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Tuina therapy alleviates knee
osteoarthritis by modulating
PI3K/AKT/mTOR-mediated
autophagy: an integrated
machine learning and

in vivo rat study
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Background: Previous studies suggest that Tuina therapy may alleviate knee
osteoarthritis (KOA) by modulating the PI3K/AKT/mTOR signaling pathway and
autophagy. However, these findings require validation. This study investigated
the effect of Tuina monotherapy and Tuina therapy in combination with either a
PIZK/AKT/mTOR pathway inhibitor or agonist to investigate whether Tuina
therapy alleviates KOA progression by targeting a PI3K/AKT/mTOR pathway to
regulate chondrocyte autophagy.

Methods: A KOA rat model was established by intra-articular injection of L-
cysteine-activated papain solution into the right knee. Rats were randomized to
seven groups: Control, Model, LY294002 (PIZK/AKT/mTOR inhibitor), 740 Y-P
(PIZK/AKT/mTOR agonist), Tuina, Tuina+LY294002, and Tuina+740 Y-P. The
paw withdrawal threshold, knee swelling, and passive range of motion were used
as behavioral outcomes. Cartilage degeneration was evaluated using
hematoxylin and eosin and Safranin O-Fast Green staining. Chondrocyte
ultrastructure and autophagy were observed using transmission electron
microscopy. mMRNA and protein expression of the PI3K/AKT/mTOR pathway
and its downstream biomarkers were quantified using quantitative real-time
polymerase chain reaction (RT-gPCR), immunohistochemistry, and western
blotting. A secondary analysis was conducted using a support vector machine
(SVM) algorithm to predict therapeutic effects and synergistic correlations
between indicators.

Results: Tuina reduced pain and improved function in KOA model rats, reduced
cartilage and chondrocyte damage, increased the cartilage area, and reduced the
level of autophagy. Tuina downregulated ATG5, ATG7, ULKZ, Beclin-1, LC3Il/l and
upregulated PI3K, AKT, mTOR, and P62 in cartilage. Compared with the Tuina
monotherapy group, the Tuina+LY294002 group had greater pain, joint
dysfunction, cartilage degeneration, reduced cartilage area, elevated

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1635818/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1635818/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1635818/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1635818/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1635818/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1635818/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1635818&domain=pdf&date_stamp=2025-10-01
mailto:15036065036@163.com
https://doi.org/10.3389/fimmu.2025.1635818
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1635818
https://www.frontiersin.org/journals/immunology

Wang et al.

10.3389/fimmu.2025.1635818

autophagy, and reduced PIZK/AKT/mTOR pathway activity, whereas Tuina+740
Y-P had the opposite effect. Machine learning validation through SVM achieved
97.62% predictive accuracy. Autophagy was strongly correlated with the PI3K/
AKT/mTOR signaling pathway, cartilage degeneration, and behavioral
assessment. 740 Y-P enhanced the effect of Tuina therapy, whereas LY294002
attenuated its effect.

Conclusion: Tuina therapy mitigates cartilage degradation and delays KOA
progression by activating the PI3K/AKT/mTOR pathway to inhibit chondrocyte
autophagy. This study provides insights into the mechanisms through which
Tuina exerts its therapeutic effect and highlights its potential as a non-
pharmacological intervention for KOA.

PI3K/Akt/mTOR pathway, autophagy, Tuina, knee osteoarthritis, 740 Y-P, LY294002

Introduction

Knee osteoarthritis (KOA), the most prevalent joint disorder,
affects approximately 365 million adults worldwide (1). Risk factors
include advancing age, obesity, joint injury, and genetic
predisposition (2-4). As a leading contributor to pain and
disability, KOA manifests as progressive articular cartilage
degradation, chronic synovial inflammation, and pathological
subchondral bone remodeling (5). Although pharmacological
therapy is the first-line intervention, chronic use is associated
with gastrointestinal, cardiovascular, and renal complications (6,
7). Surgical options, including arthroscopic procedures and knee
arthroplasty, offer substantial therapeutic benefits and immediate
symptom relief, but are associated with the risk of surgical site
infection and thromboembolic events (8). In addition, current
treatment does not address the underlying molecular mechanisms
driving disease progression. Therefore, novel therapeutic targets
and non-pharmacological strategies that modify disease progression
are needed.

Tuina therapy, a traditional Chinese manual treatment
grounded in meridian theory and biomechanical principles, is
recognized as a non-pharmacological intervention for KOA, and
is recognized for its multi-target regulatory effects, clinical

Abbreviations: AKT, protein kinase B; ANOVA, analysis of variance; ATG,
autophagy-related gene; HE, hematoxylin and eosin; IHC,
immunohistochemistry; KJS, knee-joint swelling; KOA, knee osteoarthritis;
LC3, light chain 3; ML, machine learning; mTOR, mammalian target of
rapamycin; PCR, polymerase chain reaction; PI3K, phosphatidylinositol 3-
kinase; PROM, passive range of motion; PWT, paw withdrawal threshold; RBF,
radial basis function; RER, rough endoplasmic reticulum; RT-qPCR, reverse-
transcription quantitative real-time polymerase chain reaction; SO/FG, Safranin
O/Fast Green; SVM, support vector machine; TEM, transmission electron
microscopy; ULK1, Unc-51-like kinase 1; VIF, variance inflation factor; WB,

western blot.
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effectiveness, and favorable safety profile (9, 10). Functionally,
Tuina application facilitates meridian unblocking, regulates qi and
blood circulation, enhances joint mobility, corrects abnormal stress
distribution, and restores biomechanical equilibrium. Tuina has
been shown to raise the pressure pain threshold, alleviate
symptoms, and improve functional recovery (11-13). However,
the precise molecular mechanisms underlying the therapeutic
effects of Tuina on KOA pathophysiology have not been fully
elucidated; therefore further research is warranted.

Dysregulated chondrocyte autophagy, a critical cellular
homeostasis mechanism, has been implicated in the pathogenesis
of KOA (14). Impaired autophagy exacerbates cartilage
degeneration by promoting extracellular matrix catabolism and
chondrocyte apoptosis, and its modulation is a potential
therapeutic target (15). Multiple signaling pathways, including
PI3K/AKT/mTOR, AMPK/mTOR, MAPK/NF-kB, and ERK1/2,
play critical roles in regulating autophagy in chondrocytes (16,
17). Among these, the PI3K/AKT/mTOR pathway serves as a
central regulator of autophagy and affects chondrocyte survival
and cartilage tissue integrity in models of KOA. Once activated, this
pathway suppresses the expression of several autophagy-related
proteins such as ULKI, LC3, Beclin-1, which are essential for
autophagosome formation. The PI3K/AKT/mTOR pathway
inhibits chondrocyte autophagy through a multi-layered
regulatory network, thereby contributing to the progression of
KOA (18, 19).

Preliminary research from observational studies suggests that
Tuina therapy may exert its therapeutic effects through PI3K/AKT/
mTOR-mediated suppression of excessive chondrocyte autophagy
(20). However, the causal relationships between pathway activation,
autophagy modulation, and cartilage preservation have not been
validated experimentally. As a classic competitive phosphoinositide
3-kinase (PI3K) inhibitor, LY294002 specifically binds to the ATP-
binding catalytic domain of PI3K, thereby inhibiting the activation
of the downstream AKT/mTOR pathway. It has been widely used to
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confirm the involvement of the PI3K/AKT/mTOR pathway in
cartilage degeneration in KOA (21). Conversely, 740 Y-P is a cell-
permeable PI3K agonist that activates this pathway by binding to
the SH2 domain of the regulatory subunit p85 of PI3K, mimicking
physiologically phosphorylated tyrosine-mediated activation (22).
Applying LY294002 and 740 Y-P, enables the effects of Tuina
therapy on KOA to be observed when the PI3K/AKT/mTOR
signaling pathway is inhibited or activated, respectively. This
approach helps explore whether Tuina therapy directly targets the
PI3K/AKT/mTOR signaling pathway to suppress pathological
autophagy, and whether combining massage with pathway-
specific agonists or inhibitors enhances or diminishes its
therapeutic outcomes. Understanding the mechanisms underlying
the effects of Tuina therapy enables optimization of its
clinical application.

Although animal experiments provide valuable insights into the
mechanisms of disease intervention and remission, they have
methodological limitations. Conventional experimental designs
focus on isolated outcome measurement, and do not capture the
holistic regulatory dynamics and interdependencies among
biomarkers (23-25). This prevents comprehensive evaluation of
the system, thereby limiting understanding of the therapeutic
networks underlying the intervention effects and limiting the
generalizability of the research findings.

Owing to its advanced data processing and pattern recognition
capabilities, machine learning (ML) offers transformative potential
for predictive analysis of complex biological datasets (26).
Specifically, support vector machine (SVM) models demonstrate
unique advantages in simultaneously processing multidimensional
experimental parameters, effectively identifying intricate
intervariable relationships that are often overlooked in traditional
animal studies. Through kernel-based pattern recognition, SVM
facilitates holistic interpretation of cross-dimensional biomarker
interactions and therapeutic outcomes (27). This framework not
only elucidates synergistic interaction networks among biological
indicators but also enables predictive modeling of comprehensive
therapeutic effects for intervention strategies (28, 29). The use
of such computational approaches enhances understanding of
the complex pathophysiological mechanisms and enables
optimization of its therapeutic application.

This study used an interdisciplinary framework integrating in
vivo rat experiments and ML to investigate the role of Tuina therapy
in modulating the PI3K/AKT/mTOR-autophagy axis within a rat
model of KOA. This study had two components: (1) conducting
combined interventions using Tuina therapy with either the PI3K/
AKT/mTOR pathway inhibitor LY294002 or agonist 740 Y-P to
confirm the involvement of the PI3K/AKT/mTOR pathway; and (2)
a support vector machine (SVM) model for secondary multimodal
integration of experimental data, enabling predictive analysis of
biomarker correlations and comprehensive efficacy evaluation
across intervention modalities to validate and complement
findings from the in vivo experiments. Our findings provide
mechanistic insights into Tuina’s mechanism of action and
support its potential as a non-invasive, autophagy-targeting
therapy for KOA management.
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Materials and methods

The study design is summarized in Figure 1. This study had
two components: first, therapeutic efficacy was systematically
evaluated through behavioral assessments including the paw
withdrawal threshold (PWT), knee joint swelling (KJS), and
passive range of motion (PROM). Histopathological evaluation
of cartilage damage and degeneration was performed using
hematoxylin and eosin (HE) and Safranin O/Fast Green (SO/
FG) staining. Autophagy levels were quantified via transmission
electron microscopy (TEM), and the expression levels of PI3K/
AKT/mTOR signaling pathway biomarkers and downstream
autophagy-related markers were measured using reverse
transcription-quantitative PCR (RT-qPCR), western blot (WB),
and immunohistochemical analyses. ML was then used to conduct
further in-depth analyses and verify the experimental data, and
the SVM model was used to predict the therapeutic effect of
indicators and the correlation of their effects.

In vivo experiment in rats

Experimental animals and groups

A total of 91 male Sprague-Dawley rats (weight, 280-320 g; age,
8-9 weeks) obtained from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (SCxK [Jing] 2021-0006) were housed
individually under controlled conditions (20 °C + 2 °C; 40-50%
humidity) with 12-h light cycles and ad libitum access to standard
chow and water. All procedures were approved by the Animal
Experimental Ethics Committee of Henan University of Chinese
Medicine (IACUC-202410026). The instrument and reagent
specifications are provided in Supplementary Table S1.

After a 1-week acclimation period, the rats were randomly
allocated to the blank (n=13) or model establishment (n = 78) group
using a random number table. After model verification (1 rat per
group), the remaining KOA rats were divided into six equal-sized
groups (n = 12 per group): model control, LY294002 (PI3K/AKT/
mTOR inhibitor), 740 Y-P (PI3K/AKT/mTOR agonist), Tuina,
Tuina+LY294002, and Tuina+740 Y-P.

Model establishment

The KOA rat model was established by intra-articular injection
of papain according to the following protocol (30): Activated papain
solution was prepared by mixing 4% papain with 0.03 mol/L L-
cysteine (2:1 ratio) in sterile saline, followed by activation for 30 min
at room temperature. Seventy-eight fasted rats were anesthetized
using an intraperitoneal injection of 3% sodium pentobarbital (3
mg/100 g). After right knee hair removal and iodophor disinfection,
0.2 mL of activated solution was injected into the joint cavity
through the lateral patellar tendon with the knee flexed to 45°.
This procedure was repeated on days 4 and 7, for a total of three
injections. After three injections, behavioral changes were assessed
using the Lequesne MG rating scale. One rat from each group was
randomly selected for HE staining, and the degree of knee cartilage
degeneration was evaluated using the Mankin score. A Lequesne
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MG score of >4 and a Mankin score of >6 indicated a successful
KOA model construction (31).

Intervention methods

Tuina group: The rats were immobilized on a fixation plate and
the right knee treatment site was exposed. The Tuina intervention
was carried out as described previously (20). In summary: (1)
Acupressure manipulation: Four acupoints on the right hind limb
of rats, Dubi (ST35), Yinlingquan (SP9), Yanglingquan (GB34), and
Neixiyan (EX-LE4), were stimulated using a specialized animal
acupoint massaging instrument (Patent No. Z1201922406881.8)
developed by our research group. Each acupoint received 2 minutes
of pressure at a controlled intensity of 3-5 N and a standardized
frequency of 60 compressions per minute. (2) Knee flexion and
extension: A FingerTPS tactile pressure sensor (PPS Inc., Olathe,
KS, USA) was mounted on the operator’s fingers. The rat’s knee
joint was initially flexed, followed by the application of downward
pressure to the inferior patellar border using the thumb, with
concurrent knee extension under a stimulation force of 50 N.
This was repeated 10 times. The Tuina intervention was
administered daily for 14 consecutive days by a single trained
practitioner to ensure treatment consistency and minimize
operator-related variability.

Frontiers in Immunology

LY294002 (PI3K/AKT/mTOR inhibitor): The solution was
prepared by dissolving the dry powder of LY294002 successively
in dimethyl sulfoxide, polyethylene glycol, polysorbate-80, and
normal saline in a ratio of 10:40:5:45, with a concentration of 3.4
mg/mL. The rats received LY294002 solution (20 mg/kg) injected
intraperitoneally once a day for 14 consecutive days.

740 Y-P (PI3K/AKT/mTOR agonist): The solution was
prepared by dissolving 740 Y-P dry powder successively in pure
water and 0.1 mol/L hydrochloric acid. For each mg of powder, 150
UL of water and 30 pL of hydrochloric acid were added and
ultrasonic solution-assisted treatment (sonication) was used to
bring the concentration of 740 Y-P to 5.5 mg/mL. The rats
received 740 Y-P solution (10 mg/kg) injected intraperitoneally
once a day for 14 consecutive days.

Tuina+LY294002: The rats received LY294002 solution (20 mg/
kg) injected intraperitoneally followed by Tuina therapy once daily
for 14 consecutive days.

Tuina+740 Y-P: The rats received 740 Y-P solution (10 mg/kg)
injected intraperitoneally followed by Tuina treatment once daily
for 14 consecutive days.

Blank group and model group: The blank group and the model
control group were administered normal saline (1 mL/kg) once
daily for 14 consecutive days.
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Behavioral assessment

PWT: Joint pain severity was quantitatively assessed using an
electronic von Frey apparatus. Rats were individually acclimated in
metal mesh cages for 230 min to ensure unrestricted paw access and
behavioral stabilization. During testing, a calibrated probe was
applied perpendicularly to the mid-plantar surface of the right
hind paw. The pressure was gradually increased until a nocifensive
response (i.e., rapid paw withdrawal, flinching, or jumping) was
elicited. The maximum force (g) displayed on the instrument was
recorded as the PWT.

KJS: The transverse diameter of the right knee joint was
measured using a digital sliding caliper. With the knee flexed at
90°, the horizontal distance between the bilateral prominence points
of the femoral condyles was recorded as the KJS index.

PROM: A medical goniometer was used to evaluate the passive
mobility of the affected knee joint. The femur was aligned parallel
to the fixed arm of the goniometer, ensuring the joint rotational
axis coincided with the goniometer pivot. The movable arm
tracked tibial movement during passive extension and flexion.
The maximal extension and flexion angles were recorded at
endpoint positions, and PROM was calculated as the difference
between these angles.

All parameters (PWT, KJS, PROM) were measured after
the intervention to establish KOA and after 2 weeks of
experimental treatment.

Hematoxylin and eosin staining and Mankin
score

After deparaffinization through successive immersions in xylene I
and TJ, tissue sections were rehydrated using a graded ethanol series
(absolute ethanol I, II, 95% ethanol, 70% ethanol) followed by distilled
water rinses. Sections underwent nuclear staining with modified
Lillie-Mayer’s hematoxylin, acid alcohol differentiation (1% HCI in
70% ethanol), and bluing in alkaline tap water. Cytoplasmic
counterstaining was performed using eosin Y solution followed by
distilled water rinses. After dehydration through an ascending ethanol
series (70%, 95%, absolute I, IT) and xylene clearing, sections were
mounted with neutral balsam. Histopathological evaluation of knee
articular cartilage was conducted under light microscopy (200x
magnification) using the standard Mankin scoring system, which
assesses structural integrity, cellular abnormalities, matrix staining,
and tidemark preservation.

Safranin O/Fast green (SO/FQG) staining

The knee tissue of rats was soaked in 4% paraformaldehyde for
24 h. After fixation, the sample was dehydrated with 10%
ethylenediaminetetraacetic acid decalcified solution, impregnated
with wax, embedded, and sliced into 3-um sections. After the
paraffin sections were dewaxed in water, they were stained with
SO/FG, with xylene clearing. Cartilage morphology was
systematically analyzed under an optical microscope at 200x
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magnification, and tissue area quantification was performed using
Image] software by calculating the percentage of SO-positive
cartilage matrix relative to the total articular surface area.

Transmission electron microscopy

The tissue samples were subjected to standard electron
microscopy processing as follows: After thorough cleaning, the
specimens were fixed, rinsed, dehydrated, and embedded in resin,
followed by oven polymerization. Ultrathin sections (thickness, 60—
80 nm) were prepared using an ultramicrotome and mounted on
150-mesh copper grids. Grid-mounted sections were subjected to
uranyl acetate staining under light-protected conditions, followed
by rinsing and counterstaining with lead citrate in a carbon
dioxide-free environment to prevent precipitate formation.
Following a final rinse with ultrapure water and complete drying,
the samples were examined using TEM. Ultrastructural
morphological evaluation was performed at 8,000x magnification.
To quantitatively assess the relative autophagy level in
chondrocytes, five randomly selected cells were observed under a
transmission electron microscope at 3,000x magnification and the
number of autophagosomes in each cell were counted. The mean
number of autophagosomes in the five cells was calculated and used
as an indicator of the relative autophagy level for each sample.

Reverse-transcription quantitative PCR

The mRNA expression levels of PI3K, AKT, mTOR, ULK1,
Beclin-1, LC3II/I, ATG5, ATG7 and P62 in cartilage tissues were
detected using reverse-transcription quantitative PCR (RT-qPCR).
The methods and steps were as follows: The cartilage tissue was
ground in liquid nitrogen, lysis buffer was added, homogenized with
a homogenizer, chloroform was added, centrifuged, mixed with
anhydrous ethanol, transferred to an adsorption column,
centrifuged, and protein-removing solution and bleaching
solution were added successively, centrifuged, the waste liquid
was discarded, 50uL of RNase-Free dd H,O was added, and
centrifuged. After detecting the purity and concentration of
mRNA with an ultramicro nucleic acid analyzer, reverse-
transcription reactions were carried out: 2uL of RNA was taken
for PCR amplification, a 20-uL reverse-transcription reaction
system was prepared, and the relative expression levels of each
gene were calculated using the 2-AACt method. The primer
sequences are listed in Table 1.

Western blot

The expression levels of PI3K, AKT, mTOR, and downstream
autophagy-related proteins (ULK1, Beclin-1, LC3II/I, ATGS5,
ATG7, and P62) in rat articular cartilage tissues were measured
using WB. The experimental procedure was conducted as follows:
Proteins were first extracted from cartilage tissues and quantified
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TABLE 1 RT-qPCR primer sequences for target genes.

10.3389/fimmu.2025.1635818

Gene Forward primer (5'-3’) Reverse primer (5'-3’)
PI3K CTGCTGCAAAACCCCATCAC AGCGGTGGTCTATCAACAGC
AKT ATGGACTCAAACGGCAGGAG AGCACCTGAGTTGTCACTGG
mTOR CACCAAGGCCTAATGGGGTT CAACAACGGCTTTCCACCAG
P62 ATGAGAGACAAAGCCAAGGAGG CATGGGGGTCCAAAGACTTCA
ATG5 GGGACTGCAGAATGATTTGACC GAAAGGCCGTTCAGTTGTGG
ATG7 GGCTAGAACACTGATGGGCT GCCTCACGGGATTGGAGTAG
ULK1 TACACACCCTCTCCCCAAGT GTGCTCAGGCACAGAGGAG
Beclin-1 AGGAGAGAGCCAGGAGGAAG GACACCATCCTGGCGAGTTT
LC3-1T GAAGACCTTCAAACAGCGCC ATCACTGGGATCTTGGTGGG
LC3-T AAGACCGGTCAGAAGCCATC AGCAAGTGTGGACAGAGACG
GAPDH TGATGCCCCCATGTTTGTGA TTCTGAGTGGCAGTGATGGC

using the BCA assay. Equal amounts of protein samples (30 ug
per lane) were separated on 10% Sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) gels through
electrophoresis at 80 V for 2 h, followed by semi-dry transfer
onto PVDF membranes. Membranes were subsequently blocked
with 5% non-fat milk in TBST for 1 h at room temperature before
incubation with primary antibodies (diluted 1:1000 in blocking
buffer) overnight at 4 °C. Following three 10-minute TBST
washes, membranes were incubated with HRP-conjugated
secondary antibodies (1:5000 dilution) for 1 h at room
temperature. After additional washing steps, protein bands were
visualized using enhanced chemiluminescence substrate and
quantified through densitometric analysis with Image] software.
GAPDH served as the loading control for normalization of target

protein expression levels.

Immunohistochemistry

Immunohistochemical analysis was performed to assess the
levels of PI3K, AKT, mTOR, ULKI, Beclin-1, LC3II/I, ATGS5,
ATG7, and P62 protein expression in rat articular cartilage tissues
using a standardized protocol. Paraffin-embedded sections were
first subjected to deparaffinization and rehydration through
sequential immersion in xylene I and II, followed by absolute
ethanol T and II, and a graded ethanol series. Antigen retrieval
was achieved using protease-based antigen repair solution under
optimized incubation conditions. Subsequent procedures included
peroxidase activity blocking with 3% H,O,, glycine buffer
treatment, and non-specific binding site blocking with 5% BSA.
Sections were then incubated overnight at 4 °C with specific
primary antibodies (1:200 dilution), followed by appropriate
HRP-conjugated secondary antibodies (1:500 dilution) at room
temperature for 1 h. Chromogenic development was performed
using DAB substrate, with hematoxylin counterstaining for nuclear
visualization. After dehydration through an ethanol gradient and
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xylene clearing, sections were mounted with neutral balsam. Image
acquisition was conducted using the Motic3000 digital
photomicrograph system at 400x magnification, with quantitative
analysis of positively stained cells performed using Image-Pro Plus
6.0 software.

Statistical analysis

Statistical analyses were performed using SPSS (version 26.0;
IBM Corp., Armonk, NY, USA) and GraphPad Prism 8.0
(GraphPad Software, San Diego, CA, USA), with the latter used
for graphical representation. All datasets were subjected to
comprehensive assessments of normality (with significance
defined as P > 0.05) and homogeneity of variance using Levene’s
test. All data were expressed as mean * standard deviation (SD).
The analytical approach was applied as follows:

1. One-way analysis of variance (ANOVA) and Levene’s test to
assess the homogeneity of variance: If the data were
normally distributed, homogeneity of variance was
assessed using Levene’s test. If variance homogeneity was
confirmed (P > 0.05) and the ANOVA indicated significant
intergroup differences (P < 0.05), post-hoc pairwise
comparisons were conducted using the Least Significant
Difference (LSD) test.

2. Welch’s F-test for heterogeneous variance: If the data were
normally distributed but exhibited unequal variance (as
indicated by Levene’s test, P < 0.05), Welch’s F-test was
applied. If significant differences were detected (P < 0.05),
pairwise comparisons were performed using the LSD test.

3. Kruskal-Wallis Test for Non-Normal Data: For datasets that
deviated from normality, the non-parametric Kruskal-
Wallis test was used. When overall significance was
observed (P < 0.05), subsequent pairwise comparisons
were performed using Wilcoxon rank-sum tests.
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For all pairwise comparisons, the LSD method was applied, and
the Bonferroni correction was used to adjust for multiple
comparisons. Two-sided P values less than 0.05 were considered
statistically significant.

Machine learning

Data sets and preprocessing

We selected 15 intraexperimental indicators as input features
for the ML model. These variables included behavioral assessments
(PWT, KJS, and PROM), cartilage degeneration measures (Mankin
score and cartilage area ratio [CAR]), autophagy-related indicators
(RAL, P62, ULK1, ATG7, ATGS5, Beclin-1, and LC3II/LC3I levels),
and PI3K/AKT/mTOR-related indicators (PI3K, AKT, and
mTOR levels).

To assess multicollinearity, we calculated the variance inflation
factor (VIF) for all candidate features. Features with a VIF >10 were
excluded. The final 15 features had VIF values ranging from 1.5 to
4.7, confirming minimal inter-feature redundancy (32). Text labels
in the in vivo experimental data were converted into digital labels
using one-hot encoding, and the dataset was normalized (z-score
normalization) to ensure uniform feature scaling. The selected
features were then analyzed to simplify the number of features
and remove features with poor predictive value, thereby improving
the stability of model training.

Model construction

An SVM model was constructed in Python 3.12.3 using the
using the sklearn. svm module in Scikit-learn. This model was
based on the principles of the maximum margin classification and
kernel methods (33, 34). The SVM algorithm identified an optimal
hyperplane in the feature space to separate the data points of
different classes. This hyperplane was determined by support
vectors, which are the data points closest to the decision
boundary, with the margin representing the distance between
the hyperplane and the nearest instances. The objective of the
model was to maximize the margin to achieve optimal
class separation.

The algorithm used kernel functions (including linear,
polynomial, and radial basis function [RBF] kernels) to transform
data from the original feature space into higher-dimensional
representations, facilitating the identification of separable
hyperplanes (35). The selection of the kernel type and associated
parameters (such as the polynomial degree or RBF gamma value)
significantly influences model performance (36, 37). To ensure
reproducibility, hyperparameter optimization was conducted
using a grid search approach with 5-fold cross-validation. The
evaluated parameter ranges were as follows: C = [1, 5, 10, and
20], gamma = [0.01, 0.1, 1, and 10], and kernel = [linear, RBF, and
polynomial]. The optimal configuration was kernel type = RBF,
regularization parameter (C) = 10, and kernel coefficient (gamma)
=0.1.

The model was optimized by using quadratic programming
to simultaneously maximize the margin and minimize the
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number of classification errors. After determining the optimal
hyperparameters, the final SVM model was trained using 70% of
the normalized dataset (training set) and tested on 30% (test set) to
avoid overfitting. Its performance on the test set was used to
evaluate the correlation between different evaluation measures
and predict the overall and categorical efficacy of treatment
measures (38).

Model evaluation

Initially, the performance of the SVM model was evaluated
using three key metrics: accuracy, F1 score, and Cohen’s kappa
coefficient. Accuracy quantified the proportion of correctly
classified samples relative to the total test set and serves as a
fundamental measure in classification tasks (39). The F1 score
(harmonic mean of precision and recall) and kappa coefficient
(inter-rater agreement measurement) provided complementary
assessments of classification consistency with the ground truth. A
comprehensive performance analysis was conducted using a
confusion matrix, in which rows represented actual classes and
columns indicated predicted classifications, with matrix cells
containing sample counts for each actual-predicted class
combination (40). To enhance interpretability, we implemented
matrix normalization and generated visual heatmap representations.

After validating the effectiveness of the SVM model, we
leveraged its optimal hyperplane separation principle to conduct
goodness-of-fit tests on 15 standardized indicator sets and their
combinations. The R-squared (R?) metric was used to measure the
correlation between the individual indicators and their combined
effects (41, 42).

We used the data of the blank control and model groups as the
training and testing sets, respectively. Subsequent predictions were
made for the remaining five experimental interventions to assess
their therapeutic efficacy. Two levels of efficacy evaluation were
conducted for each indicator: overall efficacy analysis and classified
therapeutic effects analysis of the index type (behavioral
assessments, cartilage degeneration measures, and autophagy- and
PI3K/AKT/mTOR-related indicators).

Results

Tuina ameliorates mechanical pain, joint
swelling, and functional activity in KOA rats

Post-modeling assessments revealed significant differences in
PWT, KJS, and PROM between the experimental groups and the
blank control group (Figures 2A-C), confirming successful KOA
induction. Post-intervention analysis demonstrated significantly
greater improvements in PWT, KJS, and PROM in all treatment
groups than in the model group (Figures 2D-F), but the
improvement was significantly less in the LY294002 group than
in the other four intervention groups. Tuina+740 Y-P combination
therapy resulted in significantly better PWT, KJS, and PROM
outcomes than those of Tuina monotherapy, whereas Tuina
+LY294002 combination therapy was significantly less effective
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FIGURE 2

Effect of Tuina on behavioral indicators of the knee joint in KOA rats. (A—C, PWT, KJS and PROM after modeling of KOA rats in each group; D-F,
PWT, KJS and PROM after treatment. Data are expressed as mean + SD. Group A, blank group; Group B, model group; Group C, LY294002 group;
Group D, 740 Y-P group; Group E, Tuina group; Group F, Tuina+LY294002 group; Group G, Tuina+740 Y-P group. * Compared with group A, P <
0.05; # Compared with group B, P < 0.05; % Compared with group E, P < 0.05.

than that of Tuina monotherapy. Tuina and 740 Y-P monotherapy
had similar anti-edema effects on KJS, whereas Tuina monotherapy
showed significantly better performance than that of 740 Y-P
monotherapy in restoring PROM and improving the PWT.

Tuina mitigates cartilage lesions and
reduces KOA progression in rats

HE staining revealed distinct histological differences among the
experimental groups (Figure 3A). In the blank group, articular
cartilage exhibited a smooth surface with abundant chondrocytes
and homogeneous matrix distribution, accompanied by well-
defined subchondral bone and synovial membrane structures. In
contrast, the model group showed marked pathological alterations
characterized by surface irregularities, focal pannus formation,
severe cartilage erosion with structural disruption, necrotic
chondrocyte dissolution presenting as amorphous eosinophilic
material, and indistinct tidemark structure. The degree of
cartilage repair and degeneration reversal relative to that of the
model group was greatest in the Tuina+740 Y-P group, followed by
the Tuina monotherapy and 740 Y-P monotherapy groups. These
three groups showed marked restoration of cartilage structure with
increased chondrocyte populations and improved matrix
organization. The Tuina+LY294002 group showed the least
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improvement, exhibiting only marginal increases in chondrocyte
numbers and partial matrix realignment, and substantial residual
cartilage destruction. The LY294002 group did not show any
therapeutic benefits, maintaining pathological features similar to
those of the model group.

The Mankin scores were significantly higher in the model group
than in the blank group (Figure 3B), confirming the successful
induction of KOA. All therapeutic intervention groups except the
LY294002 group had significantly lower Mankin scores than that of
the model group. Furthermore, the Tuina+740 Y-P combination
group had significantly better therapeutic outcomes and lower
Mankin scores than those of the Tuina monotherapy group,
whereas the Tuina+LY294002 group had significantly higher
pathological scores than those of the Tuina monotherapy group.

The SO/FG staining results revealed distinct morphological
differences among experimental groups (Figure 3C). The blank
control group maintained intact articular cartilage architecture
featuring a preserved superficial layer, continuous surface
regularity, physiological cartilage thickness, and normal
chondrocyte distribution. In marked contrast, the model group
exhibited marked pathological degeneration characterized by
extensive superficial cartilage erosion, substantial depletion of
extracellular matrix components, pronounced chondrocyte loss,
and reduced cartilage thickness. All intervention groups
demonstrated varying degrees of enhanced cartilage repair
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FIGURE 3

Effect of Tuina on the degeneration of knee cartilage in KOA rats. (A), Observation results of HE stained knee cartilage of rats in each group under
light microscope; (B), Mankin score of chondrocytes in each group; (C), Observation results of SO/FG stained knee cartilage of rats in each group
under light microscope; (D), Cartilage area ratio in each group. Data are expressed as mean + SD. Group A, blank group; Group B, model group;
Group C, LY294002 group; Group D, 740 Y-P group; Group E, Tuina group; Group F, Tuina+LY294002 group; Group G, Tuina+740 Y-P group. *
Compared with group A, P < 0.05; # Compared with group B, P < 0.05; % Compared with group E, P < 0.05.

compared with that of the model group. The Tuina+740 Y-P
combination group had the best clinical outcomes, with near-
complete cartilage structural restoration with chondrocyte
repopulation and cartilage thickness approximating normal
control levels. The Tuina monotherapy and 740 Y-P
monotherapy groups had intermediate clinical outcomes, whereas
the LY294002 group had the worst outcomes, showing only a slight
increase in cartilage thickness.

All intervention groups had significantly higher CAR
values than that of the model group (Figure 3D). Furthermore,
the Tuina+740 Y-P group had a significantly greater CAR value
than that of the Tuina monotherapy group, whereas the 740 Y-P
monotherapy, Tuina+LY294002, and LY294002 monotherapy
groups had significantly lower CAR values than that of the Tuina
monotherapy group.

These divergent therapeutic outcomes demonstrate that
combined application of 740 Y-P and Tuina therapy had a
synergistic effect on cartilage repair, whereas co-administration of
the PI3K/AKT/mTOR signaling inhibitor LY294002 significantly
attenuated the therapeutic effects of Tuina therapy on chondral
regeneration. These results confirm that the PI3K/AKT/mTOR
signaling pathway is involved in mediating the effects of Tuina
therapy on the cartilage repair process.
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Tuina inhibits excessive chondrocyte
autophagy in KOA rats

We used TEM to observe the ultramorphology of cartilage and
quantify the relative autophagy level. The ultramorphological
changes in articular chondrocytes in each group are shown at
8000x magnification in Figure 4A. In the blank control group,
chondrocytes displayed characteristic physiological architecture
with intact plasma membranes, dense perinuclear extracellular
matrixes, and well-preserved organelles. Nuclei maintained
regular contours, mitochondria exhibited intact membranes with
distinct cristae, and rough endoplasmic reticulum (RER)
demonstrated abundant ribosome attachment. Autophagosomes
and lysosomes were present at baseline physiological levels. The
model group exhibited marked degenerative changes including
cellular shrinkage, matrix dissolution with delicate fibrillar
network disintegration, and organelle pathology, including
nuclear membrane invagination, mitochondrial depletion with
cristae fragmentation, and dilated RER cisternae, and a significant
increase in the number of autophagic vacuoles (autophagosomes
and autolysosomes) compared with that in the controls. The
LY294002 group showed no improvement, maintaining pathology
comparable to that of the model group.
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FIGURE 4

Effect of Tuina on autophagy of knee chondrocytes in KOA rats. (A), Observation results of knee cartilage of rats in each group under 8000x TEM;
(B), 3000x TEM; (C), Relative autophagy level in each group. Data are expressed as mean + SD. Group A, blank group; Group B, model group; Group
C, LY294002 group; Group D, 740 Y-P group; Group E, Tuina group; Group F, Tuina+LY294002 group; Group G, Tuina+740 Y-P group. *
Compared with group A, P < 0.05; # Compared with group B, P < 0.05; % Compared with group E, P < 0.05.
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The Tuina+740 Y-P intervention group showed substantial
ultrastructural recovery: Plasma membranes regained integrity
with short cytoplasmic projections, nuclei exhibited regular
morphology with chromatin condensation, and mitochondrial
architecture showed restored cristae organization with reduced
matrix dilution. RER structures normalized with ribosome
reattachment, and autophagic vacuoles decreased to near-
physiological levels. The Tuina monotherapy and 740 Y-P alone
groups had moderate improvements in their cellular architecture
and autophagy regulation, which was less marked than those in the
combination therapy group. The Tuina+LY294002 group showed
partial mitigation of pathology, including reduced RER dilation and
moderate autophagosome decrease, but persistent abnormalities
such as cytoplasmic contraction, organelle swelling, mitochondrial
membrane dissolution, and nuclear membrane blurring.

TEM at 3000x magnification revealed significant intergroup
differences in the number of autophagosomes (Figures 4B, C).
Compared with the blank control group, the model group had a
significantly higher number of autophagosomes, whereas all
intervention groups except the LY294002 group had significantly
fewer autophagosomes than that of the model group. Notably, the
Tuina+740 Y-P combination had significantly fewer autophagosomes
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than that of the Tuina monotherapy group. Although the 740 Y-P
monotherapy group had comparable autophagic regulation to that of
the Tuina monotherapy group, the Tuina+LY294002 group
displayed incomplete autophagy suppression, and a significantly
higher number of autophagosomes than that in the Tuina
monotherapy group.

Tuina inhibits chondrocyte autophagy in
KOA rats by promoting the PI3K/AKT/
mMTOR signaling pathway

The PI3K/AKT/mTOR signaling pathway is a central regulator
of autophagy initiation. We hypothesized that the autophagy-
inhibitory effect of Tuina intervention in chondrocytes of KOA
rats may be mediated through PI3K/AKT/mTOR pathway
modulation. PCR and WB analysis demonstrated significant
downregulation in both mRNA and protein expression levels of
PI3K, AKT, and mTOR in the model group compared with those in
the blank control group (Figures 5A-C). Tuina therapy resulted in
significantly increased PI3K, AKT, and mTOR expression
compared with that of the untreated model group. Co-treatment
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with the PI3K activator 740 Y-P enhanced the effect of Tuina,
resulting in significantly higher PI3K, AKT, and mTOR expression
than that in the Tuina monotherapy group. Conversely,
administration of the PI3K inhibitor LY294002 attenuated Tuina-
mediated upregulation, resulting in significantly lower PI3K, AKT,
and mTOR expression than that in the Tuina monotherapy group.

Downstream autophagy-related biomarkers were analyzed
using RTqPCR and WB (Figures 5A-C). Compared with the
model group, the Tuina group had significantly increased P62

10.3389/fimmu.2025.1635818

mRNA and protein expression and significantly decreased ULK1,
Beclin-1, LC3-II/LC3-1, ATG5, and ATG7 expression. The Tuina
+740 Y-P combination group showed significantly greater
reductions in Beclin-1, ULK1, LC3-II/LC3-I, ATG5, and ATG7
expression, and significantly greater P62 expression compared with
that of the Tuina monotherapy group. In contrast, the Tuina
+1Y294002 combination group showed significantly less
reduction in Beclin-1, ULK1, LC3-II/LC3-I, ATG5, and ATG7
expression, and significantly less P62 expression compared with
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FIGURE 5

Effects of Tuina on the expressions of PI3K/AKT/mTOR signaling pathway-Related in Knee Cartilage Tissues of KOA Rats. (A), Result of RT-qPCR in
each group; (B), Result of Western blot band; C, Result of western blot statistical analysis. Data are expressed as mean + SD. Group A, blank group;
Group B, model group; Group C, LY294002 group; Group D, 740 Y-P group; Group E, Tuina group; Group F, Tuina+LY294002 group; Group G,
Tuina+740 Y-P group. * Compared with group A, P < 0.05; # Compared with group B, P < 0.05; ¥ Compared with group E, P < 0.05.
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that of the Tuina monotherapy group. These results confirm the
functional involvement of PI3K/AKT/mTOR signaling in
mediating the therapeutic effects of Tuina on regulating
chondrocyte autophagy.

Immunohistochemical analysis further corroborated the
findings from WB and PCR assays (Figures 6A, B). Compared
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with the model group, the LY294002 group had a significantly lower
Beclin-1 positive expression rate, but the other markers did not
differ significantly between the two groups. Other treatment groups
had significantly higher expression of PI3K, AKT, mTOR, and P62,
and significantly lower expression of ULK1, Beclin-1, LC3-II/LC3-1,
ATGS, and ATG7. Compared with the Tuina monotherapy group,
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Immunohistochemical analysis results of PI3K/AKT/mTOR signaling pathway-related indicators. A, Observation results of immunohistochemistry in
each group; B, Positive expression rate. Data are expressed as mean + SD. Group A, blank group; Group B, model group; Group C, LY294002 group;

Group D, 740 Y-P group; Group E, Tuina group; Group F, Tuina+LY294002 group; Group G, Tuina+740 Y-P group. *

Compared with group A, P <

0.05; * Compared with group B, P < 0.05; ¥ Compared with group E, P < 0.05.
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the Tuina+LY294002 combination group showed significantly
lower expression of PI3K, AKT, mTOR, and P62, and
significantly lower ULKI1, Beclin-1, LC3-1I/LC3-I, ATG5, and
ATG7 levels. Conversely, the Tuina+740 Y-P group showed
significantly higher expression of PI3K, AKT, mTOR, and P62,
and ULK1, Beclin-1, LC3-II/LC3-I, ATGS5, and ATG7 levels than
those in the Tuina monotherapy group. Collectively, these data
suggest that Tuina therapy may inhibit chondrocyte autophagy in
KOA rats by activating the PI3K/AKT/mTOR signaling pathway.

ML confirms that Tuina mitigates KOA by
activating PI3K/AKT/mTOR signaling
pathway-mediated autophagy

We used an SVM model to assess synergistic interactions
among biological indicators and predict comprehensive
therapeutic outcomes of intervention strategies. The SVM model
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had 97.62% classification accuracy, and the results of the univariate
and multivariate analyses were consistent. This performance was
further supported by F1 scores and Cohen’s kappa coefficient.
Specifically, the seven-class classification achieved F1 scores of
1.00, 1.00, 1.00, 0.89, 0.91, 1.00, and 1.00 for respective categories,
respectively, with an overall kappa coefficient of 0.967 indicating
near-perfect inter-rater agreement. Model efficacy was additionally
confirmed through confusion matrix analysis (Figure 7A).

In the individual correlation analysis PROM and PWT showed
the strongest positive correlations with CAR (0.96) and the
strongest negative correlations with Mankin scores (-0.96)
(Figure 7B). The PI3K/AKT/mTOR signaling components
exhibited tight intra-pathway connectivity, particularly between
PI3K and mTOR (0.94). Although downstream biomarkers P62
and ATG5 displayed moderate associations with this pathway,
other biomarkers showed limited connectivity. Notably,
autophagy-related biomarkers correlated strongly with both CAR
and RAL, although P62 demonstrated the opposite trend to that of
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Results of the support vector machine algorithm under the machine learning framework. (A), Visual confusion matrix of model validity; (B), Individual
correlation analysis; (C), Categorical correlation analysis; (D), Comprehensive and classified therapeutic efficacy analysis. BA, Behavioral assessment;
CD, Cartilage degeneration; AP, Autophagy; PAM, PI3K/AKT/mTOR signaling pathway.
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the other autophagy markers. Categorical correlation analysis
revealed that behavioral assessments showed the strongest
association with cartilage degeneration (0.93) and the weakest
association with PI3K/AKT/mTOR pathway activity (0.55)
(Figure 7C). Autophagy displayed dual strong correlations with
both cartilage degeneration (0.84) and behavioral assessments
(0.81). Furthermore, a significant cross-talk was observed between
PI3K/AKT/mTOR signaling and autophagy regulation (0.71).

Compared with the LY294002 group, all other intervention
groups had better overall therapeutic outcomes (Figure 7D).
Compared with the Tuina monotherapy group, the Tuina+740 Y-
P combination group had significantly better comprehensive and
categorized therapeutic outcomes, whereas the Tuina+LY294002
group had significantly poorer comprehensive and categorized
therapeutic outcomes than those of the Tuina monotherapy
group. Notably, although the Tuina monotherapy group
outperformed the 740 Y-P group in improving comprehensive
therapeutic outcomes, behavioral assessments, and cartilage
degeneration, both groups demonstrated comparable efficacy in
modulating cellular autophagy and the PI3K/AKT/mTOR
signaling pathway.

These findings suggest that Tuina manipulation may exert its
therapeutic effects on KOA through the regulation of PI3K/AKT/
mTOR-mediated autophagy mechanisms, thereby effectively
delaying cartilage degeneration progression.

Discussion

KOA is characterized by progressive cartilage degeneration and
primarily driven by dysregulation in chondrocyte autophagy (43,
44). The pathogenesis of KOA involves autophagy abnormalities
that disrupt chondrocyte homeostasis, impair secretion of cartilage-
specific extracellular matrix components critical for joint function,
and ultimately accelerate cartilage destruction. The PI3K/AKT/
mTOR pathway has been shown to regulate chondrocyte
autophagy, and this has emerged as a key focus of KOA research
(45). Pathway inhibition activates downstream autophagy-related
molecules including ULK1, ATGS5, and LC3, leading to massive
autophagosome formation that subsequently combines with
lysosomes to execute autophagy (46, 47). Most previous
mechanistic investigations of Tuina therapy for KOA have
predominantly focused on inflammatory responses and
biomechanical factors, with limited attention to chondrocyte
autophagy. Our preliminary studies have suggested potential
associations between Tuina intervention and modulation of the
PI3K/AKT/mTOR signaling axis and autophagy processes, though
direct targeting of this pathway remains unconfirmed (20).
Moreover, our prior experimental observations were confined to
isolated outcome measures, overlooking the dynamic regulatory
networks and interdependent relationships among various
biological indicators. To address these research gaps, we propose
a comprehensive investigation combining PI3K/AKT/mTOR
pathway modulators (both inhibitors and activators) with in vivo
rat experiments and ML approaches. This integrated strategy aims
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to systematically elucidate the autophagy-mediated mechanisms
underlying Tuina therapy in KOA management.

The rat KOA model using L-cysteine-activated papain injection
simulated early-stage human KOA pathology through papain-
induced degradation of proteoglycans in the cartilage matrix (48,
49). Our study evaluated a therapeutic Tuina massage protocol that
combined acupoint compression and passive knee mobilization,
using a quality-controlled device to standardize the manipulation
techniques. Based on extensive preliminary and formal
experiments, we found that applying acupressure at a force of 3-5
N along with a passive knee extension force of 50 N yielded the
optimal intervention outcomes in KOA rats. The acupoint pressure
technique focused on two complementary pairs from the yin-yang
meridian pairing system: Dubi (ST35) with Neixiyan (EX-LE4), and
Yinlingquan (SP9) with Yanglingquan (GB34). These antagonistic
meridian pairings embody the Traditional Chinese Medicine
(TCM) principle of yin-yang harmonization, demonstrating
synergistic therapeutic effects through homeostatic regulation in
KOA management (50, 51). Precise pressure application at these
acupoints facilitates multiple therapeutic outcomes: promoting qi-
blood circulation, releasing soft tissue adhesions, enhancing
microcirculation, and improving knee joint stability and mobility
(52). Concurrently, controlled passive knee mobilization induces
biomechanical adjustments that effectively expand joint space
dimensions and redistribute intra-articular stress concentration
(53). This dual-modality approach achieves classical TCM
objectives by restoring proper bone alignment and soft tissue
flexibility through integrated therapeutic mechanisms.

740 Y-P and LY294002 represent two pivotal compounds in
PI3K/AKT/mTOR signaling pathway research with diametrically
opposed mechanisms of action. 740 Y-P functions as a cell-
permeable PI3K/AKT/mTOR pathway activator, exerting its
biological effects by specifically binding to the N- and C-terminal
SH2 domains of the p85 regulatory subunit (54). This interaction
mimics phosphotyrosine-mediated recruitment mechanisms,
thereby potentiating PI3K activation and subsequent downstream
signaling. In contrast, LY294002 serves as a classic PI3K inhibitor
that effectively suppresses downstream AKT phosphorylation
through competitive inhibition of PI3K’s ATP-binding catalytic
domain (55). In this study, we administered 740 Y-P or LY294002
in conjunction with Tuina therapy to investigate alterations in the
PI3K/AKT/mTOR signaling pathway, cellular autophagy, cartilage
degeneration, and behavioral indices. This experimental design
aimed to determine whether the mechanism by which Tuina
therapy modulates chondrocyte autophagy to delay cartilage
degeneration is directly mediated through PI3K/AKT/mTOR
pathway targeting.

Both mRNA and protein expression levels of PI3K, AKT, and
mTOR were reduced in cartilage tissue in the model and LY294002-
treated groups, indicating suppression of the PI3K/AKT/mTOR
signaling pathway. When Tuina therapy was combined with 740 Y-
P, a PI3K/AKT/mTOR pathway agonist, PI3K, AKT, and mTOR
levels were markedly upregulated. Conversely, co-treatment with
LY294002, a PI3K/AKT/mTOR pathway inhibitor resulted in
decreased levels of these signaling molecules, although they
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remained higher than those in the inhibitor-only group. This
suggests that Tuina therapy possesses inherent PI3K/AKT/mTOR
pathway-activating potential, effectively mitigating the inhibitory
effects of LY294002.

Activation of the PI3K/AKT/mTOR signaling pathway regulates
chondrocyte autophagy through its downstream biomarkers.
Specifically, mTOR pathway activation increases binding affinity to
the ULK1 Ser757 phosphorylation site and stabilizes ULK1 protein by
inhibiting its proteasomal degradation, thereby suppressing excessive
autophagic activity (56). Beclin-1 serves as a critical regulator in
autophagosome biogenesis and maturation. LC3 is widely
recognized as a specific autophagy marker, undergoing conversion
from cytoplasmic LC3-I to membrane-bound LC3-II through
phosphatidylethanolamine conjugation on autophagosomal
membranes (57, 58). Autophagic flux can be quantitatively assessed
by monitoring the LC3-II/LC3-I ratio (with increased LC3-1I levels
indicating enhanced autophagy). Furthermore, ATG5 and ATG7
function as essential regulatory components in autophagosome
formation - their genetic deficiency impairs LC3 lipidation (I—II
conversion) and disrupts P62-mediated clearance of ubiquitinated
substrates, leading to autophagic flux blockade (59). Our results
demonstrated decreased expression of ULK1, Beclin-1, LC3-II/LC3-I
ratio, ATGS5, and ATG?7, along with elevated P62 levels in all
experimental groups except the LY294002 group. Compared with
the Tuina monotherapy group, the Tuina+LY294002 group had
greater reductions in ULKI, Beclin-1, LC3-II/LC3-I ratio, ATGS5,
and ATG7, and lower P62 levels, whereas the Tuina+740 Y-P group
displayed the opposite trend. The TEM findings confirmed that Tuina
therapy suppresses chondrocyte autophagy, with its effects being
modulated by PI3K/AKT/mTOR pathway inhibitors and agonists.
Collectively, these results suggest that Tuina therapy may regulate
chondrocyte autophagy in KOA through targeted modulation of the
PI3K/AKT/mTOR signaling pathway.

Cartilage degeneration represents the most prominent
pathological alteration associated with KOA, with clinical efficacy
typically evaluated through combined assessment of cartilage
degeneration severity and symptomatic improvement (60-62). In
this study, we performed dual morphological evaluation and
quantitative analysis of cartilage degeneration using HE staining
and Safranin O-Fast Green staining. Morphological observations
revealed severe structural damage in the model group,
characterized by significant cartilage thinning and extensive
chondrocyte necrosis. Post-intervention analyses demonstrated
varying degrees of cartilage regeneration across treatment groups,
except for the LY294002 group. Notably, the Tuina +740 Y-P
combination group exhibited the most substantial therapeutic
effects, achieving near-complete restoration of cartilage architecture,
chondrocyte regeneration, and cartilage thickness comparable to
normal controls. Both monotherapy groups (Tuina alone and 740
Y-P alone) showed moderate cartilage repair. However, the Tuina
+LY294002 group displayed minimal improvement, with only slight
increases in chondrocyte numbers and partial matrix reorganization,
while retaining substantial residual cartilage damage.

Quantitative analyses corroborated these findings, showing that
Tuina therapy significantly improved Mankin scores and cartilage
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area measurements. The therapeutic effects were enhanced when
combined with 740 Y-P but diminished with LY294002 co-
administration. Behavioral assessments paralleled these staining
outcomes: the Tuina+740 Y-P combination had a significantly
better effect on increasing PWT and PROM, and reducing KJS,
compared with Tuina monotherapy. Conversely, LY294002
administration attenuated the therapeutic effects of Tuina in all
parameters measured. Despite this reduced efficacy, Tuina
+1Y294002 still outperformed both the model group and
LY294002 monotherapy group in terms of behavioral
improvements. Comprehensive analysis of these multimodal data
suggests that Tuina therapy may exert its therapeutic effects on
KOA by delaying cartilage degeneration through targeted
modulation of autophagy mediated by the PI3K/AKT/mTOR
signaling pathway.

Given the limited predictive accuracy observed in animal
experiments, we used an SVM model to validate and complement
these findings. The SVM was highly accurate, thereby confirming
the feasibility and validity of indicator selection within our animal
experimental framework. Using the optimal hyperplane separation
principle characteristic of the SVM, we predicted both individual
and categorical indicator correlations. The analysis revealed strong
intra-pathway connectivity within PI3K/AKT/mTOR signaling
components, with strong interaction between PI3K and mTOR.
PI3K, AKT, and mTOR exhibited significant correlations with
autophagy-related indicators, particularly P62 and ATGS5. P62
was directly correlated with PI3K/AKT/mTOR signaling
components, whereas ATG5 was inversely correlated with PI3K/
AKT/mTOR signaling components. Furthermore, six downstream
autophagy biomarkers were strongly correlated with the RAL, CAR,
and Mankin scores. Categorical correlation analysis demonstrated
that cartilage degeneration exhibited the strongest association with
behavioral assessments. Additionally, autophagy was significantly
correlated with cartilage degeneration and the PI3K/AKT/mTOR
pathway. Collectively, these findings suggest a crucial tripartite
relationship between PI3K/AKT/mTOR signaling, autophagy
regulation, and cartilage degeneration.

We systematically assessed the therapeutic efficacy of various
treatments for KOA Through ML analysis. The Tuina+740 Y-P
combination had better therapeutic outcomes in both
comprehensive and category-specific evaluations than those of the
Tuina monotherapy, whereas the Tuina+LY294002 intervention
had poorer therapeutic outcomes in both comprehensive and
category-specific evaluations than those of the Tuina
monotherapy group. Although Tuina monotherapy was more
effective than 740 Y-P monotherapy in terms of comprehensive
therapeutic outcomes, behavioral performance, and reduced
cartilage degeneration, the two modalities had a similar effect on
modulating cellular autophagy activity and regulating the PI3K/
AKT/mTOR signaling pathway. Comprehensive validation revealed
a strong concordance between ML-derived efficacy predictions and
the experimental outcomes of the rat study. The ML framework not
only confirmed the biological relevance of the selected biomarkers
in rat models but also reinforced the validity of the mechanistic
conclusions derived from in vivo experiments. These findings
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highlight the utility of ML for both optimizing therapeutic strategies
and validating experimental design parameters.

This study has some limitations. First, the intervention effects of
Tuina on KOA were evaluated solely through behavioral
observations and pathological staining, without imaging evidence.
Second, the study did not thoroughly investigate how the physical
stimulation generated by Tuina massage translates into the
activation of the intracellular PI3K/AKT/mTOR pathway;
therefore, the mechano-chemical transduction process was not
elucidated. Furthermore, owing to the absence of clinical
validation, the conclusions should be regarded as preliminary.
Further studies are necessary to confirm the mechanism by which
Tuina massage activates the PI3K/AKT/mTOR pathway in treating
KOA. In the ML analysis, the limited sample size limited the
complexity of the methodological approach. Advanced deep-
learning methods such as neural networks, large-scale models,
and ensemble learning were not incorporated. These areas require
refinement in future research.

Conclusion

This study demonstrates that Tuina therapy alleviates
symptoms in KOA model rats by activating the PI3K/AKT/
mTOR signaling pathway, which suppresses excessive autophagy
and subsequently reduces cartilage degeneration. These findings
provide novel insights into the therapeutic mechanisms of Tuina for
KOA management and establish a solid theoretical foundation for
its clinical application in KOA treatment.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

All procedures were approved by the Animal Experimental
Ethics Committee of Henan University of Chinese Medicine
(IACUC-202410026). The study was conducted in accordance
with the local legislation and institutional requirements.

Author contributions

ZW: Funding acquisition, Conceptualization, Writing — review &
editing, Software, Methodology, Writing — original draft. CZ: Data
curation, Validation, Writing - review & editing, Visualization,
Writing - original draft, Project administration. MeL: Project
administration, Validation, Formal Analysis, Methodology, Writing
- original draft. LZ: Supervision, Data curation, Software, Resources,
Writing - review & editing. JD: Writing - review & editing,

Frontiers in Immunology

16

10.3389/fimmu.2025.1635818

Conceptualization, Methodology, Formal Analysis. YWu: Data
curation, Investigation, Writing - original draft, Funding
acquisition. TY: Validation, Writing — original draft, Methodology,
Visualization. MS: Supervision, Formal Analysis, Writing — original
draft, Funding acquisition. YL: Data curation, Resources, Validation,
Writing - review & edjting, Supervision, Conceptualization. YWa:
Software, Writing — original draft, Formal Analysis, Data curation.
MiL: Visualization, Project administration, Supervision, Writing -
review & editing, Conceptualization. YB: Validation, Formal Analysis,
Writing — original draft, Conceptualization. YZ: Funding acquisition,
Writing - review & editing, Methodology, Conceptualization. HX:
Writing - original draft, Funding acquisition, Project administration,
Data curation, Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This work was supported
by the National Natural Science Foundation of China (No.
82505794), the Henan Province Chinese Medicine Scientific
Research Special Project (No. 2024ZY3060), the Henan Province
Key Research Projects of Colleges and Universities (No.
26B360011), the Henan Province Chinese Medicine Research
Special Project (Joint Construction) (2025LHZX3008), the Central
Plains Thousand Talents Program-Central Plains Famous Doctors
(No. ZYQR201912120), the 2022 Central Plains Talent Plan (Talent
Education Series)-Central Plains Youth Top Talent Project (No. Yu
Talent Office [2022] No. 5), the Henan Provincial International
Science and Technology Cooperation Project (No. 252102521021),
the Henan Provincial Science and Technology Research and
Development Program (Joint Fund Project) (No. 242301420104),
Henan Province Traditional Chinese Medicine “Double First-Class”
Scientific Research Project (No. HSRP-DFCTCM-2023-7-09) and
Henan University of Chinese Medicine Graduate Research
Innovation Ability Improvement Plan Project (No. 2023KYCX071).

Acknowledgments

We thank the Animal Experiment Center of Henan University
of Chinese Medicine for the technical assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1635818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Jang S, Lee K, Ju JH. Recent updates of diagnosis, pathophysiology, and treatment
on osteoarthritis of the knee. Int ] Mol Sci. (2021) 22:2619. doi: 10.3390/ijms22052619

2. Georgiev T, Angelov AK. Modifiable risk factors in knee osteoarthritis: treatment
implications. Rheumatol Int. (2019) 39:1145-57. doi: 10.1007/s00296-019-04290-z

3. Dainese P, Wyngaert KV, De Mits S, Wittoek R, Van Ginckel A, Calders P.
Association between knee inflammation and knee pain in patients with knee
osteoarthritis: a systematic review. Osteoarthritis Cartilage. (2022) 30:516-34.
doi: 10.1016/j.joca.2021.12.003

4. Bijlsma JW, Berenbaum F, Lafeber FP. Osteoarthritis: an update with relevance
for clinical practice. Lancet. (2011) 377:2115-26. doi: 10.1016/S0140-6736(11)60243-2

5. Primorac D, Molnar V, Rod E, Jelec 7, éukelj F, Matisic V, et al. Knee
osteoarthritis: A review of pathogenesis and state-of-the-art non-operative
therapeutic considerations. Genes (Basel). (2020) 11:854. doi: 10.3390/genes11080854

6. Allaeys C, Arnout N, Van Onsem S, Govaers K, Victor J. Conservative treatment
of knee osteoarthritis. Acta Orthop Belg. (2020) 86:412-21.

7. Pesare E, Vicenti G, Kon E, Berruto M, Caporali R, Moretti B, et al. Italian
Orthopedic and Traumatology Society (SIOT) position statement on the non-surgical
management of knee osteoarthritis. ] Orthop Traumatol. (2023) 24:47. doi: 10.1186/
510195-023-00729-2

8. Zhu S, Qu W, He C. Evaluation and management of knee osteoarthritis. J Evid
Based Med. (2024) 17:675-87. doi: 10.1111/jebm.12627

9. Wang Z, Xu H, Wang Z, Zhou H, Diao J, Zhang L, et al. Effects of externally-
applied, non-pharmacological Interventions on short- and long-term symptoms and
inflammatory cytokine levels in patients with knee osteoarthritis: a systematic review
and network meta-analysis. Front Immunol. (2023) 14:1309751. doi: 10.3389/
fimmu.2023.1309751

10. Wang XY. Current situation and challenges of clinical and mechanism
research on tuina therapy for knee osteoarthritis. Beijing J Traditional Chin Med.
(2025) 4:262-8.

11. Xu H, Zhao C, Guo G, Li Y, A X, Qiu G, et al. The effectiveness of tuina in
relieving pain, negative emotions, and disability in knee osteoarthritis: a randomized
controlled trial. Pain Med. (2023) 24:244-57. doi: 10.1093/pm/pnacl27

12. Xu H, Xie ], Xiao LB, Kang BX, Zhao C, Xu XR, et al. Clinical observation on
joint treatment of pain of knee osteoarthritis with local acupoint and sitting position.
World Sci Tech Modernization Tradition Chin Med. (2021) 23:2125-31.

13. Xu H, Kang BX, Zhong S, Gao CX, Zhao C, Qiu GW, et al. Joint treatment of
knee osteoarthritis with local acupoints and sitting position: a randomized controlled
study. J Tissue Eng. (2021) 25:216-21.

14. Jiang W, Chen H, Lin Y, Cheng K, Zhou D, Chen R, et al. Mechanical stress
abnormalities promote chondrocyte senescence - The pathogenesis of knee
osteoarthritis. BioMed Pharmacother. (2023) 167:115552. doi: 10.1016/
j.biopha.2023.115552

15. AnF, Sun B, Liu Y, Wang C, Wang X, Wang J, et al. Advances in understanding
effects of miRNAs on apoptosis, autophagy, and pyroptosis in knee osteoarthritis. Mol
Genet Genomics. (2023) 298:1261-78. doi: 10.1007/s00438-023-02077-3

16. Wang S, Deng Z, Ma Y, Jin J, Qi F, Li S, et al. The role of autophagy and
mitophagy in bone metabolic disorders. Int ] Biol Sci. (2020) 16:2675-91. doi: 10.7150/
ijbs.46627

17. Tang L, Ding ], Yang K, Zong Z, Wu R, Li H. New insights into the mechanisms
and therapeutic strategies of chondrocyte autophagy in osteoarthritis. ] Mol Med (Berl).
(2024) 102:1229-44. doi: 10.1007/s00109-024-02473-1

18. He W, Cheng Y. Inhibition of miR-20 promotes proliferation and autophagy in
articular chondrocytes by PI3K/AKT/mTOR signaling pathway. BioMed
Pharmacother. (2018) 97:607-15. doi: 10.1016/j.biopha.2017.10.152

Frontiers in Immunology

17

10.3389/fimmu.2025.1635818

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1635818/
full#supplementary-material

19. Shang LB, Jin LF, Wang Z, Wang W. Experimental study on the Effect of total
saponins on the PI3K/AKT/mTOR signaling Pathway in Cartilage Tissue of Rats with
Knee osteoarthritis. Liaoning ] Traditional Chin Med. (2021) 48:188-91.

20. Wang Z, Xu H, Wang Z, Wang Y, Diao J, Chen J, et al. Traditional Chinese
Manual Therapy (Tuina) Improves Knee Osteoarthritis by Regulating Chondrocyte
Autophagy and Apoptosis via the PI3K/AKT/mTOR Pathway: An in vivo Rat
Experiment and Machine Learning Study. J Inflammation Res. (2024) 17:6501-19.
doi: 10.2147/JIR.S488023

21. Shen C, Cai GQ, Peng JP, Chen XD. Autophagy protects chondrocytes from
glucocorticoids-induced apoptosis via ROS/Akt/FOXO3 signaling. Osteoarthritis
Cartilage. (2015) 23:2279-87. doi: 10.1016/j.joca.2015.06.020

22. Li J, Sun F, Zhang Y, Pan X, Li B, Zhang G, et al. MiR-103-3p regulates
chondrocyte autophagy, apoptosis, and ECM degradation through the PI3K/Akt/
mTOR pathway by targeting CPEB3. J Orthop Surg Res. (2025) 20:324. doi: 10.1186/
s13018-025-05719-x

23. Percie du Sert N, Ahluwalia A, Alam S, Avey MT, Baker M, Browne WJ, et al.
Reporting animal research: Explanation and elaboration for the ARRIVE guidelines 2.
0. PloS Biol. (2020) 18:€3000411.

24. Kanzler S, Krabbe J, Forkmann T, Tolba RH, Steitz J. Animal experiments in
biomedical research: Knowledge, self-evaluation and attitudes of biology and medical
students. Lab Anim. (2022) 56:455-65. doi: 10.1177/00236772221080833

25. Stein M, Elefteriou F, Busse B, Fiedler IA, Kwon RY, Farrell E, et al. Why animal
experiments are still indispensable in bone research: A statement by the european
calcified tissue society. ] Bone Miner Res. (2023) 38:1045-61. doi: 10.1002/jbmr.4868

26. Nayarisseri A, Khandelwal R, Tanwar P, Madhavi M, Sharma D, Thakur G, et al.
Artificial intelligence, big data and machine learning approaches in precision medicine
& Drug discovery. Curr Drug Targets. (2021) 22:631-55. doi: 10.2174/
18735592MTEzsMDMnz

27. Rodriguez-Pérez R, Bajorath J. Evolution of support vector machine and
regression modeling in chemoinformatics and drug discovery. ] Comput Aided Mol
Des. (2022) 36:355-62. doi: 10.1007/s10822-022-00442-9

28. GuX, Ni T, Wang H. New fuzzy support vector machine for the class imbalance
problem in medical datasets classification. Scientific WorldJournal. (2014) 2014:536434.
doi: 10.1155/2014/536434

29. de Lima MD, de Oliveira Roque E Lima ], Barbosa RM. Medical data set
classification using a new feature selection algorithm combined with twin-bounded
support vector machine. Med Biol Eng Comput. (2020) 58:519-28. doi: 10.1007/s11517-
019-02100-z

30. Yao N, Chen GC, Lu YY, Xu XM, Zhao CX, Huang XJ, et al. Bushen Qiangjin
capsule inhibits the Wnt/o-catenin pathway to ameliorate papain-induced knee
osteoarthritis in rat. ] Tradit Chin Med. (2021) 41:935-42.

31. Cheng F, Yan FF, Liu YP, Cong Y, Sun KF, He XM. Dexmedetomidine inhibits
the NF-xB pathway and NLRP3 inflammasome to attenuate papain-induced
osteoarthritis in rats. Pharm Biol. (2019) 57:649-59. doi: 10.1080/
13880209.2019.1651874

32. Wang KM, Chen KH, Hernanda CA, Tseng SH, Wang KJ. How is the lung
cancer incidence rate associated with environmental risks? Machine-learning-based
modeling and benchmarking. Int J Environ Res Public Health. (2022) 19:8445.
doi: 10.3390/ijerph19148445

33. Abdelfattah S, Baza M, Mahmoud M, Fouda MM, Abualsaud K, Yaacoub E,
et al. Lightweight multi-class support vector machine-based medical diagnosis
system with privacy preservation. Sensors (Basel). (2023) 23:9033. doi: 10.3390/
§23229033

34. Agyapong O, Miller WA, Wilson MD, Kwofie SK. Development of a
proteochemometric-based support vector machine model for predicting bioactive

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1635818/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1635818/full#supplementary-material
https://doi.org/10.3390/ijms22052619
https://doi.org/10.1007/s00296-019-04290-z
https://doi.org/10.1016/j.joca.2021.12.003
https://doi.org/10.1016/S0140-6736(11)60243-2
https://doi.org/10.3390/genes11080854
https://doi.org/10.1186/s10195-023-00729-z
https://doi.org/10.1186/s10195-023-00729-z
https://doi.org/10.1111/jebm.12627
https://doi.org/10.3389/fimmu.2023.1309751
https://doi.org/10.3389/fimmu.2023.1309751
https://doi.org/10.1093/pm/pnac127
https://doi.org/10.1016/j.biopha.2023.115552
https://doi.org/10.1016/j.biopha.2023.115552
https://doi.org/10.1007/s00438-023-02077-3
https://doi.org/10.7150/ijbs.46627
https://doi.org/10.7150/ijbs.46627
https://doi.org/10.1007/s00109-024-02473-1
https://doi.org/10.1016/j.biopha.2017.10.152
https://doi.org/10.2147/JIR.S488023
https://doi.org/10.1016/j.joca.2015.06.020
https://doi.org/10.1186/s13018-025-05719-x
https://doi.org/10.1186/s13018-025-05719-x
https://doi.org/10.1177/00236772221080833
https://doi.org/10.1002/jbmr.4868
https://doi.org/10.2174/18735592MTEzsMDMnz
https://doi.org/10.2174/18735592MTEzsMDMnz
https://doi.org/10.1007/s10822-022-00442-9
https://doi.org/10.1155/2014/536434
https://doi.org/10.1007/s11517-019-02100-z
https://doi.org/10.1007/s11517-019-02100-z
https://doi.org/10.1080/13880209.2019.1651874
https://doi.org/10.1080/13880209.2019.1651874
https://doi.org/10.3390/ijerph19148445
https://doi.org/10.3390/s23229033
https://doi.org/10.3390/s23229033
https://doi.org/10.3389/fimmu.2025.1635818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

molecules of tubulin receptors. Mol Divers. (2022) 26:2231-42. doi: 10.1007/s11030-
021-10329-w

35. Li H, Xiong L, Ohno-MaChado L, Jiang X. Privacy preserving RBF kernel
support vector machine. BioMed Res Int. (2014) 2014:827371. doi: 10.1155/2014/
827371

36. Luan T, Yang X, Kuang G, Wang T, He ], Liu Z, et al. Identification and analysis
of neutrophil extracellular trap-related genes in osteoarthritis by bioinformatics and
experimental verification. J Inflammation Res. (2023) 16:3837-52. doi: 10.2147/
JIR.S414452

37. Barberis E, Khoso S, Sica A, Falasca M, Gennari A, Dondero F, et al. Precision
medicine approaches with metabolomics and artificial intelligence. Int ] Mol Sci. (2022)
23:11269. doi: 10.3390/ijms231911269

38. Bertoncelli CM, Altamura P, Bagui S, Bagui S, Vieira ER, Costantini S, et al.
Predicting osteoarthritis in adults using statistical data mining and machine learning.
Ther Adv Musculoskelet Dis. (2022) 14:1759720X221104935. doi: 10.1177/
1759720X221104935

39. Deng F, Huang J, Yuan X, Cheng C, Zhang L. Performance and efficiency of
machine learning algorithms for analyzing rectangular biomedical data. Lab Invest.
(2021) 101:430-41. doi: 10.1038/s41374-020-00525-x

40. Guo CY, Chou YC. A novel machine learning strategy for model selections-
Stepwise Support Vector Machine (StepSVM). PloS One. (2020) 15:¢0238384.
doi: 10.1371/journal.pone.0238384

41. Fan Y, Yu Z, Tang T, Liu X, Xu Q, Peng Z, et al. Machine learning algorithm
improves accuracy of ortho-K lens fitting in vision shaping treatment. Cont Lens
Anterior Eye. (2022) 45:101474. doi: 10.1016/j.clae.2021.101474

42. Wang X, Liu T, Sheng Y, Zhang Y, Qiu C, Li M, et al. Identification and
verification of four candidate biomarkers for early diagnosis of osteoarthritis by
machine learning. Heliyon. (2024) 10:e35121. doi: 10.1016/j.heliyon.2024.e35121

43. Yu D, Xu J, Liu F, Wang X, Mao Y, Zhu Z. Subchondral bone changes and the
impacts on joint pain and articular cartilage degeneration in osteoarthritis. Clin Exp
Rheumatol. (2016) 34:929-34.

44. Lv X, Zhao T, Dai Y, Shi M, Huang X, Wei Y, et al. New insights into the
interplay between autophagy and cartilage degeneration in osteoarthritis. Front Cell
Dev Biol. (2022) 10:1089668. doi: 10.3389/fcell.2022.1089668

45. Sun K, Luo J, Guo J, Yao X, Jing X, Guo F. The PI3K/AKT/mTOR signaling
pathway in osteoarthritis: a narrative review. Osteoarthritis Cartilage. (2020) 28:400-9.
doi: 10.1016/j.joca.2020.02.027

46. Musumeci G, Castrogiovanni P, Trovato FM, Weinberg AM, Al-Wasiyah MK,
Algahtani MH, et al. Biomarkers of chondrocyte apoptosis and autophagy in
osteoarthritis. Int ] Mol Sci. (2015) 16:20560-75. doi: 10.3390/ijms160920560

47. Tang Y, Li Y, Xin D, Chen L, Xiong Z, Yu X. Icariin alleviates osteoarthritis by
regulating autophagy of chondrocytes by mediating PI3K/AKT/mTOR signaling.
Bioengineered. (2021) 12:2984-99. doi: 10.1080/21655979.2021.1943602

Frontiers in Immunology

18

10.3389/fimmu.2025.1635818

48. Zhang XL, Huang ZY, Xing HH, Tu D, Zhang J, Qian W, et al. Research progress
of animal selection for modeling of knee osteoarthritis. ] Hubei Med University. (2019)
44:107-13.

49. Ye JS, Liang ZC. Comparison of three different methods of knee osteoarthritis
modeling. Chin ] Gerontology. (2019) 43:3948-54.

50. Jin X, Yu Y, Lin Y, Yang ], Chen Z. Tendon-regulating and bone-setting
manipulation promotes the recovery of synovial inflammation in rabbits with knee
osteoarthritis via the TLR4-MyD88-NF-«xB signaling pathway. Ann Transl Med. (2023)
11:245. doi: 10.21037/atm-22-3039

51. Yang N, Zuo J, Yang GQ, Bi YF. Research progress of traditional Chinese
medicine in treatment of knee osteoarthritis. Yunnan ] Traditional Chin Med. (2016)
37:92-3.

52. Su ZJ, Gong ZX, Lu M, Qi GY. Exploration of the diagnosis and treatment ideas
of Knee Osteoarthritis from the Theory of “Meridian tendons. Jiangxi J Traditional
Chin Med. (2025) 56:11-4.

53. Kang ZR, Gong L, Xing H, Dai DC. A Preliminary study on the therapeutic
concept and principle of sitting knee adjustment in the treatment of knee osteoarthritis.
J Shanghai Univ Traditional Chin Med. (2020) 34:98-102.

54. Shi MF, Liu XB, Ma XN, Feng W, Zhang YF, Lin CS, et al. Study on the effect and
mechanism of ZeXie decoction in treating MSU-induced acute gouty arthritis model
through PI3K-AKT-mTOR signaling pathway. Int Immunopharmacol. (2025)
150:114214. doi: 10.1016/j.intimp.2025.114214

55. Han W, Guan M, Liao B, Han X, Li K, Chen Q, et al. Low-intensity pulsed
ultrasound inhibits chondrocyte senescence by inhibiting PI3K/AKT/mTOR signaling.
Braz ] Med Biol Res. (2025) 58:¢14408. doi: 10.1590/1414-431x2025e14408

56. Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate autophagy
through direct phosphorylation of Ulk1. Nat Cell Biol. (2011) 13:132-41. doi: 10.1038/
ncb2152

57. Galluzzi L, Green DR. Autophagy-independent functions of the autophagy
machinery. Cell. (2019) 177:1682-99. doi: 10.1016/j.cell.2019.05.026

58. Fan S, Yue L, Wan W, Zhang Y, Zhang B, Otomo C, et al. Inhibition of
autophagy by a small molecule through covalent modification of the LC3 protein.
Angew Chem Int Ed Engl. (2021) 60:26105-14. doi: 10.1002/anie.202109464

59. Lamark T, Svenning S, Johansen T. Regulation of selective autophagy: the p62/
SQSTM1 paradigm. Essays Biochem. (2017) 61:609-24. doi: 10.1042/EBC20170035

60. Eagle S, Potter HG, Koff MF. Morphologic and quantitative magnetic resonance
imaging of knee articular cartilage for the assessment of post-traumatic osteoarthritis. J
Orthop Res. (2017) 35:412-23. doi: 10.1002/jor.23345

61. Madry H, Griitn UW, Knutsen G. Cartilage repair and joint preservation: medical
and surgical treatment options. Dtsch Arztebl Int. (2011) 108:669-77.

62. Miller RE, Malfait AM. Osteoarthritis pain: What are we learning from animal
models? Best Pract Res Clin Rheumatol. (2017) 31:676-87.

frontiersin.org


https://doi.org/10.1007/s11030-021-10329-w
https://doi.org/10.1007/s11030-021-10329-w
https://doi.org/10.1155/2014/827371
https://doi.org/10.1155/2014/827371
https://doi.org/10.2147/JIR.S414452
https://doi.org/10.2147/JIR.S414452
https://doi.org/10.3390/ijms231911269
https://doi.org/10.1177/1759720X221104935
https://doi.org/10.1177/1759720X221104935
https://doi.org/10.1038/s41374-020-00525-x
https://doi.org/10.1371/journal.pone.0238384
https://doi.org/10.1016/j.clae.2021.101474
https://doi.org/10.1016/j.heliyon.2024.e35121
https://doi.org/10.3389/fcell.2022.1089668
https://doi.org/10.1016/j.joca.2020.02.027
https://doi.org/10.3390/ijms160920560
https://doi.org/10.1080/21655979.2021.1943602
https://doi.org/10.21037/atm-22-3039
https://doi.org/10.1016/j.intimp.2025.114214
https://doi.org/10.1590/1414-431x2025e14408
https://doi.org/10.1038/ncb2152
https://doi.org/10.1038/ncb2152
https://doi.org/10.1016/j.cell.2019.05.026
https://doi.org/10.1002/anie.202109464
https://doi.org/10.1042/EBC20170035
https://doi.org/10.1002/jor.23345
https://doi.org/10.3389/fimmu.2025.1635818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Tuina therapy alleviates knee osteoarthritis by modulating PI3K/AKT/mTOR-mediated autophagy: an integrated machine learning and in vivo rat study
	Introduction
	Materials and methods
	In vivo experiment in rats
	Experimental animals and groups
	Model establishment
	Intervention methods
	Behavioral assessment

	Hematoxylin and eosin staining and Mankin score
	Safranin O/Fast green (SO/FG) staining
	Transmission electron microscopy
	Reverse-transcription quantitative PCR
	Western blot
	Immunohistochemistry
	Statistical analysis
	Machine learning
	Data sets and preprocessing
	Model construction
	Model evaluation


	Results
	Tuina ameliorates mechanical pain, joint swelling, and functional activity in KOA rats
	Tuina mitigates cartilage lesions and reduces KOA progression in rats
	Tuina inhibits excessive chondrocyte autophagy in KOA rats
	Tuina inhibits chondrocyte autophagy in KOA rats by promoting the PI3K/AKT/mTOR signaling pathway
	ML confirms that Tuina mitigates KOA by activating PI3K/AKT/mTOR signaling pathway-mediated autophagy

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


