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via restoring impaired autophagy and suppressing
MAPK/NF-kB/PI3K-AKT-mTOR signaling pathways

Rui Lu," Zhenni Wei,” Zhenggang Wang,'* Shimeng Xu, ' Kai Sun,’ Peng Cheng, Xiaojian Huang,' Hongbo You,'

Fengjing Guo,’ Shuang Liang,"#>* and An-min Chen"#*

SUMMARY

Osteoarthritis (OA) is a trauma-/age-related degenerative disease characterized by
chronic inflammation as one of its pathogenic mechanisms. Mulberroside A (MA), a
natural bioactive withanolide, demonstrates anti-inflammatory properties in
various diseases; however, little is known about the effect of MA on OA. We aim
to examine the role of MA on OA and to identify the potential mechanisms through
which it protects articular cartilage. In vitro, MA improved inflammatory response,
anabolism, and catabolism in IL-1p-induced OA chondrocytes. The chondroprotec-
tive effects of MA were attributed to suppressing the MAPK, NF-«B, and PI3K-AKT-
mTOR signaling pathways, as well as promoting the autophagy process. In vivo,
intra-articular injection of MA reduced the cartilage destruction and reversed the
change of anabolic and catabolic-related proteins in destabilized medial meniscus
(DMM)-induced OA models. Thus, the study indicates that MA exhibits a chondro-
protective effect and might be a promising agent for OA treatment.

INTRODUCTION

Osteoarthritis (OA) is a common degenerative joint disease that occurs mainly in patients with prior joint
trauma and the elderly and is characterized by pain, swelling, limited mobility, and deformity.' The high-
risk groups of OA include joint trauma, individuals with the age over 65, and obesity.” Treatment for OA
includes conservative treatment and surgical treatment. Mild patients are recommended to reduce joint
activities and give anti-inflammatory and analgesic treatment; for end-stage patients, joint replacement
surgery is recommended to relieve joint pain and restore certain functions.® Due to the high incidence,
long treatment cycle, and side effects such as gastrointestinal inflammation and liver damage from drug
therapy, OA has caused a great economic burden to the society.” Therefore, finding suitable drugs or
exploring the pathogenesis of OA is a way of solving the problem.

Cartilage is the most critical component of the joint and directly affects the development and progression
of OA.® Chondrocytes, the only cell type within cartilage, and the extracellular matrix (ECM) are important
components for maintaining cartilage function.® Increased catabolism and decreased anabolism in chon-
drocytes can trigger the degradation of ECM.” The pathogenesis of OA is still unclear, but it is mainly
believed to be related to chronic inflammation.? Enhanced inflammatory responses lead to increased
catabolism and decreased anabolism in chondrocytes, which in turn trigger the degradation of the
ECM. The enhancement of inflammatory response is closely related to the activation of MAPK (mitogen-
activated protein kinase) and NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells)
signaling pathways, and studies have demonstrated that MAPK and NF-kB signaling pathways play an
important role in promoting the progression of OA.” Furthermore, autophagy process, an intracellular pro-
tective mechanism, is regulated by the PI3K-AKT-mTOR signaling pathway and is also considered to be a
crucial factor in maintaining the stability of cartilage, as impaired autophagy will contribute to the
apoptosis of chondrocytes and the degradation of the ECM.™®
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of MA on OA. Inrecent years, studies have shown the potential role of plant-derived anti-inflammatory compo-
nents such as artesunate'” and physalin a'® in slowing cartilage degradation, suggesting the existence of alter-
native strategies for OA treatment. Considering the pathogenic role of inflammatory response in OA and the
anti-inflammatory properties of MA, we designed this experiment to explore the role of MA in OA.

RESULTS
Identification of mice articular chondrocytes in vitro

Articular cartilage is composed of chondrocytes and cartilage matrix. Chondrocytes are the only cellular
components of articular cartilage.'” Changes in their biological properties are closely related to the occur-
rence and development of OA.”° Cells extracted from mice articular cartilage were identified by observing
cells morphology, toluidine blue staining, safranin o staining, and collagen Il immunofluorescence staining.
In our experiments, we observed that the primary cells were polygonal or triangular, and the cells of the first
passage generation were mostly oval, with round or oval nuclei and abundant cytoplasm (Figure 1A).
Toluidine blue staining of normal primary chondrocytes showed that there were blue-purple metachro-
matic granules in the cells, and a small amount of metachromatic granules appeared around the cells
(Figure 1B). Besides, chondrocytes are rich in proteoglycans, which can be reflected by safranin o staining
(Figure 1C). In addition, chondrocytes have no specific markers that can be detected, but can produce large
amounts of collagen II,”" which are the main components of the cartilage matrix and can be detected in the
cytoplasm using immunofluorescence methods (Figure 1D). Combined with the parts taken of the cells and
the observed features mentioned above, it is confirmed that the cells observed in this experiment are
chondrocytes.

Viability of chondrocytes treated with IL-1B3/MA and selection of an optimal concentration of
Mulberroside A

The effect of IL-1B and MA on the viability of chondrocytes was evaluated by a CCK8 assay. As shown in
Figure 1F, CCK-8 assay found that MA at the concentration of 80 uM affected the viability of chondrocytes
(p < 0.05), while MA at or below 40 uM did not affect the cell viability (p > 0.05). Besides, the viability of
chondrocytes was not significantly affected when chondrocytes were stimulated with 5 ng/mL IL-1B or
40 uM MA alone or together for 24 h (p > 0.05). Afterward, western blot analysis was applied to the se-
lection of an optimal concentration of MA on chondrocytes. Cells were treated with 5 ng/mL IL-18 alone
or accompanied with different concentrations of MA (5, 10, 20, and 40 uM) for 24 h. Data revealed that MA
at the concentrations of 20 uM or 40 uM promoted anabolism, inhibited catabolism and inflammatory
metabolism in IL-1B-induced chondrocytes, of which MA at a concentration of 40 uM has a more obvious
effect, whereas the chondroprotective effect was not observed at MA concentrations below 20 pM
(Figures 1G and 1H). Therefore, we selected the concentration of MA at 40 puM for the following
experiment.

Mulberroside A suppresses the inflammatory responses in IL-1B-induced chondrocytes

To determine the anti-inflammatory effect of MA on OA in vitro, IL-1B was applied to stimulate the
chondrocytes to mimic the in vitro cellular environment of OA. As shown in Figures 2A and 2B, IL-1B upre-
gulated the expression of inflammatory proteins (iNOS, COX-2), whereas the enhancement of inflammatory
responses induced by IL-1B could be reversed by the administration of 40 uM MA. Besides, this anti-inflam-
matory effect of MA was verified by the RT-gPCR analysis, as exhibited in Figure 2C, the mRNA expression
of INOS, COX-2, and IL-6 was increased after the IL-1B stimulation, while MA reversed this change. Primer
sequences of target genes for RT-gPCR could be found in Table 1.

Mulberroside A inhibits the catabolism in mice osteoarthritis chondrocytes in vitro and in vivo
experiments

The catabolism in chondrocytes which are the only type of cells in cartilage, together with anabolism,
plays a key role in the homeostasis of the cartilage ECM. Metabolic imbalance contributes to the
degradation of the ECM of cartilage, which leads to the occurrence of OA.?? In vitro, western blot
analysis indicated that IL-1B increased the catabolic protein expression of MMP13, ADAMTS4, and
ADAMTSS5. However, the administration of MA decreased the accumulation of the above proteins
(Figures 3A and 3B). RT-gPCR analysis confirmed the above results, as the relative mRNA expression
of MMP3, MMP13, and ADAMTS5 was upregulated in IL-1B-induced chondrocytes, whereas this
process could be reversed by MA treatment (Figure 3C). In addition, the data of western blot and
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Figure 1. Identification of mice chondrocytes, viability of chondrocytes treated with IL-1B/MA, and selection of an optimal concentration of MA
A) The general view of primary mice chondrocytes, scalebar = 100 pm.
B) Toluidine blue staining and (C) Safranin O staining of primary mice chondrocytes, scalebar = 100 pm.

E) Chemical structure of MA.

F) The viability of chondrocytes treated with MA (0, 5, 10, 20, 40, and 80 uM) for 24 h, and with IL-1B (5 ng/mL) or/and MA (40 uM) for 24 h was measured by a
CCK-8 kit.

(G) Western blot analysis and (H) quantitative data for anabolic (Aggrecan, Collagen Il), catabolic (MMP13), and inflammatory-related (iNOS) proteins in
chondrocytes treated with 5 ng/mL IL-1B alone or accompanied with different concentrations of MA (5, 10, 20, and 40 uM). Data were presented as means +
SD (n = 3). ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001.

(
(
(D) Immunofluorescence staining of Collagen Il in primary mice chondrocytes, scalebar = 100 um.
(
(
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Figure 2. MA suppresses the inflammatory responses in IL-1B-induced chondrocytes
Chondrocytes were treated with IL-1B (5 ng/mL) or/and MA (40 uM) for 24 h.
(A) Western blot analysis and (B) quantitative data for inflammatory proteins (iNOS, COX-2).

(C) The mRNA expression inflammatory genes (iNOS, COX-2, and IL-6) were measured by RT-gPCR analysis. Data were presented as means & SD (n = 3). ns,

no significance; *p < 0.05; **p < 0.01; ***p < 0.001.

RT-qPCR about MMP13 were also verified by immunofluorescence detection, and the high expression of
MMP13 induced by IL-1B was inhibited by MA treatment (Figures 3D and 3E). Furthermore, IHC staining
(Figures 3F and 3G) revealed that the DMM group developed an increased expression of MMP13
compared with the SHAM and SHAM + MA group, whereas the DMM + MA group reversed the upregu-
lated expression of MMP13 in DMM-induced OA chondrocytes, which was consistent with the results of
the in vitro experiment.

Mulberroside A promotes the anabolism in mice osteoarthritis chondrocytes in vitro and

in vivo experiments

Studies have shown that the inhibition of chondrocyte anabolism promotes the OA progression.”” Previous
studies have suggested that inflammatory environments can cause anabolism to be blocked, which is
consistent with our experimental results, as IL-1B decreased the expression of anabolic proteins including
Collagen Il, Aggrecan, and SOX9, however, the downregulated trends of anabolic proteins could be
reversed by the treatment of MA (Figures 4A and 4B). The above western blot data were verified by RT-
gPCR analysis. The inhibited mRNA expression of anabolic-related genes (Aggrecan, Collagen I, SOX9)
in IL-1B-induced chondrocytes was reversed by the administration of MA (Figure 4C). Besides, immunoflu-
orescence detection revealed that MA increased the decreased expression of Aggrecan in IL-1B-induced
chondrocytes (Figures 4D and 4E). Moreover, IHC staining (Figures 4F and 4G) revealed that the DMM
group developed a decreased expression of Aggrecan compared with the SHAM and SHAM + MA group,
whereas the DMM + MA group reversed the downregulated expression of Aggrecan in DMM-induced OA
cartilage, which was consistent with the results of the in vitro experiment.
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Table 1. Primer sequence used in the RT-qPCR experiment

Gene Sequence
Aggrecan Forward: 5'-CTCACCCCAAGAATCAAGTGG-3'
Reverse: 5-GATCTCCAAGGTAGCATCGC-3'
Collagen Il Forward: 5'-CTTAGTGCAGGAAACTTCGCG-3
Reverse: 5-ACCAGGATTGCCTTGAAATCC-3’
SOX9 Forward: 5-AGCACTCTGGGCAATCTCA-3
Reverse: 5'-GTTCACCGATGTCCACGTC-3'
ADAMTS5 Forward: 5'-GCAAAGTGGGCTACCTTGTC-3’
Reverse: 5-GTTTCTACAGAGGCACCGTG-3’
MMP3 Forward: 5-ACTCCCTGGGACTCTACCAC-3’
Reverse: 5-GGTACCACGAGGACATCAGG-3
MMP13 Forward: 5'-GATGGACCTTCTGGTCTTCT-3'
Reverse: 5-GCTCATGGGCAGCAACAATA-3'
INOS Forward: 5-CTCCTGCCTCATGCCATTG-3'
Reverse: 5-AGCTCATCCAGAGTGAGCTG-3'
IL-6 Forward: 5-TCCAGTTGCCTTCTTGGGAC-3
Reverse: 5-CTGTTGGGAGTGGTATCCTC-3'
COX-2 Forward: 5'-GATAACCGAGTCGTTCTGCC-3'
Reverse: 5-AATCCTGGTCGGTTTGATGC-3'
GAPDH Forward: 5-TGTTTCCTCGTCCCGTAGAC-3'

Reverse: 5-GTTGAGGTCAATGAAGGGGTC-3

Mulberroside A inhibits the activation of MAPK and NF-«B signaling pathways in IL-
1B-induced chondrocytes

MAPK and NF-kB are signaling pathways closely related to the chondrocyte inflammation, which promotes
the occurrence of OA.” The former includes the JNK, ERK, and P38 signaling pathways, while P45 is the key
regulator downstream of the NF-kB signaling pathway. For the two signaling pathways analysis, IL-1B
upregulated the protein expression level of the phosphorylation of JNK, ERK, P38, and P65 (p-JNK,
p-ERK, p-P38, and p-P65) compared with the control group, whereas the administration of MA decreased
the expression of p-JNK, p-ERK, p-P38, and p-P65. However, there was no significant change in the protein
expression of JNK, ERK, P38, and P65 among the groups. Thus, as illustrated in Figures 5A and 5B, IL-1B trig-
gered the activation of the MAPK and NF-kB signaling pathway, as the ratio of p-JNK/JNK, p-EC and 5DRK/
ERK, p-P38/P38, and p-P65/P65 was increased, whereas MA could suppress the activation process as the
above ratio was reversed when MA was administrated in IL-1B-stimulated chondrocytes. In addition, as
shown in Figures 5C and 5D, the expression of p-P65 was accumulated in the nuclear after the stimulation
of IL-1B, while this nuclear translocation trend of p-P65 could be blocked with the MA treatment.

Mulberroside A inhibits the activation of the PI3BK-AKT-mTOR signaling pathway in IL-
1B-induced chondrocytes

PI3K-AKT-mTOR signaling pathway, which received much attention due to its role in cartilage degradation,
inflammatory responses, and autophagy,”*° was investigated in the experiment. As shown in Figures 6A
and 6B, IL-1B triggered the significant activation of p-PI3K, p-AKT, and p-mTOR signaling, as the expres-
sion of those proteins increased, while PI3K, AKT, and mTOR maintained a relatively constant expression
level among all groups. However, the administration of 40 uM MA decreased the accumulation of proteins
p-PI3K, p-AKT, and p-mTOR, which indicated that MA was provided with the effect of inhibiting the acti-
vation of the PI3K-AKT-mTOR signaling pathway.

Mulberroside A attenuates the downregulation of autophagy in IL-1B-induced chondrocytes

Autophagy, an important intracellular clearance mechanism, was considered to be relevant to cellular ho-
meostasis, which was involved in the protection of the articular cartilage from degeneration.”® In our exper-
iments, the regulation of autophagy was inhibited following the stimulation of IL-1B, whereas MA could
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Figure 3. MA inhibits the catabolism in mice OA chondrocytes in vitro and in vivo experiments

In vitro, chondrocytes were treated with IL-1B (5 ng/mL) or/and MA (40 uM) for 24 h.

(A) Western blot analysis and (B) quantitative data for catabolic-related proteins (MMP13, ADAMTS4, and ADAMTS5) in chondrocytes.

(C) The mRNA expression catabolic-related genes (MMP13, ADAMTSS5, and MMP3) were measured by RT-gPCR analysis.

(D) Immunofluorescence staining and (E) quantitative analysis of the expression levels of MMP13, scalebar = 100 pm.

(F) Immunohistological staining and (G) quantitative analysis of catabolic protein MMP13 among groups in vivo experiments, scalebar = 200 um. Data were
presented as means + SD (n = 3). ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001.

rescue the impaired autophagy. As shown in Figures 6C and 6D, western bolts analysis revealed that IL-1B
downregulated the protein expression of the positive regulators of autophagy (Atg3, Atg5, Atg7, Atg12,
Beclin-1, and LC3-1I/1) and upregulated the negative regulator of autophagy (P62). However, the treatment
of MA in IL-1B-induced chondrocytes reversed the above phenomenon, which meant that MA increased
the positive regulators and decreased the negative regulator of autophagy. In addition, an autophagy
flux detection experiment was performed. The mRFP is used to label and track LC3. The weakening of
GFP means that lysosomes and autophagosomes are fused to form autophagolysosomes, then GFP fluo-
rescence is quenched since GFP fluorescent protein is sensitive to acid, and only red fluorescence can be
detected at this time, so the strength of autophagic flux can be clearly captured via quantification of
different colored spots. As shown in Figures 6E-6G, the data indicated that IL-1B induced the decreased
autophagic flux compared with the control group; however, an increased autophagic flux was observed
in IL-1B-induced chondrocytes after the administration of MA.

Mulberroside A ameliorates cartilage destruction in mice destabilized medial meniscus
osteoarthritis models

Intra-articular injection of MA is to clarify the role of MA in DMM-induced OA models in vivo (Figure 7A).
From a macroscopic view, as shown in Figure 7B, the DMM group demonstrated OA-related characteristics,
including rough articular surface, numerous osteophytes, and narrowed joint space compared with the
SHAM and SHAM + MA groups. However, the above OA-like features were seldom seen in the DMM +
MA group. Besides, as shown in Figure 7C, analysis of bone remodeling parameters, such as BV, BV/TV,
Th.Sp, Th.N, and Tb.Th indicated that bone resorption was observed in the DMM group compared with
the SHAM and SHAM + MA groups. However, in the DMM + MA group, intra-articular injection with MA
relieved the DMM-induced bone resorption, demonstrating that MA has the property of preventing
bone loss. From a microscopic view, as shown in Figures 8A-8C, histological staining including H&E, tolui-
dine blue, safranin O/fast green staining revealed significant morphological changes among all groups. As
the DMM group exhibited uneven and non-smooth articular surfaces, severe cartilage erosion, and loss of
proteoglycan compared with that of the SHAM group and the SHAM + MA group. However, the adverse
effects of articular cartilage impairment were ameliorated by MA treatment, as intra-articular injection of
MA in DMM-induced OA mice (the DMM + MA group) presented with less cartilage erosion and more pro-
teoglycans compared with that in the DMM group. Besides, the OARSI score, which reflects the degree of
articular cartilage destruction, verified that MA ameliorated the progression of OA (Figure 8D).

DISCUSSION

Osteoarthritis (OA), which causes pain, swelling, and limited mobility, is a disease characterized by the
degeneration of articular cartilage, synovial hyperplasia, osteophyte formation, subchondral bone
sclerosis, and narrowing of the joint space. The treatment of OA is a long-term treatment process. Strategies
to manage OA are mainly the conventional medicines used, which have side effects such as liver damage and
gastrointestinal discomfort.”’ Therefore, these main symptoms and long-term management of OA can cause
great distress and inconvenience to the |oatient.28 However, the mechanism of OA is still not fully understood,
studies suggest that inflammation and autophagy are closely related to the progression of OA. 2"

MA is a natural bioactive ingredient isolated from Mori Cortex. Previous studies have suggested that MA
could regulate NF-kB, apoptosis, and EGFR signaling pathway,'""*? and also play a role in anti-inflamma-
tory,'? antitussive,” anti-hyperuricemia,'* and anti-melanin formation,** anti-kidney cancer.’” The above-
mentioned properties of MA or the signaling pathways regulated by MA may also involve in alleviating OA.
Studies suggest that its anti-inflammatory properties are achieved by inhibiting the NF-kB signaling
pathway, and its biological properties have not been studied in OA."® Previous studies have shown that in-
flammatory factors can aggravate OA and anti-inflammatory strategies are considered to be beneficial in
the treatment of OA.>® Besides, NF-kB signal pathway is one of the crucial inflammatory signal pathways,
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Figure 4. MA promotes the anabolism in mice OA chondrocytes in vitro and in vivo experiments

In vitro, chondrocytes were treated with IL-1B (5 ng/mL) or/and MA (40 uM) for 24 h.

(A) Western blot analysis and (B) quantitative data for anabolic-related proteins (Aggrecan, Collagen I, and SOX9) in chondrocytes.

(C) The mRNA expression anabolic-related genes (Aggrecan, Collagen I, and SOX9) were measured by RT-gPCR analysis.

(D) Immunofluorescence staining and (E) quantitative analysis of the expression levels of Aggrecan, scalebar = 100 um.

(F) Immunohistological staining and (G) quantitative analysis of anabolic protein Aggrecan among groups in vivo experiments, scalebar = 200 um. Data were
presented as means + SD (n = 3). ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001.

the activation of which is involved in the progression of OA, and the inhibition of this signal pathway could
alleviate OA progression.” In addition, the PI3K-AKT-mTOR pathway is also an important inflammatory
signaling pathway which associates with NF-kB signaling pathway, as AKT could trigger the activation of
NF-kB signal and contribute to the production of inflammatory mediators.?”-** Thus, in this study, we
explored the role of MA in inflammatory signaling pathways in chondrocytes and revealed that MA was
a protective agent against the progression of OA via suppressing the MAPK, NF-kB, and PI3K-AKT-
mTOR signaling pathways and promoting the autophagy process in IL-1B-induced chondrocytes.

The phenotypes of anabolic and catabolic in chondrocytes play crucial in maintaining extracellular matrix
homeostasis (ECM) in cartilage.®” As key indicators of anabolism, Aggrecan, Collagen I, and SOX9 are
crucial in maintaining the physiological characteristics of cartilage. Collagenase-mediated or aggreca-
nase-induced degradation of collagen or aggrecan contributed to the loss of Collagen Il and Aggrecan
in early OA.“*? Among the aggrecanases in mouse cartilage, ADAMTS5 and ADAMTS4 are the most
important members of the ADAMTS family which could contribute to the cleavage of Aggrecan.”*** As
for catabolism, MMP13 is the most critical enzymes in chondrocyte catabolism among the many catabolic
enzymes, which degrade Collagen Il and Aggrecan and lead to the destruction of ECM.* In addition, the
imbalance of pro-inflammatory and anti-inflammatory responses is an important factor leading to the pro-
gression of osteoarthritis. Previous research found that long-term chronic inflammatory response can lead
to the weakening of cartilage anabolism and the enhancement of catabolism, which in turn triggers the
degradation of the extracellular matrix and the occurrence and development of OA.*® And controlling
the inflammatory response can prevent or slow the progression of the disease. IL-1B, a commonly used in-
flammatory factor in OA in vitro models, can upregulate inflammatory markers (iNOS, COX-2, and IL-6),
however, the administration of MA downregulated the inflammatory response. Combined with the carti-
lage anabolism-promoting and catabolism-inhibiting effects of MA, it indicates that MA possesses the
chondroprotective property through anti-inflammatory effects.

The MAPK and NF-kB signaling pathways are crucial factors in the regulation of inflammatory response and
are closely related to many diseases, including OA.**® Studies have revealed that the activation of the two
signaling pathways could upregulate the expression of inflammatory proteins (iNOS, COX-2, and IL-6) and
catabolic proteins (MMP1, MMP3, MMP13, and ADAMTS5), as well as downregulate the expression of
anabolic proteins (Aggrecan, Collagen Il, and SOX9), which in turn facilitate the degradation of ECM
and cartilage destruction.'®**>" Measurements of the inhibition of the MAPK and NF-kB signal transduc-
tion could prevent or slow the development of OA.**** The PI3K-AKT-mTOR pathway is one of the impor-
tant inflammatory signaling pathways leading to the progression of OA.>* Studies have suggested the pro-
tein AKT, which regulates the upstream IkB kinases of NF-kB signaling pathway, triggers the activation of
NF-kB signal.®” Inhibiting the PI3K-AKT-mTOR pathway relieves the inflammatory response and is benefi-
cial for the relief of OA.>® What is more, the PI3K-AKT-mTOR pathway is considered to be a key pathway in
the regulation of autophagy.”®>’ The downstream regulator mTOR of the PI3K-AKT-mTOR pathway could
manage the autophagy process in a negatively regulated manner, thus inhibiting the PI3K-AKT-mTOR
pathway promoting autophagy.®® Our data revealed that IL-1B successfully established the OA chondro-
cytes model, as the MAPK, NF-kB, and PI3K-AKT-mTOR signaling pathways are activated under such con-
ditions. However, the administration of MA inhibits the activation of the MAPK, NF-kB, and PI3K-AKT-
mTOR pathways, reflecting the protective effect of MA on OA chondrocytes.

Autophagy is a key intracellular clearance mechanism that can remove harmful molecules or damaged or-
ganelles, maintain normal cellular life activities, protect the ECM of articular cartilage from degradation
and relieve OA development.”” Autophagy mainly includes three forms, macroautophagy, microautoph-
agy, and chaperone-mediated autophagy.®® Among them, macroautophagy is the most common and
the most widely studied. As a major regulator in the process of autophagy, the expression of positive reg-
ulators of autophagy is usually upregulated, while the negative regulator of autophagy downregulated with
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(A) Western blot and (B) quantitative analysis showed the activation of MAPK (JNK, ERK, and P38) and NF-«kB (P65) signaling pathway induced by IL-1B could
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as means £ SD (n = 3). ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 6. MA inhibits the activation of the PI3BK-AKT-mTOR signaling pathway and restores the impaired autophagy in IL-1B-induced chondrocytes
Chondrocytes were pretreated with MA (40 uM) for 24 h, then stimulated with or without IL-1B (5 ng/mL) for 1 h.

(A) Western blot and (B) quantitative analysis showed the activation of the PI3K-AKT-mTOR signaling pathway induced by IL-1B could be suppressed by the
administration of MA (40 pM). Chondrocytes were treated with IL-1B (5 ng/mL) or/and MA (40 uM) for 24 h.

(C) Western blot and (D) quantitative analysis showed the impaired autophagy induced by IL-1B could be rescued by the administration of MA (40 pM).
(E-G) Chondrocytes transfected with adenovirus labeled with the mRFP and GFP to track LC3 protein, scalebar = 50 um. Data were presented as means + SD
(n = 3). ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001.

the enhancement of autophagy activity. The formation of autophagosome is managed by a series of pro-
teins, including the positive regulators (Atg3, Atg5, Atg7, Atg12, Beclin-1, and LC3-1I/l) and the negative
regulator (P62). Studies have demonstrated that the deletion of autophagy-indispensable Atg5 gene could
result in the loss of proteoglycans and occurrence of age-related OA.°" In addition, the reduced autopha-
gic activity of chondrocytes leads to a decrease in the phagocytic ability of MMP13, leading to the accumu-
lation of MMP13 and aggravating the development of OA.®” Enhanced autophagy process is beneficial in
OA chondrocytes and can alleviate the progression of OA.?® Our data indicated that the decreased expres-
sion of Atg-related proteins, the reduction of LC3-1I/LC3-I ratio, and the accumulation of P62 weakened the
autophagic activity, causing the dysregulation of anabolism and catabolism in IL-1B-induced OA chondro-
cytes, whereas the administration of MA could reverse the above trend and enhance the autophagy
signaling pathway, which could alleviate OA.

To summarize, as shown in Figure 8E, our in vitro data demonstrated that MA reversed the effects of anab-
olism-inhibiting, catabolism-enhancing, and inflammation-promoting in IL-1B-induced chondrocytes by
suppressing the MAPK, NF-«kB, and PI3K-AKT-mTOR signaling pathways and promoting the autophagy
process. The in vivo experiments revealed that the erosion of knee cartilage and the change of anabolic
and catabolic-related markers such as Aggrecan and MMP13 induced in the DMM group could be atten-
uated by the treatment of MA. These findings indicate that MA may be a new potential strategy for OA
treatment. However, our study also has some shortcomings.

Limitations of the study

Firstly, in our study, we did not set a positive control to compare the chondroprotective effects of MA with
other clinical drugs for OA treatment, such as NSAIDs and chondroitin sulfate. Secondly, the conclusion
gained in our manuscript was that MA played a role in improving OA through restoring impaired auto-
phagy and suppressing the MAPK/NF-kB/PI3K-AKT-mTOR signaling pathways, but this may not be the
only mechanism by which MA demonstrated protective effects on articular cartilage, as other signaling
pathways might also be involved. At the same time, we did not introduce pathway activators or blockers
associated with the MAPK, NF-kB, and PI3K-AKT-mTOR signaling pathways, indicating a relatively weak
level of evidence. Thirdly, the mechanism by which MA protects articular cartilage has only been confirmed
in vitro experiments in mice and needs to be verified in vivo experiments. In addition, the direct targets or
other potential mechanisms of MA on OA remain to be further explored. In view of the promising therapeu-
tic effects of MA on OA in mice revealed by our study, further work is needed.
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Figure 7. MA alleviates OA-related changes in mice DMM models from a macroscopic view
(A) Simplified flow chart of in vivo experiments.

iScience

(B) Representative images of micro-CT analysis (Micro-CT-3D, Coronal Plane, and X-ray) reflected the smoothness of

cartilage surface, the number of osteophytes formed, and the size of joint space of the knee joints in each group,
scalebar = 1.0 mm.
(C) Quantitative analysis of parameters (BV, BV/TV, Tb.Sp, Tb.N, and Tb.Th) that reflected the remodeling of subchondral
bone at tibial plateau in knee joints in each group. Data were presented as means £ SD (n = é). ns, no significance;

*p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 8. MA ameliorates OA-related changes in mice DMM models from a microscopic view
Histological analysis including.
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(A) H&E staining, (B) toluidine blue staining, (C) safranin O/fast green staining of the articular cartilage surfaces, scalebar = 200 pm.
(D) Quantitative analysis of the OARSI scores (n = 8). Data were presented as means + SD (n = 8). ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001.

(E) Schematic diagram of the protective effect of MA on mice OA. IL-18 was applied to induce the OA chondrocytes. The effects of inflammation-enhancing,
catabolism-promoting, and anabolism-inhibiting induced by IL-1B could be reversed by the treatment of MA. Mechanistically, MA could inhibit the
activation of the MAPK, NF-kB, and PI3K-AKT-mTOR signaling pathways in IL-1B induced chondrocytes. In addition, the impaired autophagy process
induced by IL-1B could also restored with the administration of MA.
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Cell counting kit-8 (CCK-8) MedChemExpress, Shanghai, China HY-K0301
Autophagy flow detection kit HanBio Technology, Shanghai, China HB-AP2100001
Safranin O Stain Solution Solarbio Life Sciences, Beijing, China G1067
Toluidine Blue Stain Solution Solarbio Life Sciences, Beijing, China G3660

PVDF membranes Immobilon, USA ISEQ00010
SDS-PAGE gels BioRad, Hercules, CA, USA 4561036

Experimental models: Organisms/strains

C57BL/6J mouse
Primer for RT-gPCR, see Table 1

GemPharmatech, Nanjing, China
This paper

Strain NO.NOOOO13
N/A

Software and algorithms

ImageJ Version 1.53 for Mac
GraphPad Prism Version 8 for Mac
Adobe lllustrator

National Institutes of Health
GraphPad Software
Adobe

https://www.nih.gov/
https://www.graphpad.com/

https://www.adobe.com/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for reagents and resources should be directed to and will be fulfilled by

the lead contact, Shuang Liang (liangshuang0310@tjh.tjmu.edu.cn).

Materials availability

The study did not generate new unique reagents.

Data and code availability

® All data reported in this paper will be shared by the lead contact upon reasonable request.
® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

C57BL/6J mice (Strain NO.N000013) were purchased from GemPharmatech (Nanjing, China). Five days old
C57BL/6J male mice were the source of primary chondrocytes in vitro and eight weeks old C57BL/6J male
mice were employed in our in vivo experiment. All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee at Tongji Medical College, Huazhong University of Science and
Technology.

Extraction and culture of mouse chondrocytes

Chondrocytes, which were isolated from knee joints of five days old C57BL/6J male mice, were the target
cells of our study in in vitro experiment. First, mice were sacrificed and disinfected with the help of
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immersion in 75% alcohol for 10 min (min). Peel the transparent knee cartilage particles from the joint
capsule, remove the synovium, tendon, adipose and other soft tissues around, and cut the cartilage parti-
cles into pieces. Then the cartilage particle samples were incubated with 0.25% trypsin for 0.5 h (h) in a cell
incubator which containing 5% CO,. Next, centrifuged and discarded the trypsin, 0.2% collagenase Il was
added into the chondrocytes for another incubation at 37°C for 4-6 h in a hybridization oven. Then centri-
fuged and removed the collagenase Il, resuspended the chondrocytes, and cultured the chondrocytes in a
DMEM/F12 medium containing 10% fetal bovine serum in a cell incubator at 37°C with 5% CO,. Chondro-
cytes of the first or second passage were used for experiments.

DMM-induced mice OA models

The destabilized medial meniscus (DMM) surgery was adopted to establish mice OA models in our vivo
experiment. Thirty-two C57BL/6J male mice of eight weeks old were randomly and equally divided into
two groups (n = 16) and underwent the sham surgery (only underwent joint capsulotomy) and the DMM sur-
gery respectively on the right joint. Then, mice underwent the sham operation were randomly and equally
divided into two groups, namely the SHAM group (n = 8) and the SHAM + MA group (n = 8); while mice
underwent the DMM operation were randomly and equally divided the DMM group (n = 8) and the
DMM + MA group (n = 8). Twice-weekly knee intra-articular injections of vehicle or other treatments for
eight consecutive weeks were given one week after surgery. Mice in the SHAM and DMM groups received
10 uL of the vehicle (30% PEG300, 5% DMSO, and ddH20), while the SHAM + MA group and DMM + MA
group received 10 pL of MA (0.091 mg/kg).

METHOD DETAILS

Cell viability

The viability of chondrocytes treated with IL-1B (5 ng/mL) or MA (40 pM) was measured by a cell counting
kit-8 (CCK-8). In brief, chondrocytes were cultured in 96-well plates (5,000-10,000 cells/well) for 24 h. Then
IL-1B (5 ng/mL) or MA (40 uM) was added into the plates for another 24 h. Next, a CCK-8 reagent was added
into the plates and a microplate reader (Bio-Rad, Richmond, USA) was applied to detect the cells’ optical
density value which reflects the viability of chondrocytes.

Safranin O staining and toluidine blue staining

Chondrocytes are rich in proteoglycans, which can be reflected by safranin o staining.®® Toluidine blue
staining was employed to detect the morphology of chondrocytes with different treatment. The procedure
methods of safranin o staining and toluidine blue staining are similarly. Briefly, chondrocytes were pre-
treated and fixed with 4% paraformaldehyde for 0.25 h. Then removed the fixative reagent and washed
the cells with PBS, added the toluidine blue or safranin o reagent into the chondrocytes for staining about
2 h. Next, washed with PBS several times to eliminate the staining reagent and the proteoglycan content or
the morphology of chondrocytes could be observed with the help of a microscope.

Western blot analysis

After pretreatment of chondrocytes, the cells were lysed with the lysate reagent which containing RIPA lysis
buffer, phosphatase inhibitors, and protease inhibitors. Then collected the cells and lysate mixture into EP
tubes for further lysing with an ultrasonic disruptor. Collected the supernatant after centrifugation and
measured the concentration of protein samples with a microplate reader. Next, the protein samples
were cooked at 100°C for 5 min after thoroughly mixed with the loading buffer. Total protein samples
were loaded on the SDS-PAGE with 5% acrylamide in the stacking gel and 8.0-12.5% in the separation
gel for electrophoresis. Then proteins were transferred to PVYDF membranes. After 1 h of blocking with
5% skim milk, the membranes were incubated with primary antibodies overnight at 4°C and incubated
with the corresponding proportion of secondary antibodies for 1 h at 25°C. Finally, a exposure system
(Bio-Rad, Hercules, CA, USA) was employed to visualize the target protein bands with the assistant of
ECL chemiluminescent substrate (Bio-Rad, Hercules, CA, USA).

RT-qPCR analysis

According to the manufacturer’s instructions, a total RNA isolation kit was used to extract RNA from chon-
drocytes which were undergone different pretreatments. A cDNA synthesis kit was applied to synthesize
cDNA from the RNA samples. Then RT-qPCR was performed with the assistant of an RT-gPCR kit
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mentioned above. The relative mMRNA expression of target genes was measured by calculating the compar-
ative2 ~22Ct Primer sequences of target genes used in the experiment could be found in Table 1.

Immunofluorescence cell staining

Chondrocytes pretreated with IL-1B or with MA were fixed with 4% paraformaldehyde for 0.25 h and then
permeabilized with 0.2% Triton X-100 for 5 min. Then the cells were blocked with 5% BSA for 0.5 h and incu-
bated with primary antibodies against Collagen Il (28459-1-AP, 1:800, Proteintech, Wuhan, Hubei, China),
MMP13 (18165-1-AP, 1:200, Proteintech, Wuhan, Hubei, China), Aggrecan (13880-1-AP, 1:200, Proteintech,
Wuhan, Hubei, China), p-P65 (#3033, 1:800, CST, Beverly, MA, USA) overnight at 4°C. Next, removed the
primary antibodies and incubated with fluorescent secondary antibody labeled with Cy3 or FITC in the
dark for 1 h at 37°C. Then a DAPI reagent (Boster, Wuhan, Hubei, China) was used to stained the nuclei
of the chondrocytes. Finally, the pictures were taken by a fluorescence microscope (Evos FI Auto, Life
Technologies, USA).

Autophagy flow detection

After chondrocytes reached about 50% confluence, a autophagy flow detection kit (HanBio Technology,
Shanghai, China) was applied in our experiment to detect the autophagy flow®” which reflects the strength
of autophagy under the guidance of the manufacturer. In brief, chondrocytes without pretreatment were
transfected with adenoviral labled with mRFP and GFP for 12 h, and cells were cultured continue for
24 h after changing the medium. Then cells were administrated with IL-1B or MA for another 24 h and
the autophagy flow was measured with a confocal microscope (Nikon America Inc., Melville, NY). The yel-
low puncta and the red puncta represented the autophagosomes and autolysosomes respectively.

Micro-computed tomography (micro-CT)

Eight weeks after DMM surgery, the knee joints were obtained and fixed in 4% formaldehyde for 48 h. The
high-resolution micro-CT (Scanco Medical, Bassersdorf, Switzerland) was employed to assess the knee
samples, and parameters were set as below: X-ray energy at 70 kVP and 112 mA, resolution at 15 mm.
Images of micro-CT three-dimensional (micro-CT-3D) and coronal cross-sectional reflected the general
view of the knee joints among all groups. Changes in subchondral bone of the mice knee samples were
evaluated with indicators such as bone volume (BV), bone volume/tissue volume (BV/TV), trabecular
separation (Tb.Sp), trabecular number (Tb.N), and trabecular thickness (Tb.Th).

Histological staining and analysis

After micro-CT analysis, knee joints samples were cut into 5-um sections after thoroughly decalcified.
Histological staining including hematoxylin plus eosin (H&E), toluidine blue, safranin O/fast green, and
immunohistochemistry (IHC) was applied in our experiment to determine the severity of articular cartilage
damage and the expression of target proteins.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data in the experiment were biologically replicated at least three times and presented as mean + SD.
Student'’s t test was applied to measure the differences between two groups, one-way ANOVA followed by
Dunnett’s post hoc test was adopted to analyze the data differences among multiple comparisons. Be-
sides, Kruskal-Wallis H test was used to analyzed the nonparametric data (OARSI scores). p < 0.05 was
considered statistically significant.
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