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Abstract: Objectives: Osteoarthritis (OA) is the most common joint disease in the world. Among the many risk fac-
tors for OA, aging is one of the most critical factors. The treatment with senop-associated secretory phenotype 
(SASP) is one of the important, promising anti-aging strategies at present. Pterostilbene (PTE) is a trans-stilbene 
compound with anti-tumor, anti-oxidation, anti-inflammatory, and anti-aging pharmacologic activities. The purpose 
of this study is to explore the therapeutic effects of PTE on articular chondrocyte senescence and OA and its re-
lated mechanisms. Methods: Male Sprague-Dawley rats were operated on with transection of the anterior cruciate 
ligament (ACLT) and a destabilized medial meniscus (DMM) surgery to establish the OA model and then injected 
intraperitoneally with PTE (20 mg/kg) for 5 weeks. Finally, rats were sacrificed and knee joints were collected for 
histologic analysis. Rat chondrocytes were stimulated with interleukin-1β (IL-1β) with or without PTE treatment. The 
therapeutic effects of PTE and related mechanisms were investigated by examining and analyzing relative markers 
through senescence-associated β-galactosidase (SA-β-Gal) assay, cell cycle, qRT-PCR, western blot, bioinformatic 
analysis, immunofluorescence, and molecular modeling. Results: With in vivo experiments, PTE can significantly 
reduce the Mankin scores and OARSI scores of the knee joint in ACLT+DMM OA model rats and reduce the interleu-
kin-6 (IL-6) level in the knee lavage fluid. Immunohistochemical staining showed that compared to the OA group, the 
PTE treatment group had significantly increased expression of collagen type II in articular cartilage, and significantly 
decreased matrix metalloproteinase 13 (MMP-13) and IL-6, the main SASP proteins, and had expression of p16 and 
p21, markers of aging in chondrocytes. In vitro, PTE reduced the ratio of SA-β-Gal positive chondrocytes and G0-G1 
phase chondrocytes in IL-1β-induced rat chondrocytes. PTE significantly inhibited the expression of MMP-13, IL-6, 
thrombospondin motif 5 (ADAMTS5), p16, and p21, and significantly increased the expression of collagen type II. 
Bioassay and subsequent western blot showed that PTE significantly inhibited the activation of PI3K/AKT and NF-κB 
signaling pathways. The results of molecular docking experiments showed that PTE could bind closely to the sites 
of PI3K protein, thereby inhibiting the phosphorylation of PI3K. Conclusions: The experimental results indicate that 
PTE plays an anti-chondrocyte senescence role in the treatment of OA by inhibiting the PI3K/AKT/NF-κB signaling 
pathway and reducing expression of SASP.
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Introduction

Osteoarthritis (OA) is the most common de- 
generative joint disorder worldwide, affecting 
about 80% of people over the age of 65 [1].  
OA is the leading cause of disability in the elder-
ly. OA is expected to become the leading cause 
of disability in humans by 2030 [2]. The loss 
and degeneration of cartilage are the basic 

pathologic changes of osteoarthritis, but the 
occurrence and progression of OA involve ar- 
ticular cartilage, synovial tissue, subchondral 
bone, and other articular tissues, as well as 
complex molecular mechanisms, bringing di- 
fficulties in the treatment of OA [3]. Many di- 
fferent drugs are used to treat the pain of  
OA, but none can stop the progression of the 
disease.

http://www.ajtr.org
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OA can be classified as primary or secondary 
(secondary to trauma, congenital or acquir- 
ed joint structural abnormalities, etc.). OA is 
caused by a variety of risk factors, among which 
an increase in age has the most prominent 
influence [4]. With the improvement in living 
and health conditions, the average life ex- 
pectancy of humans is increasing year by  
year, and China has an aging society. In the 
past few decades, the incidence of OA, one of 
the age-related diseases, has also increased. 
Cell senescence is one of the signs of aging. 
Senescent cells cease cell division and relea- 
se senescence-related secretory phenotype 
(SASP), which leads to inflammation and senes-
cence of other cells and damage to issue re- 
generation, leading to the onset and progres-
sion of OA [5]. Targeted therapy of cell aging 
has gradually become a hot topic in OA treat-
ment in recent years [6].

Long thought of as wear and tear disease, OA is 
now considered a low-grade inflammatory dis-
ease that involves all tissues inside the joint. 
These pathologic processes include low-level 
inflammation, significant changes in molecular 
mechanisms, and the decline of immune sys-
tem function with aging, and these processes 
are collectively known as inflammaging [7]. This 
aseptic inflammation triggers cell senescence, 
causes irreversible cell cycle arrest, and causes 
significant phenotypic changes such as the pro-
duction of biologically active secretory compo-
nents, known as senescence associated se- 
cretory phenotype (SASP). SASP can spread 
senescence from cell to cell in paracrine form, 
thus intensifying the pro-senescence effect of 
senescent cells. SASP secreted by senescent 
chondrocytes will lead to an imbalance of artic-
ular cartilage synthesis and catabolism and 
eventually lead to structural dysfunction. This 
process can be enhanced by oxidative stress, 
mitochondrial dysfunction, genomic damage, 
or other stressors that induce aging.

SASP is regulated at multiple levels, including 
transcription, translation, mRNA stability, and 
secretion. The SASP level also depends on pos-
itive feedback loops that are autocrine and 
paracrine, resulting in a cascade amplification 
effect. Studies have shown that multiple signal-
ing pathways including DNA damage response 
(DDR), P38 MAP kinase, and cGAS/STING are 
involved in the regulation of SASP. These cas-

cades ultimately focus on the activation of 
NF-κB and CCAAT/enhancer binding protein-β 
(C/EBPβ) [8]. During the occurrence and devel-
opment of OA, a complex signaling pathway 
network mediates pathologic events in chon-
drocytes, in which NF-κB plays a key role in 
many pathophysiologic processes of OA and is 
considered one of the therapeutic targets in OA 
[9, 10]. NF-κB also plays a key regulatory role in 
the secretion and expression of SASP [11]. 
NF-κB is activated and enriched in the chroma-
tin portion of senescent cells and regulates 
SASP expression by directly controlling the tran-
scription of important inflammatory SASP regu-
lators such as IL-6 or IL-8. In turn, key SASP fac-
tors act in an autocrine precursor loop that 
enhances NF-κB activity and amplifies SASP 
signaling.

Basic and clinical research on anti-aging thera-
py have advanced in recent years. Although 
drugs that selectively kill senescent cells 
(known as “senolytics”) are an attractive app- 
roach for anti-aging therapy, regulatory thera-
pies targeting SASP are emerging as another 
important option for therapeutic strategies tar-
geting aging-related diseases [12]. SASP is 
closely related to aging and aging-related dis-
eases. Inflammaging is the pathologic basis of 
many aging-related diseases [13]. SASP can 
explain, at least to a certain extent, local in- 
flammatory changes in tissues during aging, 
and OA is no exception, as a typical aging-relat-
ed disease.

At present, no drug can prevent the onset and 
progression of OA, so it is an urgent task to find 
disease-modifying drugs (DMOADs) to reverse 
OA [14]. Natural extracts have unique advan-
tages such as being anti-inflammatory, antioxi-
dant, and showing low drug toxicity and good 
tolerance [15, 16]. These are increasingly fa- 
vored by researchers and clinicians [17]. Recent 
studies have found that natural extracts play a 
significant role in the treatment of OA [18-21].

Pterostilbene (PTE) is a trans-stilbene com-
pound. In nature, PTE is widely distributed. 
Because it was originally found in red sandal-
wood, it was named pterostilbene. It has a vari-
ety of biologic activities such as antioxidant, 
anti-tumor, hyperemia, and bacteriostasis [22]. 
PTE has rarely been studied in the treatment of 
OA, especially its effect on cartilage aging.
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In this study, we aimed to examine the thera-
peutic effects of pterostilbene on articular 
chondrocyte senescence and OA in vivo and 
used in vitro experiments to explore the role of 
NF-κB and its upstream and downstream path-
ways in the above therapeutic effects of PTE.

Materials and methods

Animals 

Male Sprague-Dawley rats were obtained from 
HFK Bioscience Co. Ltd. (Beijing, China). Rats 
were housed in cages with a 12 h light-dark 
cycle, 70% humidity, and 20-25°C ambient 
temperature. All rats were acclimated for 1 
week to adapt to laboratory conditions before 
experimental procedures. Experiments involv-
ing animals should follow the appropriate insti-
tution or the National Research Council Guide 
for the care and use of laboratory animals. All 
animal experiments were performed following 
the principles of the Animal Ethics Committee 
of Shengjing Hospital of China Medical Uni- 
versity (2017PS237K, Shenyang, China).  

OA model and PTE treatment

As previously mentioned, OA was surgically 
induced in the right knee by transection of the 
anterior cruciate ligament (ACLT) and destabili-
zation of the medial meniscus (DMM) [23]. 18 
Male Sprague-Dawley (SD) rats (5-weeks-old, 
188 ± 5 g) were divided into three groups (n = 
6): CG, OA (ACLT+DMM), OA+PTE. The general 
procedure was as follows: the rats were first 
anesthetized after intraperitoneal pentobarbi-
tal sodium injection (40 mg/kg) and subse-
quent surgery was performed; then we used 
microsurgical scissors to cut the ACL and the 
connection of the medial meniscus to the tibial 
plateau. In the control group, only the right 
knee arthrotomy was performed, excluding the 
surgery of ACLT+DMM. 

PTE (20 mg/kg) was intraperitoneally injected 
into OA+PTE (20 mg/kg) every 3 days from the 
3rd day after the surgical modeling, and the 
drug injection lasted for 5 weeks. The CG group 
and OA group were injected with equal amounts 
of DMSO and sterile saline. 

Enzyme-linked immunosorbent assay (ELISA) 
of intra-articular lavage fluid

IL-6 levels in the knee intra-articular lavage 
fluid were determined using ELISA kits (E-EL-

R0015C; Elabscience; Wuhan, China) following 
the manufacturer’s instructions. Then, the con-
tent of protein in intra-articular lavage fluid was 
measured to ensure that the ratio of dilution 
was equal.

Histologic and immunohistochemical assess-
ment 

Rat knee joint samples were fixed in 4% formal-
dehyde for 1 week and decalcified with 20% 
ethylenediaminetetraacetic acid disodium salt 
(EDTA-2Na) (pH 7.0) solution for 3 weeks. The 
solution of EDTA-2Na was changed every 3 
days. Decalcified samples were dehydrated in 
graded ethanol, transparentized in dimethyl-
benzene, and embedded in paraffin. Serial 
5-μm sagittal sections were collected for his- 
tologic examination. Sections were deparaf-
finized in xylene and graded alcohol. Serial sec-
tions were stained with hematoxylin-eosin and 
toluidine blue to observe cartilage tissue for 
immunohistochemical analysis. Enzymatic anti-
gen retrieval reagent was applied to the sec-
tions for 30 min at 37°C. Then, the sections 
were incubated in 3% H2O2 for 30 min at 37°C 
to inhibit endogenous peroxidases. Sections 
were blocked with goat serum for 30 min at 
room temperature and incubated overnight 
with rabbit primary antibodies against collagen 
type II (1:100; ab34712, Abcam, USA), MMP-13 
(1:100; ab39012, Abcam, USA), IL-6 (1:100; 
A0286, Abclonal, China), p16 (1:50; A0262, 
ABclonal, China) and p21 (27296-1-Ap, Pro- 
teintech, China) at 4°C. Negative control histo-
chemical sections were used PBS instead of 
primary antibody. Sections were washed three 
times with PBS and incubated with horseradish 
peroxidase-conjugated anti-rabbit secondary 
antibody for 30 min at 37°C. Finally, the sec-
tions were stained with a DAB kit (Zhongshan 
Golden Bridge Biotechnology, China). Images 
were collected with an Olympus BX53 micro-
scope. The degree of OA was evaluated by  
two investigators in a blinded manner following 
Mankin scores and Osteoarthritis Research 
Society International (OARSI) scores. Image-pro 
Plus 6.0 software was used for statistical anal-
ysis of immunohistochemical images.

Isolation, culture, and identification of primary 
rat chondrocytes 

Primary chondrocytes were obtained from the 
knee cartilage of male SD rats (4-weeks-old). 
Cartilage tissue was collected and trimmed to 
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1 mm3 in sterile phosphate buffer saline (PBS). 
Pronase (4 mg/ml; Roche, Switzerland) and col-
lagenase (1.6 mg/ml; Roche, Switzerland) were 
diluted using serum-free Dulbecco’s Modified 
Eagle Medium/F12 (1:1) (Gibco, USA). Cartilage 
pieces were first digested with pronase for 2 h 
at 37°C, cyclically followed by collagenase at 
37°C with moderate shaking. Each cycle of col-
lagenase digestion lasted for 40 min. After 
each digestion cycle, cell suspensions were 
carefully collected, and centrifuged at 800 rpm 
for 5 min to separate the cells and collagenase 
solution. The collagenase solution (i.e. the 
supernatant) was collected and mixed with the 
remaining cartilage pieces for the next diges-
tion cycle. Normally, the collagenase digestion 
lasted for 6 cycles. The collected cells were 
resuspended and cultured in DMEM/F12 (1:1) 
supplemented with 10% fetal bovine serum 
(FB15015, Clark, China), as well as 1% penicil-
lin and streptomycin (Hyclone, USA), at 37°C in 
a 5% CO2 incubator. The medium was changed 
the day after isolation, to remove any dead or 
unattached cells. Fresh medium was added 
every 3 days. Cells were passaged in a 1:3 ratio 
after reaching 70%-80% confluence. After 2 
passages, the cells were used for experiments. 
Collagen type II immunofluorescence was used 
to identify chondrocytes.

Cell viability and cytoxicity assays (MTS)

Cytotoxicity test of PTE was performed using 
the MTS method according to the instructions 
(Abcam, ab197010, USA). The absorbance va- 
lue was read at 492 nm after incubation at 5% 
CO2 and 37°C for 1 h.

Treatment with IL-1β and PTE 

Cell group A: control group (CG); B: IL-1β; C: 
IL-1β+10 μmol/L PTE; D: IL-1β+20 μmol/L PTE. 
In vitro chondrocyte senescence was induc- 
ed by 24-h IL-1β (MCE, HY-P7097, USA) stimula-
tion of normal chondrocytes. The simulated 
inflammatory OA environment under the treat-
ment of IL-1β can also induce chondrocyte 
senescence.

Senescence-associated β-galactosidase (SA-β-
Gal) assay

The SA-β-Gal activity was measured using a 
staining assay (Beyotime, Jiangsu, China) ac- 
cording to the manufacturer’s protocols. The 

percentage of SA-β-Gal-positive cells from 
three random fields was quantified. 

Flow cytometric cell cycle analysis 

After modeling, chondrocytes in each experi-
mental group were washed once with PBS and 
centrifuged at 1500 rpm for 5 min. Cell concen-
tration was adjusted to 1×106/ml, and 1 ml of 
single-cell suspension was taken. After centrif-
ugation, the prepared single cell suspension 
was removed from the supernatant, and the 
cells were fixed with 500 μl 70% precooled eth-
anol at 4°C for 2 h. Suspension was washed 
with PBS before staining. 100 μl RNaseA so- 
lution was added to the cell precipitate, placed 
in a water bath at 37°C for 30 min, and then 
cells were suspended again. 400 μl PI staining 
solution was added, mixed well, and incubated 
at 4°C for 30 min away from light. Finally, the 
cell cycle of chondrocytes in each group was 
detected by computer, and red fluorescence  
at the excitation wavelength of 488 nm was 
recorded.

qRT-PCR 

Total RNA from chondrocytes was extracted 
with RNA isolater Total RNA Extraction Reagent 
Isolater (TRIzol method, st-795s; beyotime, 
China). cDNA was reverse transcribed using 
Hiscript II Q RT Supermix from 1 μg total RNA. 
Then, qPCR was performed and relative expres-
sion was calculated using the 2-ΔΔCT method. 
The primer sequences used for PCR were listed 
below: β-Actin (F): 5’-CACCCGCG AGTACAACCT- 
TC-3’, (R): 3’-CCACACTACCACCCATACCC-5’; col-
lagen type II (F): 5’-CACTGTAAGAACAGCA TTG- 
CCTAC-3’, (R): 3’-TGAGGTCTTCTGTGATCGGTAC- 
TC-5’; MMP-13 (F): 5’-ACAGTTGACAGGCTCCG- 
AGAAATG-3’, (R): 3’-CCACATCAGGCACT CCACAT- 
CTTG-5’; IL-6 (F): 5’-GCCACTGCCTTCCCTACT- 
TC-3’, (R): 3’-GCCATTGCACA ACTCTTTTCTC-5’; 
p16 (F): 5’-CAAGAGCGGGGACATCAAGACATC-3’, 
(R): 3’-CACAAAGACCACCCAG CGGAAC-5’; p21 
(F): 5’-TAGAACAGTAGACACGAAACAGGC-3’, (R): 
3’-TCCCATCTTT GCTCATCTTTTC-5’. 

Western blot 

Cells were lysed in radioimmunoprecipitation 
assay buffer (RIPA) buffer (Beyotime, China) 
containing 1 mM phenylmethylsulphonyl fluo-
ride (PMSF) (Beyotime, China) and phospha-
tase inhibitor (Beyotime, China). Lysates were 
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centrifuged at 14,000×g for 5 min at 4°C and 
the supernatants were collected. Protein con-
centration was measured using the bicincho-
ninic acid assay (BCA Protein Assay Kit, Be- 
yotime, China) following the manufacturer’s 
instructions. Then, 20 mg of protein, from each 
lysate, was separated using SDS-PAGE and 
transferred to a polyvinylidene difluoride (PV- 
DF) membrane. The PVDF membranes were 
blocked with 5% non-fat milk for 2 h at room 
temperature and incubated with rabbit poly-
clonal anti-β-actin (1:1000; WL01372; Wanlei, 
China), GAPDH (1:1000; 60004-1-Ig; Protein- 
tech, China), rabbit polyclonal anti-collagen 
type II (1:1000; ab34712, Abcam, USA), rabbit 
polyclonal anti-MMP-13 (1:3000; ab39012; 
Abcam, USA), rabbit polyclonal anti-ADAMTS-5 
(1:1000; ab41037; Abcam, USA), rabbit poly-
clonal anti-IL-6 (1:3000; A0286; Abclonal, 
China), rabbit polyclonal anti-p16 (1:3000; 
A0262; Abclonal, China), rabbit polyclonal anti-
p21 (1:3000; 27296-1-Ap; Proteintech, China), 
rabbit polyclonal anti-NF-κB p65 (1:3000; 
A2547; ABclonal, China), rabbit polyclonal anti-
p-p65 (1:3000; 3033; CST, USA), rabbit poly-
clonal anti-PI3K (1:3000; ab 278545; Abcam, 
USA), rabbit polyclonal anti-p-PI3K (1:3000; 
AF3241; Affinity, China), rabbit polyclonal anti-
AKT (1:1000; WL0003; Wanlei, China), rabbit 
polyclonal anti-p-AKT (1:1000; WLP001; Wan- 
lei, China), rabbit polyclonal anti-IκBα (1:1000; 
WL01936; Wanlei, China), rabbit polyclonal 
anti-p-IκBα (1:1000; WL01936; Wanlei, China) 
antibodies at 4°C overnight. The Antibodies 
had been diluted with tris-buffered saline con-
taining Tween-20 (TBST). After three 10-min 
washes with TBST, the membranes were incu-
bated with horseradish peroxidase-conjugated 
anti-rabbit secondary antibodies (1:10000; 
Zhongshan Golden Bridge, Beijing, China), After 
three washes with TBST, membranes were ana-
lyzed via chemiluminescence (Wanlei, China) in 
an Amersham imager 600 (GE, USA) and quan-
tified using Image J (Ver 1.47, National Institutes 
of Health, USA). β-actin and GAPDH were used 
as internal control. 

Bioinformatic analysis 

Four data sets, GSE55235 (platform file: 
GPL96, containing 10 normal bone and joint 
samples and 10 OA samples), GSE55584 (plat-
form file: GPL570, containing 6 OA samples), 
were downloaded from the NCBI-Geo website 
(home-GED-NCBI (nih.gov). GSE82107 (plat-

form file is GPL570, which contains 7 normal 
bone and joint samples and 10 OA samples). 
The “LIMMA” and “SVA” packages in R (4.0.3) 
are used for data collation and batch correc-
tion. We conducted screening for differentially 
expressed genes and related signaling path-
ways in OA and aging pathology. C-map, LINCS, 
CLUE and CPDB libraries were used to predict 
the mechanism of PTE’s therapeutic role in OA. 
The size of each point indicates the number of 
gene entities in the pathway. The line between 
the two points was calculated based on the 
function of the two pathways to indicate the 
number of genes in the overlapping pathways. 
The width of the line indicates the strength of 
the correlation between the two points.

Analysis of immunofluorescence 

The chondrocytes were rinsed with PBST and 
treated with 4% paraformaldehyde for 20 min-
utes. After fixation, we washed with PBST three 
times for 1 min each. Then 0.5% Triton X-100 
was added to break the cell membrane for 10 
min. Next, chondrocytes were blocked with 
10% goat serum and incubated with primary 
antibodies against collagen type II (1:300) and 
NF-κB p65 (1:50) at 4°C overnight. The next 
day, a fluorescent secondary antibody (1:1000) 
was added and incubated for 30 min in a dark 
environment. Finally, DAPI staining was carried 
out at room temperature for 5 min, and PBST 
was added and cleaned three times for 1 min 
each. After all the operations were completed, 
the tablets were sealed with liquid and stored 
at -20°C. The images were collected under a 
fluorescence microscope.

Molecular modeling 

First, we mapped the molecular structure of DE 
using ChemBioDraw and used ChemBio3D to 
minimize its energy. According to the needs of 
current molecular docking experiments, we 
downloaded the corresponding PI3K (PDB code 
5IS5) from the PDB website (https://www.rcsb.
org/). After being treated by PyMoL (version 
1.7.6), the lowest energy conformations for 
docking were decided by default values. When 
the molecular structure of DE and PI3K required 
for docking analysis was ready, subsequent 
molecular docking was started. The docking 
analysis was performed by AutoDockTools (ver-
sion 1.5.6). The eventual pictures of 3D views 
were performed using the PyMoL.
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Statistical analysis 

All experimental data were repeated 3 times, 
expressed as mean ± standard deviation. SPSS 
and GraphPad Prism software were used for 
the statistical analysis of data. Shapiro-Wilk 
and Levene tests were used to verify whether 
the data conformed to normal distribution and 
homogeneity of variance. If the data were con-
sistent, one-way ANOVA was used. If the data 
did not meet the normal distribution, the rank 
sum test was used. For data comparison, P < 
0.05 was considered significant (*: P < 0.05, 
**: P < 0.01, ***: P < 0.001, ****: P < 0.0001).

Results

Histopathologic evaluation of knee joints of 
rats in each group

In the control group (CG), the surface of knee 
cartilage was intact without cartilage damage. 
In ACLT+DMM induced OA model group, the  
surface of articular cartilage was uneven and 
toluidine blue staining was uneven. PTE show- 
ed a good therapeutic effect on OA. Mankin 
scores and OARSI scores of knee joints of rats 
in each group showed that after 6 weeks of 
ACLT+DMM modeling, the knee joints of rats 
showed signs of mid-early osteoarthritis, while 
after PTE treatment, the Mankin scores and 
OARSI scores of knee joints of rats decreased 
significantly (Figure 1).

Immunohistochemical results of knee cartilage 
of rats in each group

Compared to the CG group, chondrocytes with 
positive expression of collagen type II (COL2) 
were significantly decreased in the OA group, 
and the chondrocytes with positive expression 
of MMP-13 and IL-6 were significantly increas- 
ed. The positive expression of two major mark-
ers of aging, p16 and p21, also increased sig-
nificantly. Compared to the OA group, chondro-
cytes expressing collagen type II (COL2) were 
increased in the OA+PTE group, while the num-
ber of MMP-13 and IL-6 positive chondrocytes 
was significantly decreased. Chondrocytes wi- 
th positive expression of senescence related 
markers p16 and p21 were also significantly 
reduced (Figure 2). The correlation between 
aging markers and OA severity in rats showed 
that the rate of chondrocytes with p16 and p21 
positive expression was significantly positively 

correlated with Mankin scores and OARSI 
scores (Figure S1).

ELISA detection of joint cavity lavage fluid

Compared to the CG group, IL-6 content in knee 
lavage fluid of ACLT+DMM rats 6 weeks after 
modeling was significantly increased. At the 
same time, the level of IL-6 in knee lavage fluid 
in OA+PTE group was significantly lower than 
that in OA group (Figure 2G).

Identification of primary chondrocytes in rats

The primary chondrocytes extracted from the 
articular cartilage of the rat knee joint were 
observed under a confocal microscope in 
polygonal shape (Figure 3A) and gradually 
changed into a long spindle shape after pass-
ing for 3 generations at a ratio of 1:5. Due to 
the need to maintain chondrocyte consistency 
to control variables, chondrocytes less than the 
second generation were used for follow-up 
experiments in this study.

MTS assay 

The effects of PTE (Figure 3E) at 5 concentra-
tion gradients (10, 20, 40, 60, 80 μmol/L) on 
the cell viability of rat chondrocytes were de- 
tected in MTS experiment (24 h, 48 h), and the 
results showed that there was no significant 
difference in the cell viability of chondrocytes in 
each group compared with the blank group. 
Finally, 10 μmol/L and 20 μmol/L (24 h) were 
selected as drug concentrations for subse-
quent experiments (Figure 3B).

SA-β-Gal staining

Compared with the control group, IL-1β (10 ng/
mL) could induce chondrocyte senescence sig-
nificantly, and the ratio of SA-β-Gal staining 
positive cells was significantly increased. PTE 
significantly reduced the ratio of SA-β-Gal po- 
sitive chondrocytes in a concentration-depen-
dent manner, and the effect of 20 μmol/L PTE 
was significant compared to 10 μmol/L (Figure 
3C, 3D).

Cell cycle

Cell cycle test results (Figure 4) showed that 
inflammatory induction of IL-1β (10 ng/mL) sig-
nificantly increased the proportion of chondro-
cytes in G0-G1 phase compared with the con-
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trol group, leading to cell cycle arrest, a hall-
mark of senescent cells. However, the propor-
tion of G0-G1 cells in the two PTE treatment 
groups was significantly reduced, indicating 
that PTE treatment reduced the degree of chon-
drocyte cycle arrest, reflecting a decrease in 
cell senescence.

qRT-PCR 

PCR was used to verify the therapeutic effect of 
PTE. Results showed that IL-1β significantly 
increased the expression of MMP-13, IL-6, P16 

and P21, and significantly decreased the ex- 
pression of type II collagen (COL2), which could 
be inhibited by PTE, with significant differences 
(Figure 5).

Western blot

Western Blot results (Figure 6) showed that 10 
ng/mL IL-1β significantly induced inflammatory 
response of chondrocytes, specifically, signifi-
cantly increased the expression of ADAMTS-5, 
MMP-13 and IL-6, and decreased the expres-
sion of type II collagen. IL-1β induced chondro-

Figure 1. A. Time axis of rat modeling and PTE administration. B. The results of H&E and toluidine blue staining in 
pathologic examination of knee joints of rats in each group. C. The results showed that Mankin score and OARSI 
score were significantly increased after ACLT+DMM modeling, which induced the occurrence of osteoarthritis in the 
middle and early stage of the knee in rats, while PTE could significantly reduce OA severity scores. *: P < 0.05, **: 
P < 0.01, ***: P < 0.001, ****: P < 0.0001.



Pterostilbene ameliorates osteoarthritis through PI3K/AKT/NF-κB axis

5250 Am J Transl Res 2022;14(8):5243-5262

Figure 2. A. Immunohistochemical results on knee joints of rats in each group. B-F. The results showed that the 
expression of type II collagen (COL2) decreased after ACLT+DMM modeling, while the expression levels of MMP-13 
and IL-6 positive cells increased, and the expression levels of p16 and P21 positive cells also significantly increased. 
After the application of PTE, the expression of type II collagen was increased, and the expression levels of MMP-13, 
IL-6, P16, and P21 positive cells were also significantly decreased. These results indicate that PTE has anti-inflam-
matory and anti-aging effects in OA model rats. G. Elisa *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001.
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Figure 3. A. The chondrocytes were identified by immunofluorescence staining of type II collagen. Under a confocal microscope, the extracted cells were polygons 
with strong fluorescence signal of type II collagen, so the extracted cells were identified as chondrocytes. B. MTS cell viability test (24 h, 48 h). C. SA-β-Gal staining 
(ratio: 100×). Group A: CG; B; Il-1 β (10 ng/ mL); C: IL-1β+PTE (10 μmol/L); D: IL-1β+PTE (20 μmol/L). D. The blue staining results of SA-β-Gal staining showed senes-
cent chondrocytes, and IL-1β could significantly induce senescence of chondrocytes. PTE decreased the ratio of SA-β-Gal positive cells, and 20 μmol/L PTE inhibited 
chondrocyte senescence significantly compared with 10 μmol/L PTE. E. Molecular structure of PTE. *: P < 0.05, **: P < 0.01, ***: P < 0.001.
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Figure 4. A, B. Cell cycle results, group A: CG; B; Il-1 β (10 ng/ mL); C: IL-1β+PTE (10 μmol/L); D: IL-1β+PTE (20 μmol/L), the experimental results were repeated 
three times. The proportion of G0-G1 chondrocytes in group B (IL-1β group) was significantly increased, while G0-G1 chondrocytes in PTE group were significantly 
decreased. *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001.
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cyte senescence, and the expression of senes-
cence markers P16 and P21 increased signifi-
cantly. These pro-inflammatory and pro-aging 
effects of IL-1β could be inhibited by PTE, and 
the anti-inflammatory and anti-aging effects of 
20 μmol/L PTE were more significant than 
those of 10 μmol/L PTE.

Western blot showed (Figure 7) that IL-1β sig-
nificantly activated PI3K/AKT and NF-κB signal-
ing pathway, and the ratio of P-PI3K/PI3K, 
P-Akt/AKT, P-P65/P65 and the expression of 
P-I κBα were significantly increased compared 
with the control group in the subsequent study 
on mechanism. However, PTE at 10 μmol/L and 
20 μmol/L significantly inhibited the activation 
of PI3K/AKT and NF-κB signaling pathways.

Bioinformatic analysis 

We obtained 27 normal tissue microarray 
results and 36 OA tissue microarray sequenc-
ing results. The results of differential analysis 
were obtained by using “GGplot2” package, 
“Limma” package and “Pheatmap” package in 
R, and the volcano map and heatmap were 
plotted (logFC > 1, P < 0.05 as screening condi-
tions). A total of 219 differential genes were 

obtained. We further use the “Clusterprofiler”, 
“enrichPlot”, “org.hs.eg.db” and “GGploT2” 
packages for GO and KEGG enrichment analy-
sis and to plot bar and bubble charts. At the 
same time, differential genes were introduced 
into Metascape for GO and KEGG enrichment 
and protein interaction network mapping. The 
results showed that NF-κB signaling pathway 
plays an important role in OA, and NF-κB also 
regulates SASP expression and plays a key  
role in the pathological process of aging. 
Differentially expressed MMP-13 and IL-6 in OA 
are also important members of SASP and are 
regulated by NF-κB. The PI3K/AKT signaling 
pathway, which also plays an important role in 
OA, was shown to be an upstream signaling 
pathway of NF-κB in bioassay results. We used 
C-map, LINCS, CLUE and CPDB libraries to pre-
dict the mechanism of PTE’s anti-inflammatory 
effect on aging in OA. The network showed a 
correlation between NF-κB signaling, aging and 
autophagy. Pathway analysis of Kyoto gene and 
KEGG also showed that NF-κB pathway is 
involved in the regulation of cell senescence 
and is an important pathway in cell senes-
cence. CELLULAR SENESCENCE was searched 
through KEGG PATHWAY database (Genome.
JP), and the results also showed that NF-κB 

Figure 5. A-E. mRNA changes of genes related to inflammation and aging induced by IL-1β inflammation. Data are 
shown as the mean ± standard deviation, n = 3; A: CG. B: IL-1 beta; C: IL-1β+PTE (10 μmol/L); D: IL-1β+PTE (20 
μmol/L). *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001.
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pathway was involved in regulating cell senes-
cence (Figure S2).

Immunofluorescence

We used immunofluorescence to investigate 
the nuclear translocation of NF-κB P65 in chon-
drocytes in response to IL-1β-induced inflam-
mation. As shown in Figures 3 and 4, most P65 
is present in the cytoplasm of the control group 
and is shown to be nucleonuclear after IL-1β 
inflammatory stimulation. PTE blocks this ex- 
pression and retransfers P65 to chondrocyte 
cytoplasm. These results suggest that PTE 
plays an anti-inflammatory and anti-aging role 
by inhibiting nuclear NF-κB P65 translocation 
(Figure 8A).

Molecular docking

Whether PTE directly interacts with PI3K, an 
upstream protein of the PI3K/AKT/NF-κB path-
way, was determined by molecular docking 
technique. Ten different conformations can be 

obtained from one docking result. The confor-
mation with the minimum binding energy 
(Binding energy = -6.89 kcal/mol) was selected 
as the optimal binding conformation. In the fig-
ure, the macro and local effects of the interac-
tion between PTE and PI3K protein residues 
are represented by the Ribbon model. The spa-
tial filling model visually displays the spatial 
position of PTE combined with PI3K (Figure 
8B). Through the analysis of molecular docking 
studies, we found that there were important 
hydrogen bonds in the molecular structure of 
PTE bound to the amino acid residues of PI3K 
(Glu-628, ASP-584, ARG-389). Thus, PTE can 
inhibit SASP expression by regulating PI3K/
AKT/NF-κB signaling axis and play an anti-
inflammatory and anti-aging role in OA treat-
ment (Figure 9).

Discussion

In this study, using in vivo experiments, we per-
formed transection of the anterior cruciate liga-
ment and destabilization of the medial menis-

Figure 6. A-I. Western blot was used to detect the protein expression levels of type II collagen (COL2), ADAMTS-5, 
MMP-13, IL-6, P16 and P21. Data are shown as the mean ± standard deviation, n = 3. *: P < 0.05, **: P < 0.01, 
***: P < 0.001.
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cus in SD rats to induce an animal model of 
knee osteoarthritis. This OA model is simple, 
safe, and reliable in actual operation [24]. No 

antibiotics were used after the operation, and 
no complications such as incision infection, 
poor healing, or even postoperative death 

Figure 7. A-G. The expression of related proteins in PI3K/AKT/NF-κB signaling pathway was detected by western 
blot. IL-1β significantly activated PI3K/AKT/NF-κB signaling pathway, while PTE inhibited the activation of PI3K/
AKT/NF-κB signaling pathway. Data are shown as the mean ± standard deviation, n = 3. *: P < 0.05, **: P < 0.01, 
***: P < 0.001, ****: P < 0.0001.

Figure 8. A. Immunofluorescence showed that IL-1β inflammation induced nuclear inward migration of P65, and 
p65 was re-transferred to chondrocyte cytoplasm under PTE. These results suggest that PTE can play an anti-
inflammatory and anti-aging role by inhibiting nuclear translocation of P65. Group A: CG; B; IL-1β (10 ng/ mL); C: 
IL-1β+PTE (10 μmol/L); D: IL-1β+PTE (20 μmol/L). B. Molecular docking results showed that PTE could stably bind 
to the amino acid residues of PI3K (Glu-628, ASP-584, ARG-389) and play a role in inhibiting the activation of PI3K, 
with a binding energy of -6.89 kcal/mol.
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occurred. The use of ACLT+DMM in rats and 
mice to induce knee OA is now a common 
method in animal experimental studies of 
osteoarthritis [25]. This modeling method well 
simulates the pathophysiologic characteristics 
of human OA and is widely used in studies on 
the pathogenesis and drug efficacy of OA [26]. 
According to previous literature reports, this 
surgical method can induce knee OA 4 weeks 
after modeling in mice, and moderate to severe 
OA 8 weeks later [27]. In this study, 6 weeks 
after the rat model was established, the articu-
lar cartilage of the knee joint of rats in the OA 
group showed the manifestations of early 
osteoarthritis, and the immunohistochemical 
results showed the expressions of type II colla-
gen and MMP-13 were significantly increased. 
The Mankin scores and OARSI scores in the OA 
group were significantly higher than those of 
the control group. The scoring system for carti-
lage degeneration proposed by Mankin et al. 
has been applied for more than 40 years and is 
the most commonly used histologic scoring 
system in OA research. The OARSI scoring sys-
tem, however, was proposed in 2006. OARSI 
scoring is characterized by being able to identi-
fy differential changes in early or mild OA [28]. 
Previous studies have confirmed a good cor- 
relation between the Mankin scoring system 
and the OARSI scoring system. After PTE treat-
ment, OA severity in knee cartilage was signifi-
cantly reduced after ACLT+DMM modeling, and 

Mankin and OARSI histological scores were sig-
nificantly reduced, indicating that PTE has ther-
apeutic value for OA.

We used IL-1β to induce rat chondrocytes to 
simulate the OA inflammatory model. Il-1 β is a 
commonly used drug to simulate the inflamma-
tory environment of osteoarthritis in vitro stud-
ies and is considered to be a key regulator of 
cartilage catabolic metabolism [29]. The IL-1 
superfamily consists of 11 members, including 
7 receptor agonists (IL-1α, IL-1β, IL-18, IL-33, 
IL-36 IL-1α, IL-36β, and IL-36γ). Three of these 
had antagonistic activity (IL-1RA, IL-36RA and 
IL-38) and one anti-inflammatory cytokine (IL-
37). IL-1β, first discovered in the IL-1 superfam-
ily, is one of the most important cytokines pro-
moting inflammation and catabolic metabolism 
in the pathophysiology of OA. It plays a signifi-
cant catabolic role in cartilage by increasing the 
expression and activity of key matrix-degrading 
enzymes. In addition, IL-1β reduces the synthe-
sis of key extracellular cartilage matrix compo-
nents, such as type II collagen and proteogly-
cans [30]. IL-1β can also induce chondrocyte 
senescence [31].

In this study, IL-1β increased the ratio of SA-β-
Gal positive cells in chondrocytes and induced 
chondrocyte senescence in vitro. Inflammatory 
induction of IL-1β also significantly increased 
the proportion of G0-G1 phase cells in chondro-
cytes, leading to cell cycle arrest, a landmark 

Figure 9. Mechanism of PTE against chondrocyte senescence and OA.
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event of senescent cells. Western blot was 
used to detect the expression of MMP-13, 
ADAMTS-5, and cartilage degradation enzy- 
mes in the inflammatory model group signifi-
cantly increased, while the expression of type II 
collagen significantly decreased. IL-1β also 
increased the expression of other markers of 
aging, such as IL-6, p16 and p21. After PTE  
was applied, the pro-inflammatory and pro-
aging effect of IL-1β was significantly inhibited, 
the proportion of G0-G1 chondrocytes was sig-
nificantly decreased, and the expression of 
various aging markers was also significantly 
decreased. The inhibition and treatment effect 
of PTE on the pathologic process of chondro-
cyte inflammation and aging was consistent 
with results of the animal experiments.

Senescence related β-galactosidase (SA-β-Gal) 
is one of the first described biomarkers. This 
lysosomal enzyme can be detected by histo-
chemical staining in most senescent cells, but 
not in non-senescent, quiescent, and immortal-
ized cells. The expression of SA-β-Gal in the 
articular cartilage of knee OA is closely related 
to the severity of the disease [32].

One of the main characteristics of senescent 
cells is that they undergo continuous cell cycle 
arrest [33]. Unlike quiescent cells, senescent 
cells are not sensitive to mitotic or growth fac-
tor stimulation and cannot re-enter the cell 
cycle even under favorable growth conditions. 
Senescent cells also differ from terminally dif-
ferentiated cells, although terminally differenti-
ated cells are also irreversibly removed from 
the cell cycle. Terminal differentiation is a de- 
fined cell development process that converts 
undifferentiated precursor cells into special-
ized effector cells, but cell senescence is pri-
marily a response to cellular stress. The cell 
cycle is divided into early (G1), S, late (G2) and 
M stages of DNA synthesis. The regulation of 
the cell cycle is mainly realized by the arrest of 
the G1 phase, in which the concept of G0 phase 
cells came into being. The phase G0 refers to 
the state of cell stagnation. G0 phase cells 
break away from the cell cycle and stop cell 
division, but can enter the cell cycle again 
under certain conditions of stimulation. Cell 
senescence, as a protective mechanism, is 
characterized by permanent arrest of growth, 
cell cycle stagnation in G1 phase, in order to 
maintain homeostasis and avoid the transmis-

sion of abnormal genes to the next generation 
of cells. Therefore, researchers use the ratio of 
G0 phase to G1 phase as an indicator to iden-
tify the degree of cell senescence and the 
effect of anti-aging treatment [34].

Cellular senescence is a continuous state of 
cell cycle arrest caused by various stimuli. 
Senescent chondrocytes are similar in mecha-
nism to other senescent cells, and the key 
pathways involved in chondrocyte senescence 
are p16/Rb and p53/p21 pathways. p16 and 
p21, two cyclin-dependent kinase inhibitors, 
are components of tumor suppressor signaling 
pathways regulated by RB and p53 and accu-
mulate in senescent cells. Because the expres-
sion of p16 and p21 is closely associated with 
aging-related cell cycle arrest, they are used as 
markers to identify senescent cells in tissues 
and cells in culture. The up-regulation of p16 by 
various stress responses inhibits the expres-
sion of cyclin-dependent kinases (CDKs), reduc-
es the phosphorylation and inactivation of reti-
noblastoma protein (pRB), and ultimately leads 
to cell cycle arrest and senescence. In addition, 
p16 plays an important role in cell cycle regula-
tion by slowing down the process from G1 
phase to S phase. p21 is another CDK inhibitor 
and a major target of p53. Expression of p21 
activates p53, which leads to cell growth arrest 
or apoptosis. The expression of p16 can also 
reflect the effect of anti-aging therapy with 
removal of senescent chondrocytes on OA [35]. 
p16 is thought to be more involved in the main-
tenance of aging phenotypes, while p21 is key 
to the establishment of aging [36, 37]. The 
expression of p16 and p21 in articular cartilage 
samples of OA patients increased significantly 
compared with that of healthy controls, indicat-
ing the increase of senescent chondrocytes in 
OA articular cartilage [38]. Other studies have 
found that SA-β-Gal activity is positively corre-
lated with p16 expression. These two markers 
were both higher in OA damaged cartilage, sug-
gesting a correlation between aging chondro-
cytes and OA [39].

Therefore, Gorgoulis et al. proposed the strate-
gy of combining cytoplasmic markers (such as 
SA-β-Gal), nuclear markers (such as p16, p21), 
SASP, and other markers to detect senescent 
cells [40], which has important guiding signifi-
cance for the identification of senescent chon-
drocytes and other senescent cells.
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The loss of normal function due to aging is 
related to age-related diseases and tissue 
degeneration [41]. Aging is a key risk factor for 
OA, but the clear mechanism of aging and  
OA development is not completely clear [42]. 
Aging is one of the research hotspots in OA in 
recent years [43]. Cellular senescence is one 
aspect of senescence [44]. Senescent cells 
accumulate in senescent tissues and lead to 
the pathologic process of senescence and  
age-related diseases through various mecha-
nisms [45]. Although senescent cells have 
stopped cell division, they still have a metabolic 
function and can secrete a series of SASP. Su- 
ch as pro-inflammatory cytokines and chemo-
kines, growth factors and matrix metallopro-
teinases (MMPs), etc. SASP is an important 
part of this study. SASP has many physiologic 
functions, such as promoting wound healing, 
increasing tissue plasticity, and promoting con-
tinuous chronic inflammation (known as inflam-
maging) [46]. The SASP can be considered the 
“soul” of aging because its secretion is highly 
active and can change its composition over 
time. According to the secretion phase, SASP 
can be divided into early and late SASP. Early 
SASP is beneficial to the body and can repair 
damaged tissues by recruiting immune cells 
(such as macrophages and lymphocytes). At 
the same time, SASP can stimulate the prolif-
eration and differentiation of adjacent cells to 
restore the internal stability of tissues. However, 
if senescent cells cannot be cleared in time  
and accumulate too much, they will transform 
into late SASP, which will form a chronic pro-
inflammatory microenvironment and promote 
the emergence of various pathologic states 
[47]. In recent studies, SASP has  been divided 
into three categories. The first category is the 
classical SASP. The second type is newly 
emerged SASP, whose members are extracel-
lular vesicles (EVs), which is called evSASP. The 
third type is non-classical SASP, including IL-1 
receptor (IL-1R), IL-1α [48]. At present, the clas-
sic SASP has been more studied. The inflamma-
tory cytokines that can initiate the cascade 
reaction of cartilage matrix degradation in the 
progression of OA are also SASP factors, among 
which MMP-13 is the SASP factor expressed  
by senescent cells in joints that can play a 
major role. Il-6 is also one of the most critical 
members of SASP. In our study, inflammation 
induced a significant increase in SASP, which 
promoted the aging process of chondrocytes, 

accompanied by an increase in senescence 
related markers. 

Bioassay results showed that PI3K/AKT is an 
upstream signaling pathway that regulates 
NF-κB, and both of them play important roles in 
OA. We examined the effects of IL-1β and PTE 
on the PI3K/AKT/NF-κB signaling pathway, and 
the expressions of PI3K, P-PI3K, AKT and P-Akt 
were detected by western blot. The results 
showed that IL-1β significantly activated the 
PI3K/AKT signaling pathway and subsequently 
activated NF-κB. Phosphorylation of PI3K, AKT, 
and NF-κB P65 was significantly enhanced, and 
nuclear inward migration occurred in P65, while 
PTE significantly attenuated these effects of 
IL-1β on chondrocytes. We then used molecular 
docking techniques to discover the correspond-
ing sites where PTE binds to the amino acid 
residues of PI3K. All these indicate that PTE 
can act on the PI3K/AKT/NF-κB signaling path-
way to inhibit SASP, and then inhibit inflamma-
tory aging and treat OA.

NF-κB was discovered in 1986 as a transcrip-
tion factor specifically binding to the immuno-
globulin κ light chain gene enhancer region. 
Originally thought to be a functional regulator of 
B cell differentiation, it was later found to be a 
rapid transcription factor prevalent in eukary-
otic cells. NF-κB regulates more than 150 
genes, including those involved in physiologic 
processes such as immunity and inflammation, 
apoptosis, and cell proliferation. The NF-κB sig-
naling pathway positively regulates genes en- 
coding cytokines such as TNF-α, IL-1β, IL-6, IL-2, 
and IL-12, and plays an important role in inflam-
matory responses. A large number of studies 
have shown that the NF-κB signal in chondro-
cytes plays a key role in controlling cartilage 
homeostasis and is closely related to the occur-
rence and development of OA [49, 50].

Under normal conditions, NF-κB dimer exists  
in the cytoplasm by binding with IκBα. In 
response to inflammatory stimulation of IL-1β, 
phosphorylated IκBα is degraded by protease, 
resulting in phosphorylation of P65 and sub- 
sequent migration of the NF-κB complex into 
the nucleus. NF-κB activates pro-inflammatory 
cytokines, resulting in decreased expression of 
chondrocyte-specific genes (collagen type II, 
connexin, etc.) and increased expression of 
MMPs (MMP-1, MMP-3, MMP-13), cytokines (IL-
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6, IL-8) and chemokines. In addition, NF-κB pro-
duction increased with the aging of articular 
chondrocytes induced by IL-1β stimulation. 
These negative effects of IL-1β were significant-
ly inhibited by PTE, suggesting that PTE has a 
protective effect on chondrocytes in the simu-
lated OA environment.

The PI3K/AKT signaling pathway upstream  
of NF-κB is composed of phosphatidylinositol 
3-kinase (PI3K) and protein kinase B (PKB, al- 
so known as AKT). PI3K/AKT is an important 
and very complex signaling pathway that has 
been identified to impact more than 150 pro-
teins. The activated PI3K/AKT signaling path-
way phosphorylates tyrosine residues and pro-
vides an anchor site for PI3K binding to mem-
branes that participate in many kinds of extra-
cellular matrix and cytokine signaling. This sig-
naling pathway has many important cell biologi-
cal functions, such as regulating cell vitality, 
cell senescence and death. PI3K/AKT activates 
NF-κB by affecting its upstream IkB kinase. 
Therefore, activated PI3K and AKT participate 
in NF-κB P65 phosphorylation and nuclear 
translocation, promoting the production of in- 
flammatory mediators. The PI3K/AKT signaling 
pathway is crucial for maintaining healthy 
homeostasis of joints and is closely related to 
the pathogenesis of OA [51].

Western blot analysis showed that PTE inhibit-
ed PI3K phosphorylation and decreased AKT 
phosphorylation, thereby decreasing the activi-
ty of NF-κB signaling pathway. We used molecu-
lar docking in order to understand how PTE 
interacts with PI3K protein. Molecular docking 
analysis is often used to explore the interac-
tions between molecules [52]. Docking analy-
sis showed that PTE could stably attach to the 
PI3K inhibitory binding pocket with high affinity 
through interaction with amino acid residues 
(Glu-628, ASP-584, ARG-389). In other words, 
PTE occupies the binding site and inhibits phos-
phorylation of PI3K, thereby inhibiting the ac- 
tivation of AKT and its downstream NF-κB sig-
naling pathway. Of course, there may be other 
mechanisms that have not yet been explored 
for the therapeutic effect of PTE on OA. Current 
results suggest that PTE can inhibit the activa-
tion of PI3K/AKT/NF-κB signaling pathway by 
blocking PI3K phosphorylation, and then inhibit 
the secretion of SASP, thus playing an anti-
aging role in OA.

PTE has shown good application prospects and 
efficacy in the treatment of tumors, diabetes, 
fatty liver and other diseases [53]. Meanwhile, 
the role of PTE in prolonging lifespan and anti-
aging is gradually attracting people’s attention 
[22]. Xue et al. [54] found that PTE can reduce 
cartilage degeneration in OA knee model rats 
and inhibit IL-1β-induced chondrocyte inflam-
mation and ROS production by activating Nrf2 
signaling pathway, which is consistent with our 
research results. As a natural extract, PTE may 
play a therapeutic role in OA through multiple 
signaling pathways in chondrocytes. An inhibi-
tion experiment of the signaling pathway may 
better reveal the effect of PTE on inflammation 
and aging. Further studies on the exact mecha-
nism of PTE and clinical trials are needed, and 
it may take some time to realize the ultimate 
application of natural extracts like PTE in clini-
cal OA patients. At the same time, it should be 
recognized that osteoarthritis is a complex dis-
ease involving multiple tissues of the joint, 
involving multiple biological and mechanical 
factors, and requires comprehensive treat-
ment. As shown in the experiments in vivo, the 
application of PTE alone can reduce the sever-
ity of OA in model rats, but PTE cannot reverse 
the condition of OA in rats due to the persis-
tence of knee mechanical instability caused by 
ACLT and DMM. Aging is a key factor in the 
pathogenesis of OA. It is believed that anti-
aging treatment will become an important part 
of the comprehensive treatment of OA.

Through in vivo experiments, we used intraperi-
toneal injection of rats, which has the advan-
tage of simple administration and less stimula-
tion to experimental animals. Intra-articular 
injection may achieve greater efficacy by tar-
geting avascular cartilage and chondrocytes 
[55], but requires the operation of anesthetized 
animals and carries a risk of iatrogenic articu-
lar cartilage injury. Since the existence of dense 
cartilage matrix filled with negatively charged 
proteoglycan and the rapid metabolism of artic-
ular fluid will affect the effect of injecting drugs 
like PTE into the articular cavity, we will contin-
ue to explore appropriate delivery methods of 
PTE in the future, such as using positively 
charged drug carriers [56, 57]. Since some 
SASP members also play important regulatory 
roles in many other cellular pathways, adverse 
effects on other physiologic functions should 
also be considered in SASP inhibition therapy 
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to minimize side effects while maximizing ther-
apeutic efficacy.

Conclusion

In vivo experiments proved that aging markers 
were associated with the severity of OA, and 
PTE could reduce the expression levels of OA 
inflammation and aging markers, and reduce 
the severity of OA in knee joints of rats. PTE can 
also reduce the senescence degree of chondro-
cytes in IL-β-induced inflammatory OA model 
using in vitro cell experiments. PTE plays a role 
in the treatment of OA by inhibiting PI3K/AKT/
NF-κB signaling pathway and reducing the 
expression of SASP.
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Figure S1. Correlation analysis of the ratio of positive cells for aging markers p16 and p21 with Mankin scores and 
OARSI scores showed that there was a significant positive correlation between them.
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Figure S2. Bioinformatics analysis results showed the potential mechanism of PTE in the treatment of OA: regulat-
ing the PI3K/AKT/NF-κB signaling pathway axis inhibits the expression of SASP and plays an anti-inflammatory and 
anti-aging role in the treatment of OA.


