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Abstract 

Background  Osteoarthritis (OA) is an age-related progressive degenerative disorder characterized by cartilage 
extracellular matrix degradation and inflammation. In this study, we explored the function and mechanism of action 
of obacunone (OB) in inhibiting OA progression.

Methods  The degradation of articular cartilage and its severity were examined using Safranin O-fast green 
and hematoxylin and eosin (HE) staining. Chondrocyte survival was evaluated using a cell counting kit-8 assay. In 
addition, qRT-PCR, western blot analysis, immunohistochemical staining, and enzyme-linked immunosorbent assay 
were performed to evaluate the effects of OB on cartilage injury.

Results  OB mitigated cartilage lesions in rats with anterior cruciate ligament transaction-induced OA. The protein 
expression of collagen II was increased and the protein expression of ADAM metallopeptidase with thrombos-
pondin type 1 motif 5 (ADAMTS-5), matrix metalloproteinase (MMP)-13, and RUNX family transcription factor 2 
(RUNX2) was reduced in the articular cartilage of OB-treated rats. Moreover, OB exhibited anti-inflammatory activities 
by reducing the serum levels of interleukin (IL)-6, tumor necrosis factor (TNF)-α, IL-1β, and IL-18. In IL-1β-stimulated 
primary chondrocytes, OB dose-dependently elevated the expression of collagen II, and decreased the expression 
of ADAMTS-5, MMP-13, RUNX2 and inflammatory cytokines. Histone deacetylase 1 (HDAC1) was identified as a pre-
dicted OB target. OB inhibited HDAC1 expression to limit the activation of p38MAPK signaling. The transfection 
of chondrocytes with HDAC1 or p38MAPK overexpression plasmids reversed the chondroprotective effects of OB.

Conclusion  OB mitigated OA progression by binding to HDAC1 and inhibiting p38MAPK signaling, indicating 
that OB may be a promising drug for the treatment of OA.

Highlights 

1.	 Obacunone mitigates cartilage lesions in rat with ACLT-induced OA;
2.	 Obacunone inhibits cartilage ECM degradation and inflammation in rats;
3.	 Obacunone protects primary chondrocytes against IL-1β-induced damage;
4.	 Obacunone acts as a HDAC1 inhibitor to limit the activation of p38MAPK signaling.
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Introduction
Osteoarthritis (OA) is a well-known degenerative joint 
disease and a leading cause of disability affecting 7.6% 
of people worldwide [1, 2]. Its prevalence is continu-
ously increasing owing to current unhealthy lifestyles 
and aging populations. Moreover, OA is more preva-
lent in women than in men [3]. OA typically affects the 
knees, spine, hands, and hips. The primary hallmarks of 
OA include articular cartilage degradation, severe syno-
vitis, osteophyte development, and subchondral bone 
thickening [4]. Investigations of the complex crosstalk 
among various joint tissues and increasing evidence have 
demonstrated that OA is a chronic inflammatory disor-
der involving an imbalance in inflammation-associated 
cytokines [5, 6]. According to previous reports, type II 
collagen, aggrecan, matrix metalloproteinases (MMPs), 
and ADAM metallopeptidase with thrombospondin type 
1 motif 5 (ADAMTS-5) contribute to the development 
of OA [7]. Drugs that regulate degradation-related pro-
teins and inflammatory cytokines have been considered 
important candidates for OA treatment [8, 9].

Obacunone (OB) is a natural triterpenoid widely found 
in citrus species and Rutaceae family members, like Phel-
lodendri Cortex [10]. Phellodendri Cortex is the monarch 
herb in Si-Miao-Wan (SMW) formula, which has been 
widely used in the clinic of China for treating arthritis 
[11]. In addition, He et  al. [12] and Hu et  al. [13] dem-
onstrated that OB suppresses osteoclast formation and 
attenuates ovariectomy-induced bone loss. Park et  al. 
[14] reported that OB promotes osteoblast differentia-
tion and bone mineralization. These findings highlight 
OB as a potential therapeutic candidate for arthritis and 
osteoporosis.

In this study, a rat model of OA was established to 
evaluate the therapeutic potential of OB by assessing 
cartilage lesions, enzyme degradation, and inflamma-
tion. The effects of OB on primary chondrocytes treated 
with interleukin (IL)-1β were also measured. The mecha-
nism of action of OB in protecting primary chondrocytes 
was preliminarily elucidated. The findings of this study 
may lay the groundwork for future investigations on OA 
treatment.

Methods
Anterior cruciate ligament transaction (ACLT) model
This study was approved by the Ethics Committee of the 
Affiliated Hospital of the Second Affiliated Hospital of 
Shandong First Medical University. Animal experiments 
were performed in accordance with the ARRIVE guide-
lines. Thirty Sprague–Dawley (SD) rats (male, 8-weeks 
old) were purchased from Jinan Pengyue Experimental 
Animal Breeding Co., Ltd. (Jinan, China) and bred under 
specific pathogen-free conditions with a 12 h/12 h dark/

light cycle for 7 days. Rats were randomly divided into five 
groups (six rats per group): Sham, ACLT, ACLT + OB (2.5 
mg/kg), ACLT + OB (5 mg/kg), and ACLT + OB (10 mg/
kg). OB (purity 99.75%), cycloheximide (CHX), and IL-1β 
were purchased from MedChemExpress (Monmouth 
Junction, NJ, USA). For ACLT, the rats were anesthetized 
with an intraperitoneal injection of 40 mg/kg pentobarbi-
tal sodium. The right hind limb of each rat was prepared 
and disinfected, and a longitudinal incision of approxi-
mately 3 cm was made inside the knee joint. A small inci-
sion was made along the patellar ligament, the muscles 
were cut, the knee was bent, and the patella was everted. 
After exposing the cruciate ligament, the anterior cruciate 
ligament was cut. A drawer test was performed to confirm 
whether the anterior cruciate ligament was completely 
severed, and the wound was sutured layer-by-layer [15]. 
The rats in the sham group underwent arthrotomy without 
transection of the anterior cruciate ligament in the right 
hind limb. Following ACLT surgery, the rats were intra-
peritoneally injected with 2.5, 5, or 10 mg/kg OB daily for 6 
weeks. OB was dissolved in DMSO and diluted with saline 
to a final DMSO concentration of less than 0.1%. Finally, 
all rats were sacrificed after anesthesia with an intraperi-
toneal injection of 40 mg/kg pentobarbital sodium. The 
femurs of rats were collected, fixed in formalin, decalci-
fied using EDTA (0.5 M, pH 8.0) for 4 weeks, dehydrated, 
and embedded in paraffin. Rat blood samples were col-
lected from the tail vein six weeks after OB administration 
commenced. The concentration of cartilage oligomeric 
matrix protein (COMP) in the supernatant of serum was 
measured using an enzyme-linked immunosorbent assay 
(ELISA) kit (Elabscience, Wuhan, China).

Safranin O‑fast green and hematoxylin and eosin (HE) 
staining
Tissue samples were sliced to 4 μm thickness and stained 
using a Safranin O and Fast Green Cartilage staining kit 
(Beyotime, Shanghai, China) or HE staining kit (Sangon 
Biotech, Shanghai, China). Histopathological changes 
were observed under a light microscope. The Osteoar-
thritis Research Society International (OARSI) scoring 
method [16] was used to assess the articular cartilage 
degeneration, where 0 = normal, 1 = small fibrillations 
without loss of cartilage, 2 = low degeneration (vertical 
clefts down to the layer immediately below the superficial 
layer and some loos of surface lamina), 3 = mild degen-
eration (vertical clefts/erosion to the calcified cartilage 
extending to < 25%), 4 = moderate degeneration (25–
50%), 5 = marked degeneration (50–75%), and 6 = severe 
degeneration (> 75%). This process was completed by two 
blinded researchers and the average score was used to 
reduce observer bias.
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Immunohistochemical (IHC) study
Decapitate the bone tissue with EDTA, then dehydrate it 
with a gradient of alcohol in the dehydrator. After soak-
ing and embedding the bone tissue in wax, the wax block 
was placed in a paraffin slicer and sliced into 4 μ m slides. 
After dewaxing and rehydration, tissue sections were 
boiled in 0.01 M citric acid (pH 6.0) for 10 min for anti-
gen retrieval. Sections were maintained in 3% H2O2 for 30 
min and subjected to goat serum blockade. These slides 
were incubated with a primary antibody against collagen 
II (ab34712; Abcam, Cambridge, MA) at 4 °C overnight, 
washed twice in phosphate-buffered saline (PBS) and 
blocked with a secondary antibody (ab6721; Abcam) at 
37 °C for 1 h. To indicate the location of the target anti-
gen, the slides were incubated with 3, 3′-diamino-ben-
zidine (DAB, BOSTER Biological Technology, Wuhan, 
China). The signals were photographed under a light 
microscope (Leica DM4000 B; Leica Microsystems Inc., 
Germany).

Primary rat chondrocyte isolation and culture
Rat chondrocytes were isolated from the cartilage tis-
sues of healthy rats. The fresh cartilage was minced and 
digested in 0.25% trypsin for 20 min and maintained in 
0.2% collagenase II for 6 h at 37 °C with 5% CO2. Subse-
quently, the suspension was centrifuged at 1000 r/min for 
5 min. The chondrocytes were incubated in DMEM-F12 
culture medium (Invitrogen, Carlsbad, CA, USA) con-
taining 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin at room temperature with 5% CO2. OB was 
dissolved in DMSO and diluted with the culture medium 
to obtain the final treatment concentrations of OB. Rat 
chondrocytes were treated with 20, 40, or 80 μM OB for 
48 h with or without the treatment of 10 ng/mL IL-1β.

Cell transfection
Chondrocytes were seeded in 24-well plates at a density 
of 2 × 104 cells/well, and cell transfection was performed 
until cell confluence reached 60–70%. Based on the 
manufacturer’s instructions, chondrocytes were trans-
fected with 1 μg/well histone deacetylase 1 (HDAC1) 
(NM_001025409.1) or p38MAPK (NM_031020.3) over-
expression plasmids using lipofectamine 3000 (Invitro-
gen) at 37 °C with 5% CO2 for 48 h. An empty pcDNA3.1 
vector was transfected as an overexpression negative 
control (OE-NC). For siRNA transfection, the follow-
ing siRNAs were used: si-HDAC1 #1 (5’-GGC​ACC​AAG​
AGG​AAA​GTC​TGT-3’), si-HDAC1 #2 (5’-GCA​CCA​
AGA​GGA​AAG​TCT​GTT-3’), and siNC (5’-GCG​ATG​
AAC​CGC​GAA​GTG​ATA-3’).

Cell counting kit 8 (CCK‑8) assay
Primary rat chondrocytes in the logarithmic growth 
phase were seeded in 96-well plates at a density of 5 × 103 
cells/well. Following OB treatment (20, 40, or 80 μM) for 
48 h, cells were treated with 10 μL CCK-8 reagent (Beyo-
time) at 37 °C for 1.5 h. Absorbance was measured using 
a microplate reader (Bio-Rad Laboratories, Hercules, CA, 
USA).

Flow cytometry
Following OB treatment (20, 40, or 80 μM) for 48 h, 
primary rat chondrocytes were collected using 0.25% 
trypsin solution without EDTA (Beyotime). A sample 
of 1 × 105 cells was added to Annexin V-FITC binding 
buffer, stained with 5 μL Annexin V-FITC and 10 μL PI 
(Beyotime), and incubated at room temperature for 20 
min in darkness. Apoptotic cells were analyzed using flow 
cytometry (BD Biosciences, Franklin Lakes, NJ, USA) 
and counted using FlowJo software (Tree Star, Inc.).

qRT‑PCR
Total RNA extracted from cells and tissues using Trizol 
purification was denatured at 95 °C for 5 min. For the rat 
cartilage tissues, a thin layer of cartilage was detached 
from adult rats using microforceps and microscissors. 
The isolated RNA (500 ng) was transcribed into cDNA 
using a RevertAid First Strand cDNA Synthesis Kit 
(Thermo Fisher Scientific, Waltham, MA, USA). Quanti-
tative real-time PCR (qPCR) was performed using SYBR 
Green Mastermix (KAPA Biosystems, Woburn, MA, 
USA) on an ABI7500 Real-Time PCR System (Applied 
Biosystems, Foster City, CA, USA). Reaction conditions 
were as follows: Pre denaturation 95 °C for 30 s, ampli-
fication 95 °C for 10 s, 65 °C for 45 s (40 cycles) and 72 
°C for 2 min. β-actin served as an internal reference, and 
target gene expression was normalized to β-actin using 
the 2−ΔΔCt method. The following primer sequences 
were used: Col2a1, 5’-ATG​TAT​GGA​AGC​CCT​CGT​
CC-3’ (forward), 5’- TGG​CCC​TAA​TTT​TCC​ACT​GGC-
3’ (reverse); Adamts5, 5’- ATG​CAC​TTC​AGC​CAC​GAT​
CA-3’ (forward), 5’-TCC​ATG​GCT​TGA​TGT​CGA​GT-3’ 
(reverse); Mmp13, 5’-GAC​AAG​CAG​CTC​CAA​AGG​
CTA-3’ (forward), 3’-CAG​TTC​AGG​CTC​AAC​CTG​
CT-5’ (reverse); Runx2, 5’-CAA​GGA​GGC​CCT​GGT​GTT​
TA-3’ (forward), 5’-TTG​CAG​CCT​TAA​ATG​ACT​CGG-
3’ (reverse); and β-actin, 5’-CCC​GCG​AGTA CAA​CCT​
TCTTG-3’ (forward), 5’-GTC​ATC​CAT​GGC​GAA​CTG​
GTG-3’ (reverse).
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Western blotting
Proteins were extracted from cartilage tissues and cells 
using RIPA lysis buffer (Beyotime). Protein sample (20 μg 
per lane) was separated using 10% SDS-PAGE and then 
transferred onto polyvinylidene fluoride (PVDF) mem-
brane. PVDF membranes were blocked in 5% skimmed 
milk at 25 °C for 2 h and sealed with primary antibod-
ies, including collagen II (ab34712; Abcam), ADAMTS-5 
(ab231595; Abcam), MMP13 (SAB4501900; Sigma-
Aldrich, St. Louis, MO), RUNX2 (ab114133; Abcam), and 
actin (20,536–1-AP; Proteintech, Wuhan, China) at 4 °C 
overnight. After washing twice with PBS for 5 min, PVDF 
membranes were incubated with a secondary antibody 
(ab205718; Abcam) at 25 °C for 2 h. The protein band sig-
nals were developed using the High-Sensitive Plus ECL 
luminescence reagent (Sangon Biotech).

ELISA
The serum and cell culture supernatant were isolated and 
stored at -80 °C for subsequent use for measuring inflam-
matory cytokine levels using IL-6 (E-EL-R0015; Elabsci-
ence), TNF-α (CSB-E11987r-IS; Cusabio, Wuhan, China), 
IL-1β (E-EL-R0012; Elabscience), and IL-18 (CSB-
E04610r; Cusabio) ELISA kits. Optical density (OD) 
was determined at 450 nm using a microplate reader 
(Bio-Rad).

Bioinformatic analysis
The SwissTargetPrediction (http://​www.​swiss​targe​tpred​
iction.​ch/) and Prediction (https://​predi​ction.​chari​te.​de/​
subpa​ges/​target_​predi​ction.​php) databases were used 
to identify potential OB targets. The OA targets were 
identified using the GeneCards database (https://​www.​
genec​ards.​org/). The relevance scores for these targets 
were calculated and targets with relevance scores equal 
to or above the median were selected as potential can-
didates for further analysis. A Venn diagram was cre-
ated using Venny 2.1.0. The protein–protein interaction 
(PPI) network for hub genes was constructed using the 
cytoHubba plugin in Cytoscape 3.10.0. The interaction 
score was set at the highest confidence (≥ 0.9000) as the 
threshold. The CytoHubba plugin of Cytoscape3.10.0 
was used to screen hub genes using the MCC algo-
rithm. Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) were used for the pathway 
enrichment analysis. Molecular docking between OB 
and its targets was performed in a Molecular Operating 
Environment (MOE).

Statistical analysis
Data are presented as mean ± standard deviation (SD). 
GraphPad Prism software 8.0 version (GraphPad 

Software, Inc., La Jolla, CA, USA) were used to analyze 
the data. Statistical analyses were performed with one-
way ANOVA followed by Tukey’s post hoc test or two-
way ANOVA followed by Bonferroni’s post hoc test. 
Statistical significance was set at 0.05.

Results
OB ameliorates cartilage lesions in rat with ACLT‑induced 
OA
To determine the effect of OB on OA progression, rat 
ACLT models were established and administered 2.5, 5, 
or 10 mg/kg OB. Safranin O-fast green and HE stain-
ing were performed to evaluate the structural integrity 
of the articular cartilage. Compared with sham rats, the 
joint tissues in ACLT rats were significantly degener-
ated and damaged, as evidenced by the loss of Safranin 
O staining, abnormal cellular morphology, and layer-
ing with an abnormal tidal line (Fig.  1A). Administra-
tion of OB alleviated the degeneration and damage to 
joint tissues following ACLT. The OARSI score was sig-
nificantly higher in the ACLT model group than in the 
sham operation group, whereas OB treatment lowered 
the scores in a dose-dependent manner (Fig.  1B). In 
addition, the COMP levels in rat serum were elevated 
by ACLT and reduced by OB administration in a dose-
dependent manner (Fig. 1C). These data demonstrated 
the functional effects of OB on the amelioration of car-
tilage lesions in ACLT rats.

OB regulates degradation enzymes and inflammation 
in rat with ACLT‑induced OA
To further investigate the role of OB in OA develop-
ment, the expression of collagen II was measured. 
IHC results showed that the staining intensity of col-
lagen II was lower in the ACLT group than in the 
sham group (Fig.  2A). OB administration alleviated 
the inhibitory effects of ACLT on collagen II expres-
sion in a dose-dependent manner. qRT-PCR data 
showed that, compared with the sham group, ACLT 
decreased the expression of Col2a1 and increased the 
levels of Adamts5, Mmp13, and Runx2 (Fig.  2B). OB 
treatment dose-dependently increased the expres-
sion of Col2a1 and decreased the levels of Adamts5, 
Mmp13, and Runx2. In addition, ELISA assay results 
revealed that the levels of inflammatory cytokines, 
including IL-6, TNF-α, IL-1β, and IL-18, in the serum 
of ACLT-treated rats were significantly increased 
compared to those in the sham group (Fig. 2C). How-
ever, OB administration remarkably reduced the levels 
of IL-6, TNF-α, IL-1β, and IL-18 in a dose-dependent 
manner. These data indicated the effects of OB on the 

http://www.swisstargetprediction.ch/
http://www.swisstargetprediction.ch/
https://prediction.charite.de/subpages/target_prediction.php
https://prediction.charite.de/subpages/target_prediction.php
https://www.genecards.org/
https://www.genecards.org/
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regulation of degradation enzymes and inflammation 
in ACLT rats.

OB regulates degradation enzyme levels in IL‑1β‑treated 
chondrocytes
The functional effects of OB were confirmed in vitro using 
primary chondrocytes. First, the toxicity of OB on pri-
mary chondrocytes was tested using flow cytometry and 
the CCK-8 assay. Concentrations of OB ranging from 20 
to 80 μM showed no toxicity in primary chondrocytes, 
as no changes in apoptosis and survival were observed 
(Fig.  3A, B). Primary chondrocytes were treated with 
IL-1β to mimic the cartilage injury in OA. Cell survival 
was significantly reduced by IL-1β treatment, whereas 
OB treatment promoted cell survival in a dose-dependent 
manner (Fig.  3C). The qRT-PCR and western blotting 
analyses showed that the expression of collagen II was 
reduced while the expression of ADAMTS-5, MMP13, 
and RUNX2 were increased in IL-1β-treated group 
(Fig.  3D and E). Treatment of cells with OB increased 
collagen II expression in a dose-dependent manner and 
reduced ADAMTS-5, MMP13, and RUNX2 expression. 

These results indicate that OB protects chondrocytes 
against IL-1β-induced degradation enzyme dysregulation 
in vitro.

OB inhibits inflammation in IL‑1β‑treated chondrocytes
To determine the impact of OB on primary chondrocytes 
following IL-1β treatment, we also evaluated the expres-
sion of inflammatory cytokines. As shown in Fig. 4A and 
B, IL-1β treatment induced significantly higher levels of 
cytokines, including IL-6, TNF-α, and IL-18. Treatment 
with OB dose-dependently reduced the levels of these 
cytokines, showing the anti-inflammatory potential of 
OB in IL-1β-treated chondrocytes.

OB acts as an inhibitor of HDAC1 to limit p38MAPK 
signaling
To investigate the underlying mechanism of OB in OA, 
the targets of OB and OA were screened and intersected. 
As shown in the Venn diagram, there were 80 potential 
targets (Fig. 5A), including the HDACs (HDAC1, 2, 3, 4, 
and 9), which are novel therapeutic targets for OA [17, 
18]. Pathway enrichment analysis was then performed 

Fig. 1  Obacunone (OB) ameliorates cartilage lesions in rat with ACLT-induced OA. A Safranin O-fast green (Top) and HE staining (Bottom) assays 
were performed to detect the structural integrity of the articular cartilage in ACLT rats administrated with 2.5, 5, or 10 mg/kg OB. Scale bar = 50 µm. 
B OARSI score was used to evaluate the articular cartilage based on the results of Safranin O-fast green staining. C The level of COMP in rat serum 
was measured for the detection of articular cartilage. n = 6. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. *P<0.05 
and ***P<0.001
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using these targets. The GO and KEGG analyses indi-
cated that the molecular functions (MF) of these targets 
were mainly focused on protein binding and histone dea-
cetylase (HDAC) activity (Fig.  5B). Next, we performed 
molecular docking between OB and HDACs, including 
HDAC1, 2, 3, 4, and 9, using the MOE software (Fig. 5C). 
The docking scores for OB and the HDACs were as fol-
lows: HDAC1 (-5.51 kcal/mol), HDAC2 (-5.29 kcal/
mol), HDAC3 (-5.91 kcal/mol), HDAC4 (-6.13 kcal/
mol), and HDAC9 (-4.77 kcal/mol). These scores indi-
cated that OB has the potential to act as a pan-HDAC 
inhibitor for inhibiting HDAC1, 2, 3, and 4. In addition, 
the binding models OB with of HDAC1 and HDAC2 
showed H-acceptor and pi-H bond interactions, suggest-
ing that these two have better physical interactions with 
OB than with the others. We chose HDAC1 for further 
study as the binding model of HDAC1 has a lower RMSD 
score than HDAC2 (1.48 Å vs. 4.11 Å), which reflected 

the reliability of the binding model. The PPI network 
was constructed using STRING database (Fig.  5D) and 
visualized using Cytoscape3.10.0 (Fig.  5E). The top ten 
hub genes, which were highly connected genes in the 
PPI network, were screened using the Cytoscape plugin 
cytoHubba. Figure 5F shows that Mapk14 (p38) was one 
of the top ten hub genes. Considering that it has been 
widely shown that HDAC inhibitors inhibit p38MAPK 
signaling to limit OA progression [17], we preliminary 
inferred that p38MAPK may be the downstream signal-
ing mechanism by which OB inhibits HDACs.

We examined the inhibitory effects of OB on HDAC1 
expression. In primary chondrocytes, OB dose-depend-
ently reduced the protein expression of HDAC1 with 
or without IL-1β stimulation (Fig.  5G). A protein syn-
thesis inhibitor (CHX) was added to evaluate the effect 
of OB on HDAC1 protein stability. As shown in Fig. 5H, 

Fig. 2  Obacunone (OB) regulates degradation enzymes and inflammation in rat with ACLT-induced OA. A IHC staining for collagen II in articular 
cartilage of ACLT rats administrated with 2.5, 5, or 10 mg/kg OB. B qRT-PCR was employed to quantity the mRNA expression of Col2a1, Adamts5, 
Mmp13, and Runx2 in articular cartilage tissues. C ELISA analysis was employed to measure the levels of IL-6, TNF-α, IL-1β, and IL-18 in serum. n = 6. 
Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. *P<0.05, **P<0.01 and ***P<0.001
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80 μM OB remarkably accelerated the degradation of 
HDAC1. Western blotting (Fig. 5I) showed that treating 
cells with OB or transfecting cells with HDAC1 siRNAs 
remarkably downregulated the expression of phospho-
rylated p38MAPK. Moreover, HDAC1 overexpression 

reversed the inhibitory effects of OB on phosphorylated 
p38MAPK. Taken together, these results indicated that 
OB could bind to HDAC1 to damage its protein stability 
and inhibit the activation of p38MAPK in chondrocytes.

Fig. 3  Obacunone (OB) regulates degradation enzyme levels in IL-1β-treated chondrocytes. The primary chondrocytes were treated with 20, 40, 
and 80 μM OB. A Cell apoptosis and (B) survival were respectively detected by flow cytometry and CCK-8 assay. C The primary chondrocytes were 
treated with 20, 40, and 80 μM OB in the presence of IL-1β. CCK-8 assays were performed for detecting cell survival. D qRT-PCR was employed 
to quantity the mRNA expression of Col2a1, Adamts5, Mmp13, and Runx2 in cell. D Western blotting was performed for detecting the protein 
expression of collagen II, ADAMTS-5, MMP13, and RUNX2. n = 3. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. 
*P<0.05,**P<0.01 and ***P<0.001
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Induction of HDAC1 expression or p38MAPK signaling 
reversed the protective action of OB on chondrocyte 
damage
To verify the involvement of HDAC1 and p38MAPK 
in the protective action of OB in chondrocytes, pri-
mary chondrocytes were transfected with HDAC1 or 
p38MAPK overexpression plasmids. Transfection effi-
ciency was verified using western blotting (Fig.  6A). As 
shown in Fig.  6B, OB treatment significantly elevated 
cell survival compared with that in the IL-1β-treated 
group. Compared with OE-NC transfection, HDAC1 or 
p38MAPK overexpression both significantly reduced 
cell survival. The expression changes of collagen II, 
ADAMTS-5, MMP13 and inflammatory cytokines (IL-6, 
TNF-α, and IL-18) were analyzed using western blotting 
(Fig. 6C and D). OB treatment significantly increased the 
expression of collagen II and decreased the expression 
of ADAMTS-5, MMP13, IL-6, TNF-α, and IL-18. These 
OB-induced protein changes were reversed by HDAC1 
or p38MAPK overexpression. Ultimately, these data 
revealed that OB mitigates IL-1β-induced chondrocyte 
damage via inhibition of HDAC1/p38MAPK signaling.

Discussion
OA is an age-associated disease with no current cure 
[19]. This study demonstrated that the natural triterpe-
noid OB effectively relieved OA progression in vivo and 
protected the primary chondrocytes from IL-1β-induced 

damage. Molecular docking simulations revealed that 
OB acts as a HDAC1 inhibitor and reduces HDAC1 pro-
tein stability. HDAC1 inhibition limits the activation of 
p38MAPK to control OA progression. These findings 
suggest that OB is a potential agent for the prevention 
and treatment of OA.

The extracellular matrix (ECM) of articular cartilage is 
composed of collagen II and aggrecan, which are respon-
sible for providing tensile strength and elasticity, respec-
tively [20]. During the development of OA, the loss of 
collagen II and the degradation of aggrecan by MMPs 
and ADAMTS are recognized as mechanisms of carti-
lage degradation, which leads to joint pain and disability 
[20]. For these cartilage ECM, RUNX2 is a critical tran-
scription factor that is highly expressed in human OA 
cartilage [21]. Recently, natural compounds such as cur-
cumin and oleuropein have been suggested to be effective 
in preventing cartilage ECM degradation by inhibiting 
MMP-13, ADAMTS-4, and ADAMTS-5 expression, and 
inducing collagen II expression [22–24]. In this study, the 
effects of OB on ameliorating cartilage lesions and car-
tilage ECM degradation were demonstrated in rats with 
ACLT-induced OA and in IL-1β-treated primary chon-
drocytes. Although previous studies have reported the 
beneficial effects of OB in treating bone diseases, includ-
ing osteoporosis [12–14], to the best of our knowledge 
this study is the first to suggest OB as a potential thera-
peutic agent for the treatment of OA.

Fig. 4  Obacunone (OB) inhibits inflammation in IL-1β-treated chondrocytes. A Western blotting was performed for detecting the protein 
expression of IL-6, TNF-α, and IL-18. B ELISA analysis was employed to measure the levels of IL-6, TNF-α, and IL-18 in the supernatant of primary 
chondrocytes. n = 3. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. *P<0.05, **P<0.01 and ***P<0.001
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In this study, the decreased Runx2 expression was 
observed following OB treatment. Interestingly, Park 
et  al. [14] observed the upregulated Runx2 in OB-
treated osteoblasts. This contradiction might be 
occurred due to the following reasons. 1) Runx2 is 
expressed as two isoforms (type-I and type-II) differing 

only in their amino terminal sequences. The amino ter-
minus of type-I contains MRIPV instead of MASNSLF-
SAVTPCQQSFFW in type-II. Type-II Runx2 considered 
to be osteoblast specific. Its function involved in regu-
lation of osteogenic genes (e.g., osteocalcin, osteopon-
tin) to promote osteoblast differentiation [25]. Type I 

Fig. 5  Obacunone (OB) acts as an inhibitor of HDAC1 to limit p38MAPK signaling.A Venn diagram of the targets for OB and OA. B GO and KEGG 
analysis of downstream signaling pathways for OB. C The 3D views of molecular docking of OB and its target proteins (HDAC1, 2, 3, 4, and 9) using 
MOE software. D PPI network was made using STRING database and visualized using (E) Cytoscape3.10.0. (F) The top ten hub genes in PPI network. 
G The primary chondrocytes were treated with 20, 40, and 80 μM OB in the absence and presence of IL-1β. Western blot was performed to detect 
the protein expression of HDAC1. H A protein synthesis inhibitor (CHX) was added to incubate cells for 0~24 h, the protein stability of HDAC1 
under OB treatment was analyzed. I Western blot was performed to detect the activation of p38MAPK. n = 3. Data were analyzed by two-way 
ANOVA followed by Bonferroni’s post hoc test. ***P<0.001
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is highly expressed in chondrocytes, involved in endo-
chondral ossification and cartilage maturation [26]. The 
N-terminal structural divergence leads to distinct target 
gene specificity. Type II Runx2 dominates osteogenesis, 
while type-I Runx2 may suppress certain osteogenic 
genes. However, the antibodies used in previous stud-
ies to identify Runx2 proteins were generated against 
regions common to both type-I and type-II isoforms 
[27, 28]. There is no antibody currently available to dis-
tinguish type-I and type-II Runx2 proteins [25]. That 
explains why the expression of Runx2 in bone is con-
tradictory [29]. In the study of Park et  al. [14], they 
reported the upregulated Runx2 expression following 
OB treatment. Considering they detected Runx2 expres-
sion in an osteoblast cell line MC3T3-E1, we inferred 
that the type-II Runx2 was analyzed. In our study, we 
detected Runx2 in chondrocytes; so, the type-I Runx2 

was analyzed. That’s might be why the opposite expres-
sion of Runx2 was observed between our studies. 2) 
Herbal medicines induce complex regulation network in 
different cell types. In the study of Park et al. [14], they 
demonstrated OB to upregulate Runx2 expression via 
targeting GSK3β. In our study, we demonstrated that 
OB exhibited the opposite regulation Runx2 expres-
sion via targeting HDACs. The different regulation on 
the targets might be result in the different regulation on 
the downstream genes. That might be another reason of 
the contradiction for Runx2 expression. Our hypothesis 
should be further confirmed in the following using the 
antibodies specific against type-I or type-II isoforms.

Recently, increasing attention has focused on anti-
inflammatory therapy as the most promising approach 
for the OA treatment [30, 31]. Chondrocytes are found 
in various cartilage tissue types and are responsible 

Fig. 6  Induction of HDAC1 expression or p38MAPK signaling reversed the protective action of obacunone (OB) on chondrocyte damage. A Primary 
chondrocytes were transfected with HDAC1 or p38MAPK overexpression plasmids. The transfection efficiency was verified by performing western 
blotting. B Cell survival following transfection and the treatment of IL-1β and OB was detected by CCK-8 assay. C Western blotting was performed 
for detecting the protein expression of collagen II, ADAMTS-5, and MMP13 (D) Western blotting was performed for detecting the protein expression 
of IL-6, TNF-α, and IL-18. n = 3. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test. **P<0.01 and ***P<0.001
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for the growth and maintenance of cartilage tissues. 
Imbalanced inflammation can activate chondrocytes 
and increase the secretion of pro-inflammatory 
cytokines [32]. Moreover, excessive inflammation may 
induce degradation of the ECM of cartilage by promot-
ing collagenase and aggrecanase expression [33, 34]. 
IL-18 is spontaneously released from OA chondro-
cytes and participate in inflammation and destructive 
alterations of ECM via induction of TNF-α [35]. Previ-
ous studies indicated that OB is a potential agent for 
inhibiting inflammation in multiple diseases, includ-
ing chronic inflammation-associated colorectal can-
cer [36], liver fibrosis [37], acute lung injury [38], and 
ulcerative colitis [39]. In this study, the anti-inflam-
matory functions of OB were observed in animal and 
cell models of OA, indicating the benefit of using OB 
as a therapeutic agent for OA and other inflammatory 
diseases.

HDACs are a class of enzymes that regulate gene 
expression by removing acetyl groups from histones. 
They work in concert with histone acetyltransferases 
(HATs) to maintain the balance of histone acetylation, 
thereby influencing chromatin structure and gene tran-
scription [40]. HDACs are involved in the regulation of 
cartilage lesions and cartilage degeneration during OA 
progression. HDAC inhibitors are considered promis-
ing therapeutic interventions for OA [17, 41, 42]. Chen 
et  al. [43] demonstrated that trichostatin A acts as an 
HDAC inhibitor and attenuates cartilage degradation 
in rabbit OA models. Zhong et  al. [44] reported that 
vorinostat is an HDAC inhibitor that exhibits chon-
droprotective activity during OA progression. In this 
study, bioinformatic analyses predicted OB might be 
a pan-HDAC inhibitor. In  vitro studies suggested that 
HDAC1 is a target for OB and that OB binding inhib-
its HDAC1 stability. Furthermore, OB docking with 
HDAC1 limits the activation of p38MAPK signaling, 
which significantly participates in chondrocyte death, 
inflammation, and cartilage ECM degradation [45]. 
However, the effects of OB on other HDACs, includ-
ing HDAC2, 3, 4, and 9 should be further studied in 
the following. In addition, multiple signaling pathways, 
including NF-κB, ERK, and JNK [17, 41], are also well-
known to be involved in the regulating effects of HDAC 
in treating OA; further investigations focused on these 
signaling pathways will expand our understanding of 
the mechanisms of the anti-OA action of OB.

In conclusion, we determined the chondroprotective 
role of OB in OA development. OB inhibits HDAC1 
protein stability and limits p38MAPK activation to 
control OA progression. This study provides a promis-
ing therapeutic strategy for the treatment of OA.
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