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ABSTRACT

Osteoarthritis (OA) is a disease characterized by degeneration of the joint complex due to cartilage
destruction. Fraxetin, a widely used and studied coumarin compound extracted from a traditional
Chinese herb (Qin Pi), has shown anti-inflammatory and antioxidant properties, but its effects on OA have
not been studied. In the present study, western blotting, immunofluorescence, and terminal deoxynu-
cleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) were used to evaluate the effects of fraxetin
on IL-1B-induced apoptotic activity, inflammatory responses, and catabolism in rat chondrocytes. The
results showed that fraxetin prevented IL-1p-induced apoptosis of chondrocytes and inhibited inflamma-
tory mediator release by regulating the Toll-like receptor 4 (TLR4)/myeloid differentiation primary
response 88 (MyD88)/nuclear factor (NF)-kB pathway in chondrocytes. Additionally, fraxetin suppressed
the upregulation of matrix metalloproteinase 13 (MMP13) and degradation of collagen II in the extracel-
lular matrix (ECM). Moreover, the effects of fraxetin in vivo were assessed in a monosodium iodoacetate
(MIA)-induced rat model of OA using hematoxylin and eosin (H&E) and Safranin O-fast green staining and
magnetic resonance imaging (MRI). The results showed that fraxetin protected the cartilage against
destruction. In conclusion, fraxetin could be a potential therapeutic for OA.
© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

limitation. OA results in considerable medical costs and debilitat-
ing effects on patients, and the present lack of disease-modifying

Osteoarthritis (OA) is a complex, degenerative form of arthritis
with a high incidence that causes pain, stiffness, and functional
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drugs needs to be addressed urgently (Callhoff et al., 2019). OA is
characterized by the loss of articular cartilage with ongoing struc-
tural, functional, and metabolic changes (Kovacs et al., 2019). There
is abundant evidence that chondrocyte apoptosis, inflammation,
and extracellular matrix (ECM) degradation lead to cartilage
degeneration and histological manifestations.

Apoptosis, which is strongly correlated with OA, has been found
in human OA chondrocytes, but not in normal chondrocytes
(Musumeci et al.,, 2015b). Apoptosis causes matrix degradation
and cartilage destruction (Musumeci et al., 2015a), which makes
it an important target in the regulation of cartilage degeneration
(Hwang and Kim, 2015). The caspase family of proteins has been
identified as a core effector of apoptosis. Caspase-8 initiates extrin-
sic apoptosis by activating caspase-3 (Van Opdenbosch and
Lamkanfi, 2019) and pro-inflammatory cytokines, such as inter-
leukin (IL)-1B, activate caspase family members.

Inflammation occurs during the early process of OA and
throughout its progression (Felson, 2006). Potent pro-
inflammatory cytokines such as IL-1B, tumor necrosis factor
(TNF)-o,, and IL-6 are key cytokines that induce apoptosis and
contribute to the destruction of cartilage (Liao et al., 2019;
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Woodell-May and Sommerfeld, 2020). Nuclear factor (NF)-kB is a
key transcription factor during this process, and p65/p50 is the
most common of its five subunits. Intrinsic signals that are depen-
dent on Toll-like receptor (TLR) activation have been found in OA
cartilage lesions (Kim et al., 2018). TLRs, as a family of surface
expression pattern recognition receptors (PRR), activate inflamma-
tory cytokines, especially TLR2 and TLRA4. In particular, TLR4 binds
to its ligand myeloid differentiation primary response 88 (MyD88),
and then activates NF-«xB to upregulate IL-18 and TNF-o (Huang
et al., 2019; Kim et al., 2018).

Increased catabolism in the articular cartilage ECM contributes
to the occurrence and aggravation of OA (Rahmati et al., 2017). The
ECM consists of gelatinous substances and collagen fibers includ-
ing type II collagen, which is the key component and a biomarker
of cartilage degradation. Matrix metalloproteinases (MMPs) such
as MMP-1, MMP-9, and MMP-13 are key catabolic enzymes in col-
lagen degradation and are secreted by chondrocytes. MMP-13
especially is a key regulator of cartilage destruction (Aspden and
Saunders, 2019; Chen et al., 2019; Kovacs et al., 2019; Liao et al.,
2019).

Fraxetin (7,8-dihydroxy-6-methoxycoumarin), an active ingre-
dient that is extracted from the herb Cortex Fraxini (also known
as Qin Pi in Chinese), was previously reported to alleviate tissue
inflammation and edema, and inhibit the production of lipoxyge-
nase and cyclooxygenase enzymes (Fylaktakidou et al., 2004).
These actions indicate its effects against inflammation and oxida-
tion (Fylaktakidou et al., 2004). There is currently no report on
the effects of fraxetin on OA. Therefore, in this study, we investi-
gated this phenomenon in rat chondrocytes and cartilage using a
monosodium iodoacetate (MIA)-induced rat model of OA for the
first time, focusing on three aspects: 1) inflammatory response,
2) ECM degradation; and 3) chondrocyte apoptosis.

2. Materials and methods
2.1. Chemicals

Fraxetin (CAS No. 574-84-5; purity > 98%; Fig. 1A) was
obtained from Aladdin Biochemical Technology (Shanghai, China).
Antibodies against TLR4, MyD88, NF-kB p65, inhibitor of NF-kB-o
(IxBat), IL-6, TNF-o, caspase-3, caspase-8, and B-actin, as well as
horseradish peroxidase (HRP) goat anti-rabbit and anti-mouse
immunoglobulin G (IgG) were obtained from ABclonal (Wuhan,
China). Antibodies against type II collagen and MMP-13 were from
Abcam (Cambridge, UK). Other reagents were from Beyotime
Biotechnology (Shanghai, China) unless otherwise specified. The
material used for the immunopharmacological experiments were
endotoxin-free, including fraxetin, all biologics, and synthetics.

2.2. MIA-induced OA rat model

Animal protocols used in this study were approved by the Lab-
oratory Animal Ethical and Welfare Committee of Xin Hua Hospi-
tal, which is affiliated with Shanghai Jiao Tong University School
of Medicine (Approval No. XHEC-F-2019-048). We used specific
pathogen free (SPF), Sprague-Dawley (SD) rats (Shanghai Institute
of Planned Parenthood Research [SIPPR]-BK Laboratory Animals
Co., Ltd., Shanghai, China). Every effort was made to minimize
the pain and suffering of the animals. Male SD rats (3-month-old,
180-220 g, n = 18, SPF) were purchased from SIPPR BK Laboratory
Animal Co., Ltd. The rats were housed for 1 week under controlled
conditions with temperature of 22 + 2 °C, 70% humidity, and a 12 h
dark/light cycle for environmental acclimation and provided stan-
dard laboratory chow and water. The rats were weighed and
intraperitoneally injected with 3% sodium pentobarbital
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(0.1 mL/100 g), the right knee joints of those used to establish
the model were disinfected with lodophor, and then 50 pL of
MIA (60 mg/mL, Aladdin Biochemical Technology Co. China) was
injected into the joint space. The control unmodeled and MIA plus
fraxetin-treated rats were similarly injected intra-articularly with
50 pL saline and fraxetin (5 mg-kg~!-day '), whereas the other rats
were intra-articularly injected with saline at an equal dose. Then,
4 weeks later, the rats were euthanized and the knee joints were
collected as described below.

2.3. Chondrocyte isolation and culture

Cartilage was separated from 4-week-old SPF, SD rats (Shanghai
Institute of Planned Parenthood Research [SIPPR]-BK Laboratory
Animals Co., Ltd., Shanghai, China). Primary chondrocytes were iso-
lated from twelve newborn SD rats that were sacrificed. To isolate
the cartilage from the muscle and connective tissue, the articular
cartilage around the knee joint was removed and dissected in asep-
tic conditions. The cartilage was cut into pieces and digested with
0.25% trypsin for 0.5 h, and then incubated overnight with 0.04%
collagenase II at 37 °C. Chondrocytes were obtained after centrifug-
ing (2000 rpm, 3 min). Next, the cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS) and penicillin-streptomycin (100 U/mL) at 37 °C. Only
primary chondrocytes were used for the subsequent studies.

2.4. Cell viability

The cell counting kit-8 (CCK-8) assay was used to determine cell
viability. Chondrocytes were plated into a 96-well plate (8 x 10°
cells/well) and cultured for 24-48 h until 80% cell confluency
was reached. Then, cells were treated with fraxetin (0, 1, 10, 50,
and 100 pM) alone or incubated with IL-18 (10 ng/mL) for 24 h.
After processing the treated cells with the kit reagents, the absor-
bance of the resultant solution was measured at a wavelength of
450 nm using a microplate reader (BioTek, Winooski, VT, USA).

2.5. Western blotting

Total proteins were extracted using radioimmunoprecipitation
assay (RIPA) buffer containing phenylmethanesulfonyl fluoride
(PMSF), separated by centrifugation, and the supernatant was aspi-
rated. The protein content was measured using a bicinchoninic
acid (BCA) assay kit. The total protein content (30 pg) of each sam-
ple was separated using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto a PVDF mem-
brane, which was then blocked using a fast-blocking solution. The
membrane was then incubated with primary antibodies overnight
at 4 °C, followed by the corresponding secondary antibody at 37 °C
for 1 h. The immunoreactive bands were detected using enhanced
chemiluminescence (ECL) and the blots were analyzed using the
ChemiDoc MP imaging system (Bio-Rad, Santa Rosa, CA, USA).

2.6. Immunofluorescence staining

Chondrocytes were seeded in 96-well plates, incubated with IL-
1B (10 ng/mL) in the presence or absence of fraxetin (50 uM), and
fixed with 4% paraformaldehyde (PFA) for 0.5 h, followed by per-
meabilization with 0.2% Triton X-100 for 5 min. The cells were then
incubated with 5% bovine serum albumin (BSA) for 0.5 h, followed
by a primary antibody against type II collagen (1:1000) at 4 °C
overnight. After that, they were washed by phosphate-buffered
saline (PBS). This was followed by incubation with a secondary
antibody at 37 °C in the dark for 1 h and then 4,6-diamidino-2-
phenylindole (DAPI). The chondrocytes were observed using a flu-
orescence microscope (Olympus, Tokyo, Japan).
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Fig. 1. Effects of fraxetin on chondrocyte viability. (A) Chemical structure of fraxetin. (B) Chondrocytes were incubated with fraxetin alone for 24 h and analyzed using cell
counting kit (CCK)-8 assay and no significant difference was found. (C) Chondrocytes were incubated with fraxetin and exposed to interleukin (IL)-1p for 24 h and analyzed
using the CCK-8 assay. *P < 0.05 vs. Control group. *P < 0.05 and **P < 0.01 vs. IL-1p group.

2.7. Terminal deoxynucleotidyl transferase (TdT) dUTP nick-end was used to detect apoptosis. Images were captured using a fluo-
labeling (TUNEL) staining rescence microscope.

The apoptosis of chondrocytes in each group was measured
using TUNEL staining. The chondrocytes were incubated with or 2.8. MRI scanning
without fraxetin (50 uM) in combination with IL-18 for 24 h. Next,
the chondrocytes were fixed by 4% PFA in PBS for 30 min, incu- MRI images were captured using 11.7 t Bruker Ultra High Field
bated with hydrogen peroxide for 10 min, and then with PBS con- at the Zhangjiang International Brain Imaging Center, Fudan. The
taining Triton X-100 for 2 min, followed by the TUNEL reaction rat knee joints were imaged in the same position in sagittal slice
system at 37 °C for 1 h in the dark. Finally, the chondrocytes were orientation ensuring that the femoral and tibial articular cartilage
stained with DAPI for 5 min and an in situ cell death detection kit were in direct contact in the central slice.
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Fig. 2. Effects of fraxetin on chondrocyte apoptosis. (A) Western blot analysis. ( ) Quantification of caspase-3 and caspase-8 protein expression. (D) Terminal
deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL). (E) Quantification of detected apoptotic activity. ***P < 0.001 (vs. control group); *P < 0.05 and *#P < 0.01
vs. control and IL-1B groups, respectively, n = 3.
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2.9. Histological staining

The degree of cartilage degeneration was evaluated using H&E
and Safranin O-fast green staining. The rat knee joints were har-
vested, fixed, decalcified, embedded in paraffin, and cut into
5 um continuous histological sections. Two serial sections from
the middle were analyzed using H&E and Safranin O-fast green
staining. The Osteoarthritis Research Society International (OARSI)
and Mankin’s scores were used to evaluate the degeneration of
cartilage.

2.10. Statistical analysis

Data are presented as means * standard error of the mean
(SEM). A one-way analysis of variance (ANOVA) with Tukey’s mul-
tiple comparison test was used to calculate the statistical differ-
ences. Statistical significance was accepted when P < 0.05.

3. Results
3.1. Effects of fraxetin on chondrocyte viability

The CCK-8 analysis was used to test the effect of fraxetin on
chondrocyte viability and 0, 1, 10, 50, and 100 pM showed no obvi-
ous toxicity at 24 h (Fig. 1B). Moreover, fraxetin partially inhibited
the IL-1p-induced chondrocyte apoptosis (Fig. 1C). As the response
to IL-1pB plateaus at concentrations above 50 uM, we used 10 uM
and 50 uM fraxetin for subsequent experiments. Therefore, frax-
etin may exhibit cytoprotective effects on chondrocytes stimulated
by IL-1B.
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3.2. Effects of fraxetin on chondrocyte apoptosis

The effects of fraxetin on apoptosis of rat chondrocytes were
evaluated. The TUNEL assay showed that fraxetin attenuated IL-
1B-induced apoptotic activity (Fig. 2D and 2E) and suppressed
the expression of caspase-3 and caspase-8 (Fig. 2A-C).

3.3. Anti-inflammatory action of fraxetin on chondrocytes

The effects of the different interventions on the expression of
OA-relative inflammatory proteins and genes were detected using
western blotting. The IL-1B-induced increase in protein expression
levels of TLR4, MyD88, NF-kB p65, TNF-o, and IL-6 was decreased
when treated with fraxetin. Moreover, the protein expression of
IkBo was decreased by IL-1B and increased using fraxetin treat-
ment (Fig. 3). These results indicate that fraxetin suppressed
inflammatory activity via the TLR4/MyD88/NF-xB pathway.

3.4. Protective effect of fraxetin against ECM degradation in
chondrocytes

The western blot results showed that the IL-1B-induced
increase in the degradation of type Il collagen and secretion of
MMP-13 was inhibited by fraxetin treatment (Fig. 4A-C). In addi-
tion, the immunofluorescence results revealed that the IL-1B-
induced increase in type Il collagen content was effectively
reversed by fraxetin (Fig. 4D).

3.5. Protective effect of fraxetin on cartilage in MIA-induced OA rats

Both the Mankin’s and OARSI scores of MIA-induced OA rats
were significantly higher than those of rats in the sham group,
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Fig. 3. Effects of fraxetin on inflammatory factor expression in chondrocytes. (A) Western blot analysis. (B-G) Quantification of Toll-like receptor 4 (TLR4), myeloid
differentiation primary response 88 (MyD88), nuclear factor (NF)-kB p65, inhibitor of NF-kB-a (IkBat), tumor necrosis factor (TNF)-o, and IL-6 expression. **P < 0.01 vs.
control group; *P < 0.05 and *#P < 0.01 vs. IL-1p group, n = 3.
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Fig. 4. Protective effect of fraxetin against extracellular matrix (ECM) degradation in chondrocytes. (A) Western blot analysis. (B, C) Quantification of collagen Il and matrix
metalloproteinase (MMP)-13 expression levels. **P < 0.01 and *P < 0.05 vs. control and IL-1p groups, respectively, n = 3. (D) Immunofluorescence detection of collagen II.

whereas fraxetin reduce the scores (Fig. 5C and 5D). Severe carti-
lage destruction was found in the MIA group, whereas fraxetin
reduced this effect. The MRI showed considerable cartilage dam-
age, erosions, defects, and focal thickening in the MIA group,
whereas fraxetin treatment alleviated these OA symptoms
(Fig. 5E). These results show that fraxetin attenuated cartilage
degeneration in the rat OA model.

4. Discussion

OA has been shown to be a major contributor to global disabil-
ity (Cross et al., 2014). The aging world population and increasing
incidence of obesity has substantially increased the demand for
OA-related medical services (Cross et al., 2014). Presently, more
effective therapeutic drugs for OA are being explored. In the patho-
logical process of OA, chondrocyte apoptosis, inflammation, and
matrix catabolism play an important role and may create a vicious
cycle of events.

Traditional medicinal plants are promising therapies for OA and
many have been shown to be effective in vitro and in vivo; how-
ever, their mechanisms of action are often uncertain and there is
a lack of human clinical evidence (Dragos et al., 2017). Fraxetin
has shown antioxidant and anti-inflammatory properties in hep-
atic fibrosis (Chen et al., 2018; Wu et al., 2019), neuroblastoma
cells (Molina-Jiménez et al., 2004, 2005), intestinal inflammatory
disease (Witaicenis et al., 2014), and atherosclerosis (Thuong
et al., 2009). Fraxetin has also been reported to inhibit osteoclast
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differentiation and formation by suppressing p38 signaling
in vitro and in vivo (Liao et al., 2018).

In our study, the effects of fraxetin on rat chondrocytes stimu-
lated by IL-1B were studied for the first time, to the best of our
knowledge. Furthermore, the potential underlying mechanisms
were preliminarily explored and phenotypic validation was per-
formed in rats.

Apoptosis of OA chondrocytes was detected, indicating its
importance in the progression of OA (Musumeci et al., 2015). Frax-
etin is not directly cytotoxic but it scavenges superoxide anion free
radicals, which may have protective effects at leukocyte activation
sites in the presence of inflammation (Paya et al., 1994). This
notion is supported by our findings that chondrocyte viability did
not decrease following incubation with fraxetin. Moreover, the cell
viability was decreased significantly by stimulation with IL-1B, and
this negative effect was inhibited by fraxetin. These results showed
that fraxetin was non-toxic to chondrocytes and effectively inhib-
ited IL-1B-induced apoptosis.

The TUNEL method was used to further explore the effect of
fraxetin on chondrocyte apoptosis, and showed that fraxetin inhib-
ited apoptosis induced by IL-1p. Caspases, the key apoptotic mole-
cules, are activated in both the extrinsic and intrinsic pathways of
apoptosis (Musumeci et al., 2015). Furthermore, caspase inhibitors
are the most studied apoptotic inhibitors of OA (Hwang and Kim,
2015). Caspases possess different structures and functions, which
determine whether they trigger inflammation or apoptosis.
Caspase-3 and caspase-8 are apoptotic, but caspase-3 is the key
effector caspase. Caspase-8, as an initiator caspase, activates
caspase-3 to trigger apoptosis (Van Opdenbosch and Lamkanfi,
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Fig. 5. Effects of fraxetin on histomorphology of monosodium iodoacetate (MIA)-induced osteoarthritis (OA) rat model. (A) Hematoxylin and eosin (H&E). (B) Safranin O-fast
staining of articular cartilage sections (40 x magnification). (C) Assessment of cartilage destruction using Osteoarthritis Research Society International (OARSI). (D) Mankin’s
scores. **P < 0.01 and #P < 0.05 vs. sham and MIA groups, respectively, n = 6. (E) Magnetic resonance imaging (MRI) of rat knee joints of each group.

2019). Fraxetin has also been reported to inhibit caspase-8 and
caspase-3 activation, which is mediated by Fas signaling in MG-
63 cells (Kuo et al., 2006). In our study, fraxetin inhibited the
expression of caspase-8 and caspase-3 induced by IL-1B, suggest-
ing that fraxetin suppressed apoptosis, which was consistent with
the TUNEL results.

Chronic inflammation is an inducer and aggravating factor of
OA. Pro-inflammatory cytokines are key mediators in the patholog-
ical progression of OA. Common inflammatory cytokines such as
TNF, IL-1 B, and IL-6 accelerate the pathological progress of OA
(Liu-Bryan and Terkeltaub, 2015; Urban and Little, 2018). Addi-
tionally, TNF-o and IL-1B induce ECM denaturation, thereby mak-
ing the ECM a major therapeutic target (Kapoor et al.,, 2011). In
our study, the expression of TNF-a and IL-6 induced by IL-1B in
chondrocytes was decreased by fraxetin, indicating that it regu-
lated inflammation.

NF-xB is recognized as a key transcription factor that induces
chondrocyte apoptosis, cartilage metabolism, and inflammation
(Choi et al., 2019; Lepetsos et al., 2019). The inhibition of NF-xB
has been demonstrated to reduce catabolic gene expression (Choi
et al., 2018), whereas its knockdown attenuates early inflammation
(Yan et al., 2016). Stimulation by pro-inflammatory cytokines such
as TNF-a, IL-6, and ECM degradation products activates the NF-xB
pathway in chondrocytes, leading to aggravation caused by inflam-
mation and cartilage destruction (Kapoor et al., 2011; Rigoglou and
Papavassiliou, 2013). This study showed that fraxetin reduced the
nuclear translocation of NF-kB p65. IkBa is an important factor in
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the NF-xB pathway and degradation of IkB enables NF-kB protein
to translocate to the nucleus (Li and Verma, 2002). The results of
this study showed that fraxetin inhibited IL-1B-induced
degradation of IkBo. Therefore, we speculated that the anti-
inflammatory mechanism of fraxetin may involve the NF-xB
pathway.

The TLR4 signaling pathway is involved in inflammation and
catabolism of chondrocytes, initiating the destruction of articular
cartilage (Lei et al., 2019). TLR4 is an effective target for blocking
damage-associated molecular pattern (DAMP)-mediated OA
lesions. TLR4 activates its ligand MyD88 via classical pathways,
which further phosphorylate NF-kB, promoting innate immune
responses (Gomez et al., 2015). This study showed that fraxetin
decreased the expression of TLR4, MyD88, and NF-kB p65 in IL-
1B-induced chondrocytes. Therefore, fraxetin may regulate inflam-
mation in OA through the TLR4/MyD88/NF-kB pathway.

NF-xB enters the nucleus, where it is phosphorylated following
stimulation; thus, NF-kB promotes the expression of MMPs and
leads to cartilage matrix degradation (Zhang et al., 2019). MMPs
and collagenase produced by IL-1p-stimulated chondrocytes are
important proteolytic enzymes for ECM degradation. The expres-
sion of MMPs enhances the inflammatory and oxidative state. Col-
lagen accounts for more than 50% of the dry weight of cartilage.
Type II collagen, which is unique to cartilage, is the main macro-
molecule of the ECM, accounting for more than 90% of the total tis-
sue collagen (Martel-Pelletier et al., 2008). In this study, fraxetin
inhibited the degradation of collagen II and secretion of MMP-13,
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which indicates that fraxetin may protect the ECM against
degradation.

In addition, these effects were further confirmed in vivo. MRI of
OA joint samples can be used to clearly evaluate changes in bio-
chemical components and tissues around the joint (Hayashi
et al,, 2018). The 11.7 T MR images of the rat knee joints showed
the degree of cartilage destruction. The focal thickening in cartilage
appeared to be edema, which may have been caused by inflamma-
tion and matrix degradation products. The progress of cartilage
erosions, defects, and destruction in rats was alleviated by fraxetin
treatment, indicating that fraxetin slowed the progress of cartilage
destruction in OA rats. The degree of subchondral bone injury was
evaluated using OARSI and Mankin’s scores and the values of the
MIA plus fraxetin group were lower than those of the MIA group
alone. Therefore, fraxetin showed protective effects against carti-
lage destruction in vivo.Conclusion

Collectively, our findings demonstrate that fraxetin suppressed
IL-1B-induced inflammation via the TLR4/MyD88/NF-xB pathway
in rat chondrocytes. Moreover, fraxetin inhibited apoptosis and
matrix degradation in chondrocytes. The in vivo experiments con-
firmed that fraxetin delayed the destruction of cartilage in MIA-
induced OA rats. Finally, to the best of our knowledge, this study
is the first to reveal the effects of fraxetin on OA and OA chondro-
cytes isolated from a (MIA)-induced rat model and its possible
mechanism of action, thereby providing preliminary data for a
potential new drug candidate for OA. However, while the
mechanism of its effects on OA was preliminarily explored in our
study, a more in-depth, effective mechanism needs to be explored
to better understand its pharmacological effects to truly benefit
mankind.
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