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Diterbutyl phthalate attenuates osteoarthritis in ACLT mice
via suppressing ERK/c-fos/NFATc1 pathway, and
subsequently inhibiting subchondral osteoclast fusion
Chao Fang1, Jia-wei Guo1, Ya-jun Wang1, Xiao-qun Li1, Hao Zhang1, Jin Cui1, Yan Hu1, Ying-ying Jing2, Xiao Chen1,3 and Jia-can Su1,2,4

Osteoarthritis (OA) is the most common arthritis with a rapidly increasing prevalence. Disease progression is irreversible, and there
is no curative therapy available. During OA onset, abnormal mechanical loading leads to excessive osteoclastogenesis and bone
resorption in subchondral bone, causing a rapid subchondral bone turnover, cyst formation, sclerosis, and finally, articular cartilage
degeneration. Moreover, osteoclast-mediated angiogenesis and sensory innervation in subchondral bone result in abnormal
vascularization and OA pain. The traditional Chinese medicine Panax notoginseng (PN; Sanqi) has long been used in treatment of
bone diseases including osteoporosis, bone fracture, and OA. In this study we established two-dimensional/bone marrow
mononuclear cell/cell membrane chromatography/time of flight mass spectrometry (2D/BMMC/CMC/TOFMS) technique and
discovered that diterbutyl phthalate (DP) was the active constituent in PN inhibiting osteoclastogenesis. Then we explored the
therapeutic effect of DP in an OA mouse model with anterior cruciate ligament transaction (ACLT). After ACLT was conducted, the
mice received DP (5 mg·kg–1·d–1, ip) for 8 weeks. Whole knee joint tissues of the right limb were harvested at weeks 2, 4, and 8 for
analysis. We showed that DP administration impeded overactivated osteoclastogenesis in subchondral bone and ameliorated
articular cartilage deterioration. DP administration blunted aberrant H-type vessel formation in subchondral bone marrow and
alleviated OA pain assessed in Von Frey test and thermal plantar test. In RANKL-induced RAW264.7 cells in vitro, DP (20 μM)
retarded osteoclastogenesis by suppressing osteoclast fusion through inhibition of the ERK/c-fos/NFATc1 pathway. DP treatment
also downregulated the expression of dendritic cell-specific transmembrane protein (DC-STAMP) and d2 isoform of the vacuolar
(H+) ATPase V0 domain (Atp6v0d2) in the cells. In conclusion, we demonstrate that DP prevents OA progression by inhibiting
abnormal osteoclastogenesis and associated angiogenesis and neurogenesis in subchondral bone.
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INTRODUCTION
Osteoarthritis (OA), a chronic and whole joint degenerative
disorder characterized by an irreversible progression, is an age-
related disease with a high incidence and an increasing global
prevalence, resulting in joint stiffness, pain, and disability [1].
Currently, it is estimated that 250 million people worldwide suffer
from symptomatic OA [2]. By 2030, this number will be 400 million
[3]. In China, knee OA affects approximately 10% of females and
6% of males [4].
OA is characterized by worn articular cartilage, synovial lesions,

capsule contracture, osteophyte formation, and subchondral bone
marrow lesions [5, 6]. To date, multiple pharmaceutical strategies
for OA, including protease inhibitors, anti-inflammatory therapies,
stem cell administrations, and biologic agents, have been
investigated, but the efficacy and safety of these therapies are
still ambiguous [7]. Clinically, apart from terminal-stage surgical

arthroplasty, no therapeutic strategies to rescue OA progression
are available [8].
Subchondral bone is crucial for OA onset [9–11]. Articular

cartilage and subchondral bone constitute a mechanical and
functional unit in which the stiffness intensity of subchondral
bone provides a supporting basis for articular cartilage and
dissipates severe loadings applied to the weight-bearing joints
[12]. During OA onset, obesity and muscle atrophy during aging or
traumatic ligament damage result in abnormal mechanical loads
on joints [13, 14]. Matrix-embedded osteocytes sense mechanical
alterations and orchestrate osteoclast differentiation and function,
leading to excessive activation of osteoclastogenesis in subchon-
dral bone and subsequent bone resorption [15]. Ample evidence
indicates that osteoclastic bone resorption is abnormally upregu-
lated during the initial stage of OA, leading to a rapid subchondral
bone turnover [16–18]. H-type vessels, characterized by CD31high
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and endomucinhigh (CD31hi EMCNhi) levels, which are closely
associated with bone remodeling, exacerbate the cartilage erosion
in OA [19, 20]. Netrin-1, derived from osteoclasts, mediates the
infiltration of sensory nerves into subchondral bone, followed by
hyperalgesia and pain in OA mice [21–23]. Therefore, targeting
overactivated osteoclasts in subchondral bone serves as an
effective approach for OA treatment [24].
Panax notoginseng (PN; Sanqi), a natural plant, has various

biological properties, including promoting fracture healing [25], anti-
inflammation [26], neuroprotection [27], and anti-osteoporosis [28].
Studies have shown that PN exerts a positive pain relief influence on
OA [29, 30]. Based on our previous studies, we screened an active
component from PN using the two-dimensional/bone marrow
mononuclear cell/cell membrane chromatography/time of flight
mass spectrometry (2D/BMMC/CMC/TOFMS) technique [31–33].
Theoretically, components with a strong affinity for the BMMC
membrane could be potentially effective in regulating osteoclast
differentiation.
In this study, we find that diterbutyl phthalate (DP), an active

constituent screened from PN using the 2D/BMMC/CMC/TOFMS
system, inhibits osteoclastogenesis. DP prevents OA progression
in anterior cruciate ligament transaction (ACLT) mice by inhibiting
abnormal osteoclastogenesis as well as the associated angiogen-
esis and neurogenesis in subchondral bone. For mechanisms, we
demonstrate that DP blocks osteoclast fusion.

MATERIALS AND METHODS
Identifying active constituents
Bone marrow mononuclear cells (BMMCs) were extracted from male
C57BL/6J mice (4 weeks old) by flushing the bone marrow of
bilateral femurs. PN (50 g) was dissolved in 50% ethanol, converted
into a 1.0 g/mL concentrated solution, and then incubated with
BMMCs. The 2D/BMMC/CMC/TOFMS assay was employed to
evaluate the binding capability of PN components to BMMC
membranes. Compound data were recorded by an Agilent
MassHunter Workstation (Agilent Technologies, Palo Alto, CA, USA)
and translated into written code using Visual Basic 6.0 software
(Microsoft, Redmond, WA, USA). MATLAB software (MathWorks, USA)
was utilized to draw three-dimensional graphics. Compounds with a
sustained retention time were identified as active ingredients for
inhibiting osteoclastogenesis.

Reagents and antibodies
DP (ST1999010.1 ML) was obtained from Standard Company
(Shanghai, China). Mouse soluble receptor activator of nuclear
factor-κB ligand (RANKL) (462-TEC) and macrophage-colony stimu-
lating factor (M-CSF) (416-ML) were purchased from R&D Systems
(Minneapolis, MN, USA). Paraformaldehyde (PFA) (P1110-100) and
ethylenediaminetetraacetic acid (EDTA) (E1171) were supplied by
Solarbio (Beijing, China). Cell Counting Kit-8 (CCK-8) (C0038) was
supplied by Beyotime (Shanghai, China). Tartrate-resistant acid
phosphatase (TRAP) kit (387A-1KT) was provided by Sigma-Aldrich
(St. Louis, MO, USA). Ceramide C6 (860704) was purchased from
Avanti Polar Lipids (Alabaster, AL, USA).

Cell viability assay
BMMCs (1 × 104/well, 100 μL) and RAW264.7 cells (5 × 103/well,
100 μL) were cultured separately in 96-well plates and then
incubated with DP at incremental concentrations for 48 h. Cells
were washed with phosphate-buffered saline (PBS) twice and then
cultured with CCK-8 solution (10 μL) for 2 h (37 °C, 5% CO2). The
absorbance at 450 nm was then measured by enzyme-linked
immunosorbent assay.

Osteoclastogenesis assay
BMMCs were incubated on a petri dish in alpha-modified
minimal essential medium containing 10% fetal bovine serum

(FBS), 1% penicillin, 1% streptomycin, and M-CSF (30 ng/mL)
overnight (37 °C, 5% CO2). Nonadherent cells were extracted and
seeded into 96-well plates (1 × 104/well, 100 μL) with M-CSF
(30 ng/mL) for 2 days. For osteoclastogenesis, cells were
incubated with M-CSF (30 ng/mL) and RANKL (100 ng/mL) in
the presence or absence of the indicated DP for 5 days. Next,
cells were washed with PBS twice and fixed in 4% PFA for
30 min, then TRAP staining was conducted, and TRAP-positive
multinucleated cells were quantified.
RAW264.7 cells were seeded on a petri dish in Dulbecco’s

modified Eagle’s medium supplemented with 10% FBS, 1%
penicillin, and 1% streptomycin for 24 h (37 °C, 5% CO2). For
osteoclastogenesis, adherent cells were washed with PBS twice
and plated in 96-well plates (5 × 103/well, 100 μL) with RANKL
(100 ng/mL) in the presence or absence of different concentra-
tions of DP for 7 days, then TRAP assay was performed.

Osteoclast fusion analysis
After RAW264.7 cells were incubated with RANKL (100 ng/mL)
with or without different doses of DP for 3 days, cell membranes
were stained with red Dil (Fushen, Shanghai, China), and cell
nuclei were dyed blue with Hoechst (Beyotime, Shanghai, China).
Labeled cells were imaged using a fluorescence microscope
(Olympus BX53). ImageJ (NIH, Bethesda, MD, USA) was employed
to quantify the rate of membrane fusion (%).

ACLT-induced OA mouse models
Male C57BL/6J mice (8 weeks old) were obtained from
Weitonglihua Corporation (Beijing, China). Mouse experiments
were performed in a specific pathogen-free laboratory.
All operational procedures conformed to the standards and
guidelines of the Bioethics Committee of Changhai Hospital
(SYXK 2015-0017). Mice weighing between 20 and 22 g were
maintained at temperatures between 20 and 24 °C with a 12 h
light–dark cycle and relative humidity ranging from 50% to 60%.
Water and food were available throughout the entire duration of
the experiment. According to the standard protocols elaborated
previously [34], OA mouse models were generated with an ACLT
operation to mimic mechanical instability. Specifically, after
intraperitoneal anesthesia with 5% chloral hydrate, mice under-
went a longitudinal cutaneous incision in the right knee. The ACL
was transected under a surgical microscope with an ophthalmic
scalpel. Alendronate (ALN) was used as a positive control in
relative to DP [35–37]. Twenty-four hours later, mice were
randomly assigned to four groups: sham (stitching the right
knee incision after opening the knee capsule and treated with
normal saline), ACLT (ACLT mice injected with normal saline), DP
(ACLT mice injected with DP), and ALN (ACLT mice injected
with ALN). Over the next 8 weeks, mice in DP group
were intraperitoneally administered DP (5 mg·kg−1·d−1), mice in
the ALN group (1 mg·kg−1) were injected intraperitoneally three
times per week [21], and mice in the sham and ACLT groups
simultaneously received the same volume of normal saline.
Whole knee joint tissues of the right limb were harvested after
euthanasia of mice at weeks 2, 4, and 8 for further analysis.

Western blotting
Cultured cells were lysed with 200 µL RIPA buffer containing 1%
phenylmethylsulfonyl fluoride. Western blotting was conducted
according to standard protocols [38]. Antibodies against Cathe-
psin K (CTSK) (DF6614), Netrin-1 (DF8579), phospho‐ERK1/2
(AF1015), ERK1/2 (AF0155), c-fos (AF0132), and NFATc1 (DF6446)
were obtained from Affinity (Cincinnati, OH, USA). Antibodies
against Atp6v0d2 (bs-12548R) and DC-STAMP (bs-8250R) were
purchased from Bioss (Beijing, China). After incubation with
primary antibodies against CTSK (1:1000), Netrin-1 (1:1000),
phospho‐ERK1/2 (1:1000), ERK1/2 (1:2000), c-fos (1:1000), NFATc1
(1:1000), Atp6v0d2 (1:500), and DC-STAMP (1:500) overnight (4 °C),
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samples were incubated with secondary antibodies. Protein bands
were visualized using a chemiluminescence apparatus (Bio-Rad).

Histological analysis
Mouse knee joint tissues were harvested and fixed in 4% PFA for
48 h, followed by decalcification in 10% EDTA for 2 weeks. Then,
samples were embedded in paraffin and serially sectioned (4-μm
thickness) in the sagittal view of the medial compartment of the
knee joint. Each knee was embedded in the same orientation.
Next, hematoxylin and eosin (H&E), Safranin O and fast green, and
TRAP staining were performed following standard protocols [39].
The knee joint area was imaged under a light microscope
(Olympus BX53). The tidemark line labels the boundary between
hyaline cartilage (HC) and calcified cartilage (CC). H&E staining
with 20× modified image was used for measurement of the
thickness of HC and CC. The Osteoarthritis Research Society
International score (OARSI) was employed to evaluate and
quantify the degradation of tibial plateau cartilage as previously
described [40].

Immunochemistry and immunofluorescence analysis
Antibodies against aggrecan (ACAN) (GB11373) and collagen 2
(Col-2) (GB11021) were bought from Servicebio (Wuhan, China).
Antibodies against Lubricin (ab28484), matrix metalloproteinase
(MMP)-13 (ab219620), collagen X (Col-X) (ab260040), TRAP
(ab191406), CD31 (ab182981), endomucin (EMCN) (ab106100),
MMP-2 (ab97779), and calcitonin gene-related peptide (CGRP)
(ab36001) were obtained from Abcam (Cambridge, UK). Sagittal
sections of the knee joint medial compartment were incubated
using primary antibodies against Lubricin (1:50), MMP-13 (1:400),
Col-X (1:50), ACAN (1:500), Col-2 (1:200), TRAP (1:800),
CD31 (1:4000), EMCN (1:200), MMP-2 (1:1000), CGRP (1:2000),
and Netrin-1 (1:100) overnight (4 °C). Immunochemistry and
immunofluorescence were conducted according to standard
operating procedures [41]. Histomorphometry detection was
applied to a region of the tibial subchondral bone. The number
of positively stained cells in subchondral bone and cartilage was
quantified using ImageJ.
After RAW264.7 cells were incubated with RANKL (100 ng/mL) in

the presence or absence of the indicated DP, cells were washed
with PBS twice, fixed with 4% PFA, and blocked in 5% BSA at room
temperature. Next, cells were successively incubated with NFATc1
antibody (1:50) overnight (4 °C) and secondary antibody (1:100) for
1 h. Cell nuclei were stained with Hoechst for 15min. Finally,
NFATc1 nuclear translocation was visualized using a fluorescence
microscope (Olympus BX53).

Micro-CT analysis
Knee joints were scanned by microcomputed tomography (micro-
CT; Bruker skyscan1176, USA) at 9 μm resolution, 50 kV X-ray
voltage, and 60 μA current. After a scanned image was imported
into Data-Viewer software (version 1.5), the volume of interest
was selected and saved as collected data, which was further
analyzed using CT-An software (version 1.15). The three-
dimensional image of the sagittal plane of the tibial plateau
structure was reconstructed using CT-Vol software (version 1.14).
The following structural parameters of subchondral bone were
measured in scanned images: bone volume/tissue volume (BV/TV,
%), trabecular separation (Tb. Sp, μm) and subchondral bone
plate thickness (SBP. Th, μm).

Microangiography
After mice were anesthetized, cardiac perfusion was performed by
left venipuncture, and the systemic circulation was successively
perfused with PBS containing heparin sodium (125 U/mL), 10%
PFA, and the angiography agent (Microphil MV-120, Flow-Tech).
To achieve a viscosity level appropriate for microcirculation
injection, volume mixing requires 50% of the diluent for each

40% of the compound, and this mixture is catalyzed with 5% (by
weight) curing agent. The working time was 20 min after the
addition of a curing agent. After angiography was performed,
mice were stored overnight (4 °C), and then specimens were
dissected and fixed in 4% PFA for 48 h, followed by decalcification
in 10% EDTA for 2 weeks. The procedure of knee joint scanning by
micro-CT is described in the preceding paragraph.

Von Frey test
Von Frey hairs (Touch test, USA) were employed to measure the
50% paw withdrawal threshold (50% PWT). Briefly, mice were
placed in cages with metal mesh bottoms for 20min to adapt
them to the testing environment (stopping exploratory behavior
and being still) [42]. According to the baseline confirmed before
the test, Von Frey filaments implied in this test were set as the
following serial forces (gram= 0.04, 0.07, 0.16, 0.4, 0.6, 1.0, 1.4, 2.0),
and 2.0 g was set as the cutoff threshold. Mechanical allodynia
was tested according to the up-down method of Dixon [43] and
was conducted at the same time every day. The filament was
started from the filament of 0.4 g and acupunctured beneath the
middle plantar area of the right hind paw until it bent as a “S”
shape for 3–5 s. If there was a negative response (written as “o”),
the next higher force was applied. If there was a positive response
(written as “x”), the next lower force was adopted. The sequence of
outcomes was recorded. After the first difference of response was
recorded (“ox” or “xo”), four extra tests were performed to
guarantee at least six measurements in total. The interval between
adjacent stimuli was at least 5 min. Fifty percent PWT was
calculated using the following formula: 10[Xf+ kδ]/104, where Xf is
the value (in log units) of the last filament used, k is determined by
reference to the response pattern (modified from Dixon), and δ is
a constant (in log units) from the standard deviation (SD) of
serial force.

Thermal plantar test
Paw withdrawal latency (PWL) was assessed by the thermal plantar
test (II TC Life Science Model 390, USA) as previously reported [44].
Prior to the experiment, the device was calibrated to present a PWL
of approximately 10 s on average, and the cutoff latency was set at
20 s to avoid tissue injury. Mice were placed in cages with glass
bottoms for 20min to accustom themselves to the environment. A
40W infrared heat source was located below the middle plantar
area of the right hind paw through the heat-conducting glass floor.
We recorded the time taken from the commencement of stimulus
to paw withdrawal. Tests were conducted three times with 5min
intervals, and the mean value was recorded as the nociceptive
latency.

Statistical analysis
Data in this study are presented as the mean ± SD. Comparisons
among three groups were performed by one-way analysis of
variance. GraphPad Prism 6.07 (GraphPad Software, San Diego, CA,
USA) was utilized to finish the statistical analysis. P < 0.05 and
P < 0.01 were considered to show the level of statistical
significance.

RESULTS
DP is the active constituent identified from PN
Both clinical and basic studies indicate that PN could alleviate
OA symptoms and prevent OA progression [29, 30]. Nevertheless,
the mechanism remains unclear. Targeting subchondral bone
overactivated osteoclasts in early OA could prevent disease
progression [17, 21]. Therefore, we employed the two-
dimensional cell membrane chromatography (2D/CMC), a highly
sensitive and high-throughput biological chromatography to
screen active components from PN as previously mentioned
[33, 45]. Compounds with a sustained retention time were

Diterbutyl phthalate attenuates osteoarthritis
C Fang et al.

1301

Acta Pharmacologica Sinica (2022) 43:1299 – 1310



regarded as active ingredients. Here, DP (C16H22O4) showed a
strong binding affinity for BMMC membranes by 2D/BMMC/CMC/
TOFMS. The response of TOFMS showed that DP had a strong
retention behavior, reaching a peak at 5 min and maintaining
high levels for 20 min (Supplementary Fig. S1). This result
illustrates that DP is an active monomer screened from PN.

DP attenuates articular cartilage degradation in ACLT mice
During OA, the integrity of articular cartilage undergoes significant
pathological alterations in morphology and composition. The
tidemark replication results in the expansion of the underlying CC
to replace the overlying HC. Proteoglycan loss in articular cartilage
features OA progression. To investigate the effect of DP on ACLT-
induced articular cartilage degeneration, H&E staining was
performed and revealed that the thickness of CC underwent a
remarkable increase from 2 to 8 weeks after ACLT, implying a

progressive disruption of articular cartilage. In contrast, these
alterations were prevented in the DP-treated group in relative to
ACLT group. Simultaneously, the decreased HC thickness after
surgery was significantly maintained in DP group. No significant
differences in CC or HC thickness were observed between sham
and DP groups at 2, 4, and 8 weeks after ACLT (Fig. 1a, c, d).
In parallel, Safranin O staining showed that there were local

fibrillations with the loss of proteoglycans in the surface region of
articular cartilage in ACLT group at 4 weeks after the ACLT,
suggesting the breakdown of collagen network. The decreased
proteoglycan levels in ACLT mice were notably preserved by DP to
a level comparable to that of sham group. At 8 weeks post ACLT,
osteophyte formation was observed at the margin of the joint, this
phenotype was accompanied by deeper cracks in articular
cartilage, indicating OA progression. In contrast, the content of
proteoglycans and the normal microstructure of articular cartilage

Fig. 1 DP attenuates articular cartilage degradation after ACLT. a, b H&E staining (a) and Safranin O staining (b) at 4 and 8 weeks after ACLT.
HC and CC thickness are labeled with double-headed arrows. Scale bar= 100 μm. c, d Quantitative analysis of thickness of HC (c) and CC (d) in
three groups. e Osteoarthritis Research Society International (OARSI) histology scoring of tibial plateau articular cartilage after surgery in three
groups. Sham sham operation, ACLT ACLT mice treated with normal saline, DP ACLT mice treated with DP. *P < 0.05 and **P < 0.01 compared
with ACLT group or as denoted by bar.
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were substantially preserved by DP treatment in relative to ACLT
group (Fig. 1b). The OARSI system was adopted to evaluate the
pathological damage of articular cartilage [40]. Compared to ACLT
group, DP significantly improved the OARSI scores, which
remained at low levels in sham group (Fig. 1e).
In this part, to further verify the therapeutic effect of DP on

cartilage degradation in OA, ALN was selected as a positive control
drug, which exerted inhibitory effect on osteoclastic bone
resorption and attenuated OA progression as previously reported
[14, 36, 46]. H&E staining showed that ALN impeded the increased
thickness of CC in articular cartilage after ACLT. Conversely, the
ACLT-associated reduced thickness of HC was improved by ALN
(Supplementary Fig. S2a, c, d). It was noted that the ACLT-induced
proteoglycan loss and osteophyte formation were also prevented
by ALN as assessed by Safranin O staining (Supplementary
Fig. S2b). Furthermore, the OARSI score showed no significant
differences of the protective influence on cartilage degradation in
ACLT mice between DP and ALN group (Supplementary Fig. S2e).
Hence, these results illustrated that ALN exerted a positive effect
comparable to that of DP.
Immunohistochemistry staining illustrated that Lubricin,

ACAN, and Col-2 were significantly decreased in ACLT mice

but were preserved by DP treatment. In contrast, the high
expression of joint degradation indexes (MMP-13 and Col-X) was
decreased by DP intervention, as shown by immunofluorescence
staining (Supplementary Fig. S3). Collectively, these findings
indicate that DP prevents articular cartilage degradation and
abrasion after ACLT.

DP suppresses overactivated osteoclastogenesis in subchondral
bone
To identify the role of DP in osteoclastogenesis in subchondral
bone, we assessed the effect of DP on microstructural changes
in subchondral bone in the proximal tibia using micro-CT
scanning. For micro-CT analysis, BV/TV refers to the common
parameter for the description of cancellous bone mass in
subchondral bone. Tb. Sp is adopted to estimate the con-
nectivity and microstructure of the subchondral trabecular bone.
Higher Tb. Sp means lower resistance to deformation. SBP. Th is
used to reflect the bone plate thickness and is the major
indicator of the mechanic strength of subchondral bone. From 2
to 8 weeks post operation, tibial subchondral BV/TV and SBP. Th
were decreased, and Tb. Sp was increased in ACLT mice in
relative to sham group, indicating increased osteoclastic bone

Fig. 2 DP preserves subchondral bone microstructure after ACLT. a Three-dimensional images of the sagittal plane of medial tibial
subchondral bone structure at 4 and 8 weeks after operation. Scale bar= 500 μm. b–d Micro-CT quantitative analysis of tibial subchondral
bone of bone volume/tissue volume (BV/TV, %) (b), trabecular separation (Tb. Sp, μm) (c), and subchondral bone plate thickness (SBP. Th, μm)
(d). e, f TRAP staining (e) and quantitative analysis (f) of TRAP-positive osteoclast in subchondral bone marrow at 2 weeks post operation. Scale
bar= 200 μm (top). Scale bar= 50 μm (bottom). gWestern blotting assay of CTSK in cultured RAW264.7 cells induced for 7 days in the absence
or presence of RANKL, treated with different concentrations of DP (5, 10, and 20 µM). Sham sham operation, ACLT ACLT mice treated with
normal saline, DP ACLT mice treated with DP. *P < 0.05 and **P < 0.01 compared with ACLT group or as denoted by bar.
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resorption and marked bone loss. Micro-CT indicated that
the elevated bone turnover rate exacerbates the porosity of
subchondral bone trabeculae, as quantitatively shown by BV/TV
and Tb. Sp. Moreover, compared to sham group, SBP. Th in ACLT
group was decreased with more trabecular cracks, implying
structural network damage in subchondral bone as a result of
overactivated osteoclastogenesis. These alterations of BV/TV, Tb.
Sp and SBP. Th were associated with decreased stiffness in the
bone tissue and weakness in bone. Notably, these indexes were
significantly normalized by DP to a level comparable to that of
sham group. No significant differences were observed in BV/TV
or SBP. Th and Tb. Sp between DP-treated mice and sham mice,
indicating that the mechanical strength of subchondral bone
was maintained by DP intervention. The subchondral bone in DP
group was more resistant to deformation, preventing rapid OA
development (Fig. 2a–d).
In addition, compared to sham group, the number of TRAP-

positive osteoclasts was significantly increased in ACLT group
2 weeks after surgery in subchondral bone, which was diminished
by DP intervention, further suggesting the anti-osteoclastogenesis
effect of DP in vivo (Fig. 2e, f). CTSK is a dominant osteolytic
protease in mature osteoclasts. Western blotting showed that
CTSK was upregulated after RANKL induction but was notably

repressed in response to DP intervention (5, 10, or 20 µM) in vitro,
and this suppressive effect was dose-dependent (Fig. 2g). Taken
together, the data support that the ACLT-induced mouse model
leads to overactivated osteoclastogenesis and bone resorption in
subchondral bone, whereas this pathological process is markedly
prevented by DP.

DP inhibits aberrant blood vessel formation in subchondral bone
Abnormal angiogenesis in subchondral bone is one hallmark of
OA [47]. To determine the role of DP in subchondral bone
angiogenesis after ACLT, microangiography was adopted, and
results showed that both vessel number (VN) and vessel volume
(VV) were significantly increased in ACLT group and were
decreased by DP treatment in subchondral bone (Fig. 3a–c). Next,
we examined whether DP had an inhibitory influence on H-type
vessels using double immunofluorescence staining for CD31 and
EMCN. Results indicated that number of CD31hi EMCNhi blood
vessels was aberrantly increased in ACLT mice and inhibited after
DP treatment, which was comparable to that observed in sham
mice, implying that the type-H angiogenesis was increased in
subchondral bone in ACLT group but was notably impeded by DP
treatment (Fig. 3d, e). Immunofluorescence staining showed that
MMP-2 [48], a well-established factor attributed to abnormal blood

Fig. 3 DP represses abnormal angiogenesis in subchondral bone. a Three-dimensional image of the sagittal plane of CT-based
microangiography in medial tibial subchondral bone at 4 weeks post operation. Scale bar= 500 μm. b, c Quantification of VN (b) and VV (c) in
three groups. d, e Representative immunofluorescence double staining (d) and quantification (e) of CD31 (red) and EMCN (green) positive
cells in subchondral bone marrow at 4 weeks after surgery. Scale bar= 200 μm (top). Scale bar= 50 μm (bottom). f, g Immunofluorescence
staining (f) and quantification (g) of MMP-2 positive cells in subchondral bone marrow at 4 weeks after surgery. Scale bar= 50 μm. Sham sham
operation, ACLT ACLT mice treated with normal saline, DP ACLT mice treated with DP. *P < 0.05 compared with ACLT group.
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vessel formation, was also apparently abolished by DP compared
to that in ACLT group, further suggesting the anti-angiogenic
effect of DP (Fig. 3f, g). In summary, these results indicate that DP
inhibits excessive angiogenesis in subchondral bone during OA
progression.

DP relieves pain in ACLT mice
To demonstrate whether DP alleviates osteoclast-mediated pain
in ACLT mice. First, Von Frey tests and thermal plantar tests were
performed to assess whether DP influences pain-related beha-
vioral phenotypes. We found that there was a tremendous
alteration of nociceptive reaction in ACLT mice compared to
those in sham group from the first week after surgery. However,
this exacerbated ACLT-mediated pain was partly ameliorated
after DP treatment, suggesting that OA-associated mechanical
and thermal pain was alleviated by DP (Fig. 4a, b). Western
blotting illustrated that the increased expression levels of netrin-
1 in RANKL-induced osteoclastogenesis were dampened by DP
(5, 10, or 20 µM) in vitro in a dose-dependent manner (Fig. 4c).
Netrin-1 secreted from osteoclasts plays an inductive role in OA-
related pain by promoting axonal growth [21]. In line with the
behavioral results, immunofluorescence staining indicated that
after ACLT, the number of TRAP+/Netrin-1+ osteoclasts in

subchondral bone was significantly increased and was decreased
with DP treatment (Fig. 4d, e). As a result, staining of CGRP in
subchondral bone marrow showed that DP significantly inhibited
the increased CGRP positive sensory innervation in ACLT mice
(Fig. 4f, g). Taken together, these findings verify that excessive
stimulation of netrin-1 secreted by osteoclasts and CGRP induced
by OA is retarded by DP, which apparently attenuates osteoclast-
induced OA pain.

DP inhibits osteoclastogenesis in vitro
To further determine the effect of DP on osteoclastogenesis
in vitro. First, we explored the noncytotoxic concentration of DP
(<20 µM) by CCK-8 assay. Results showed that DP exerted no
significant toxicological effect on BMMC and RAW264.7 cells
proliferation when its concentration was below 20 μΜ, while DP
with those concentrations over 50 μΜ presented inhibitory
effect on cells proliferation (Supplementary Fig. S4). Next, the
TRAP assay was performed and indicated that RANKL-stimulated
osteoclastogenesis from BMMCs and RAW264.7 cells was
significantly compromised by DP treatment (5, 10, or 20 µM) in
a dose-dependent manner (Fig. 5a–d). Specifically, differentia-
tion of osteoclasts was slightly suppressed by DP at a low
concentration (5 µM). As the concentration rose from 10 to

Fig. 4 DP alleviates OA-associated pain. a, b Pain-related behaviors and quantitative analysis of 50% PWT (a) and PWL (b) from 0 to 8 weeks.
c Western blotting assay of netrin-1 in cultured RAW264.7 cells induced for 7 days in the absence or presence of RANKL, treated with different
concentrations of DP (5, 10, and 20 µM). d, e Representative immunofluorescence double staining (d) and quantification (e) of TRAP (red) and
netrin-1 (green) positive cells in subchondral bone marrow at 2 weeks post operation. Scale bar= 200 μm (top). Scale bar= 50 μm (bottom).
f, g Immunofluorescence staining (f) and quantification (g) of CGRP positive cells in subchondral bone at 2 weeks after surgery. Scale bar=
50 μm. Sham sham operation, ACLT ACLT mice treated with normal saline, DP ACLT mice treated with DP. *P < 0.05 and **P < 0.01 compared
with ACLT group.
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20 µM, fewer multi-nuclear osteoclasts could be induced. Taken
together, these results indicate that DP hampers osteoclasto-
genesis in vitro.

DP impairs osteoclast fusion by inhibiting the RANKL-induced ERK/
c-fos/NFATc1 pathway
To gain insight into the mechanisms involved in the effect of DP, we
examined in which stage DP had an inhibitory effect on
osteoclastogenesis. After RAW264.7 cells were induced with RANKL,
cellular double fluorescence assays were conducted in which cell
nuclei were stained with Hoechst and cell membrane dye was
labeled with Dil [49]. We found that the RANKL-induced cell
membrane merge rate was significantly reduced in response to DP
treatment (Fig. 6a, b). Therefore, we hypothesized that DP could
inhibit osteoclast fusion. DC-STAMP [50] and Atp6v0d2 [51] are
two critical modulators responsible for osteoclast fusion. NFATc1
and c-fos are regulated by the ERK signaling pathway and are

required for osteoclast fusion by upregulating expression of DC-
STAMP and Atp6v0d2 [52–54]. Immunofluorescence staining
showed that DP dramatically blunted NFATc1 nuclear translocation
after RANKL induction (Fig. 6c). Moreover, Western blotting indicated
that expression levels of DC-STAMP and Atp6v0d2 and p-ERK, c-fos,
and NFATc1 were significantly decreased by DP treatment. To
gain further insight into the mechanisms underlying the effect of
DP on the ERK/c-fos/NFATc1 axis, we chose Ceramide C6 as a
specific ERK1/2 activator as previously reported [55–57]. After
activating ERK phosphorylation with Ceramide C6, we found that
Ceramide C6 abolished the effect of DP on RANKL-mediated
osteoclast fusion and NFATc1 translocation, as assessed by
immunofluorescence staining (Fig. 6a–c). Western blotting verified
that expression levels of p-ERK, c-fos, and NFATc1, as well as
downstream factors (DC-STAMP and Atp6v0d2), were significantly
restored in the Ceramide C6 group in relative to DP group (Fig. 6d).
Taken together, these findings demonstrate that DP impedes

Fig. 5 DP inhibits osteoclastogenesis in vitro. a, b TRAP staining (a) and quantitative analysis (b) of osteoclasts induced from BMMCs. BMMCs
were cultured with or without M-CSF and RANKL, treated with incremental levels of DP (5, 10, and 20 µM). Scale bar= 200 μm. c, d TRAP
staining (c) and quantitative analysis (d) of osteoclasts induced from RAW264.7 cells. RAW264.7 cells cultured with or without RANKL, treated
with various levels of DP (5, 10, and 20 µM). Scale bar= 200 μm. *P < 0.05 and **P < 0.01 compared with RANKL group.
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osteoclast fusion by suppressing RANKL-mediated activation of the
ERK/c-fos/NFATc1 axis.

DISCUSSION
In this research, we demonstrated that DP, which was identified
from PN, effectively inhibited OA initiation and progression.
Specifically, DP preserved the microarchitecture and deceler-
ated abnormal angiogenesis in subchondral bone. DP also
attenuated joint pain-related behavior by suppressing
osteoclast-mediated sensory innervation in subchondral bone.
Concomitantly, articular cartilage impairment was substantially
ameliorated by DP. Mechanistically, this overactivated osteo-
clastogenesis in subchondral bone was notably abrogated by
DP via inhibition of the ERK/c-fos/NFATc1 pathway (Fig. 7).
During adult bone remodeling, dynamic cross-talk between

articular cartilage and subchondral bone guarantees joint home-
ostasis [58]. Increasing evidence indicates that microstructural
alterations in subchondral bone caused by unstable mechanical
loading on diarthrodial joints precede overlying cartilage degra-
dation [20]. The overactivated subchondral bone remodeling rate
triggered by elevated osteoclastic bone resorption is considered
to be a leading pathological hallmark of OA, especially in the early
stage [9, 59, 60]. Therefore, we propose that drugs targeting

osteoclasts would be a promising therapeutic strategy for treating
OA [17, 18, 24].
PN has long been used in the treatment of bone diseases,

including promoting fracture healing [25], anti-inflammation [26],
neuroprotection [27], and anti-osteoporosis [28]. In OA, PN has
exerted potential therapeutic effects in progression prevention,
pain relief, etc. [29, 30]. Nevertheless, the active components and
mechanism remain unclear. According to our previous studies, 2D/
BMMC/CMC/TOFMS acts as a bio-affinity scheme by which active
constituents can be identified from complicated systems [31, 32].
The retention time of CMC hinges on the biological interaction
between constituents and receptors on the BMMC membrane
[33]. Obtained from this comprehensive system, the retention
behavior focuses on DP identified from PN, presenting a potent
affinity for BMMC membranes, suggesting that this active
ingredient recognized from PN could be an available osteoclas-
togenesis inhibitor. Subsequently, an in vitro TRAP assay verified
the anti-osteoclastogenic effect of DP in a dose-dependent
manner.
Subchondral bone and articular cartilage constitute a osteo-

chondral unit, which is distinctively designed to cushion mechan-
ical loads and acclimatize to microenvironmental changes [6].
Early activated osteoclasts in subchondral bone are important in
OA initiation. Under physiological conditions, few osteoclasts exist

Fig. 6 DP blocks osteoclast fusion by suppressing RANKL-induced activation of ERK/c-fos/NFATc1 pathway. a Dil staining of cultured
RAW264.7 cells induced for 3 days with or without RANKL, treated with DP (20 μM) in the presence or absence of Ceramide C6. Scale bar= 50 μm.
b Quantification of membrane merge rate in four groups. c Immunofluorescence staining of NFATc1 nuclear translocation after RAW264.7 cells
induced for 24 h with or without RANKL, treated with DP (20 μM) in the presence or absence of Ceramide C6. Scale bar= 25 μm (top). Scale bar=
6.25 μm (bottom). d Western blotting assay of p-ERK, ERK, c-fos, NFATc1, DC-STAMP, and Atp6v0d2 in cultured RAW264.7 cells induced with or
without RANKL, treated with DP (20 µM) in the presence or absence of Ceramide C6. Control: RAW264.7 cells. RANKL: RAW264.7 cells stimulated
with RANKL. RANKL+DP: RAW264.7 cells stimulated with RANKL, treated with DP (20 μM). RANKL+DP+Ceramide C6: RAW264.7 cells stimulated
with RANKL, treated with DP (20 μM) and Ceramide C6. *P < 0.05 and **P < 0.01 compared with RANKL group or as denoted by bar.
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in the subchondral bone area. After ACLT surgery, the number of
TRAP-positive osteoclasts in subchondral bone was significantly
increased and reached high levels at 2 weeks after ACLT, which
alters the subchondral bone microstructure and gradually
introduces blood vessels and sensory innervations towards
overlying cartilage. In the onset of OA, osteoclastic bone
resorption is aberrantly upregulated in subchondral bone due to
a rapid bone turnover characterized by increased subchondral
bone loss and enlarged bone marrow cavity with mild articular
cartilage changes [16–18]. In the late stage of OA, osteogenesis
takes the dominant role and the process of bone remodeling
converts to enhanced bone formation, which is featured with
increased SBP thickness and cancellous bone sclerosis. Despite the
elevated bone volume, the enhanced bone turnover fails to
improve the bone strength but causes the insufficient bone
mineralization and reduced bone elastic modulus [6]. These
pathological alterations ultimately lead to impaired biomechanical
capacities of the subchondral bone, contributing to the following
damage of overlying articular cartilage. Therefore, subchondral
bone changes triggered by aberrant osteoclastogenesis precede
the appearance of cartilage degeneration [10–12].
Overactivated osteoclastogenesis in subchondral bone in early OA

leads to abnormal vascularization that exacerbates OA in a vicious
circle. During OA, mounting vascularization from subchondral bone
marrow infiltrates into osteochondral junctions through tunnels
generated by osteoclastic bone resorption [61, 62]. Excessive
angiogenesis contributes to osteogenesis and accelerates articular
cartilage damage [47, 63]. Previous studies have confirmed that high
expression levels of CD31 and EMCN (CD31hiEMCNhi) define H-type
vessel coupling osteogenesis [64–67], and this special vessel subtype
is a distinctive feature of OA [20]. In our study, we observed that
colocalization of CD31hiEMCNhi was elevated in subchondral bone in
ACLT mice, as evaluated by immunofluorescence, while these
changes were significantly diminished in the DP-treated group,
suggesting that DP attenuates OA progression by preventing H-type
vessel formation. We further investigated whether DP exhibits an
inhibitory effect on MMP-2, which is released by endothelial cells

and recognized as one of the membrane-associated neutral
endopeptidases. MMP-2 functions as an angiogenesis promotor by
degrading the structural extracellular matrix. In accordance with the
results of CD31hiEMCNhi, DP reduced expression of MMP-2 in
subchondral bone of ACLT group to the equivalent of that in sham
group. These results demonstrate that DP blunts aberrant blood
angiogenesis in subchondral bone with the abolishment of MMP-2-
dependent tubular network formation.
Osteoclasts in subchondral bone introduce abnormal sensory

nerve innervations, which leads to OA pain, a dominant and
representative symptom. Osteoclasts could secrete netrin-1 and
induces CGRP+ sensory nerve innervation in subchondral bone.
The abnormal CGRP sensory nerve results in hyperalgesia and OA
pain [21, 23]. In this experiment, immunofluorescence staining
revealed that the density of netrin-1 colocalized with TRAP in
subchondral bone was increased in ACLT group consistent with
the previous study [21]. DP treatment significantly inhibited
CGRP+ sensory nerve innervation in subchondral bone area after
ACLT. In line with the results of immunofluorescence staining,
behavioral changes assessed by the Von Frey test and plantar test
in ACLT mice demonstrated the pain-relieving effect of DP.
For molecular mechanisms, we found that DP impeded

osteoclast fusion. During osteoclastogenesis, mononucleated
preosteoclasts derived from the monocyte/macrophage lineage
fuse into multinucleated osteoclasts [68–70]. RANKL initiates the
activation of extracellular signal‐regulated kinase (ERK) [71],
followed by sequential induction of c-fos and NFATc1, two
essential transcription factors for osteoclast fusion [72, 73]. NFATc1
migrates into the nucleus and binds the promoter sequence of
DC-STAMP and Atp6v0d2, two central regulators for osteoclast
fusion [50, 51]. We previously uncovered that Oroxylin A extracted
from Radix Scutellariae using the 2D/BMMC/CMC/TOFMS techni-
que revealed an anti-osteoclastogeneic effect through prevention
of osteoclast fusion [74]. In this study, Dil staining indicated that
DP interrupted osteoclastogenesis by inhibiting osteoclast fusion,
which was rescued by an ERK activator (Ceramide C6). Next, we
verified this finding by immunofluorescence staining of NFATc1

Fig. 7 Graphic abstract of the mechanisms. DP attenuates OA through inhibiting subchondral osteoclast fusion via suppressing ERK/c-fos/
NFATc1 pathway.
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nuclear translocation and Western blotting of the ERK/c-fos/
NFATc1 axis. DC-STAMP and Atp6v0d2 were remarkably down-
regulated in response to DP intervention. Activation of ERK
phosphorylation with Ceramide C6 led to increased NFATc1
nuclear translocation and reversed the expression levels of the
DC-STAMP and Atp6v0d2.
To our knowledge, we reveal for the first time the role of DP in

the treatment of OA. Further optimization and modification of DP
would uncover more therapeutic alterations for OA treatment. DP
represents a promising pharmacological candidate to prevent OA
onset and progression.
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