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[ABSTRACT] Excessive oxidative stress impairs cartilage matrix metabolism balance, significantly contributing to osteoarthritis
(OA) development. Celastrol (CSL), a drug derived from Tripterygium wilfordii, has recognized applications in the treatment of can-
cer and immune system disorders, yet its antioxidative stress mechanisms in OA remain underexplored. This study aimed to substanti-
ate CSL’s chondroprotective effects and unravel its underlying mechanisms. We investigated CSL’s impact on chondrocytes under
both normal and inflammatory conditions. /n vitro, CSL mitigated interleukin (IL)-1B-induced activation of proteinases and promoted
cartilage extracellular matrix (ECM) synthesis. /n vivo, intra-articular injection of CSL ameliorated cartilage degeneration and mitig-
ated subchondral bone lesions in OA mice. Mechanistically, it was found that inhibiting nuclear factor erythroid 2-related factor 2
(NRF2) abrogated CSL-mediated antioxidative functions and exacerbated the progression of OA. This study is the first to elucidate the
role of CSL in the treatment of OA through the activation of NRF2, offering a novel therapeutic avenue for arthritis therapy.
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Introduction disease, affecting various structures including cartilage,
subchondral bone, ligaments, synovium, and muscles sur-
rounding the joint ™. The clinical presentation of OA is dom-
inated by pain, accompanied by morning stiffness, dimin-

Osteoarthritis (OA), a leading cause of adult disability, is
a chronic musculoskeletal disease characterized by cartilage
degeneration, synovitis, subchondral osteosclerosis, and os-
teophyte formation '’ Beyond its significant health implica-
tions, OA exerts a profound impact on the socio-economic
landscape ™. The prevalence of OA is on an upward traject-
ory, exacerbated by the aging global population and increas-
ing obesity rates, positioning it as the fourth leading cause of
disability worldwide. OA manifests as a comprehensive joint

ished range of motion, joint instability, swelling, muscle
weakness, fatigue, and psychological distress related to
pain . Fundamentally, OA is characterized by the progress-
ive degeneration of the cartilage extracellular matrix (ECM),
where key components such as collagen II (COL II) and ag-
grecan are crucial for maintaining the metabolic balance of
cartilage and resisting mechanical stresses. In OA, however,

there is a pathological increase in the release of degradative
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apoptosis . Furthermore, these elevated ROS levels com-
promise the antioxidant defense system of chondrocytes, in-
creasing their vulnerability to oxidative stress. This aberrant
increase in ROS not only triggers cell death via apoptosis,
necrosis, and autophagy but also promotes ECM degradation
through the upregulation of MMPs and ADAMTSs . Nuclear
factor E2 related factor 2 (NRF2), a widely functional tran-
scriptional activator, is closely related to the redox homeo-
stasis of cells ™. Studies have demonstrated its capacity to
regulate cytoprotective targets, significantly enhancing cellu-
lar resistance to oxidative stress '

Celastrol (CSL), a compound extracted from the root of
Tripterygium wilfordii, has been traditionally used in China
for treating a variety of inflammatory diseases. Recognized
for its potent anti-inflammatory and antioxidant properties,
CSL has been employed in the management of rheumatoid
arthritis (RA), systemic lupus erythematosus, and various
cancers """, We hypothesized that CSL inhibits ECM de-
generation in OA cartilage by enhancing the antioxidant de-
fense of chondrocytes. To evaluate the positive effects of
CSL on preventing cartilage degeneration, we injected it intra-
articularly into OA mice. Furthermore, this study explored
CSL’s impact on the NRF2 signaling pathway and its modu-
lation of antioxidant cytokines.

Materials and Methods

Cell isolation and culture

All animal experiments were approved by the Ethics
Committee of Xuzhou Medical University (202211A263).
Articular cartilage tissues were harvested from C57BL/6
mice, followed by dissection using a sterile scalpel. For cell
digestion, the tissues were treated with a 2 mg:mL™" colla-
genase solution and incubated for 6 h. Subsequently, the solu-
tion was filtered by sterile screens (100 pm) to remove undi-
gested tissue residues. The resulting chondrocytes were cul-
tured in DMEM/F12 at 37 °C in a 5% CO, incubator. For
consistency in experimental procedures, second-generation
(P2) chondrocytes were exclusively employed in subsequent
experiments.
Treatment with IL-1p, CSL, and ML385

To simulate an in vitro OA inflammatory microenviron-
ment, chondrocytes were incubated with recombinant IL-1
(10 ng'-mL™). Celastrol (CSL, NSC 70931, Selleck, TX,
USA) was prepared in 10 and 20 pmol-L™ for use in medium
dilutions. Additionally, chondrocytes were exposed to
ML385 (5 umol-L™", Topscience, Shanghai, China), a specif-
ic NRF2 inhibitor, to inhibit the NRF2 activity. Nrf2 siRNA
(siNrf2) (sense: 5'-GGUUGAGACUACCAUGGUUTT-3',
anti-sense: 5'-AACCAUGGUAGUCUCAACCTT-3") and
negative control (NC) (sense: 5-UUCUCCGAACGUGU-
CACGUTT-3', anti-sense: 5'-ACGUGACACGUUCGGAGA
ATT-3") were synthesized by Tsingke Biotechnology (Beiji-
ng, China).

®

Cell proliferation

Cell proliferation was detected by Cell Counting Kit-8
assay (CCK-8, Beyotime, Haimen, China). The isolated
chondrocytes were seeded in a 96-well plate at a density of
3000 cells per well and treated with 10 or 20 pmol-L™" CSL.
On days 1, 3, 5, and 7, cells were incubated with the CCK-8
working solution in the dark at 37 °C for 1 h. The absorbance
at 450 nm was measured using a microplate reader (BioTek,
Winooski, VT, USA).

Immunofluorescence assay

The immunofluorescence process commenced with fix-
ing chondrocytes using 4% paraformaldehyde (Beyotime,
China). Following fixation, the chondrocytes were permeabil-
ized in 0.1% Triton X-100 (Beyotime) for 30 min and
blocked using a specific blocking solution (Beyotime) at
room temperature for 20 min. Subsequently, the cells were
incubated with diluted antibodies (anti-COL II, ab34712, anti-
NRF2, ab62352; Abcam, Cambridge, MA, USA) overnight at
4 °C. After rinsing with PBS thrice, the chondrocytes were
incubated with fluorescent secondary antibodies (ab150083,
Abcam). Finally, 4',6-diamidino-2-phenylindole (DAPI,
Beyotime) was used for nuclear staining. Immunofluorescent
images were captured and examined under a fluorescent mi-
croscope (Zeiss, Oberkochen, Germany), enabling the visual-
ization of protein expression within the chondrocytes.

Western blotting assay

Total protein was extracted from chondrocytes using ra-
dioimmunoprecipitation assay (RIPA) lysis buffer (Beyo-
time). Protein concentration was measured using the bicin-
choninic acid (BCA) kit (Beyotime, China). Equal amounts
of protein were subjected to SDS-PAGE (Beyotime, China).
Following electrophoretic separation, proteins were trans-
ferred onto nitrocellulose membranes (Beyotime, China). The
membranes were blocked for 30 min and subsequently incub-
ated overnight at 4 °C with various diluted primary antibod-
ies: anti-COL II (ab34712), anti-ACAN (ab3778), anti-heme
oxygenase-1 (HO-1, ab137550), anti-SOD1 (ab13498), anti-
MMP13 (ab51072), anti-NRF2 (ab137550), anti-ADAMTSS
(ab182795), anti-GPX1 (ab108429), anti-CAT (ab209211),
and anti-F-actin (ab130935). Thereafter, the membranes were
incubated with horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (ab288151) for 1 h. Post-incubation, the
membranes were washed and exposed to 3 mL of chemilu-
minescent substrate (Thermo Fisher Scientific, MA, USA),
and the protein bands were visualized on an imaging system
(Bio-Rad, CA, USA). The optical density of the bands was
quantified using Image-J software (National Institutes of
Health, Bethesda, MD, USA).

Quantitative real-time reverse transcription-polymerase
chain reaction (RT-PCR)

The gene expression levels of Col2al, Acan, Adamts$5,
Mmpli3, Nrf2, Hmox1, Gpx1, Catalase, and Sod! in the chon-
drocytes of each group were detected by real-time RT-PCR
with Gapdh as the internal control. Primer sequences are de-
tailed in Supplementary Table 1. Total RNA was extracted
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from the chondrocytes using TRIzol reagent (Beyotime,
China), and RT-PCR was performed using the SYBR Green
Supermix kit in a CFX96TM PCR instrument (Bio-Rad, Her-
cules, CA, USA). The mRNA expression levels were calcu-
lated using the AC, method (272%).
04 model induction by the destabilization of the medial men-
iscus (DMM) surgery and animal treatment

All animal experiments were approved by the Ethics
Committee of Xuzhou Medical University (202211A263).
DMM surgery was performed to establish an OA model in 8-
week-old C57BL/6J mice (male, weight 20—25 g). After the
administration of sodium pentobarbital for anesthesia, the
medial meniscotibial ligaments (MML) of mice were tran-
sected. The mice were divided into four groups: (1) Sham
group: the knee joint capsules were incised without any fur-
ther treatment; (2) DMM group: the joint capsules were in-
cised and injected with saline; (3) CSL group: the joint cap-
sules were incised and treated with intraperitoneal CSL (0.1
mg-kg™") for 14 days; and (4) CSL + ML385 group: the mice
were administered CSL (0.1 mg-kg™") and ML385 (10 uL of
100 mmol-L™) for 14 days.
Micro-computed tomography (uCT) analysis

Subchondral bone mass was quantitatively assessed pCT
(Skyscan 1176, Kontich, Belgium) at 50 kV (200 pA). The

subchondral parameters of interest were calculated and ana-
lyzed, including trabecular separation (Tb.Sp., mm) and bone
volume fraction (BV/TV, %).
Histological staining

For histological evaluations, the collected samples were
first fixed in 10% formalin and decalcified with 14% ethyle-
nediamine tetraacetic acid (EDTA) for eight weeks. Post-de-
calcification, the samples were embedded in paraffin and cut
into sections (5 um). These sections were then stained with
Safranin O/Fast Green (Jiancheng Bioengineering Institute,
Nanjing, China). Microscopic examination and imaging of
the stained tissues were conducted using a microscope
(Zeiss).
Statistical analysis

Data were analyzed using SPSS 19.0 software (IBM Cor-
poration, Armonk, NY, USA). The statistical method em-
ployed was the one-way analysis of variance (ANOVA),
complemented by an unpaired two-sample Student’s #-test for
determining the significance of differences. P <0.05 indic-
ated statistically significant differences.

Results

CSL inhibited cartilage matrix degradation
The impact of CSL on chondrocyte proliferation and car-
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Fig. 1 Effects of CSL on the proliferation of chondrocytes under normal culture conditions. (A) Proliferation of chondrocytes

after 1, 3, 5, and 7 days of CSL treatment. (B, C) RT-PCR analysis for the mRNA expression levels of Col2al, Acan, Mmp13, and
AdamtsS5. (D) Effects of CSL on the protein levels of COL II, ACAN, MMP13, and ADAMTSS. (E) Imnmunofluorescence assay for
the expression of MMP13 (Scale bar = 100 pm). Data are presented as the mean = SD (n=4), ‘P<0.05.
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tilage ECM synthesis was assessed using a Cell Counting Kit-
8 (CCK-8) assay. The results demonstrated that CSL at con-
centrations 10 and 20 umol-L™" had no significant impact on
cell proliferation. Furthermore, the transcriptional expression
levels of Col2al and Acan remained unaltered following
treatment with CSL (Figs. 1A and 1B). Western blot analysis
further confirmed that the protein expression levels of COL II
and ACAN were not notably influenced by CSL treatment
(Fig. 1D). These observations imply that CSL does not
markedly enhance cartilage ECM synthesis under non-in-
flammatory conditions. Contrastingly, CSL exhibited a con-
centration-dependent suppression of genes associated with
matrix degradation, specifically Mmpl3 and Adamts5 (Fig.
1C). This inhibitory effect of CSL was further substantiated
by immunofluorescence and Western blotting assays, which
showed a reduction in the protein expression levels of
ADAMTSS5 and MMP13 (Figs. 1D and 1E).
CSL ameliorated IL-1f-induced metabolic imbalance in
chondrocytes

The results of the CCK-8 assay showed that CSL at con-
centrations of 10 and 20 pmol-L™" mitigated IL-1p-induced
apoptosis in chondrocytes. IL-1p treatment decreased cell
proliferation by 25.25% on day 7 compared with the prolifer-
ation of the control groups. It is worth noting that the ability

of CSL to reverse the negative effects of IL-1p on cell prolif-
eration increased with time. On day 7, the proliferation abilit-
ies of the chondrocytes in the 20 umol-L™" CSL groups were
almost the same as that of the control groups (Fig. 2A).
Quantitative RT-PCR analysis demonstrated that IL-1p signi-
ficantly reduced the mRNA expression levels of Col2al and
Acan. Conversely, CSL treatment increased the transcription-
al levels of these genes relative to the IL-1p group (Fig. 2B).
Furthermore, 10 and 20 pmol-L™" CSL showed a concentra-
tion-dependent inhibition of genes associated with matrix de-
gradation, including Mmpl3 and Adamts5 (Fig. 2C). The
Western blotting assay corroborated CSL’s dose-dependent
protective effects on the metabolic homeostasis of cartilage
ECM at the protein level (Fig. 2D). The immunofluorescence
assay revealed that IL-1f disrupted the metabolic homeostas-
is of the ECM, while the treatment of CSL countered this dis-
ruption. CSL not only augmented matrix synthesis but also
reduced the expression of matrix-degrading enzymes (Fig.
2E).
CSL enhanced chondrocyte antioxidant capacity for cartil-
age protection

This study further investigated CSL’s protective mechan-
ism on cartilage by examining oxidative stress parameters in
chondrocytes, specifically reactive oxygen species (ROS)
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Fig. 2 Effects of CSL on the proliferation of chondrocytes under inflammatory conditions induced by IL-1f. (A) Proliferation of
chondrocytes after 1, 3, 5, and 7 days of CSL and IL-1p treatment. (B, C) RT-PCR analysis for the mRNA expression levels of
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levels and antioxidant markers, following treatment with CSL
and IL-1B. It was observed that 20 pmol-L™" CSL decreased
the excessive ROS proliferation induced by IL-1p (Fig. 3A).
In addition, CSL treatment led to an upregulation at the gene
expression level of several key antioxidant enzymes, includ-
ing Hmox1, Sodl, Cat, and GpxI (Figs. 3B—3E). Meanwhile,
an increase in the protein expression of these enzymes was
also observed post-CSL treatment (Figs. 3F—3J).
CSL enhanced the antioxidant capacity of chondrocytes by
activating the NRF2 axis

This study investigated the involvement of the NRF2 ax-
is in the CSL-mediated enhancement of antioxidant capacity
in chondrocytes. It was observed that IL-13 exposure led to a
decrease in NRF2 expression at both gene and protein levels.
In contrast, CSL treatment effectively counteracted this IL-1(-
induced impairment of NRF2 (Figs. 4A and 4B). When the
chondrocytes were exposed to ML385 or siNRF2, the expres-
sion of NRF2 was blocked significantly, and the nuclear
translocation of NRF2 was prevented (Figs. 4C and 4D). Un-
der these inhibitory conditions, CSL’s positive effects were
markedly diminished or entirely negated. This observation
was further substantiated by the Western blotting assay, re-
vealing that NRF2 knockdown via ML385 or siNRF2 disrup-

ted the balance of ECM metabolism and reduced the efficacy
of CSL (Fig. 4E, Supplementary Figs. 1A—1C). Additionally,
RT-PCR results supported these findings, demonstrating a re-
duced effectiveness of CSL in the presence of siNRF2. This
outcome emphasized the role of CSL in modulating matrix
metabolism predominantly through NRF2 activation (Figs.
4F—4H).
CSL prevented cartilage degeneration in OA mice

Safranin O and fast green staining showed that CSL pre-
served the cartilage structure and impeded the loss of glyc-
osaminoglycans (GAGs) in OA mice. However, treatment
with ML385, an NRF2 inhibitor, negated CSL’s beneficial ef-
fects on the cartilage ECM, thereby accelerating the progres-
sion of OA (Figs. 5A and 5B). The coronal images captured
by pCT identified that CSL treatment ameliorated the
subchondral bone loss, and ML385 weakened the protective
effect of CSL in OA mice (Fig. 5C). This finding was further
quantified by pCT analysis, with parameters such as bone
volume ratio (BV/TV, %) and trabecular separation (Tb.Sp.,
mm) indicating that CSL effectively prevented subchondral
bone lesions, a benefit that was compromised by ML385
(Figs. 5D and 5E). In summary, these findings collectively
suggest that CSL not only counteracts articular cartilage de-
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Fig. 3 CSL enhanced the antioxidant capacity of chondrocytes under inflammatory conditions induced by IL-1p. (A) Effects of
CSL on the amount of ROS in chondrocytes. (B—E) RT-PCR analysis for the mRNA expression of Hmox1, Sodl, Catalase, and
Gpxl1. (F—J) The effects of CSL on the protein levels of HO-1, SOD1, Catalase, and GPX1 (Scale bar = 100 pm). The data are

presented as the mean + SD (n=4), ‘P<0.05.
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Fig. 4 CSL regulated matrix synthesis and degradation metabolism via the activation of NRF2. (A) Effects of CSL on the
mRNA level of Nrf2. (B) Effects of CSL on the protein level of NRF2. (C, D) Immunofluorescence assay for the expression of
NRF2. (E) Western blotting assay for the protein expression levels of NRF2, COL II, ACAN, MMP13, and ADAMTSS. (F—H) RT-
PCR analysis for the mRNA expression levels of Nrf2, Col2al, Acan, Mmp13, and Adamts5 (Scale bar = 100 pm). Data are

presented as the mean + SD (n=4), ‘P<0.05.

gradation induced by DMM surgery but also mitigates
subchondral bone lesions via the activation of NRF2. The ex-
pressions of the representative markers for matrix synthesis
(COL II), matrix degradation (MMP13), and oxidative stress
(SOD1) were detected by immunohistochemical staining. In
addition, as a direct downstream target of NRF2, the expres-
sion of HO-1 was also detected in vivo. The results indicated
that ML385 could disrupt the ECM metabolic homeostasis
maintained by CSL, exhibiting the ability to increase the ex-
pression of MMP13 and reduce the expression of COL II
(Figs. 6A—6C). The expression levels of SOD1 and HO-1

were also up-regulated by CSL, while ML385 weakened this
protective effect of CSL (Figs. 6A, 6D and 6E).

Discussion

While the roles of key pro-inflammatory cytokines, such
as TNF-a and IL-1p, are well-documented in the pathogenes-
is of OA, significantly influencing its incidence and progres-
sion, the comprehensive pathogenesis of OA remains not
fully understood "*. In recent years, increasing evidence has
indicated that abnormal ROS levels play a significant role in
the occurrence and development of OA ™. ROS induces
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Fig. 5 CSL inhibited the progression of OA and prevented ECM synthesis, degradation, and metabolism via activating NRF2.
(A) Representative images of articular cartilage stained by safranin O and fast green. (B) OARSI scores based on safranin O and
fast green staining. (C) Micro-CT images of coronal planes of the femoral condyle and tibial plateau in OA mice. The effects of
CSL on the subchondral bone health-related parameters, including (D) the bone volume ratio (BV/TV, %) and (E) trabecular
separation (Tb.Sp., mm) (Scale bar = 100 pm). Data are presented as the mean = SD (n=4), "P<0.05.

chondrocyte apoptosis by regulating p38 and c-Jun N-termin-
al kinase (JNK) signaling pathways "’ Moreover, ROS im-
pairs the antioxidant defense system of chondrocytes, thereby
increasing their sensitivity to oxidative stress '”’. The excess-
ive ROS, particularly induced by IL-1f, contributes not only
to the degradation of chondrocytes” ECM but also intensifies
this degradation by upregulating MMPs and reducing the pro-
duction of tissue inhibitors of metalloproteinases "'*..

CSL, a pentacyclic triterpene, is renowned for its robust
anti-inflammatory and antioxidant properties "> >, It has
been widely employed in treating conditions such as rheumat-
oid arthritis (RA), systemic lupus erythematosus (SLE), and
various cancers "', The anti-inflammatory and antioxidant
mechanisms of CSL are thought to involve reducing indu-
cible NO synthase-dependent peroxynitrite, promoting the
heat shock response, and enhancing autophagy > **'. Recent
studies have shown that CSL protects human chondrocytes by
downregulating the expression of pro-inflammatory cy-

tokines ¥ and alleviates pain and cartilage damage in OA

through modulating the SDF-1 and TLR2/NF-«kB signaling
pathway © **!. Furthermore, CSL treatment has been ob-
served to remarkably reduce the expression of cleaved cas-
pase-3 and Bax while reversing the Bcl-2 impairment in-
duced by IL-1B in chondrocytes *”. Consistent with these
previous studies ">, our research further confirmed the pos-
itive effects of CSL. We demonstrated that CSL preserved the
metabolic balance of cartilage ECM and prevented articular
cartilage degeneration in OA.

NRF2 is a transcription control factor abundantly present
in the human body, playing a crucial role in the antioxidant
defense system. It is well-acknowledged that the nuclear
translocation of NRF2 activates its pathway, thereby modu-
lating antioxidant enzymes in various mammals **!. Recently,
the critical role of NRF2 in maintaining cartilage ECM
homeostasis has garnered increased attention. Studies have
demonstrated that NRF2 is vital for preserving the stability of
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articular cartilage, ensuring a balance between matrix syn-
thesis and degradation *”. NRF2 activation can upregulate
the expression of HO-1, thereby enhancing ECM synthesis,
inhibiting chondrocyte apoptosis, and protecting cartilage tis-
sue P Research by ZHANG et al. has revealed that NRF2
knockout mice develop OA more rapidly post-DMM surgery
than wild-type mice '’ Furthermore, existing studies have
elucidated that NRF2 not only suppresses the production of
inducible nitric oxide synthase and cyclooxygenase-2 in the
inflammatory milieu of OA but also plays a pivotal role in
delaying cartilage degeneration by inhibiting matrix-degrad-
ing enzymes and increasing the expression of anti-apoptotic
proteins B2,

The protective effects of various antioxidants on cartil-

33 . . [34
age, such as resveratrol **', androgen Liannei **

t [35]

, and red san-
dalwood roo
NRF?2 signaling pathway. In this study, we observed that CSL
also played an antioxidant role by activating the NRF2 path-
way and its downstream genes related to antioxidant activit-
ies. CSL downregulated the levels of ROS and matrix-de-
grading enzymes, which were initially stimulated by IL-1p.
Notably, this effect was attenuated when the chondrocytes
were exposed to the inhibitor of NRF2 (ML385). Further-
more, we demonstrated that CSL treatment not only allevi-
ated the lesions of subchondral bone but also enhanced OA
cartilage integrity by improving the expression levels of COL
IT and GAG. ML385 intervention aggravated the symptoms
of arthritis, a finding consistent with our in vitro experiment-

, have been strongly associated with the

al results.

Our study is the first to detail the cartilage-protective ef-
fects of CSL on the ECM. CSL mitigates the activity of mat-
rix-degrading enzymes in chondrocytes, addressing the dis-
ruption in matrix metabolism caused by inflammatory envir-
onments. While existing literature predominantly focuses on
CSL’s anti-inflammatory actions in treating OA ®, our re-
search uniquely identifies its role in enhancing antioxidant
capacity and activating the NRF2 pathway. We discovered
that CSL elevated the expression of antioxidant enzymes, sig-
nificantly reducing ROS levels induced by IL-1p. In vivo, the
intra-articular injection of CSL decelerated OA progression,
curbed the loss of glycosaminoglycans, and safeguarded the
cartilage ECM. However, the introduction of an NRF2-spe-
cific inhibitor (ML385 and siRNA) notably weakened CSL’s
antioxidative efficacy.

In conclusion, our findings demonstrate CSL’s antioxid-
ative and chondroprotective effects both in vivo and in vitro,
primarily through the upregulation of the NRF2 pathway.
CSL effectively inhibits the release of ROS and prevents car-
tilage degradation, underscoring its potential as a valuable
therapeutic option in OA treatment. This study paves the way
for novel therapeutic approaches in OA management, merit-
ing further exploration in future research endeavors.
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