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A B S T R A C T

Background: Osteoarthritis (OA) is the most common chronic disease. It is characterized by high levels of clinical
heterogeneity and low inflammation. Therefore, elucidation of the mechanisms that regulate gene expression is
critical for developing effective OA therapies. This study aimed to explore the role of LKB1/AMPK in the pro-
gression of OA.
Methods: Anterior cruciate ligament transection (ACLT) was performed on Sprague Dawley (SD) rats right knee to
construct OA model, followed by AICAR [AMP-activated protein kinase (AMPK) activator] treatment. The level
changes [AMPK, IL-10, IL-13, IL-1β, TNF-α, IL-6, ASC, Caspase-1, Ki67, and hibit Nod-like receptor protein 3
(NLRP3)] and the degree of tissue injury were assessed by western blot, Immunohistochemical (IHC), Enzyme-
linked immunosorbent assay (ELISA), Hematoxylin-eosin staining (HE), Immunofluorescence (IF), Terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay, and Safranin O and Fast Green staining
(S–O). Human chondrocytes were induced by LPS to construct a cellular inflammatory model, and then trans-
fected with oe-AMPK or oe-HOIL-1–interacting protein (HOIP). Cell viability/apoptotic and intracellular content
of AMPK, HOIP, IL-1β, IL-10, IL-13, TNF-α, IL-6, ASC, NLRP3 and Caspase-1 were measured by western blot,
ELISA, CCK-8, IF, flow cytometry and TUNEL assays.
Results: After AICAR treatment with OA rats, the expression of p-AMPK, IL-10, IL-13, Ki67 and Bcl-2 increased, the
level of NLRP3 inflammasome, TNF-α, IL-6, Bax and Caspase-3 levels were decreased, and tissue damage and
apoptosis were significantly alleviated. After transfected with oe-LKB1, chondrocyte activity and LKB1 linear
ubiquitination were enhanced, and the level of HOIP, p-AMPK, IL-10 and IL-13 were increased. In contrast, NLRP3
inflammasome (ASC, NLRP3, Caspase-1, IL-1β, and cleaved Caspase-1), TNF-α, and IL-6 levels decreased,
apoptosis rate and TUNEL positive rate were attenuated.
Conclusion: LKB1/AMPK pathway significantly ameliorated NLRP3 inflammasome response and chondrocyte
injury. Activation of AMPK pathway by linear ubiquitination of LKB1 may be a potential target for OA treatment.
The translational potential of this article: This study highlights the importance of the LKB1/AMPK pathway in
NLRP3 inflammatory body response and chondrocyte injury. Activation of LKB1 by modulating linear ubiquiti-
nation may be a potential target for OA treatment.
1. Introduction

Osteoarthritis (OA) is a degenerative disease characterized by high
levels of clinical heterogeneity and low inflammation [1,2]. The current
treatment options do not provide satisfactory outcomes for patients. OA
progression and cartilage degeneration were influenced by abnormal
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metabolic responses of chondrocytes in the changes of inflammatory
microenvironment [3]. It is important to explore the mechanism of
extracellular matrix (ECM) degradation regulation for OA treatment [4].
Interesting, LKB1 was essential for inhibiting catabolic responses of
stroma and maintaining AMPK activity in chondrocytes [5]. As a key
bioenergy sensor, AMPK mediates energy homeostasis and REDOX
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balance in chondrocytes to resist cellular stresses [6,7].
Furthermore, abnormal AMPK activity was connected to decreased

autophagy and joint tissue inflammation [8]. Basides, simultaneous
fluctuation of LKB1 and AMP-activated protein kinase (AMPK) activity
was associated with senescence and biomechanical damage [9]. These
abnormalities eventually lead to synovial inflammation and the
abnormal of subchondral bone [8]. Modulating LKB1 or AMPK activity
may be a new strategy to treat OA.

AMPK pharmacological activator attenuates IL-1β and TNF-α pro-
teolitical cleavage in cartilage explants and monolayer chondrocytes
[10]. Metformin effectively alleviates cartilage degeneration and aging
by regulating AMPK/mTOR signaling pathway [11]. Therefore,
decreased AMPK activity may disrupt cartilage homeostasis by influ-
encing stromal catabolism to promote the development of OA [3,12].
Besides, AMPK has been reported to inhibit Nod-like receptor protein 3
(NLRP3) by activating autophagy [13,14]. Thus, this study was aimed to
determine the influence of NLRP3 inflammasome through the
AMPK/mTOR pathway.

The regulation of OA progression is also affected by pyroptosis [15].
Pyroptosis induces cell lysis, resulting in the massive release of
pro-inflammatory factors and cellular contents. This promotes the
development of many autoimmune and inflammatory diseases [15].
Pyroptosis was a programmed cell death signaling pathway required by
Caspase-1 [16,17]. It leads to the production of IL-1β and the lysis of
macrophages [18,19]. Besides, the process of pyroptosis was
pro-inflammatory and mediated by NLRP3 inflammasome and Caspase-1
signaling [20]. Moreover, linear ubiquitination in vivo is associated with
preventing inflammation and regulating immune signaling [21].

Therefore, we hypothesized that linear ubiquitination of LKB1, AMPK
and NLRP3 mutually regulate the progression of OA.

2. Materials and methods

2.1. Establishment of OA rat models

Male Sprague Dawley rats (8 weeks of age) were reared in 12 h light/
darkness and adapted for 7 days. Next, the rats were divided into four
groups randomly. In the Sham group (Sham, n ¼ 6), only surgical in-
cisions were made in the rats' right knee capsules. In the OA group (OA, n
¼ 6), anterior cruciate ligament transection (ACLT) was performed on the
rats' right knee [22,23]. The next day after ACLT, we constructed two
other groups of rats. In the OA þ NC group (OA þ NC, n ¼ 6), OA rats'
articular cavities were injected with 0.4 mL normal saline every day for 7
consecutive days. In the OA þ AICAR group (OA þ AICAR, n ¼ 6), Each
rat was injected with 100 mg/kg AICAR (A9978-5 MG, Sigma, USA). for
7 consecutive days [24].

All rats were anesthetized with 2% isoflurane inhalation during sur-
gery. Serum and cartilage tissue of rats were collected for subsequent
detection. The serum was tested by Enzyme-linked immunosorbent assay
(ELISA). After the OARSI score, the cartilage tissues were detected by
western blot, Immunohistochemical (IHC), Hematoxylin-eosin staining
(HE), Safranin O and Fast Green staining (S–O), Quantitative real-time
polymerase chain reaction (qRT-PCR), and Terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assay.

2.2. Cell treatment

Human Chondrocytes (American Type Culture Collection, USA) in
DMEM medium containing 10% FBS (PM150312B, Yaji Biotechnology
Co., Ltd., China) in a 37 �C incubator supplied with 5% CO2. Next, cells
were induced by 100 ng/mL LPS for 1 h [25]. Subsequently, LPS-induced
model cells were transfected. The overexpression sequence (oe) of LKB1,
HOIL-1–interacting protein (HOIP) and AMPK, and negative control
(oe-NC) were transfected into chondrocytes by Lipofectamine™ 2000 kit
(Baimaige Biotechnology Co., Ltd., Wuxi, China, 11668019) respectively.
The executed operation steps were according to the kit instructions.
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Cell supernatants and cells were collected for subsequent testing. Cell
supernatants were tested by ELISA. The cells were detected by Cell
Counting Kit-8 (CCK-8), qRT-PCR, western blot, Co-Immunoprecipitation
(CO-IP), Immunofluorescence (IF), TUNEL, and flow cytometry.
2.3. IHC

After the OARSI score, the cartilage tissues were detected by IHC. In
short, slices were dewaxed and dehydrated first. Slices were soaked in
0.01 M citrate buffer at high temperature for 20 min and cooled to room
temperature. Next, slices were put in 3% H2O2 for 10 min after being
cleaned with PBS. The p-LKB1 primary antibody (PA5-105896, 1:100,
Thermo Fisher, USA), p-AMPK primary antibody (PA5-36615, 1:100,
Thermo Fisher, USA), Ki67 primary antibody (27309-1-AP, 1:100, PTG,
USA), NLRP3 primary antibody (19771-1-AP, 1:100, PTG, USA), and ASC
primary antibody (10500-1-AP, 1:100, PTG, USA) were incubated. Next,
the corresponding secondary antibody was mixed and incubated for 30
min. We dropped the DAB working solution and incubated it for 5–10
min at room temperature. After dehydration by alcohol, the tablets were
placed in xylene, sealed with neutral gum, and observed under a
microscope.
2.4. CO-IP

CO-IP was used to detect the cells. IP lysis buffer (#AWB0144,
Abiowell, China) was applied to lysed cells. Cells were treated with IP
lysis buffer for 1.5 min after sonication and continued to be treated at low
temperature for 30 min. Subsequently, the supernatant after centrifuga-
tion at 12000 rpm was collected. Next, cells were incubated with anti-
bodies against LKB1 (10746-1-AP, Proteintech, USA) and normal rabbit
IgG (B900620, Proteintech, USA) at 4 �C overnight. Cell lysates were
then combined with protein A/G agarose beads (#9863, Cell Signaling
Technology, USA) for 2 h. Subsequently, collected precipitates were
washed with ice IP buffer and analyzed by western blot.
2.5. ELISA

Serum and cell supernatants were tested by ELISA, respectively. To
measure the content of inflammatory factors, IL-1β (# CSB-E08055r,
CUSABIO, China), TNF-α (# CSB-E11987r, CUSABIO, China), IL-6 (#
CSB-E04640r, CUSABIO, China), IL-10 (# CSB-E04595r, CUSABIO,
China), and IL-13 (# CSB-E07454r, CUSABIO, China) ELISA kits were
utilized. After the reagents had been left at room temperature for 30 min,
the reagents were prepared according to the instructions. Subsequently,
the samples and reagents were added sequentially according to the
desired criteria. After color-developing at 37 �C for 15–30 min, the stop
solution was added to the well and reacted for 5 min. The Optical Density
(OD) value was collected by Bio-Tek microplate reader (MB-530, Heales,
China), and the concentration was calculated regarding the standard
curve.
2.6. IF

The cells were detected by IF. Firstly, the distribution and level of
NLRP3 and Caspase-1 were detected by IF. 4% paraformaldehyde was
applied to fix cells for 30 min. The cells were infiltrated with 0.1%
TritonX-100 to permeate the cell membrane after washing with PBS.
Next, BSA was applied to block the nonspecific antigen at 25 �C and spent
the night on anti- NLRP3 antibody (19771-1-AP, PTG) or anti-Caspase-1
antibody (MA5-32909, Thermo Fisher) at 4 �C. After PBS washing, sec-
ondary bodies Anti-Rabbit IgG (H þ L) were applied to culture the cells.
The nucleus was incubated with DAPI. Finally, cells were observed under
a fluorescence microscope (BA210T, Motic, China).



Table 1
The information of antibody.

Name Article number Source Dilution rate Molecular weight Transfer film time Company

AMPK 10929-2-AP Rabbit 1:500 64 kDa 85 min Proteintech (UAS)
P-AMPK PA5-36615 Rabbit 1:1000 63 kDa 85 min Thermo Fisher (UAS)
NF-kB 10745-1-AP Rabbit 1:2000 65 kDa 85 min Proteintech (UAS)
Caspase-1 22915-1-AP Rabbit 1:5000 45-47/30–35 kDa 60 min Proteintech (UAS)
cleaved-Caspase-1 ab179515 Rabbit 1:1000 10/12 kDa 30 min Abcam (UK)
HOIP PA5-115849 Rabbit 1:1000 �100 kDa 120 min Thermo Fisher (UAS)
NLRP3 19771-1-AP Rabbit 1:800 110 kDa 125 min Proteintech (UAS)
ASC 10500-1-AP Rabbit 1:3000 22–25 kDa 45 min Proteintech (UAS)
IL-1β ab254360 Rabbit 1:1000 �30 kDa 55 min Abcam (UK)
LKB1 10746-1-AP Rabbit 1:100 54 kDa 75 min Proteintech (UAS)
p-LKB1 PA5-105896 Rabbit 1:2000 �50–70 kDa 90 min Thermo Fisher (UAS)
Bcl2 12789-1-AP Rabbit 1:2000 25–30 kDa 55 min Proteintech (UAS)
Bax 50599-2-Ig Rabbit 1:1000 21 kDa 45 min Proteintech (UAS)
Caspase-3 19677-1-AP Rabbit 1:5000 17/19/32–35 kDa 55 min Proteintech (UAS)
β-actin 66009-1-Ig Mouse 1:5000 42 kDa 60 min Proteintech (UAS)
HRP goat anti-Rabbit IgG SA00001-2 Rabbit 1:6000 / 90 mim Proteintech (UAS)
HRP goat anti-mouse IgG SA00001-1 Mouse 1:5000 / 90 mim Proteintech (UAS)
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2.7. HE

After the OARSI score, the cartilage tissues were detected by HE. HE
staining was performed regarding routine protocols [17]. After depar-
affinization and rehydration, 5 μm longitudinal sections were stained
with hematoxylin solution for 5 min. Next, the sections were dipped in
1% acid ethanol for 5 times. Then eosin solution was applied to stain the
sections for 3 min. The sections were dehydrated with graded alcohol.
The mounted slides were photographed using a fluorescence microscope.
2.8. S–O

After the OARSI score, the cartilage tissues were detected by S–O.
Knee joint samples were fixed in paraformaldehyde for 24 h and decal-
cified in 10% EDTA solution for 2 weeks. Next, the samples were dehy-
drated by graded alcohol and embedded in paraffin blocks. Frontal serial
sections (4-μm thick) across the entire joint were obtained, and slides
were selected and stained with S–O solution to detect cartilage destruc-
tion. The images were captured digitally by a microscope. Besides, S–O
staining was applied for Osteoarthritis Research Society International
(OARSI) scoring [26].
2.9. CCK-8

Human Chondrocytes in each group were culturedwith 5� 103 cells/
100 μL into 96-well plates for 24 h. Each group is provided with 3
multiple holes. Next, 10 μL CCK-8 Working Solution (NU679, DOJINDO)
was added to each well. After incubation for 4 h in 37 �C, the absorbance
value (450 nm) was measured with a microplate reader.
2.10. TUNEL assay

The cells and cartilage tissues were detected by TUNEL, respectively.
TUNEL Apoptosis Assay Kit (40306ES50, Yeasen Biotechnology) was
applied to detect the apoptosis rate. The cleaned slipper was fixed with
paraformaldehyde for 30 min and cleaned again. The Proteinase K
working solution was treated for 20 min. Subsequently, the slides were
dripped with the Equilibration Buffer until soaked and incubated for 30
min. After absorbing part of the liquid, TdT incubation buffer solution
and DAPI working solution were successively added. Before adding DAPI
working solution, tissue-derived sections needed to be reacted with
Streptavidin-TRITC labeled working solution for 30min at 37 �C in the
dark. This procedure is not required for cell-derived sections. The slippers
were detected under a fluorescence microscope after being shielded from
light.
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2.11. Flow cytometry

The cells apoptosis were detected by flow cytometry. First, the cells
were collected with Trypsin solution without EDTA (C0201, Beyotime,
China). Next，the collected cells were washed with PBS for once. The
cells were treated with Annexin V-FITC Apoptosis Detection Kit
(KGA108, NanJing KeyGen Biotech). Briefly, Binding Buffer was applied
to suspend cells. Next, Annexin V-FITC and Propidium Iodide were used
to treat cells for 10 min. A flow cytometer (A00-1-1102, Beckman, USA)
was used for the next measurement and calculation. The experiments
were independently repeated 3 times.
2.12. Western blot

The cells and cartilage tissues were detected by western blot,
respectively. To cells, 200 uL of RIPA lysate was added to cells washed
with ice-precooled PBS. The cells were scraped off with a cell scraper and
broken by ultrasound for 1.5min. The cells were then kept at a low
temperature and lysed for 10 min. After centrifugation at 12000 rpm for
15 min, the supernatant was collected. To cartilage tissues, 300 uLRIPA
lysate was added to 0.025 g tissue. The tissue was ground repeatedly until
no tissue was visible. The tissue fluid was further lysed at a low tem-
perature for 10 min. After centrifugation at 12000 rpm for 15 min, the
supernatant was collected.

The content of proteins was measured by the BCA protein kit. Each
well was filled with denatured protein. After the gel reached the bottom,
electrophoresis was terminated. Next, the transfer buffer solution was
placed with Gel, filter paper and NC membrane in turn, and the mem-
brane was transferred at a constant current. PBST (5% skimmed milk)
powder was applied to dispose of the membrane for 1.5 h. Next, the first
and secondary antibodies were added to the membrane. The chem-
iluminescence imaging system calculated the protein samples on the
membrane. β-actin was carried to display as an internal reference. The
antibody information was shown in Table 1.
2.13. qRT-PCR

The cartilage tissues and cells were detected by qRT-PCR. Trizol Re-
agent (15596018, Invitrogen, USA) was applied to extract total RNA.
After 1 mL Trizol Reagent was added to 0.02 g of tissue or 500 μL of cells,
the cells or tissue were lysed for 3 min at room temperature. Revert Aid
First Strand cDNA Synthesis Kit (CW2569, Beijing Comwin Biotech,
China) was used to reversely transcribed cDNA. The primer sequences of
NLRP3, Caspase-1, Caspase-3, ASC, IL-1β, Bcl-2, Bax, and β-actin were
provided by Sangon Biotech (Table 2). Then, DNA amplification and
detection were analyzed with a fluorescent quantitative PCR instrument

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5299168/


Table 2
The primer sequence.

Primer ID 50-30

β-actin-F ACATCCGTAAAGACCTCTATGCC
β-actin-R TACTCCTGCTTGCTGATCCAC
NLRP3-F CACCTCTTCTCTGCCTACCTG
NLRP3-R AGCTGTAAAATCTCTCGCAGT
Caspase-1-F CTAGACTACAGATGCCAACCAC
Caspase-1-R GGCTTCTTATTGGCATGATTCCC
ASC-R CCCTGTCCCGTTCTCATACCG
ASC-R CAAACACCAAAAGGCAACAAGCA
IL-1β-F CAGCAGCATCTCGACAAGAG
IL-1β-R AAAGAAGGTGCTTGGGTCCT
Bcl-2-F CTGGTGGACAACATCGCTCT
Bcl-2-R ATAGTTCCACAAAGGCATCCCA
Bax-F TTGCTACAGGGTTTCATCCAGG
Bax-R GCTCCAAGGTCAGCTCAGGT
Caspase-3-F ATCAGCCTAATTTTACAGACC
Caspase-3-R TCTCCTTTCCTTACGCTCT
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(PIKOREAL96, Thermo Fisher, USA). 2-△△CT was applied to assess the
relative mRNA level. β-actin acted as reference.

2.14. Statistical analysis

Graphpad Prism 9 was used for statistical analysis. The data were
Figure 1. LKB1 mediated AMPK activation in chondrocytes. (A) Western blot was ap
applied to measure IOD/Area of p-AMPK and p-LKB1 (IHC, � 400, scale bar ¼ 25 μm
LKB1 protein contents, while p-AMPK and p-LKB1 protein contents decreased in OA r
blot. After LKB1 overexpression treatment, the levels of p-AMPK and p-LKB1 protein
by western blot. After LKB1 overexpression treatment, the levels of NF-κB and Caspase
< 0.05 vs. LPS þ oe-NC.
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represented as the mean � standard deviation (X� SD). Student's T-test
was used to analyze the differences between the two groups, and one-way
analysis of variance (ANOVA) was used to compare the data differences
between multiple groups. P-value < 0.05 was considered statistically
significant.

3. Results

3.1. LKB1 mediated AMPK activation in chondrocytes

Western blot and IHC results of ACLT constructed OA rats showed no
significant changes in AMPK and LKB1 protein contents, while p-AMPK
and p-LKB1 protein contents decreased (Fig. 1A and B). After LKB1
overexpression treatment, the levels of p-AMPK and p-LKB1 protein
increased (Fig. 1C), and the levels of NF-κB and Caspase-1/cleaved
Caspase-1 decreased (Fig. 1D). These studies demonstrated that p-LKB1
content decreased in OA chondrocytes, and LKB1mediated the activation
of AMPK in chondrocytes.

3.2. Linear ubiquitin modification promoted LKB1 activity and increased
AMPK activation

The levels of LKB1 in K48, K63 and M1 (linear ubiquitination) were
detected by immunoprecipitation. LKB1 has no obvious precipitation in
plied to measure the content of AMPK, LKB1, p-AMPK and p-LKB1. (B). IHC was
; � 100, scale bar ¼ 100 μm). There were no significant changes in AMPK and
ats. (C) Content of AMPK, p-AMPK, LKB1, and p-LKB1 were detected by western
increased. (D) Content of NF-κB, Caspase-1 and cleaved Caspase-1 were detected
-1/cleaved Caspase-1 decreased. *P < 0.05 vs. Sham. & P < 0.05 vs. Control. #P



Figure 2. Linear ubiquitin modification promoted LKB1 activity and increased AMPK activation. (A) LKB1 was detected by immunoprecipitation in K48, K63 and M1
(linear ubiquitination). LKB1 has no obvious precipitation in K48 and K63, but was precipitated in M1. (B) Western blot was used to detect HOIP content. HOIP
expression of LPS þ oe-HIOP was increased compared with that of LPS þ oe-NC group. (C) Linear ubiquitin modification of LKB1 was detected by immunoprecip-
itation M1-Ub (D) AMPK and p-AMPK contents were detected by western blot. In Lysate or LKB1 treated groups, linear ubiquitination of LKB1 was enhanced after
overexpression of HOIP. And expressions of HOIP and p-AMPK were increased, with no significant difference in AMPK. (E) Linear ubiquitin modification of LKB1 in
chondrocytes was detected by immunoprecipitation M1-Ub. Expression of LKB1 and HOIP increased after overexpression of HOIP in the Control and LPS groups. & P
< 0.05 vs. oe-NC. *P < 0.05 vs. oe-NC þ Lysate. #P < 0.05 vs. oe-NC þ LKB1.
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K48 and K63, but was precipitated in M1 (Fig. 2A). HOIP expression of
LPS þ oe-HIOP was increased compared with that of LPS þ oe-NC group,
indicating successful construction of overexpressed HIOP (Fig. 2B). In the
LKB1 treated groups, linear ubiquitination of LKB1 was enhanced after
overexpression of HOIP. And the expressions of HOIP and p-AMPK were
increased, with no significant difference in AMPK (Fig. 2C and D).
Expression of LKB1 and HOIP increased after overexpression of HOIP in
the Control and LPS groups (Fig. 2E). These results suggested that linear
ubiquitin modification promotes LKB1 activity and increases AMPK
activation.

3.3. AMPK inhibited NLRP3 inflammatory response of chondrocytes in OA

We found AICAR (AMPK activator) reversed the increase of the
OARSI score of rats induced by OA (Fig. 3A). This indicated that we
successfully induced the ACLT rats model. After treatment with AICAR,
the expression of p-AMPK increased in chondrocytes of rats induced by
OA, but there was no significant difference in AMPK (Fig. 3B). AICAR
treatment significantly down-regulated the levels of IL-1β, TNF-α and IL-
6, and increased the levels of IL-10 and IL-13 (Fig. 3C). In addition,
AICAR treatment significantly down-regulated the expression of the
NLRP3 inflammasome (ASC, Caspase-1, IL-1β, NLRP3, and cleaved
Caspase-1) in OA rats (Fig. 3D). IHC results also showed that AICAR
treatment significantly down-regulated NLRP3 and ASC expression
(Fig. 3E). These results demonstrated that AMPK inhibited the NLRP3
inflammatory response of OA chondrocytes.
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3.4. AMPK regulated NLRP3 inflammatory response of chondrocytes in
OA to inhibit pyroptosis

After LPS-induced human chondrocytes constructed an inflammatory
model, the level of p-AMPK decreased in the LPS group. Compared with
the LPS group, the level of p-AMPK in the LPS þ oe-AMPK group was
higher (Fig. 4A). CCK-8 showed cell viability of the LPS group was
decreased compared with the Control group. Overexpression of AMPK
up-regulated cell viability (Fig. 4B). The levels of IL-1β, TNF-α and IL-6 in
the LPS group were higher than in the control group, while the levels of
IL-10 and IL-13 were lower than in the control group. Overexpression of
AMPK significantly up-regulated the levels of IL-10 and IL-13 and down-
regulated the levels of IL-1β, TNF-α and IL-6 (Fig. 4C). In addition,
overexpression of AMPK down-regulated the expression of NLRP3
inflammasomes ASC, Caspase-1, IL-1β, NLRP3, and cleaved Caspase-1
(Fig. 4D–F). Moreover, the apoptosis and TUNEL positive rates
decreased (Fig. 4G and H). These studies demonstrated that AMPK
reduced the NLRP3 inflammatory response of chondrocytes and inhibited
pyroptosis.
3.5. AMPK reduced chondrocyte injury in OA rats

HE and S–O pathological results showed that the OA group's injury
degree increased under the Sham group's comparison. AICAR treatment
significantly alleviated tissue damage (Fig. 5A and B). Comparedwith the
Sham group, the Bcl-2 level was down-regulated, and the level of Bax and
Caspase-3 was up-regulated in OA group. Compared with the OA þ NC



Figure 3. AMPK inhibited NLRP3 inflammatory response of OA chondrocytes. (A) OARSI score. AICAR reversed the increased of OARSI score of rats induced by OA.
(B) Content of AMPK and p-AMPK were detected by western blot. After treatment with AICAR, the expression of p-AMPK increased in chondrocytes of rats induced by
OA, but there was no significant difference in AMPK. (C) Content of IL-1β, TNF-α, IL-6, IL-10, and IL-13 were detected by ELISA. AICAR treatment significantly down-
regulated the levels of IL-1β, TNF-α and IL-6, and increased the levels of IL-10 and IL-13. (D) Content of ASC, Caspase-1, IL-1β, NLRP3, and cleaved Caspase-1 were
detected by western blot. AICAR treatment significantly down-regulated the above factors in OA rats. (E). IHC was applied to measure IOD/Area value. AICAR
treatment significantly down-regulated NLRP3 and ASC expression. (IHC, � 400, scale bar ¼ 25 μm; � 100, scale bar ¼ 100 μm). *P < 0.05 vs. Sham. #P < 0.05 vs.
OA þ NC.
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Figure 4. AMPK regulated NLRP3 inflammatory response of chondrocytes in OA to inhibit pyroptosis. (A) The content of AMPK and p-AMPK were detected by
western blot. After LPS-induced human chondrocytes constructed an inflammatory model, the level of p-AMPK decreased in the LPS group. Compared with the LPS
group, the level of p-AMPK in the LPS þ oe-AMPK group was higher. (B) OD value (450 nm) was detected by CCK-8. In the LPS group, the cell viability decreased.
Overexpression of AMPK up-regulated cell viability. (C) Content of IL-1β, TNF-α, IL-6, IL-10, and IL-13 were detected by ELISA. Overexpression of AMPK significantly
up-regulated the levels of IL-10 and IL-13 and down-regulated the levels of IL-1β, TNF-α and IL-6. (D) Relative expression of ASC, Caspase-1, IL-1β, and NLRP3 were
measured by qRT-PCR. (E) Content of ASC, Caspase-1, IL-1β, NLRP3, and cleaved Caspase-1 were detected by western blot. (F) The fluorescence intensity of NLRP3
and Caspase-1 were measured by IF. Overexpression of AMPK down-regulated the expression of NLRP3 inflammasomes ASC, Caspase-1, IL-1β, NLRP3, and cleaved
Caspase-1. (IF, � 400, scale bar ¼ 25 μm). (G) The apoptosis rate was detected by Flow cytometry. (H) The TUNEL-positive rate was measured by TUNEL assay.
Overexpression of AMPK down-regulated the apoptosis rate and TUNEL positive rate. (TUNEL, � 400, scale bar ¼ 25 μm). *P < 0.05 vs. Control. #P < 0.05 vs. LPS þ
oe-NC.
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group, Bcl-2 level were up-regulated and the levels of Bax and Caspase-3
were down-regulated in the OA þ ALCAR group (Fig. 5C and D).
Compared with the Sham group, the TUNEL-positive rate in the OA group
increased. Compared with the OA þ NC group, the TUNEL-positive rate
in the OA þ ALCAR group was down-regulated (Fig. 5E). IHC results
showed that the Ki67 level in OA group decreased compared to the Sham
group. Ki67 level in the OAþ ALCAR group increased compared with the
OA þ NC group (Fig. 5F). These results suggested that AMPK reduces
chondrocyte injury in OA rats.
7

4. Discussion

Our study found that LKB1 mediated the activation of AMPK in
chondrocytes, and p-LKB1 decreased in chondrocytes with OA. Linear
ubiquitin modification of LKB1 promoted its activity and increased
AMPK activation. AMPK inhibited NLRP3 inflammatory response and
pyroptosis of chondrocytes in OA and reduced cell damage. These studies
suggested that linear ubiquitination of LKB1 activates the AMPK pathway
and inhibits NLRP3 inflammasome response to reduce pyroptosis.
Therefore, ubiquitin activation of LKB1 would be a prospective thera-
peutic strategy for OA treatment.

AMPK has been reported to be activated by the phosphorylation of
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LKB1 [27]. Therefore, we established in OA rats or LPS-induced chon-
drocytes to detect whether LKB1 levels were associated with AMPK
activation. Our study overexpressed LKB1 up-regulated p-AMPK protein
content, down-regulated NF-κB and cleaved Caspase-1 levels, and
reduced inflammatory response. Previously, it has been reported that the
up-regulation of the NLRP3/Caspase-1 pathway through NF-κB is one of
the key mechanisms leading to cell pyroptosis [28]. High mobility group
protein 1 (HMGB1) promoted activation of NLRP3 and Caspase-8
inflammasome in acute glaucoma through the NF-κB pathway [29].
Breviscapine inhibited inflammation in pulmonary fibrosis through
NF-κB/NLRP3 signaling [30]. Thus, LKB1 mediated AMPK activation in
chondrocytes. However, we could not determine whether the activation
of AMPK was associated with promoting LKB1 activity by ubiquitination
modification. So we conducted follow-up ubiquitination modification
experiments.
8

As the major post-translational modification of proteins, ubiquitina-
tion is related to most life activities [31]. However, the molecular
mechanism behind the regulation of OA by linear ubiquitination remains
unclear. The formation of linear ubiquitin chains requires the involve-
ment of ubiquitin ligase HOIP and two regulatory subunits [32]. Ubiq-
uitin molecules are usually covalently modified on lysine residues of
substrate proteins to form polyubiquitin chains, such as K48 and K63
ubiquitin chains [32]. There is another ubiquitin chain type in cells, the
linear ubiquitin chain (M1 type) [25]. In the experiment, it was found
that LKB1 did not significantly precipitate in K48 and K63, but was
precipitated in M1. Thus, high levels of HOIP enhanced LKB1 linear
ubiquitination and increased p-AMPK expression. Together, this evi-
dence provided strong evidence that linear ubiquitin modification pro-
motes LKB1 activity and increases AMPK activation.

AMPK is an energy sensor that regulates metabolism [33].



Figure 5. AMPK reduced chondrocyte injury in OA rats. (A) HE and (B) S–O were applied to assess the degree of tissue damage. AICAR treatment significantly
alleviated tissue damage. (HE and S–O, � 400, scale bar ¼ 25 μm; � 100, scale bar ¼ 100 μm). (C) Relative expressions of Bcl-2, Caspase-3 and Bax were detected by
qRT-PCR. (D) Content of Bcl-2, Caspase-3 and Bax were detected by western blot. Compared with the OA þ NC group, Bcl-2 level were up-regulated and the levels of
Bax and Caspase-3 were down-regulated in the OA þ ALCAR group. (E) The TUNEL-positive rate was measured by TUNEL assay. Compared with the OA þ NC group,
the TUNEL-positive rate in the OA þ ALCAR group was down-regulated. (TUNEL, � 400, scale bar ¼ 25 μm). (F) IHC was applied to detect the IOD/Area value of Ki67.
Ki67 level in the OA þ ALCAR group increased compared with the OA þ NC group. (IHC, � 400, scale bar ¼ 25 μm; � 100, scale bar ¼ 100 μm) *P < 0.05 vs. Sham.
#P < 0.05 vs. OA þ NC.
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LPS-induced adipocyte inflammation is reduced through AMPKmediated
pathways [34]. The expression and release of pro-inflammatory cyto-
kines (IL-1β, IL-18 and TNF-α), NLRP3 and Caspase-3 were increased
during OA inflammation [35]. Salidroside improved inflammation and
oxidative stress by regulating the AMPK relative signaling pathway and
reduced the content of TNF-α, IL-1β and IL-6 [36]. NLRP3 inflammasome
was highly activated in the synovium of rheumatoid OA patients [37].
9

Therefore, to determine the relationship between AMPK and NLRP3 in-
flammatory response, chondrocytes of OA rats were treated with AICAR
in vivo. This resulted in the down-regulation of inflammatory cytokines
and NLRP3 inflammasome (ASC, Caspase-1, IL-1β, NLRP3, and cleaved
Caspase-1). Thus, AMPK inhibited the inflammation of OA.

In addition to inflammation, AMPK activation also appears to reduce
scoliosis, specifically alleviating OA-induced cell death. It has been found



Y. Chen et al. Journal of Orthopaedic Translation 39 (2023) 1–11
that activation of autophagy by the ROS-AMPK-mTOR axis protects
Leydig cells from pyroptosis [14]. Diosgenin can activate AMPK/Nrf2 to
inhibit the pyroptosis of myometrial microvascular endothelial cells
(MMEC) [38]. We found overexpression of AMPK down-regulated the
expression of NLRP3 inflammasomes ASC, Caspase-1, IL-1β, NLRP3, and
cleaved Caspase-1. NLRP3 inflammasomes induce pyroptosis by cleaving
gasdermin D (GSDMD) into its active form, GSDMD-N, and forming pores
in cell membranes [39]. Increased activation of NLRP3 and pyroptosis
induced by GSDMD-N can aggravate inflammation and increase the level
of ROS to aggravate neuropathic pain [40]. Our data are consistent with
existing studies. Overexpression of AMPK up-regulated cell activity and
reduced NLRP3 inflammatory response to inhibit pyroptosis.

After confirming the alleviating effect of LKB1/AMPK on OA disease,
we further carried out histopathological observation. It has been found
that after trichosanthin (TCS) treatment, Ki67-positive cells number
decreased significantly, and cleaved-Caspase-3 level increased, inhibited
the proliferation of cervical cancer cells [41]. AICAR treatment in rats
also significantly alleviated tissue damage and cell apoptosis in rats with
OA, and up-regulated Ki67 level. Our study further confirms that acti-
vation of the AMPK pathway reduces chondrocyte damage and scoria in
OA.

5. Conclusion

Our present study highlighted the importance of the LKB1/AMPK
pathway in NLRP3 inflammatory body response and chondrocyte injury.
Linear ubiquitin modification of LKB1 promoted its activity and
increased AMPK activation. AMPK inhibited NLRP3 inflammatory
response and pyroptosis of chondrocytes in OA and reduced cell damage.
Activation of the AMPK pathway by linear ubiquitination modification of
LKB1 may be a potential target for OA treatment.
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