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induction via NF-κB pathway inhibition in mouse
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A B S T R A C T

Background: The natural polyphenolic compound known as Rosmarinic acid (RosA) can be found in
various plants. Although its potential health benefits have been extensively studied, its effect on
osteoarthritis (OA) progression and cartilage regeneration function still needs to be fully elucidated
in OA animal models. This study elucidated the effect of RosA on OA progression and cartilage
regeneration.
Methods: In vitro assessments were conducted using RT-PCR, qRT-PCR, Western blotting, and
ELISA to measure the effects of RosA. The molecular mechanisms of RosA were determined by
analyzing the translocation of p65 into the nucleus using immunocytochemistry (ICC). Histo-
logical analysis of cartilage explant was performed using alcian blue staining and immunohis-
tochemistry (IHC). For in vivo analysis, the destabilization of the medial meniscus (DMM)-induced
OA mouse model was utilized to evaluate cartilage destruction through Safranin-O staining. The
expression of catabolic and anabolic factors in mice knee joints was quantified by
immunohistochemistry.
Results: The expression of catabolic factors in chondrocytes was significantly impeded by RosA. It
also suppressed the NF-κB signaling pathway by decreasing phosphorylation of p65 and reducing
degradation of IκB protein. In ex vivo experiments, RosA protected sulfated proteoglycan erosion
triggered by IL-1β and suppressed the catabolic factors in cartilage explant. RosA treatment in
animal models resulted in preventing cartilage destruction and reducing catabolic factors in the
cartilage. RosA was also found to promote the expression of Sox9, Col2a1, and Acan in vitro, ex
vivo, and in vivo analyses.
Conclusions: RosA attenuated the OA progression by suppressing the catabolic factors expression.
These effects were facilitated through the suppression of the NF-κB signaling pathway. Addi-
tionally, it promotes cartilage regeneration by inducing anabolic factors. Therefore, RosA shows
potential as an effective therapeutic agent for treating OA.
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1. Introduction

OA is a complex joint disease that progressively degrades articular cartilage, resulting in pain, stiffness, and limited joint function
[1]. Chondrocytes are specialized cells within the cartilage that are essential for preserving the equilibrium of catabolic and anabolic
processes that regulate the turnover of Extracellular matrix (ECM) components in the cartilage, notably Type II collagen and aggrecan
[2]. However, various factors, such as mechanical stress, inflammation, imbalanced signaling pathways, and cellular changes,
collectively disrupt the equilibrium of anabolic and catabolic activities within chondrocytes. This disruption leads to an imbalance in
which the breakdown of matrix components outweighs their synthesis, resulting in gradual cartilage tissue erosion over time [3,4].

The major pathological mechanism underlying cartilage degradation involves activating catabolic factors, specifically matrix
metalloproteinases (MMPs) [5]. Within the MMPs, MMP3 and MMP13 are particularly important in the pathogenesis of OA. These
enzymes can remodel the ECM, involving the degradation of type II collagen and aggrecan in cartilage [6,7]. Another critical player in
OA is Cyclooxygenase2 (Cox2), an enzyme responsible for prostaglandin E2 synthesis [8]. Prostaglandins E2 serve as potent mediators
of inflammation and pain. Increased Cox2 expression in osteoarthritic joints leads to enhanced production of inflammatory prosta-
glandins E2, perpetuating the inflammatory cascade and contributing to joint deterioration [8–10]. The upregulation of Mmps and
Cox2 is often induced by pro-inflammatory cytokines, including Interleukin-1beta (IL-1β). The pro-inflammatory mediator IL-1β has
been identified as a key factor in the process of cartilage degradation [10,11]. Within chondrocytes, it triggers several signaling
pathways, notably the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway [7,12,13].

NF-κB is a transcription factor that regulates inflammatory responses, cell survival, and differentiation. NF-κB comprises p65 and
p50 subunits and remains inactive in the cytoplasm, bound in a complex with IκB protein [14,15]. However, in OA, IL-1β leads to the
breakdown of the IκB protein and the p65 phosphorylation. Subsequently, p65 migrates into the nucleus, where it promotes the
catabolic factors expression and suppresses the SRY-Box Transcription Factor 9 (Sox9) expression, further promoting cartilage
degradation [16,17]. The transcription factor Sox9 is essential for both the development andmaintenance of cartilage [18]. It is pivotal
in the differentiation of mesenchymal stem cells into chondrocytes, the cells responsible for cartilage formation. Sox9 is involved in
promoting the production of ECM components, which includes type II collagen and proteoglycans, like aggrecan. Impaired Sox9
function can accelerate the progression of degenerative arthritis by disrupting cartilage formation and repair [19,20].

Currently, the primary treatment option for OA is the use of nonsteroidal anti-inflammatory drugs (NSAIDs) [21]. However, these
treatments primarily focus on relieving symptoms and can cause a variety of side effects, including gastrointestinal issues, cardio-
vascular risks, and kidney function impairment [22,23]. These side effects arise because NSAIDs can damage the stomach lining,
increase blood pressure, and reduce blood flow to the kidneys. Furthermore, since cartilage does not regenerate once damaged,
effective treatment for OA requires drugs that can relieve symptoms and promote cartilage regeneration [23–25].

Rosmarinic acid (RosA), a natural polyphenolic compound, is prevalent in various plants, such as oregano (Origanum vulgare), basil
(Ocimum basilicum), and rosemary (Rosmarinus officinalis) [26]. It is chemically defined as α-o-caffeoyl-3, 4-dihydroxyphenyllactic
acid, featuring a structure that combines caffeic acid and 3, 4-dihydroxyphenyllactic acid (Fig. S1A). This configuration enables it
to scavenge free radicals effectively and enhances its solubility and stability, making RosA a valuable compound for various
health-related applications [26,27]. The potential health benefits of RosA have been extensively studied. It is recognized for its potent
antioxidant, anti-inflammatory, neuroprotective effects, and antimicrobial activity [28–31]. Recent studies have demonstrated the
effectiveness of RosA in treating degenerative joint diseases in chondrocytes of rats and rabbits [32,33]. However, the role of RosA in
most degenerative conditions, including OA and cartilage regeneration, remains unclear. Additionally, the efficacy of RosA in treating
osteoarthritis has not been completely revealed in pre-clinical animal models.

Here, we demonstrated through a pre-clinical animal model that RosA treatment, through the induction of Sox9, restored the
expression of Type II collagen and Aggrecan that had been reduced by IL-1β. Additionally, our findings provided evidence that the
suppression of the NF-κB pathway led to a reduction in the expression of Mmp3, Mmp13, and Cox2. Furthermore, we sought to
determine whether RosA has therapeutic potential in preventing OA development and promoting cartilage regeneration.

Abbreviations

Cox2 Cyclooxygenase2
DMM Destabilization of the medial meniscus
i.a: Intra-articular
IκB I kappa B
IL-1β Interleukin-1beta
MMPs Matrix metalloproteinases
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NSAIDs Nonsteroidal anti-inflammatory drugs
OA Osteoarthritis
OARSI Osteoarthritis Research Society International
PGE2 Prostaglandin E2
RosA Rosmarinic acid
Sox9 SRY-Box transcription factor 9
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2. Material and method

2.1. Reagents and treatment

RosA was obtained from Sigma-Aldrich (St. Louis, MO, USA) and reconstituted in 100 % ethanol. Recombinant IL-1β proteins used
in this study were obtained from Gen Script (Piscataway, NJ, USA) and dissolved in sterile double-distilled water for treatment. In our
experimental setup, primary chondrocytes in culture were simultaneously treated with IL-1β (1 ng/ml) and RosA at indicated con-
centrations (10, 50, and 100 μM) for 24 h [34,35].

2.2. Animal

The Institutional Animal Care and Use Committee (IACUC) of Ajou University reviewed and authorized our animal study protocol
(protocol number 2023-0016). Male C57BL/6 mice weighing 18–20 g were obtained from DBL (Chungcheongbuk-do, South Korea).
These mice were maintained in a controlled environment with a temperature of 25 ◦C, humidity of approximately 50 %, and a 12 h
light-dark cycle. Throughout the study, mice had unrestricted access to both chow and water, allowing them to consume food and
water freely according to their requirements.

2.3. Primary mouse articular chondrocyte culture

Articular chondrocytes were acquired from 5-day-old ICR mice purchased from DBL. The chondrocytes were harvested from each
mouse’s tibial plateaus and femoral condyles. Cartilage tissue underwent enzymatic digestion employing 0.2 % type II collagenase,
following a previously established procedure [7,35]. Subsequently, the isolated cells were maintained in a culture medium consisting
of Dulbecco’s Modified Eagle’s Medium (DMEM), enriched with 10 % fetal bovine serum (FBS) and 1 % antibiotic solution.

2.4. Cytotoxicity analysis

Following the manufacturer’s guidelines, cytotoxicity was determined through the EZ-Cytox Cell Viability Assay Kit (DoGenBio,
Seoul, Korea). Briefly, primary cultured chondrocytes were plated in a 96-well plate at a density of 9× 103 cells per well and incubated
for 48 h before treatment. RosA was applied at the specified concentrations (50, 100, and 200 μM), after which the cells were incubated
for 24 h in serum-free DMEM. For the WST-1 assay, a solution of 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-tetra-
zolium (WST-1) mixed with DMEM (without FBS) at a ratio of 1:100 (v/v) was added to the chondrocytes and incubated for 3 h in the
dark. Subsequently, a microplate reader (BioTek Instruments, Winooski, VT, USA) was used to measure the absorbance at 450 nm.

2.5. Cartilage explant culture

Femur and tibia cartilage explants were obtained from 5-day-old ICR mice. These isolated explants were cultured in DMEM sup-
plemented with 10 % FBS, IL-1β, and RosA for 72 h. The culture medium, IL-1β, and RosA were renewed every 24 h during the in-
cubation. After a 72 h incubation period, all cartilage explants underwent fixation in 4 % paraformaldehyde solution for 30 min.
Subsequently, the fixed explants were subjected to dehydration, embedding, and sectioning, where the sections were sliced to a
thickness of 5 μm. Proteoglycan restoration was assessed using Alcian blue staining [36].

2.6. Real-time PCR and quantitative (q)RT-PCR analysis

Total mRNA was isolated from primary chondrocytes utilizing TRIzol reagent (Molecular Research Center Inc., Cincinnati, OH,
USA), followed by reverse transcription to generate cDNA for PCR amplification. The specific primers used for PCR amplification are
listed in Table A.1. To measure the expression levels of each target gene, we conducted a qRT-PCR using SYBR® Premix Ex Taq
(TaKaRa Bio, Shiga, Japan). Gapdh served as the housekeeping gene to normalize the expression levels of each target gene.

2.7. Collagenase and prostaglandin E2 (PGE2) assay

To assess PGE2 production, primary cultured chondrocytes were plated in 96-well plates at a density of 9 × 103 cells per well and
maintained for 48 h before treatment. Subsequently, RosA was administered at indicated concentrations of 10, 50, and 100 μM. PGE2
production was analyzed in the supernatant of chondrocytes using a Prostaglandin E2 ELISA kit (Abcam, Cambridge, UK) per the
manufacturer’s instructions. The level of collagenase activity present in the chondrocyte culture supernatant was quantified using the
EnzCheck Gelatinase/Collagenase Assay Kit (Thermo Scientific, Waltham, MA, USA) per the manufacturer’s guidelines. The mea-
surements were performed at 490/530 nm wavelengths using a Microplate Reader [7].

2.8. Western blotting

To analyze protein expression in mouse articular chondrocytes, total cell lysates were extracted using a RIPA buffer containing 100
mM NaCl, 1 % NP-40, 10 mM Tris, 2 mM EDTA, and 50 mM NaF supplemented with an additional 1 mM phosphatase and protease
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inhibitors. For western blot analysis, we used the antibodies: anti-Mmp3, anti-Mmp13, anti-Cox2 (Abcam), anti-p65, anti-Phospho
p65, and anti-IκB (Cell Signaling Technology, Beverly, MA, USA). To determine the Mmp3 and Mmp13 protein levels, we isolated
secreted proteins from the cell culture supernatant using the trichloroacetic acid precipitation method. Densitometry analyses were
performed to quantify band intensities using the Image J software. GAPDH served as the loading control for the protein analysis.

2.9. Experimental arthritis mouse model and intra-articular (i.a) injection

A mouse model of arthritis was established by subjecting 10-week-old male C57BL/6 mice to DMM surgery, following the standard
protocol (N = 5). For histological analysis, we extracted the mice’s knee joints 10 weeks post-surgery and immersed them in a 4 %
paraformaldehyde solution for fixation. The joints then underwent a decalcification procedure lasting two weeks, after which they
were embedded in paraffin. To evaluate the degree of cartilage degradation, we applied Safranin O staining to the tissue sections. The
severity of the observed damage was then quantified using the scoring method established by the Osteoarthritis Research Society
International (OARSI) [7,35]. For the intra-articular (i.a) injection of RosA, mice received injections twice a week for 5 weeks, after

Fig. 1. RosA inhibits Mmp3, Mmp13, and Cox2 expression induced by IL-1β in articular chondrocytes.
(A, B, C, D) Chondrocytes were co-treated with IL-1β and RosA for 24 h Mmp3, Mmp13, and Cox2 expression were evaluated by RT-PCR (A),
densitometry (B; Mmp3, C; Mmp13, and D; Cox2), western blot (E) and densitometry (F; Mmp3, G; Mmp13, H; Cox2) analysis. Collagenase activity
(I) and PGE2 production (J) were detected in chondrocytes cultured medium. Values are presented as the mean ± standard deviation. One-way
analysis of variance followed by Bonferroni’s test was used to determine significant differences. None significant (N.S), *P < 0.05, **P < 0.01,
***P < 0.001, #P < 0.05 compared to the control group. Original gel (Fig. S6) and blots (Fig. S7) can be seen in supplementary figures file.
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which the mice were euthanized for further analysis. Immunohistochemical analysis was conducted on sections of mouse knee joints
and cartilage explant using antibodies for anti-Mmp3, anti-Mmp13, anti-Cox2 (abcam), anti-Type II collagen (Thermo Scientific),
anti-Aggrecan (Abclonal, Woburn, MA, USA), anti-Sox9, anti-IκB and anti - phospho-p65 (Cell Signaling Technology).

2.10. Immunofluorescence staining

Chondrocyte cells were cultured on coverslips and treated with 50 and 100 μM concentrations of RosA for 24 h. After incubation,
the cells were fixed through a 20-min treatment with a 4 % paraformaldehyde solution. Subsequently, the cells underwent per-
meabilization with 0.1 % Triton X-100 (VWR Life Science, Radnor, Pennsylvania, USA) for 5 min. Subsequently, cells were blocked
using 10 % FBS (Gibco, Montana, USA) in 1х PBS and then exposed to primary antibodies targeting NF-κB (Cell Signaling Technology)
in blocking buffer at 4 ◦C overnight. Cells were rinsed with 1 × PBS, then exposed to secondary antibodies conjugated to Alexa Fluor
(Sigma-Aldrich) for 1.5 h. For nuclear staining, the cells were counterstained with 4,6-diamidino-2-phenylindole (Tocris, Bristol, UK)
for 1 min. The coverslips with the cells were mounted using an amino gel/mount solution (Biomeda, San Jose, USA), and images were
acquired utilizing a Nikon A1R microscope at the Three-Dimensional Immune System Imaging Core Facility of Ajou University. Using
the NIS software, data analysis was performed.

2.11. Statistical analysis

Data are presented as the mean ± standard error of the mean. The histological samples were independently prepared by two re-
searchers to ensure accuracy and reliability. To validate the results and increase statistical power, each experiment was replicated a
minimum of three times independently. One-way ANOVA using Dunnett’s multiple post-analysis comparison test or one-way ANOVA
followed by Bonferroni post-test was used for data analysis. Significance was determined at a p-value of ≤0.05, indicating that dif-
ferences observed in the data were unlikely due to random chance and were likely to result from the experimental treatments or
conditions being compared.

3. Results

3.1. RosA suppresses catabolic factor expression induced by IL-1β in chondrocytes

We initially investigated the potential cytotoxic effects of RosA on chondrocytes using a WST-1 assay. Chondrocytes were exposed
to indicated concentrations of RosA (50, 100, and 200 μM) for 24h. Fig. S1B demonstrates that chondrocyte viability remained
comparable to the control group. This suggests that RosA did not exhibit cytotoxicity at the concentrations used in the experiment.
Based on these non-toxic results, we selected 10, 50, and 100 μM concentrations for further experimental treatments lasting 24 h. The
presence of catabolic factors including Mmp3, Mmp13, and Cox2 regulates cartilage degradation in OA. Therefore, we aimed to
investigate whether RosA could modulate the expression of these factors. Chondrocytes were exposed to IL-1β, a widely recognized
pro-inflammatory cytokine that stimulates the expression of catabolic factors. RT-PCR analysis revealed that IL-1β stimulation of
chondrocytes resulted in a time-dependent upregulation of Mmp3, Mmp13, and Cox2 expression levels (Fig. S2A). This was further
confirmed by densitometry (Figs. S2B–D) and qRT-PCR (Figs. S2E–G). Next, we exposed the chondrocytes to a combined treatment of
IL-1β and RosA at specific concentrations (10, 50, and 100 μM) for 24 h. The results demonstrated that exposure to IL-1β led to a
notable upregulation in the expression of Mmp3, Mmp13, and Cox2, indicating cartilage degradation. However, co-treatment of RosA
resulted in a reduction of IL-1β-mediated upregulation of Mmp3, Mmp13, and Cox2, as confirmed by both RT-PCR (Fig. 1A), densi-
tometry (Fig. 1B–D) and qRT-PCR (Figs. S3A–C) analyses. To validate these observations at the protein level, western blot assays were
conducted (Fig. 1E), followed by densitometry analysis (Fig. 1F–H). These experiments further confirmed RosA’s suppressive effect on
the expression of Mmp3, Mmp13, and Cox2. We also assessed collagenase activity and PGE2 production. Treatment with RosA
decreased the IL-1β-induced collagenase activity (Fig. 1I) and PGE2 (Fig. 1J) production. These results suggest that RosA protects
against OA progression by inhibiting Mmp3, Mmp13, and Cox2.

3.2. RosA restores the IL-1β induced sulfated proteoglycan erosion in cartilage explant

We evaluated the potential protective effects of RosA against cartilage destruction by conducting ex vivo experiments using
cartilage explants. These explants were cultured for 72 h in the presence and absence of IL-1β and RosA. We analyzed the erosion of
extracellular sulfate proteoglycans using Alcian blue staining. Exposure of the cartilage explants to IL-1β resulted in a reduction of
sulfated proteoglycan content. However, co-treatment with RosA and IL-1β demonstrated protective effects against the reduction of
sulfated proteoglycan in the cartilage explants (Fig. 2A). Immunohistochemical staining revealed that Mmp3, Mmp13, and Cox2
expression in cartilage explants was decreased by RosA treatment (Fig. 2B and C; upper; Mmp3, middle; Mmp13, lower; Cox2). This
result is consistent with our in vitro experiments, suggesting that RosA effectively countered the reduction of extracellular sulfate
proteoglycans.

3.3. RosA inhibits cartilage destruction in the DMM-induced OA model

To investigate the potential protective effects of RosA against cartilage destruction, we conducted an in vivo study using a DMM-
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induced OA model. Mice were (i.a) - injected with PBS or RosA once a week for a total of 6 weeks, starting at 4 weeks after DMM
(Fig. 3A). Compared to the control group, (i.a) - injection of RosA effectively prevented cartilage destruction (Fig. 3B). Furthermore,
the RosA-treated group exhibited significantly reduced OARSI scores compared to the DMM group (Fig. 3C). These results indicated
that RosA prevents cartilage destruction. Furthermore, immunohistochemistry and densitometry analyses indicated that DMM-
induced OA mice treated with RosA injections exhibited a notable reduction in Mmp3, Mmp13, and Cox2 protein expression
(Fig. 3D and E; upper: Mmp3, middle: Mmp13, lower: Cox2). Our findings indicate that RosA exhibits a protective effect against
cartilage degradation in the DMM-induced OA model, through the suppression of Mmp3, Mmp13, and Cox2 expression.

3.4. RosA inhibits the NF-κB signaling pathway in the articular chondrocyte

Next, to examine RosA’s potential to inhibit the NF-κB signaling cascade, we cultured articular chondrocytes for 24 h in the absence
or presence of indicated concentrations of RosA. After incubation for 24 h, we treated with IL-1β in chondrocytes for 15 min. RosA
markedly inhibited the phosphorylated p65 by IL-1β compared with the control. Further, we also confirmed that IL-1β induced IκB
degradation was inhibited by RosA treatment, as determined by western blot (Fig. 4A) and analyzed densitometry (Fig. 4B and C).
Additionally, immunocytochemistry and densitometry analysis reveal that RosA treatment inhibited the IL-1β-induced nuclear
translocation of p65 (Fig. 4D and E). Furthermore, the effects of RosA were also investigated in a DMM-induced OA mouse model to
extend our findings to in vivo conditions. Notably, phosphorylated p65 and IκB degradation were reduced in the cartilage of mice
treated with RosA (Fig. 4F and G). These data suggest that RosA inhibits the NF-κB signaling pathway by preventing p65

Fig. 2. RosA protects against extracellular matrix (ECM) degradation in cartilage explants.
(A) Mouse knee cartilage explants were co-treated with IL-1β and RosA at the indicated concentration. The accumulation of sulfated-proteoglycans
was evaluated by Alcian blue staining. (B) Expression of Mmp3, Mmp13, and Cox2 in cartilage explant after co-treated with IL-1β and RosA assessed
by Immunohistochemical staining and (C) quantification (Mmp3; upper panel, Mmp13; middle panel, Cox2; lower panel). Scale bars, 100 μm.
Values are presented as the mean ± standard deviation. One-way analysis of variance followed by Bonferroni’s test was used to determine sig-
nificant differences **P < 0.01, ***P < 0.001, #P < 0.05 compared to the control group.
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phosphorylation and IκB protein degradation. These findings indicate that RosA effectively protects against cartilage degradation
through suppressing NF-κB signaling pathway.

3.5. RosA mediates cartilage regeneration via Sox9 induction

We also investigated whether RosA promoted the synthesis of Col2a1 and Acan through Sox9 expression. Initially, IL-1β treatment
of chondrocytes resulted in a time-dependent reduction of Sox9, Col2a1, and Acan expression, as determined by RT-PCR (Fig. S4A)
followed by densitometry (Figs. S4B–D) and qRT-PCR (Figs. S4E–G). To examine whether RosA could enhance the expression of Sox9,
Col2a1, and Acanwhich IL-1β reduced in chondrocytes, we co-administered IL-1β and RosA to chondrocytes for 24 h. We observed that
RosA dose-dependently upregulated the expression of Sox9, Col2a1, and Acan effectively countering the reduction caused by IL-1β, as
confirmed by both RT-PCR (Fig. 5A), densitometry (Fig. 5B–D) and qRT-PCR (Figs. S5A–C) analyses. This phenomenon was also
evident in ex vivo cartilage explants, where RosA treatment consistently recovered the expression of Sox9, Type II collagen, and
Aggrecan that was diminished by IL-1β (Fig. 5E and F; upper: Sox9, middle; Type II collagen, lower; Aggrecan). Furthermore, in vivo
analyses consistently revealed a decrease in the protein levels of Sox9, Type II collagen, and Aggrecan in the DMM-induced OA group.
However, these levels were substantially restored upon (i.a) - injection of RosA (Fig. 6A and B; upper: Sox9, middle; Type II collagen,
lower; Aggrecan). These data suggest that RosA effectively restores the expression of anabolic factors.

4. Discussions

OA is characterized by the destruction of ECM components in cartilage, which are crucial for smooth joint function and shock
absorption [37,38]. Current therapeutic options for OA, such as non-steroidal anti-inflammatory drugs (NSAIDs), primarily aim to
relieve symptoms by reducing pain and inflammation. However, these medications do not facilitate cartilage regeneration and are
often associated with side effects that can exacerbate joint damage over time [23–25]. In this context, RosA, a naturally occurring
polyphenol, emerges as a promising therapeutic alternative with the potential to alleviate symptoms and promote cartilage
regeneration.

RosA exhibits a broad spectrum of beneficial biological activities in managing OA. Its potent antioxidant properties help neutralize
oxidative stress, a known contributor to cellular damage in chondrocytes. Furthermore, RosA exerts significant anti-inflammatory
effects by modulating inflammatory pathways, which may alleviate the chronic inflammation characteristic of OA [25,39,40].
Significantly, our study has explored the molecular mechanisms underlying RosA’s beneficial effects in OA. We discovered that RosA
treatment effectively inhibited proteoglycan loss and attenuated the expression of critical catabolic enzymes, including MMPs and
Cox2 in chondrocytes and cartilage explant tissues. Additionally, results from the DMM-induced OA animal model confirmed that RosA
prevents cartilage breakdown and suppresses the expression of catabolic factors. These enzymes are critical in breaking ECM proteins,
suggesting that RosA helps maintain cartilage integrity. Furthermore, RosA modulates the IL-1β-mediated signaling pathway, a major
contributor to the progression of OA. Our findings confirmed that RosA attenuated NF-κB activity, thereby reducing the expressions of
catabolic factors. Many studies indicate that suppression of the NF-κB pathway leads to a decrease in catabolic factors production in
chondrocytes, which reduces cartilage destruction and inhibits the progression of OA. Moreover, studies indicated that various
molecules targeting the NF-κB pathway can effectively block the progression of OA [10,35,41]. Therefore, RosA suppresses the NF-κB
signaling pathway and diminishes the production of catabolic factors, suggesting its potential crucial role in mitigating OA
progression.

Our research further demonstrates that RosA significantly promotes the production of essential ECM components, including type II
collagen and aggrecan. These components play a crucial role in preserving the structural stability and functional characteristics of
cartilage tissue. Enhanced expression of Sox9, a transcription factor crucial for chondrogenesis, was observed in both in vitro and in vivo
OA models treated with RosA. The activation of these anabolic factors by RosA enables chondrocytes to produce matrix components
more effectively, supporting the repair process of cartilage damage. Several studies have indicated that the expression of Sox9 during
OA treatment can lead to the expression of type II collagen and aggrecan and that these effects can be beneficial for cartilage
regeneration and OA treatment [42–44]. This suggests that RosA prevents degradation and actively contributes to the anabolic pro-
cesses of cartilage repair and regeneration.

Despite these promising findings, current research has limitations, primarily relating to extrapolating animal model results to
human clinical cases. While animal models help understand disease mechanisms and test initial hypotheses, they often do not fully
reproduce the complex pathology and heterogeneity of humans. Further clinical trials are required to validate the therapeutic benefits
and safety of RosA in osteoarthritis patients, focusing mainly on long-term treatment outcomes. These studies will help determine the
appropriate dose, duration of treatment, and potential side effects to effectively and safely translate the promising effects observed in
animal studies into the clinic.

Fig. 3. RosA suppresses cartilage degradation in the DMM-induced OA mice model.
(A) Experimental framework outlining the establishment of the DMM-induced OA model. (B) Following DMM induction, mice received intra-
articular (i.a) injections of RosA for 6 weeks. The degree of cartilage degradation was assessed using Safranin-O staining. (C) OA severity was
quantified utilizing the OARSI scoring system at 10 weeks post-DMM induction. (D) Immunohistochemical staining was performed to assess the
Mmp3, Mmp13, and Cox2 protein levels in experimental OA mice after i,a injection of RosA and (E) quantification. Scale bars, 100 μm. Values are
presented as the mean ± standard deviation. One-way analysis of variance followed by Bonferroni’s test was used to determine significant dif-
ferences **P < 0.01, ***P < 0.001, #P < 0.05 compared to the control group.
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Fig. 4. RosA suppresses the expression of catabolic factors via the NF-κB signaling pathway.
(A, B, C) Chondrocytes were exposed to RosA at the indicated concentration for 24 h before being treated to IL-1β (1 ng/ml) for 15 min. Western blot
analysis was performed to evaluate the Phosphorylation of p65 and the degradation of IκB (A) and densitometry analysis (B; IκB, C; pp65). (D)
Chondrocytes were subjected to immunofluorescence staining for p65 (green) and 4′, 6-diamidino-2-phenylindole (DAPI) (blue) was used for nu-
clear staining. (E) The nuclear (N)-cytoplasmic (C) ratio of p65 was analyzed in three randomly chosen regions from three separate experiments (n
= 100 cells per field). Scale bars, 10 μm. (F) The pp65 and IκB protein levels in OA mice cartilage after i,a-injection of RosA assessed by
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Collectively, our findings suggest that RosA has the potential not only for symptomatic relief in OA but also for addressing the
underlying biological causes of cartilage degradation. By promoting cartilage regeneration and inhibiting inflammatory pathways,
RosAmay offer a more sustainable and effective treatment strategy for OA, highlighting its potential as a novel therapeutic agent in the
ongoing fight against this debilitating disease. Further research is needed to confirm these benefits in a clinical setting and fully
understand the scope of RosA’s therapeutic effects.

5. Conclusions

In conclusion, this study highlights the therapeutic potential of RosA in osteoarthritis. We have demonstrated that RosA effectively

Immunohistochemical staining and (G) quantification. Scale bars, 100 μm. Values are presented as the mean ± standard deviation. One-way
analysis of variance followed by Bonferroni’s test was used to determine significant differences. None significant (N.S), *P < 0.05, ***P <

0.001, #P < 0.05 compared to the control group. Original blots (Fig. S8) can be seen in supplementary figures file.

Fig. 5. RosA restores the expression of Type II collagen, Aggrecan and Sox9 reduced by OA progression.
(A, B, C, D) Chondrocytes were co-treated with IL-β and RosA for 24 h Sox9, Col2a1, and Acan expressions were evaluated by RT-PCR (A) and
densitometry (B; Sox9, C; Col2a1, and D; Acan) analysis. (E) Sox9, Type II collagen and Aggrecan expressions in cartilage explant after being co-
treated with IL-1β and RosA measured by Immunohistochemical staining and (F) quantification (Sox9; upper panel, Type II collagen; middle
panel, Aggrecan; lower panel). Values are presented as the mean ± standard deviation. One-way analysis of variance followed by Bonferroni’s test
was used to determine significant differences. None significant (N.S), *P < 0.05, **P < 0.01, ***P < 0.001, and #P < 0.05 compared to the control
group. Original gel (Fig. S9) can be seen in supplementary figures file.
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Fig. 6. RosA induced the expression of Type II collagen, Aggrecan and Sox9 protein in DMM-induced OA mice model.
(A) The Sox9, Type II collagen, and Aggrecan, protein levels were assessed through Immunohistochemical staining in the cartilage of OA mice
following i,a - injection of RosA, and (B) quantification was performed. Scale bars, 100 μm. Values are presented as the mean ± standard deviation.
One-way analysis of variance followed by Bonferroni’s test was used to determine significant differences. None significant (N.S), *P < 0.05, **P <

0.01, ***P < 0.001, #P < 0.05 compared to the Sham group.

Fig. 7. A schematic abstract illustrating RosA’s effects on both inhibiting catabolic factors and promoting ECM synthesis through the inhibition of
the NF-κB pathway.
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suppresses the expression of catabolic factors, preserves cartilage integrity, and inhibits critical inflammatory mediators within a
DMM-induced OA model. Additionally, RosA modulates the NF-κB signaling pathway and enhances the expression of essential
cartilage maintenance genes, including Sox9, Col2a1, and Acan, countering their reduction induced by IL-1β, as depicted in Fig. 7.
Collectively, these results indicated that RosA shows promise as a potential therapeutic option for OA, with dual actions on inflam-
mation suppression and molecular pathway modulation crucial for cartilage health. These findings position RosA as a promising
candidate for OA treatment, addressing inflammation and influencing crucial molecular pathways. Further research and clinical trials
are necessary to substantiate these findings and establish the efficacy and safety of RosA in managing OA.
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Table A.1
Primer sequences and PCR conditions

Gene Origin Strand Sequence Size
(bp)

ATa

(◦C)

Mmp3 Mouse bS
cAs

5’-CTGTGTGTGGTTGTGTGCTCATCCTAC-3’
5’-GGCAAATCCGGTGTATAATTCACAATC-3’

350 60

Mmp13 Mouse S
As

5’-TGATGGACCTTCTGGTCTTCTGGC-3’
5’-CATCCACATGGTTGGGAAGTTCTG-3’

473 60

Cox-2 Mouse S
As

5’-GGTCTGGTGCCTGGTCTGATGAT-3’
5’-GTCCTTTCAAGGAGAATGGTGC-3’

724 63

Col2a1 Mouse S
As

5’-CACACTGGTAAGTGGGGCAAGA-3’
5’-GGATTGTGTTGTTTCAGGGTTCG-3’

173 58

(continued on next page)
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Table A.1 (continued )

Gene Origin Strand Sequence Size
(bp)

ATa

(◦C)

Acan Mouse S
As

5’-CCTGCTACTTCATCGACCC-3’
5’-AGATGCTGTTGACTCGAACCT-3’

150 60

Sox9 Mouse S
As

5’-GAGCCGGATCTGAAGAGGGA-3’
5’- GCTTGACGTGTGGCTTGTTC-3’

151 58

Gapdh Mouse S
As

5’-TCACTGCCACCCAGAAGAC-3’
5’-TGTAGGCCATGAGGTCCAC-3’

450 60

a AT, annealing temperature.
b S, sense.
c As, antisense.
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