Healthy levels of chondrocyte hypertrophy are essential  expression of BMP (32), TGFf1 (33) and Indian Hedgehog (34)
for musculoskeletal development. However, OA-associated  signaling pathways. Collagen X is minimally expressed in
chondrocyte hypertrophy may be facilitated by the aberrant  healthy joint cartilage, and increased collagen X expression
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in hypertrophic chondrocytes indicates the initiation of endo-
chondral bone formation (35). Runx2 expression is aberrantly
increased in OA chondrocytes, and this promotes OA patho-
genesis through increasing several target factors, such as
COLI10AT1 (encoding collagen X), MMPs, alkaline phos-
phatase (ALP), osteopontin and vascular endothelial growth
factor (VEGF) (36). Runx2 is mediated by various signaling
pathways, such as BMP, TGFf1 and Indian Hedgehog (37,38).
Runx2 plays an important role in chondrocyte hyper-
trophy (38). Results of the present study revealed that collagen
X and Runx?2 expression levels were significantly increased
in vivo and in vitro, highlighting the hypertrophic alterations
of OA chondrocytes.

The BMP signaling pathway is an important mediator
of chondrocyte hypertrophy and endochondral ossification.
Activation of BMP signaling may result in phosphorylation
of Smad proteins, such as Smad-1, -5 and -8, which are tran-
scriptional factors that mediate the expression of downstream
factors (39). Exogenous BMP4 increases the chondrocyte
differentiation of bone marrow stem cells and promotes endo-
chondral bone formation (40). Exogenous BMP4 promotes
cartilage maturation and induces chondrocyte hyper-
trophy (41). Results of a previous study have revealed that
exogenous BMP4 decreases the expression of collagen II, and
increases the expression of collagen X and ALP in juvenile
idiopathic arthritis synovial fibroblasts (42). Results of another
previous study have revealed that treatment with the antago-
nist Noggin inhibits BMP4, which ultimately inhibits the late
differentiation of mesenchymal stem cells and chondrocyte
hypertrophy (43). Results of the present study revealed that
IL-1p increased the expression of the BMP4/Smadl signaling
pathway and its downstream factors, such as collagen X and
Runx2. Collectively, these results indicated that activation
of the BMP4/Smadl signaling pathway was associated with
hypertrophic phenotype alterations of OA chondrocytes.

BMPER, also known as the vertebrate homolog of
Drosophila cross-veinless 2, was originally identified in a
screening assay for differentially expressed proteins in embry-
onic endothelial precursor cells (44). BMPER interacts with
BMP-2, -4, -6, -7, -9 and BMP receptor la/b (45,46), and acti-
vates the BMP signaling pathway in a concentration-dependent
manner (47). Results of a previous study have revealed that
exogenous BMPER at low molar concentrations enhances
Smad activation (47). However, at higher molar concentra-
tions, BMPER may act as an inhibitor of BMP4 (47). BMPER
overexpression increases BMP-2-induced osteogenic differen-
tiation, VEGF expression and vascularization (48). BMPER
knockdown inhibits the osteogenic differentiation of cyclic
tensile strain-induced ossification in posterior longitudinal
ligament cells (49). In human vascular smooth muscle cells,
BMPER knockdown significantly decreases the expression
of ALP and Runx-2, both of which are regulated by BMP2/
Smad1/5/8 signaling (50). However, results of a previous
study revealed that the absence of BMPER in the atrioven-
tricular cushions increases BMP2/Smad1/5/8 signaling and
SOXO9 expression (51). In addition, in the presence of twisted
gastrulation, full-length BMPER inhibits BMP-signaling in
C2C12 cells (52). The results of a previous study have also
demonstrated that BMPER exerts positive and negative effects
on BMP activity, and these effects are context-dependent (53).

At present, the specific association between BMPER and
BMP4 remains controversial. The results of the present study
revealed that the expression of BMPER in OA chondrocytes
was increased. In addition, BMPER overexpression activated
the BMP4/Smad] signaling pathway and increased the expres-
sion of collagen X and Runx2. These results suggested that
activation of the BMPER/BMP4 signaling pathway promoted
chondrocyte hypertrophy in OA cartilage.

Results of a previous study demonstrated that increased
FOXO3a expression or inhibited FOXO3a degradation may
inhibit cell apoptosis (54). DL-3-n-butylphthalide inhibits
PI3K/AKT signaling and increases FOXO3a expression,
leading to the inhibition of human OA chondrocyte apoptosis
and increased ECM synthesis (55). The results of a previous
study have revealed that FOXO3a and peroxisome prolifer-
ators-activated receptor y coactivator la (PGC-la) increase
AMPK activity and inhibit catabolic responses in chondro-
cytes by suppressing oxidative stress (56). Notably, the results
of a previous study have revealed the positive role of FOXO3a
in OA chondrocytes (57). FOXO3a interacts with BMPER
and negatively modulates its activity, leading to suppression
of BMP4/Smad1/5 signaling (19). In addition, deletion of
FOXO3a results in increased BMPER/BMP4 signaling (19).
The results of a previous study have revealed that BMP4 acti-
vates FOXO3a by regulating PI3K/AKT signaling in glioma
stem cells (58). In the present study, FOXO3a knockdown
increased activation of BMPER/BMP4/Smadl signaling and
promoted chondrocyte hypertrophy.

Moreover, the results of previous studies have demon-
strated that Sirtl acts as a positive upstream factor of
FOXO03a (59,60). Results of our previous study revealed that
activation of Sirtl increases the expression of FOXO3a (22).
TMF is a main bioactive component derived from M. exotica,
which exerts multiple pharmacological activities, including
anti-inflammatory, antioxidant, analgesic, anti-diabetes
and antinociception properties (61,62). TMF may exhibit
potential as an activator of Sirtl, enhancing the expression
of FOXO3a and mediating cholesterol metabolism in OA
chondrocytes (22). TMF also decreases the production of
pro-inflammatory cytokines and exhibits chondroprotective
activity by inhibiting the EP/CAMP/PKA and the B-catenin
signaling pathways in OA chondrocytes (24,63). In the
present study, TMF activated FOXO3a expression, inhibited
BMPER/BMP4/Smadl signaling and suppressed chondrocyte
hypertrophy in OA chondrocytes.

The present study has a number of limitations. In the THC
assays, three samples (six in total) were randomly selected for
analysis. Further studies on the total samples are still needed.
It is essential to explore the dose response and time-depen-
dence of TMF on chondrocyte hypertrophy in OA cartilage,
and these were not determined in the present study. In vitro
study, two concentrations of TMF were studied to inhibit the
expression of ColX and Runx-2, which are the biomarkers of
OA chondrocyte hypertrophy (64). However, the absence of
more concentrations to validate the concentration-dependent
TMF inhibition of OA chondrocyte hypertrophy was also a
limitation of the present study. In addition, the association
between FOXO3a and BMPER was not verified, and the
cellular distribution of FOXO3a and BMPER was also not
detected. The effects of BMPER overexpression and FOXO3a
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knockdown on OA chondrocytes were investigated; however,
further investigations into the effects of BMPER knock-
down and FOXO3a overexpression on OA chondrocytes are
required. The study on BMPER gene knockout mice will
be explored in our future plans. In addition, the effects of
exogenous BMPER and BMP4 on TMF-protected chondro-
cyte hypertrophy requires further validation. The nuclear
translocation of p-Smadl and the mechanisms underlying
FOXO3a mediation of BMP2/4 were also not determined in
the present study, highlighting the requirement for further
investigations. The impact of TMF on the activity of BMP
receptors remains unknown, and the protective effects of
TMEF on chondrocytes derived from patients with OA require
further validation.

In conclusion, the results of the present study revealed that
collagen X and Runx2 expression levels and the BMPER/
BMP4/Smadl signaling pathway were increased in the
cartilage of rat OA models. TMF exhibited protective activi-
ties against chondrocyte hypertrophy by activating FOXO3
expression and inhibiting the BMPER/BMP4/Smadl signaling
pathway. The results of the present study also demonstrated
that BMPER overexpression and FOXO3a knockdown
reversed the protective effects of TMF. Thus, TMF inhibited
chondrocyte hypertrophy by mediating the FOXO3a/BMPER/
BMP4/Smad]1 signaling pathway.
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