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Osteoarthritis (OA) is themost prevalent joint disease worldwide, making it amajor cause of
pain and disability. Identified as a chronic and progressive disease, effective treatment at
the early stages of OA has become critical to its management. Jintiange (Jtg) capsules are
a traditional Chinese medicine produced from multiple organic components of various
animal bones and routinely used to treat osteoporosis in China. However, the effect of Jtg
on subchondral bone and cartilage degeneration in OA remains unknown. The purpose of
the present study was to investigate the biomolecular role and underlying mechanisms of
Jtg in OA progression. Herein, we found that Jtg inhibited receptor activator of nuclear
factor-κB ligand (RANKL)-induced osteoclast formation and it functions through the NF-κB
signaling pathway. Jtg also inhibited chondrocyte apoptosis via reducing the reactive
oxygen species concentration in these cells. Moreover, in vivo evaluation revealed that Jtg
significantly attenuates subchondral bone remodeling and cartilage destruction in anterior
cruciate ligament transection (ACLT) mouse models. Taken together, our data
demonstrate that Jtg inhibits osteoclast differentiation in subchondral bone and
chondrocyte apoptosis in cartilage, supporting its potential therapeutic value for
treating OA.
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INTRODUCTION

Osteoarthritis (OA), the most common chronic and degenerative joint disease globally, greatly
threatens the quality of life of millions of people, especially the elderly. OA affects approximately 10%
of men and 18% of women aged >60 years (Bijlsma et al., 2011; Litwic et al., 2013). Pain, joint
stiffness or deformity, and even disability at the end stages are commonly reported in studies from
around the world as typical symptoms of OA (Hochberg et al., 2013; Riegger and Brenner, 2020).
However, existing pharmacotherapies focus on pain relief with no effective disease-modifying effects.
Joint replacement surgery is routinely performed to improve joint function for end-stage OA
patients, but the economic cost and complications associated with this type of intervention should
not be ignored (Arden et al., 2021). Hence, there is a growing need to investigate and identify effective
early-stage OA treatment schemes targeting underlying pathogenesis.
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OA is primarily characterized by the degradation of the
articular cartilage and the remodeling of the subchondral
bone, which indicate aberrant activity in the chondrocytes and
osteoclasts, respectively (Hunter and Bierma-Zeinstra, 2019).
Chondrocytes, which account for 1–5% of the total cartilage
volume, are unique cells specifically responsible for the
physiological function and composition of the cartilage (Glyn-
Jones et al., 2015). Patients with OA exhibit increased
chondrocyte apoptosis, which is closely associated with the
degradation of extracellular matrix components such as type II
collagen and aggrecan. Increasing compelling evidence indicates
that chondrocytes undergo apoptosis and induce cartilage
destruction in response to various stimuli including
mechanical, inflammatory, and metabolic factors and was,
until recently, considered the primary pathogenic driver of OA
(Lepetsos and Papavassiliou, 2016; Bolduc et al., 2019). However,
experimental animal studies have shown that OA is not the
inevitable result of scarification in the articular cartilage,
suggesting that more specialized mechanisms are involved in
OA associated cartilage degradation (Meachim, 1964; Meachim
et al., 1965). There is increasing evidence that bone changes in the
subchondral bone occur earlier than cartilage destruction in
early-stage OA, and alterations in the subchondral bone are
likely to be early mediators of OA progression (Goldring,
2009; Goldring and Goldring, 2010). The subchondral bone is
a vital support of the articular cartilage, indicating that it has
distinct effects on the stress dispersion and conformation of
joints; these effects are significantly suppressed in OA joints.
Tensile and shear stresses as well as other mechanical overload
are exacerbated in subchondral bone plates with lower density
and stiffness, further exposing articular cartilage to abnormal
mechanical and biochemical effects. In early-stage OA,
hyperactivity in the osteoclasts and increasing subchondral
bone remodeling were the driving forces behind the bone loss
in and thinning of the subchondral bone plate, which induced the
catabolism of the articular cartilage. Recently, researchers have
suggested that many factors may dysregulate homeostasis of both
subchondral bone and cartilage microenvironments via the
activation of certain signaling pathways. It has been
demonstrated that aberrant activation of transforming growth
factor ß (TGF-β) through osteoclastogenesis in subchondral bone
in response to abnormal mechanical loading in onset of OA
induces apoptosis of chondrocytes, thereby blocking extracellular
matrix integrity in cartilage (Hu et al., 2020). This means that
interventions designed to target osteoclastogenesis in
subchondral bone are expected to be the most effective
approaches to designing novel therapeutics for early-stage OA.

Non-steroidal anti-inflammatory drugs (NSAIDs) are the
first-line treatment for OA and demonstrate significant pain-
relieving effects, but these effects are accompanied by many safety
concerns, including increased risks for gastrointestinal and
cardiovascular adverse events. In addition, NSAIDs
demonstrate clinically relevant reduction in symptoms without
disease-modifying effects. It is hoped that traditional Chinese
medicine-based approaches may have the potential and flexibility
to help develop novel combination therapies for treating OA
(Kong and Wen, 2019; Tang, 2019; Wu et al., 2019). Many

theories of traditional Chinese medicine provide anecdotal
evidence that bones from certain animals such as tigers, cattle
and horses can inhibit bone resorption and remodeling (Ma et al.,
2011; Suntornsaratoon et al., 2018). Artificial tiger bone powder,
also called Jintiange (Jtg) capsules, is mixed in a pre-determined
ratio with calcium, collagen, bone morphogenetic protein, bone
growth factors, polypeptides, amino acids, and polysaccharides
and used to treat bone-related conditions. Jtg is known for having
similar medical effects to real tiger bone and has been reported to
have distinct effects on osteoporosis in many experimental
animal and clinical studies (Sun et al., 2019). However, the
effects of Jtg on articular cartilage and subchondral bone and
its underlying mechanisms remain elusive.

This study aimed to determine the effects of Jtg on receptor
activator of nuclear factor-κB ligand (RANKL)-induced
osteoclastogenesis and chondrocyte apoptosis, which mimic
the two typical cellular dysfunctions of OA in vitro. Our
results are expected to provide some translational value in
developing a novel treatment strategy incorporating elements
from traditional Chinese medicine for early-stage OA treatment.

MATERIALS AND METHODS

Media and Reagents
Jtg (Purity > 95%) was obtained from Ginwa (Xi’an, China), and
dissolved in Dimethyl sulfoxide (DMSO) (Sigma-Aldrich,
Milwaukee, WI, United States). α-minimum essential medium
(α-MEM) and Dulbecco’s minimum essential medium (DMEM)
were purchased from Hyclone (Logan, UT, United States). Fetal
bovine serum, insulin-transferrin-selenite (Livshits et al., 2010)
and penicillin/streptomycin were purchased from Gibco (New
York, NY, United States). Receptor activator of nuclear factor-κB
ligand (RANKL) and macrophage colony stimulating factor
(M-CSF) were obtained from R&D Systems (Minneapolis,
MN, United States). H2O2 solution, the TUNEL apoptosis
detection kit, cell counting kit-8 assay, DCFH-DA probe and
RIPA lysis buffer were obtained from Beyotime Biotechnology
(Shanghai, China). Antibodies against nuclear factor-kappa B
(NF-κB) and mitogen-activated protein kinase (MAPK) were
purchased from Cell Signaling Technology (Danvers, MA,
United States). Rhodamine-conjugated phalloidin, 4′,6-
diamidino-2-phenylindole (DAPI) and TRIzol reagent were
obtained from Invitrogen (Carlsbad, CA, United States).

Cell Culture
Primary bone marrow stromal cells (BMSCs) were isolated from
6-week-old, female C57BL/6 mice by flushing their femurs and
tibias with α-MEM (adding 10% FBS, 1% penicillin and
streptomycin). After supplementing the medium with
macrophage colony stimulating factor (M-CSF, 30 ng/ml) and
incubating in a humidified atmosphere of 5% CO2 at 37°C,
primary bone marrow macrophages (BMMs) were obtained.
The murine chondroprogenitor cell line ATDC5 purchased
from the National Collection of Authenticated Cell Cultures
(Shanghai, China) were cultured in DMEM (adding 10% FBS,
1% penicillin and streptomycin). ATDC5 is a well-established
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culture model in vitro, which has been commonly used for
chondrogenic differentiation in the previous studies (Yao and
Wang, 2013). To induce differentiation of the cells into
chondrocyte-like cells, the medium containing DMEM and 5%
FBS was supplemented with 1% ITS and the medium was
changed every 2 days until the culture reached 80% confluence.

Cell Viability Assay
The cytotoxic effects of Jtg on BMMs and ATDC5 cells were
evaluated with a cell counting kit-8 assay (CCK-8) following the
manufacturer’s instruction. BMMs were seeded in 96-well plates
at a density of 1 × 104 cells/well in triplicate, and co-cultured in
100 μL complete α-MEM medium with 30 ng/mL M-CSF and
different concentrations of Jtg (0, 1.25, 2.5, 5, 10, 20, 40 mg/L) for
24 h. Similarly, ATDC5 cells were cultured with different
concentrations of Jtg (0, 1.25, 2.5, 5, 10, 20, 40 mg/L) for 24 h.
After washing with PBS for three times, 10 μL CCK-8 buffer was
added to each well and incubated at 37°C for additional 2 h. Then,
the absorbance was measured at a wavelength of 450 nm and
quantitated as the percentage compared with the untreated
control group with a microplate reader (Bio-Tech, CA,
United States).

Osteoclastogenesis and Bone Resorption
Pit Assay
To further differentiate osteoclasts, the BMMs obtained as
mentioned above were seeded in a 96-well plate with 6 × 103

cells per well and treated with complete α-MEM medium
containing 30 ng/mL M-CSF, 50 ng/ml RANKL and different
concentrations of Jtg (0, 5, 10 mg/L). After changing the medium
every other day for 5 days, cells were fixed with 4%
paraformaldehyde for 20 min and stained for TRAP activity.
TRAP-positive osteoclasts with no less than 3 nuclei were
scored under a microscope. To perform the bone resorption
pit assay, BMMs were seeded on the bovine bone slices in a 96-
well plate and treated with α-MEMmedium containing 30 ng/mL
M-CSF, 50 ng/ml RANKL, and different concentrations of Jtg (0,
5, 10 mg/L). After changing the medium every other day for
5 days, the slides were washed with PBS and further treated with
mechanical agitation and sonication to completely remove the
cells. Bone resorption pits were observed using scanning electron
microscopy (HITACHI-S520; Hitachi, Tokyo, Japan) and
quantified using ImageJ software (National Institutes of
Health, Bethesda, MD, United States).

Immunofluorescence Staining of F-Actin
Ring
BMMs were seeded in 35 mm glass bottom microwell dishes at
the concentration of 6 × 103 cells per well and cultured with
α-MEM medium containing 30 ng/mL M-CSF, 50 ng/ml
RANKL, with or without Jtg. After formation of mature
osteoclasts, cells were fixed with 4% paraformaldehyde for
20 min and subsequently permeabilized with 0.1% Triton X-
100 for 5 min. Fixed cells were stained with rhodamine-
conjugated phalloidin for 1.5 h. The cells were then mounted

on slides, and the nuclei were stained with 4′,6-diamidino-2-
phenylindole (DAPI) for 5 min and were observed with confocal
fluorescence microscopy (FV3000, Olympus, Tokyo, Japan).

Measurement of ROS in ATDC5 Cells
ROS level was assessed with a DCFH-DA probe in ATDC5 cells,
according to the manufacturer’s instructions. ATDC5 cells were
cultured with or without various concentrations of Jtg (0, 5,
10 mg/L) and 200 μMH2O2 for 24 h based on the previous study
(Zhou et al., 2019). After incubated with 10 μMDCFH-DA in the
dark for 20 min at 37°C, the cells were washed three times with
PBS. The fluorescence microscopy was then used to detect and
count ROS-positive cells. Meanwhile, the cytometry analysis was
further used to determine the ROS-positive cells stained by the
DCFH-DA probe using a flow cytometer (BD Cytometer System,
CA, United States).

Quantitative Real-Time Polymerase Chain
Reaction
Quantitative PCR was used to quantify the specific genes expression
of osteoclastogenesis and ATDC5 cell apoptosis. BMMs were seeded
in 6-well plates at a density of 1 × 105 cells per well and cultured in
complete α-MEM containing 30 ng/mL M-CSF and 50 ng/ml
RANKL. The BMMs were treated with 10mg/L Jtg for 0–5 days.
ATDC5 cells were seeded in 6-well plates at a density of 1 × 105 cells
per well and treated with complete DMEM supplemented with
200 μMH2O2 and different concentrations of Jtg (0, 2.5, 5, 10mg/L)
for 24 h. Total RNA was extracted using TRIzol reagent. cDNA
synthesis was performed with a reverse transcription reagent
(Applied Biosystems, Foster, CA, United States) and followed
with the transcription-PCR using real-time PCR (ABI 7500;
Applied Biosystems, Foster City, CA). The mouse primer
sequences of Cathepsin K (CTSK), TRAP, c-Fos, NFATc1,
GAPDH, Bcl-2, Bcl-xL and Bak were listed in Table 1.

Western Blot
BMMs were seeded in 6-well plates at a density of 6 × 105 cells/
well and cultured with 50 ng/ml RANKL in the presence or
absence of 10 mg/L Jtg in complete α-MEM for 0, 5, 10, or
60 min. ATDC5 cells were seeded in 6-well plates at a density of
6 × 105 cells/well and cultured with or without 10 mg/L Jtg and
200 μM H2O2 in complete DMEM. The total protein was
extracted from BMMs and ATDC5 cells using RIPA lysis
buffer according to the manufacturer’s instructions. The
protein concentrations were quantitated and analyzed using a
BCA protein assay kit (Thermo Pierce, Rockford, IL,
United States). 30 μg of total protein were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto PVDF membranes (Millipore Corp,
Billerica, MA). After being blocked by 5% skimmed milk, the
membranes were incubated with primary antibodies at 4°C
overnight. Furthermore, the membranes were incubated with
horseradish peroxidase-conjugated secondary antibody diluted
in the blocking buffer at room temperature for 1 h. Finally, the
blots were visualized using Image-quant LAS 4000 Analyzer (GE
Healthcare, Silverwater, NSW, Australia).
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P65 Nuclear Translocation Staining
BMMs were seeded in 6-well plates at a density of 6 × 105 cells/
well and cultured with 50 ng/ml RANKL in the presence or
absence of 10 mg/L Jtg in complete α-MEM. Then the cells
were fixed with 4% paraformaldehyde for 15 min, washed with
0.2% Triton X-100 in PBS for 5 min, blocked with 1% BSA in PBS,
and incubated with monoclonal anti-P65 antibody followed by
biotinylated goat anti-mouse IgG antibody as the secondary
antibody. The cells were further stained with DAPI for 5 min
and observed using a confocal fluorescence microscopy.

Cell Apoptosis Measurement
An Annexin V-FITC/PI apoptosis kit was used to determine the rate
of ATDC5 cells apoptosis. ATDC5 cells were seeded in 6-well plate
and cultured with or without 200 μM H2O2 and various
concentrations of Jtg for 24 h, followed by re-suspended in
500 μL binding buffer and stained with annexin V-FITC/PI
staining. Then, the sample was tested and analyzed using the
flow cytometer. The results are represented as the percentage of
apoptotic cells.

TUNEL Staining
To evaluate the alterations associated with ATDC5 cell apoptosis,
TdT-UTP nick end labeling (TUNEL) staining was conducted
using the one step TUNEL fluorescence kit according to the
manufacturer’s instructions. After treated with or without
200 μM H2O2 and 5 or 10 mg/L Jtg for 24 h, the cells were
permeabilized with 0.1% Triton X-100 for 2 min and stained
with TUNEL mixture for 1 h according to the manufacturer’s
instructions. The cells were further stained with DAPI for 5 min
and observed using a confocal fluorescence microscopy. The cells
with green fluorescence were defined as apoptotic cells.

ACLT-Induced OA Mouse Model
ACLT model was established in 10-week-old C57BL/6J male mice
purchased from the Animal Center of Zhongshan Hospital, Fudan
University (Shanghai, China). After approved by the Animal Ethical
Committee of Zhongshan Hospital, Fudan University (2019-065),
the model is produced by complete transection of anterior cruciate
ligament after direct visualization of it. A sham operation was
conducted by only opening the joint capsule and visualizing the
anterior cruciate ligament without transection. Mice were randomly
divided into four groups as follows: Sham; ACLT; ACLT + Jtg (low

dose); ACLT + Jtg (high dose); (n � 12 per group). The ACLT + Jtg
group received Jtg (10 mg/kg and 30mg/kg for low and high dose,
respectively) dissolved in 0.9% normal saline (NS) by intragastric
administration every other day. Mice in the sham group and ACLT
group were administered an equivalent volume of NS. To prevent
infection, each mouse was administered penicillin every day during
the first 3 days after surgery. Six mice in each group were sacrificed
2 weeks after surgery and another 24 mice were euthanized 4 weeks
post operation, and tibia and femur bones were collected for further
micro-CT scanning and histological observation.

Micro-CT Scanning
After fixed in 4% paraformaldehyde, specimens were scanned
using micro-CT (QuantumGX; PerkinElmer, Waltham, MA,
United States). The subchondral bone was evaluated using
three-dimensional structural parameters including bone
mineral density (BMD), bone volume fraction (BV/TV),
trabecular pattern factor (Tb. PF), and subchondral bone plate
thickness (SBP. Th), were analyzed.

Histological Examination
Knee joint samples were all sectioned on a microtome at a
thickness of 5 μm after decalcified in 10% EDTA and
embedded in paraffin. Then hematoxylin and eosin (H&E),
Safranin O and TRAP staining were performed. Osteoarthritis
Research Society International (OARSI) scoring system was used
to assess the progression of OA according to the previous study.
Immunohistochemical staining of aggrecan, MMP-13, TGF-β,
Caspase-3, and TUNEL were further performed and analyzed.

Statistical Analysis
All the experiments were performed at least three times, and the
data are presented as the mean ± SD. Statistical analysis was
performed using one-way analysis of variance (ANOVA). A p <
0.05 was considered significant.

RESULTS

Jtg Inhibits RANKL-Induced
Osteoclastogenesis in BMMs
The composition of Jtg was analyzed with HPLC (Supplementary
Figure S1). We first evaluated the cytotoxic effects of different Jtg
concentrations on BMMs using a CCK-8 assay. BMMs remained
viable when treated with Jtg at concentrations ranging from 1.25
to 40 mg/L, and the BMMs were also incubated with M-CSF
(30 ng/ml) and RANKL (50 ng/ml) to induce osteoclast
differentiation. Notably, the Jtg treatment of these cells
exhibited a dose-dependent inhibition of TRAP-positive
mature osteoclasts (Figures 1A,D,E). Then we seeded BMMs
on bovine cortical bone slices and stimulated them with RANKL
and different Jtg concentrations (0, 5, and 10 mg/L) to assess the
bone resorption capacity of these osteoclasts. Consequently, we
observed a significant increase in bone resorption following
RANKL stimulation, but this resorption was ameliorated in a
dose-dependent manner when treated with Jtg (Figures 1B,F). In
addition, evaluations of the F-actin ring, reflecting the

TABLE 1 | Sequences of both the forward and reverse primers of mRNAs in
RT-PCR.

Gene Forward (5ʹ-3ʹ) Reverse (3ʹ-5ʹ)

CTSK CTTCCAATACGTGCAGCAGA TCTTCAGGGCTTTCTCGTTC
TRAP CTGGAGTGCACGATGCCA

GCGACA
TCCGTGCTCGGCGATGGA
CCAGA

c-Fos CCAGTCAAGAGCATCAGCAA AAGTAGTGCAGCCCGGAGTA
NFATc1 CCGTTGCTTCCAGAAAATAACA TGTGGGATGTGAACTCGGAA
GAPDH ACCCAGAAGACTGTGGATGG CACATTGGGGGTAGGAACAC
Bcl-2 ATGCCTTTGTGGAACTAT

ATGGC
GGTATGCACCCAGAGTGATGC

Bcl-xL TGCGTGGAAAGCGTAGACAA ATTCAGGTAAGTGGCCAT
CCAA

Bak CCCAGGACACAGAGGAGGTTT GCCTCCTGTTCCTGCTGATG
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cytoskeletal structure of the osteoclasts, revealed that this
structure increased in size in response to RANKL and
decreased in both size and number following treatment with
Jtg (Figure 1C). These findings indicate that Jtg treatment
effectively inhibits osteoclast differentiation and function in vitro.

Jtg Inhibits NF-κB Signaling in RANKL
Activated BMMs
We then determined the mechanisms by which Jtg treatment
affects RANKL-induced osteoclastogenesis. To this end, we
investigated changes in several key RANKL-signaling
pathways, including the NF-κB and MAPK signaling
pathways, in response to Jtg treatment using western blot. The
phosphorylation of IκBa and the nuclear translocation of NF-κB

(p65) are used to evaluate the activation of the NF-κB signaling
pathway in BMMs. Western blot (Figures 2A,B, Supplementary
Figure S2) revealed that the phosphorylation of both IκBα and
p65 were significantly increased in response to RANKL. However,
these effects were significantly inhibited following treatment with
Jtg. Moreover, p65 nuclear translocation staining demonstrated
that p65 was mostly located in the nuclear of BMMs in the control
group after RANKL pretreatment while the translocation was
decreased significantly in the cells cultured with Jtg (Figure 2C).
These results indicated that Jtg attenuated osteoclast formation by
blocking osteoclastogenesis-related NF-κB signaling. Many
studies have demonstrated that the MAPK pathway is also
closely associated with osteoclast differentiation. Thus, we also
evaluated the interactions between Jtg and RANKL-induced
MAPK signaling in an effort to further refine the underlying

FIGURE 1 | Jtg prevents receptor activator of nuclear factor-kappa B ligand (RANKL)-induced osteoclastogenesis in vitro. (A) Tartrate-resistant acid phosphatase
(TRAP) staining of osteoclasts treated with different concentrations of Jtg. (B) Representative SEM images of bone resorption pits. (C) Representative images of actin
rings formation were observed with confocal microscopy. (D) BMMs were treated with various concentrations of Jtg for 24 h and cell survival was measured using a
CCK-8 assay. (E) The number of TRAP-positive cells (containing three or more nuclei) were determined. (F) The total areas of resorption pits were measured.
*Compared with the control group (**p < 0.01).
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mechanisms of JTG treatment. However, Jtg treatment had no
significant impact of the phosphorylation of p38, ERK and JNK,
indicating that MAPK signaling pathway was not the mechanism
mediating the effects of Jtg on osteoclastogenesis (Figure 2A,
Supplementary Figure S3).

Jtg Suppresses Osteoclast-Specific Gene
Expression
We then used RT-PCR to examine the effects of Jtg on the
transcription of several genes associated with osteoclastogenesis
and bone resorption. BMMs were stimulated with RANKL
(50 ng/ml) and then treated with 10 mg/L Jtg for 5 days and
then subjected to RT-PCR. Osteoclastogenic genes, including
c-FOS, NFATc1, TRAP and CTSK, were significantly
upregulated by RANKL and markedly suppressed following Jtg
treatment (Figure 2D), suggesting that Jtg treatment counteracts
the RANKL-induced upregulation of osteoclast-specific gene
expression.

Jtg Prevents ATDC5 Cells FromUndergoing
ROS-Induced Apoptosis
The immunofluorescence staining and flow cytometry were used
to evaluate cellular ROS generation under several conditions.
These evaluations revealed significant increases in ROS levels in
H2O2 (200 μM) treated ATDC5 cells (Figures 3A–C), as

previously described. In contrast, Jtg treatment reduced the
accumulation of ROS in H2O2-treated ATDC5 cells. Flow
cytometry analysis was then used to determine the apoptotic
status of these cells revealing that exposure to H2O2 (200 μM)
significantly increased apoptosis in ATDC5 cells Additionally, Jtg
treatment could inhibit this apoptosis in a dose-dependent
manner (Figures 3D,E). These results were further confirmed
by TUNEL staining, which identified significantly more TUNEL
positive apoptotic cells in the H2O2-treated group than in the Jtg-
treated group (Figures 3F,G). These findings strongly suggest
that Jtg inhibits chondrocyte apoptosis by preventing ROS
accumulation.

Jtg Blocks ROS-Induced ATDC5 Cells
Apoptosis by Regulating the Expression of
Key Apoptosis-Related Genes
Western blot and RT-PCR were used to determine the underlying
mechanism involved in Jtg’s antiapoptotic effect in these cells.
The anti-apoptotic genes Bcl-2 and Bcl-xL were downregulated,
whereas the pro-apoptotic genes Bax and Bak were significantly
upregulated after H2O2 stimulation. However, Jtg reversed these
effects in all four apoptosis-related genes (Figure 3J). This was
validated by the western blot assays that recorded similar findings
for the expression of apoptosis-related proteins, including
Cleaved Caspase-3, Bax and Bcl-2 (Figures 3H,I). Taken
together, these results suggest that Jtg treatment alleviates

FIGURE 2 | Jtg inhibits RANKL-induced osteoclast-specific gene expression and NF-κB signaling pathway without affecting MAPK pathway. (A) Western blot
assay was performed to analyze the expression of osteoclastogenesis-related transcription factors in the NF-κB andMAPK signaling pathways including IκBα, p65, p38,
ERK, and JNK. (B) The band intensities corresponding to p-IκBα/IκBα and p-p65/p65. (C) Immunofluorescence staining was performed to analyze the nuclear
translocation of p65 upon RANKL stimulation in BMMs, scale bar, 50 μm. (D) The expression of osteoclast-specific mRNA, including c-FOS, NFATc1, TRAP, and
cathepsin K (CTSK) was analyzed using RT-PCR. ThemRNA-expression levels were normalized relative to the expression of GAPDHmRNA. *Comparedwith the control
group (*p < 0.05; **p < 0.01).
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FIGURE 3 | Jtg ameliorates reactive oxygen species (ROS)-induced ATDC5 cell apoptosis. (A) The production of intracellular ROS detected by DCFH-DA probe,
scale bar, 50 μm. (B) ROS positive cells were detected by flow cytometry and (C) demonstrated as mean FITC-A level. (D)Cell apoptosis assessed using flow cytometry
and (E) statistical analysis. (F) Detection of apoptotic cells by TUNEL and DAPI staining assay, scale bar, 200 μm and (G) statistical analysis. (H, I) Western blot assay
was performed to analyze the expression of apoptosis-related proteins, including Cleaved Caspase-3, Bax and Bcl-2. (J) The expression of apoptosis-related
mRNA, including Bcl-2 and Bcl-xL (anti-apoptotic) and Bax and Bak (pro-apoptotic), was analyzed using RT-PCR. *Compared with the control group and #compared
with the H2O2 without Jtg group (*p < 0.05, #p < 0.05; **p < 0.01, ##p < 0.01).
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ROS-induced ATDC5 apoptosis via its regulation of the
expression of various apoptosis-related genes.

Jtg Sustains Coupled Subchondral Bone
Remodeling in vivo
Given the positive outcomes in the in vitro assays we then
explored the effects of Jtg on OA progression in vivo using an
ACLT mouse model, one of the most common OA animal
models. Micro-CT showed that ACLT injury induces
significant subchondral bone resorption and osteophyte
formation (Figures 4A,B). Both BV/TV and SBP Th. were
significantly reduced in the ACLT group when compared with
the Sham group, indicating the distinct influence of ACLT on
subchondral bone mineralization and resorption. These animals
also showed higher Tb. PF. Nevertheless, Jtg treatment restored
these parameters and sustained coupled bone remodeling in a
dose-dependent manner (Figure 4C).

Jtg Inhibits Early-Stage Osteoclastogenesis
and Articular Cartilage Degeneration in vivo
Safranin O/Fast Green and H&E staining were combined with the
OARSI score to evaluate ACLT induced cartilage degeneration in
our model. ACLT surgery significantly reduced proteoglycan and
destroyed articular cartilage over a 4-week period when compared to
the sham treatment control (Figures 5A,B,F). Moreover, these
animals experienced early hyperactivity of the osteoclasts as
shown by increased TRAP staining in the ACLT group at
2 weeks post-operation when no significant deterioration in the
cartilage could be detected (Figures 5C,G, Supplementary Figure
S4). However, the severity of the OA in ACLT mice was relieved
following treatment with Jtg, which significantly reduced both the
number of lesions and the OARSI score. We also evaluated the
degree of proteoglycan and matrix degradation in these animals
using immunohistochemistry against both Aggrecan and MMP-13
(Figures 5D,E). These evaluations revealed that Jtg treatment
reduced the level of matrix-degrading collagenases, including

FIGURE 4 | Jtg relieves abnormal subchondral bone remodeling in a mouse anterior cruciate ligament transection (ACLT) model in vivo. (A) 3Dmicro-CT images of
frontal views of the knee joints at 4 weeks after the sham operation or the ACLT operation. (B) 3D micro-CT images of sagittal views of subchondral bone medial
compartment after sham operation or ACLT surgery, scale bar, 1 mm. (C) Quantitative micro-CT analysis of tibial subchondral bone of bone volume fraction (BV/TV),
trabecular pattern factor (Tb.pf), and subchondral bone plate thickness (SBP Th). *Compared with the ACLT group (*p < 0.05; **p < 0.01).
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FIGURE 5 | Histological analysis of Jtg treatment in a mouse anterior cruciate ligament transection (ACLT) model in vivo. (A) Safranin O staining, scale bar, 200 μm
(top panels); 100 μm (bottom panels). (B) HE staining, scale bar, 200 μm. (C) Tartrate-resistant acid phosphatase (TRAP) staining, scale bar, 200 μm. (D–H)
Immunohistochemical staining of aggrecan, MMP-13, TGF-β, Caspase-3 and TUNEL expression, scale bar, 100 μm. (I) Osteoarthritis Research Society International
(OARSI) score indicate cartilage degeneration at 4 weeks after the ACLT operation. (J) Quantitative analysis of osteoclast surface per millimeter bone perimeter
(Oc.s/BS) indicate subchondral bone remodeling at 2 weeks after the ACLT operation. (K–O) The quantitative analysis of positive cells of aggrecan, MMP-13, TGF-β,
Caspase-3, and TUNEL in each group. *Compared with the ACLT group (*p < 0.05; **p < 0.01).
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MMP-13, in these samples while markedly increasing the level of
Aggrecan (Figures 5H,I). Moreover, we observed highly expressed
TGF-β through osteoclastogenesis in subchondral bone in ACLT
mice was decreased by Jtg (Figures 5F,M). Caspase-3 and TUNEL
staining demonstrated that Jtg mitigated chondrocyte apoptosis in
degenerated cartilage in ACLT mice (Figures 5G,H,N,O). These
findings indicate that Jtg relieves cartilage degradation and even
early-stage OA while inhibiting subchondral bone resorption.

DISCUSSION

Traditional Chinese medicine is widely used to treat many
chronic orthopedic diseases including osteoporosis, rheumatic
arthritis, and OA, and it is known for its higher effectiveness
and fewer side effects (Zhang et al., 2010; Lin et al., 2017; Wang
et al., 2020). Jtg, a traditional medicine composed of various
animal bones and organic compounds such as collagen and
polysaccharides, has demonstrated outstanding efficacy in
treating osteoporosis in various animal and clinical trials
and is recommended for the treatment of osteoporosis in
China. In addition, increasing evidence suggests that Jtg
therapies may reduce bone loss and accelerate bone
formation (Sun et al., 2019; Zhao et al., 2019; Zhao et al.,
2021). When we combined this with the basic findings of
several previous studies, we hypothesized that Jtg might also
play a critical role in the treatment of another chronic
orthopedic disease, OA.

Although originally thought to be restricted to the cartilage, OA is
now recognized as a heterogeneous disease that affects various
structures in the joint using a wide range of underlying
mechanisms (Loeser et al., 2016). Osteochondral junctions play a
pivotal role in the loadbearing and metabolism of the joint. As the
important structure within the osteochondral junction, the
subchondral bone undergoes extensive remodeling and changes
all of which have been detected in early-stage OA prior to
cartilage degradation by hybrid SPECT-CT, indicating its
significant role in both the onset and progression of OA (Hügle
and Geurts, 2017). Moreover, MRI revealed that more bone marrow
lesions occur in the osteochondral junctions of OA patients which is
likely a result of the increased remodeling of the subchondral bone in
these joints and acts as a predictor of cartilage degeneration (Maas
et al., 2015). Furthermore, accumulating evidence have shown that
subchondral bone mainly undergoes a spatiotemporal uncoupled
remodeling process which is notably characterized by macrophage
infiltration and osteoclast activation in early-stage OA and
concomitant increased osteoblast activity leading to spatial
remineralization and osteosclerosis in end-stage disease (Yu et al.,
2016; Jiang et al., 2021). In this study, we also attached great
importance to the effects of Jtg on osteoclasts in early-stage OA.
Given the close physical association between overlying cartilage and
subchondral bone, the osteoclast-chondrocyte crosstalk in bone-
cartilage microenvironment is a promising therapeutic target to
restrain OA. Increasing evidence indicates that TGF-β plays a crucial
role in osteoclast-chondrocyte crosstalk in onset of OA. Zhang et al.
found that overexpression of TGF-β from osteoclasts in subchondral
bone in response to altered mechanical loadings induced

chondrocyte apoptosis and cartilage degeneration (Zhang et al.,
2018). Moreover, Zhen et al. demonstrated that knockout of the
TGF–β receptor and inhibition of TGF-β activity relieved
osteoarthritis in ACLT mice (Zhen et al., 2013). Consistently, we
observed aberrant TGF-β level was decreased by Jtg treatment in the
subchondral bone in ACLT mice and alleviated chondrocyte
apoptosis significantly, suggesting the pivotal role of Jtg in the
regulation of osteoclast-chondrocyte crosstalk in OA.

Moreover, we also detected aberrant subchondral bone
remodeling including decreased BV/TV and SBP Th, and
increased Tb, PF, and TRAP-positive osteoclasts in early-stage
OA which occurs before cartilage degradation, cementing the
importance of subchondral bone remodeling in early-stage OA.
Osteoclast hyperactivity is considered as the major hallmark of
bone resorption. Specific interactions between RANKL and its
receptor RANK play a crucial role in osteoclast formation and
activation (Boyce and Xing, 2008). Meanwhile, downstream
signaling transcription factors, such as NF-κB and MAPKs
(p38, ERK, and JNK) are activated to further initiate
osteoclastogenesis and bone resorption. Thus, any agent
capable of blocking the expression of osteoclast-associated
genes and signaling pathways or inhibiting RANKL/RANK
interactions is likely to exert significant therapeutic effects on
OA. Here, we found that Jtg suppressed RANKL-induced
osteoclastogenesis in a dose-dependent manner and blocked
the NF-κB signaling pathway by downregulating osteoclast-
specific gene expression. This suggests that Jtg alleviates
subchondral bone remodeling through the inhibition of
osteoclast differentiation and activation.

As the most important constituent of cartilage, extracellular
matrix components provide the tensile strength and compressive
resilience facilitating the basic functionality of the joint (Rahmati
et al., 2017). Increasing evidence suggests that extracellular
matrix components including type II collagen and aggrecan
are significantly reduced in the cartilage of OA patients.
Chondrocytes, the only cells that populate avascular
extracellular matrix components are responsible for this
change in OA cartilage (Riegger and Brenner, 2020). As
chemical byproducts of the mitochondrial electron transport
chain, ROS are known to act as primary intermediates for many
signaling pathways including cellular apoptosis (Zhang et al.,
2016). A low-oxygen-tension environment helps to maintain the
collagen turnover rate mediated by chondrocytes under
physiological conditions. Oxidant-induced chondrocyte
apoptosis, which is induced in response to excessive ROS
generation, is known to be a crucial event in OA (Arra et al.,
2020). Our findings suggest that Jtg treatment inhibits H2O2-
induced chondrocyte apoptosis in vitro. We also showed that Jtg
treatment reduced the expression level of matrix-degrading
enzymes and increased the expression level of matrix
proteins. Furthermore, both the Safranin O/Fast Green
staining and H&E staining revealed similar outcomes in vivo.
Thus, we also show that Jtg treatment can protect cartilage
against degeneration through its inhibition of chondrocyte
apoptosis.

There are several potential limitations in our study. First, the
primary cells used in this study were obtained from mice instead
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of humans, so it is necessary to use human cells in future studies
to make our results more reliable. And we just studied the
potential effects of Jtg on the NF-κB and MAPK pathway, we
should also detect other mediators and signaling pathways
involved in the pharmacologic mechanism of Jtg in future studies.

In summary, this study demonstrates, for the first time,
that Jtg treatment effectively inhibits osteoclast differentiation
and activation by inhibiting NF-κB signaling cascades and
ROS-induced chondrocyte apoptosis. These dual effects
eventually ameliorate the subchondral bone remodeling and
cartilage degeneration associated with OA in ACTL mouse
models. Taken together, these results suggest that Jtg is a
potential alternative therapeutic agent for attenuating early-
stage OA.
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