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Post-trauma osteoarthritis (PTOA) is the most common articular disease characterized by
degeneration and destruction of articular cartilage (Bultink and Lems, Curr. Rheumatol Rep.,
2013, 15, 328). Inflammatory response of local joint tissue induced by trauma is the most
critical factor accelerating osteoarthritis (OA) progression (Sharma et al., 2019;
Osteoarthritis. Cartilage, 28, 658–668). M1/M2 macrophages polarization and
repolarization participates in local inflammation, which plays a major role in the
progression of OA (Zhang et al., 2018; Ann. Rheum. Dis., 77, 1524–1534). The
regulating effect of macrophage polarization has been reported as a potential therapy to
alleviate OA progression. Synovitis induced by polarized macrophages could profoundly
affect the chondrocyte and cartilage matrix (Zhang et al., 2018; Ann. Rheum. Dis., 77,
1524–1534). Generally, anti-inflammatory medications widely used in clinical practice have
serious side effects. Therefore, we focus on exploring a new therapeutic strategy with fewer
side effects to alleviate the synovitis. Angelicin (ANG) is traditional medicine used in various
folk medicine. Previous studies have revealed that angelicin has an inhibitory effect on
inflammation (Wei et al., 2016; Inflammation, 39, 1876–1882), tumor growth (Li et al., 2016;
Oncology reports, 36, 3,504–3,512; Wang et al., 2017; Molecular Medicine Reports, 16,
5441–5449), DNA damage (Li et al., 2019; Exp. Ther. Med., 18, 1899–1906), and virus
proliferation (Li et al., 2018; Front. Cell. Infect. Microbiol., 8, 178). But its specific effects on
influencing the process of OAwere rarely reported. In this study, themolecularmechanismof
angelicin in vivo and in vitro was clearly investigated. Results showed that angelicin could
regulate the M1/M2 ratio and function and alleviate the development of PTOA in the
meanwhile. Bone marrow monocytes were isolated and induced by macrophage
colony-stimulating factor (M-CSF), lipopolysaccharide (LPS) and interferon (IFN)-γ for M1
polarization and interleukin (IL)-4/IL-13 for M2 polarization. Subsequently, repolarization
intervention was performed. The results indicate that angelicin can repolarize M1 toward M2
macrophages by upregulating the expression of CD9. Besides, angelicin can also protect
and maintain M2 polarization in the presence of LPS/IFN-γ, and subsequently downregulate
the expression of inflammatory mediators such as IL-1β and TNF-α. Mechanistically,
angelicin can activate the p-STAT3/STAT3 pathway by conducting CD9/gp130 to
repolarize toward M2 macrophages. These results suggest angelicin can alleviate the
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progression of OA by regulating M1/M2 polarization via the STAT3/p-STAT3 pathway.
Therefore, angelicin may have a promising application and potential therapeutic value in OA
clinical treatment.
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INTRODUCTION

Osteoarthritis (OA) is the most common and severe joint disease
worldwide and creates a substantial socioeconomic burden,
affecting 10% of men and 18% of women over 60 years of age
(Glyn-Jones et al., 2015). OA was once considered a complex
disease induced by mechanical risk factors (Glyn-Jones et al.,
2015; Zhu et al., 2019), but it is thought to be a chronic
degenerative disease involving the whole joint rather than so-
called wear and tear disease as commonly described (Tu et al.,
2019). Both composition changes of cartilage and physical forces
can increase the susceptibility to the disruption of the synovial
joint (Liu-Bryan, 2015). Among all the pathology-related
elements, inflammatory response, as many researchers
reported previously, has been verified to play a critical role in
the pathogenesis of OA and have a positive correlation with poor
prognosis (Bijlsma et al., 2011; Loeser et al., 2016).

Previous studies have shown that OA is a low-grade chronic
inflammatory disease, causing damage to multiple articular and
periarticular tissues. Emerging evidence suggests local
inflammation, synovitis, in particular, plays a crucial role in
the pathogenic process of OA (Zhang et al., 2018).
Macrophage is a group of heterogeneous cells derived from
innate myeloid cells, which profoundly exists in synovial tissue
and shapes the inflammatory response of the entire joint.
Macrophages were identified to involve multiple physiological
and pathological processes (Sharma et al., 2019). The polarization
of macrophages could be driven by various cytokines, growth
factors and products of microbial metabolism (Veloso et al.,
2020). Generally, the classical pathway is the primary
activation of polarization of macrophages. Macrophages
polarize toward M1 phenotype can be induced by type 1 T
helper (Th1) cytokines, including IFN-γ and LPS, upregulating
enzyme-inducible nitric oxide synthase (iNOS). M1 phenotype
produces reactive oxygen species (ROS) and cytokines such as,
IL-1β, IL-6, IL-12, and IL-23 (Rhee, 2016). When chondrocytes
are stimulated by IL-1β, cytokines such as prostaglandin E2
(PGE2), which have been proved as a potent mediator of
inflammation, are released into the synovial fluid to exacerbate
the loss of cartilage (Grieshaber-Bouyer et al., 2019). Meanwhile,
the expression of various proteinase such as matrix
metalloproteinases (MMPs) is upregulated, resulting in the
degradation of articular cartilage. On the contrary, alternative
activation of M2 phenotype stimulated by Th2 cytokines
including IL-4 or IL-13 upregulates enzyme arginase(Arg)-1,
Fizz-1 and Ym-1, increasing the secretion of multiple
cytokines such as IL-4, IL-10, IL-13, and transforming growth
factors (TGF)-β to participate in the tissue recovery conditions
and reduce the inflammatory response (Mantovani et al., 2002).
Several signal pathways, such as signal transducer and activator of

transcription (STAT) family have been implicated in involving
inflammation and macrophage polarization (Zhou et al., 2020).
CD9/gp130/STAT3 signal pathway activation has been proved to
participate in repolarization (Gupta et al., 2018). Phosphorylation
of downstream transcription factor STAT3 leads to activation of
IL-6 signal pathway, initiating repolarization and the
maintenance of M2 macrophages. Moreover, the IL-6 receptor,
gp130, is stabilized by the CD9 molecule to activate the
phosphorylation of downstream STAT3. The balance of
macrophage polarization is tightly linked with the duration of
repair and the modulation of immune system.

Breaking the original balance of macrophage polarization has
been proved to contribute to accelerate the pathological process of
various diseases. Exorbitant activation of the M1 type phenotype
can cause tissue damage and metabolism disorders (Xie et al.,
2020; Yang et al., 2020). Increased inflammatory macrophages
have been widely reported positively related to diabetes (Huangfu
et al., 2020). Also, infiltration of M1 macrophages in adipose
tissue reflects local tissue inflammation (Braune et al., 2017). The
ratio of M1 to M2 is positively correlated with nephritis and other
chronic inflammation. M2macrophage is also related to the tissue
repair and pathological scar formation (Xu et al., 2020).
Functionally, M2 macrophages are crucial for effective
suppression and clearance of local infections and inflammation
caused by M1 macrophage and its pro-inflammatory cytokines.
Meanwhile, M2 macrophage also show its benefit for tissue
remodeling, angiogenesis, and extracellular matrix formation
(Mapp and Walsh, 2012). Therefore, M1/M2 macrophages can
be recognized as a great potential target in healing damaged tissue
and treating chronic diseases requiring long-term therapies.
Regulating the ratio of M1/M2 macrophages can be
considered safe and effective OA therapeutic strategies (Zhang
et al., 2018).

Angelica Sinensis, used in traditional Chinese medicine, is
widely recognized as an effective herb to heal multiple diseases.
Angelica is gaining ground all over the world, including Europe,
North American and Southeast Asia. In folk medicine, angelica is
believed as an anti-inflammatory, anti-aging medicine with wide
use (Wei et al., 2016; Ge et al., 2019). Angelicin is isolated from
Angelica Sinensis considered as an anti-frostbite, analgesia,
hemostasis active ingredients. In recent years, angelicin has
been reported as anti-inflammation, anti-bacterial, anti-tumor,
immunomodulatory, pro-apoptotic and anti-virus activities (Li
et al., 2016; Wang et al., 2017). Studies have shown that angelicin
has a strong immunomodulatory effect (Lampronti et al., 2017).
However, the underlying molecular mechanism and a potential
target for treatment remain unknown.

In this study, for the very first time, we revealed that angelicin
is an effective pharmaceutical therapy for regulating M1/M2
macrophage polarization. Angelicin plays a role in suppressing
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M2 polarization, especially when M2 macrophages repolarized
toward M1 and facilitating M2 polarization through the STAT3
pathway. These findings have implied that angelicin may have
potential therapeutic value in the future to alleviate the
inflammation of articular and periarticular tissue and then
restrain the progression of OA.

MATERIALS AND METHODS

Reagents and Antibodies
Angelicin with purity > 95% was purchased from Med Chem
Express (Monmouth Junction, NJ, United States) and dissolved in
DMSO. Alpha Minimum Eagle’s Medium (alpha-MEM),
penicillin (10,000 units/ml), streptomycin (10,000 mg/ml) and
fetal bovine serum (FBS) were purchased from Hyclone
(Waltham, MA, United States). Soluble mouse recombinant
M-CSF was purchased obtained from R&D system
(Minneapolis, MN, United States). Interleukin (IL)-4, IL-13,
LPS, and IFN-γ were purchased from PeproTech Inc. (Rocky
Hill, NJ, United States). The Cell Counting Kit-8 (CCK-8) was
purchased from Med Chem Express (Monmouth Junction, NJ,
United States). Anti-CD9, anti-gp130, anti-STAT3, anti-
phospho-STAT3 (Ser727), anti-CD206, anti-iNOS, anti-Arg-1,
anti-β-actin antibodies were purchased from Bioworld
Technology (St. Louis Park, MN, United States).

Cell Proliferation Assay Cell Counting Kit-8
The cytotoxicity evaluation of angelicin in bonemarrowmonocytes
was examined using CCK-8 kit. BMMs isolated from mice femur
were seeded in 96-well plates at a density of 3 × 103 per well and
were treated with a range of 10 μmol/L-100 µmol/L for 24 or 48 h.
Next, CCK-8 kit solution was added, and then the system described
above was incubated for 2 h away from light. Absorbance was
detected at 450 nm and recorded by amicroplate absorbance reader
(Bio-Tek, Elx800, United States).

Cell Culture and Incubation
BMMs were isolated from the femurs of 6-week-old C57BL/6
mice under aseptic condition. α-MEM with 10% FBS was applied
for flushing the bone marrow capacity. The mixtures described
above were filtered with 200 mesh nylon filter. BMMs were
seeded into 60mm cell culture dish containing a complete
medium composed of 90% α-MEM and 10% FBS in an
incubator set at 37 C with 5% CO2. BMMs were incubated for
72 h in α-MEM supplemented with 30 ng/ml M-CSF, 10% FBS,
100 units/ml penicillin and 100 mg/ml streptomycin. Then, non-
adherent cells were removed with PBS. After reaching the
confluence of 80%, BMMs were seeded in 6-well plate with
the complete medium in an incubator at 37 C with 5% CO2.

RNA Isolation and Polymerase Chain
Reaction
Quantitative real-time polymerase chain reaction (qRT-PCR) was
used to investigate marker gene expression in M1/M2

macrophages in different groups. BMMs were seeded in 6-well
plates at a density of 1 × 105 cells per well and cultured in a
complete medium containing 30 ng/ml M-CSF for 24 h, with
20 ng/ml IL-4 and 20 ng/ml IL-13 or 20 ng/ml LPS and 100 ng/ml
IFN-γ for 36 h. Then cells were lysed using Trizol reagent
(Invitrogen) 1 ml per well. Complementary DNA (cDNA) was
synthesized from 1μg RNA from each sample using a reverse
transcriptase kit (Takara, Japan). For real-time PCR, 1ug RNA
was mixed with primers and SYBR green super mix. The gene
expression levels were calculated with 2 –ΔΔCT values by CFX
Manager™ Software v3.1(Bio-Rad). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a control gene in this
experiment. The primer sequences are listed in Table 1.

Western Blotting
Cell samples were harvest at 36 h in 6-well plates after the
intervention described above. Cells were lysed in RIPA lysis
buffer with phenylmethanesulfonyl fluoride (PMSF). Protein
samples were loaded to SDS-PAGE with 20 ul per lane and then
transferred to PVDF membranes. Next, membranes were blocked
with 5% bovine serum albumin (BSA) blocking agent for 1.5 h and
washed with TBS-T buffer for three times, 15min for each. Primary
antibodies against iNOS (1:1,000), Arg-1 (1:1,000), CD9 (1:1,000),
gp130 (1:1,000), STAT3 (1:500), p-STAT3 (1:500), β-actin (1:2,000)
were incubated with the membranes in the BSA solution overnight
at 4 C. Subsequently, the membranes were incubated with
horseradish peroxidase (HRP)-conjugated goat anti-rabbit
secondary antibodies (1:1,000) for 1.5 h and washed three times
with TBST buffer. Lastly, the Chemi Doc XRS + Imaging System
(Bio-Rad, United States) was performed to capture images of the
protein bands, which were analyzed with the ImageJ v2.0. β-actin
was used as an internal control in this experiment.

Enzyme-Linked Immunosorbent Assay
The secretion of IL-1β and TNF-α of polarized macrophages in
cell supernatant was measured by ELISA Kits (Cloud clone,
China) according to the instructions. All measurements were
repeated five times.

Mice
C57BL/6 mice were obtained from the animal center of the Third
Medical University (Chongqing, China). All experiments in this

TABLE 1 | Primer sequence used in qRT-PCR experiment.

Gene Sequence

INOS Forward: 5′-ACATCAGGTCGGCCATCACT-3′
Reverse: 5′-CGTACCGGATGAGCTGTGAATT-3′

Arg-1 Forward: 5′-AGGACAGCCTCGAGGAGGGG-3′
Reverse: 5′-TGGACCTCTGCCACCACACC-3′

GAPDH Forward: 5′-CTAAGGCCAACCGTGAAAAG-3′
Reverse: 5′-ACCAGAGGCATACAGGGACA-3′

IL-1β Forward: 5′-GAAATGCCACCTTTTGACAGTG-3′
Reverse: 5′-TGGATGCTCTCATCAGGACAG-3′

IL-6 Forward: 5′-CTGCAAGAGACTTCCATCCAG-3′
Reverse: 5′-AGTGGTATAGACAGGTCTGTTGG-3′

TNF-α Forward: 5′-CAGGCGGTGCCTATGTCTC-3′
Reverse: 5′-CGATCACCCCGAAGTTCAGTAG-3′
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research were performed according to the Third Military Medical
University Sciences Guide for Laboratory Animals. Animal
suffering weas reduced by all means with all our forces. All
animals were maintained at 25 C under 12 h’ light/dark cycle
with 50% humidity. Eighteen 6–8 weeks of female C57/BL6 mice
were separated randomly into three equal groups: Control, LPS
and LPS + ANG groups. The Control group were performed
intraperitoneal injection with Saline. LPS group was performed
intraperitoneal injection with LPS (2 mg/kg, body weight). LPS +
ANG group were performed intraperitoneal injection with LPS
(2 mg/kg, body weight) and angelicin (20 mg/kg, body weight).
Injections were performed intraperitoneal every other day
continuously for two weeks. 14 days later, all mice were
sacrificed, and the femur was isolated under aseptic condition.
Femurs were fixed with 4% paraformaldehyde for 48 h and
decalcified in EDTA (pH � 7.2) for 14 days for further testing.

To confirm the protective effect of angelicin, DMMmodels were
established as previously described (Chen et al., 2021). According to
the previous studies protocol, the inducedDMMmodel is similar to
the pathological process of human joint damage. After
anesthetization, a 1 cm incision was made on the medial side of
the joint to fully expose the joint capsule and transect the medial
meniscotibial ligament. The joint capsule and skin were
subsequently sutured by absorbed sutures. Mice in the sham
surgery group performed the same incision with ligaments kept.
After surgery, fifteen mice were randomly divided into three
groups: Sham group, DMM group and DMM + ANG group.
Mice were performed an intraperitoneal injection of 20mg/kg
angelicin or saline once a day for 8 weeks after surgery.

Flow Cytometry
Flow cytometry was applied for examining CD206+/F4/80+and
iNOS+/F4/80+ cell proportion of macrophages. After complete
euthanization of mice, macrophages were isolated from femurs
and resuspended in ice-cold PBS. Cells seeded in the 6-well plate
were digested into single cells by trypsin. Half of the collected cells
were incubated with PE-conjugated CD206 and AF 780-
conjugated iNOS antibodies (Thermo Fisher Science,
United States) for 45 min, respectively. Cells were further
incubated with BV421-conjugated F4/80 antibody (Thermo
Fisher Science, United States) for 45 min at 4°C. iNOS+F4/80+

macrophage was recognized as M1 phenotype and CD206+F4/
80+ macrophage was recognized as M2 phenotype.

For apoptosis detection, Annexin-V Apoptosis Detection Kit
(Beyotime, China) was used to detect apoptosis of BMMs. Cells
were harvested with 0.25% trypsin and washed with PBS. Then
cells were resuspended with 100 μL Annexin-V and propidium
iodide (PI) staining buffer diluted in PBS for 20 min on the ice
from light. The cells were analyzed on CytoFLEX Flow Cytometer
(Beckman, IN, United States), and data were analyzed in FlowJo
(Ashland, OR, United States) followed by instructions.

Immunofluorescence
To further investigate the polarization and repolarization of
macrophages, isolated BMMs were stimulated with LPS/IFN-γ
for M1 polarization and IL-4/IL-13 for M2 polarization alone or
combined with 30 μmol/L angelicin. After treatment, the samples

were rinsed with PBS for three times. Then the samples were fixed
by 4% paraformaldehyde and permeabilized by Triton X-100
diluted in PBS for 10 min. Samples were blocked with 5% BSA at
37°C for 30 min and washed with PBS, and incubated with iNOS
(1:150) and CD206 (1:150) primary antibodies overnight at 4°C.
Subsequently, samples were washed by PBS for three times and
incubated with AF647-conjugated secondary antibody (1:400) for
1 h and stained with DAPI for 5 min at room temperature. After
staining, the fluorescence microscope (Olympus Inc., Tokyo,
Japan) was used to observe the plates and slides. Fluorescence
intensity was measured and quantified using ImageJ v2.0.

Histopathologic Analysis
The keen joints were isolated on the day of execution (8 weeks after
surgery) and fixed in 4% paraformaldehyde for 48 h and decalcified
in EDTA (pH� 7.2) for 14 days. After dehydration, embedding and
cutting, the slides were stained with Safranin-O/Fast Green and
hematoxylin and eosin (H&E). An experienced histological
investigator blinded to evaluate medial femoral condyle and
medial tibial plateau according to the International
Osteoarthritis Research Society International (OASRI) scoring
system as described previously (Chen et al., 2021).

Statistical Analysis
All values are representative of at least three parallel experiments
of resembling results except independently demonstrated. Data
are expressed as mean ± SD and comply with the normal
distribution. Independent groups are compared by one-way
ANOVA followed by Student-Newman-keul post hoc tests to
determine the significant difference between results, with *p <
0.05 and **p < 0.01 being regarded as significant.

RESULTS

Cytotoxicity Evaluation of Angelicin onBone
Marrow Monocytes
Angelicin is a kind of furocoumarin, a naturally occurring tricyclic
aromatic compound. The chemical formula of angelicin is showed
in the figure (Figure 1A). To detect the cytotoxicity of angelicin,
BMMs were isolated and treated with various concentrations of
angelicin for 24 and 48 h followed by CCK-8 assays. The results
revealed that low concentration of angelicin (≤ 30 µmol/L) had no
toxic effect on the proliferation of BMMs (Figures 1B,C). Apoptosis
assays were conducted using flow cytometry, and results were
consistent with CCK-8 (Figures 1D,E). Our results showed that
angelicin has a mild toxic reaction at high concentration. Based on
the results of the toxicity evaluation, the dose of angelicin 30 µmol/L
was chosen for further experiments.

M1 Macrophage is Repolarized in the
Presence of Lipopolysaccharide/
Interferon-γ and M2 Polarization is
Protected by Angelicin in vitro
To evaluate the effect of angelicin on macrophage polarization
in vitro, primary BMMs were isolated for further investigation.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 6692134

Tian et al. Agelicin Alleviates Post-Trauma Osteoarthritis

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


BMMs were stimulated with LPS/IFN-γ for M1 polarization and
IL-4/IL-13 for M2 polarization. During the stimulation of M1
macrophage, angelicin treatment has shown the effect of angelicin
on this polarization procedure. However, the repolarization
procedure was performed that M2 macrophages were treated
with LPS/IFN-γ alone or combined with angelicin was conducted
to observe repolarization (Figure 2A). Besides, given that M1 and
M2 macrophages have distinct differences in morphology, we
captured the microscope images of each experiment group and
found that the microscopic morphology of the cells also changed
(Figure 2B). Interestingly, we found that angelicin could produce
an inhibitory effect on the polarization from M0 macrophages to
M1 macrophages with decreased expression of iNOS and slightly
changed expression of CD206. M2 macrophages treated with
LPS/IFN-γ have shown robust repolarization toward M1
phenotype; However, with the presence of angelicin, LPS/IFN-
γ failed to repolarize M2 phenotype toward M1 macrophages
(Figure 2C). Quantification analysis of CD206+ (represent as M2
macrophages) cell number and iNOS+ (represent as M1
macrophages) cell number was shown on the left (Figure 2D).

To ascertain the changes, we further examined the expression of
iNOS and Arg-1 on the protein level. Western blot results implied
that M1 macrophages treated with angelicin and M2
macrophages showed higher expression of Arg-1 and lower
expression of iNOS. Moreover, M2 macrophages treated with
both LPS/IFN-γ and angelicin showed fewer iNOS expression
compared with the M2 macrophages treated with LPS/IFN-γ
(Figures 2E,F). Coincidently, qRT-PCR results showed that the
expression of Arg-1 was significantly higher in M2 macrophages
and M2 macrophages treated with LPS/IFN-γ and angelicin,
while the expression of iNOS was markedly higher in M1
macrophages and M2 macrophages treated with LPS/IFN-γ
(Figure 2G). Not surprisingly, the relative expression and
secretion level of inflammatory factors including IL-1β and
TNF-α decreased (Figures 2H,I). All the results mentioned
above suggested that angelicin suppressed the polarization of
M0 macrophages toward M1 macrophages and the expression of
inflammatory factors. Meanwhile, it could also dramatically
suppress the repolarization of M2 macrophages toward M1
phenotype.

FIGURE 1 | Evaluation of angelicin toxicity in bone marrowmacrophages (BMMs). (A)Chemical structure of angelicin. (B, C) Effect of angelicin on the cell viability of
BMM. The cytotoxic effects of angelicin were detected at the different concentrations for 24 and 48 h using CCK-8 assay. (D, E) Representative image of apoptosis rate
detected by flow cytometry of each group. The values presented are the mean ± SD of five independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (ANOVA).
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FIGURE 2 | Angelicin protectsM1 polarization and M2 macrophage polarization in vitro. (A) Schematic diagram of bone marrow macrophages (BMMs) isolation
and macrophage M1/M2 polarization and repolarization strategy. (B) Representative morphology images in each group of three independent experiments. Bar
represents 10 μm. (C, D) Immunostaining of enzyme-inducible nitric oxide synthase (iNOS) and CD206 (red) in isolated BMMs in different groups with quantification of
iNOS+ and CD206+ cell numbers. (E, F) Western blot assay and qRT-PCR assay of Arg-1, iNOS and β-actin in BMMs. (G) qRT-PCR assay of IL-1β and TNF-α
expression in BMMs. (H) ELISA for IL-1β and TNF-α concentration from cellular supernatant. The data in figures represents the mean ± SD. Significant differences are
indicated as **p < 0.01. Scale bar represents 30 μm. DAPI, 4′,6-diamidino-2-phenylindole; IL, interleukin; LPS/IFN-γ, lipopolysaccharide/interferon-γ; ANG, angelicin.
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Angelicin Modulates M1/M2 Polarization via
STAT3 Signal Pathway and Decreases the
Secretion of Inflammatory Factors
To investigate the potential mechanism, we focused on the effects
of angelicin on the p-STAT3/STAT3 pathway, which is necessary
for M1 polarization. We first examined the impact of angelicin on
the repolarization of M1 macrophage. BMMs were treated with

LPS/IFN-γ to inhibit the STAT3 signal pathway. Western blot
analysis was performed to detect the protein level of p-STAT3
and STAT3. The results showed that LPS/IFN-γ could suppress
the activation of p-STAT3 and STAT3 in total protein. We then
detected the expression of CD9 and gp130, which is necessary for
activating the STAT3 signaling pathway. The results showed that
angelicin treatment could increase the expression of CD9/gp130
and phosphorylation of STAT3 (Figure 3A). On the contrary,

FIGURE 3 | Angelicin could regulate M1/M2 polarization via STAT3 signal pathway. (A) Western blot analysis of CD9, gp130, STAT3, p-STAT3, and β-actin in
BMMs treated with LPS, IL-4/IL-13, LPS + Angelicin, LPS + IL-4/IL-13 + Angelicin or LPS + IL-4/IL-13. (B)Western blot analysis of iNOS, Arg-1, STAT3, p-STAT3, and
β-actin in BMMs treated with LPS, LPS + Angelicin, LPS + IL-4/IL-13 + Angelicin + AG490. (C)Western blot analysis of iNOS, Arg-1, STAT3, p-STAT3, and β-actin in M2
macrophages treated with LPS, LPS + Angelicin, LPS + IL-4/IL-13 + Angelicin + AG490. (D, E) Flow cytometry analysis of iNOS and CD206 expression of BMMs.
(F) qRT-PCR assay of IL-1β and TNF-α expression in BMMs. (G) ELISA for IL-1β and TNF-α concentration from cellular supernatant.
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AG-490, which could specifically inhibit phosphorylation of
STAT3, was capable of diminishing the protective effect of
angelicin overtime during the process of M0 macrophage
polarization toward M1 cells (Figure 3B) or M2 macrophage
repolarization toward M1 cells (Figure 3C). Western blot results
of Figure 3 were quantified and showed in supplementary data
(Supplementary Figure S1). Flow cytometry results showed that
angelicin could maintain the M2 phenotype and ward off
repolarization with the presence of LPS and IFN-γ while AG-
490 could counter its effect (Figure 3D). Mean fluorescence
intensity (MFI) was measured using Flow jo and listed on the
right (Figure 3E). In accordance with previous results, qRT-PCR
results showed that AG-490 could partially reverse the lower
expression of IL-1β and TNF-α (Figure 3F). ELISA assay was also
conducted to measure the secretion of inflammatory factors to
investigate the immunomodulatory effect of angelicin and impact
of AG-490. The secretion of IL-1β and TNF-α decreased after
angelicin treatment as expected, while AG-490 could neutralize
the protective effect of angelicin (Figure 3G). Above all, these
results revealed that angelicin could regulate M1/M2 polarization
via CD9/gp130/STAT3 signaling pathway and decrease the
secretion of inflammatory factors.

Angelicin Robustly Inhibits
Lipopolysaccharide Induced M1
Polarization in vivo
In order to verify the regulatory effects of angelicin on macrophage
polarization in vivo, LPS induced inflammatory mouse model was
performed. Intraperitoneal injection of LPS was given every other day
for two weeks (Figure 4A). iNOS+ and F4/80+ double-positive
macrophages were considered as M1 macrophages, while CD206+

and F4/80+ double-positive macrophages were considered as M2
macrophages. The flow cytometry results indicated that the
macrophages from mice bone marrow showed a significant
increase of M1 macrophage percentage in LPS-treated mice
compared with PBS-treated mice (Figure 4B). Also, the percentage
of M2 macrophage significantly reduced in LPS-treated mice
compared with M1 macrophage percentage (Figure 4B). However,
after angelicin treatment, the increased percentage of M1 phenotype
macrophage with the presence of LPS could be reduced, while the
percentage of M2 phenotype macrophage increased (Figures 4B,C).
Results showed that M1/M2 ratio was significantly reduced in LPS-
treatment group after angelicin treatment.

Angelicin Alleviates Osteoarthritis
Development in DMM Mouse Model
In DMMmouse models, immunofluorescence results showed that the
number of M2 macrophages decreased in synovial tissue while M1
macrophages did oppositely. However, angelicin treatment could
robustly restore M1/M2 ratio (Figures 4D,E). Histological analysis
of changes in joint structure and cartilage matrix was performed
through H&E staining and Safranin-O/fast green staining,
respectively. The sham group showed normal cartilage surface and
positive red stain. The DMM group showed degradative cartilage
surface and disorganized subchondral structure. The angelicin

treatment group showed ameliorated cartilage surface compared
with the DMM group (Figure 4F). The OARSI score of the DMM
groupwas higher comparedwith the shamgroup (Shamvs.DMM, p<
0.01), while the angelicin treatment group was lower compared with
the DMM group (DMM vs. DMM + ANG, p < 0.01) (Figure 4G).

DISCUSSION

It is widely reported that OA is the most common and disabling type
of arthritis, causing heavy health burdens with severe complications
for the affected individuals (Walsh et al., 2007). At present, the
prevalent therapy of OA primarily aims to relieve the symptoms,
such as continuous pain and cartilage degradation (Bijlsma et al.,
2011). However, long-term intake of the drugs like Non-Steroidal
Anti-inflammatory Drugs (NSAIDs) would cause serious side effects
such as peptic ulcers, kidney damage, and cardiovascular disease
(Chu et al., 2019). Therefore, more and more emphasis has been
placed on the attempt to alleviate the OA-related symptoms and
reduce the side effects induced by drug treatment. Hence, plant
extracts have drawn attention of researchers in recent years.

Previous studies suggest that angelicin was potentially
advantageous in preventing inflammatory diseases. Angelicin, an
ancient herb widely used worldwide, was recently reported to have
various effects on regulating inflammatory response (Wei et al.,
2016). In this study, we figure out how angelicin exerts influence on
macrophages polarization on the cellular and molecular level. As
results show, angelicin can regulate macrophage polarization via
CD9/gp130/STAT3 pathway. We found that angelicin could
facilitate M1 phenotype macrophages activated by LPS/IFN-γ to
M2 phenotype macrophages. In terms of molecular mechanisms,
M2 phenotype macrophages were protected by angelicin in the
presence of LPS/IFN-γ via enhanced phosphorylation of STAT3.

M1/M2 macrophages have been formulated decades ago to be a
group of cells with high plasticity and polarization under the
conditions of multiple cytokines (Lu and Chen, 2019).
Macrophages polarization is a special process in response to the
change of microenvironment stimuli and signals. M1 and M2
macrophages have completed different expression profiles of
cytokines. M1 macrophages have a higher expression of pro-
inflammatory cytokines, including TNF-α, IL-1β, IL-6, IL-12, IL-23,
and cyclooxygenase-2 (COX-2) induced by LPS/IFN-γ, therefore
endowed with robust anti-inflammation and anti-tumoral function
(Davies and Taylor, 2015). While, ROS, one of the products of M1
macrophages is responsible for tissue damage, impairing tissue
regeneration caused by excessive activation of M1 macrophages.
M2 macrophages were polarization by Th2 cytokines such as IL4/
IL-13 via activating STATpathway through interleukin receptor (ILR),
thereby upregulating Arg-1, C-C Motif Chemokine Ligand (CCL) 17,
CCL 24 (Wynn and Vannella, 2016). The duration of M2
macrophages activation can mediate lung eosinophilia and airway
inflammation. Moreover, the polarization of macrophages is quite
common in the resistance of infection and regeneration of tissue
damage. Angelicin is capable of regulating M1 macrophages to M2
phenotype. M1 macrophages were induced by Th1 cytokines like LPS
and IFN-γ, which is regarded as the most recognized method. In
contrast, M2 macrophages were induced by IL-4 and IL-13. As
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reported previously, the STAT pathway was activated, STAT1 and
STAT6 in particular (Ding et al., 2019). Also, synovial tissue
inflammation induced by polarized macrophages have been verified
to facilitate the degradation of cartilage matrix (Wang et al., 2019).

Angelicin have been reported for their special cellular biological
functions these years. Recent research has shown that angelicin can
inhibit the malignant behavior of human cervical cancer. Combined
administration of psoralen and angelicin can significantly regulate

anti-inflammation and osteogenesis effect (Li et al., 2018).Meanwhile,
angelicin can also show its antiviral activity against γ-herpesvirus
(Cho et al., 2013). One of our recent researches showed that M1/M2
ratio alteration also facilitates estrogen-deficiency-induced
osteoporosis (Dou et al., 2018). Angelicin-mediated repolarization
will be a potential target to treat chronic inflammation.

In the study, we evaluated the effect of angelicin in
regulating the polarization of macrophages both in vivo and

FIGURE 4 | Angelicin alleviates PTOA development by regulating M1/M2 polarization. (A) Experiment design of treatment on LPS-induced mice. (B, C) Flow
cytometry analysis of iNOS+F4/80+ and CD206+F4/80+macrophage in total bone marrow cells. (D, E) Immunostaining of iNOS and CD206 (red) in DMM model. Bar
represents 200 μm. (F) Representative Safranin-O staining and H&E staining of cartilage and articular tissues from the different experimental groups (scale bar � 50 µm).
(G) Diagram showing the OARSI scores of the articular cartilage.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 6692139

Tian et al. Agelicin Alleviates Post-Trauma Osteoarthritis

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


in vitro. Our results had shown that angelicin could inhibit M1
polarization and promote M2 polarization in synovial tissues.
Angelicin is protective of maintaining the M2 phenotype in the
presence of IFN-γ via CD9/gp130/STAT3 pathway to alleviate
synovitis in OA. Angelicin can significantly increase the
expression of STAT3 and phosphorylation of STAT3 and
then facilitate the expression of M2-related genes
(Figure 5). In animal experiments, the angelicin treatment
group showed smooth cartilage surface and integrated
cartilage matrix, which is similar to healthy cartilage. Also,
angelicin has been widely used in clinical practice. To some
extent, our study revealed molecular mechanism of angelicin
against PTOA. However, to further evaluate the clinical
application value of angelicin, pharmacokinetic study and
clinical study are still much-needed.

Overall, our studies suggest that angelicin could regulate M1/
M2 ratio via CD9/gp130/STAT3 pathway to reduce the
inflammatory response and then protect cartilage in OA.
These results further raise the possibility that angelicin could
be a potential therapeutic agent against OA.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by the Third
Military Medical University Ethics Committee.

AUTHOR CONTRIBUTIONS

ZT designed the study. ZT, FZ, and CZ performed the
experiments. ZT, FZ, and CZ performed the statistical
analysis. ZT drafted the manuscript. SD supervised the
experimental work. All authors contributed to the article
and approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (No. 81930067).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.669213/
full#supplementary-material

FIGURE 5 | Schematic illustration of the potential protective effects of angelicin in osteoarthritis development. Angelicin increased the phosphorylation of STAT3
and activated M2 macrophage polarization with the presence of LPS and IFN-γ.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 66921310

Tian et al. Agelicin Alleviates Post-Trauma Osteoarthritis

https://www.frontiersin.org/articles/10.3389/fphar.2021.669213/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.669213/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Bijlsma, J. W., Berenbaum, F., and Lafeber, F. P. (2011). Osteoarthritis: an Update
with Relevance for Clinical Practice. The Lancet 377, 2115–2126. doi:10.1016/
S0140-6736(11)60243-2

Braune, J.,Weyer, U., Hobusch, C.,Mauer, J., Brüning, J. C., Bechmann, I., et al. (2017). IL-
6 RegulatesM2Polarization andLocal Proliferation of Adipose TissueMacrophages in
Obesity. J.Immunol. 198, 2927–2934. doi:10.4049/jimmunol.1600476

Chen, Y. L., Yan,D. Y.,Wu, C. Y., Xuan, J.W., Jin, C.Q., Hu, X. L., et al. (2021).Maslinic
Acid Prevents IL-1β-induced Inflammatory Response in Osteoarthritis via PI3K/
AKT/NF-κB Pathways. J. Cel Physiol 236, 1939–1949. doi:10.1002/jcp.29977

Cho, H.-J., Jeong, S.-G., Park, J.-E., Han, J.-A., Kang, H.-R., Lee, D., et al. (2013).
Antiviral Activity of Angelicin against Gammaherpesviruses. Antivir. Res. 100,
75–83. doi:10.1016/j.antiviral.2013.07.009

Chu, L., Liu, X., He, Z., Han, X., Yan, M., Qu, X., et al. (2019). Articular Cartilage
Degradation and Aberrant Subchondral Bone Remodeling in Patients with
Osteoarthritis andOsteoporosis. J. BoneMiner Res. 35, 505–515. doi:10.1002/jbmr.3909

Davies, L. C., and Taylor, P. R. (2015). Tissue-resident Macrophages: Then and
Now. Immunol. 144, 541–548. doi:10.1111/imm.12451

Ding, N., Wang, Y., Dou, C., Liu, F., Guan, G., Wei, K., et al. (2019). Physalin D
Regulates Macrophage M1/M2 Polarization via the STAT1/6 Pathway. J. Cel
Physiol 234, 8788–8796. doi:10.1002/jcp.27537

Dou, C., Ding, N., Zhao, C., Hou, T., Kang, F., Cao, Z., et al. (2018). Estrogen
Deficiency-Mediated M2 Macrophage Osteoclastogenesis Contributes to M1/
M2 Ratio Alteration in Ovariectomized Osteoporotic Mice. J. Bone Miner Res.
33, 899–908. doi:10.1002/jbmr.3364

Ge, L., Cui, Y., Liu, B., Yin, X., Pang, J., and Han, J. (2019). ERα andWnt/β-catenin
S-ignaling P-athways A-re I-nvolved in A-ngelicin-dependent P-romotion of
O-steogenesis. Mol. Med. Rep. 19, 3469–3476. doi:10.3892/mmr.2019.9999

Glyn-Jones, S., Palmer, A. J. R., Agricola, R., Price, A. J., Vincent, T. L., Weinans, H.,
et al. (2015). Osteoarthritis. The Lancet 386, 376–387. doi:10.1016/S0140-
6736(14)60802-3

Grieshaber-Bouyer, R., Kämmerer, T., Rosshirt, N., Nees, T. A., Koniezke, P., Tripel,
E., et al. (2019). Divergent Mononuclear Cell Participation and Cytokine Release
Profiles Define Hip andKnee Osteoarthritis. Jcm 8, 1631. doi:10.3390/jcm8101631

Gupta, S., Jain, A., Syed, S. N., Snodgrass, R. G., Pflüger-Müller, B., Leisegang, M. S.,
et al. (2018). IL-6 Augments IL-4-induced Polarization of Primary Human
Macrophages through Synergy of STAT3, STAT6 and BATF Transcription
Factors. Oncoimmunol. 7, e1494110. doi:10.1080/2162402X.2018.1494110

Huangfu, N., Zheng, W., Xu, Z., Wang, S., Wang, Y., Cheng, J., et al. (2020). RBM4
Regulates M1 Macrophages Polarization through Targeting STAT1-Mediated
Glycolysis. Int. Immunopharmacol. 83, 106432. doi:10.1016/j.intimp.2020.106432

Lampronti, I., Manzione, M. G., Sacchetti, G., Ferrari, D., Spisani, S., Bezzerri, V.,
et al. (2017). Differential Effects of Angelicin Analogues on NF-Κb Activity and
IL-8 Gene Expression in Cystic Fibrosis IB3-1 Cells. Mediators Inflamm. 2017,
1–11. doi:10.1155/2017/2389487

Li, G., He, Y., Yao, J., Huang, C., Song, X., Deng, Y., et al. (2016). Angelicin Inhibits
Human Lung Carcinoma A549 Cell Growth and Migration through Regulating
JNK and ERK Pathways. Oncol. Rep. 36, 3504–3512. doi:10.3892/or.2016.5166

Li, X., Yu, C., Hu, Y., Xia, X., Liao, Y., Zhang, J., et al. (2018). NewApplication of Psoralen
and Angelicin on Periodontitis with Anti-bacterial, Anti-inflammatory, and
Osteogenesis Effects. Front. Cel. Infect.Microbiol. 8, 178. doi:10.3389/fcimb.2018.00178

Li, Y. P., Wu, B., Liang, J., and Li, F. (2019). Isopsoralen Ameliorates H2O2-
induced D-amage in O-steoblasts via A-ctivating the Wnt/β-catenin P-athway.
Exp. Ther. Med. 18, 1899–1906. doi:10.3892/etm.2019.7741

Liu-Bryan, R. (2015). Inflammation and Intracellular Metabolism: New Targets in
OA. Osteoarthritis and Cartilage 23, 1835–1842. doi:10.1016/j.joca.2014.12.016

Loeser, R. F., Collins, J. A., andDiekman, B. O. (2016). Ageing and the Pathogenesis of
Osteoarthritis. Nat. Rev. Rheumatol. 12, 412–420. doi:10.1038/nrrheum.2016.65

Lu, X.-J., and Chen, J. (2019). Specific Function and Modulation of Teleost
Monocytes/macrophages: Polarization and Phagocytosis. Zoolog. Res. 40,
146–150. doi:10.24272/j.issn.2095-8137.2019.035

Mantovani, A., Sozzani, S., Locati, M., Allavena, P., and Sica, A. (2002).
Macrophage Polarization: Tumor-Associated Macrophages as a Paradigm
for Polarized M2 Mononuclear Phagocytes. Trends Immunol. 23, 549–555.
doi:10.1016/s1471-4906(02)02302-5

Mapp, P. I., andWalsh, D. A. (2012). Mechanisms and Targets of Angiogenesis and
Nerve Growth in Osteoarthritis. Nat. Rev. Rheumatol. 8, 390–398. doi:10.1038/
nrrheum.2012.80

Rhee, I. (2016). Diverse Macrophages Polarization in Tumor Microenvironment.
Arch. Pharm. Res. 39, 1588–1596. doi:10.1007/s12272-016-0820-y

Sharma, N., Drobinski, P., Kayed, A., Chen, Z., Kjelgaard-Petersen, C. F., Gantzel,
T., et al. (2019). Inflammation and Joint Destruction May Be Linked to the
Generation of Cartilage Metabolites of ADAMTS-5 through Activation of Toll-
like Receptors. Osteoarthritis and Cartilage 28, 658–668. doi:10.1016/j.joca.
2019.11.002

Tu, M., Yang, M., Yu, N., Zhen, G., Wan, M., Liu, W., et al. (2019). Inhibition of
Cyclooxygenase-2 Activity in Subchondral Bone Modifies a Subtype of
Osteoarthritis. Bone Res. 7, 29. doi:10.1038/s41413-019-0071-x

Veloso, P., Fernández, A., Terraza-Aguirre, C., Álvarez, C., Vernal, R., Escobar, A.,
et al. (2020). Macrophages Skew towards M1 Profile through Reduced CD163
Expression in Symptomatic Apical Periodontitis. Clin. Oral Invest. 24,
4571–4581. doi:10.1007/s00784-020-03324-2

Walsh, D. A., Bonnet, C. S., Turner, E. L., Wilson, D., Situ, M., and Mcwilliams, D.
F. (2007). Angiogenesis in the Synovium and at the Osteochondral junction in
Osteoarthritis. Osteoarthritis and Cartilage 15, 743–751. doi:10.1016/j.joca.
2007.01.020

Wang, C., Gong, Z., Hu, S., and Zhang, G. (2019). Metallothionein-1 Is Associated
with Osteoarthritis Disease Activity and Suppresses Proinflammatory
Cytokines Production in Synovial Cells. Int. Immunopharmacol. 75, 105815.
doi:10.1016/j.intimp.2019.105815

Wang, F., Li, J., Li, R., Pan, G., Bai, M., and Huang, Q. (2017). Angelicin Inhibits
Liver Cancer Growth In Vitro and In Vivo. Mol. Med. Rep. 16, 5441–5449.
doi:10.3892/mmr.2017.7219

Wei, D.-Z., Guo, X.-Y., Lin, L.-N., Lin, M.-X., Gong, Y.-Q., Ying, B.-Y., et al. (2016).
Effects of Angelicin on Ovalbumin (OVA)-Induced Airway Inflammation in a
Mouse Model of Asthma. Inflammation 39, 1876–1882. doi:10.1007/s10753-
016-0423-2

Wynn, T. A., and Vannella, K. M. (2016). Macrophages in Tissue Repair, Regeneration,
and Fibrosis. Immunity 44, 450–462. doi:10.1016/j.immuni.2016.02.015

Xie, H., Chu, L., Wu, L. Q., Fan, X. Y., Wang, P., Ma, S. Y., et al. (2020). Polarization
of Bone Marrow-Derived Macrophages Induced by Recombinant Trichinella
spiralis Cysteine Protease Inhibitors In Vitro. Zhongguo Xue Xi Chong Bing
Fang Zhi Za Zhi 32, 181–186. doi:10.16250/j.32.1374.2019245

Xu, X., Gu, S., Huang, X., Ren, J., Gu, Y., Wei, C., et al. (2020). The Role of
Macrophages in the Formation of Hypertrophic Scars and Keloids. Burns
Trauma 8, tkaa006. doi:10.1093/burnst/tkaa006

Yang, X., Chang, Y., andWei, W. (2020). Emerging Role of TargetingMacrophages
in Rheumatoid Arthritis: Focus on Polarization, Metabolism and Apoptosis.
Cell Prolif 53, e12854. doi:10.1111/cpr.12854

Zhang, H., Lin, C., Zeng, C., Wang, Z., Wang, H., Lu, J., et al. (2018). Synovial
Macrophage M1 Polarisation Exacerbates Experimental Osteoarthritis Partially
through R-Spondin-2. Ann. Rheum. Dis. 77, 1524–1534. doi:10.1136/
annrheumdis-2018-213450

Zhou, J., Li, Z., Wu, T., Zhao, Q., Zhao, Q., and Cao, Y. (2020). LncGBP9/miR-34a
axis DrivesMacrophages toward a Phenotype Conducive for Spinal Cord Injury
Repair via STAT1/STAT6 and SOCS3. J. Neuroinflammation 17, 134. doi:10.
1186/s12974-020-01805-5

Zhu, S., Zhu, J., Zhen, G., Hu, Y., An, S., Li, Y., et al. (2019). Subchondral Bone
Osteoclasts Induce Sensory Innervation and Osteoarthritis Pain. J. Clin. Invest.
129, 1076–1093. doi:10.1172/JCI121561

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Tian, Zeng, Zhao and Dong. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 66921311

Tian et al. Agelicin Alleviates Post-Trauma Osteoarthritis

https://doi.org/10.1016/S0140-6736(11)60243-2
https://doi.org/10.1016/S0140-6736(11)60243-2
https://doi.org/10.4049/jimmunol.1600476
https://doi.org/10.1002/jcp.29977
https://doi.org/10.1016/j.antiviral.2013.07.009
https://doi.org/10.1002/jbmr.3909
https://doi.org/10.1111/imm.12451
https://doi.org/10.1002/jcp.27537
https://doi.org/10.1002/jbmr.3364
https://doi.org/10.3892/mmr.2019.9999
https://doi.org/10.1016/S0140-6736(14)60802-3
https://doi.org/10.1016/S0140-6736(14)60802-3
https://doi.org/10.3390/jcm8101631
https://doi.org/10.1080/2162402X.2018.1494110
https://doi.org/10.1016/j.intimp.2020.106432
https://doi.org/10.1155/2017/2389487
https://doi.org/10.3892/or.2016.5166
https://doi.org/10.3389/fcimb.2018.00178
https://doi.org/10.3892/etm.2019.7741
https://doi.org/10.1016/j.joca.2014.12.016
https://doi.org/10.1038/nrrheum.2016.65
https://doi.org/10.24272/j.issn.2095-8137.2019.035
https://doi.org/10.1016/s1471-4906(02)02302-5
https://doi.org/10.1038/nrrheum.2012.80
https://doi.org/10.1038/nrrheum.2012.80
https://doi.org/10.1007/s12272-016-0820-y
https://doi.org/10.1016/j.joca.2019.11.002
https://doi.org/10.1016/j.joca.2019.11.002
https://doi.org/10.1038/s41413-019-0071-x
https://doi.org/10.1007/s00784-020-03324-2
https://doi.org/10.1016/j.joca.2007.01.020
https://doi.org/10.1016/j.joca.2007.01.020
https://doi.org/10.1016/j.intimp.2019.105815
https://doi.org/10.3892/mmr.2017.7219
https://doi.org/10.1007/s10753-016-0423-2
https://doi.org/10.1007/s10753-016-0423-2
https://doi.org/10.1016/j.immuni.2016.02.015
https://doi.org/10.16250/j.32.1374.2019245
https://doi.org/10.1093/burnst/tkaa006
https://doi.org/10.1111/cpr.12854
https://doi.org/10.1136/annrheumdis-2018-213450
https://doi.org/10.1136/annrheumdis-2018-213450
https://doi.org/10.1186/s12974-020-01805-5
https://doi.org/10.1186/s12974-020-01805-5
https://doi.org/10.1172/JCI121561
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Angelicin Alleviates Post-Trauma Osteoarthritis Progression by Regulating Macrophage Polarization via STAT3 Signaling Pathway
	Introduction
	Materials and Methods
	Reagents and Antibodies
	Cell Proliferation Assay Cell Counting Kit-8
	Cell Culture and Incubation
	RNA Isolation and Polymerase Chain Reaction
	Western Blotting
	Enzyme-Linked Immunosorbent Assay
	Mice
	Flow Cytometry
	Immunofluorescence
	Histopathologic Analysis
	Statistical Analysis

	Results
	Cytotoxicity Evaluation of Angelicin on Bone Marrow Monocytes
	M1 Macrophage is Repolarized in the Presence of Lipopolysaccharide/Interferon-γ and M2 Polarization is Protected by Angelic ...
	Angelicin Modulates M1/M2 Polarization via STAT3 Signal Pathway and Decreases the Secretion of Inflammatory Factors
	Angelicin Robustly Inhibits Lipopolysaccharide Induced M1 Polarization in vivo
	Angelicin Alleviates Osteoarthritis Development in DMM Mouse Model

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


