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Purpose: Osteoarthritis (OA) places a significant burden on society and finance, and there is presently no effective treatment besides 
late replacement surgery and symptomatic relief. The therapy of OA requires additional research. Madecassic acid (MA) is the first 
native triterpenoid compound extracted from Centella asiatica, which has a variety of anti-inflammatory effects. However, the role of 
MA in OA therapy has not been reported. This study aimed to explore whether MA could suppress the inflammatory response, 
preserve and restore chondrocyte functions, and ameliorate the progression of OA in vitro and in vivo.
Methods: Rat primary chondrocytes were treated with IL-1β to simulate inflammatory environmental conditions and OA in vitro. We 
examined the effects of MA at concentrations ranging from 0 to 200 µM on the viability of rat chondrocytes and selected 10 µM for 
further study. Using qRT-PCR, immunofluorescent, immunocytochemistry, and Western blotting techniques, we identified the potential 
molecular mechanisms and signaling pathways that are responsible for these effects. We established an OA rat model by anterior 
cruciate ligament transection (ACLT). The animals were then periodically injected with MA into the knee articular cavity.
Results: We found that MA could down-regulate the IL-1β-induced up-regulation of COX-2, iNOS and IL-6 and restore the 
cytoskeletal integrity of chondrocytes treated with IL-1β. Moreover, MA protects chondrocytes from IL-1β-induced ECM degradation 
by upregulating ECM synthesis related protein expression, including collagen-II and ACAN, and further down-regulating ECM 
catabolic related protein expression, including MMP-3 and MMP-13. Furthermore, we found that NF-κB/IκBα and PI3K/AKT 
signaling pathways were involved in the regulatory effects of MA on the inflammation inhibition and promotion of ECM anabolism 
on IL-1β-induced chondrocytes.
Conclusion: These findings suggest that MA appears to be a potentially small molecular drug for rat OA.
Keywords: osteoarthritis, madecassic acid, inflammatory responses, cartilage degradation

Introduction
Osteoarthritis (OA) is among the diseases with the most rapid increase in prevalence, which places a significant burden 
on society and finance, and there is presently no effective treatment besides late replacement surgery and symptomatic 
relief.1,2 Today, OA can also be defined as a pathology of the “osteochondral unit”, which combined of articular cartilage, 
calcified cartilage, subchondral cortical and trabecular bone. This unit functions primarily by transferring load-bearing 
weight over the joint to allow for normal joint articulation and movement.3,4 OA is characterized by joint pain and 
restriction of movement, as well as the presence of effusion and varying degrees of local inflammation.5,6 Although aging 
and mechanical instability have been considered the main causes of OA, current research provides a new view of 
cartilage degeneration caused by inflammatory responses.7 In impaired cartilage and synovium, proinflammatory 
cytokines such as tumor necrosis factor (TNF)-α and interleukin (IL)-1β are generated.8 Several other cytokines 
including IL-6, IL-15, IL-17, IL-18 and IL-21 have also been shown to be implicated in OA. Moreover, the TGF-β1 
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signaling pathway has proven to be one of the key factors in cartilage and bone formation.9 The articular cartilage 
consists of more than 70% water and organic extracellular matrix (ECM) components, mostly type II collagen and 
aggrecan.10,11 These catabolic cytokines contribute to the degradation of the ECM by encouraging the overproduction of 
matrix metalloproteinases (MMPs), aggrecanases and chondrocyte apoptosis, which eventually results in cartilage 
degradation.12,13 Due to a lack of chondrocytes and vascular supply, cartilage has limited ability to resist enzymatic 
damage and initiate an autonomic functional repair process.14,15 Consequently, it is crucial to investigate the development 
of efficient medications that can maintain and repair chondrocyte functions while suppressing the inflammatory response.

Madecassic acid (MA), a triterpenoid found in centella asiatica plants, has a variety of pharmacological properties, such as 
anti-inflammatory,16,17 anti-diabetic,18,19 anti-oxidant,20 neuroprotective,21 and anticancer effects.22,23 According to research, 
MA can reduce the activation of gammadeltaT17 cells via the Akt/GSK3beta/NFAT pathways, which helps to treat colitis.16,31 In 
addition, MA may offer promise as a solid and hematological tumor anticancer treatment lead.22,23 Additionally, MA was regarded 
as an anti-diabetic drug since studies indicated that it may reduce lipid accumulation, attenuate oxidative and inflammatory stress, 
improve hemostatic imbalance and glycemic control in diabetic mice.18 Although MA has been studied extensively in various 
fields, the study of MA on OA chondrocyte protection and anti-inflammatory effect are poorly studied.

In the current investigation, rat primary chondrocytes were treated with IL-1β to simulate inflammatory environ
mental conditions and in vitro OA. In addition, it was investigated whether MA therapy might reduce OA in vivo and 
in vitro. After identifying the cytotoxicity of MA on chondrocytes, its effect on inflammatory cytokine expression, ECM 
synthesis, and catabolism-related protein expression was examined in IL-1β-treated rat primary chondrocytes. To 
investigate the therapeutic properties of MA on OA in vivo. We established an OA rat model induced by anterior 
cruciate ligament transection (ACLT). The animals were then periodically injected with MA into the knee articular 
cavity. Additionally, simultaneous verification of the potential molecular mechanisms was simply performed.

Materials and Methods
Chemicals and Reagents
MA was obtained from Selleck Chemicals (Houston, TX, USA). Recombinant IL-1β was obtained from Peprotech 
(Cranbury, NJ, USA). Primary antibodies against collagen-II and MMP-13 were purchased from Abcam (Cambridge, 
MA, USA). MMP-3 was obtained from Absin Bioscience (Shanghai, China). ACAN was obtained from Bioss Inc 
(Beijing, China). IκBα and phospho-IκBα, NF-κB and phospho-NF-κB, and Akt and phospho-Akt, PI3K and phospho- 
PI3K were obtained from Cell Signalling Technology Co. (Boston, MA, USA). GAPDH was purchased from Proteintech 
(Chicago, IL, USA). Second antibodies of anti-mouse/rabbit HRP-linked IgG were purchased from CST Co. Gibco 
provided cell culture reagents (Grand Island, NY, USA).

Primary Chondrocytes Isolation
Rat chondrocytes were collected from male Sprague-Dawley (SD) rats, as previously published.24,25 Collagenase (2 mg/mL) 
was used to break down a knee cartilage block into little pieces. For around 3 hours, the digested material was incubated at 
37°C. A cell strainer with a pore size of 70 μm was used to filter the cell suspensions. The cells were cultured in DMEM/F12 
medium supplied with 10% fetal bovine serum (FBS). In the following research, chondrocytes from the third culture passage 
were used.

Cell Viability
Experimental cells were cultured in 96-well plates at a density of 4 × 103 cells per well. After 12 hours, a serum-free 
medium was employed to starve cells for 12 hours. The cells were subsequently treated for 48 hours with varying doses 
of MA (0, 5, 10, 20, 50, 100, 200 μM) with 2% FBS of DMEM/F12 medium. After that, CCK-8 solution was added with 
serum-free medium for 1 hour incubation. Then, the absorbance was measured at 450 nm using a microplate read 
(Spectramax 190, Molecular Devices, USA).
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Animals and Experimental Groups
We conduct animal feeding and related animal experiments in Suzhou Institute of Biomedical Engineering and Technology, 
Chinese Academy of Sciences. All animal experiments met the requirements of the Guide for the Animal Care and Use 
Committee of Suzhou Institute of Biomedical Engineering and Technology Chinese Academy of Sciences (Approval file ID 
2022-B22). ACLT was done on the right knee joint on male Sprague-Dawley rats (200 ± 20g) to lead OA. Eight weeks after 
ACLT, rats were randomly categorized into three groups of five each: the sham group, the OA group, and the OA+ MA group. 
Rat knee joints were given intra-articular injections of 1 mg/kg of MA every day for one week, then once every three days for 
another three weeks. Four weeks after the injection, the rats were sacrificed and the right knee joints were taken off and put in 
a solution of 4% paraformaldehyde. Hematoxylin-eosin and safranin O-fast green stains were used on these joints.

Real-Time PCR
Using an RNA-Quick Purification Kit, according to the manufacturer’s guidelines, total RNA was extracted (Yishan, 
China). Using a PrimeScript chemical kit with gDNA Eraser, total RNA was reverse-transcribed into cDNA. The cDNA 
products were then amplified with SYBR green PCR Premix and specific primers. The CFX96 Real-Time PCR Detection 
System was used to conduct real-time RT-PCR experiments. The 2 −ΔΔCt method was used to determine the target gene’s 
expression level in relation to the housekeeping gene GAPDH. Supplementary Table 1 displays the primer sequences 
which listed as Supplementary Material.

Western Blotting Assay
The chondrocytes were treated with a lysis buffer containing PMSF after 48 hours of varied treatments. SDS-PAGE was used 
to separate the proteins, which were subsequently transferred to polyvinylidene fluoride membranes.26 Primary antibodies 
were then incubated. Primary antibodies and their dilution ratio were showed as following. Collagen-II (ab188570, 1:1000), 
MMP-13 (ab39012, 1:3000), MMP-3 (abs146188, 1:1000), ACAN (bs-1223R, 1:1000), IκBα (CST#4814, 1:1000), p-IκBα 
(CST#2859, 1:1000), NF-κB (CST#8242, 1:1000), p-NF-κB (CST#3033,1:1000), AKT (CY5561, 1:1000), p-AKT (CY6569, 
1:1000), PI3K (CST#4249, 1:1000), p-PI3K (CST#4228, 1:1000) and GAPDH (10494-1-AP, 1:20000). The membranes were 
cleaned three times with TBST and then incubated with corresponding secondary antibody (1:1000). Primary antibodies 
and secondary antibodies were incubated and then used to detect the target proteins. To ensure repeatability, all Western blots 
were conducted at least three times under identical experimental circumstances. Densitometry values for the bands for each 
protein of interest were determined to calculate fold changes representing protein expression levels under each treatment 
condition. In each experiment, values were standardized to the loading control.

Immunofluorescences and Immunocytochemistry
Chondrocytes were cultured under various conditions for 48 hours before being rinsed in ice-cold PBS. After that, the 
cells were immersed in paraformaldehyde for 20 minutes. Then, samples were permeabilized for 15 minutes and blocked 
with bovine serum albumin, and primary antibodies were then incubated overnight at 4°C. The samples were then 
exposed to fluorescent second antibody, followed by a 5 minute incubation with DAPI for nuclear staining. The DAB kit 
was used to color the immunocyte stain. After washing with PBS, images were captured at room temperature using 
a Zeiss confocal microscope or an Olympus inverted fluorescent microscope (CKX53).

Histological Analysis
Knee samples were put in 4% paraformaldehyde for 48 hours at 4 °C and then put in decalcifying solution for 4 weeks to 
remove the calcium. Embedded samples were sliced into 10 μm slices and stained with H&E and Safranin-O/green. The 
guidelines of the Osteoarthritis Research Society International (OARSI) were used to score microscopic histology. The 
quantification of safranin-O was measured by Image J software.
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Statistical Analysis
At least three trials have produced comparable outcomes. All data are displayed as mean ± SD. One-way ANOVA was 
used in the statistical analysis using GraphPad Prism 8 to decide whether there were any differences between the groups. 
p-values <0.05 were considered statistically significant.

Results
Cytotoxicity of MA on IL-1β-Induced Chondrocytes
Figure 1A illustrates the chemical structure of MA. Chondrocytes were treated with MA at various dosages (0, 5, 10, 20, 
50, 100, 200 μM) for 48 hours to detect the cytotoxic effect of the compound, and a CCK-8 assay was carried out to 
determine cell viability. As shown in Figure 1B, after 48 h of treatment, MA dramatically suppressed the viability of 
chondrocytes at 100 and 200 μM when compared to the DMSO (0.1%) group. The 10 μM solution significantly increased 
chondrocytes’ viability. There was no significant difference in the viability at the concentrations of 5, 20 and 50 μM. 
Based on these results, the best dose of MA for future studies is 10 μM.

MA Suppress the IL-1β Induced Inflammatory Reaction and Cytoskeleton Destruction
Inflammatory factors emerged as the primary contributors to cartilage injury as OA progressed. We analyzed the effect of MA on 
IL-1β-activated inflammatory activity in rat chondrocytes. As demonstrated in Figure 2A, the IL-6, iNOS and Cox2 mRNA 
expression were significantly upregulated in the IL-1β-treated group compared with the DMSO group. The addition of MA 
reduced the expression of these inflammatory genes substantially. Further, we analyzed the effect of MA on IL-1β-induced 
cytoskeleton structure change in chondrocytes. Figure 2B shows that following IL-1β treatment, the cytoskeletal structure of 
chondrocytes was damaged, microfilaments and pseudopodia were diminished, and the skeleton’s conformation was reversed 
when compared to the control group. The cytoskeleton was partly rebuilt after MA therapy. Microfilaments and pseudopods are in 
good condition. These results indicated that MA effectively alleviated the inflammatory response and restored the cytoskeletal 
integrity of IL-1β-induced chondrocytes.

MA Protects Chondrocytes Against ECM Degradation Triggered by IL-1β
To determine the role of MA in IL-1β-induced ECM degradation of chondrocytes. Chondrocytes were treated with IL-1β 
in the presence and absence of MA. IL-1β treatment resulted in abnormal expression of ECM synthesis and degradation- 
related proteins. As demonstrated in Figure 3A, when compared with the control group, IL-1β significantly up-regulated 
ECM degradation-related genes MMP-3 and MMP-13 expression and down-regulated ECM synthesis-related genes 
collagen-II and ACAN expression levels. However, MA could restore those gene expressions. As demonstrated in 
Figure 3B and C, immunofluorescence and immunocytochemistry assay of Collagen-II, ACAN and MMP-13 showed 

Figure 1 Effects of MA on the viability of chondrocytes. (A) Chemical structure of MA. (B) The cytotoxic effect of MA on the chondrocytes was determined at different 
concentrations (0, 5, 10, 20, 50, 100 and 200 μM) for 48 hours using a CCK8 kit. The values are presented as the mean ± SD of three independent experiments. Significant 
differences are represented as** p < 0.01, n = 3. Compared with the DMSO group.
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that MA inhibited the expression of MMP-13 and enhanced Collagen-II and ACAN expression. As additional confirma
tion of the results, Western blots (Figure 3D and E) demonstrated that MA enhanced the collagen-II and ACAN protein 
expression, while the protein expression of MMP-3 and MMP-13 was drastically decreased in the MA-treated group 
when compared to the IL-1β-treated group in rat chondrocytes. These results imply that MA may successfully protect 
chondrocytes from ECM degradation caused by IL-1β.

MA Protects Chondrocyte via Inhibiting NF-κB/IκBα and Regulating PI3K/AKT 
Signaling Pathways
Previous studies have reported that NF-κB contributes to IL-1β-provoked cell damage.1 In our study, we used Western 
blotting assay to evaluate the influence of MA on the IL-1β-induced chondrocytes. As demonstrated in Figure 4A and B, 

Figure 2 The effect of MA on IL-1β-induced inflammation and cytoskeleton changes in chondrocytes. (A) The mRNA level expression of IL-6, Cox2 and iNOS. (B) 
Cytoskeleton images of chondrocytes. Cells were stained for rhodamine-phalloidin (red) and DAPI (blue), bar = 50 μm. The data are presented as mean ± SD. Significant 
differences are represented as ** p < 0.01 compared with the control group, ##p < 0.01 compared with IL-1β group, n = 3.
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Figure 3 Effects of MA on the ECM degradation of chondrocytes. (A) The mRNA expression of Collagen-II, ACAN, MMP-3 and MMP-13. (B) Immunofluorescence image of 
Collagen II, bar = 50 μm. (C) Immunocytochemistry image of ACAN and immunofluorescence image of MMP-13, bar = 100 μm. (D) The protein expression of collagen-II, 
ACAN, MMP-3 and MMP-13 in chondrocytes. Expressions have been normalized to GAPDH. (E) Relative intensity of protein expression. The data are presented as mean ± 
SD. Significant differences are represented as * p < 0.05, ** p < 0.01 compared with the DMSO group, #p < 0.05, ##p < 0.01 compared with IL-1β group, n = 3.

https://doi.org/10.2147/DDDT.S383632                                                                                                                                                                                                                               

DovePress                                                                                                                                     

Drug Design, Development and Therapy 2022:16 3798

Fu et al                                                                                                                                                                Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


compared to the DMSO group, p/t-IκBα expression was significantly increased in the IL-1β treated group, while MA 
treatment inhibited the phosphorylation of IκBα. The down-stream target of IκBα is NF-κB. We further analyzed the 
phosphorylation level of NF-κB (p65). In comparison to the DMSO group, IL-1β induction dramatically increased the 
phosphorylation level of p65, while MA could restore the p/t-p65 value. PI3K/AKT is an upstream pathway of NF-κB. 
As demonstrated in Figure 4C and D, IL-1β stimulation inhibits the phosphorylation levels of PI3K and AKT, while MA 
treatment restores the p/t-PI3K and p/t-Akt. These findings reveal that NF-κB/IκBα activation was suppressed and PI3K/ 
AKT was activated by MA following IL-1β conditioning, and further implying that MA may inhibit inflammation and 
promote ECM synthesis by inhibiting the phosphorylation of NF-κB and up-regulating the phosphorylation of 
PI3K/AKT.

MA Attenuated Cartilage Degradation
We used an OA model with ACLT to test MA’s anti-arthritic efficacy in vivo. Eight weeks after ACLT, rats were 
randomly categorized into three groups of five each: the sham-operated group, the OA group, and the OA+ MA group. 
The HE and Safranin-O/green stains in Figure 5A showed a regular morphology and structure of articular cartilage in the 
sham-operated group, while the OA group had a disordered articular structure and thinner cartilage layers, after the 
introduction of MA, the structure and thickness of the articular cartilage were more complete and thicker after MA 
therapy. As shown in Figure 5B, quantification of safranin-O revealed a higher cartilage expression in the MA therapeutic 
group than in the OA group. Meanwhile, after MA therapy, the OARSI score was lower than in the OA group 
(Figure 5C). These findings revealed that MA inhibited cartilage matrix degradation and delayed cartilage surface 
degeneration, implying that MA may be useful in slowing the progression of OA.

Figure 4 Effects of MA on the PI3K/AKT/NF-κB signaling pathways in IL-1β-stimulated chon-drocytes. The protein expression (A) and relative intensity (B) of IκBα, p- IκBα, 
p65 and p-p65. The protein expression (C) and relative intensity (D) of PI3K, p-PI3K, AKT and p-AKT. Expressions have been normalized to GAPDH. The data are 
presented as mean ± SD. Significant differences are represented as ** p < 0.01 compared with the DMSO group, #p < 0.05, ##p < 0.01 compared with the IL-1β group, n = 3.
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Discussion
OA is the pathology of the osteochondral unit, which places a significant burden on society and finance. Age, joint 
damage and obesity are the principal predisposing risk factors for OA.6 The increased expression of inflammatory 
mediators changes the cartilage homeostasis by favoring the catabolic activity of chondrocytes, resulting in disruption, 
loss of the cartilage matrix and impairing the repair ability.7,27 Current therapeutic options, such as physical therapy and 
pain relieving medicines, just alleviate symptoms and frequently have undesirable side effects.28–30 As a result, an 
effective treatment is urgently needed to prevent the progression of OA. MA has been shown to have anti-inflammatory 
properties. Studies found that MA inhibited LPS-induced inflammation in macrophages.17 MA also been reported to have 
anti-colitis effect by suppressing inflammatory signaling pathway.31 However, its ability to protect OA chondrocytes has 
yet to be investigated. As a result, we investigated the anti-inflammatory and protective effects of MA on rat OA 
chondrocytes. Results suggested that MA suppresses IL-1β-induced inflammation and chondrocyte ECM degradation, 
reducing cartilage degeneration in rat OA.

Now, it is becoming increasingly obvious that chronic inflammation plays key roles in OA.32 A lot of animal studies 
supported that IL-1β and TNF control the degeneration of articular cartilage matrix, and several other cytokines including 
IL-6, IL-15, IL-17, IL-18 and IL-21 have also been shown to be implicated in OA.33 Specifically, proinflammatory 
cytokines such as IL-6, TNF-α, iNOS and COX2 contribute to the progression of OA by promoting the synthesis of 
MMPs, which in turn accelerates matrix degradation.27,34 IL-6 has been found to be upregulated in the synovial fluid and 
serum of OA patients. In addition, when coupled with IL-1, IL-6 increases the expression of MMP-1 and MMP-13 while 
decreasing the expression of collagen-II.35,36 Another effective treatment for OA is COX-2 inhibition.37 iNOS in 
chondrocytes synthesizes nitric oxide, which is a major inflammatory mediator in OA.38 Consistent with those studies 
mentioned above, our current investigation found that MA reduced the production of IL-6, iNOS and COX-2 in IL-1β- 
induced chondrocytes. The cytoskeleton structure can reflect the overall state of the cells.39 Cytoskeleton staining results 
further confirmed that MA can restore the chondrocytes’ cytoskeletal structure damage caused by IL-1β. Our study 
showed that MA can protect the cytoskeleton structure of chondrocytes and has an anti-inflammatory activity on 
chondrocytes stimulated by IL-1β.

Figure 5 MA attenuates OA progression in rats. (A) HE and Safranin-O/green staining of the car-tilage of sham, OA and OA+MA groups. (B) Safranin-O quantification and 
(C) the OASRI score of the sham and the experimental groups. The data are presented as mean ± SD. Significant differ-ences are represented as ** p < 0.01 compared with 
the sham group, ##p < 0.01 compared with the OA group, n = 5.
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The imbalance of synthesis and degradation of extracellular matrix is a direct manifestation of cartilage 
degradation.40,41 The inflammatory mediators increase the synthesis of MMPs. Among which, stromelysin MMP-3 
and collagenases MMP-13 play crucial roles in OA.42,43 MMP-3 is largely produced by synoviocytes, whereas MMP-13 
is primarily produced by chondrocytes that live in cartilage.42,44 MMP-13 destroys both collagen and aggrecan, hence 
performing a dual role in matrix breakdown. Moreover, MMP-3 is well-known activator of other MMPs, including 
MMP-13.45 The in vitro study showed that IL-1β significantly induced higher expression of MMP-3 and MMP-13. The 
main components of the cartilage ECM are collagen-II and ACAN, and its reconstruction has been proven to be 
a potential therapy in OA progression.24 Our study results also proved that MA enhanced the collagen-II and ACAN 
expression, which was inhibited by IL-1β in chondrocytes. These results were consistent with recent works and further 
proved the importance of ECM reconstruction in OA. However, the underlying mechanism of how MA exhibited the 
anti-inflammation and anti-ECM degradation remains unclear.

Abundant evidence suggests that inflammation-related pathways PI3K/AKT and NF-κB have been linked to the pathophy
siology of OA.27 To corroborate the therapeutic efficacy of MA, the PI3K/AKT and NF-κB signaling pathway in IL-1β- 
stimulated chondrocytes were analyzed by Western blotting. Compared with the IL-1β group, MA effectively suppresses the 
phosphorylation level of IκBα and NF-κB. NF-κB is a downstream target of IκBα, and the IκBα phosphorylation enhances NF- 
κB pathway activity. Furthermore, recent research has shown that reducing the degradation of IκBα can prevent the activation of 
NF-κB. Accumulating data supports that PI3K/Akt plays a key role in OA progression.46 PI3K molecules are classified into 
three types (I, II, III). The most studied of these is PI3K class I, which contributes to a variety of bioactivities.47 In PI3K 
signaling, Akt is a critical messenger. PI3K/Akt is involved in a variety of biological activities, including cell cycle, cell survival, 
inflammation, metabolism, and apoptosis.48,49 According to earlier studies, human OA cartilage tissue has significantly lower 
levels of the PI3K/AKT signaling pathway than healthy cartilage.50 The activation of AKT phosphorylation can enhance 
collagen-II production.51 PI3K/AKT not only participates in ECM anabolism but also plays a crucial role in ECM catabolism. 
Another study found that activating PI3K can reduce MMP-13 expression.52 However, other investigations have shown that 
specific PI3K and AKT inhibitors can drastically lower MMP expression.53 These findings highlight the fact that the PI3K/AKT 
pathway functions as a double-edged sword in ECM metabolism. Our study found that under the IL-1β-stimulation conditions, 
the phosphorylation level of PI3K and AKT was significantly decreased, while MA effectively up-regulated the phosphorylation 
level of PI3K and Akt. NF-κB is one of the downstream of PI3K/AKT. Our study implied that MA could inhibit inflammation 
and promote ECM synthesis via inhibiting the phosphorylation of NF-κB and up-regulating the phosphorylation of PI3K/AKT.

Thus, as illustrated in Figure 6, MA could inhibit the activation of NF-κB signaling pathways which induced by IL-1β. 
Moreover, MA could promote the PI3K/AKT pathway which inhibited by IL-1β, the PI3K/AKT further promotes the 
phosphorylation of NF-κB, which targeting in the overexpression of inflammatory factors and inhibition of ECM anabolism. 
Both of our in vitro and in vivo studies demonstrated that MA could inhibit inflammation and promote ECM synthesis. We 
hypothesize that MA’s inhibition effect on NF-κB pathway was stronger than the promotion effect on PI3K/AKT and finally 
resulting in the inflammation inhibition and ECM synthesis promotion. Thus, further research was needed to determine the 
function of PI3K/AKT in cartilage homeostasis under the treatment of MA. Furthermore, our in vivo animal experiments also 
confirmed the protective effect of MA against OA, where it inhibited the degradation of articular cartilage and decreased its 
erosion. Our study results indicated that MA has protective effect on rat articular cartilage. Subchondral cortical is an 
important component of the osteochondral unit, and the role of MA in subchondral bone is also worth further investigation.

There are several drawbacks in this study. Firstly, our study was based on rat chondrocytes and the OA model, rather than 
human chondrocytes and the OA model as the source of human chondrocytes is limited. Secondly, further research is required to 
determine the effect of MA in regulating the PI3K/AKT in OA. Therefore, there is room for improvement in future studies.

Conclusion
Our study shows that MA attenuates IL-1β-activated rat chondrocytes inflammation and ECM degradation by inhibiting 
NF-κB/IκBα and promoting PI3K/AKT signaling pathways. In vitro and in vivo results support MA as a potential 
therapeutic agent for rat OA.
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Figure 6 Schematic illustration of the potential protective mechanism of MA in OA. On the one hand, MA inhibited the activation of NF-κB signaling pathways which 
induced by IL-1β. (labeled as “a” in red font). On the other hand, MA could promote the PI3K/AKT pathway which inhibited by IL-1β, (labeled as “b” in blue font). MA’s 
inhibition effect on NF-κB pathway was stronger than the promotion effect on PI3K/AKT, and finally resulting in the inflammation inhibition and ECM anabolism in IL-1β- 
induced chondrocyte.
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