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Abstract

Background: Osteoarthritis (OA), mainly caused by severe joint degeneration, is often accompanied by joint pain
and dysfunction syndrome. Inflammatory mediators and apoptosis play key roles in the evolution of OA. It is reported
that daphnoretin has significant antiviral and anti-tumor values. The present study aims at investigating the role of
daphnoretin in OA.

Methods: The OA mouse model was constructed by performing the destabilization of the medial meniscus through
surgery, and the OA cell model was induced in ATDC5 chondrocytes with IL-1(3 (10 ng/mL) in vitro. Chondrocyte
viability and apoptosis were measured by 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide (MTT),
Caspase-3 activity, and flow cytometry. The levels of COX-2, iNOS, TNF-q, IL-6, Bax, Bcl2, cleaved-Caspase3, endoplas-
mic reticulum stress (ERS) proteins (GRP78, CHOP, ATF6, and Caspase-12), and NLRP3-ASC-Caspasel inflammasome
were determined by quantitative real-time PCR or western blot. The concentrations of TNF-q, IL-6, and PGE2 were
tested by enzyme-linked immunosorbent assay. The content of nitrates was detected by the Griess method. In vivo,
morphologic differences in knee joint sections and the thickness of the subchondral bone density plate in mice were
observed by hematoxylin—eosin (H&E) staining and safranin O-fast green staining.

Results: Daphnoretin effectively choked IL-13-induced chondrocyte apoptosis and facilitated cell viability. Daph-
noretin dose-dependently abated ERS, inflammatory mediators, and the activation of NLRP3 inflammasomes in IL-1(3-
induced chondrocytes. What's more, in vivo experiments confirmed that daphnoretin alleviated OA progression in a
murine OA model by mitigating inflammation and ERS.

Conclusion: Daphnoretin alleviated IL-13-induced chondrocyte apoptosis by hindering ERS and NLRP3
inflammasome.
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Introduction

Osteoarthritis (OA) is a chronic and progressive joint dis-
ease accompanied by the reduction of chondrocytes and
disintegration of the cartilage matrix. As a complicated
degenerative disease affecting the whole joint, OA is
pathologically associated with degeneration of knee car-
tilage, subchondral bone and synovium, meniscal dam-
age, inflammation and fibrosis of the infrapatellar fat pad,
which lead to joint pain and motor dysfunction [1, 2].
Although an increasing number of scholars are devoted
to studying the molecular mechanism of OA, no break-
through has been made due to its complex pathogenesis
[3]. In a recent study, OA is reported to cause joint pain
and deformity and contribute to cardiovascular diseases
[4, 5]. Hence, it is crucial to probe the pathogenesis of
OA and prevent its development.

Daphnoretin, with the molecular formula C,4H,;,0,,
is widely distributed in plant species, such as Legumi-
nosae and Glycosmis pentaphylla (Rutaceae). As a natural
dicoumarin component, daphnoretin has tumor-sup-
pressive and antiviral effects [6]. For example, daphnore-
tin represses colon cancer cell migration and invasion
by choking the Akt pathway [7]. Also, daphnoretin has a
significant effect on cervical cancer [8]. Moreover, daph-
noretin, one of the main components identified in E.
papyrifera extracts, relieves bone loss in animal models

of ovariectomy-induced osteoporosis [9]. However, little
is known about the role of daphnoretin in OA.

The endoplasmic reticulum (ER) is the main place for
cells to process proteins and store calcium ions, and it is
susceptible to stress. Misfolding and unfolding protein
aggregation in the lumen and disturbance of calcium bal-
ance are called endoplasmic reticulum stress (ERS) [10].
Multiple studies have testified that pranoprofen damp-
ens ERS-mediated chondrocyte apoptosis to alleviate OA
[11]. In addition, Chen D et al. found that salidroside, a
promising therapeutic drug for OA, ameliorates OA by
mitigating inflammation and ERS [12]. These findings
suggest that weakening ERS and chondrocyte apopto-
sis can delay OA progression. However, it is not clear
whether daphnoretin exerts protective effects against OA
by modulating ERS.

The NLRP3 inflammasome is a high-molecular-weight
protein complex containing NOD-like receptor protein
3 (NLRP3), the apoptosis-associated speck-like protein
containing CARD (ASC) and Caspase-1. The NLRP3
inflammasome contributes to multiple processes, such as
cell immune damage, apoptosis, and inflammation [11,
13]. Several studies have demonstrated that the NLRP3
inflammasome is extensively involved in OA develop-
ment. For example, icariin mitigates OA by hindering
the NLRP3/Caspase-1 signaling-mediated apoptosis
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[14]. Also, Wang et al. discovered that ursolic acid eases
inflammatory reactions by inactivating the NF-«xB/
NLRP3 inflammasome, thereby preventing cartilage
degeneration in OA [15].

Presently, we aimed to investigate the function and
specific mechanism of daphnoretin in OA by establish-
ing in vitro and in vivo OA models. Our data exhibited
that daphnoretin suppresses IL-1p-induced chondrocyte
apoptosis in vitro and improved cartilage injury of knee
joint of the OA mouse model. Moreover, daphnoretin
mitigated ERS and NLRP3 inflammasome activation both
in vitro and in vivo. All over, we hope this study brings
novel insights into OA treatment.

Materials and methods

Chondrocyte culture

ATDCS5 chondrocytes were ordered from the Cell Center
of the Chinese Academy of Sciences (Shanghai, China)
and cultured in an RPMI1640 medium comprising 10%
fetal bovine serum (FBS) and 1% penicillin/streptomy-
cin (Invitrogen, CA, USA) at 37 °C with 5% CO,. The
medium and FBS were provided by Thermo Fisher Sci-
entific (MA, USA). During the cells’ logarithmic growth
phase, 0.25% trypsin (Thermo Fisher HyClone, Utah,
USA) was utilized for trypsinization and sub-culture.

Drug treatment

Daphnoretin (Article No.:. HY-N0699), the NLRP3
inflammasome inhibitor CY-09 (Article No.: HY-103666),
and the ERS inhibitor 4-PBA (Article No.: Hy-a0281)
were acquired from MedChemExpress (SH, USA). Daph-
noretin, CY-09, and 4-PBA were dissolved in 10% DMSO.
Then, they were diluted in 0.9% normal saline (NS).
In vitro, chondrocytes were treated with IL-1$ (Pepro-
Tech Inc., NJ, USA) alone (10 ng/ml) or in combination
with different doses of daphnoretin (0, 0.5, 1, 2, 4, 8,
16, 32 uM) for 48 h, and/or received 1 nM of 4-PBA or
CY-09 treatment in the medium.

3-(4,5)-Dimethylthiahiazo
(-z-y1)-3,5-di-phenytetrazoliumromide (MTT) assay
ATDC5 chondrocytes at the logarithmic growth stage
were seeded into 96-well plates at 5 x 10 cells/mL and
cultured for 24 h after trypsinization. Subsequently, the
primary medium was discarded, and daphnoretin at dif-
ferent doses (0, 0.5, 1, 2, 4, 8, 16, 32, 64, 128, 256, and
512 uM) was added for further culture for 48 h. Five
repetitive wells were set for each experimental group.
Next, the medicated medium was discarded, and the
MTT solution (Sigma-Aldrich, St. Louis, MO) (5 mg/mL)
was added to each well and maintained for another four
hours. Then, the supernatant was discarded, and 200 pL
DMSO was added to each well for shaking incubation for
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1.5 h. The absorbance was measured at 570 nm using a
Thermo Multiskan FC microplate reader.

Flow cytometry

ATDC5 chondrocytes in the logarithmic phase were
collected to make single-cell suspensions (1 x 10°
cells/ml) and inoculated in a 25 cm? culture bottle
(each bottle contained 5 mL cell suspension). After
cell adherence, the original medium was discarded.
The experimental group was supplemented with the
medium containing 0.3% FBS, and an equal volume
of PBS was spiked into the control group. Then, the
two mediums were incubated at 37°C with 5% CO, for
24 h. Afterward, the supernatant was harvested and
cleared with cold PBS three times. Next, the cells were
trypsinized with EDTA-free trypsin and collected. The
remaining steps were performed following the Annexin
V-PI Apoptosis Kit (Southern Biotechnology, Birming-
ham, Al, USA) instructions, and cell apoptosis was cal-
culated by flow cytometry within 1 h.

Quantitative real-time PCR (qRT-PCR)

Total RNA in the cells or tissues was isolated with the
TRIzol reagent. Genomic DNA was removed using
Ambion™ DNase I(RNase-free) (Cat.No.AM2222,
Invitrogen). Then, 1 ug of the extracted total RNA
was reversely transcribed into cDNA with the Prime-
Script’" RT Reagent Kit (Invitrogen, Shanghai, China).
The Bio-Rad CFX96 quantitative PCR system and SYBR
Green qPCR Master Mix were purchased from Med-
ChemExpress (Cat.No. HY-K0501, NJ, USA) that were
employed for qRT-PCR, which was performed with
predenaturation for 5 min at 95 °C, denaturation for
15 s at 95 °C, and annealing for 30 s at 60 °C. Gapdh
was the internal reference of Cox-2, iNOS, Tnf-a, and
11-6, with the 2724¢Y method for statistics. qRT-PCR

Table 1 Primers used in this study

Genes Primer sequences (5’ — 3’)

Tnf-a Forward: AGCCCCCAGTCTGTATCCTT
Reverse: CTCCCTTTGCAGAACTCAGG
-6 Forward: AGTTGCCTTCTTGGGACTGA
Reverse: TCCACGATTTCCCAGAGAAC
Forward: GCGAGCTAAGAGCTTCAGGA
Reverse: TCATACATTCCCCACGGTTT
inos Forward: CACCTTGGAGTTCACCCAGT
Reverse: ACCACTCGTACTTGGGATGC
Forward: AACTTTGGCATTGTGGAAGG

Reverse: ACACATTGGGGGTAGGAACA

Cox2

Gapdh
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was implemented three times. The primers were syn-
thesized by Guangzhou Ribo Biotechnology Co., Ltd.
The primer sequences of each gene are exhibited in
Tablel.

Western blot (WB)

ATDC5 cells were washed with cold PBS three times.
Then, 100~200 pL RIPA lysate (P0013K, Beyotime Bio-
technology, Shanghai, China) was added to the cells for
ultrasonic lysis in ice water, which was supplemented
with protease inhibitor phenylmethanesulfonyl fluo-
ride (PMSEF, 1 mM) (Roche, Catalog No.10837091001).
The protein content was determined by the Bradford
method. 30 pg of total protein from each set of samples
was separated by electrophoresis on 10% SDS-PAGE and
then transferred to the polyvinylidene fluoride (PVDF)
membranes (Millipore, Bedford, MA, USA). The mem-
branes were blocked at 4 °C for one hour and then main-
tained at 4 °C overnight with the following primary
antibodies (concentration 1: 1000): Anti-COX-2 anti-
body (ab15191), Anti-iNOS antibody (ab15323), Anti-
Bax antibody (ab32503), Anti-cleaved caspase3 antibody
(ab2302), Anti-Bcl2 antibody (ab182858), Anti-NLRP3
antibody (ab214185), Anti-ASC antibody (ab180799),
Anti-Caspase-1 antibody (ab74279), Anti-GRP78 anti-
body (ab21685), Anti-CHOP antibody (ab11419), Anti-
ATF6 antibody (ab122897), Anti-Caspase-12 antibody
(ab62484), and Anti-GAPDH antibody (ab181602). After
being rinsed with TBST twice, the membranes were
kept at room temperature for one hour with fluorescein-
labeled Goat anti-Rabbit IgG (ab205718, 1:2500). The
above antibodies were all provided by Abcam (Cam-
bridge, UK). After three washes, the membranes were
exposed to ECL chromogenic agents (Millipore, Bedford,
MA, USA) and imaged with a membrane scanner.

Enzyme-linked immunosorbent assay (ELISA)

Followed by IL-1B and or daphnoretin treatment, the
supernatants were collected and centrifugated (1000 rpm
for 10 min at 4 °C). Determination of inflammatory fac-
tors (including TNF-a, IL-6, and PGE2) in the super-
natant was carried out following the instructions of the
related detection kits, including TNF-a (Cat.No. H052-
1), IL-6 (Cat.No. H007-1-1), and PGE2 (Cat.No. H099-1)
(Nanjing Jiancheng Bioengineering Institute, China).

Caspase-3 activity test

The Caspase-3 activity detection kit (Cat.No. C1116,
Beyotime, Shanghai, China) was adopted to test the cas-
pase-3 activity in chondrocytes. 40 pL detection buffer,
50 pL sample, and lysis buffer were successively added to
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the 96-well plates, followed by the addition of 10 pL Ac
DEVD pNA (2 mM) for treatment. After incubation at
37 °C for 60—120 min, the absorbance of Caspase-3-cata-
lyzed pNA in different samples was monitored at 450 nm
with a Thermo microplate reader (Multiskan FC).

Establishment of the mouse OA model

Fifty 8-10-week-old C57BL/6 male wild-type mice were
ordered from the Animal Experiment Center of Wuhan
University (Wuhan, China). Mice were randomized into
(1) the sham operation group (sham, N=15), (2) the OA
group (received intraperitoneal injections of DMSO,
N=15), (3) the daphnoretin group (received intraperito-
neal injection of daphnoretin at 10 mg/kg/d, N=15), and
(4) the OA 4+ Daphnoretin group (received intraperito-
neal injection of daphnoretin following OA modeling at
10 mg/kg/d, N=15). The mice were administered with
daphnoretin by intraperitoneal injection (daily for the
first week postsurgery, and 3 days once during the next
7 weeks) for 8 weeks following surgery. Eight weeks after
the surgery, the mice were sacrificed, and their knee
joints were taken for histopathological examination. The
mice in sham group were sham-operated. Destabiliza-
tion of the medial meniscus (DMM) was performed to
induce the mouse OA model [5]. Briefly, the mice were
anesthetized, and their right knee capsules were cut
from the medial patellar tendon in the OA group and the
OA + Daphnoretin group. Microsurgical scissors were
utilized to cut open the medial meniscus ligament. In
contrast, in the sham group, only the joint capsule was
cut open, and the medial meniscus ligament was not
damaged. Mice were executed 8 weeks after the opera-
tion, and their knees were harvested for histopathologi-
cal analysis. All animal tests were implemented as per the
guidelines granted by the Ethics Committee of Huangshi
Central Hospital, Affiliated Hospital of Hubei Polytech-
nic University (Approve No. HSCH-2020022, 2020).

Histopathological analysis

The mice’s knee joints were fixed in 4% paraformal-
dehyde for 48 h, decalcified in 10% EDTA solution for
one month, dehydrated with gradient ethanol, paraffin-
embedded, and cut into 6 pM-thick sections. Hematox-
ylin—eosin (H&E) staining and the Modified Safranine
O-Fast Green FCF Cartilage Stain (S—-O) Kit (Solarbio,
Beijing, China) were employed in the sham group, the
OA group, and the OA + Daphnoretin group. Histomor-
phological scores were applied to each group of mice, and
morphological differences in the stained knee sections
in each group were inspected by the blind microscope
method. The articular cartilage damage was evaluated
according to the International Society for the Study of
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Osteoarthritis (OARSI) scoring system [11]. According to
the previous description [16], the thickness of the infe-
rior medial plate of cartilage from the staining sections
was measured utilizing the Axio Vision software. Carti-
lage assessments were carried out by experimenters who
were unaware of the animal experiments. TRAP stain-
ing was applied to examine the number of mature osteo-
blasts. The sections of mouse knee joints were subjected
to incubation for two hours with the working solution of
the TRAP staining kit (G1050, Wuhan Servicebio Tech-
nology Co., Ltd.). The slides were laundered three times
during distillation and then stained with hematoxylin for
five minutes. Afterward, the sections underwent dehy-
dration, clearing and sealing with neutral gum. Five fields
of view were randomly chosen for each section, and the
staining results were observed using an Olympus DP71
light microscope.

The Griess method

ATDCS5 chondrocytes (3 x 10° cells/well) were inoculated
in 6-well plates and cultured. 24 h later, the cells were
exposed to daphnoretin with different doses (1, 2, 4 uM)
and/or CY-09 (1 nM) for 24 h before the IL-1$ (10 ng/
mL) treatment. The cells were then cultured for another
24 h and measured with a spectrophotometer to obtain
the optical density. The concentration of nitric oxide
(NO) was examined using the Griess reagent [17].

Data analysis

The SPSS software (Version 20.0, Chicago, IL, USA)
was employed for data analysis. All data were expressed
as meanz+tstandard deviation. Student’s t test was
used for analyzing the differences of quantitative vari-
ables between two groups. For multi-group data, one-
way ANOVA analysis was performed, followed by
Bonferroni’s post hoc analysis. P<0.05 presented statisti-
cal significance.

Results

Cytotoxicity of daphnoretin on chondrocytes

First, we treated ATDCS5 cells with daphnoretin at differ-
ent doses (0.5, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512 pM) for
48 h to gauge the cytotoxicity of daphnoretin (the molec-
ular chemical structure is displayed in Fig. 1A) on chon-
drocytes. Cell viability was tested by MTT, and an IC50
value of 72.97 uM in ATDC5 cells was determined for
daphnoretin (Fig. 1B). As reported, IL-1f contributes to
chondrocyte inflammation and apoptosis [18]. Therefore,
IL-1P (10 ng/mL) was applied to construct the OA model
in vitro, and ATDCS5 cells were treated with daphnore-
tin (1, 2, 4 uM). Interestingly, After IL-1f treatment, cell
viability was distinctly dampened, while the daphnoretin
intervention increased cell viability dose-dependently
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versus the IL-1f group (P<0.05, Fig. 1C). Flow cytometry
results revealed that the chondrocyte apoptosis increased
significantly after IL-1B stimulation, while it decreased
dose-dependently after 48 h of pretreatment with daph-
noretin (P<0.05, Fig. 1D). WB outcomes displayed that
the pro-apoptotic proteins Bax and cleaved-caspase3
were up-regulated, while the apoptosis-inhibitory protein
Bcl2 was down-regulated after the IL-1p treatment. On
the contrary, Bax and cleaved-caspase3 were down-reg-
ulated, while Bcl2 was up-regulated in the IL-1 4 Daph-
noretin group versus the IL-1p group (P<0.05, Fig. 1E).
The caspase-3 activity assay kit was applied to clarify
the effects of daphnoretin on chondrocyte apoptosis.
As exhibited in Fig. 1F, the Caspase-3 activity of chon-
drocytes was facilitated after IL-1B treatment, while it
decreased notably after 48 h of daphnoretin pretreat-
ment. Hence, daphnoretin enhanced the mouse chondro-
cyte viability and abated apoptosis.

Daphnoretin abated IL-1B-induced ERS in chondrocytes
We treated IL-1f (10 ng/mL)-induced chondrocytes
with daphnoretin at different doses (1, 2, 4 uM) to study
the effect of daphnoretin on ERS in OA. The expres-
sion of ERS markers (GRP78, CHOP, ATF6, and Cas-
pase-12) was compared by WB. The results illustrated
that the levels of the above ERS markers were uplifted
in the IL-1P group versus the control group, while daph-
noretin dose-dependently attenuated their levels versus
the IL-1PB group (P<0.05, Fig. 2A). These findings sug-
gested that daphnoretin attenuated IL-1B-induced ERS in
chondrocytes.

Daphnoretin declined the expression of IL-1B-induced
inflammatory mediators and the activation of NLRP3
inflammasomes in chondrocytes

Therefore, we conducted qRT-PCR to clarify the expres-
sion of Cox-2, inos, Tnf-a, and Il-6. It turned out that
these inflammatory factors were up-regulated after
IL-1P treatment, while they were attenuated after daph-
noretin intervention (compared with the IL-13 group)
(P<0.05, Fig. 3A). WB was conducted to examine the
levels of COX-2 and iNOS, and the results were con-
sistent with those of qRT-PCR (P<0.05, Fig. 3B). The
outcomes of the Griess method demonstrated that the
IL-1P treatment alone elevated the NO content. In con-
trast, compared with the IL-1f group, daphnoretin dose-
dependently declined the NO content (P<0.05, Fig. 3C).
The concentrations of TNF-«, IL-6, and PGE2 in mouse
chondrocyte culture supernatant were tested by ELISA.
Interestingly, their concentrations were boosted by
IL-1p treatment alone and reduced dose-dependently
by daphnoretin compared to the IL-1B group (P<0.05,
Fig. 3D-F). Furthermore, the NLRP3 inflammasome
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8,16,32,64,128,256,512 uM) for 48 h. A Molecular structure of daphnoretin. B MTT assay was performed to check cell viability and determine
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level was determined by WB. The results displayed that
IL-1p treatment alone down-regulated NLRP3, ASC,
and Caspase-1, while daphnoretin intervention signifi-
cantly diminished the effects of IL-13 (P<0.05, Fig. 3G).
These findings illustrated that daphnoretin abated IL-1p-
induced inflammation and NLPRP3 activation in mouse
chondrocytes.

Daphnoretin alleviated IL-1f-treated chondrocyte
apoptosis by repressing ERS

We administered 10 ng/mL IL-1p to induce apoptosis
in chondrocytes, followed by 4 pM daphnoretin and/
or 1 nM ERS inhibitor 4-PBA treatment to explore the
specific mechanism by which daphnoretin suppressed
chondrocyte apoptosis. WB was implemented to deter-
mine the expression of GRP78, CHOP, ATF6, and Cas-
pase-12. As a result, compared with the IL-1p group,

daphnoretin or 4-PBA application following IL-1p treat-
ment down-regulated these ERS markers. Nevertheless,
the expression of these ERS markers did not change after
the combined intervention of daphnoretin and 4-PBA
versus the IL-13+4-PBA group (P<0.05, Fig. 4A). Flow
cytometry manifested that daphnoretin or 4-PBA choked
apoptosis, but there was no significant difference in
apoptosis after the combined treatment of the two com-
pared with that of the IL-1p+4-PBA group (P<0.05,
Fig. 4B, C). Furthermore, WB outcomes uncovered that
the treatment of daphnoretin or 4-PBA following IL-1B
administration distinctly reduced the activities of Bax
and cleaved caspase3 and up-regulated Bcl2 versus the
IL-1p group. In comparison to the IL-1p +4-PBA group,
there was no significant difference in the expression of
the apoptosis-related proteins after the combined inter-
vention of the two (P<0.05, Fig. 4D). The results of the
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caspase-3 activity assay also illustrated that the adminis-
tration of daphnoretin or 4-PBA hindered the caspase-3
activity, while the two groups showed no significant dif-
ference after the combined utilization of daphnoretin and
4-PB versus the IL-1p+4-PBA group (P<0.05, Fig. 4E).
Therefore, daphnoretin mainly inhibited chondrocyte
apoptosis by abating ERS.

Daphnoretin eased IL-13-mediated chondrocyte
inflammation by inactivating NLRP3 inflammasome
Chondrocytes were treated with 10 ng/mL IL-1f, fol-
lowed by administration of 4 pM daphnoretin and/or
1 nM NLRP3 inhibitor CY-09. qRT-PCR was employed
to test the expression of COX-2, iNOS, TNF-q, and IL-6.
It was discovered that both daphnoretin and CY-09 hin-
dered the expression of these inflammatory mediators
versus the IL-1B group. The combination of daphnore-
tin and CY-09 exerted no more inhibitory effects on
those inflammatory mediators versus the IL-13+CY-09
group (P<0.05, Fig. 5A). Additionally, the protein levels
of COX-2 and iNOS were monitored by WB. As a result,
the expression of COX-2 and iNOS was attenuated by
daphnoretin or CY-09, while there was no significant dif-
ference in their expression after the combined interven-
tion of the two versus the IL-1+ CY-09 group (P<0.05,
Fig. 5B). The results of the Griess method displayed that
compared with the IL-1p group, the application of daph-
noretin or CY-09 resulted in a decrease in NO levels,
while NO levels in the IL-1p 4+ CY-09 group were not sig-
nificantly distinct from those in the IL-1$+ Daphnore-
tin+ CY-09 group (P<0.05, Fig. 5C). Furthermore, the
expression of TNF-a, IL-6, and PGE2 in the chondrocyte

supernatant as well as NLRP3 inflammasome was
gauged. The results hinted that daphnoretin or CY-09
treatment markedly attenuated the expression of TNF-a,
IL-6, PGE2 and the NLRP3-ASC-Caspasel inflamma-
some versus the control group (Fig. 5D-G). However,
there was no significant difference in the expression of
pro-inflammatory cytokines and NLRP3 inflammasome
in the IL-1p+ Daphnoretin+ CY-09 group as compared
to the IL-13+ CY-09 group (P> 0.05, Fig. 5D-G). There-
fore, daphnoretin is a potent inhibitor of NLRP3 inflam-
masome in IL-1B-mediated chondrocytes.

Daphnoretin alleviated OA in mice

To test the function of daphnoretin in OA mouse models,
we adopted H&E staining, safranin O-fast green stain-
ing and TRAP staining to observe the morphological
differences in mouse knee joint sections. As a result, the
articular cartilage surface was worn away, with severe
cartilage erosion and reduced cartilage thickness in the
OA group compared to the sham group. However, the
daphnoretin (10 mg/kg) treatment repaired the articular
cartilage surface and increased the thickness of cartilage
and subchondral cortical bone plate in the OA mouse
model (Fig. 6A, B). The number of TRAP-positive cells
was increased in the OA group. After daphnoretin treat-
ment, TRAP-positive cells were decreased compared
with the OA group (Fig. 6C). Then, the thickness of the
subchondral cortical bone plate and the OARSI score
were calculated for evaluating the degree of joint damage.
It turned out that the thickness of the cortical bone plate
was reduced, whereas the OARSI score was significantly
elevated in the OA group. In OA + Daphnoretin group,
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the thickness of the cortical bone plate and OARSI score
were both significantly improved (compared with the
OA group, P<0.05, Fig. 6D-E). WB outcomes revealed
that Bax and cleaved-caspase3 in the cartilage tissues
were up-regulated, while Bcl2 was down-regulated in the
OA + Daphnoretin group versus the sham group, whereas
the results were mostly reversed in the OA 4+ Daphnore-
tin group (P<0.05, Fig. 6F). WB results also hinted that
GRP78, CHOP, ATF6, Caspase-12 and NLRP3 inflam-
masome were up-regulated in the OA group versus the
sham group. Nevertheless, the daphnoretin intervention
reduced the above effects (P<0.05, Fig. 6G-H). Further-
more, we performed qRT-PCR to monitor the expression
of Cox-2, inos, Tnf-a, and II-6 in the cartilage tissues. We

observed that the mRNA levels of Cox-2, inos, Tnf-a, and
Il-6 were all significantly up-regulated in the OA group,
which were abated by daphnoretin (Fig. 6I). These con-
clusions suggested that daphnoretin improved OA by
hindering ERS and NLRP3-inflammasome-mediated
inflammation.

Discussion

As a chronic painful joint disease, OA has seriously
affected the patients’ quality of life [19]. Currently, treat-
ment for OA is largely focused on pain relief, with sur-
gery being the mainstay of treatment for advanced OA.
Although various non-surgical methods have been
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widely introduced, they can only partially alleviate the
symptoms of OA with limited efficacy [20-22]. Hence,
finding more effective drugs for OA treatment is urgent.
Daphnoretin has been reported to have antiviral and
anti-tumor activities [23]. Here, we testify that daph-
noretin reduces inflammation and chondrocyte apoptosis
by inactivating ERS and NLRP3 inflammasome, thereby
preventing OA. This research provides an important ref-
erence for drug-targeted therapy of OA.

Natural compounds from traditional Chinese medicine
are highly effective, with few side effects and low toxicity.
Those characteristics make them effective in the treat-
ment of OA. For example, resveratrol, a most well-known
polyphenolic stilbenoid present in grapes, mulberries,
peanuts, rhubarb, and other plants, inhibits OA disease

progression by upregulating SIRT1 [24]. Curcumin is a
natural compound of Curcuma longa L., and it curbs the
advancement of OA [25]. Daphnoretin has been found
with several biological activities and is used in the treat-
ment of arthritis, tuberculosis and tumors [26]. Our
data supported that daphnoretin markedly attenuated
IL-1B-induced apoptosis. Actually, enhanced chondro-
cyte apoptosis, which causes progressive destruction
of articular cartilage, is an evident feature in the occur-
rence and prognosis of OA [27]. Followed by IL-1p
stimulation, TRAF6 was upregulated and causes NF-«xB
signaling pathway activation. Increased NF-«xB phospho-
rylation induces upregulated inflammatory mediators
and mitochondrial dysfunction, thus leading to chondro-
cyte apoptosis [28, 29]. As reported, artesunate abates
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IL-1B-mediated inflammation and apoptosis through
inactivation of the NF-kB signaling in chondrocytes
and delays OA evolution in mice [30]. Fortunately, we
observed potent antiapoptotic effect in chondrocytes fol-
lowed by daphnoretin treatment. Moreover, daphnore-
tin abated the IL-1P-induced production of PGE2, NO,
TNF-a and IL-6, which are all involved in chondrocyte
apoptosis and cell viability decline [31-34]. In vivo exper-
iments showed that daphnoretin alleviated the pathologi-
cal injury of the knee joint in OA mice. These findings
suggested that daphnoretin has protective effects in OA.
Chondrocytes are the primary cells of articular cartilage
and are therefore the main target of inflammatory stim-
uli. The inflammation caused by OA induces apoptosis
in chondrocytes, further aggravating OA [35]. Addition-
ally, inflammation-induced ERS triggered chondrocyte
apoptosis to expedite the development of OA, and the

inhibition of ERS significantly alleviates OA [36, 37]. In
the context of ERS induction, chondrocytes exhibit sup-
pressed growth and increased apoptosis [38]. Notably,
there is growing evidence that ERS is positively associated
with chondrocyte apoptosis during OA [39]. Several ERS-
sensing proteins, such as CHOP and GRP78, are crucial
in chondrocyte apoptosis and cartilage degeneration [40,
41]. Excessive ERS has been reported to up-regulate the
expression of CHOP and GRP78 and activate the Cas-
pase pathway, which is mainly in charge of apoptosis [42].
Besides, AFT6, a membrane-bound transcription fac-
tor, is activated when unfolded proteins accumulate in
the endoplasmic reticulum, and it further activates ERS
genes (e.g. GRP78) [43]. Notably, PGE2 [44], TNF-a [45]
and IL-6 [34] all play a role in activating ERS. Our results
confirmed that daphnoretin restrains the expression of
ERS markers dose-dependently. By reducing the ERS with
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4-PBA, we discovered that the expression of ERS markers In recent years, the NLRP3 inflammasome has gradu-
and apoptosis-related proteins did not exhibit significant  ally become a research hotspot. Several studies have
differences after daphnoretin intervention on this basis.  linked abnormal activation of NLRP3 inflammasomes
Thus, daphnoretin serves as a potential ERS inhibitor in  to chronic aseptic inflammation [46, 47]. NLRP3 inflam-
attenuating chondrocyte apoptosis. masomes can be activated by lipopolysaccharide (LPS)
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stimulation. Following LPS or IL-1p treatment, TLR4/
NF-«xB pathway is activated and then promotes the for-
mation of NLRP3-ASC-Caspasel inflammasome com-
plex [48, 49]. Activated inflammasome can activate and
cleave Caspase-1, thereby inducing the maturation and
secretion of IL-1p and IL-18, which in turn boost the
transcriptional activity of NF-kB and interferon regula-
tory factors (IRFs) and contribute to the inflammatory
response [14]. On the other hand, the NLRP3 inflamma-
some complex induces apoptosis by cleaving the GSDMD
to form GSDMD-N [50]. As reported, inhibiting NLRP3
inflammasome-mediated inflammation and apoptosis
alleviates OA [51]. Here, we testified that daphnoretin
dose-dependently lowered the contents of COX-2, iNOS,
TNF-a, and IL-6 and inactivated the NLRP3 inflamma-
some. CY-09 was further adopted to choke the NLRP3
expression, and it was found that there was no signifi-
cant difference in the expression of the aforementioned
inflammatory mediators and NLRP3 inflammasomes
following daphnoretin application on this basis. These
findings indicate that daphnoretin represses OA by inac-
tivating NLRP3 inflammasome.

To sum up, this study confirms that daphnoretin pro-
motes chondrocyte viability, reduces apoptosis, and
protects bones by inactivating ERS and NLRP3 inflam-
masome, which provides a more powerful basis for OA
treatment (Fig. 7). However, further studies should be
performed for validating the mechanism of ERS and
NLRP3 inflammasome in daphnoretin-mediated pro-
tection in vivo.
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