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Osteoarthritis (OA) is a chronic degenerative joint disease characterized by
articular cartilage destruction. The pathological mechanisms are complex; in
particular, inflammation, autophagy, and apoptosis are often involved. 3,3-
Diindolylmethane (DIM), a phytoconstituent extracted from cruciferous
vegetables, has various effects such as anti-inflammatory, antioxidant and
anti-apoptotic. However, the effects of DIM on osteoarthritic chondrocytes
remain undetermined. In this study, we simulated a lipopolysaccharide (LPS)-
induced osteoarthritis model in human primary chondrocytes. We found that
LPS stimulation significantly inhibited autophagy, induced chondrocyte
apoptosis and extracellular matrix (ECM) degradation, which could be
ameliorated by DIM. DIM inhibited the expression of a disintegrin and
metalloproteinase with thrombospondin  motif 5 (ADAMTS-5), matrix
metalloproteinase 13 (MMP13), cleaved caspase-3, Bax, and p62, and
increased the expression level of collagen Il, aggrecan, Bcl-2, light chain 3 Il
(LC3 1), and beclin-1. Mechanistic studies showed that DIM increased
chondrocyte autophagy levels by inhibiting the activation of PI3K/AKT/mTOR
pathway. In mice destabilization of the medial meniscus (DMM) model,
immunohistochemical analysis showed that DIM inhibited the expression of
p-PI3K and cleaved caspase-3, increased the expression of LC3 Il. Furthermore,
DIM relieved joint cartilage degeneration. In conclusion, our findings
demonstrate for the first time that DIM inhibits LPS-induced chondrocyte
apoptosis and ECM degradation by regulating the PIZK/AKT/mTOR-
autophagy axis and delays OA progression in vivo.
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Introduction

Osteoarthritis (OA) is a degenerative joint disease that
affects older people worldwide, characterized by progressive
destruction and inflammation of articular cartilage (Glyn-
Jones et al., 2015). The incidence of OA is reported to be
increasing year by year, and the condition is a major cause of
disability in older adults. Contemporary treatment mainly
improves symptoms, and there is no effective treatment to
prevent the progression of OA (Maudens et al, 2018).
Therefore, it is clinically important to develop more
convenient and effective interventions to slow down
progression of the disease (Goldring, 2006). Degenerative
changes of articular cartilage are the most important
pathological changes in OA, and articular cartilage consists
of only chondrocytes and extracellular matrix (ECM). The
main matrix components of the ECM are collagen II and
aggrecan, and the main ECM catabolic enzymes are matrix
(MMPs)

metalloproteinase with thrombospondin motifs (ADAMTS)

metalloproteinases and a disintegrin and
(Cucchiarini et al., 2016). Under normal physiological
conditions, chondrocytes maintain the balance of ECM
synthesis and catabolism to ensure the structural and
functional integrity of cartilage (Musumeci et al., 2011a).

Recently, an increasing number of studies have shown that
OA has diverse causative factors and a complex pathogenesis and
determined that the release of inflammatory mediators causes
inhibition of cellular autophagy, resulting in increased apoptosis,
which ultimately leads to an imbalance in ECM metabolism and
accelerates OA development (Li et al., 2019). Previous study has
reported that apoptosis is positively correlated with the severity
of cartilage destruction and matrix depletion in human OA tissue
specimens (Musumeci et al., 2015). Chondrocytes freshly isolated
from human OA cartilage displayed morphological evidence of
apoptosis, while those from normal donors did not have any
apoptotic cell signatures. These findings suggest that OA
chondrocytes  exhibit  distinct  apoptotic ~ propensities
(Musumeci et al., 2011a; Musumeci et al., 2011b). In addition,
when chondrocyte homeostasis is unbalanced, the release of
inflammatory mediators and catabolic enzymes is accelerated,
the destruction of ECM speeds up, and OA progression occurs
(Zhao et al., 2020).

Autophagy is a mechanism and a dynamic cellular process
whereby damaged cellular components (such as organelles and
proteins) are wrapped by membrane structures to form
autophagic vesicles, which then fuse with lysosomes, and
whose contents are degraded and recycled to maintain normal
cellular metabolism (He and Klionsky, 2009; Ravikumar et al.,
20105 Polewska, 2012; Li et al., 2016). It has been reported that
normal cartilage tissue expresses abundant LC3 II, Beclinl and
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other important autophagy-related proteins, suggesting that
autophagy may be involved in maintaining the normal
physiological function and structural integrity of cartilage
tissue (Sasaki et al., 2012; Zhang et al., 2015; Qin et al., 2017).
In contrast, the expression of autophagy-related proteins is
reduced in human OA chondrocytes (Loeser, 2011; Lian et al.,
2018). Activation of autophagy increases the expression levels of
both collagen IT and aggrecan while reducing those of ADAMTS-
5 and MMP-13 in chondrocytes and ameliorating arthritis
progression (Qin et al., 2017; Huang et al., 2020; Lin et al,
2021).
chondrocytes exacerbated arthritis progression (Bouderlique

Furthermore, inhibition of autophagy in mice
et al, 2016), while intra-articular injection of rapamycin to
activate autophagy in a mice destabilization of the medial
meniscus (DMM) model improved cartilage degeneration
(Takayama et al., 2014).

3,3-diindolylmethane (DIM) is a natural product found in
cruciferous edible plants, such as cauliflower, cabbage, and
broccoli. Previous studies have reported that DIM has several
preventive effects, especially displaying anti-tumor, anti-
inflammatory, antioxidant and free radical scavenging roles
(Luo et al, 2018; Ye et al, 2021). Recent studies have
determined that DIM also protects against kidney, heart,
and liver damage. It has been reported that DIM attenuated
carbon tetrachloride-induced acute liver injury in mice by
inhibiting inflammatory responses and apoptosis and by
modulating oxidative stress (Munakarmi et al., 2020). DIM
has been reported to attenuate oxidative stress-induced
apoptosis in hippocampal neurons (Lee et al., 2019) and
protect neuronal cells from inflammation and brain tissue
ischemia (Rzemieniec et al., 2016; Lee et al., 2019). In addition,
DIM (LPS)-induced
inflammatory responses and apoptosis in cardiomyopathy

attenuates  lipopolysaccharide
(Luo et al, 2018) and induces protective autophagy in
prostate cancer (Draz et al., 2017). In a rat model of
rheumatoid arthritis, DIM was observed to block osteoclast
formation (Dong et al.,, 2010) and, through inhibition of the
MAPK and AKT/mTOR pathways, inhibit synovial fibroblast
proliferation, migration, invasion, and inflammatory factor
release and attenuate experimental arthritis progression (Du
et al,, 2019).

Although previous studies have extensively investigated
the function of DIM, the potential role of DIM in
osteoarthritis and its effects on chondrocytes remain
undetermined. In the present study, we observed the effects
of DIM on LPS stimulation-induced chondrocyte autophagy,
apoptosis, and ECM metabolism in vitro and explored the
possible molecular mechanisms. The potential therapeutic
function of DIM was also evaluated in a DMM mice model
of OA.
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Materials and methods
Experimental design

DIM was purchased from MCE (HY-15758, Monmouth
Junction, NJ, United States) (purity >99%). LPS is currently
the main pro-inflammatory inducer (Mayeux, 1997), which is
commonly used to induce arthritis models in chondrocytes
(Yoshino et al., 2000; Lorenz et al., 2013; Ding et al., 2019; Li
etal., 2020; Zeng et al., 2021). So, we used LPS (10 pg/ml, Sigma-
Aldrich) to treat human primary chondrocytes to simulate OA
models. Six groups were established. The control group
contained chondrocytes without any treatment. The negative
control group contained chondrocytes to which only DIM
(40 uM) was added. The LPS group contained chondrocytes
only treated with LPS (10 ug/ml). The LPS + DIM group
contained the chondrocytes treated with different
concentrations of DIM (10, 20, 40 uM) for 2 h, and then LPS
was added in the medium to stimulate chondrocytes for 24 h
(without replacing the medium). We used 40 uM of DIM for the
of cytometry,
monodansylcadaverine (MDC) staining, transmission electron

detection immunofluorescence,  flow
microscopy (TEM) and glycosaminoglycan (GAG) experiments.

In vivo, mice were randomly divided into a sham-operated
group, an OA group (DMM), and a DIM-treated OA group
(DMM + DIM) (n = 10 in each group). Mice DMM model
creation took place in the OA group, and the DIM-treated OA
group received a 50 mg/kg/day dose of DIM (via daily
intraperitoneal injection for 8 weeks). Mice in the Sham and
DMM groups received equal amounts of saline. All animals were
executed 8 weeks after surgery, and cartilage samples were
collected for immunological and histological analysis.

Isolation and culture of primary
chondrocytes

The collection of cartilage tissue involving human OA was
approved by the Medical Ethics Committee of the First Affiliated
Hospital of Anhui Medical University (ethics no. PJ2022-04-55),
and all participants signed an informed consent form. Articular
cartilage was obtained from patients who had undergone total knee
arthroplasty at the First Affiliated Hospital of Anhui Medical
University. The specimens were rapidly transferred to the
operating table and washed 3-5 times with phosphate-buffered
saline (PBS) in a sterile environment, and the cartilage tissue was
then cut into bone pieces of 1 mm?® in size and then digested with
0.25% trypsin (Beyotime, Shanghai, China) for 30 min, followed by
0.2% collagenase Il (Sigma-Aldrich) in a 37°C incubator overnight.
The digested chondrocytes were then resuspended and inoculated in
culture flasks containing Dulbecco’s modified Eagle medium/
nutrient mixture F-12, 10% and 1%
penicillin/streptomycin antibiotics; when 80%-90% fusion was

fetal bovine serum,
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achieved, the cells were then digested using 0.25% trypsin
solution, centrifuged, resuspended, and passaged. The complete
medium was changed every 2 days, and only cells of the first or
second generation were used for the experiments to avoid
phenotypic changes.

Toluidine blue staining of chondrocytes

Chondrocytes were inoculated in 24-well plates and cultured
for 24 h, then washed three times with PBS solution for 5 min/
time and subsequently fixed in 4% paraformaldehyde solution for
20 min. After being washed with PBS, they were treated with 1%
toluidine blue solution (Solarbio, Beijing, China) for 1 h at room
temperature, washed with PBS again, dried and placed on slides,
and then sealed with neutral gum. All chondrocytes were
observed under a microscope (Tissue FAXS Plus S; Tissue
Gnostics, Vienna, Austria) and photographed.

Cell viability assay

The cytotoxicity of DIM on human chondrocytes was
assayed with a cell counting kit 8 (CCK-8) (Beyotime). First,
human chondrocytes were cultured in 96-well plates (5x10° cells/
well) for 24 h with different concentrations of DIM (0, 1, 5, 10,
20, 40, or 80 uM) for 24 or 48 h. After each well washed with PBS,
100 pL new medium containing 10% CCKS8 was added to each
well, incubated at 37°C for 2 h. The absorbance was then detected
at 450 nm using a microplate reader (Leica Microsystems,
Wetzlar, Germany).

RNA extraction and quantitative real-time
polymerase chain reaction (QRT-PCR)

The treated cells were washed with enzyme-free water, and total
cellular RNA was subsequently extracted with TRIzol reagent
(Invitrogen, Carlsbad, CA, United States), RNA purity was
assessed according to a 260-/280-nm ratio using a NanoDrop
One (Thermo  Fisher Waltham, MA,
United States), and RNA concentrations were measured using a

device Scientific,
reverse transcription kit (Takara Bio, Kusatsu, Japan) A 10-uL
reaction system was set up to reverse-transcribe the extracted
RNA to complementary DNA. Subsequently, qRT-PCR of the
target genes was performed according to the SYBR® Premix Ex
Taq" II kit (Takara Bio), and data analysis was performed with the
Light Cycler 96 software (Roche, Alameda, CA, United States). The
target gene messenger RNA levels were normalized to GAPDH
levels, and the data obtained were analyzed using the 272*“" method.
All experiments were repeated three times. The primer sequences
were provided by Sangon (Shanghai, China) and are listed in
Supplementary Table SI.
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Protein extraction and western blotting

A western blot technique was used to detect the expressions of
related The  treated
radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime)
and phenylmethylsulfonyl fluoride (PMSF) (Beyotime) were
added, and the mixture was placed on ice for 30 min to lyse.

proteins. cells  were  collected,

Then, the supernatant was centrifuged and subsequently protein
concentration was measured by BCA method (Beyotime) and added
to 5 x sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) protein loading buffer (Beyotime) and boiled for
10 min to obtain the total protein. Each well was loaded with
20ug protein, and then under the same GAPDH condition, the
loading volume of each sample was calculated according to the
required loading amount of protein and the sample protein
concentration. The protein was subsequently separated by SDS-
PAGE, then transferred to a polyvinylidene fluoride membrane
(Millipore, Burlington, MA, United States) in constant flow. The
membranes were subsequently closed with 5% skim milk for 2 h at
room temperature. washed with tris-buffered saline and polysorbate
20 and incubated with the specific primary antibody overnight at
4°C, then washed and incubated with the corresponding specific
secondary antibody for 2h at room temperature, respectively.
Finally, all band signals were detected using ECL ultrasensitive
chemiluminescence reagents (Thermo Fisher Scientific, Waltham,
MA, United States) and detected using the ImageJ version 1.53c
software (U.S. National Institutes of Health, Bethesda, MD,
United States) for quantitative analysis. The following antibodies
were used in the western blot analysis: anti—collagen Il antibody (1:
1000, 28459-1-AP, Proteintech Group, Rosemont, IL, United States),
anti-aggrecan antibody (1:1000, 13880-1-AP, Proteintech Group),
anti-ADAMTS-5 antibody (1:1000, Ab41037, Abcam, Cambridge,
United Kingdom), anti-MMP-13 antibody (1:1000, 18165-1-AP,
Proteintech Group), anti-LC3 A/B antibody (1:1000, 12741, CST,
Danvers, MA, United States), anti-p62 antibody (1:10000,
Ab109012, Abcam), anti-beclin-1 antibody (1:1000, Ab62557,
Abcam), anti-cleaved caspase-3 antibody (1:1000, 5A1E, CST),
anti-Bax antibody (1:5000, Ab32503, Abcam), anti-Bcl-2
antibody (1:1000, Ab32124, Abcam), anti-p-PI3K antibody (1:
1000, abl151549, Abcam), anti-PI3K antibody (1:1000, 3358,
CST), anti-AKT antibody (1:1000, 4691, CST), anti-phospho-
AKT antibody (1:2000, 4060, CST), anti-mTOR antibody (1:
5000, Ab32028, Abcam), anti-phospho-mTOR antibody (1:5000,
Ab109268, Abcam), and anti-GAPDH antibody (1:10000, 60004-1-
lg, Proteintech Group).

Immunofluorescence staining

The treated cells were washed with PBS, then underwent 4%
paraformaldehyde fixation for 20 min, were washed with PBS
Triton X-100
permeabilized for 15 min at room temperature. The cells were

three more times, and underwent 0.3%
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then closed with 10% bovine serum albumin (BSA) (goat serum
blocking solution, Beyotime) for 1 h, then were washed with PBS
and incubated overnight at 4°C in a wet box with the appropriate
specific primary antibody, as follows: anti-collagen Il antibody
(1:300, 28459-1-AP, Proteintech Group), anti-MMP-13
antibody (1: 300, 18165-1-AP, Proteintech  Group),
anti-LC3 A/B antibody (1:200, 12741, CST), anti-cleaved
caspase-3 antibody (1:400, 5A1E, CST), or anti-p-PI3K
antibody (1:300, Ab151549, Abcam). After three washes, the
cells were incubated with fluorescein isothiocyanate (FITC) or
rhodamine-labeled secondary antibody (1:100ZF-0311/ZF-0316,
ZSGB-BIO, Beijing, China) for 1h at room temperature and
light. 4' 6-diamidino-2-
phenylindole (DAPI) staining solution (Beyotime) was added

protected  from Subsequently,
to label cell nuclei for 5min, and finally anti-fluorescence
quenching mounting solution was added dropwise. Images
were observed and obtained under an automatic positive
fluorescence microscope (DM6B; Leica, Wetzlar, Germany)
and were quantified using ImageJ version 1.53¢ (U.S. National

Institutes of Health, Bethesda).

MDC staining

MDC is one of the most used fluorescent probes for

cellular autophagy detection. It can specifically label
autophagosomes through ion capture and specific binding
to membrane lipids (Biederbick et al., 1995; Niemann et al.,
2000; Niemann et al., 2001; Vazquez and Colombo, 2009).
During our study, treated chondrocyte crawls were fixed in 4%
paraformaldehyde for 20 min, washed three times with PBS,
and incubated with MDC staining solution (Beyotime) for
60 min at 37°C in an incubator protected from light. Then, we
washed them three times with assay buffer. Green fluorescence
was observed under an automatic positive fluorescence

microscope (DM6B; Leica).

Transmission electron microscopy (TEM)

The treated cells were collected, then the samples were fixed
with 2.5% glutaraldehyde in 0.1 M phosphate buffer (P885738,
Macklin, Shanghai, China) at 4°C overnight. After washing with
phosphate buffer, the samples were fixed in phosphate buffer
with 1% OsO4 at 4°C for 2 h and rinsed thoroughly with ddH20.
The 2% aqueous uranyl acetate was used for en bloc staining for
2 h and then the samples were serially dehydrated with 50%, 70%,
90% and 100% alcohol and 100% acetone and embedded in
epoxy resin for making the blocks of samples. Silver sections were
cut with an ultramicrotome (EM UC7, Leica; thickness
70-90 nm), stained with lead citrate and uranyl acetate, and
observed with an electron microscope (Talos L120C G2, Thermo
Scientific, MA, United States).
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Cellular safranin O staining

Safranin O is a cationic dye that binds polyanions and binds
to GAGs in chondrocytes to give them a red color, with the
intensity of the red color being directly proportional to the GAG
content. It is used to assess the content of GAGs in chondrocytes
and can reflect the ability of chondrocytes to perform anabolic
and catabolic activities. We washed the treated chondrocytes
with PBS and fixed them with 4% paraformaldehyde for 20 min,
then washed them with PBS and incubated them with safranin O
staining solution (Solarbio, Beijing, China) for 30 min at room
temperature. The cells were then washed with PBS and observed
by microscopy (Tissue FAXS Plus S; Tissue Gnostics), and
photographs were taken.

Apoptosis analysis

The treated chondrocytes were collected in flow tubes,
washed twice with cold PBS, and resuspended with 400 pL of
1 x annexin V conjugate using the annexin V-FITC/propidium
iodide double-stained apoptosis assay kit (BestBio, Shanghai,
China), followed by the addition of 5uL of annexin V-FITC
staining solution and incubation for 15 min at 4°C under light-
proof conditions. Finally, 5 pL of propidium iodide (PI) staining
solution was added and incubated for 3 min at 4°C under light-
proof conditions, followed by flow cytometry (BD Celesta, San
Jose, CA, United States). Flow analysis was performed with
FlowJo version 10.6.0 (FlowJo LLC, Ashland, OR, United States).

Animal model

Thirty 10-week-old C57BL/6 male wild-type mice were
of Anhui Medical
interventions, treatments,

obtained from the Animal Center

University. All  surgical and
postoperative animal care procedures were administered in
accordance with the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health and
were performed in strict accordance with the requirements of the
Animal Ethics Committee of Anhui Medical University (ethics
no. LISC20190738). All the mice in the experiment were housed
in standard experimental cages with a 12-h light/dark cycle and
were freely access to water and standard food. Mice OA models
were created by DMM surgery. Anesthesia was performed by
intraperitoneal injection of an appropriate amount of 2%
pentobarbital, followed by exposure of the joint capsule
medial to the patellar tendon of the right knee and dissection
of the medial meniscus tibial ligament with microsurgical
scissors. In the sham group, only the joint capsule was

incised, and the medial meniscal tibial ligament was not treated.
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Immunohistochemical assay

The obtained knee joints were fixed in 4% paraformaldehyde
for 24 h, then decalcified, paraffin-embedded, cut into 5-um
sections, dewaxed, and rehydrated. Antigen repair was
performed using the E enzyme method (DIG-3008; MXB,
Fuzhou China), and appropriate amounts of rabbit- or
mouse-derived endogenous peroxidase blocker (PV-6001/PV-
6002, ZSGB-BIO)
for

were added and incubated at room
After

appropriate amount of primary antibody was added dropwise

temperature 10 min. rinsing with PBS, an
and incubated at 37°C for 60 min, using the appropriate specific
primary antibody, as follows: anti-LC3 A/B antibody (1:300,
12741, CST), anti-cleaved caspase-3 antibody (1:1000, 5A1E,
CST), anti-p-PI3K antibody (1:100, Ab151549, Abcam),
anti-collagen Il antibody (1:800, 28459-1-AP, Proteintech
anti-aggrecan  antibody  (1:200,  13880-1-AP,
Proteintech Group), anti-ADAMTS-5 antibody (1: 200,
DF13268, Affinity), anti-MMP-13 antibody (1:200, 18165-1-
AP, Proteintech Group). This was followed by the addition of
the corresponding enzyme-labeled goat anti-rabbit or mouse
immunoglobulin G polymer (PV-6001/PV-6002, ZSGB-BIO)
dropwise to the section, then incubation at room temperature
for 20 min; the addition of DAB (ZLI-9018, ZSGB-BIO) color

development

Group),

solution. Finally, re-staining, dehydration,
transparency, and sealing of the section. The staining results
were observed and interpreted by a qualified pathologist under a

light microscope.

Histopathological analysis

The obtained mice knee sections were dewaxed, hydrated,
and stained with hematoxylin and eosin (H and E) staining as
well as safranin O/fast green staining (Servicebio, Wuhan, China)
to assess cartilage destruction. The extent of cartilage
degeneration in the stained sections was assessed using the
Osteoarthritis Research Society International (OARSI) scoring
system (Glasson et al., 2010). The extent of synovial tissue
changes in the stained sections was assessed using the Krenn
Synovitis Score Criteria (Krenn et al., 2002; Krenn et al., 2006).

X-ray imaging method

Eight weeks after DMM, mice were placed on a digital X-ray
machine (Labscope, Glenbrook Technologies Inc, Randolph, NJ,
United States) to undergo X-ray frontal and lateral imaging of all
knee joints to assess the joint space, cartilage surface sclerosis,
and bone formation. X-ray machine settings were 25kV and
0.1 mA.
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DAPI Merge

FIGURE 1

Identification of human primary chondrocytes and the effect of DIM on human OA chondrocyte viability (A) Proteoglycans in human primary
chondrocytes were stained purple by toluidine blue (scale bar, 50 pm) (B) Collagen Il immunofluorescence staining showed that the collagen Il was
stained green, while cell nuclei were stained blue by DAPI (scale bar, 20 pm).

Statistical analysis

All experiments were performed at least three times, and data
are presented as mean * standard deviation (SD) values.
Statistical analysis was performed using the Prism version
9.0 (GraphPad  Software, CA,
United States). Statistically significant differences between the

software San  Diego,
two groups were analyzed by  test, one-way ANOVA was used to
compare multiple data groups. p < 0.05 was statistically

significant.

Results
Identification of human chondrocytes

First, used  toluidine  blue and
immunofluorescence staining to identify the isolated primary
showed that the
proteoglycans in the chondrocytes stained blue-purple, and
the chondrocytes 1A).
addition, showed greenish

collagen II in the cytoplasm of chondrocytes and no positive

we staining

chondrocytes. Toluidine blue staining

were spindle-shaped (Figure In

immunofluorescence  staining
staining in cell nuclei (Figure 1B). These two staining methods
confirmed that the primary cells extracted from articular
cartilage were chondrocytes.

Effects of DIM on human chondrocyte
viability

The chemical structure of DIM is illustrated in Figure 2A. To
clarify the cytotoxic effect of DIM on human chondrocytes, we
assayed the «cell viability by CCK-8 assay. Different
concentrations of DIM (0, 1, 5, 10, 20, 40, and 80 uM) were
incubated with chondrocytes for 24 and 48 h. After DIM
treatment of chondrocytes for 24 and 48h, there was no
significant cytotoxic effect on primary chondrocytes at
concentrations of 0-40 uM, but the high concentration of
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80 uM reflected significant cytotoxicity and affected cell
viability (Figures 2B,C). Therefore, the safe concentrations of
0, 10, 20, or 40 uM of DIM were used in subsequent related
experiments.

DIM alleviates LPS-induced ECM
degradation in human chondrocytes

We used western blot analysis (Figures 3A,B) and qRT-PCR
(Figure 3C) to detect the expression of the following anabolic and
catabolic indicators in cartilage: collagen II, aggrecan, ADAMTS-
5, and MMP-13. Collagen II and aggrecan were significantly
reduced in the LPS group, while ADAMTS-5 and MMP-13 were
significantly increased. Pre-treatment with DIM reversed the
downregulation of collagen II and aggrecan and the
upregulation of ADAMTS-5 and MMP-13 induced by LPS
stimulation in a dose-dependent relationship. We further
examined the deposition of GAGs in human chondrocytes
using safranin O staining, and GAG expression appeared
significantly reduced in LPS-treated chondrocytes compared to
controls, whereas DIM treatment ameliorated the LPS-induced
loss of GAGs (Figure 3D, Supplementary Figure S2). In addition,
we detected the expressions of collagen IT and MMP-13 by
immunofluorescence, and the results of fluorescence analysis
were consistent with the western blot results (Figures 3E,F).
Overall, the results showed that DIM ameliorated LPS-
induced human primary chondrocytes anabolic and catabolic
imbalance, which in turn reflected that DIM improved LPS-
induced ECM degradation.

DIM attenuates LPS-induced apoptosis in
human chondrocytes

We detected the expressions of Bax, Bcl-2, and cleaved
caspase-3 by western blot analysis and further detected the
expression of cleaved caspase-3 by immunofluorescence
staining. Compared to the control group, LPS stimulation
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and 80 pM) for 24 and 48 h by using the CCK-8 assay. The data are presented as mean + SD values from 3 independent experiments. Using one-way

ANOVA, * p <0.05, ** p <0.01 vs. the control.

upregulated Bax and cleaved caspase-3 expression, while Bcl-2
expression was significantly down-regulated. In contrast, the
expressions of Bax and cleaved caspase-3 were significantly
down-regulated in the LPS group with the addition of DIM
pre-treatment, while Bcl-2 expression was significantly increased
(Figures 4A,B). Similarly, immunofluorescence staining for
labeled cleaved caspase-3 results showed that DIM treatment
decreased the intensity of cleaved caspase-3 (Figures 4C,D). In
addition, apoptotic cells were examined by flow cytometry, and
LPS caused an increase in chondrocyte apoptosis compared to
the control group. However, the percentage of LPS-induced
apoptosis was significantly reduced following pre-treatment
with 40 uM of DIM (Figures 4E,F). These data suggest that
DIM has an anti-apoptotic effect in human chondrocytes.

DIM relieves the LPS-induced inhibition of
autophagy and enhances autophagic flux
in chondrocytes

Autophagy is a common mechanism for the removal of
redundant or damaged organelles during development and
aging. Moreover, autophagy plays a key role in regulating
energy cycling and cellular homeostasis in chondrocytes
(Mizushima and Levine, 2020). To investigate whether DIM
activates autophagy in chondrocytes, we performed western
blot analysis to assess changes in beclin-1, LC3 II, and
p62 protein levels in human chondrocytes under different
treatment conditions, which play a key role in the onset of
autophagy (Glick et al., 2010; Boya et al, 2013). In LPS-
treated primary human chondrocytes, a significant increase in
LC3 II and beclin-1 levels and a significant decrease in p62 levels
were observed in cells pre-treated with increased DIM (Figures
5A,B). Then, immunofluorescence staining results showed that
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DIM pre-treatment significantly increased the expression of
LC3 II in LPS-stimulated chondrocytes (Figures 5C,D). In
addition, MDC is an eosinophilic fluorescent dye that is
specific for autophagosome formation. we assessed autophagic
flux by MDC staining and transmission electron microscopy to
observe the effect of DIM as well as that of LPS on the number of
autophagosomes in chondrocytes; the intensity of MDC staining
was diminished and the number of autophagosomes was reduced
in LPS-treated chondrocytes compared to the blank control
group. The intensity of MDC staining and the number of
autophagosomes were significantly increased in primary
human chondrocytes in the LPS + DIM group compared to
the LPS group (Figures 5E,F). Based on these results, DIM could
ameliorate the LPS-induced inhibition of autophagy and restore
chondrocyte autophagy levels.

DIM inhibits activation of the PI3ZK/AKT/
mMTOR signaling pathway

It is well known that the PI3K/AKT/mTOR signaling
pathway is a key regulatory pathway for autophagy, and
activation of the PI3K/AKT/mTOR pathway in OA is
associated with autophagy inhibition (Xue et al,, 2017). To
confirm whether the mechanism of enhanced autophagy by
DIM is related to the PI3K/AKT/mTOR signaling pathway,
p-PI3K, p-AKT, and p-mTOR were detected by western blot
analysis. The results showed that LPS treatment activated the
PI3K/AKT/mTOR pathway compared to the control group, and
the expressions of p-PI3K, p-AKT, and p-mTOR were
significantly increased; meanwhile, the addition of DIM pre-
treatment to the LPS group dose-dependently down-regulated
the expressions of p-PI3K, p-AKT, and p-mTOR but did not
affect the expressions of total PI3K, total AKT, or total mTOR
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FIGURE 3
DIM alleviates LPS-induced ECM degradation in human chondrocytes (A,B) Effects of DIM on the protein expression levels of collagen I,
aggrecan, ADAMTS-5, and MMP-13 in human chondrocytes treated as above were measured by western blotting and quantitation (C) Effects of DIM
on the messenger RNA expression levels of collagen I, aggrecan, ADAMTS-5, and MMP-13 in human chondrocytes treated as above were measured
by gRT-PCR (D) Safranin O staining of GAGs in human primary chondrocytes in each group (scale bar, 50 pm) (E) After treatment,

(Continued)
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immunofluorescence staining showed the changes in the fluorescence intensity of collagen Il and MMP-13 in each group (scale bar, 20 pm) (F)
The fluorescence intensity was measured with the Imaged software (U.S. National Institutes of Health, Bethesda). The data are presented as mean +
SD values from three independent experiments. Using one-way ANOVA, NS, no statistical difference. # p <0.05 vs. the control; * # p <0.01 vs. the

control; * p <0.05 vs. the LPS group; ** p < 0.01 vs. the LPS group.

(Figure 6A). The western blotting quantification analysis were
based on the ratio of phosphorylated proteins (p-PI3K, p-AKT
and p-mTOR) to total proteins (PI3K, AKT and mTOR)
(Figure 6B). Immunofluorescence staining showed that DIM
pre-treatment  significantly inhibited p-PI3K activation
(Figures 6C,D). These data suggest that the DIM can Inhibit
activation of the PI3K/AKT/mTOR pathway in human
chondrocytes.

DIM enhances autophagy levels via the
PI3K/AKT/mTOR signaling pathway

To determine whether DIM-enhanced autophagy was
mediated by the PI3K/AKT/mTOR pathway, the pathway
activator 740Y-P (HY-P0175, MCE, Monmouth Junction, NJ,
United States) and inhibitor LY294002 (HY-10108, MCE,
Monmouth Junction, NJ, United States) were used for
7A,B). DIM
increased LC3 II and beclin-1 expression levels and decreased

functional reversion experiments (Figures
p62 levels in the LPS group, but the increase in autophagy
triggered by DIM was eliminated with 740Y-P, while the
increase in autophagy triggered by DIM was enchanced with
LY294002. obtained

immunofluorescence labeling of LC3 II. Compared to the LPS

Similar ~ results  were for
+ DIM group, the green fluorescence intensity of LC3 II
decreased after 740Y-P use and increased after LY294002 use
(Figures 7C,D). In addition, we observed the number of
autophagosomes by MDC staining and transmission electron
microscopy in chondrocytes. Compared to the LPS + DIM group,
The intensity of MDC of
autophagosomes were significantly decreased after 740Y-P
used and increased after LY294002 used (Figures 7E,F). These
data suggested that the regulatory effect of DIM on autophagy

was mediated via the PI3K/AKT/mTOR pathway.

staining and the number

DIM attenuates LPS-induced apoptosis in
chondrocytes via autophagy

We used chloroquine (CQ), an autophagy inhibitor (HY-
17589A, MCE), and rapamycin (Rapa), an autophagy activator
(HY-10219, MCE), to determine whether autophagy was
involved in the inhibitive effects of DIM on apoptosis.
Compared to the LPS + DIM group, CQ effectively abolished
the effects of DIM on reducing cleaved caspase-3 and Bax
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expression levels as well as increasing Bcl-2 expression levels.
Compared to the LPS + DIM group, Rapa further reduced
cleaved caspase-3 and Bax expression levels as well as
increased Bcl-2 expression levels (Figures 8A,B). Additionally,
we also detected the expression level of cleaved caspase-3 by
immunofluorescence staining (Figures 8C,D) and the apoptosis
of chondrocytes by flow cytometry (Figures 8E,F). Compared to
the LPS + DIM group, the fluorescence intensity of cleaved
caspase-3 and the chondrocyte apoptosis were significantly
CQ both the
fluorescence intensity of cleaved caspase-3 and chondrocyte

increased after treatment. In contrast,
apoptosis were reduced after Rapa treatment. These data
suggested that inhibition of chondrocyte apoptosis by DIM in

LPS-treated chondrocytes is mediated by autophagy.

DIM alleviates OA cartilage degeneration
in the surgical DMM mice model

We evaluated the therapeutic effect of DIM using a mice
DMM model. The morphological and histological changes of the
model mice were observed by H and E staining, safranin O/fast
green staining, and X-ray analysis. X-ray (Figure 9A) and
Hematoxylin and eosin staining (Figure 9B) results revealed
that, compared to the Sham group, the joint space of the mice
in the DMM group was significantly narrowed; the cartilage
surface was hardened, rough, and uneven; and osteophyte counts
DIM treatment alleviated this
pathological manifestation. In addition, safranin O/fast green

were increased. However,
staining showed that, compared to the Sham group, the DMM
group had significant loss of proteoglycan in the articular
cartilage and aggravated cartilage erosion; however, these
changes were improved after DIM treatment (Figure 9C). The
OARSI scores and Synovitis Scores were consistent with the
above pathological results, indicating that the DMM mice model
treated with DIM were significantly different from the OA group,
and the OARSI scores and Synovitis Scores of the DMM + DIM
group were significantly lower than those of the OA group
(Figure 9D, Supplementary Figure S3). Immunohistochemical
results showed that the average optical densities (AODs) of
p-PI3K and cleaved caspase-3 in the DMM group were
significantly higher than those in the sham group, while the
AQD of LC3 II was lower than that in the sham group. Compared
to the DMM group, the AOD of LC3 II was significantly
increased after DIM treatment, while the AODs of p-PI3K
and cleaved caspase-3 were significantly decreased (Figures
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FIGURE 4

DIM attenuates LPS-induced apoptosis in human chondrocytes (A,B) Effects of DIM on the protein expression levels of cleaved caspase-3, Bcl-

2, and Bax in human chondrocytes treated as above were measured by western blotting and quantitation (C) After treatment, immunofluorescence
staining showed the changes in the fluorescence intensity of cleaved caspase-3 in each group (scale bar, 20 um) (D) The fluorescence intensity was
measured with the Imaged software (U.S. National Institutes of Health, Bethesda) (E,F) After treatment, the results of flow cytometry detection of
apoptotic cells in each group and quantitation. The data are presented as mean + SD values from three independent experiments. Using one-way
ANOVA, NS, no statistical difference. # p <0.05 vs. the control; #* p <0.01 vs. the control; * p <0.05 vs. the LPS group; ** p <0.01 vs. the LPS group.

9E,F). The AODs of MMP-13 and ADAMTS-5 in the DMM and ADAMTS-5 were significantly decreased after DIM

group were significantly higher than those in the sham treatment  (Supplementary = Figure S4). In  addition,
group. Compared to the DMM group, the AODs of MMP-13 immunohistochemical staining analysis of Collagen II and
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FIGURE 5

DIM relieves the LPS-induced inhibition of autophagy (A,B) Effects of DIM on the protein expression levels of beclin-1, LC3 I, and p62 in human

chondrocytes treated as above were measured by western blotting and quantitation (C) After treatment, immunofluorescence staining showed the

changes in the fluorescence intensity of LC3 Il in each group (scale bar, 20 pm) (D) The fluorescence intensity was measured with the ImageJ

software (U.S. National Institutes of Health, Bethesda) (E) After treatment, the effects of DIM and LPS on the number of chondrocytes
(Continued)
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FIGURE 5 (Continued)

autophagosomes were observed by MDC staining (punctate green staining represents autophagosomes; scale bar, 20 um; partially enlarged
image scale bar, 10 pm) (F) Microstructural detection of autophagosomes by transmission electron microscopy (White arrows indicate the formation
of autophagosomes. Scale bar = 2 um; partially enlarged image scale bar, 500 nm). The data are presented as mean + SD values from three
independent experiments. NS, no statistical difference; * p <0.05 vs. the control; * # p <0.01 vs. the control; * p <0.05 vs. the LPS group; **

p <0.01 vs. the LPS group
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FIGURE 6

DIM inhibits the activation of the PI3K/AKT/mTOR signaling pathway (A,B) Effects of DIM on the protein expression levels of p-PI3K, total PIZK,
p-AKT, total AKT, p-mTOR, and total mTOR in human chondrocytes treated as above were measured by western blotting and quantitation (C) After
treatment, immunofluorescence staining showed the changes in the fluorescence intensity of p-PI3K in each group (scale bar, 20 um) (D) The
fluorescence intensity was measured with the ImageJ software (U.S. National Institutes of Health, Bethesda). The data are presented as mean +

SD values from three independent experiments. Using one-way ANOVA, NS, no statistical difference; # p <0.05 vs. the control; * # p <0.01 vs. the
control; * p < 0.05 vs. the LPS group; ** p < 0.01 vs. the LPS group
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FIGURE 7

DIM enhances autophagy levels by modulating the PI3K/AKT/mTOR signaling pathway (A,B) Compared to the LPS + DIM group, the addition of
PI3K activator (740Y-P) after treatment triggered a reduction in the level of autophagy, while the addition of PI3K inhibitor LY294002 increased the
level of autophagy. Levels of autophagic marker proteins (beclin-1, p62, and LC3 Il) were measured by western blotting and quantitation (C) The
fluorescence intensity of LC3 Il was detected by immunofluorescence staining (scale bar, 20 um) (D) The fluorescence intensity was measured

with the ImageJ software (U.S. National Institutes of Health, Bethesda) (E) The number of chondrocytes autophagosomes was observed by MDC
staining (punctate green staining represents autophagosomes; scale bar, 20 um; partially enlarged image scale bar, 10 ym) (F) Microstructural
detection of autophagosomes by transmission electron microscopy (White arrows indicate the formation of autophagosomes. Scale bar = 2 ym;
partially enlarged image scale bar, 500 nm). The data are presented as mean + SD values from three independent experiments. Using one-way
ANOVA, NS, no statistical difference; * p < 0.05 vs. the LPS group; ** p < 0.01 vs. the LPS group; * p < 0.05 vs. the LPS + DIM group; ** p < 0.01 vs. the
LPS + DIM group.
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FIGURE 8
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Activation of autophagy by DIM ameliorates LPS-induced chondrocyte apoptosis (A,B) Compared to the LPS + DIM group, the addition of an
autophagy inhibitor (CQ) after treatment increased chondrocyte apoptosis, while the addition of an autophagy activator (Rapa) reduced chondrocyte
apoptosis. Apoptosis marker proteins (cleaved caspase-3, Bcl-2, and Bax) were measured by western blotting and quantitation (C) The fluorescence
intensity of cleaved caspase-3 was detected by immunofluorescence staining (scale bar, 20 pm) (D) the fluorescence intensity was measured

with the ImageJ software (U.S. National Institutes of Health, Bethesda) (E,F) The apoptosis rate of chondrocytes was detected by flow cytometry and
quantitation. The data are presented as mean + SD values from three independent experiments. Using one-way ANOVA, NS, no statistical difference;
# p <0.05 vs. the LPS group; * # p <0.01 vs. the LPS group; * p <0.05 vs. the LPS + DIM group; ** p <0.01 vs. the LPS + DIM group.

Aggrecan showed that the AODs of Collagen IT and Aggrecan in
articular cartilage were lower in the DMM group than those in
the sham group. Compared to the DMM group, the AODs of
Collagen II and Aggrecan were significantly increased after DIM
treatment (Supplementary Figure S5), consistent with the in vitro
results.

Discussion

OA is the most common joint disease and the leading cause of
disability worldwide. It can limit the patient’s daily activities, such as
walking and running and other dependent behaviors, and severely
affecting their quality of life, causing a significant social burden, with
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a high prevalence in the elderly population. Recent epidemiological
findings show that the prevalence of OA is 9.6% in elder men and
18% in elder women (Woolf and Pfleger, 2003; Verlaan et al., 2018).
The most affected site of OA is the knee joint (Fransen et al., 2011).
OA is caused by a variety of factors and is an extremely complex
pathogenic process that involves several different pathophysiological
mechanisms, including increased inflammatory stimulation, an
imbalance in chondrocyte metabolism, increased apoptosis, and
degradation of the cartilage matrix (Li et al, 2019). Current
treatments are limited to oral medications, which can relieve
joint swelling and pain but cannot completely cure the
development of OA, and joint replacement surgery is still
required in the long term, so there is still a need to develop safer
and more effective drugs to treat OA (Vaishya et al,, 2016).
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DIM alleviates OA development in the DMM mice model (A) Assessment of knee OA progression in a mice DMM model was conducted by digital
X-ray imaging. Joint space narrowing was evident in the OA group (white arrows) (B) H and E staining of different experimental groups (scale bar,
100 pm) (C) Safranin O/fast green staining was used for the assessment of cartilage destruction (scale bar, 100 um; partially enlarged image scale bar,
20 pm) (D) Mice articular cartilage OARSI scores (E,F) Immunohistochemical staining of cleaved caspase-3, LC3 Il, and p-PI3K expressions in
(Continued)
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FIGURE 9 (Continued)
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cartilage samples of different experimental groups (scale bar, 50 um; partially enlarged image scale bar, 20 um) and AODs were analyzed by the
ImageJ software (U.S. National Institutes of Health, Bethesda). The data are presented as mean + SD values from three independent experiments (n =
10 in each group). Using one-way ANOVA, NS, no statistical difference; * p < 0.05 vs. the Sham group; #* p < 0.01, vs. the Sham group, * p < 0.05 vs.

the DMM group; ** p < 0.01 vs. the DMM group.

DIM is a natural Fat-soluble small molecule compound
harvested from cruciferous vegetables which belongs to the
class of indole glucosinolate (Maruthanila et al., 2014; Shi
et al, 2017). Due to its lipophilic nature, DIM can directly
cross the cell membrane into the cytoplasm to exert biological
activity (Jellinck et al., 1993; Carpenter et al., 2016; Khan et al,,
2019; Ong and Amstad, 2019; Martinotti et al., 2020). DIM can
intracellularly regulate a variety of signaling pathways as well as
signaling enzymes (Laiakis et al., 2020). For example, DIM can
block PI3K/Akt/MTOR/NF-«B signaling (Ahmad et al., 2013),
activate AMP-activated protein kinases (Chen et al, 2012),
inhibit nuclear factor kappa B (Cho et al., 2008; Weng et al,,
2012), inhibit cell cycle protein-dependent kinases (Kim et al.,
2012), and reduce androgen receptor levels (Palomera-Sanchez
etal., 2017). In recent years, an increasing number of studies have
explored the chondroprotective effects of plant components
(Sukhikh et al,, 2021). DIM has been found to have various
health-promoting benefits. However, it remains unclear whether
DIM has any effect on OA chondrocytes, which is explored in
depth in this paper. We investigated the role and mechanism of
DIM in arthritis both in vivo and in vitro.

It has been reported that chondrocytes are the only cell type
that constitutes articular cartilage and are responsible for the
synthesis and secretion of cartilage ECM macromolecules, such
as collagen II and aggrecan (Goldring and Marcu, 2009;
Musumeci et al, 2015; Guilak et al, 2018). In addition,
chondrocytes also can synthesize matrix degrading enzymes,
such as MMP-13 and ADAMTS-5 (Vincenti and Brinckerhoff,
2002; Rowan et al., 2008; Takahata et al., 2019; Meng et al., 2020).
Currently, the synthesis and degradation status of cartilage
matrix is mainly reflected indirectly by detecting anabolic and
catabolic marker proteins as well as proteoglycan moieties in
chondrocytes (Chang et al.,, 2019; Huang et al., 2020; Lin et al.,
2021). Under normal physiological conditions, chondrocytes
maintain a balance between the synthesis and degradation of
ECM components to ensure the structural and functional
integrity of cartilage (Musumeci et al,, 2011a). However, in
the pathogenesis of OA, chondrocytes produce excess matrix-
degrading enzymes to damage the extracellular matrix,
particularly MMP-13 and ADAMTS-5 (Kapoor et al., 2011).
MMP-13 is a subclass of collagenase with the function of cleaving
ECM collagen II (Bramono et al., 2004), while ADAMTS-5 is a
zinc protein hydrolase that destroys aggrecan (Gendron et al,
2007). The decrease in matrix component synthesis and the
increase in chondrocyte matrix breakdown by catabolic proteins
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resulted in loss of cartilage matrix components and increased
cartilage destruction. It has been reported that therapeutic
substances targeting MMP-13 and ADAMTS-5 may be ideal
agents for the treatment of OA (Burrage et al., 2006; Mead and
Apte, 2018). In the present study, we found that DIM acts against
LPS-induced chondrocyte matrix degradation with a protective
effect, and DIM significantly inhibited the expression of catabolic
indicators MMP-13 and ADAMTS-5 and
expression of anabolic indicators collagen II and aggrecan in
cartilage ECM.

Increased apoptosis is another major cause of matrix
degradation. Apoptosis is a form of programmed cell death
that can be activated through several different pathways,

increased the

including death receptor-mediated and mitochondria-
dependent apoptosis (Musumeci et al., 201la; Zamli and
Sharif, 2011). Among the biomarkers of OA, inflammatory
mediators play a clear role in chondrocyte apoptosis. The
synthesis of pro-inflammatory cytokines, which contribute to
increased apoptosis, is involved in the degeneration of the
cartilage ECM (Wu et al, 2007; Musumeci et al, 2011b).
Indeed, in human OA tissue specimens, dissolution and
calcification of the descending ECM correlate with apoptosis,
and the rate of apoptosis is positively correlated with the severity
of OA (Musumeci et al., 2011a). Abnormal mechanical stress on
normal cartilage can lead to chondrocyte apoptosis and result in
cartilage degeneration and loss (Kim et al., 2002). In addition, the
literature reports that DIM exerts neuroprotective effects
through the production of brain-derived neurotrophic factor
and antioxidant enzymes in oxidative stress—induced apoptosis
in hippocampal neurons (Lee et al, 2019). We found that
chondrocyte apoptosis was significantly increased after LPS
stimulation, while pre-treatment with the addition of DIM
reversed LPS-induced chondrocyte apoptosis and revealed an
increase in anti-apoptotic protein levels (Bcl-2) and a decrease in
pro-apoptotic protein levels (Bax and cleaved caspase-3). This
indicates that DIM can also play an anti-apoptotic role in
chondrocytes.

Our previous studies have demonstrated that ECM
degradation can be improved by activating autophagy in OA
chondrocytes (Huang et al., 2020; Wang et al., 2022). Next, we
conducted an in-depth study of the mechanism by which DIM
inhibits LPS-induced chondrocyte apoptosis in vitro. Previously,
it was reported that, in human prostate cancer cells, DIM induced
cytoprotective autophagy through the induction of AMPK
activation by AEG-1 (Draz et al, 2017). DIM inhibited the
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Schematic representation of the role of DIM in OA chondrocytes.

proliferation of gastric cancer cells through the miR-30e/
ATGS5 pathway involved in autophagy control (Ye et al,
2016). that
mechanism by which DIM exerts its protective effect may be

Therefore, we hypothesized the molecular
related to restoring the level of chondrocyte autophagy. Cellular
autophagy is an important protective mechanism for cells to
maintain homeostasis and survival in the internal environment
(Mizushima, 2007; He and Klionsky, 2009; Ryter et al., 2013), and
changes in inflammation, starvation, pathogen infection, and
endoplasmic reticulum stress can cause alterations in autophagy.
In addition, autophagy is known to regulate a variety of cellular
processes, such as apoptosis, pathogen removal, antigen
presentation, and inflammation and is associated with many
human diseases (Levine and Kroemer, 2008; Doria et al., 2013).
Autophagy has been widely reported to be associated with the
development of OA, and autophagic flux has been suggested as a
possible therapeutic target for OA (He and Cheng, 2018; Huang
et al., 2020; Xu et al., 2021). In vitro, we found that autophagy in
chondrocytes after LPS stimulation was significantly decreased
and LC3 II and beclin-1 protein expression levels were decreased,
P62 protein expression was increased, the number of autophagic
vesicles was decreased, and autophagic flux was blocked, but
these phenomena were significantly reversed after the application
of DIM treatment. We employed CQ and Rapa, as a specific
inhibitor and activators of autophagy, to determine whether DIM
regulates apoptosis through autophagy. We found that DIM
ameliorated LPS-induced apoptosis, but CQ reversed this
phenomenon; while activation of autophagy by Rapa further
inhibited apoptosis, acting synergistically with DIM. Our results
indicate that DIM inhibits LPS-induced chondrocyte apoptosis
by restoring the level of chondrocyte autophagy.
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The literature reports that the PI3K/AKT/mTOR signaling
pathway regulates a variety of cellular processes, including
cellular autophagy, metabolism, inflammation, metabolism,
angiogenesis, and the cell cycle (Malemud, 2015). It is also an
important regulator of chondrocyte autophagic flux, and inhibition
of PI3K/AKT/mTOR signaling pathway activation to promote
increased autophagy is an effective strategy to improve OA
symptoms (Xue et al, 2017; He and Cheng, 2018; Han et al,
2021). In our study, we found that the PI3K/AKT/mTOR
signaling pathway was activated after LPS stimulation of
chondrocytes to the and the
expressions of p-PI3K, p-AKT, and p-mTOR were increased,
while DIM treatment inhibited ~LPS-induced
activation of this pathway. Moreover, we employed the PI3K
agonist 740Y-P and PI3K inhibitor LY294002 to determine
whether DIM regulates autophagy through PI3K/AKT/mTOR
signal pathway. We found that activation of the PI3K/AKT/
mTOR pathway by 740Y-P reversed DIM-induced autophagy
recovery, while LY294002 inhibited the activation of the PI3K/
AKT/mTOR pathway and further enhanced autophagy in
chondrocytes, synergizing with DIM. The results showed that
DIM enhanced the autophagy level of chondrocytes by inhibiting
the PI3K/AKT/mTOR signaling pathway.

In vivo, we used the DMM method to establish a C57BL/6 mice

OA model, which was assessed by hematoxylin and eosin staining,

compared normal group,

significantly

X-ray, safranin O/fast green staining, and immunohistochemistry.
We found that, compared to mice in the sham group, the model
mice in the DMM group showed severe cartilage destruction in the
knee joint with rough surfaces, massive proteoglycan loss, reduced
autophagy protein levels, increased apoptotic protein levels, and
activated pathway proteins, while DIM treatment improved these
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symptoms, reversed chondrocyte apoptosis and ECM degradation,
and reduced the OARSI score in DMM mice. The results of in vivo
and in vitro were generally consistent. Taken together, the present
study showed that DIM, as an easily accessible botanical component,
not only improved the degeneration of articular cartilage in mice,
but also had a significant protective effect on inflammation-induced
chondrocyte destruction. Therefore, it is of great value to further
investigate the potential applications of DIM in the treatment of
osteoarthritis.

Conclusion

We found that DIM can act as a protective agent for
chondrocytes. More importantly, our results reveal the
mechanism by which DIM exerts its chondroprotective effects
10). DIM
chondrocytes apoptosis and extracellular matrix degradation
by activating PI3K/AKT/mTOR-mediated autophagy. This
study provides new guiding directions for DIM as a promising
drug for the treatment of OA.

(Figure can reduce inflammation-induced
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