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ARTICLE INFO ABSTRACT

Keywords: Objectives: TANK-binding kinase 1 (TBK1) is pivotal in autoimmune and inflammatory diseases, yet its role in
BX795 osteoarthritis (OA) remains elusive. This study sought to elucidate the effect of the TBK1 inhibitor BX795 on OA
C}E’"dmc}fte and to delineate the underlying mechanism by which it mitigates OA.

In ammat1'0.11 Methods: Interleukin-1 Beta (IL-1p) was utilized to simulate inflammatory responses and extracellular matrix
Osteoarthritis N . R . . e . .
Senescence degradation in vitro. In vivo, OA was induced in 8-week-old mice through destabilization of the medial meniscus

TBK1 surgery. The impact of BX795 on OA was evaluated using histological analysis, X-ray, micro-CT, and the von Frey
test. Additionally, Western blot, RT-qPCR, and immunofluorescence assays were conducted to investigate the
underlying mechanisms of BX795.

Results: Phosphorylated TBK1 (P-TBK1) levels were found to be elevated in OA knee cartilage of both human and
mice. Furthermore, intra-articular injection of BX795 ameliorated cartilage degeneration and alleviated OA-
associated pain. BX795 also counteracted the suppression of anabolic processes and the augmentation of cata-
bolic activity, inflammation, and senescence observed in the OA mice. In vitro studies revealed that BX795
reduced P-TBK1 levels and reversed the effects of anabolism inhibition, catabolism promotion, and senescence
induction triggered by IL-1B. Mechanistically, BX795 inhibited the IL-1p-induced activation of the cGAS-STING
and TLR3-TRIF signaling pathways in chondrocytes.

Conclusions: Pharmacological inhibition of TBK1 with BX795 protects articular cartilage by inhibiting the acti-
vation of the cGAS-STING and TLR3-TRIF signaling pathways. This action attenuates inflammatory responses
and cellular senescence, positioning BX795 as a promising therapeutic candidate for OA treatment.

The translational potential of this article: This study furnishes experimental evidence and offers a potential
mechanistic explanation supporting the efficacy of BX795 as a promising candidate for OA treatment.

1. Introduction substantial economic burden, representing about 2.5 % of the Gross

Domestic Product in developed countries [3]. The pathology of OA is

Osteoarthritis (OA), a prevalent age-related degenerative joint dis-
ease, manifests through articular cartilage destruction, osteophyte for-
mation, subchondral bone remodeling, and recurrent synovitis [1]. This
condition predominantly impacts knees, hips, interphalangeal, and
intervertebral joints, leading to significant pain and dysfunction [2]. OA
considerably reduces the quality of life for those affected and imposes a
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characterized by chronic inflammation of chondrocytes, driven by
various inflammatory mediators, leading to an imbalance between
anabolism and catabolism within the articular cartilage [4]. Addition-
ally, chondrocyte senescence, induced by external stimuli, oncogenic
signaling, radiation, DNA damage, and oxidative stress, significantly
contributes to OA pathogenesis by fostering chronic inflammation and
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matrix degeneration through the secretion of senescence-associated
secretory phenotype (SASP), comprising various inflammatory cyto-
kines and growth factors [5]. However, the precise mechanisms un-
derpinning these processes remain largely undefined. Identifying
regulatory factors that modulate the chondrocyte inflammatory
response and understanding their mechanisms have become crucial
research objectives for OA treatment.

Our current understanding of OA pathology is evolving from viewing
it as solely a mechanical wear-and-tear disease to recognizing it as a
complex interplay of biomechanics, inflammation, and immune regu-
lation [6]. It is now acknowledged that damage-associated molecular
patterns (DAMPs) and pathogen-associated molecular patterns
(PAMPs), which are pivotal in chronic inflammation and autoimmune
disorders [7], play significant roles in OA. These endogenous signaling
molecules are identified by pattern recognition receptors (PRRs) such as
RIG-I-like receptors, cyclic GMP-AMP synthase (cGAS), the interleukin
(IL)-1 receptor (IL-1R), and toll-like receptors (TLRs) [8]. cGAS acts as a
cytosolic dsDNA sensor, initiating the stimulator of interferon genes
(STING) signaling, which in turn activates transcription factors like IFN
regulator factor 3 (IRF3) and NF-kB, leading to inflammation, immune
responses, cellular senescence, and apoptosis [9-12]. The TLR signaling
pathway consists of the MyD88-dependent pathway common to all TLRs
and an MyD88-independent pathway specific to the TLR3 and TLR4
signaling pathways [13,14]. Toll-interleukin-1 receptor
domain-containing adapter inducing interferon-beta (TRIF) promotes
TLR3 and TLR4 signaling, which subsequently activates the transcrip-
tion factors NF-xkB and IRF3, resulting in the production of proin-
flammatory cytokines, dysregulation of innate immunity, senescence,
and apoptosis [8,15]. Inhibiting STING and TRIF-mediated pathways
has been shown to mitigate inflammation, senescence, and apoptosis,
thereby reducing the progression of degenerative diseases [16,17].

Among the PRRs that initiate proinflammatory cytokine transcrip-
tion, TANK-binding kinase 1 (TBK1) is a critical kinase and a central
node within the signaling network. It integrates signals from both
intracellular and extracellular environments, serving as an essential
regulator of various biological processes, including inflammation,
senescence, immune responses, apoptosis, and innate immunity [18].
Innate immune response has been demonstrated in triggering certain
inflammatory diseases [19]. TBK1 emerges as a key regulator of neu-
roinflammation, playing a vital role in conditions such as amyotrophic
lateral sclerosis, frontotemporal dementia, and normal tension glau-
coma [20]. Despite recent studies implicating TBK1 in OA pathology,
findings have been inconsistent [21,22]. BX795, a specific small mole-
cule inhibitor of TBK1 phosphorylation, has been shown to suppress
TBK1-mediated inflammation, autophagy, and apoptosis [23,24].
However, its impact on OA has not been elucidated. This study aims to
explore the effects of TBK1 pharmacological inhibition with BX795 on
OA.

2. Materials and methods
2.1. Reagents

BX795 (CAS Number: 702675-74-9) and DMXAA ([5,6-dime-
thylxanthone-4-acetic acid]; CAS Number: 117570-53-3), obtained from
Med Chem Express (Shanghai, China), were dissolved in dimethylsulf-
oxide (DMSO) and stored in the dark for subsequent use. Poly(I:C) (CAS
Number: 42424-50-0) was obtained from Tocris Bioscience (Bristol,
UK). Recombinant mouse IL-1p was purchased from R&D Systems
(Minneapolis, MN, USA). Primary rabbit antibodies for western blotting
and cellular immunofluorescence assay against phosphorylated TBK1
(P-TBK1) (#5483) and TBK1 (#38066) were obtained from Cell
Signaling Technology ([CST], Beverly, MA, USA). For immunohisto-
chemical (IHC) analysis, primary rabbit antibodies against P-TBK1
(AF8190) and TBK1 (28397-1-AP) were obtained from Affinity Bio-
sciences (Affinity Biosciences, OH, USA) and Proteintech Group
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(Wuhan, Hubei, China), respectively. Primary rabbit antibodies against
Aggrecan (13880-1-AP), Collagen II (28459-1-AP), matrix metal-
loproteinase (MMP)-1 (10371-2-AP), MMP13 (18165-1-AP), TRIF
(23288-1-AP), SIRT1 (13161-1-AP), and P53 (10442-1-AP) as well as
mouse antibodies against GAPDH (60004-1-Ig) and MMP3 (66338-1-Ig)
were purchased from Proteintech Group (Wuhan, Hubei, China). Pri-
mary rabbit antibodies against SOX9 (#82630), iNOS (#68186), COX-2
(#12282), P21WATV/CIPL (£64016), cGAS (#31659), STING (#13647),
P-P38 (#4511), P38 (#8690), P-JNK (#4668), JNK (#9252), P-ERK
(#4370), anti-ERK (#4695), P-IKKo/f (#2697), IKKx (#61294), IKKp
(#8943), P-P65 (#3033), and P65 (#8242) were obtained from CST
(Beverly, MA, USA). Primary rabbit antibody against P16™42 (sc1661)
was obtained from Santa Cruz Biotechnology (California, USA). Trypsin,
type II collagenase, and primary rabbit antibody against A disintegrin
and metalloprotease with thrombospondin type I motifs (ADAMTS)-5
([ADAMTS5]; A02802-1) were acquired from Boster (Wuhan, Hubei,
China). Anti-rabbit and anti-mouse secondary antibodies were acquired
from SAB (Nanjing, Jiangsu, China). DMEM/F12 culture medium was
purchased from Hyclone (Logan, UT, USA) and fetal bovine serum (FBS)
was purchased from Biolnd (Biological Industries, Israel). RIPA lysis
buffer, protease inhibitors, and phosphatase inhibitors for total protein
extraction were obtained from Boster (Wuhan, China).

2.2. Isolation and culture of mice chondrocytes

Primary chondrocytes were isolated from the knee cartilage of 5-day-
old C57BL/6 male mice as follows: mice were disinfected by immersion
in 75 % alcohol, knee cartilage was collected and cut into granules,
followed by incubation with 0.25 % trypsin for 0.5 h at 37 °Cina 5 %
CO; incubator. Next, after centrifugation and removal of trypsin, 0.2 %
type II collagenase was added into the tube and the chondrocytes were
re-incubated for 4-6 h at 37 °C in a hybridization oven. Following re-
centrifugation and removal of type II collagenase, the chondrocytes
were resuspended and cultured in DMEM/F12 medium containing 10 %
FBS in a cell incubator with 5 % CO4 at 37 °C. The first one or two
passages of chondrocytes were used for subsequent experiments.

2.3. Cell viability assay

We analyzed the potential cytotoxicity of IL-13/BX795/DMXAA/
Poly(I:C) against chondrocytes using the Cell Counting Kit-8 (CCK-8)
assay. In brief, cells were cultured in 96-well plates (10,000 cells/well),
incubated at 37 °C under 5 % CO, for 24 h, and then treated with
different concentrations of the abovementioned reagents after cell
adhesion. Subsequently, cell viability was assessed in terms of the op-
tical density value, which was measured at 450 nm using a microplate
reader (Bio-Rad, Richmond, USA).

2.4. Protein extraction and western blotting analysis

After chondrocytes were treated with the different interventions, the
cells were lysed for 15 min on ice with a cell lysate mix consisting of the
RIPA lysis buffer, protease inhibitors, and phosphatase inhibitors in a
100:1:1 ratio. The cells were then collected and lysed using ultrasound.
After centrifugation at 12,000 r/min for 0.5 h at 4 °C to obtain a higher-
purity protein sample; the protein concentration of each sample was
determined by measuring its optical density at 562 nm using a micro-
plate reader. After adding an appropriate ratio of protein loading buffer
into the protein samples and mixing them thoroughly, the samples were
denatured at 95 °C for 10 min and then stored in —20 °C. Protein
samples of equal concentration were separated via SDS-PAGE and then
transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore,
USA). Nonspecific binding to the membrane was blocked by incubation
for 1 h in 5 % skimmed milk at room temperature and then the mem-
brane was incubated overnight with primary antibodies at 4 °C, fol-
lowed by incubation with a corresponding species-specific, horseradish
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peroxidase-conjugated secondary antibody for 1 h at room temperature.
Finally, proteins on the PVDF membranes were visualized using the
Western ECL Substrate Kit (Bio-Rad, Richmond, USA) and analyzed
using the Image Lab Software (Bio-Rad Laboratories, Hercules, CA,
USA).

2.5. RNA extraction and reverse transcription-polymerase chain reaction
(RT-PCR) analysis

An RNA extraction kit (Omega Bio-tek, USA) was used to collect the
total RNA samples from chondrocytes according to the manufacturer’s
instructions. Next, RNA was reverse transcribed using a complementary
DNA (cDNA) synthesis kit (Yeasen, Shanghai, China), and the produced
cDNA was stored in the refrigerator. RT-PCR was performed using SYBR
Green (Yeasen, Shanghai, China) and corresponding primers were listed
in Table S1. The comparative Ct (2’AACt) method was used to determine
the relative mRNA expression levels of different genes.

2.6. Cell senescence staining

A senescence f-galactosidase staining kit (C0602, Beyotime,
Shanghai, China) was used to detect senescence-associated f-galactosi-
dase (SA-B-Gal) protein; upregulation of the activity of this protein in-
dicates cellular senescence [25]. Chondrocytes were subjected to
different pretreatments and then subjected to SA-p-Gal staining ac-
cording to the manufacturer’s instructions. Light microscopy was used
to visualize the stained cells; blue-colored cells were recognized as se-
nescent (i.e. SA-B-Gal-positive) cells.

2.7. Immunofluorescence cell staining

Chondrocytes were seeded on a 24-well plate (10,000 cells/well) for
24 h and then subjected to different treatments. The cells were then fixed
in paraformaldehyde for 15 min, washed three times with PBS (5 min
each wash), and then permeabilized with 0.2 % Triton X-100 for 5 min.
After three washes with PBS (5 min each wash) and blocking with 5 %
bovine serum albumin for 30 min, the cells were incubated with primary
antibodies overnight at 4 °C at the indicated dilution for the detection of
P-TBK1 (#5483, 1:50, CST, Beverly, MA, USA), TBK1 (#38066, 1:200,
CST, Beverly, MA, USA), Aggrecan (13880-1-AP, 1:200, Proteintech,
Wuhan, Hubei, China), Collagen II (28459-1-AP, 1:800, Proteintech,
Wuhan, Hubei, China), P-P65 (#3033, 1:800, CST, Beverly, MA, USA),
and P16NK4a (sc1661, 1:100, Santa Cruz, California, USA). After
washing three times with PBS (5 min each wash), the cells were incu-
bated with corresponding species-specific fluorescent secondary anti-
body labeled with Cy3 or fluorescein isothiocyanate (Boster, Wuhan,
Hubei, China) in the dark at 37 °C for 1 h. Subsequently, cell nuclei were
counterstained with a reagent containing DAPI for 10 min. Finally, the
cells were washed three times with PBS (5 min each wash) and observed
using a fluorescence microscope (Evos Fl Auto, Life Technologies, USA).

2.8. Destabilized medial meniscus (DMM)-induced OA mice models

Thirty-six 8-week-old male mice (C57BL/6J) were housed in
specific-pathogen-free conditions in the Animal Center of Tongji Hos-
pital, Tongji Medical College, Huazhong University of Science and
Technology and all experimental procedures were approved by the
ethics committee (Ethics No: TJH-202107008). Changes in mouse body
weight before surgery and at euthanization are presented in Table S2; no
significant differences in body weight were observed between groups.
To demonstrate the effect of BX795 on mice OA in vivo, we adopted the
DMM method to establish an animal model of OA, as previously
described [26]. Mice were randomly allocated to one of three groups in
equal numbers: SHAM, SHAM + BX795, DMM, and DMM + BX795.
After achieving satisfactory anesthesia effect via intraperitoneal injec-
tion of 1 % pentobarbital, a sham operation, which included only joint
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capsulotomy and suturing surgery, was performed in the SHAM and
SHAM —+ BX795 group, whereas DMM surgery was performed for OA
models in the DMM and DMM + BX795 groups. All surgical operations
were performed on the right knee joint of the mice. One week after
surgery, intra-articular injection of vehicle or other treatment was per-
formed for 8 weeks, twice per week, in the affected knee joint of all
groups. Mice in the SHAM and DMM groups received 10 pL of vehicle
(30 % PEG300, 5 % DMSO, and ddH,0); mice in the SHAM + BX795
group and DMM + BX795 group received 10 pL of BX795 (0.0473
mg/kg).

2.9. Pain behavioral testing

The mechanical abnormal pain test was quantified by measuring the
hind paw withdrawal response by a set of Von Frey Aesthesiometer
(North Coast Medical, USA). Briefly, the animals were placed in indi-
vidual chambers on top of a wire grid platform and were allowed to
habituate themselves to their environment for 30 min before the test.
The plantar surface of the hind paw was stimulated with a von Frey hair
that was placed perpendicularly until the hair flexed. The filament was
then left in place for 3s and the withdrawal threshold was recorded. A
positive response was defined as a rapid withdrawal of the hind paw
when the stimulus was applied [27,28]. The test was performed blind,
and each animal was tested at least three times. The identity of the
animal, as well as the study group, was not known to the investigator.

2.10. Micro-computed tomography (Micro-CT) imaging evaluation

Mice were euthanized and the right knee joints were fixed in 4 %
paraformaldehyde for 24 h before performing micro-CT. The parameters
of the micro-CT scanning system (Micro-CT Scanco Medical, Bassers-
dorf, Switzerland) used to acquire images were set to 70 kV and 114 pA,
with a resolution of 10 pm. Scans comprised of approximately 1000
slices spanning the femur, tibia, and knee joint. After scanning, X-ray
and three-dimensional (3D) images of the knee joints and data on
osteophyte volume, bone volume (BV), bone volume/tissue volume
(BV/TV), trabecular separation (Tb.Sp), trabecular number (Tb.N), and
trabecular thickness (Tb.Th) were obtained from the micro-CT scanning
system after processing using a circular region of interest to constrain
the tomographic images. In order to analyze subchondral bone changes,
the epiphysis of the proximal tibia was chosen as the region of interest.
The area of interest included the region between the articular cartilage
and the growth plate. The outline of the epiphysis was carefully selected
without any outgrowing osteophyte [29].

2.11. Histological staining and analysis

Knee joint specimens were fixed in 4 % paraformaldehyde, thor-
oughly decalcified, and embedded in paraffin. The embedded knee joint
specimens were cut into 5 pm sections for histological staining,
including hematoxylin-eosin (HE), toluidine blue, safranin O/fast
green, and IHC staining. IHC analysis was performed using antibodies
against P-TBK1 (AF8190, 1:50, Affinity Biosciences, OH, USA), TBK1
(28397-1-AP, 1:100, Proteintech, Wuhan, Hubei, China), Aggrecan
(13880-1-AP, 1:200, Proteintech, Wuhan, Hubei, China), Collagen II
(28459-1-AP, 1:800, Proteintech, Wuhan, Hubei, China), MMP13
(18165-1-AP, 1:100, Proteintech, Wuhan, Hubei, China), iNOS
(#68186, 1:600, CST, Beverly, MA, USA), and P16™%42 (sc1661, 1:100,
Santa Cruz, California, USA). The Osteoarthritis Research Society In-
ternational (OARSI) scoring system was used to assess the severity of OA
[30].

2.12. Statistical analysis

All experiments were repeated at least three times. Kolmogor-
ov-Smirnov test was applied to measure the normal distribution of the
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data which were presented as mean + standard deviation (SD). One-way
analysis of variance followed by Dunnett’s post hoc test were used to
analyze differences among multiple comparisons. The Chi-square test
was employed for the comparison of enumeration data which were re-
ported as rates or percentages. A p-value of <0.05 was considered sta-
tistically significant.

3. Results

3.1. Expression of P-TBK1 is upregulated in human and mouse OA knee
articular cartilage

Considering the role of TBK1 in the inflammatory response, senes-
cence, and apoptosis, we designed experiments to determine whether
TBK1 or P-TBK1 is involved in the pathogenesis of OA. In vivo, human
normal or OA knee cartilage specimens were obtained from Tongji
Hospital, Tongji Medical College, Huazhong University of Science and
Technology, and the process was approved by the institution’s ethics
committee (Ethics No: TJ-IRB20220478). The clinical characteristics of
specimen donors could be found in Table S3. IHC analysis of knee
articular cartilage revealed that the expression of P-TBK1 was signifi-
cantly upregulated in the human OA group compared with the normal
group (Fig. 1A and B). Meanwhile, high expression of P-TBK1 was also
observed in the mice DMM group compared with the SHAM group
(Fig. 1E and F). However, no significant difference in the expression
level of TBK1 was observed between the human normal group and OA
group (Fig. 1C and D) nor between the mice SHAM group and DMM
group (Fig. 1G and H). Besides, intra-articular injection of BX795
significantly downregulated the expression of P-TBK1, without changing
the expression of TBK1 in DMM + BX795 group compared with the
DMM group.

Invitro, we found that IL-1p, as an important cytokine that stimulates
the inflammatory environment, could affect the expression of P-TBK1.
The data revealed that the expression level of P-TBK1 in chondrocytes
changed with the stimulation of IL-1p at different concentrations (0, 1, 2,
5, and 10 ng/mL IL-1p for 24 h) and durations (5 ng/mL IL-1f for 0, 1, 6,
12, 24, and 48 h). In detail, the expression of P-TBK1 was upregulated
after treatment with IL-1p, the degree of elevation being positively
correlated with the concentration of IL-1f, and increased to a relatively
high level at 5 ng/mL and 10 ng/mL IL-1p for 24 h (Fig. 1I and J).
Regarding the effect of IL-18 on the expression of P-TBK1 in chon-
drocytes at different time durations, the expression of P-TBK1 peaked at
1 h and then gradually decreased (Fig. 1I and J). However, the expres-
sion level of TBK1 in chondrocytes was sustained at a constant level,
irrespective of the cells undergoing stimulation with IL-1f at different
concentrations and durations. In addition, the change in the above-
mentioned western blot data about P-TBK1 expression was also verified
via immunofluorescence analysis (Fig. 1K-N).

3.2. Viability of chondrocytes treated with IL-1$/BX795/DMXAA/poly
(I.C)

The viability of chondrocytes treated with IL-1p/BX795/DMXAA/
poly(I1:C) was evaluated via CCK-8 assay. No evident cytotoxicity was
observed when chondrocytes were stimulated with IL-1p at various
concentrations (0, 1, 2, 5, and 10 ng/mL) for 24 h (Fig. S1A). Mean-
while, cells treated with 5 ng/mL IL-1p for different durations (0, 1, 6,
12, 24, and 48 h) did not exhibit significant growth inhibition (Fig. S1B).
As for BX795, the data showed that although it was toxic to cells when
the concentration reached 40 pM (Fig. S1C), concentrations below 40
pM had no remarkable effect on the viability of chondrocytes. We also
observed the viability of chondrocytes treated with 5, 10, and 20 pM of
BX795 with or without 5 ng/mL IL-1p for 24 h and found that there was
no significant cytotoxicity to chondrocytes (Fig. S1D). Moreover, the
viability of chondrocytes was not significantly affected when they were
treated with 25 pM DMXAA or 10 pg/mL Poly(I:C) along with or without
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20 uM BX795 (Figs. S1E and F).

3.3. The selection of proper concentration and time duration of IL-1 for
establishing ideal OA chondrocytes

IL-1p is employed as a cytokine to establish an OA chondrocytes in
vitro. We explored the appropriate concentration and time duration of
IL-1p for establishing ideal OA chondrocytes. As shown in Figs. S2A and
B, western bolt showed that the expression of anabolic proteins
(Aggrecan, Collagen II, and SOX9) gradually decreased while catabolic
proteins (MMP3 and MMP13) and inflammatory proteins (iNOS and
COX-2) gradually increased with increasing concentration of IL-1p and
reached a relatively ideal level at IL-1p concentrations of 5 and 10 ng/
mL. Besides, with the prolongation of IL-1f stimulation, the expression
of anabolic proteins (Aggrecan, Collagen II, and SOX9) gradually
decreased while the catabolic proteins (MMP3 and MMP13) and in-
flammatory proteins (iNOS and COX-2) gradually increased with the
prolongation of IL-1f stimulation and reached a relatively high level at
24 and 48 h (Figs. S2C and D). Considering the overall beneficial effect
of IL-1p on chondrocytes for inhibiting anabolism and promoting
catabolism and inflammatory responses, we selected an IL-1p concen-
tration of 5 ng/mL to stimulate chondrocytes for 24 h for evaluating
changes in their phenotypes of the following experiments.

3.4. BX795 reverses the inhibition of anabolism and enhancement of
catabolism and inflammatory responses in IL-1p-induced chondrocytes

Cultured chondrocytes were stimulated with BX795 (5, 10 and 20
pM) and IL-1f (5 ng/ml) for 24 h. As shown in Fig. 2A and B, the
expression of P-TBK1 increased and that of TBK1 was maintained at a
constant level after IL-1p stimulation compared with the control group.
However, compared with the IL-1p group, the expression of P-TBK1
decreased significantly (p < 0.05) after the administration of BX795 in
IL-1p-induced chondrocytes. Anabolism and catabolism play a vital role
in the homeostasis of the cartilage extracellular matrix (ECM). To
further explore the effects of BX795, we investigated the promising ef-
fects of BX795 in anabolism and catabolism. The data demonstrated that
IL-1B could inhibit anabolism in chondrocytes, whereas BX795 could
reverse this effect. In brief, IL-1p downregulated the expression of
anabolic proteins (Aggrecan, Collagen II, and SOX9), whereas various
concentrations of BX795 (5, 10, and 20 pM) upregulated the expression
of those proteins in a concentration-dependent manner (Fig. 2C and D).
In addition, BX795 could suppress the enhancement of catabolism and
inflammatory responses in IL-1f-treated chondrocytes. High expression
of catabolic proteins (ADAMTS5, MMP1, MMP3, and MMP13) and in-
flammatory proteins (iNOS and COX-2) was observed in IL-1B-induced
chondrocytes; however, BX795 downregulated the expression of these
proteins and reversed the trend in a concentration-dependent manner
(Fig. 2E, F, H, I). Furthermore, we verified the abovementioned western
blot data using RT-PCR. The decrease in the mRNA expression of
anabolic genes (Aggrecan, Collagen II, and SOX9) and increase in the
mRNA expression of catabolic genes (ADAMTS5 and MMP13) in IL-1p-
induced chondrocytes were reversed by BX795 (Fig. 2G). In addition,
immunofluorescence analysis revealed that BX795 increased the
downregulated expression of Aggrecan and Collagen II in IL-1B-induced
chondrocytes (Fig. 2J-M). These findings indicate that BX795 main-
tained the metabolic homeostasis of the ECM and prevented ECM
degradation by enhancing anabolism and inhibiting catabolism and the
inflammatory response in chondrocytes.

3.5. BX795 inhibits IL-1p-induced senescence of chondrocytes

The effects of different concentrations and time durations of IL-1p on
the senescence metabolism of chondrocytes is unknown, so we explored
it in our study. The effects of different concentrations of IL-1p (0, 1, 2, 5,
and 10 ng/mL IL-1p for 24 h) and different stimulation times (5 ng/mL
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Figure 1. Expression levels of P-TBK1 and TBK1 in human and mouse knee articular cartilage. Immunohistochemical and quantitative analysis of positive chon-
drocytes were performed to determine the expression of P-TBK1 and TBK1 in human knee cartilage (A-D, n = 20) and mice knee cartilage (E-H, n = 3). (I, J)
Expression levels of P-TBK1 in chondrocytes following stimulation with IL-1p at different concentrations (0, 1, 2, 5, and 10 ng/mL IL-1f for 24 h) and durations (5 ng/
mL IL-1 for O, 1, 6, 12, 24, and 48 h) (n = 3) as determined using western blot analysis. (K-N) Expression levels of P-TBK1 in chondrocytes following stimulation
with IL-1p at different concentrations (0, 1, 2, 5, and 10 ng/mL IL-1f for 24 h) and durations (5 ng/mL IL-1f for 0, 1, 6, 12, 24, and 48 h) as determined using

immunofluorescence staining (n = 3). Data are presented as means + SD. *p < 0.05, **p < 0.01, ***p < 0.001. ns, no significance.
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Figure 2. Effects of BX795 on IL-1f-induced chondrocyte anabolism, catabolism, and inflammatory response. (A) Western blot and (B) quantitative analyses of
proteins (P-TBK1 and TBK1) in chondrocytes treated with IL-1p along with or without 5, 10, or 20 pM BX795. Expression of anabolic proteins (C, D), catabolic
proteins (E, F), and inflammatory proteins (H, I) was evaluated using western blot and quantitative analysis. (G) RT-PCR was performed to determine the expression
levels of Aggrecan, Collagen II, SOX9, ADAMTS5, and MMP13. Immunofluorescence staining of Aggrecan (J, K) and Collagen II (L, M) and quantitative analysis of
their expression levels. Data are presented as means & SD (n = 3). ##p < 0.01; ###p < 0.001 compared with control group. ns, no significance; *p < 0.05; **p <
0.01; ***p < 0.001 compared with IL-1f group.
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IL-1p for O, 1, 6, 12, 24, and 48 h) on chondrocyte senescence pheno-
types were measured using western blot analysis. As shown in Fig. 3A
and B, the negative senescence-associated phenotypic protein (SIRT1)
gradually decreased while the positive senescence-associated pheno-
typic proteins (P53, p21WAFI/CIPL - ond p16VK4) gradually increased
with increasing concentration of IL-1f and reached a relatively ideal
level at IL-1p concentrations of 5 and 10 ng/mL. Besides, the protein
SIRT1 gradually decreased while P53, P21WAFI/CIPL - ohq p1eNK4a
gradually increased with the prolongation of IL-1f stimulation and
reached a relatively ideal level at 24 and 48 h (Fig. 3C and D). Thus,
considering the overall beneficial effect of IL-1 on chondrocytes
senescence-associated phenotypes, 5 ng/mL IL-1p to stimulate chon-
drocytes for 24 h for establishing an ideal cell senescence model.

Journal of Orthopaedic Translation 47 (2024) 207-222

Afterwards, to determine the effects of BX795 on IL-1p induced
senescence of chondrocytes, the expression of senescence-associated
secretory phenotype (SASP) factors, including SITR1, P53, P21WAFY/
CIP1" and P16™%48 were measured. As shown in Fig. 3A and B, IL-1p
promoted the senescence of chondrocytes, as the expression of the SITR1
decreased and that of P53, p21 WAF1/ Cm, and P16™* increased
compared with the control group. However, treatment with BX795
inhibited the IL-1p-induced senescence of chondrocytes, as BX795
upregulated the expression of SIRT1 and downregulated that of P53,
p21WAFL/CIPL - and p16™%42 (Fig. 3E and F). In addition, SA-p-Gal
staining for senescence revealed that the number of SA-f-gal-positive
chondrocytes increased after stimulation with IL-1p and decreased after
BX795 treatment (Fig. 3G and H).
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Figure 3. Effects of BX795 on IL-1p-induced chondrocyte senescence (A, C) Western blot data and (B, D) quantitative analysis of the expression levels of senescence-
associated phenotypic proteins (SIRT1, P53, P21WAF/CIP1 and p16™NK42) in chondrocytes treated with different concentrations of IL-14 (0, 1, 2, 5, and 10 ng/mL IL-1p
for 24 h) and different stimulation times (5 ng/mL IL-1f for O, 1, 6, 12, 24, and 48 h). (E) Western blot data and (F) quantitative analysis of the expression levels of
senescence-associated phenotypic proteins (SIRT1, P53, P21WAF/CIP1 and p16™N¥4?) in chondrocytes treated with 5 ng/mL IL-1p along with or without 5, 10, and 20
pM BX795 for 24 h. (G) SA-p-Gal staining and (H) quantitative analysis of senescence-positive chondrocytes (SA-p-Gal-positive cells) in chondrocytes treated with IL-
1p along with or without 20 pM BX795. Data are presented as means + SD (n = 3). ##p < 0.01; ###p < 0.001 compared with control group. ns, no significance; *p

< 0.05; **p < 0.01; ***p < 0.001 compared with IL-1p group.
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3.6. BX795 inhibits DMXAA-induced chondrocyte inflammation and modulate the expression of proinflammatory genes in OA cartilage [31].
senescence via the cGAS-STING-TBK1 signaling pathway To analyze whether the TBK1 mediated expression of proinflammatory
genes is dependent on cGAS/STING pathway, we analyzed the produc-

Recent study indicated that cGAS/STING signaling pathway tion of cGAS and STING in the inactivation of TBK1. The protein
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Figure 4. Protection of BX795 against DMXAA-induced cGAS-STING-TBK1 signaling pathway-dependent chondrocyte senescence, anabolism, and catabolism. (A,
B) Protein expression levels of cGAS and STING evaluated by western blot analysis. (C, D) Expression of proteins (STING, P-TBK1, and TBK1) in the cGAS—-
STING-TBK1 signaling pathway was evaluated using western blot analysis. Expression of senescence-associated phenotypic proteins (E, F) and anabolic and catabolic
proteins (G, H) in chondrocytes were determined using western blot analysis. (I, J) Inmunofluorescence staining and quantitative analysis of the expression levels of
P16™X42, Data are presented as means + SD (n = 3). ns, no significance, *p < 0.05; **p < 0.01; ***p < 0.001.
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expression of cGAS and STING increased following IL-1 stimulation of
chondrocytes; however, the administration of BX795 decreased the
expression of these proteins (Fig. 4A and B). Next, DMXAA was used to
activate STING and our results proved that the expression of STING
increased following the administration of 25 yM DMXAA. However,
BX795 attenuated this activation (Fig. 4C and D). In addition, similar to
the stimulating effect of IL-1p, DMXAA increased the P-TBK1/TBK1 ratio
compared with the control group, whereas BX795 decreased this ratio in
DMXAA-induced chondrocytes (Fig. 4C and D). DMXAA also promoted
cellular senescence, upregulated the expression of catabolic proteins
(MMP1, MMP3, and MMP13), and downregulated the expression of the
anabolic protein Aggrecan, whereas BX795 reversed all these effects
(Fig. 5E-H). The abovementioned western blot data about P16™NK42 yag
also verified via immunofluorescence analysis (Fig. 5I and J). These
results indicate that the TBK1 inhibitor BX795 suppresses the occur-
rence of chondrocyte senescence, enhancement of catabolism, and
attenuation of anabolism via the cGAS-STING-TBK1 signaling pathway.

3.7. BX795 inhibits Poly(I:C)-induced chondrocyte inflammation and
senescence via the TLR3-TRIF-TBK1 signaling pathway

Recognition of TLRs by IL-1p stabilizes recruitment of one essential
adaptor protein, TRIF, to induce inflammatory response in OA [32]. To
analyze whether the TBK1 mediated expression of proinflammatory
genes is dependent on TLR3-TRIF pathway, we also analyzed the
expression of TRIF in the inactivation of TBK1. The administration of
BX795 decreased the expression of TRIF induced by IL-1f (Fig. 5A and
B). Poly(I:C), an agonist of TLR3 that exclusively engages TRIF, was used
to assess the function of TRIF in inflammatory response. Our results
confirmed that Poly(I:C) upregulated the expression of TRIF; however,
BX795 attenuated this effect (Fig. 5C and D). Meanwhile, similar to the
activity of DMXAA, Poly(I:C) elevated the ratio of P-TBK1/TBK1
compared with the control group, whereas BX795 decreased this ratio
compared with the Poly(I:C)-induced chondrocytes (Fig. 5C and D). In
addition, Poly(I:C) promoted cellular senescence, increased the pro-
duction of catabolic proteins (MMP1, MMP3, and MMP13), and
decreased the expression of the anabolic protein aggrecan. However, the
expression of these proteins was reversed following the administration
of BX795 in Poly(I:C)-induced chondrocytes (Fig. SE-H). The above-
mentioned western blot data about P16™%*% was also verified via
immunofluorescence analysis (Fig. 5I and J). These results suggest that
the TBK1 inhibitor BX795 suppresses the occurrence of chondrocyte
senescence, enhancement of catabolism, and attenuation of anabolism
via TLR3-TRIF-TBK1 signaling pathway.

3.8. BX795 inhibits IL-1p-induced activation of the MAPK and NF-xB
signaling pathways

Previous studies have revealed that MAPK and NF-kB signaling
pathways are two crucial downstream signal transduction nodes that
regulate inflammatory responses, ECM homeostasis, and OA progression
[33,34]. Therefore, these two signaling pathways has been studied. The
results (Fig. 6A-D) confirmed the early activation of these pathways, as
the phosphorylation of JNK, ERK, P38, IKKa/f, and P65 (P-JNK, P-ERK,
P-P38, P-IKKa/p, and P-P65) increased compared with the control
group, whereas JNK, ERK, P38, IKKa, IKKp, and P65 protein levels were
relatively constant in all groups. Moreover, the expression of P-JNK,
P-ERK, P-P38, and P-P65 peaked following 15 min of IL-1p stimulation
and decreased gradually with increasing IL-1f exposure time (30, 60,
and 120 min). Based on these results, the two pathways were maximally
activated when chondrocytes were stimulated with IL-1f for 15 min,
which was the time applied for subsequent studies of BX795.

With respect to the MAPK signaling pathway, the expression of P-
JNK, P-ERK, and P-P38 was significantly increased after chondrocytes
were treated with IL-1p for 15 min compared with the control group.
However, P-JNK and P-P38 but not P-ERK levels decreased after the
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administration of BX795 (Fig. 6E and F). Regarding NF-kB signaling,
compared with the control group, IL-1p triggered the phosphorylation of
IKKa/p, IKBa, and P65 (P-IKKa/f, P-IKBa, and P-P65) and decreased the
protein expression of IKBa, but no remarkable effect was observed on
the expression of IKKa, IKKp, and P65. In addition, the increased protein
expression of P-IKKa/, P-IKBa, and P-P65 could be reversed by treating
IL-1p-induced chondrocytes with BX795 (Fig. 6G and H). Moreover,
cellular immunofluorescence analysis of P-P65 revealed its increased
accumulation in the nucleus of IL-1f-induced chondrocytes. However,
BX795 reduced the tendency of P-P65 to accumulate in the nucleus
(Fig. 6I and J). These findings suggest that BX795 partially inhibits the
activation of the MAPK and NF-kB signaling pathways in IL-1p-induced
chondrocytes.

3.9. BX795 attenuates the progression of OA in DMM mice

To investigate the effects of BX795 on OA in vivo, we established the
DMM mice model, followed by intra-articular injection of BX795 twice
per week for eight weeks. From a macroscopic point of view (Fig. 7A and
B), using X-ray and micro-CT analyses, the knee joint surface of the mice
in the SHAM and SHAM + BX795 group was smooth and without
cartilage destruction, osteophyte formation, joint space narrowing, or
other cartilage degeneration changes, whereas mice in the DMM group
exhibited obvious OA changes, such as cartilage roughening, osteophyte
formation, and joint space narrowing. However, the abovementioned
OA changes were alleviated to a certain extent in the DMM + BX795
group. Compared with DMM group, the volume of osteophyte were
prominently reduced in BX795 treated DMM mice (Fig. 7D, E).
Furthermore, bone remodeling of the subchondral bone in the tibial
plateau was observed. As shown in Fig. 7D, E, BV, BV/TV, Tb.N, and Tb.
Th in the tibial plateau were lower in the DMM group than that in the
SHAM and SHAM + BX795 group, whereas Tb.Sp in the tibial plateau
was higher in the DMM group than that in the SHAM and SHAM +
BX795 group. As the above parameters reflecting bone remodeling of the
subchondral bone in the tibial plateau were reversed in the DMM +
BX795 group, BX795 therefore inhibited bone destruction. In pain-
related behavioral tests, a series of behavioral tests were performed to
determine whether mechanical allodynia increased in the mice after
intra-articular injection of BX795. The von Frey test results showed that
there was a tremendous alteration of nociceptive reaction in DMM mice
compared to those in the SHAM and SHAM + BX795 group from the
second week after operation. However, this exacerbated DMM-mediated
pain was partly ameliorated after BX795 treatment, suggesting that OA-
associated pain was alleviated by BX795 treatment (Fig. 7C).

From a microscopic point of view, HE, toluidine blue, and safranin
O/fast green staining revealed gross morphological changes in the
cartilage (Fig. 8A), in which the curvature of normal articular cartilage
surface in the SHAM and SHAM + BX795 group was smooth and without
any roughness, whereas significant superficial articular cartilage erosion
and reduced cartilage thickness were observed in the DMM group.
Further, proteoglycan loss was observed in the DMM group compared
with the SHAM and SHAM + BX795 group. However, the adverse effects
of articular cartilage destruction were alleviated by BX795 treatment, as
evidenced by less cartilage erosion and more proteoglycans present in
the DMM + BX795 group compared with those in the DMM group. The
OARSI score, which reflects the degree of OA, confirmed that BX795
alleviated the progression of OA (Fig. 8B).

In addition, IHC staining was performed to assess the amount of
various key proteins associated with anabolism, catabolism, inflamma-
tion, and senescence in OA chondrocytes in vivo. For anabolism, catab-
olism, inflammation, and senescence indicator, decreased amounts of
Aggrecan and Collagen II, increased amounts of MMP13, iNOS, and
P16™42 were observed in the DMM group compared with the SHAM
and SHAM + BX795 group. In contrast, we observed the increased
expression of Aggrecan and Collagen II and decreased expression of
MMP13, iNOS, and P16™%43 in the DMM + BX795 group (Fig. 8C and
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D), which indicates that BX795 exhibits articular cartilage protection
properties. The above data suggest that intra-articular injection of
BX795 may attenuate cartilage destruction in mice OA in vivo.

4. Discussion

Currently, treatment for OA primarily focuses on alleviating pain and
enhancing joint function, underscoring the pressing need for more
effective therapeutic options. This gap in treatment efficacy accentuates
the critical demand for a disease-modifying osteoarthritis drug, which
holds the potential to inhibit or even reverse the progression of OA.
Accumulating studies have uncovered that TBK1 is involved in OA pa-
thology [21,22]. Therefore, targeting TBK1 presents a promising
approach for the treatment of OA. In this study, phosphorylated TBK1,
rather than total TBK1, was significantly overexpressed in both animal
and cell models of OA. Further analysis demonstrated that the TBK1
inhibitor, BX795, protects articular cartilage by partially suppressing the
IL-1p-induced  activation = of  both  TLR3-TRIF-TBK1 and
cGAS-STING-TBK1 signaling pathways in chondrocytes (Fig. 8). The
balance of catabolism and anabolism in chondrocytes is critical for
maintaining cartilage homeostasis. Among the anabolic proteins asso-
ciated with cartilage, Collagen II and Aggrecan are the major ECM
proteins [35].There is a consensus that catabolic enzymes, such as the
MMPs (MMP1, MMP3, and MMP13) [36] and ADAMTS (ADAMTS4 and
ADAMTS5) [37,38], play a key role in cartilage degradation. Proin-
flammatory factors, such as IL-1p, iNOS, and COX-2, stimulate the pro-
duction of other cytokines, MMPs (MMP1, MMP3, and MMP13),
ADAMTS4, ADAMTSS5, and prostaglandins and decrease the synthesis of
proteoglycans and Collagen II, leading to an imbalance in the homeo-
stasis of anabolism and catabolism [39-42]. Previous studies have found
that chondrocyte senescence affects cellular metabolic capacity and is
thought to be involved in the development and progression of OA [5], as
senescent chondrocytes have been found in human OA tissues [43].
Senescent cells can secrete senescence-associated secretory phenotype
(SASP) factors, such as inflammatory cytokines and growth factors [44].
SASP factors secreted by senescent chondrocytes primarily include in-
flammatory factors and MMP degrading enzymes [45], which trigger
excessive degradation of chondrocyte ECM. Cyclin-dependent kinase
inhibitors are important signaling molecules that regulate cell prolifer-
ation. Representative molecules, such as P16INK4a, p21WAF1/ CIPI, and
P53, cause cell cycle arrest and promote cellular senescence [46]. SIRT1
reduces intracellular ROS levels by inhibiting the nuclear transcription
factor NF-kB pathway, thereby delaying cellular senescence and regu-
lating inflammation [47,48]. In this study, our in vitro results showed
that in IL-1f-induced chondrocytes, the expression of inflammatory
(iNOS and COX-2) and catabolic (MMP1, MMP3, MMP13, and
ADAMTS5) indicators exhibited an upward trend, whereas that of
anabolic markers (Collagen II and Aggrecan) was inhibited, which is
consistent with the results of a previous study [49]. However, following
treatment with BX795 in IL-1p-induced chondrocytes, the expression of
these indicators was reversed. In addition, intra-articular injection of
BX795 decreased the expression of MMP13, iNOS, and P161NK43,
increased the expression of Collagen II and Aggrecan, and relieved the
destruction of articular cartilage in vivo. These results suggest that when
protecting articular cartilage from damage, BX795 exerts
anti-inflammatory and anti-senescence effects, and improves the anab-
olism and catabolism of chondrocytes.TLRs are essential adaptor pro-
teins for the TLR3/4-mediated innate immune response. Previous
studies have shown that TLR3 is a ubiquitous receptor that mediates
downstream signaling through TRIF [17,50]. TRIF-mediated signal
transduction activates TBK1, contributes to the transcription of down-
stream genes such as IRF3, and activates the NF-kB signaling pathway,
which results in an excessive inflammatory response and dysregulation
of innate immunity [14,51,52]. STING is a transmembrane adaptor
protein that is a key component of the innate immune response [53,54].
Upon stimulation by abnormal dsDNA in the cytoplasm, such as
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exogenous DNA contributed by pathogen infection and endogenous
DNA leaked from the nucleus or mitochondria, second messenger
cyclic-GMP-AMP (cGAMP) is produced in conjunction with cGAS. Then,
c¢GAMP binds to STING and activates it. The activated cGAS-STING
signaling pathway results in the recruitment and activation of TBK1,
which activates IRF3 and NF-xB signaling, thus inducing an immune
response, inflammatory response, cell senescence, and apoptosis
[55-58]. The increased expression of cGAS may activate IRF3 and
induce IFN in a STING-mediated manner [56]. In addition, a study has
suggested that blocking the STING-dependent signaling pathway ame-
liorates the inflammatory response, senescence, and apoptosis and at-
tenuates the development of degenerative diseases [16]. Indeed, our
data showed that the expression of TRIF, cGAS, STING, and P-TBK1 was
increased following IL-1f stimulation in chondrocytes. However, the
administration of BX795 decreased the expression of these proteins in
IL-1p-induced chondrocytes. These results suggest that the TBK1 in-
hibitor BX795 suppresses the activation of the TLR3-TRIF-TBK1 and
cGAS-STING-TBK1 signaling pathways in IL-1p-induced chondrocytes.

To further clarify the specific mechanism of BX795 in protecting
articular cartilage, the STING agonist DMXAA was used to selectively
activate the STING signaling pathway, rather than the broad range of
signaling pathways induced by IL-1p. The results indicated that the
activation of the cGAS-STING signaling pathway upregulated the
expression of catabolic proteins (MMP1, MMP3, and MMP13) and
senescence-related proteins (P53, P16INK4a, and P21WAFL/CIPLy and
downregulated the anabolic protein Aggrecan and the senescence-
related protein (SIRT1). Conversely, BX795 reversed the expression of
the above proteins in DMXAA-induced chondrocytes. Meanwhile, Poly
(I:C), as an agonist of TLR3, which may trigger an inflammatory
response by activating the TRIF-TBK1 signaling pathway instead of the
many signaling pathways associated with IL-1f exposure [59], was used
in our experiment. Similar to the proinflammatory effect of IL-1p, the
expression levels of catabolic proteins (MMP1, MMP3, and MMP13) and
senescence-related proteins (P53, P16INK4H, and P21 WAFL/CIP1y yyere in-
crease, whereas those of the anabolic protein Aggrecan and the
senescence-related protein SIRT1 were decreased after the activation of
the TRIF-TBK1 signaling pathway induced by Poly(I:C). However, the
expression of the above proteins was reversed after the administration of
BX795 in Poly(I:C)-induced chondrocytes, indicating that the degrada-
tion of the ECM and cell senescence in Poly(I:C)-induced chondrocytes
may be alleviated by inhibiting the TRIF-mediated signaling pathway.
Taken together, our findings indicate that the TBK1 inhibitor BX795
protects the articular cartilage by suppressing the activation of the
c¢GAS-STING-TBK1 and TLR3-TRIF-TBK1 signaling pathways.

The MAPK and NF-kB signaling pathways play a crucial role in cell
proliferation, differentiation, and inflammation regulation and are
currently an active area of investigation because of their involvement in
the pathology of OA chondrocytes [60]. The activation of MAPK and
NF-kB signaling pathways increases the expression of iNOS, COX-2,
MMPs, and ADAMTS5 and decreases the expression of Collagen II,
Aggrecan, and SOX9, resulting in the degradation of the ECM and
cartilage degeneration [61-63]. Therefore, inhibiting the activation of
these two signaling pathways are considered treatment strategies for
OA. Our results demonstrated that IL-1§ induced the activation of MAPK
and NF-kB signaling. However, the upregulated expression of P-JNK,
P-P38, P-IKKa/p, P-IKBa, and P-P65 were downregulated by BX795, but
it failed to change the expression of P-ERK in IL-1f-induced chon-
drocytes. Thus, our data suggest that BX795 protects articular cartilage
by partially inhibiting IL-1p-induced activation of the MAPK and NF-kB
signaling pathways in chondrocytes.

5. Conclusions
The TBK1 inhibitor BX795, which suppresses TBK1 phosphorylation,

protects articular cartilage by partially inhibiting the MAPK and NF-KB
signaling pathways via regulation of the cGAS-STING-TBK1 and
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TLR3-TRIF-TBK1 signaling pathways. In addition, through inhibiting
TLR3-TRIF-TBK1 and cGAS-STING-TBK1 signaling, BX795 ameliorates
the inflammatory response, decreases cell senescence, and maintains the
balance of anabolism and catabolism in chondrocytes. Furthermore, our
findings demonstrate that TBK1 may be a potential therapeutic target in
OA, thereby providing a theoretical basis for the treatment of OA.
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