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Glutamine exerts a protective
effect on osteoarthritis
development by inhibiting the Jun
N-terminal kinase and nuclear
factor kappa-B signaling pathways

Lin Zhong'3, Le Cao*3, Rui Song?, Xue-FeiYang?, Jia-Le Li?, Hai-Tao Yang?,
Hong-Xiang Zhou'* & Hai-Tao Fan?**

Strategies for treating osteoarthritis (OA) have become a research focus because an effective
treatment for OA is unavailable. The objective of this study was to explore the effects and underlying
mechanisms of glutamine (GIn) in OA. First, the chondrocytes were identified and a standard IL-1B-
induced OA model was established. After treatment with GIn or saline, the viability and apoptosis

of chondrocytes were evaluated using a CCK-8 assay and flow cytometry analysis, which revealed
that GIn can improve the IL-1B-induced OA cells. Meanwhile, GIn can enhance the expression of
aggrecan and collagen II, which are protective proteins for articular cartilage. Instead, GlIn inhibited
the expression of matrix metalloproteinase-1 (MMP-1) and matrix metalloproteinase-13 (MMP-13),
which can degrade cartilage. To better understand the underlying mechanisms of GIn in IL-1B-induced
chondrocytes, the classical OA pathways of JNK and NF-kB were examined at the protein and mRNA
levels using western blot and qRT-PCR analyses. We found that JNK and NF-kB were downregulated
gradually depending on the GIn dose and protective and destructive factors changed based on changes
of JNK and NF-kB. The effects of high-dose GIn were more effective than low-dose. Moreover, GIn was
applied to the animal OA model to check the effects in vivo. The results showed that GIn attenuvated
cartilage degeneration and decreased OARSI scores, which demonstrated that GIn can improve OA.
The experiments showed that GIn can benefit mice with OA by inhibiting the JNK and NF-kB signaling
pathways.

Osteoarthritis (OA) is a common degenerative joint disease without definite treatment that frequently occurs
among the elderly population!, and it is characterized by articular cartilage erosion and rebuilding, subchondral
bone structural change, osteophyte formation, and synovitis®. This disease exerts a huge physical and psychologi-
cal burden on millions of people around the world**. The clinical symptoms in symptomatic OA patients include
joint swelling, pain, disability, and deformity, which affect the patients’ quality of life>®. The etiology involves age,
obesity, sex, and heredity; however, the effects of these risk factors on OA at the molecular level have not been
clarified. Interleukin-1p (IL-1P) is one of the main initiators in the development of OA, and it exerts harmful
effects by upregulating the production of catabolic factors and proinflammatory factors, including nitric oxide
(NO), matrix metalloproteinases (MMPs), prostaglandin E2 (PGE2), and thrombospondin motifs (ADAMTS),
which ultimately lead to extracellular matrix (ECM) degradation’~. Others have reported that anti-inflammatory
treatment can attenuate OA and exert a chondroprotective effect'. The essential factor in the progression of
OA is an imbalance between anabolic and catabolic components of cartilage, such as MMP1, MMP13, and
ADAMTS-5. Accumulating evidence has shown that inflammation and apoptosis play vital roles in the occur-
rence and progression of OA™. Although strenuous efforts have been made to develop a treatment strategy for
OA and considerable progress has been observed in trials, satisfactory clinical benefits remain unreachable.
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Glutamine is a type of nonessential amino acid that is transported in the plasma and plays an important role
in energy metabolism for most cells'?. It presents several biological characteristics, such as anti-inflammation,
antioxidation, and improvement of immunity activities'*-'°. Previous evidence has shown that it significantly
inhibits the expression of TNF-a and IL-6 in hepatitis induced by alcohol'”. Other studies have demonstrated it
presents anti-inflammation and antioxidation activity in several inflammatory diseases, which may be related to
its ability to suppress the NF-«xB signaling pathway'®!°. Moreover, glutamine has been shown to be the capable
of suppressing JNK activity to attenuate TNBS-induced colitis*’. However, the role of glutamine in OA has not
been reported exactly so far.

Nuclear factor kappa-B (NF-kB) is a classical signaling pathway that plays a vital role in inflammation, cellular
differentiation, proliferation and survival of normal and malignant cell. Accumulating experimental evidence
has shown that NF-kB is an essential factor in the development of OA that promotes articular damage through
the induction of COX2, iNOS, and PGE2 and enhances cartilage inflammation and chondrocyte apoptosis?!,
and inhibition of NF-kB can ameliorate proinflammatory responses®. JNK is another signaling pathway that has
been demonstrated to be associated with the pathogenesis and progression of human OA by many studies**=¢.
Activation of JNK activates c-Jun, a key AP-1 component that leads to decreased proteoglycan synthesis and
enhanced cartilage-degrading enzyme MMP-13 production by regulating the expression of proinflammatory
cytokines, such as TNF-a and IL-1?7%%, Accumulated evidence has indicated that the overproduction of MMP-13
by chondrocytes plays a central role in cartilage degeneration®**. Therefore, we hypothesized that Gln exerts
anti-inflammatory and cartilage protective effects on OA via the JNK and NF-«B signaling pathways.

Materials and methods

Drugs and reagents. Glutamine was purchased from Sigma-Aldrich (St. Louis, MO, USA). Primary anti-
bodies against p-JNK, JNK, p-NF-«B, NF-kB, MMP1, MMP13, ADAMTS-5 and lamin B were provided by CST
(Danvers, MA, USA) and Abcam (Cambridge, UK). The FCM assay kits were purchased from Vazyme (Nanjing,
Jiangsu, China). A primary antibody against p-actin and all of the secondary antibodies were provided by Affin-
ity Biosciences (Changzhou, Jiangsu, China). Toluidine blue, DAPI and immunofluorescence staining kits were
acquired from Beyotime Biotechnology (Shanghai, China).

Cell extraction, culture, identification, and treatment. Chondrocytes were harvested from 10 OA
patients (average age: 63.4 £5.8, female: 7, male: 3) who underwent total knee replacement surgery. The chon-
drocytes were extracted from the normal cartilage that needed to be removed from the knee joint during the
operation. The cartilage was cut into small pieces and digested with trypsin for 30 min and 0.1% type II colla-
genase overnight at 37 °C, and the mixture was transferred into a 10 ml EP tube for centrifugation at 1000 r/min
for 5 min. Subsequently, the cell supernatant was resuspended with high-glucose DMEM containing 10% fotal
bovine serum and 1% penicillin-streptomycin and cultured in a 37 °C cell incubator. Following three passages,
the chondrocytes were used in the experiment. To identify the chondrocytes, toluidine blue and collagen II
immunofluorescence staining were employed. After washing three times with PBS, the chondrocytes were fixed
with 4% paraformaldehyde for 30 min. Next, the chondrocytes were stained according to the kit manufacturing
manuals. Subsequently, the chondrocytes were randomly divided into different groups with different treatments.
All human studies received informed consent from the patients and were approved by the ethics committee of
the First Affiliated Hospital of Anhui Medical University. The experimental protocol was performed in accord-
ance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory.

Cellviability. The drug toxicity to chondrocytes was verified using an Enhanced Cell Counting Kit-8. Chon-
drocytes were cultured in 96-well plates for 24 h and then incubated with several different concentrations of Gln
(5, 10, 20, 40, or 80 umol/1) for 24 h. Subsequently, 10 pl CCK-8 was added to each well for 2 h in a 37 °C incuba-
tor. Next, the 96-well plates were examined at 450 nm to detect the absorbance in triplicate.

gRT-PCR. Total RNA was extracted from chondrocytes using TRIzol reagent (Invitrogen, USA) according
to the manufacturer’s manual. cDNA was synthesized using a reverse transcription kit (TaKaRa, Tokyo, Japan).
The primers were designed and produced by Sangon Biotech Co., Ltd. according to the PubMed Gene Bank
(Table 1). qRT-PCR was performed using a 20-pl reaction system for amplification to examine mRNA expres-
sion. GAPDH was used as the standard reference. All experiments were performed in triplicate, and the experi-
mental data were analysed by the 2-AACT method.

WB. Total protein was dissolved and extracted using RIPA lysis buffer (Beyotime, Shanghai, China) sup-
plemented with protease and phosphatase inhibitors. A nuclear cytoplasmic protein extraction kit (Wanleibio,
Shenyang, China) was used to extract nuclear and cytoplasmic fractions according to the manufacturer’s instruc-
tions. Total protein was measured using a BCA protein assay kit (Beyotime, Shanghai, China) according to the
manufacturer’s instructions, and the concentration was uniform. The samples were separated by SDS-PAGE
using the same volume per sample. Next, the proteins were transferred to a PVDF membrane (Millipore, MA,
USA). After blocking with 5% skimmed milk, the membrane was incubated at 4 °C overnight with primary
antibodies against p-JNK (1:1000, CST, 4668S), JNK (1:1000, CST, 9252S), p-NF-kB (1:1000, CST, USA), NF-kB
(1:1000, CST, 8242S), MMP1 (1:1000, Abcam, ab137332), MMP13 (1:1000, Abcam, ab39012), ADAMTS-5
(1:200, Abcam, ab41037), aggrecan (1:800, Abcam, ab3773), p-actin (1:2000, Affinity Biosciences, AF7018), and
lamin B (1:1000, Abcam, ab16048). The next day, the membrane was incubated with the corresponding second-
ary antibody after washing with TBST. Following incubation with ECL (Thermo Scientific, USA), the bands were
identified with an imaging system (Bio-Rad, USA).
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Gene Sequence (5'-3) Size (bp)
ADATMS | ECTTGACGTTCGGGCCTGA R:CACTGTTTCTGGGTGCAG 140
aggrecan F:CTTCCGCTGGTCAGATGGAC R:CGTTTGTAGGTGGTGGCTGT 189
MMP-1 F:AGAAAGAAGACAAAGGCAAGTTGA R:CCACATCTGGGCTGCTTCAT | 147
MMP-13 FTTGTTGCTGCGCATGAGTTC R:AAGTGGCTTTTGCCGGTGTA 103
JNK F:CTGAAGCAGAAGCTCCACCA R:CACCTAAAGGAGAGGGCTGC 159
NF-«xB F:CTTCCAAGAAGAGCAGCGTG R:GATCTTGAGCTCGGCAGTGT 160
GAPDH F:AGTGCCAGCCTCGTCTCATA R:ATGAAGGGGTCGTTGATGGC 133

Table 1. Primer sequences used for qRT-PCR.

Flow cytometry (FCM). To examine the cell apoptosis rate, flow cytometry was employed for the different
treatment groups. We used trypsin to digest the cells for 1 min and transferred the mixture to an EP tube. After
washing three times with PBS. The precipitate was resuspended with 100 ul 1 xbuffer, and then 5 ul annexin
V-FITC and 5 pl PI staining solution (Vazyme Biotech, Nanjing, China) were added. Next, the cell apoptosis rate
was examined using a flow cytometer after another 400 pl 1 x buffer was added to the mixture.

Animal study. Eight-week-old C57BL/6 male mice were provided by the Animal Centre of Anhui. Follow-
ing adaption for one week under a controlled temperature of 24 +2 °C and 60 + 5% humidity, the mice were ran-
domly divided into three groups (n =5 in each group): sham group, OA group, and Gln group. The animals in the
sham group only received a sham operation with a joint capsule incision, and the animals in the OA group were
subjected to destabilization of the medial meniscus (DMM). In the Gln group, animals received a DMM opera-
tion and an intra-articular injection with glutamine once (100 mM) a week®'. All animal studies were approved
by the Ethics Committee of Anhui Medical University of China and performed in accordance with the protocol
in the Institutional Review Board of Anhui Medical University.

Statistical analysis. All results are presented as the mean + standard error of the mean (M +SEM). One-
way analysis of variance (ANOVA) with the least significant difference (LSD) and Student-Newman-Keuls
(S-NK) tests were used to perform comparisons among multiple groups with SPSS 21.0 (SPSS, Inc., Chicago,
IL, USA). The graphs were generated with GraphPad Prism 6.02 (GraphPad Software, Inc., California, USA). A
value of p <0.05 was considered statistically significant.

Ethical approval. Animal experiments were approved by the Ethics Committee of Anhui Medical Uni-
versity of China (No. LLSC 20211464). All experimental procedures were performed in accordance with the
National Institutes of Health (NIH) Guide for the Care and Use of Laboratory.

Results

Identification of human primary chondrocytes. The molecular structure of glutamine is shown in
Fig. 1A. To confirm the identification of primary human chondrocytes, the cells were stained with toluidine
blue dye. The results showed that the isolated cells were chondrocytes (Fig. 1B). In addition, collagen II staining
revealed that chondrocytes expressed collagen II, which is a typical marker of chondrocytes (Fig. 1C). Overall,
these results suggested that human chondrocytes were successfully isolated and identified.

Effect of GIn on chondrocyte cytotoxicity. To examine the cytotoxicity of Gln to chondrocytes. We
used different concentrations of Gln to treat the chondrocytes for 24 h, and cell viability was checked by CCK-8
assay kits. The results showed that Gln (5 and 10 pmol/l) did not lead to significant cytotoxicity for 24 h. How-
ever, a higher dose of Gln (>20 umol/l) decreased the viability of chondrocytes (Fig. 1D).

Gln affects the viability and apoptosis of human chondrocytes following IL-1p treatment.

To mimic the model of OA at the cellular level, we treated chondrocytes with IL-1P for 24 h. Subsequently,
Gln was added to the 5 umol/l and 10 pmol/l IL-1p + Gln experimental groups. The viability of chondrocytes was
significantly decreased following IL-1p treatment. The results suggested that the model of OA at the cellular level
was successful; moreover, cell viability was improved following Gln treatment for 2 h (Fig. 1E). Subsequently, we
further examined the cell apoptotic ratio using FCM, and the results showed that the ratio was significantly down-
regulated in both Gln groups (Fig. 2A,B). These outcomes indirectly indicated that Gln protected chondrocytes
against IL-1f treatment and that the effect in the high-dose group was better than that in the low-dose group.

Gln inhibits ADAMTS-5, MMP-1 and MMP-13 expression in IL-1p-treated human chondrocytes but pro-
motes aggrecan expression.

MMPs and ADAMTS-5 are the major matrix-degrading enzymes that play a pivotal role in OA pathogenesis.
Aggrecan is a major structure of the cartilage extracellular matrix (ECM). Therefore, we investigated the effects
of Gln on MMP-1, MMP-13, ADAMTS-5, and aggrecan mRNA and protein expression. As shown in the results,
IL-1 significantly increased the expression of ADAMTS-5, MMP-1, and MMP-13 and decreased aggrecan
expression in chondrocytes (Fig. 3B). However, Gln inhibited ADAMTS-5, MMP-1, and MMP-13 mRNA expres-
sion but increased aggrecan mRNA expression following IL-1p-induction of chondrocytes (Fig. 3B). To precisely
measure the effects of Gln, WB was performed to examine the protein level indicated above. The results showed
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Figure 1. (A) Molecular structure of glutamine is shown. (B,C) Identification of human primary chondrocytes.
Picture (B) shows the morphological characteristics of human primary chondrocytes using toluidine blue
staining. The chondrocytes were stained green by collagen II immunofluorescence staining, and the nuclei

were stained blue by DAPI. (D) Effect of glutamine on human primary chondrocyte viability. Human primary
chondrocytes were cultured in 96-well plates and then treated with different concentrations of glutamine (5, 10,
20, 40, or 80 pmol/l) for 24 h. (E) Human primary chondrocytes were pretreated with both doses of glutamine
(5, 10 pmol/1) for 2 h and then induced with IL-1f (10 ng/ml) for 24 h. All data are presented as the M+ SEM
(n=6 in each group). *p <0.05 vs. IL-1p(-) and Gln(-) group, **p <0.01 vs. IL-1p(-) and Gln(-) group; *p<0.05
vs. IL-1B(+) and GIn(-) group, #*p<0.01 vs. IL-1B(+) and Gln(-) group; ¥p <0.05 vs. IL-1B(+) and GIn(5)
group, ¥¥p <0.01 vs. IL-18(+) and GIn(5) group by ANOVA.

that Gln also promoted aggrecan expression at the protein level but downregulated ADAMTS-5, MMP-1 and
MMP-13. The benefit of Gln was upregulated following IL-1{ treatment and increased gradually depending on
the Gln dose (Fig. 3A). These results indicated that Gln reversed the effect of IL-1p on chondrocytes.

Gln suppresses the JNK and NF-«B signaling pathways in IL-1p-treated human chondrocytes.

To better understand the regulatory mechanisms of Gln on IL-1p-induced human chondrocytes and whether
they are related to the JNK and NF-kB signaling pathways, we detected the mRNA and protein expression levels.
The results showed that IL-1f markedly induced the expression of NF-«kB and JNK in chondrocytes (Fig. 4B,C).
Meanwhile, Gln obviously suppressed the mRNA expression of JNK and NF-kB, and there was a significant
difference between both Gln groups (Fig. 4B,C). At the protein level, we measured the expression of P-JNK,
JNK, P-NF-kB, and NF-«B and analysed the ratio of p-JNK/JNK and p-NF-kB/NF-kB. We found that the ratio
of p-JNK/JNK was decreased after Gln treatment compared to that in the IL-1P group, and a similar result was
obtained by examining p-NF-kB/NF-«B (Fig. 4A). To further explore the nuclear translocation of NF-kB, the
nucleoprotein was extracted and checked. The bands showed that the ratio of NF-xB/Lamin B was significantly
weakened by Gln (10 pmol/l) compared to the IL-1p group (Fig. 4D). These results further indicated that Gln
attenuated JNK and NF-kB, which were induced by IL-1p.

Gln improves cartilage and enhances the OARIS score in the DMM-induced OA mouse model.

To evaluate the protective effects of Gln in the progression of OA, we employed the classical animal model,
in which surgical DMM was performed in C57BL/6 mice. Gln was administered by intra-articular injection
once a week for 12 weeks. We used safranin-O and fast green staining to check the cartilage and measured the
destruction of the cartilage layer by Osteoarthritis Research Society International. The subchondral bone is the
subchondral bone plate and bone trabecular structure below the articular cartilage deposition line. The lesion
of the cartilage layer was involved subchondral bone, and the result was worse than that in the sham group,
however, some improvement was observed in the Gln group compared to the OA group and cartilage degen-
eration only occurred in the cartilage layer (Fig. 5A). Moreover, the OARSI scores showed a significant benefit
between the OA group and the Gln group (Fig. 5B). Meanwhile, the protein expression levels of JNK and NF-kB
were inhibited significantly with the Gln treatment (Fig. 5C). These results further suggest that Gln inhibits the
JNK and NF-«kB signaling pathways, improves cartilage degradation and delays the pathological process of OA.
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Figure 2. Effect of both concentrations of glutamine on the apoptotic ratio. The chondrocytes were cultured in
96-well plates and stimulated with IL-1B (10 ng/ml) for 24 h following treatment with both doses of glutamine
(5, 10 umol/1) for 2 h. (A) Apoptotic ratio in each group was checked using FCM. (B) Histogram of the
apoptotic ratio of each group. All data are presented as the M+ SEM (n=6 in each group). *p<0.05 vs. IL-1p(-)
and Gln(-) group, *p<0.01 vs. IL-1(-) and GIn(-) group; “p <0.05 vs. IL-1p(+) and GIn(-) group, *p <0.01
vs. IL-1B(+) and Gln(-) group; ¥p <0.05 vs. IL-1B(+) and Gln(5) group, ¥¥p<0.01 vs. IL-1B(+) and GIn(5)
group by ANOVA.

Discussion

OA is characterized by the progressive degeneration of articular cartilage, which is the most essential ingredient
on the outermost surface of the human joint*>**. Chondrocytes are the only cell type in articular cartilage that
are responsible for the synthesis of extracellular matrix components and maintaining the integrity of cartilage
tissues®. The balance between cartilage synthesis and catabolism is vital for maintaining the function of articular
cartilage, in which chondrocytes are encircled with plentiful aggrecan and collagen I1°>*. Although tremendous
progress has been observed in recent years for many treatments for OA, including physical activity, surgery,
and drug effects, satisfactory effects against OA have not been reached®. Therefore, it is urgent to develop more
effective and safe treatments for OA.

Glutamine is well known as a type of nonessential amino acid that is applied to treat gastric and duodenal
ulcers, gastritis, etc. Accumulating reports have shown that it exerts anti-inflammation and antioxidation effects
to improve and recover injured tissues**®. In our study, several concentrations of Gln to treat chondrocytes for
24 h showed that no significant cytotoxicity was observed under 5 and 10 pmol/l GIn. Next, the effect of GIn on
OA must be investigated in vitro.

Previous studies have demonstrated that IL-1p enhances the expression of metalloproteinases, such as MMP1,
MMP13, and ADAMTS-5, in chondrocytes*’. Moreover, IL-1B-induced chondrocytes increase ADAMTS-5
expression and reduce proteoglycan production*!. Hence, we used both doses of Gln to treat the OA chondro-
cyte model, which was induced with IL-1p. The results showed that the cell viability in both Gln groups was
significantly improved, which verified that Gln can benefit OA chondrocytes.

Accumulating studies have demonstrated that the pathological process of OA is the imbalance of cartilage syn-
thesis and catabolis accompanying with enhancement of ADAMTS-5, MMP-1, and MMP-13, which can almost
completely degrade various protein components in the extracellular matrix (ECM), including proteoglycans and
collagen IT*~*. Therefore, inhibiting ADAMTS-5 and MMPs and promoting proteoglycans may be a potential
treatment strategy for OA. Our experimental results showed that destructive factors (MMP-1, MMP-13, and
ADAMTS-5) were expressed at low levels in both Gln groups at the mRNA and protein levels and a protective
factor (aggrecan) was highly expressed; however, significant differences were observed between the groups. These
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Figure 3. Effect of both concentrations of glutamine on ADAMTS-5, aggrecan, MMP-1, and MMP-13 in
chondrocytes treated with IL-1P. Glutamine promoted the expression of a protective protein (aggrecan)

and inhibited the expression of harmful proteins (ADAMTS-5, MMP-1, MMP-13). The benefit of the high
concentration group was better than that of the low concentration group. (A) The protein expression was
examined by western blot with -actin as the internal standard. (B) mRNA expression levels were checked using
qRT-PCR. All data are presented as the M+ SEM (n=6 in each group). *p <0.05 vs. IL-1(-) and GIn(-) group,
**p<0.01 vs. IL-1p(-) and GIn(-) group; *p <0.05 vs. IL-1B(+) and Gln(-) group, #p <0.01 vs. IL-1p(+) and
Gln(-) group; ¥p<0.05 vs. IL-1B(+) and GIn(5) group, ¥*p<0.01 vs. IL-18(+) and GIn(5) group by ANOVA.
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Figure 4. Gln suppressed IL-1pB-induced JNK and NF-«B expression in chondrocytes, and the high
concentration Gln exhibited a greater effect. (A) Protein expression levels of JNK, p-JNK, NF-kB, and p-NF-kB
were examined by western blotting with B-actin as the internal standard. (B,C) JNK and NF-kB mRNA
expression was measured using QRT-PCR. (D) The nucleoprotein expression of NF-kB was checked by western
blot with Lamin B as the internal standard. All data are presented as the M+ SEM (n=6 in each group). *p <0.05
vs. IL-1B(-) and GIn(-) group, **p<0.01 vs. IL-1B(-) and Gln(-) group; p <0.05 vs. IL-1p(+) and Gln(-)
group, ¥p<0.01 vs. IL-1B(+) and GIn(-) group; ¥p <0.05 vs. IL-1B(+) and GIn(5) group, ¥¥p<0.01 vs. IL-1B(+)
and GIn(5) group by ANOVA.
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Figure 5. Gln inhibited the expression of JNK and NF-«B and protected articular cartilage against DMM-
induced osteoarthritis. (A) Knee joints of mice in each group were stained with safranin-O and fast green.

Scale bar, 200 um. (B) OARSI scores were calculated and analysed using the Osteoarthritis Research Society
International (OARSI) scoring system as follows (six OA grades): 0 =surface intact; 1= cartilage intact;

2 =discontinuous surface; 3 =vertical fissures; 4 = erosion; 5= denudation; and 6 = deformation. (C) The protein
expression levels of JNK and NF-kB were examined by western blotting with B-actin as the internal standard.
All data are presented as the M+ SEM (n=5 in each group). *p <0.05 vs. Sham + PBS group, **p <0.01 vs.

Sham + PBS group; “p <0.05 vs. OA + PBS group, *p <0.01 vs. OA + PBS group; ¥p <0.05 vs. IL-18(+) and GIn(5)
group, ¥p<0.01 vs. IL-18(+) and GIn(5) group by ANOVA.

outcomes indicated that Gln protected chondrocytes against OA by promoting aggrecan and inhibiting MMP-1,
MMP-13 and ADAMTS-5 depending on the doses of Gln.

JNK and NF-kB are classical signaling pathways involved in OA progression that regulate the expression of the
above factors*®*. NF-«B activation determines the expression of a wide range of catabolic mediators in articular
cartilage. Among the downstream signaling pathways triggered by inflammatory factors, the NF-«B signaling
pathway is the central regulator of catabolic actions, mediating crucial events in the inflammatory responses of
chondrocytes and leading to extracellular matrix (ECM) damage and cartilage erosion™. Scientific studies have
shown that JNK is activated (phosphorylated) in OA and plays an essential role in cartilage destruction. Activa-
tion of JNK causes the phosphorylation of c-Jun, which causes decreased proteoglycan synthesis and enhanced
production of matrix metalloproteinase 13 (MMP-13)*. Our data showed that the mRNA and protein expression
levels of JNK and NF-«xB were downregulated following Gln treatment. Moreover, the ratio of NF-kB/Lamin
B was reduced. In summary, these results further indicated that Gln protected the chondrocytes against IL-1p
treatment through the JNK and NF-«B signaling pathways.

We further explored the effect of Gln in a mouse OA model induced by classical DMM surgery, in which the
number of IL-1B-positive chondrocytes was greatly increased*®. We used 100 mM Gln for intra-articular injection
according to the other experiments and our conditions*"*. Safranin O and Fast Green can stain cartilage and
subchondral bone red or green, respectively, to evaluate the overall staging of OA progression combined with
the OARSI cartilage assessment system™. The slides of the mouse joints showed that cartilage degradation was
less severe in the Gln group than that in the OA group and the OARSI scores improved greatly. Combining the
upregulation of JNK and NF-kb in vivo, the results suggested that Gln could significantly attenuate the process
of OA through the JNK and NF-kb signaling pathways.
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Conclusion

Our outcomes are the first to demonstrate that Gln benefits OA by inhibiting the JNK and NF-«B signaling path-
ways. This finding on the protective effects of Gln may support further investigations on potential therapeutic
interventions for OA.

Data availability
All data used or analysed during the current study are available from the corresponding author on reasonable
request.
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