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Osteoarthritis (OA) is a progressive degenerative joint disease characterized by

the destruction of the articular cartilage, meniscus and the like. Autophagy and

cellular energy metabolism are the mechanisms by which cells maintain

homeostasis. However, little is known about the effects of autophagy and

cellular energy metabolism on meniscus degeneration, and the pathogenesis

of posttraumatic osteoarthritis (PTOA) after the meniscal injury is rarely

reported. Therefore, this study aimed to investigate the relationship between

changes in autophagy and cellular energy metabolism in the meniscus

following anterior cruciate ligament transection (ACLT) and PTOA induced

by subsequent articular cartilage injury. In this study, we use a combination

of cell experiments in vitro and animal experiments in vivo. On the one hand, cell

experiment results show that inhibiting the mTORC1 signaling pathway by

inhibiting the phosphorylation of S6K and AKT proteins in meniscal cells will

lead to the increase of Beclin1, LC-3B, ATG12, ULK1, P62, and activate

autophagy-related signaling pathways, which in turn protects the

extracellular matrix component COL1 of meniscal cells from degradation by

catabolic factor MMP13. In addition, it increased the generation of

mitochondrial membrane potential in meniscal cells, increased the

expression of anti-apoptotic factor BCL-XL, decreased the expression of

pro-apoptotic factors BAD and BAX, and reduced the apoptosis of meniscal

cells. More importantly, under the stimulation of inflammatory factor IL-1β, the
secretion of meniscus cells can reduce the elevated levels of MMP13 and

Adamts5 caused by chondrocytes affected by IL-1β. On the other hand, the

results of animal experiments in vivo further proved the validity of the results of

the cell experiments, and also proved that the meniscus injury did prior to the

articular cartilage degeneration after ACLT. In conclusion, this study suggests

that themeniscus prior to articular cartilage damage during the development of

PTOA after ACLT, and that promoting autophagy and energy metabolism of

meniscal cells may be a potential therapeutic target for delaying PTOA.
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Introduction

OA is a common geriatric disease that mainly causes joint

pain and dysfunction, and brings a huge burden to the family and

society (Koushesh et al., 2022). OA is traditionally characterized

by cartilage erosion and subchondral bone sclerosis (Housmans

et al., 2022). It has now been established that OA is a progressive

degenerative disease that endangers the structure of the joint,

which is characterized by the destruction of all structures in the

joint, including subchondral bone, meniscus, and synovium and

other tissues (Martel-Pelletier et al., 2016).

The exact mechanism of the occurrence and development of

OA is unclear, but it mainly affects weight-bearing joints, the hip

and knee joints. Age, gender, genetic susceptibility and obesity

are the main risk factors for the development of OA (Mandl,

2019). In recent years, the high incidence of OA and the huge

medical and social costs have motivated researchers to study in

this field (Butterfield et al., 2021). It has now been known that

inflammation is the main cause that primarily affects the

degeneration of articular cartilage, and although the level of

inflammation in osteoarthritis is much lower compared to

inflammatory arthritis, inflammation in osteoarthritis is

present in different joint tissues, such as cartilage,

subchondral bone, and synovium. Thus, osteoarthritis is due

to an imbalance of catabolism and anabolism of articular

cartilage and the development of secondary compensatory

changes that ultimately lead to dysfunction of the entire joint

(Robinson et al., 2016; Griffin and Scanzello, 2019). The main

factors affecting the catabolic process in OA are interleukin-1β
(IL-1β) and tumor necrosis factor-α (TNF-α). OA destroys the

extracellular matrix and chondrocytes in articular cartilage, the

matrix mainly containing collagen II, collagen IX and collagen

XI, and proteoglycans (Wang and He, 2018). A constant feature

in OA has increased the production of cartilage-degrading

enzymes, including matrix metalloproteinases (MMPs),

stromelysins (MMP-3), gelatinases (MMP-9), matrixes (MMP-

7), and collagenases13 (MMP-13) and Adamts (Malemud, 2019).

In addition to inflammatory factors, increased expression of

transforming growth factor-β (TGF-β) and insulin-like growth

factor (IGF) was found in the cartilage of OA patients and

positively correlated with the degree of cartilage destruction.

However, no increase in TGF-β and IGF levels was observed in

healthy subjects. Furthermore, increased expression of TGF-β
and IGF was detected in osteophytes, and repeated injections of

TGF-β and IGF resulted in osteophyte formation in an animal

model of OA (MacFarlane et al., 2017; Wen et al., 2021). Further

research found that subchondral bone plays a key role in the

pathogenesis of OA. Subchondral bone is located below calcified

cartilage and consists of the subchondral bone plate and

subchondral trabecular bone. The subchondral bone plate is a

thin layer of cortex adjacent to the calcified cartilage and provides

the connection between the articular cartilage and the

subchondral trabecular bone. The role of the subchondral

bone is thought to be to support the articular cartilage above

and to distribute mechanical loads acting on the articular surface.

Therefore, stiffness of the subchondral bone may transmit an

increased load to the articular cartilage causing damage. Hence, it

is considered that subchondral bone also plays an important role

in OA, and subchondral sclerosis caused by thickening of the

subchondral bone plate and increased trabecular thickness is a

recognized imaging manifestation, especially in the late stage of

OA (Osterberg et al., 2017; Hu et al., 2021).

Studies have shown that TOR, the target of rapamycin, acts as

a central hub in a highly conserved signaling network that

controls various aspects of cellular and organismal physiology.

Thus, dysregulation of mTOR signaling in humans is associated

with a variety of diseases, including metabolic syndrome, cancer,

and neurodegenerative diseases. TOR assembles into two distinct

complexes: rapamycin-sensitive TORC1 and rapamycin-

insensitive TORC2, with distinct subunit compositions and

downstream targets, respectively (Wullschleger et al., 2006).

Relative to mTORC2, rapamycin-sensitive mTORC1 signaling

is thus far easier to study, and many of its downstream targets

and upstream regulatory mechanisms have been identified.

When activated, mTORC1 initiates a phosphorylation cascade

involving multiple substrates that work together to promote cell

growth and inhibit autophagy. This growth-promoting

mechanism includes the upregulation of protein synthesis,

nucleotide synthesis, and lipid synthesis as well as aerobic

glycolysis. Since mTORC1 acts as a central hub in numerous

signal transduction mechanisms, it is tightly controlled (Ben-

Sahra and Manning, 2017). Autophagy was primarily discovered

when looking at the structure of rat liver lysosomes. Although the

importance of autophagy in mammalian organisms is well

recognized, how autophagy regulates body functions remains

unclear. Autophagy is highly active in most cell types and

presumably plays a housekeeping role in maintaining the

integrity of intracellular organelles and proteins. However,

autophagy is induced by starvation and is a key component of

the adaptive response of cells and organisms to nutrient

deprivation, so nutrient deficiencies promote autophagy.

Mainly involved in nutrient sensing, regulation of cell growth

and autophagy is the rapamycin (TOR) kinase, which is

downstream-regulated by growth factor receptor signaling,

hypoxia, ATP content and insulin signaling. TOR kinase

increases protein translation and inhibits autophagy through a

series of instructions when nutrients are abundant (Rabanal-Ruiz

et al., 2017; Liu and Sabatini, 2020).

Energy metabolism, also known as central carbon

metabolism (CCM), maintains the most basic activities of life,
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usually including glycolysis (EMP), tricarboxylic acid cycle

(TCA) and pentose phosphate pathways (PPP), It also

includes the decomposition of amino acids, lipids and other

substances to generate substrates and enter the TCA to

participate in the process of metabolism. On the one hand,

energy metabolism provides energy substances such as ATP

for life activities. On the other hand, energy metabolism also

provides abundant substrates for the biosynthesis of other amino

acids, glucose, nucleic acids and fatty acids (Judge and Dodd,

2020). Oxygen is the final acceptor of oxidative phosphorylation

electrons. Under normoxia, aerobic metabolism is the basis of

mammalian cell metabolism. Under hypoxic conditions, the

utilization of oxygen is limited, the activity of the

mitochondrial electron transport chain is reduced, and the

energy metabolism pathway is converted from oxidative

phosphorylation to glycolysis. Hypoxic also activates the

expression of HIFs, upregulates the expression of glycolytic

enzymes and glucose transport, and downregulates the

expression of mitochondrial enzymes. The cellular energy

state sensor, adenosine phosphate-activated protein kinase

(AMPK), plays an important role in metabolism. Studies have

shown that AMPK can inhibit mTORC1, resulting in a decrease

in the rate of cellular oxygen consumption and intracellular ROS,

and ultimately affect the life activities of cells (Lunt and Vander

Heiden, 2011; Lee et al., 2020).

Research in the last century from total meniscectomy to

partial meniscectomy to meniscus transplantation are milestones

in understanding the anatomical and functional uses of the knee

meniscus and have led to numerous studies of different

treatments. The current prevalent treatment for the repair of

meniscal injuries is to keep the tissue intact as much as possible.

However, in the case of complex or fully traumatic lesions, the

surgeon cannot fully restore the meniscus tissue anatomically

and functionally, so complete repair after meniscal injury

remains a great challenge. At the same time, it also provides a

greater impetus to find new treatment options for delaying the

progression of PTOA (Makris et al., 2011). Numerous in vivo and

in vitro studies have shown that mechanical factors play an

important role in the degeneration of the meniscus, but the

process of mechanosignaling involves complex transitions of

mechanical and biochemical events, and new insights into the

mechanisms of biophysical signaling will hold promise create

new physical or drug therapies to prevent the degeneration of the

meniscus and enhance the repair of damaged meniscus, thereby

delaying the development of PTOA (Rodeo et al., 2020).

In this study, we hypothesized that the meniscus plays a key

role in the progression of PTOA, and explored whether the

meniscus prior to articular cartilage degeneration in the

development of PTOA after ACLT, whether the relationship

between them occurs not only through mechano-mechanical

conduction, but more likely through molecular biological

interaction. To verify whether reversal of meniscal tissue

damage after ACLT can delay or even reverse the occurrence

of PTOA. Therefore, this study aimed to investigate the

relationship between abnormal changes in the meniscus

caused by abnormal mechanosignal transduction after ACLT

and PTOA caused by subsequent articular cartilage injury.

Materials and methods

Materials

The DMEM/F12 used in this experiment was purchased from

Corning (United States), the Australian fetal bovine serum was

come from Gibco (United States), the TRizol reagent was

obtained from Invitrogen (Thermo Fisher Scientific), and the

Evo M-MLV Reverse Transcription Kit ((for qPCR) AG11707)

and SYBR® Green Pro Taq HS Master Mixed qPCR Kit

(AG11701) were shop with Accurate Biotechnology (Hunan)

Co., Ltd. the PCR primer sequences were gained from Sangon

Biotech (Shanghai)Co., Ltd. the mitochondrial membrane

potential detection kit was trade with MedChemExpress

(MCE,United States), and the ATP content detection kit was

shop at Solarbio Technology (Beijing)Co., Ltd. HE staining

solution, Toluidine blue staining powder and safranin O/fast

green staining powder was buy from Sigma (United States), SDS-

PAGE gel rapid preparation kit was attained from Beyotime

Biotechnology (Shanghai)Co., Ltd. rapamycin was acquired from

Shanghai yuanye Bio-Technology Co., Ltd., IL-1β was purchased
from R&D Systems (Bio-Techne), 3-methyladenine (3-MA,

autophagy inhibitor) was produced from TargetMol

(United States), primary antibodies MMP13 (18165-1-AP),

Adamts5 (Ag26730), P-AKT (Phospho-AKT1 (Ser473)),

Beclin 1 (11306-1-AP), LC-3B (18725-1-AP), ULK1 (20986-1-

AP), ATG12 (11264-1-AP), COL1 (66761-1-lg) achieved from

Proteintech Group, COL2 (GB11021) were procured from

Servicebio (China), P-S6K (9208S)/S6K (9202S) were come

from Cell Signaling Technology (CST), P62 (ab109012) was

purchased from Abcam (Shanghai). Sprague Dawley (SD)

rats were purchased from Guangdong Animal Experiment

Center.

The meniscal cell culture and treatment

Meniscal tissue was isolated from rat knee joints under sterile

conditions. By digesting with pronase 2 mg/ml in serum-free

DMEM/F-12 for 1 h at 37°C, followed by collagenase-P 0.25 mg/

ml in DMEM/F-12 with 5% fetal bovine serum Digest overnight.

The viability of detached cells was determined using trypan blue

and cells were counted using a hemocytometer. Monolayer

cultures were established by plating cells in six-well plates at

2 × 106 cells/ml in DMEM/F-12 medium supplemented with

10% fetal bovine serum. The cells were cultured for about

3–5 days, and the medium was changed every 2 days until
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they reached 100% confluence before the experiment was used.

After the cells became confluent, different drug treatments were

added according to different experimental groups: in the control

group (Control) Add 1ul of PBS per ml of medium, IL-1β
group (IL-1β) with 1 ul of 10 ug/ml of IL-1β per ml of medium,

IL-1β+rapamycin group (IL-1β+Rapa) was added with 1ul of

10 ug/ml of IL-1β and 100 mM of rapamycin per ml of

medium.

Western blot

The proteins of each group were collected after 24 h of the

different interventions. Cellular proteins were separated by

SDS polyacrylamide gel electrophoresis and transferred to

nitrocellulose membranes (Millipore). Membranes were

blocked with 5% (wt/vol) nonfat milk diluted in TBST for

1 h at room temperature. Membranes were then incubated

with the corresponding primary antibodies overnight at 4°C.

The primary antibody was then incubated with the

corresponding secondary antibody conjugate for 1 h at

room temperature. The signal was visualized using an

enhanced chemiluminescence kit. Western blot data were

evaluated as follows: In the control and experimental

groups, the gray values of the Western blot bands were

measured by Image-ProPlus 4.5 software. Normalize by

dividing the gray value of each set of proteins of interest by

the gray value of the reference protein.

RT-qPCR

After 24 h of different interventions, the supernatant in

the six-well plate was removed, washed with PBS and then

1 ml of Trizol reagent was added to each well to digest for

5 min according to the instructions, and the mixture was

pipetted into a 1.5 ml non-enzyme EP tube. Put 200 ul of

chloroform into a 1.5 ml non-enzyme EP tube, shake the EP

tube vigorously on a shaker, stand at room temperature for

15 min, and centrifuge at 12,000 rpm at 4°C for 15 min. After

centrifugation, it can be seen that the EP tube is divided into

three layers. Sucked the upper water phase in the EP tube as

much as possible, and moved it to a new EP tube.

Subsequently, add 500 ul of isopropanol with a pipette, and

shake it fully on the shaker. Stand at room temperature for

10 min, and centrifuge at 12,000 rpm at 4°C for 15 min. After

centrifugation, the white precipitate can be seen at the bottom

of the tube, carefully remove the supernatant with a pipette,

and add 750 ul of 80% alcohol to wash the precipitate up,

centrifuge at 10,000 rpm at 4°C for 10 min. After the

centrifugation, remove the supernatant with a pipette, leave

the precipitate, and place it in a ventilated place to air dry. Add

20 ul of RNase-free DEPC water to the tube with a pipette and

dissolve it fully Precipitate. Take 2 ul to measure the RNA

concentration on a UV spectrophotometer. According to the

operating instructions provided by the company, the extracted

RNA was reverse transcribed into cDNA, and real-time

quantitative PCR was performed to detect the expression of

the target gene in each sample. The specific primer sequences

are shown in Supplementary Table S1. The qPCR data were

finally analyzed using the 2-ΔΔCt method.

Mitochondrial membrane potential
detection

After 24 h of different interventions, the dye solution was

prepared in advance according to the product instructions

provided by the company. Remove the supernatant from the

six-well plate, add 1 ml of cell culture medium to each well after

washing with PBS, take JC-1 (200 μM) to room temperature, and

add 10 μl of JC-1 solution to each well of culture medium. Its final

concentration is 2 μM. After mixing gently, incubate at 37°C for

15–20 min. Set the positive control group, take the CCCP

solution (50 mM) to room temperature, add 1 μl to the

culture medium of the positive control wells to a final

concentration of 50 μM, and incubate at 37°C for 5 min after

mixing gently. After incubation at 37°C, the supernatant was

removed and washed twice with PBS (1×). 500 μl of PBS (1×) was

added, and the slides were observed under a fluorescence

microscope.

ATP content detection

After 24 h of different interventions, the cells were first

collected into a centrifuge tube, the supernatant was discarded

after centrifugation, the extract solution was added according to

the number of cells, the cells were disrupted with ultrasonic

waves for 2 min, and centrifuged at 10,000 rpm at 4°C for 10 min.

Aspirate the supernatant into another EP tube, add 500 μl of

chloroform, shake and mix on a shaker, centrifuge at 10,000 rpm

at 4 °C for 3 min, aspirate the supernatant, and put it on ice for

detection. Turn on the UV spectrophotometer and preheat for

more than 30 min, adjust the wavelength to 340 nm, and

normalization with distilled water. Corresponding sample

determination and calculation of ATP content were performed

according to the sample instructions.

Animal experiment

The animal experiments designed by the institute have

been reviewed by the Ethics Committee of Animal

Experiments of Southern Medical University. Twenty-four

Sprague Dawley (SD) male rats aged 12 weeks were
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randomly divided into 4 groups. The Sham group was the rats

whose joint capsule was only opened without ACLT. The right

hind limbs of SD rats in the other groups were shaved and

washed with povidone-iodine. The specific surgical procedure

of ACLT surgery was established according to previous

research (Hayami et al., 2012; Lorenz and Grassel, 2014).

The detailed surgical procedure is presented in

Supplementary Materials (Supplementary Figure S1). Intra-

articular injection of different drugs was performed according

to the grouping situation. Sham group (Sham): intra-articular

injection of 0.02% DMSO solution 200 ul, control group

(Control): intra-articular injection of 0.02% DMSO solution

200ul, rapamycin group (Rapa): intra-articular injection of

10uM rapamycin solution 200ul, rapamycin+3 MA group

(Rapa+3-MA): intra-articular injection of 10uM rapamycin

solution+75 mg/ml 3-MA solution 200ul. According to the

experimental design, the intra-articular injection was

performed twice a week for one month after ACLT, and

the material was collected after continuous medication for

8 weeks. The rats to be sampled were anesthetized with

sodium pentobarbital and then sacrificed by decapitation.

Use scissors to separate the skin of the rat, cut off the

muscles around the joint, cut the femur and tibia, turn the

rat’s knee joint to 120°, place it in a centrifuge tube, and add

10 times the volume of 4% paraformaldehyde to fix the

specimen. It was left to stand for 48 h and then decalcified,

dehydrated, embedded and sliced for subsequent processing.

Histological staining

HE staining and toluidine blue staining were carried out

concerning previous literature reports (Liu et al., 2021; Yan

et al., 2021). In short, for HE staining, select paraffin sections

with clear joint structure, then place them in a 65°C oven for

1 h and then perform a series of dewaxing and hydration

steps. And then nuclei were stained with hematoxylin for

2 min, the excess hematoxylin staining solution was rinsed

with running water, differentiated with the prepared

differentiation solution for 5 s, PBS incubated for 10 s,

stained with eosin for 5 s, rinsed, and then mounted for

observation and filming. The steps of section selection,

baking, dewaxing and hydration for toluidine blue

staining and safranin O/fast green staining are the same as

those for HE staining. The sections after dewaxing and

hydration are cleaned and then soaked with 0.1%

toluidine blue staining solution for 10 min, and the excess

dye solution is washed away. The section can be observed

after the cover step. For safranin O/fast green staining, the

sections were stained with Safranin O staining solution for

5 min, and then stained with Fast Green staining solution for

3 min after washing away the excess dye, and washed again

for observation.

Immunohistochemical staining and
immunofluorescence staining

Immunohistochemical staining and immunofluorescence

staining were carried out regarding previous literature reports

(Liu et al., 2021; Suo et al., 2022). The steps of section

selection, baking, dewaxing and hydration are the same as

those of HE staining. After dewaxing and hydration,

microwave antigen retrieval is performed to better expose

intracellular or extracellular antigens. We use the microwave

repair method. The tissue slices are placed in a microwave

oven at 100°C for 1 min and 30 s until there are more air

bubbles (30%–40%) on the slices. The sections were then

placed at room temperature to cool down, rinsed with PBS,

circled with a special pen for histochemistry, incubated with

hydrogen peroxide for 10 min, rinsed with PBS and blocked

with goat serum for 1 h, and then incubated with the

corresponding primary antibody overnight at 4°C. The next

day, the slices were taken out and equilibrated to room

temperature, rinsed with PBS, and incubated with the

corresponding secondary antibody for 1 h. After rinsing

with PBS, DAB developed color and hematoxylin stained

nuclei. The section can be observed after the sealing

step. Immunofluorescence staining is similar to the above

steps, the main difference is that there is no need to drop

hydrogen peroxide. It should be noted that after adding the

secondary antibody, it should be protected from light, and

DyLight (TM) 488 or Alexa Fluor 647 should be used to

replace the secondary antibody for labeling After staining,

DAPI was added dropwise to stain the nucleus, and pictures

were taken by fluorescence microscope.

Statistical analysis

The data in the article were analyzed by one-way ANOVA,

and quantitative data were expressed as mean ± standard

deviation. SPSS 26.0 software was used for statistical

significance analysis of data, and Graph Pad software was

used for graph visualization, n = 4–6, *p < 0.05, **p < 0.01,

***p < 0.001.

Result

The progression of osteoarthritis was
delayed by rapamycin in anterior cruciate
ligament transection rats

From the results of HE staining (Figure 1A), we can find

that the ratio of hyaline cartilage and calcified cartilage (HC/

CC) on the tibial side is the worst in the Control group, the

ratio is around 0.2, and the ratio of HC/CC in the Rapa+3-
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MA group was close to that of the Control group, and the

ratio was around 0.4. In sharp contrast, we could find that the

ratio of HC/CC was significantly increased in the Rapa

group, and it reached around 2.0. The Sham group had

the highest ratio, reaching around 2.5 (Figure 1E). The

toluidine blue staining results showed the same trend as

the HE staining results (Figures 1B,F). Then we performed

immunofluorescence staining to observe the expression of

FIGURE 1
Histological and immunofluorescence staining of intra-articular injection of rapamycin (A). The result of HE staining (Scale bar: the left panel
was 200 um, the right panel was 25 um) (B). The result of Toluidine blue staining (Scale bar: the left panel was 200 um, the right panel was 25 um) (C).
The immunofluorescence results of Col2 (Scale bar: the left panel was 200 um, the right panel was 25 um) (D). The immunofluorescence results of
MMP13 (Scale bar: the left panel was 200um, the right panel was 25 um) (E). HC/CC ratio under HE staining (F). HC/CC ratio under toluidine blue
staining (G). The statistics of Col2 -positive cells (H). The statistics of MMP13-positive cells. (I). OARSI score in each group.

Frontiers in Cell and Developmental Biology frontiersin.org06

Zhu et al. 10.3389/fcell.2022.971736

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.971736


Col2 and MMP13 on the tibial side. We could find that

Col2 expression in the Control group and the Rapa + 3-MA

group was very low, significantly lower than that in the Rapa

group, while the expression in the Rapa group was slightly

lower than that in the Sham group (Figures 1C,G). In

contrast, we could find that the expression of MMP13 was

higher in the Control group and the Rapa + 3-MA group,

which was significantly higher than that in the Rapa group,

FIGURE 2
The expression of the mTORC1 signaling pathway in the meniscus (A). The expression of S6K and P-S6K in Western blot (B). The
immunohistochemical staining of P-AKT (Scale bar: the left panel was 200 um, the right panel was 25 um) (C). The gray value statistics of P-S6K in
Western blot (D). The statistics of P-AKT-positive cells (E). The immunofluorescence co-staining results of P-S6K and Beclin 1 (Scale bar: 50 um) (F).
The statistics of Beclin 1-positive cells (G). The statistics of P-S6K-positive cells.
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while the expression in the Rapa group was similar to that in

the Sham group (Figures 1D,H). Finally, combined with the

OARSI score of osteoarthritis (Figure 1I; Supplementary

Table S2), we can find that rapamycin can indeed reduce

the expression of cartilage damage-related factor

MMP13, protecting Col2 in cartilage tissue from

FIGURE 3
The expression of autophagy-related signaling pathways in the meniscus (A). The expression of LC-3B, ATG12, P62 and ULK1 in Western Blot
(B). The gray value statistics of LC-3B (C). The gray value statistics of ATG12 (D). The gray value statistics of P62. (E). The gray value statistics of ULK1.
(F) The immunofluorescence staining results of ATG12 (Scale bar: the left panel was 200 um, the right panel was 25 um) (G). The
immunohistochemical staining results of LC-3B (Scale bar: the left panel was 200 um, the right panel was 25 um) (H). The immunofluorescence
staining results of P62 (Scale bar: the left panel was 200um, the right panel was 25 um) (I). The statistics of ATG12-positive cells (J). The statistics of
LC-3B-positive cells (K). The statistics of P62-positive cells.
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catabolism factor-induced degradation, thereby delaying the

progression of PTOA in ACLT rats.

The mTORC1 signaling pathway was
inhibited in the meniscus

To investigate whether rapamycin can affect the

mTORC1 signaling pathway in the meniscus, we used western

blot to verify the expression of S6K and P-S6K in each group. We

found that rapamycin can significantly inhibit the expression of P-S6K

in meniscal cells. Phosphorylation of ribosomal protein S6K is one of

the key steps in the activation of the mTORC1 signaling pathway.

Inhibiting the expression of P-S6K indicates that rapamycin can well

inhibit mTORC1 activity inmeniscal cells (Figures 2A,C). Further, we

used immunohistochemical staining to verify the expression of

P-AKT in the meniscus tissue. We could find that the expression

of P-AKTwas higher in both the Sham group and the Control group,

which was significantly higher than in the Rapa group and the

Rapa+3-MA group. As another key molecule in the

mTORC1 signaling pathway, the decreased expression of P-AKT

indicating that intra-articular injection of rapamycin can also

effectively inhibit the mTORC1 signaling pathway in meniscus

tissue (Figures 2B,D). Finally, we performed an

FIGURE 4
Energy metabolism and the expression of apoptosis-related factors in meniscal cells (A). The result of Mitochondrial membrane potential
staining (Scale bar: 50 um) (B). The red/green fluorescence ratio of mitochondrial membrane potential staining results (C). The statistics of ATP
content detection (D). The statistics of RT-qPCR detection results.
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immunofluorescence co-staining on the expression of P-S6K and

Beclin 1 in the meniscus tissue, and we could find the expression of

P-S6K in the Control group and the Rapa+3-MA group higher than

the Sham group and the Rapa group, in which the expression was the

lowest in the Rapa group. Interestingly, the expression of Beclin 1 was

opposite to that of P-S6K, and the expression of Beclin 1 in the

Control group and the Rapa+3-MA group was much lower than that

in the Sham group and the Rapa group, where Expression was highest

in the Rapa group (Figures 2E,F,G).

Autophagy-related signaling pathway was
activated in the meniscus

Western blotting verified the expression of LC-3B,

ATG12, P62 and ULK1 in each group of cells, we could

find that rapamycin could significantly promote the

expression of LC-3B, ATG12, P62, and ULK1. LC-3B,

ATG12, P62 and ULK1 are key components of autophagy-

related signaling pathways and promoting the expression of

LC-3B, ATG12, P62, and ULK1 indicate that rapamycin can

well promote autophagy-related signaling pathways in

meniscal cells (Figures 3A–E). Then we used

immunofluorescence staining and immunohistochemical

staining to observe the expression of ATG12 (Figures

3F,I), LC-3B (Figures 3G,J), and P62 (Figures 3H,K) in the

meniscus tissue respectively, and we could find that the

expressions of ATG12, LC-3B, and P62 in the Sham group

and the Rapa groups were significantly higher than those in

the Control group and the Rapa + 3-MA group, and the

expression in the Rapa + 3-MA group was the lowest. As

important components of autophagy-related signaling

pathways, the elevated expressions of ATG12, LC-3B and

P62 indicated that intra-articular injection of rapamycin

could well promote autophagy-related signaling pathways

in meniscus tissue.

FIGURE 5
The protective effect of rapamycin on the meniscus extracellular matrix. (A) The expression of MMP13, Col1, and Col2 in Western Blot (B). The
gray value statistics of MMP13 (C). The gray value statistics of Col1 (D). The gray value statistics of Col2 (E). The result of safranin O/fast green staining
(Scale bar: the left panel was 200 um, the right panel was 25 um) (F). The immunofluorescence staining results of MMP13 (Scale bar: the left panel
was 200 um, the right panel was 25 um) (G). The statistics of MMP13-positive cells.
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Energy metabolism was enhanced in the
meniscus and its apoptosis was inhibited

After rapamycin inhibits the mTORC1 signaling pathway

and activates the autophagy-related signaling pathway in the

meniscus, we further detected the changes in mitochondrial

membrane potential in each group of cells with the

mitochondrial membrane potential detection kit. Compared

with the Control group, the IL-1β group can significantly

reduce the mitochondrial membrane potential in meniscal

cells, while rapamycin can rescue and increase the

mitochondrial membrane potential in meniscal cells (Figures

4A,B). In addition, we also used an ATP content detection kit to

detect the ATP content in themeniscus cells of the corresponding

groups, we also found the same situation with the mitochondrial

membrane potential: the ATP content can be significantly

reduced in meniscal cells in IL-1β group compared with the

Control group, which can be rescued by rapamycin to increase

the content of ATP inmeniscus cells (Figure 4C). Finally, we used

RT-qPCR experiments to detect apoptosis-related factors such as

BCL- XL, BCL-2, BAD, and BAX at the transcriptional level. We

can find that the IL-1β group can simultaneously increase the

expression of anti-apoptotic factors BCL-XL, BCL-2, pro-

apoptotic factors BAD and BAX compared with the Control

group. But the expression level of BCL-XL increased more

obviously in the IL-1β+Rapa group, and it also decreased the

FIGURE 6
Influence of the meniscus on articular cartilage during the development of PTOA (A). The immunofluorescence staining results of MMP13 in
1 week, 2 and 3 weeks after ACLT surgery (Scale bar: the left panel was 100 um, the middle and the right panel was 25 um). (B) The statistics of
MMP13-positive cells in tibia (C). The statistics of MMP13-positive cells in meniscus (D). The expression of Adamts5 and MMP13 in Western Blot (E).
The gray value statistics of Adamts5 (F) The gray value statistics of MMP13.
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expression of pro-apoptotic factors BAD and BAX (Figure 4D).

Therefore, rapamycin inhibits the mTORC1 signaling pathway

and activating the autophagy-related signaling pathway, it can

increase the mitochondrial membrane potential and the ATP

content in the meniscus cells affected by the inflammatory factor

IL-1β, thereby reducing apoptosis of meniscus cells.

The extracellular matrix damage of the
meniscus was reduced

At the cellular level, we detected the expression of MMP13,

Col1 and Col2 in each experimental group by Western Blot. In

contrast, IL-1β could significantly increase the expression of

MMP13 in meniscal cells, resulting in a decrease in the

expression of Col1 and Col2. Rapamycin can reduce the

increased expression of MMP13 caused by IL-1β in meniscal

cells, thereby protecting Col1 in meniscal cells from degradation,

but it has little effect on the protection of Col2 in meniscal cells

(Figures 5A–D). Then we used safranin O/fast green staining to

observe the meniscus tissue. We found that the cartilage

components in the meniscus of the Sham group were the

most intact, followed by the Rapa group. However, the most

of the cartilage components in the Control group and

Rapa+3 MA group were destroyed (Figure 5E). We also used

immunofluorescence staining to observe the MMP13 in the

meniscus tissue. We found that the expression of MMP13 in

the Rapa group was significantly lower than that of the Control

group and Rapa+3 MA in vivo, and was similar to the Sham

group (Figures 5F,G). Therefore, unlike articular cartilage, we

believe that rapamycin protects meniscal cells by protecting

Col1 from degradation by MMP13.

Meniscus damage prior to articular
cartilage in anterior cruciate ligament
transection rats

During clinical arthroscopic surgery, we often found that

meniscal tissue always has morphological changes prior to

articular cartilage in patients with only ACLT (Supplementary

Figure S2). To find out whether the damage to the meniscus prior

to the articular cartilage in the development of PTOA, and

whether the meniscus not only affects the articular cartilage

from a biomechanical perspective but also interacts with the

articular cartilage from a biochemical perspective, we designed

an animal experiment, samples were collected at 1 week, 2 and

3 weeks after ACLTmodeling in SD rats for immunofluorescence

staining and the expression of MMP13 in the meniscus and

articular cartilage was observed. We can find that MMP13 has

been abundantly expressed on the meniscus tissue at 1 week,

while the expression in the tibial articular cartilage is little at this

time. As time progresses, MMP13 is increased expression in the

tibial articular cartilage at 2 and 3 weeks, while the expression of

MMP13 in themeniscus tissue has been in a high expression state

(Figures 6A–C). To study the effect of meniscus injury on

articular cartilage, we then designed a cell co-culture

experiment, using IL-1β to directly stimulate chondrocytes

and IL-1β to stimulate meniscal cells and then use meniscus

culture supernatant (MCS) culture chondrocytes. The expression

of MMP13 and Adamts5 in chondrocytes was observed. We

found that chondrocytes in the MCS could significantly reduce

the expression of MMP13 and Adamts5 induced by IL-1β and

this effect can be enhanced by rapamycin (Figures 6D–F).

Combined with the above experimental results, we found that

in the development of PTOA after ACLT, the damage of

meniscus tissue will take prior to articular cartilage. The

meniscus tissue is not only a biomechanical mediator of

articular cartilage damage influenced by IL-1β, and

biochemically, the meniscus tissue will protect the articular

cartilage to a certain extent by endocrine protective factors.

Conclusion

OA is the most prevalent chronic deforming joint disease.

Progressive painful osteoarthritis can lead to severe joint

dysfunction that increases the risk of all-cause mortality. Age,

gender, mechanical stress and genetic factors are considered to be

risk factors for the development of OA. Further understanding of

the relevant molecular mechanisms is crucial for exploring new

therapeutic strategies in the OA process. The pathogenesis of OA

is multifactorial and mutually regulated by several signaling

pathways, which in turn promote the development of OA

(Rezus et al., 2021). Recent studies have reported that

increased inflammatory factors such as IL-1β, TNF-α, and IL-

6 in OA cartilage contribute to the pathogenesis of OA, which

leads to the occurrence of OA disease. Accumulating evidence

suggests that IL-1β, one of the important inflammatory

cytokines, accelerates chondrocyte catabolism by increasing

ECM degradation by upregulating MMPs. Overproduction of

cytokines and growth factors has been shown to play an

important role in the pathophysiology of OA. In addition,

inflammatory factors such as IL-1β and TNF-α have been

shown to contribute to chondrocyte mitochondrial

dysfunction and associated apoptosis. The IL-1 family of

cytokines is a key regulator of infectious or sterile

inflammatory responses. Inflammatory IL-1β, the most

important cytokine, is directly involved in the production of

multiple inflammatory mediators (such as TNF-α, IL-6, and
MMPs), disrupting the balance of ECM metabolism. The

expression of IL-1β in normal human serum is low, whereas

local production of IL-1β in OA cartilage induces further

downstream mediators, which then play a regulatory role in

multiple pathological processes of OA. There is some compelling

evidence that the inflammation-related changes in OA cartilage
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are due to the activation of NF-κB signaling in chondrocytes

(Lepetsos et al., 2019; Zhao et al., 2019; Li et al., 2020; Liao et al.,

2020). Therefore, inhibiting these inflammatory mediators or

disrupting inflammatory pathways, and reducing inflammation-

related apoptosis may be effective in the treatment of OA.

The meniscus plays an important role in knee load

transmission, shock absorption, and mechanical stability,

biomechanical functions that protect articular cartilage from

degeneration and damage (Cavanaugh, 2014; Bryceland et al.,

2017). Although articular cartilage degeneration is the main

pathogenesis of OA, meniscal degeneration often accompanies

the occurrence and development of OA, and there is more literal

support that the meniscus is already damaged in the early stage of

OA (Favero et al., 2019). Meniscal injury has become a significant

risk factor for OA, and knee meniscus injury and degeneration

are closely related to the development of OA. More than 75% of

OA patients also suffer from meniscal lesions. 50% of patients

with meniscal damage also develop PTOA within 10–20 years

(Xu et al., 2021). Although the exact pathogenic process of

meniscal degeneration is unknown. Injury or destruction of

the meniscus disrupts biomechanical and biochemical

properties and is associated with cell death, abnormal cell

activation and differentiation (Englund et al., 2009). The

meniscal injury also disrupts tissue homeostasis, leading to

progressive articular cartilage extracellular matrix (ECM)

degeneration, which ultimately manifests as OA throughout

the joint (Park et al., 2021).

Autophagy is an important cellular homeostasis mechanism

that supports normal cellular function and survival under stress-

induced conditions. This catabolic process regulates energy and

nutrition by removing damaged or dysfunctional proteins and

organelles (Glick et al., 2010). Excessive accumulation of

dysfunctional proteins and damaged organelles can be found

by the defects of autophagy, ultimately leading to cell death.

Aging increases susceptibility to defects in autophagy, which

have been implicated in many pathogenic processes, including

cancer and neurodegeneration (Levine and Kroemer, 2019;

Klionsky et al., 2021). In OA, autophagy defects in articular

cartilage are associated with cartilage degeneration. In articular

cartilage tissue, resident chondrocytes cannot be replenished

through the vasculature, so autophagy is essential for

maintaining cellular and tissue homeostasis (Musumeci et al.,

2015; Duan et al., 2020). In humans and mice, the expression of

autophagy proteins ATG-5 and LC-3B in articular cartilage both

decreased with age. These changes were accompanied by a

decrease in cell numbers and an increase in apoptotic cell

death as well as degradation of the ECM and development of

OA (Xue et al., 2017; Wang et al., 2020). When DMM-modeled

mice were treated with rapamycin, a pharmacological activator of

autophagy, the cellular identity of chondrocytes was preserved,

preventing more severe damage and degeneration of articular

cartilage. Taken together, these findings suggest that articular

chondrocyte autophagy plays an important role in joint aging

and the development of OA (Zhang et al., 2015; Meckes et al.,

2017). Autophagy may also play a role in meniscal injury and

degeneration, and PTOA following meniscal injury. However,

little is known about the role of autophagy in meniscus health,

injury, and degeneration, and the pathogenesis of PTOA

following meniscal injury is rarely reported.

In the process of cellular energy metabolism, ATP is not only

an important energy storage material but also a direct energy

supply material. When the tissue cells of the body carry out

various functional activities, the direct source of energy is the

stored energy in ATP (Hargreaves and Spriet, 2018). In addition

to ATP, there is another energy storage compound containing

high-energy phosphate bonds in the body, namely creatine

phosphate (CP). When the energy generated by the

decomposition of substances in the body increases and the

concentration of ATP formed increases, ATP will transfer the

high-energy phosphate bond to creatine to generate CP to store

the energy. On the contrary, when the energy consumption of

tissue cells increases and the ATP concentration decreases, The

stored energy is then transferred to adenosine diphosphate

(ADP) to generate new ATP. Therefore, CP is often regarded

as a reservoir of ATP (Loike et al., 1979; Strumia et al., 2012).

From the perspective of the entire process of energy metabolism,

the synthesis and decomposition of ATP is the key link in the

conversion and utilization of cellular energy in the body (Manna

et al., 2020). Whenmeniscal cells are stimulated by inflammatory

factors such as IL-1β, TNF-α, etc., the energy metabolism of

meniscus cells and the relationship between the changes in

energy metabolism and PTOA have not been reported.

Through our research, we found that rapamycin can inhibit

the phosphorylation of S6K and AKT in the meniscus, thereby

inhibiting the activation of the mTORC1 signaling pathway in

the meniscus. The increased expression of autophagy-related

molecules such as LC-3B, ATG12, P62, and ULK1 further

reduces the expression of MMP13 in the meniscus, and

protects the main component of the meniscus tissue.

Subsequently, rapamycin rescued the decreased energy

production of meniscal cells by the inflammatory factor IL-1β,
inhibiting meniscal cell apoptosis. We also found that the

meniscus expresses a greater amount of MMP13 before the

articular cartilage in the development of PTOA, which means

that the damage of the meniscus prior to the articular cartilage in

the development of PTOA. After the injury, protective cytokines

are produced to a certain extent to protect articular cartilage from

damage, thereby delaying the progression of PTOA in ACLT rats.

It is worth mentioning that this study still has its

shortcomings. The first is that the cytokines released by the

meniscus tissue during the transduction process of abnormal

mechanical signals need to be further studied. The second is the

impaired autophagy mediated by the activated

mTORC1 signaling pathway during abnormal transduction

can accelerate the cartilage damage caused by the abnormal

meniscus, which is only one of the signaling pathways in the
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mechanical signal transduction process, and other related

signaling pathways need to be further studied. Finally, the

new treatment strategies needs to be innovated after the

meniscus is damaged, to better prevent the deformation of the

meniscus and the occurrence and development of PTOA.

In conclusion, this study illustrates the role between the

meniscus and articular cartilage in mediating the effects of

PTOA. On the one hand, the results of experiments in vitro

show that rapamycin can activate autophagy-related

signaling pathways by inhibiting the mTORC1 signaling

pathway in meniscal cells, thereby protecting the

extracellular matrix components of the meniscus,

promoting energy production and inhibiting apoptosis of

meniscal cells. On the other hand, experimental results in

vivo show that rapamycin can activate autophagy-related

signaling pathways by inhibiting the mTORC1 signaling

pathway in the meniscus tissue to protect the extracellular

matrix components of the meniscus, thereby delaying the

occurrence and development PTOA caused by secondary

articular cartilage damage. Therefore, the regulation of

autophagy mediated by the mTORC1 signaling pathway in

meniscus tissue can delay the secondary cartilage damage

caused by meniscal abnormalities. Enhancing autophagy and

energy metabolism in the meniscus will be expected as a new

therapeutic approach to prevent meniscal degeneration and

promoting meniscus repair, thereby delaying the occurrence

of PTOA.
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