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Uncovering the mechanisms of
homologous point acupuncture
on knee osteoarthritis through an
integrated study of metabolomics
and proteomics

Wu Liu*?', Min Tang*?, Qi Zhang'?!, Zhaoduan Hu?, Rui Peng**
and Mi Huang™**

!College of Acupuncture-Moxibustion and Orthopedics, Hubei University of Chinese Medicine, Wuhan,
Hubei, China, 2Hubei Shizhen Laboratory, Wuhan, Hubei, China, *Orthopedics Department, Wuhan
Hospital of Traditional Chinese and Western Medicine, Wuhan, Hubei, China

Background: The incidence and prevalence of knee osteoarthritis (KOA) are on
the rise, with the intricate etiology and pathogenesis of the disease posing
significant challenges to global health. Although acupuncture has significant
promise in modulating the body’s metabolism and inflammatory reactions, the
efficacy of various acupuncture methods for treating KOA remains uncertain. In
this research, we evaluated the efficacy of homologous point acupuncture
compared to conventional acupuncture for KOA and investigated the potential
therapeutic mechanisms of homologous point acupuncture through a rat model.
Methods: Rat models of KOA were established by intra-articular injection of
monosodium iodoacetate. The successfully modeled rats were allocated into
three groups: KOA group (model group, injected with MIA), conventional
acupuncture group (AP), and homologous point acupuncture group (HAP).
Additionally, healthy rats were designated as a normal control group (Control),
with ten rats in each group. Following 4 weeks of consecutive acupuncture
treatment, joint swelling and Lequesne MG scores were assessed in each group of
rats. Subsequently, blood samples were obtained from the abdominal aorta to
assess the expression levels of IL-6, IL-1B, TNF-a, and LDH. Integrated
metabolomics and proteomics reveal the mechanism of homologous point
acupuncture in KOA rats. Validation of these mechanisms included staining
with hematoxylin and eosin, ELISA, biochemical kit, and Western blotting.

Results: Behavioral assessments revealed that, compared to the control group,
Lequesne MG scores and degree of joint swelling were significantly increased in
the KOA group, whereas both AP and HAP treatment significantly decreased these
parameters. Histopathological examination indicates that the cartilage layer in
KOA rat models exhibits thinning, irregular surface texture, and indistinct tidemark.
In contrast to the KOA group, both AP and HAP exhibited reduced articular
cartilage surface irregularity and mitigated cartilage degeneration, and a
notable decrease in the levels of IL-6, IL-1B, TNF-a, and LDH in the rat serum
following treatment. Further analysis through metabolomics and proteomics
reveal that HAP exerts its therapeutic effects by modulating pathways
associated with immunity and metabolism, with specific emphasis on
Arachidonic acid metabolism and glycolytic processes. Western blot analysis
demonstrated that HAP decreased the expression levels of proteins involved in
glycolysis, NLRP3 inflammasome activation, and autophagy and apoptosis, and
increased the levels of proteins that promote autophagy and prevent apoptosis.
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Conclusion: HAP significantly reduced pain-related responses and joint swelling in
KOA rats. Specifically, HAP manifests inhibitory effects on inflammatory response in
KOA and alleviates knee joint damage in a rat model. These effects are associated
with the modulation of glycolysis, NLRP3 inflammasome activation, autophagy,
and apoptosis. However, due to the absence of a sham acupuncture control, the
specific therapeutic contribution of needling itself cannot be distinguished from

apoptosis, autophagy, glucose metabolism, homologous point acupuncture, knee

Liu et al.
non-specific effects.
KEYWORDS
osteoarthritis, NLRP3
Introduction

Osteoarthritis (OA) is a chronic joint disease marked by the
degeneration and degradation of articular cartilage, along with
synovitis, changes in the composition of synovial fluid,
subchondral bone remodeling, and osteophyte formation. It
predominantly affects the knee, hip, and spinal joints, with knee
osteoarthritis (KOA) being the most prevalent (Hunter and Bierma-
Zeinstra, 2019). KOA presents with joint pain that intensifies during
movement and eases with rest, along with episodes of transient or
self-limiting joint stiffness. Escalated pain and functional limitations
can profoundly impair patients’ quality of life (Gelber, 2024). The
worldwide prevalence of OA among middle-aged and elderly
populations is 22.9%, with an especially sharp increase in KOA
prevalence and incidence among individuals over 55 in China,
where rates are notably higher in women than in men (Cui et al.,
2020; Chen et al, 2021). While KOA primarily results from
degenerative alterations in the joints, it is nonetheless linked to
various factors including age, body weight, sex, physical activity, and
joint trauma (Dong et al., 2023; Zhu S. et al.,, 2024). Currently, the
treatment of KOA includes pharmacological therapies such as non-
steroidal anti-inflammatory drugs, opioids, corticosteroids, and
hyaluronic acid injections. However, these medications are
primarily used to alleviate pain and improve function, and they
cannot prevent disease progression. Long-term use may lead to
gastrointestinal discomfort, drug resistance, and other adverse
2021; Wei 2023). KOA
rehabilitation encompasses exercise therapy, dietary adjustments,

events (Primorac et al, et al,
biomechanical interventions, and gait training, with personalized
treatment plans devised to alleviate pain and enhance limb function;
however, there is a lack of robust clinical evidence to substantiate
these approaches (Marriott and Birmingham, 2023). In cases of
advanced KOA where conservative treatment proves ineffective,
surgical options such as joint replacement are advised, though these
procedures entail inherent surgical risks and potential postoperative
complications (Beswick et al., 2019). Consequently, there are many
limitations to the current treatment of KOA, making the exploration
of novel therapeutic approaches crucial for advancing its
management.

Osteoarthritis (OA) is a whole-joint disorder characterized by
progressive degeneration and structural alterations across all
subchondral bone
meniscal degeneration, inflammatory and fibrotic changes in the

articular tissues, including remodeling,
infrapatellar fat pad and synovium, as well as metabolic
dysregulation and inflammatory responses in chondrocytes

(Jiang, 2022; Pereira Herrera et al., 2025; Lian et al, 2019;
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Ramasamy et al., 2021). During the pathogenesis of KOA,
dysregulation of chondrocyte energy metabolism results in
oxidative stress and cell apoptosis. Improving cellular metabolic
patterns to maintain the homeostasis of chondrocytes contributes to
the repair and regeneration of bone tissue (Court et al., 2024; Chen
Y. et al., 2024). Chronic or low-grade inflammation in osteoarthritis
is primarily mediated by the immune system, with local or systemic
inflammation causing cartilage degeneration, bone remodeling,
infrapatellar fat pad and synovial changes, thus targeting
inflammatory responses can be a therapeutic approach for KOA
(De Roover et al., 2023). Glycolysis, a key component of glucose
metabolism, exerts a substantial impact on the biological processes
of inflammation, apoptosis, and pyroptosis in KOA, making the
modulation of various rate-limiting enzymes in glycolysis a novel
therapeutic target for KOA treatment (Jiang et al, 2024a).
NLRP3 KOA
inflammatory responses by promoting IL-1B secretion, and

inflammasome-associated ~ proteins  trigger
suppressing the activation of the NLRP3 inflaimmasome can
reduce damage associated with KOA (Chang et al, 2024).
of KOA,
autophagy and apoptosis are involved throughout the entire

Furthermore, in the pathogenesis chondrocyte
process and are regulated by various signaling pathways and
Non-Coding RNA (Kao et al, 2022; Wang et al, 2023).
Consequently, addressing chondrocyte metabolic imbalances,
curbing inflammatory reactions, and modulating autophagy and
apoptosis to enhance chondrocyte proliferation could be a new
therapeutic approach for KOA.

Acupuncture offers distinctive benefits for analgesia, and
researchers have used molecular biology, histopathology, and
imaging techniques to clarify the mechanisms of acupuncture
analgesia (Wang et al, 2022; Wu et al, 2024). For instance,
electroacupuncture can suppress the release of downstream
inflammatory mediators and matrix metalloproteinases via the
TLRs/NF-«B signaling pathway and also alleviate KOA injury by
inhibiting NLRP3 inflammasome-induced pyroptosis (Ruan et al.,
2021; Zhang et al, 2023). Fire needle enhances the recovery of
synovial and chondral tissue through modulating
(Wei 2022).

acupuncture reduces joint pain through the regulation of resting-

injury
macrophage polarization et al, Furthermore,
state functional connectivity of the ventrolateral periaqueductal gray
(VIPAG) in the brain (Zhou et al.,, 2023). Consequently, further
research into the mechanisms of acupuncture treatment for KOA
can provide more evidence for acupuncture analgesia.
Homologous point acupuncture (HAP) is an acupuncture
technique guided by the traditional Chinese medicine theory of
“Yangyuan Tongluo”, commonly used for the treatment of pain-
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related diseases (Xie et al., 2022). The HAP therapy, proposed by
Professor Peng Rui, is grounded in visceral-meridian theory, it
innovatively incorporates Jiaji points at dorsal segmental levels
homologous to Back-Shu points, alongside traditional acupoints
(Peng, 2022). Through multidimensional syndrome differentiation,
Jiaji points undergo swift needle penetration without retention,
while acupoints along limb meridians receive conventional
needling without requiring tonification or reduction techniques.
In clinical practice, we have achieved satisfactory therapeutic effects
using HAP for the treatment of KOA. Metabolic dysregulation in
chondrocytes and inflammatory reactions are primary pathological
elements in the onset of KOA, involving processes of autophagy and
apoptosis. However, it remains unclear whether HAP affects the
aforementioned pathological factors in KOA.

This research investigated the molecular
underlying the intervention of HAP in a KOA rat model. By

mechanisms

employing histopathological, molecular biological, metabolomic,
and proteomic techniques, the study established the mechanisms
of action of HAP in the KOA model and determined its regulatory
effects on immune metabolism. The objective of this research is to
assess the efficacy of HAP in a KOA rat model, clarify the possible
mechanisms underlying its intervention, and establish the evidence
base for its use in KOA treatment.

Materials and methods
Experimental animals and grouping

All male Sprague-Dawley (SD) rats, aged 8-10 weeks and
weighing 200 + 20 g, were sourced from Wuhan Purui Zhiyi
Biotechnology Co., Ltd., and maintained at the Experimental
Animal Center of Hubei Provincial Disease Prevention and
Control Center. The breeding room was kept at a temperature of
22 °C-25 °C, humidity was controlled at 55% + 5%, and there was a
12-h cycle of light and darkness from fluorescent lighting. The
animals had ad libitum access to standard pelleted diet and water.
After a 7-day acclimation period, rats were randomly divided into
the healthy control group (Control), KOA group (KOA),
conventional acupuncture group (AP), and HAP group (HAP),
with 10 rats per group. Sample sizes were determined based on
previous experience with the MIA-induced KOA model and
feasibility considerations. For omics analyses (metabolomics and
proteomics), six biological replicates per group were used, which is
consistent with exploratory multi-omics studies in rodent models.
However, no formal power calculation was performed prior to the
experiment; therefore, the omics findings should be considered
exploratory and hypothesis-generating rather than confirmatory.
Following the grouping, Roman numerals were marked on the tails
of the rats for identification. The animal experiment conducted
herein has received approval from the Hubei Provincial Disease
Prevention and Control Center’s Committee on Laboratory Animal
Management and Use (Approval No.: 202420281).

Preparation of KOA model rats

Animals were anesthetized using isoflurane at an induction
concentration of 4% (Batch number: Shou Yao Zi 153717015;
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provided by Qingdao Oubofang Medical Technology Co., Ltd.),
and the anesthesia was maintained at a concentration of 2%-3%
isoflurane. Post-induction, the rats were affixed to the surgical
board. The monosodium iodoacetate (MIA) was employed to
establish the KOA model in rats. Using a microinjector, 50 uL of
0.9% physiological saline containing 3 mg of MIA was injected into
the intra-articular cavity of the right knee. Following the
manipulation of joint flexion and extension, the rats were placed
back into their breeding cages (Jiang X. et al., 2024). Following a
week of regular feeding post drug administration, signs such as
swelling of the right knee joint, restricted joint movement, and
limping in the model rats suggested a successful model creation.

Acupuncture intervention

Following anesthesia with isoflurane (2%-4% concentration) in
AP group, rats were subjected to needling at the right posterior
knee’s Dubi (ST35), Neixiyan (EX-LE4), Yanglingquan (GB34), and
Zusanli (ST36) points. The needles used were 0.18*13 mm in size
(Batch number: 20162270970; Suzhou Medical Supplies Factory Co.,
Ltd.), inserted into the acupoints to a depth of 3-4 mm. Acupoints
were selected based on the methods described in Experimental
Acupuncture (Guo, 2021). Following anesthesia, the rats in HAP
group, apart from the previously mentioned acupoints, were selected
for the segmental Jiaji points associated with the liver Shu (BL18),
gallbladder Shu (BL19), spleen Shu (BL20), and stomach Shu
(BL21), positioned beside the intercostal spaces under the 9th to
12th thoracic vertebrae, 0.3 cm from the paramedian line on the
dorsal side. Acupuncture operations for ST35, EX-LE4, GB34, and
ST36 are consistent with those of the AP group, complemented by
quick puncture of the Jiaji points without leaving the needles in, with
a depth of 3-4 mm. Needle acupuncture commenced 1 week post-
modeling, administered once daily, with 1 week constituting one
treatment course, and the intervention lasted for a total of 4 weeks.

Sample collection

Following the last intervention, 24 h post-treatment, 5 mL of rat
abdominal aortic blood was aseptically collected, centrifuged at
3000 rpm for 10 min to obtain the serum for subsequent
measurements. The rats were subsequently euthanized via
dislocation, and the cartilage tissue beneath the patella in the
right knee joint was extracted and preserved at —80 °C for
subsequent analysis. From some rats, the entire right knee joints
(1 cm above and below the joint) were collected and treated with a
10% EDTA solution to decalcify for 4 weeks. Once the bone tissue
had softened, the samples were dehydrated, embedded in paraffin,
and then stained with HE (Figure 1).

Lequesne MG scores and degree of
joint swelling

The Lequesne MG scores was assessed after intervention. This
scoring system evaluates three parameters: pain or discomfort
response, degree of daily activity limitation, and joint swelling.
The total score ranges from 0 to 12 points, with higher scores
indicating more severe arthritis symptoms. Knee joint diameter was
measured using a standard ruler before modeling and after
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intervention. The measurement was taken at the level of the white
ligament of the knee joint. Joint swelling (%) was calculated as:
[(knee diameter after intervention - knee diameter before

modeling)/knee diameter before modeling] x 100%.

Hematoxylin and eosin (H&E), Mankin score
and Krenn score

Decalcified mouse knees were fixed in 4% paraformaldehyde,
followed by dehydration before embedding in paraffin to make 5-
um sections. Sections were deparaffinized with xylene, dehydrated
with gradient ethanol and then stained with H&E. Histopathological
evaluation of H&E-stained sections included Mankin score and
Krenn synovitis score. The Mankin score (scale: 0-14) evaluates
cartilage structure, chondrocytes, matrix staining, and tidemark
integrity, with higher scores indicating more severe degeneration.
The Krenn score (scale: 0-9) quantifies synovial inflammation based
stromal cell density, and

on synovial lining cell layer,

inflammatory infiltrate.
Enzyme linked immunosorbent assay (ELISA)

ELISA was utilized to quantify concentrations of pro-
inflammatory factors IL-1p (MM-0047R2, WUHAN HUAYAN
Biotechnology CO., LTD), IL-6(MM-0190R2, WUHAN
HUAYAN Biotechnology CO., LTD), and TNF-a (MM-0180R2,
WUHAN HUAYAN Biotechnology CO., LTD) in the serum, using
commercial kits according to the manufacturer’s instructions.
Instrumentation included: Microplate reader (Multiskan™ FC,
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Thermo Fisher Scientific), High-speed refrigerated centrifuge
(H1-16KR, Hunan Xiangyi), Thermostatic incubator (AS ONE
Japan), (AMW-3000,
LabTech), Multi-sample tissue homogenizer (Tissuelyser-24L,

Corp., Automated microplate washer

Shanghai Jingxin).
Biochemical tests

Lactate dehydrogenase (LDH) biochemical kit (A020-two to
two, Nanjing Jiancheng Bioengineering Institute) was used to
measure the activity of LDH in serum.

Untargeted metabolomics

The serum samples were thawed at 4 °C and 100 pL aliquots were
mixed with 400 uL of cold methanol/acetonitrile (1:1, v/v) to remove
the protein. The mixture was centrifuged for 20 min (14000 rpm,
4°C). The supernatant was dried in a vacuum centrifuge. For LC-MS
analysis, the samples were re-dissolved in 100 UL acetonitrile/water
(1:1, v/v) solvent and centrifuged at 14000 rpm at 4 °C for 15 min,
then the supernatant was injected.

LC-MS/MS  Analysis was performed using an UHPLC
(1290 Infinity LC, Agilent Technologies) coupled to a quadrupole
time-of-flight (AB Sciex TripleTOF 6600). For HILIC separation,
samples were analyzed using a 2.1 mm x 100 mm ACQUIY UPLC
BEH Amide 1.7 um column (waters, Ireland). In both ESI positive
and negative modes, the mobile phase contained A = 25 mM
ammonjum acetate and 25 mM ammonium hydroxide in water
and B = acetonitrile. The gradient was 95% B for 0.5 min and was
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linearly reduced to 65% in 6.5 min, and then was reduced to 40% in
1 min and kept for 1 min, and then increased to 95% in 0.1 min, with
a 3 min re-equilibration period employed.

The ESI source conditions were set as follows: Ion Source Gasl
(Gas1) as 60, Ion Source Gas2 (Gas2) as 60, curtain gas (CUR) as 30,
source temperature: 600 °C, IonSpray Voltage Floating (ISVF) +
5500 V. In MS only acquisition, the instrument was set to acquire
over the m/z range 60-1000 Da, and the accumulation time for TOF
MS scan was set at 0.20 s/spectra. In auto MS/MS acquisition, the
instrument was set to acquire over the m/z range 25-1000 Da, and
the accumulation time for product ion scan was set at 0.05 s/spectra.
The product ion scan is acquired using information dependent
acquisition (IDA) with high sensitivity mode selected. The
parameters were set as follows: the collision energy (CE) was
fixed at 35 V with +15 eV; declustering potential (DP), 60 V (+)
and -60 V (-); exclude isotopes within 4 Da, candidate ions to
monitor per cycle: 10.

Astral-DIA quantitative proteomics

An appropriate quantity of cartilage tissue samples were first
homogenized by MP FastPrep-24 homogenizer (24 x 2, 6.0M/S, 60 s,
twice), and then SDT buffer (4% SDS, 100 mM Tris-HCI, pH 7.6)
was added. The lysates were further sonicated, and boiled for 15 min.
After centrifuged at 14000 rpm for 40 min, the supernatant was
quantified with the BCA Protein Assay Kit. 15 ug of protein for each
sample were mixed with 5X loading buffer respectively and boiled
for 5 min. The proteins were separated on 4%-20% SDS-PAGE gel
(constant voltage 180 V, 45 min). Protein bands were visualized by
Coomassie Blue R-250 staining. An equal aliquot from each sample
in this experiment was pooled into one sample for quality control.

The samples were subjected to trypsin digestion using the Filter-
Aided Sample Preparation (FASP) technique (Wisniewski et al.,
2009). The peptides of each sample were desalted on C18 Cartridges
(EmporeTM SPE Cartridges MCX, 30UM,waters), concentrated by
vacuum centrifugation and reconstituted in 40 puL of 0.1% (v/v)
formic acid. The peptide content was estimated by UV light spectral
density at 280 nm. For DIA experiments, iRT calibration peptides
were spiked into the sample. Mass Spectrometry Assay for Data
Independent Acquisition (DIA): The peptides from each sample
were analyzed by OrbitrapTM AstralTM mass spectrometer
(Thermo Scientific) connected to an Vanquish Neo system liquid
chromatography (Thermo Scientific) in the data independent
acquisition (DIA) mode. Precursor Ions were scanned at a mass
range of 380-980 m/z, MS1 resolution was 240000 at 200 m/z,
Normalized AGC Target: 500%, Maximum IT: 5 ms. 299 windows
were set for DIA mode in MS2 scanning, Isolation Window: 2m/
z,HCD Collision Energy: 25ev, Normalized AGC Target: 500%,
Maximum IT: 3 ms.

Western blotting

Proteins were extracted from the collected cartilage tissue
samples using pre-cooled RIPA lysis buffer supplemented with a
protease/phosphatase inhibitor cocktail and PMSF (MAOI151,
Meilunbio). Protein quantification was performed using the BCA
assay. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was utilized for protein separation, followed by
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transfer to a polyvinylidene fluoride (PVDF) membrane
(IPVHO00010, Millipore). Blocked with 5% bovine serum albumin,
and incubated with diluted primary antibody overnight, including

GAPDH (dilution concentration:1:10000), HIFla (dilution
concentration:1:1000), HK2 (dilution concentration: 1:1000),
c-caspase3 (dilution concentration: 1:1000), Bax (dilution

concentration: 1:10000), LC3 (dilution concentration: 1:1000),
Beclinl (dilution concentration: 1:6000), NLRP3 (dilution
concentration: 1:1000), ASC (dilution concentration: 1:1000),
caspasel  (dilution concentration: 1:1000), p62 (dilution
concentration: 1:5000), Bcl2 (dilution concentration: 1:5000).
(Note: GAPDH was used as the sole housekeeping protein for
normalization in this study. While GAPDH is commonly used,
its expression can be influenced by metabolic states. Future studies
should consider using multiple housekeeping proteins or total
protein staining for more robust normalization in metabolic
research. Uncropped and unprocessed Western blot images for
all figures are provided in Supplementary Figure SI to ensure
data transparency).

All the primary antibodies were validated by either the
manufacturer or other available publications, listed as follows:
HIFla (Boster, A00013-1), HK2 (Abclonal, A0994), c-caspase3
(Affinity, AF7022), Bax (Wuhan Sanying, 50599-2-Ig), LC3 (CST,
12741T), Beclinl (Wuhan Sanying, 11306-1-AP), and GAPDH
(Wuhan Sanying, 60004-1-Ig) from WUHAN HUAYAN
Biotechnology CO., LTD. NLRP3 (Affinity, BF8029), ASC
(Affinity, DF6304), caspasel (Affinity, AF5418), p62 (Wuhan
Sanying, 18420-1-AP), Bcl2 (Wuhan Sanying, 60178-1-Ig) from
WUHAN Fabre Biotechnology CO., LTD. After washing 5 times
for 5 min each with TBST (T-Pro), and a horseradish peroxidase
(HRP)-conjugated secondary antibody (Boster, BA1051 and
BA1054) was applied for 2 h at room temperature. Visualized
using a commercial enhanced chemiluminescence kit (Affinity,
KF8003), Grey values of the obtained bands were quantified
using Image-Pro Plus software.

Statistical analysis

The data were demonstrated as mean * standard error of the mean
(SEM) and analyzed with GraphPad Prism software (version 8.0.1.244).
Normality was assessed using the Shapiro-Wilk test prior to parametric
testing. For behavioral and biochemical data, comparisons among
multiple groups were performed using one-way ANOVA followed
by Tukey’s post hoc test, with p < 0.05 considered statistically significant.
For omics data (metabolomics and proteomics), differential metabolites
and proteins were identified using criteria of VIP > 1 (from OPLS-DA)
and p < 0.05, with p-values adjusted for multiple testing using the
Benjamini-Hochberg false discovery rate (FDR) method where
applicable.

Results

HAP reduces the lequesne MG score and
joint swelling degree

After the 4-week acupuncture intervention, pain or discomfort
response, degree of daily activity limitation, and joint swelling were
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assessed and recorded in each group. The results showed that,
compared to the control group, the KOA group exhibited
significantly higher Lequesne MG scores and joint swelling (p <
0.01). In contrast, both the AP and HAP groups showed significantly
reduced Lequesne MG scores and joint swelling (p < 0.01), with no
significant difference observed between the two treatment
groups (Figure 2).

HAP possesses anti-inflammatory effects in
a rats model of KOA

4-week
assessments of the knee joints from each group of rats were

Following a intervention period, pathological
performed using hematoxylin and eosin staining. In contrast to
the control group, the KOA group rats exhibited an irregular surface
of the articular cartilage and degenerative changes, demonstrating
that MIA induced cartilage degeneration and structural injury. In
AP group and HAP group, the irregularity of the joint cartilage
surface in rats was decreased, and the degeneration of cartilage was
alleviated (Figure 3A). According to the results of the Mankin and
scores, OA group was significantly different from control group after
treatment (p < 0.001). In addition, OA group was apparently
different from treatment group (p < 0.001) (Figure 3B). OARSI
score came to the same results as those of Mankin score (p < 0.001)
(Figure 3C), suggesting that acupuncture treatment significantly
improves the structure and function of knee cartilages and
effectively delays the further progression of KOA.

Inflammatory factors and LDH activity are important in the
pathology of KOA, therefore, employing ELISA to measure the
levels of IL-6, IL-1B, TNF-a, and LDH activity in serum is of
significant importance. The findings showed that the KOA group
had a significant increase in the concentrations of IL-6, IL-1f, and
TNEF-a,
accompanied by an

leading to an intensified inflammatory reaction,

increase in LDH activity. Following
treatment with conventional AP or HAP, there was a notable
decrease in MIA-induced inflammatory cytokines and LDH
activity (Figures 3D-G), while HAP showed numerically lower
mean values for these parameters, direct statistical comparison
between AP and HAP groups was not the primary focus of this
study, and the observed trends do not imply statistically significant
superiority. A comprehensive multi-omics comparative analysis
between AP and HAP is warranted to elucidate potential
differences in their underlying mechanisms.

HAP treatment is associated with altered
metabolic profiles in rats with KOA

In order to gain a deeper understanding of the alterations in
metabolic pathways related to the treatment of KOA with HAP, the
untargeted metabolomics were employed to analyze serum
metabolites, with  six  biological  replicates for each
group. Principal Component Analysis (PCA) coupled with
Orthogonal Partial Least Squares Discriminant Analysis (OPLS-
DA) revealed distinct differences in the metabolic profiles among the
Control, KOA, and HAP groups (Figures 4A-D). Differential
metabolites were screened based on the criteria of OPLS-DA
VIP > 1 and p < 0.05. In comparisons of KOA vs. Control, AP

vs. KOA, and HAP vs. KOA, 134, 148, and 194 distinct differential
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metabolites were identified, respectively (Figure 4E; Supplementary
Tables 1-3). It is noteworthy that 86 metabolites were significantly
increased in the HAP vs. KOA group, comprising Daidzein, 4-
pyridoxic acid, L-Serine, L-Glutamine, L-Tryptophan, and other
differential metabolites. A total of 108 significantly downregulated
metabolites were identified, including Arachidonic acid, 1-Stearoyl-
2-arachidonoyl-sn-glycerol, Glycodeoxycholic acid, Lithocholic
acid, and Taurine, among other differential metabolites (Figures
4F-T). Through KEGG enrichment analysis, pathways such as Fc
gamma R-mediated phagocytosis, Arginine biosynthesis, Fc epsilon
RI signaling pathway, Arginine and proline metabolism, and
Pantothenate and CoA biosynthesis were significantly enriched,
which are related to the immune system and metabolism
(Figures 4],K). Focusing on the immune-related metabolic
pathway Fc gamma R-mediated phagocytosis, two metabolites
showed significant changes after HAP intervention: Arachidonic
acid (AA, AUC = 1) and 1-Stearoyl-2-arachidonoyl-sn-glycerol (1-
SAG, AUC = 0.861) were significantly decreased (p < 0.01) (Figures
4L-0). Metabolomic results suggest that HAP may exert anti-
inflammatory effects by regulating various metabolic pathways,
particularly those related to Fc gamma R-mediated phagocytosis,
thereby improving the damage in KOA.

HAP treatment is associated with altered
expression of proteins related to immunity
and metabolism

To further explore the molecular mechanisms of HAP
intervention in KOA, Astral-DIA proteomic analysis of cartilage
tissue was conducted, with 6 Dbiological replicates per
group. Principal component analysis (PCA) revealed distinct
protein profiles between AP, HAP, and Control, KOA groups
(Figure 5A). To analyze the differences in protein composition
among various groups, differentially expressed proteins (DEPs)
were screened based on the criteria of Fold Change (FC) > 1.5
(upregulated more than 1.5 times or downregulated less than
0.67 times) and p < 0.05. In comparisons of KOA vs. Control,
AP vs. KOA, and HAP vs. KOA, 507, 630, and 687 DEPs were
identified, In HAP vs. KOA, this included

346 upregulated proteins and 341 downregulated proteins

respectively.

(Figure 5B; Supplementary Tables 4-6). There were 29 common
positive proteins when KOA upregulated and HAP downregulated
(p < 0.05 and fold-change >1.5), while 14 common positive proteins
were found which KOA downregulated and HAP-upregulated (p <
0.05 and fold-change >1.5) (Supplementary Table 7). HAP vs. KOA
differential proteins were found to mainly belong to nuclear,
cytoplasmic, extracellular, mitochondrial, and plasma membrane
by subcellular localization (Figure 5C). Based on GO functional
analysis, HAP vs. KOA differential proteins were mainly binding,
catalytic activity, and molecular function regulator activity proteins
related to molecular function (MF), cellular anatomical entity and
protein-containing complex proteins related to cellular component
(CC), and cellular process, metabolic process, and immune system
process proteins related to biological process (BP) (Figures 5D-G).
The DEPs were annotated by KEGG pathways, and these DEPs in
HAP vs. KOA participated in 37 pathways. The top 20 pathways
between pairs of groups (HAP vs. KOA) were plotted (Figures
5H-J). The high representation of neutrophil extracellular trap
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FIGURE 4 (Continued)

p < 0.01 and 0.05, respectively.

between HAP and KOA, where yellow dots represent pathways, and other dots represent metabolites. The size of the pathway nodes indicates the
number of connected metabolites, with more connections leading to larger nodes. The metabolite nodes are represented by a gradient color to denote
the magnitude of the log2(FC) values. (L,N) Quantitative results of metabolites. (M,0) ROC results of metabolites. Compared with KOA, ** and * represent

formation, hematopoietic cell lineage, rheumatoid arthritis
pathways suggests changes in the immune system in HAP rats.
Enrichment in glycolysis, amino sugar and nucleotide sugar
metabolism, galactose metabolism, and oxidative phosphorylation
pathways points to effects of HAP on carbohydrate metabolism and

energy metabolism in rats.

HAP suppresses the expression of proteins
related to glycolysis and the
NLRP3 inflammasome

Glycolysis is closely related to metabolic disorders in OA
cartilage. In the pathological process of OA, the glycolytic
process of chondrocytes is accelerated, leading to the
upregulation of various inflammatory factors (Adam et al., 2024).
Hypoxia-inducible factor-1a (HIF-1a) and hexokinase 2 (HK2) are
crucial in the glycolytic pathway. HIF-la is the primary
transcription factor that promotes glycolysis and can increase the
expression of key glycolytic enzymes such as HK2, leading to
enhanced apoptosis of chondrocytes and exacerbated
inflammatory responses in OA (Liu et al, 2024; Jiang et al,
2024b). In addition, the NLRP3 inflammasome is intimately
linked to

NLRP3 inflammasome activation can ameliorate OA cartilage

inflammatory responses, and suppression of
degeneration and inflammatory responses (Xiao et al., 2023).
Notably, the suppression of glycolysis can attenuate the activation
of the NLRP3 inflammasome (Stanton et al., 2024). Consequently,
treatment strategies aimed at HIF-1a, HK2, and proteins associated
with the NLRP3 inflammasome could represent a significant
direction for the management of KOA. Western blot analysis in
this study demonstrated that the protein expression levels of HIF-1a,
HK2, NLRP3, ASC, and Caspase-1 in the cartilage tissues from the
KOA group were markedly higher compared to the Control
group (Figures 6A,B). Following treatment with AP and HAP,
the expression levels of these proteins were significantly
decreased, with a more notable reduction in the HAP group
(Figures 6C-G). Collectively, the results indicate that HAP
KOA damage by
NLRP3 inflammasome activation.

mitigates inhibiting  glycolysis and

HAP suppresses the expression of proteins
related to autophagy and apoptosis

Autophagy in chondrocytes is crucial during the pathogenesis of
OA, engaging in cellular metabolism, inflammation, apoptosis, and
senescence, and is essential for the maintenance of intracellular
homeostasis (Li L. et al, 2024). Activation of autophagy helps to
inhibit chondrocyte apoptosis, thereby reducing joint inflammation
and damage (Lee et al., 2024). Consequently, regulating chondrocyte
autophagy and apoptosis offers novel approaches for the prevention
and treatment of OA. Previous studies have demonstrated that

Frontiers in Bioengineering and Biotechnology

acupuncture has a beneficial regulatory effect on autophagy, capable
of both enhancing autophagy to remove damaged cellular structures
and inhibiting autophagy to alleviate damage (Zhao et al,, 2023).
Western blot analysis in this study revealed that the protein
expression levels of LC3-II, Beclin-1, and Bcl-2 in cartilage tissue
from the KOA group were significantly decreased, while the expression
of C-caspase3, Bax, and p62 proteins was markedly increased,
suggesting that autophagy in chondrocytes was suppressed and the
level of apoptosis was enhanced (Figures 7A,B). After intervention with
AP and HAP, the expression levels of the aforementioned proteins
significantly rebounded, with a more pronounced trend in the HAP
group (Figures 7C-H). In summary, the results indicate that HAP can
activate autophagy in chondrocytes and inhibit apoptosis.

Discussion

With the acceleration of population aging, the incidence of KOA
is gradually increasing, and it is projected that by 2050, the number
of global KOA patients will reach 642 million, while currently there
is a lack of effective management plans (GBD, 2021 Osteoarthritis
Collaborators, 2023; Veronese et al., 2022). Current first-line non-
surgical treatments such as NSAIDs primarily alleviate joint pain
and improve functional activities by inhibiting the release of
inflammatory factors, yet they fail to impede the pathological
process of OA, and prolonged use could potentially intensify
symptoms (Salis and Sainsbury, 2024). Furthermore, there is a
significant discrepancy between the recommended treatment
protocols in OA guidelines and actual clinical treatments in the
real world. The constraints of various treatment options underscore
the need to explore alternative therapies for OA management
(Langworthy et al., 2024). Acupuncture has achieved satisfactory
therapeutic effects in analgesia, especially in relieving pain and
improving functional mobility (Tu et al, 2024; Zhu L. et al,
2024; Zhao et al, 2024). Clinical practice and guidelines
demonstrate that acupuncture for KOA can reduce patient pain
and functional impairments, frequently being employed as an
alternative treatment for the disease (Luo et al, 2023; Wang
et al,, 2021). HAP based on conventional acupuncture points and
combined with Jiaji points, has achieved certain clinical efficacy in
the treatment of KOA (Huang et al., 2022). Despite this, there is a
lack of biological evidence supporting its effectiveness. Therefore,
this study is the first to assess the potential of homologous point
acupuncture in treating KOA through basic research methods and
to elucidate its anti-inflammatory and analgesic mechanisms. The
ultimate goal is to provide feasible or alternative treatment options
for KOA and to promote functional joint healing.

In this study, we established a KOA rat model with complete
inflammatory responses and joint damage using intra-articular
injection of MIA. Subsequently, we evaluated the effects of HAP
intervention on KOA. Our results revealed that both HAP and
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conventional acupuncture significantly reduced serum levels of

inflammatory factors and lactate dehydrogenase in rat models of

KOA, thereby exerting beneficial effects on knee joint damage. On

the foundation of uncovering the anti-inflammatory effects of HAP,

we delved into serum metabolomics and cartilage tissue proteomics,
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finding that HAP can modulate the expression of metabolites and
proteins associated with immune and metabolic pathways, shedding
light on the potential immunometabolic mechanisms of the anti-
inflammatory action of HAP. Subsequently, Western blot was used
to detect proteins related to glycolysis, NLRP3 inflammasome,
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autophagy, and apoptosis, confirming that HAP significantly
downregulated proteins associated with glycolysis and the
NLRP3 inflammasome, including HIF-la, HK2, NLRP3, ASC,
and Caspase-1. Additionally, HAP significantly upregulated the
protein expression of LC3, Beclin-1, and Bcl-2, and significantly
downregulated C-caspase3, Bax, and p62, indicating that HAP
activated autophagy and inhibited apoptosis. Thus, this study
elucidates that HAP may mitigate KOA progression through
multiple  pathways, glycolysis,
NLRP3 inflammasome activation, autophagy, and apoptosis,

including ~ modulating

thereby  providing  experimental  evidence  for  its
therapeutic mechanism.

Arachidonic acid is an important fatty acid in the body that plays a
significant role in inflammatory responses. This study indicates that
HAP can inhibit Fc gamma R-mediated phagocytosis and Fc epsilon
RI signaling pathways, thereby reducing the levels of Arachidonic acid.
Fc gamma R-mediated phagocytosis (Gallo et al., 2010; Acharya et al.,
2020) and Fc epsilon RI signaling pathways (Huang et al., 2020) play
significant roles in inflammatory responses, being able to induce the
production of pro-inflammatory cytokines, including Arachidonic
acid, IL-1B, IL-8, and TNF-a, among others. Elevated levels of
Arachidonic acid expression often predict the occurrence and
progression of inflammatory responses and oxidative stress, and are
considered a key mechanism in the treatment of osteoarthritis (Yan
et al,, 2023; Chen et al., 2023). 1-SAG is a diacylglycerol containing
polyunsaturated fatty acids that can activate protein kinase C (PKC),
leading to inflammatory responses and apoptosis (Wen et al., 2011). In
light of the research findings, HAP may alleviate systemic
inflammatory responses by reducing the expression levels of
Arachidonic acid and 1-SAG in serum and inhibiting the release of
IL-6, IL-1B, and TNF-a.

Based on chondrocyte tissue Astral-DIA proteomics, 687 DEPs
were identified between the HAP and KOA groups. Bioinformatics
analysis of the molecular functions and biological processes of DEPs
showed significant enrichment in binding, catalytic activity, and
metabolic processes, as well as immune system processes.
Furthermore, in the KEGG pathway annotation and analysis,
DEPs between the two groups (HAP vs. KOA) were significantly
enriched in immune and metabolic related pathways. Therefore, we
hypothesize that HAP exerts therapeutic effects by regulating
immune and metabolic processes. Through Western blot analysis,
we found that key glycolytic factors HIF-1la and HK2, as well as
NLRP3 inflammasome-related proteins, were significantly reduced
in the cartilage of rats in the HAP group. These findings suggest that
inhibition of glycolytic processes and NLRP3 inflammasome
activation may contribute to the observed therapeutic effects.
However, it is important to emphasize that these are associative
findings; without functional perturbation experiments (e.g.,
pharmacological inhibition of glycolysis or NLRP3 blockade),
causal relationships cannot be established. LDH is one of the
important enzymes in glycolysis, catalyzing the conversion of
pyruvate to lactate while generating NAD+, thereby maintaining
the glycolytic process (Chandel, 2021). Biochemical assays revealed a
significant decrease in LDH activity in the serum of rats in the HAP
NLRP3

apoptosis interact with each other in osteoarthritis. Glycolysis

group. Glycolysis, inflammasomes, autophagy, and
affects inflammatory responses by inhibiting the activation of the

NLRP3 inflammasome (Stanton et al., 2024). In metabolic disorders,
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autophagy can suppress the activation of the NLRP3 inflammasome
by inhibiting the production of ROS or promoting the degradation
of inflammasome components such as NLRP3, caspase-1, and ASC
(Lv et al, 2021). Autophagy is instrumental in preserving
intracellular homeostasis, offering novel therapeutic approaches
for OA through the modulation of chondrocyte autophagy and
apoptosis (Chen Z. et al., 2024). A substantial amount of research
confirms that enhancing chondrocyte autophagy can reduce the
release of inflammatory factors and apoptosis, thereby alleviating
cartilage damage and slowing the progression of OA (Cui et al,
2024; Kan et al,, 2024; Li H. et al,, 2024). Through Western blot
analysis, we found that the pro-autophagic proteins (LC3 and
Beclinl) and anti-apoptotic protein (Bcl-2) in the cartilage tissue
of rats in the HAP group were significantly upregulated. The results
suggest that HAP might safeguard chondrocytes by enhancing
autophagy and suppressing apoptosis.

This multi-omics study provides valuable insights into the
mechanisms of HAP for treating KOA. However, several
limitations should be acknowledged. From a methodological
standpoint, the most significant limitation is the absence of a
sham acupuncture control group. This design gap fundamentally
constrains the interpretation of our findings: it is impossible to
dissociate the specific therapeutic effects of HAP from the non-
specific effects of the needling procedure itself (e.g., minor tissue
trauma, restraint stress, or handling-induced analgesia).
Consequently, all mechanistic interpretations presented in this
study should be regarded as associative rather than causal
8).  The

NLRP3 inflammasome, autophagy, and apoptosis pathways are

(Figure observed  changes in  glycolysis,
correlated with HAP treatment, but whether these changes are
specifically attributable to the unique acupoint selection strategy of
HAP, or simply reflect generic needling responses, remains to be
determined. Future studies incorporating a sham-controlled design
(e.g., non-acupoint superficial insertion or non-penetrating sham
needles) are essential to establish treatment specificity. Furthermore,
model validation could be strengthened. More rigorous assessment of
post-modeling behavioral changes (including lameness, joint
swelling, and von Frey testing) would provide more robust
KOA

outcomes, while our metabolomic and proteomic analyses

confirmation of successful induction. Regarding the
identified numerous altered pathways, the study lacks functional
validation to establish their causal roles in the efficacy of HAP.
Additionally, an integrative analysis linking the altered metabolites
to corresponding protein changes is required for a deeper
understanding. Although HAP exhibited a stronger therapeutic
trend compared to conventional acupuncture, the biological basis
for this superiority remains largely unexplored. A comparative multi-
omics analysis between HAP and AP groups might reveal unique
mechanisms specific to HAP. Therefore, future work should focus on
the following directions: First, employing gain- and loss-of-function
experiments (e.g., using pharmacological inhibitors or siRNA) is
essential to causally link the top candidate pathways (e.g.,
glycolysis, NLRP3 inflammasome activation) to HAP’s therapeutic
effects, thereby moving from correlation to causation. Second, the
HAP concept requires anatomical and functional validation. Neural
tract tracing studies to map the spinal segments targeted by HAP,
combined with central nervous system imaging, could provide a
scientific foundation for this TCM theory. Subsequent preclinical
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Observed in this study (correlative evidence)
HAP Treatment

Metabolomics (Serum)

| Arachidonic acid

| 1-SAG

1 Amino acids (e.g., Glutamine, Tryptophan)

Proteomics (Cartilage)

687 DEPs identified

Pathways enriched: Glycolysis, Immune
system, Metabolism

Molecular Validation

|Glycolysis (HIF-1a, HK2, LDH)
INLRP3 inflammasome (NLRP3, ASC,
Caspase-1)

1 Autophagy (LC3-II, Beclinl)

| Apoptosis (Caspase-3, Bax)

Association

HAP is associated with inhibition of glycolysis/NLRP3,
activation of autophagy, and reduced apoptosis

FIGURE 8

Hypotheses Requiring Causal Validation

Glycolysis inhibition hypothesis
Does HAP improve KOA by inhibiting
glycolysis?

Future: HK2 inhibitors, HIF-1a siRNA

NLRP3 inflammasome inhibition hypothesis
Does HAP reduce inflammation by suppressing
NLRP3?

Future: NLRP3 knockout, MCC950 (NLRP3
inhibitor)

Autophagy activation hypothesis

Does HAP protect chondrocytes by enhancing
autophagy?

Future: Autophagy inhibitors (3-MA), Atg5
siRNA

Hypothesis

Causal relationships remain to be established through
loss/gain-of-function experiments

Schematic summary distinguishing observed associations from hypotheses requiring causal validation. Note: This schematic illustrates the two levels

of evidence presented in this study. Left panel (Observed Associations): Findings derived from multi-omics and molecular analyses that demonstrate
correlations between HAP treatment and changes in key biological pathways. Right panel (Hypotheses Requiring Causal Validation): Proposed
mechanisms inferred from the associative data that require future functional perturbation experiments (e.g., pharmacological inhibition, genetic

knockout) to establish causality.

studies must also incorporate a sham control group to definitively
establish treatment specificity. Finally, investigations into the
mechanism of HAP should be expanded to encompass other
critical OA pathological processes, such as cellular senescence and
detailed extracellular matrix remodeling.

Conclusion

In summary, our study found that HAP can effectively improve
cartilage damage in a KOA rat model. Our research results reveal the
potential mechanism of HAP in treating KOA; HAP may improve
chondrocyte metabolic disorders and inflammatory responses by
inhibiting glycolysis and NLRP3 inflammasome activation, and by
promoting chondrocyte autophagy and reducing apoptosis levels,
thereby exerting therapeutic effects. These results provide new
therapeutic insights for the clinical treatment of KOA, especially
in the pursuit of enhancing the efficacy of acupuncture.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Frontiers in Bioengineering and Biotechnology

13

Ethics statement

The animal study was approved by Hubei Provincial Disease
Prevention and Control Center’s Committee on Laboratory
Animal Management and Use. The study was conducted in
with the local
requirements.

accordance legislation and institutional

Author contributions

WL: Funding acquisition, Writing — review and editing,
Writing - original draft, Formal Analysis, Conceptualization,
Data curation. MT: Investigation, Writing - review and editing,
Writing - original draft, Funding acquisition, Methodology,
Project QZ: Methodology,
Project administration, Writing - review and editing, Formal

administration. Investigation,
Analysis, Writing - original draft. ZH: Writing - review and
editing, Validation,
Visualization. RP: Supervision, Validation, Writing - review

Supervision, Project administration,

and editing, Software, Visualization, Project administration,
Resources. MH: Resources, Visualization, Supervision, Project
administration, Validation, Software, Writing review

and editing.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2026.1791109

Liu et al.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This work was supported by the
Natural Science Foundation of Hubei Province under Grant
Number 2024AFD292 and 2025AFD571, and the Postdoctor
Project of Hubei Province under Grant Number
2024HBBHCXBO006, and TCM General Project of Hubei
Provincial Administration under Grant Number ZY2025L004.

Conflict of interest

The author(s) declared that this work 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) declared that generative AI was not used in the
creation of this manuscript.

References

Acharya, D, Li, X. R. L., Heineman, R. E., and Harrison, R. E. (2020). Complement
receptor-mediated phagocytosis induces proinflammatory cytokine production in
murine macrophages. Front. Immunol. 10, 3049. doi:10.3389/fimmu.2019.03049

Adam, M. S., Zhuang, H., Ren, X., Zhang, Y., and Zhou, P. (2024). The metabolic
characteristics and changes of chondrocytes in vivo and in vitro in osteoarthritis. Front.
Endocrinol. (Lausanne) 15, 1393550. doi:10.3389/fendo.2024.1393550

Beswick, A. D., Dennis, J., Gooberman-Hill, R., Blom, A. W., and Wylde, V. (2019). Are
perioperative interventions effective in preventing chronic pain after primary total knee
replacement? A systematic review. BM] Open 9 (9), €028093. doi:10.1136/bmjopen-
2018-028093

Chandel, N. S. (2021). Glycolysis. Cold Spring Harb. Perspect. Biol. 13 (5), a040535.
doi:10.1101/cshperspect.a040535

Chang, Y. T., Huang, K. C,, Pranata, R., Chen, Y. L,, Chen, S. N, Cheng, Y. H,, et al.
(2024). Evaluation of the protective effects of chondroitin sulfate oligosaccharide against
osteoarthritis via inactivation of NLRP3 inflammasome by in vivo and in vitro studies.
Int. Immunopharmacol. 142 (Pt A), 113148. doi:10.1016/j.intimp.2024.113148

Chen, H., Wu, J., Wang, Z., Wu, Y., Wu, T, Wu, Y., et al. (2021). Trends and patterns of
knee osteoarthritis in China: a longitudinal study of 17.7 million adults from 2008 to
2017. Int. ]. Environ. Res. Public Health 18 (16), 8864. doi:10.3390/ijerph18168864

Chen, G. Y., Liu, X. Y,, Yan, X. E,, Yu, X,, Liu, Y., Luo, J., et al. (2023). Total flavonoids of
rhizoma drynariae treat osteoarthritis by inhibiting arachidonic acid metabolites through
AMPK/NFkB pathway. J. Inflamm. Res. 16, 4123-4140. doi:10.2147/JIR.5418345

Chen, Y., Yan, Y, Tian, R, Sheng, Z, Li, L., Chen, J, et al. (2024a). Chemically
programmed metabolism drives a superior cell fitness for cartilage regeneration. Sci.
Adv. 10 (37), eadp4408. doi:10.1126/sciadv.adp4408

Chen, Z., Tang, M., Wu, Z,, Lin, Y., Wu, C,, Huang, H,, et al. (2024b). Increased rabla
accelerates osteoarthritis by inhibiting autophagy via activation of the mTORCI1-S6K
pathway. J. Adv. Res. 75, 607-619. doi:10.1016/j.jare.2024.11.009

Court, A. C,, Vega-Letter, A. M., Parra-Crisostomo, E., Velarde, F., Garcia, C., Ortloff,
A., et al. (2024). Mitochondrial transfer balances cell redox, energy and metabolic
homeostasis in the osteoarthritic chondrocyte preserving cartilage integrity.
Theranostics 14 (17), 6471-6486. doi:10.7150/thno.96723

Cui, A, Li, H,, Wang, D., Zhong, J., Chen, Y., and Lu, H. (2020). Global, regional
prevalence, incidence and risk factors of knee osteoarthritis in population-based studies.
EClinicalMedicine 29-30, 29-30. doi:10.1016/j.eclinm.2020.100587

Cui, L, Shen, G., Yu, Y., Yan, Z., Zeng, H., Ye, X,, et al. (2024). Gubi decoction mitigates
knee osteoarthritis via promoting chondrocyte autophagy through METTL3-mediated
ATG7 m6A methylation. J. Cell. Mol. Med. 28 (16), ¢70019. doi:10.1111/jcmm.70019

De Roover, A., Escribano-Nufiez, A., Monteagudo, S., and Lories, R. (2023).
Fundamentals of osteoarthritis: inflammatory mediators in osteoarthritis. Osteoarthr.
Cartil. 31 (10), 1303-1311. doi:10.1016/j.joca.2023.06.005

Frontiers in Bioengineering and Biotechnology

14

10.3389/fbioe.2026.1791109

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
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/fbioe.2026.1791109/
full#supplementary-material

Dong, Y., Yan, Y., Zhou, J., Zhou, Q., and Wei, H. (2023). Evidence on risk factors for
knee osteoarthritis in middle-older aged: a systematic review and Meta analysis.
J. Orthop. Surg. Res. 18 (1), 634. doi:10.1186/s13018-023-04089-6

Gallo, P., Gongalves, R., and Mosser, D. M. (2010). The influence of IgG density and
macrophage Fc (gamma) receptor cross-linking on phagocytosis and IL-10 production.
Immunol. Lett. 133 (2), 70-77. doi:10.1016/j.imlet.2010.07.004

GBD 2021 Osteoarthritis Collaborators (2023). Global, regional, and national burden of
osteoarthritis, 1990-2020 and projections to 2050: a systematic analysis for the global
burden of disease study 2021. Lancet Rheumatol. 5 (9), €508-e522. doi:10.1016/S2665-
9913(23)00163-7

Gelber, A. C. (2024). Knee osteoarthritis. Ann. Intern Med. 177 (9), 129-144. doi:10.
7326/ ANNALS-24-01249

Guo, Y. (2021). Experimental Acupuncture. Beijing: Chinese Press of Traditional
Chinese Medicine.

Huang, Z., He, Z,, Kong, Y., Liu, Z., and Gong, L. (2020). Insight into osteoarthritis
through integrative analysis of metabolomics and transcriptomics. Clin. Chim. Acta 510,
323-329. doi:10.1016/j.cca.2020.07.010

Huang, M., Zeng, Y., Du, S. Y., Hu, Z. D, and Peng, R. (2022). Clinical efficacy
evaluation study of homologous point acupuncture in the treatment of knee arthralgia
(Osteoarthritis). J. Li-Shizhen Traditional Chin. 33 (03), 656-658.

Hunter, D. J., and Bierma-Zeinstra, S. (2019). Osteoarthr. Lancet 393 (10182),
1745-1759. doi:10.1016/50140-6736(19)30417-9

Jiang, Y. (2022). Osteoarthritis year in review 2021: biology. Osteoarthr. Cartil. 30 (2),
207-215. doi:10.1016/j.joca.2021.11.009

Jiang, D., Guo, J., Liu, Y., Li, W., and Lu, D. (2024a). Glycolysis: an emerging regulator of
osteoarthritis. Front. Immunol. 14, 1327852. doi:10.3389/fimmu.2023.1327852

Jiang, X., Guo, Y., Fang, M., Wang, X., Zhang, B., Song, Y., et al. (2024b). Suppression of
CGRP and TRPV1 expression in dorsal root ganglia of knee osteoarthritis rats by
huojing decoction via TrkA/MKK3/6/p38 pathway. J. Inflamm. Res. 17, 5311-5326.
doi:10.2147/JIR.S472341

Kan, T., Tian, Z., Sun, L., Kong, W., Yan, R, Yu, Z,, et al. (2024). Quercetin-loaded
zeolitic imidazolate framework-8 (ZIF-8) nanoparticles attenuate osteoarthritis by
activating autophagy via the Pi3k/Akt signaling. ACS Appl. Mater Interfaces 16 (31),
40444-40454. doi:10.1021/acsami.4c04649

Kao, W. C, Chen, J. C, Liu, P. C, Lu, C. C, Lin, S. Y., Chuang, S. C,, et al. (2022). The
role of autophagy in osteoarthritic cartilage. Biomolecules 12 (10), 1357. doi:10.3390/
biom12101357

Langworthy, M., Dasa, V., and Spitzer, A. I. (2024). Knee osteoarthritis: disease burden,
available treatments, and emerging options. Ther. Adv. Musculoskelet. Dis. 16,
1759720X241273009. doi:10.1177/1759720X241273009

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2026.1791109/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2026.1791109/full#supplementary-material
https://doi.org/10.3389/fimmu.2019.03049
https://doi.org/10.3389/fendo.2024.1393550
https://doi.org/10.1136/bmjopen-2018-028093
https://doi.org/10.1136/bmjopen-2018-028093
https://doi.org/10.1101/cshperspect.a040535
https://doi.org/10.1016/j.intimp.2024.113148
https://doi.org/10.3390/ijerph18168864
https://doi.org/10.2147/JIR.S418345
https://doi.org/10.1126/sciadv.adp4408
https://doi.org/10.1016/j.jare.2024.11.009
https://doi.org/10.7150/thno.96723
https://doi.org/10.1016/j.eclinm.2020.100587
https://doi.org/10.1111/jcmm.70019
https://doi.org/10.1016/j.joca.2023.06.005
https://doi.org/10.1186/s13018-023-04089-6
https://doi.org/10.1016/j.imlet.2010.07.004
https://doi.org/10.1016/S2665-9913(23)00163-7
https://doi.org/10.1016/S2665-9913(23)00163-7
https://doi.org/10.7326/ANNALS-24-01249
https://doi.org/10.7326/ANNALS-24-01249
https://doi.org/10.1016/j.cca.2020.07.010
https://doi.org/10.1016/S0140-6736(19)30417-9
https://doi.org/10.1016/j.joca.2021.11.009
https://doi.org/10.3389/fimmu.2023.1327852
https://doi.org/10.2147/JIR.S472341
https://doi.org/10.1021/acsami.4c04649
https://doi.org/10.3390/biom12101357
https://doi.org/10.3390/biom12101357
https://doi.org/10.1177/1759720X241273009
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2026.1791109

Liu et al.

Lee, Y. T., Mohd Yunus, M. H,, Yazid, M. D., and Ugusman, A. (2024). Unraveling the
path to osteoarthritis management: targeting chondrocyte apoptosis for therapeutic
intervention. Front. Cell. Dev. Biol. 12, 1347126. doi:10.3389/fcell.2024.1347126

Li, L, Li, J,, Li, J. J., Zhou, H., Zhu, X. W., Zhang, P. H,, et al. (2024a). Chondrocyte
autophagy mechanism and therapeutic prospects in osteoarthritis. Front. Cell. Dev. Biol.
12, 1472613. doi:10.3389/fcell.2024.1472613

Li, H,, Yuan, Y., Zhang, L., Xu, C., Xu, H.,, and Chen, Z. (2024b). Reprogramming
macrophage polarization, depleting ROS by astaxanthin and thioketal-containing
polymers delivering rapamycin for osteoarthritis treatment. Adv. Sci. (Weinh) 11 (9),
€2305363. doi:10.1002/advs.202305363

Lian, C., Wang, X,, Qiu, X., Wu, Z,, Gao, B,, Liu, L, et al. (2019). Collagen type II
suppresses articular chondrocyte hypertrophy and osteoarthritis progression by
promoting integrin p1-SMADI1 interaction. Bone Res. 7, 8. doi:10.1038/s41413-019-
0046-y

Liu, B., Xian, Y., Chen, X, Shi, Y., Dong, J., Yang, L., et al. (2024). Inflammatory
fibroblast-like synoviocyte-derived exosomes aggravate osteoarthritis via enhancing
macrophage glycolysis. Adv. Sci. (Weinh) 11 (14), €2307338. doi:10.1002/advs.
202307338

Luo, X,, Liu, J., Li, Q., Zhao, J., Hao, Q., Zhao, L., et al. (2023). Acupuncture for treatment
of knee osteoarthritis: a clinical practice guideline. J. Evid. Based Med. 16 (2), 237-245.
doi:10.1111/jebm.12526

Lv, S, Wang, H,, and Li, X. (2021). The role of the interplay between autophagy and
NLRP3 inflammasome in metabolic disorders. Front. Cell. Dev. Biol. 9, 634118. doi:10.
3389/fcell.2021.634118

Marriott, K. A., and Birmingham, T. B. (2023). Fundamentals of osteoarthritis.
Rehabilitation: ~exercise, diet, biomechanics, and physical therapist-delivered
interventions. Osteoarthr. Cartil. 31 (10), 1312-1326. doi:10.1016/j.joca.2023.06.011

Peng, R. (2022). Homologous point therapy. Beijing: China Press of Traditional Chinese
Medicine, 8-16.

Pereira Herrera, B., Emanuel, K., Emans, P. J., van Griensven, M., and Cillero-Pastor, B.
(2025). Infrapatellar fat pad as a source of biomarkers and therapeutic target for knee
osteoarthritis. Arthritis Res. Ther. 27 (1), 81. doi:10.1186/s13075-025-03517-8

Primorac, D., Molnar, V., Mati$i¢, V., Hudetz, D., Jele¢, Z., Rod, E., et al. (2021).
Comprehensive review of knee osteoarthritis pharmacological treatment and the latest
professional societies’ guidelines. Pharm. (Basel) 14 (3), 205. doi:10.3390/ph14030205

Ramasamy, T. S., Yee, Y. M., and Khan, I. M. (2021). Chondrocyte aging: the molecular
determinants and therapeutic opportunities. Front. Cell. Dev. Biol. 9, 625497. doi:10.
3389/fcell.2021.625497

Ruan, A., Wang, Q., Ma, Y., Zhang, D., Yang, L., Wang, Z., et al. (2021). Efficacy and
mechanism of electroacupuncture treatment of rabbits with different degrees of knee
osteoarthritis: a study based on synovial innate immune response. Front. Physiol. 12,
642178. doi:10.3389/fphys.2021.642178

Salis, Z., and Sainsbury, A. (2024). Association of long-term use of non-steroidal anti-
inflammatory drugs with knee osteoarthritis: a prospective multi-cohort study over 4-to-
5 years. Sci. Rep. 14 (1), 6593. doi:10.1038/541598-024-56665-3

Stanton, C., Buasakdi, C., Sun, J., Levitan, L, Bora, P., Kutseikin, S., et al. (2024). The
glycolytic metabolite methylglyoxal covalently inactivates the NLRP3 inflammasome.
Cell. Rep. 43 (9), 114688. doi:10.1016/j.celrep.2024.114688

Tu, J. F, Shi, G. X, Yan, S. Y., Ni, G. X,, Yu, F. T., Cai, G. W,, et al. (2024). Acupuncture
vs sham acupuncture for chronic sciatica from herniated disk: a randomized clinical
trial. JAMA Intern Med. 184, 1417-1424. doi:10.1001/jamainternmed.2024.5463

Veronese, N., Cooper, C., Bruyere, O., Al-Daghri, N. M., Branco, J., Cavalier, E., et al.
(2022). Multimodal multidisciplinary management of patients with moderate to severe
pain in knee osteoarthritis: a need to meet patient expectations. Drugs 82 (13),
1347-1355. doi:10.1007/s40265-022-01773-5

Frontiers in Bioengineering and Biotechnology

15

10.3389/fbioe.2026.1791109

Wang, T. Q,, Li, L. R,, Tan, C. X, Yang, J. W., Shi, G. X,, Wang, L. Q,, et al. (2021). Effect
of electroacupuncture on gut microbiota in participants with knee osteoarthritis. Front.
Cell. Infect. Microbiol. 11, 597431. doi:10.3389/fcimb.2021.597431

Wang, L. N,, Wang, X. Z, Li, Y. J,, Li, B. R, Huang, M., Wang, X. Y, et al. (2022).
Activation of subcutaneous mast cells in acupuncture points triggers analgesia. Cells 11
(5), 809. doi:10.3390/cells11050809

Wang, W., Mai, H,, Xu, H,, Jing, B., Yu, C, Li, X,, et al. (2023). 4,8-Dicarboxyl-8,9-
iridoid-1-glycoside inhibits apoptosis in human osteoarthritis chondrocytes via
enhanced c-MYC-mediated cholesterol metabolism in vitro. Arthritis Res. Ther. 25
(1), 240. doi:10.1186/s13075-023-03217-1

Wei, J., Liu, L., Li, Z,, Lyu, T., Zhao, L., Xu, X,, et al. (2022). Fire needling acupuncture
suppresses cartilage damage by mediating macrophage polarization in mice with knee
osteoarthritis. J. Pain Res. 15, 1071-1082. doi:10.2147/JPR.S360555

Wei, J., Zeng, C, Lane, N. E,, Li, X,, Lei, G., and Zhang, Y. (2023). Interactions of
nonsteroidal antiinflammatory drugs and aspirin and risk of cardiovascular disease in
patients with osteoarthritis. Am. J. Epidemiol. 192 (9), 1432-1448. doi:10.1093/aje/
kwad094

Wen, J., Ribeiro, R., and Zhang, Y. (2011). Specific PKC isoforms regulate LPS-
Stimulated iNOS induction in murine microglial cells. J. Neuroinflammation 8, 38.
doi:10.1186/1742-2094-8-38

Wiséniewski, J. R., Zougman, A., Nagaraj, N., and Mann, M. (2009). Universal sample
preparation method for proteome analysis. Nat. Methods 6 (5), 359-362. doi:10.1038/
nmeth.1322

Wu, J., Hua, L., Liu, W,, Yang, X,, Tang, X., Yuan, S,, et al. (2024). Electroacupuncture
exerts analgesic effects by restoring hyperactivity via cannabinoid type 1 receptors in the
anterior cingulate cortex in chronic inflammatory pain. Mol. Neurobiol. 61 (5),
2949-2963. do0i:10.1007/s12035-023-03760-7

Xiao, Y., and Zhang, L. (2023). Mechanistic and therapeutic insights into the function of
NLRP3 inflammasome in Sterile arthritis. Front. Immunol. 14, 1273174. doi:10.3389/
fimmu.2023.1273174

Xie, Y. Q., Peng, R., Huang, Y. Q,, and Xu, J. (2022). Professor peng rui’s therapeutic
paradigm of “Yangyuan Tongluo” for rheumatoid arthritis: a clinical experience
summary. Chin. J. Traditional Med. Traumatology and Orthop. 30 (12), 78-79+84.

Yan, D, Ye, S., He, Y., Wang, S., Xiao, Y., Xiang, X., et al. (2023). Fatty acids and lipid
mediators in inflammatory bowel disease: from mechanism to treatment. Front.
Immunol. 14, 1286667. doi:10.3389/fimmu.2023.1286667

Zhang, W., Zhang, L., Yang, S, Wen, B, Chen, J, and Chang, J. (2023).
Electroacupuncture ameliorates knee osteoarthritis in rats via inhibiting
NLRP3 inflammasome and reducing pyroptosis. Mol. Pain 19, 17448069221147792.
doi:10.1177/17448069221147792

Zhao, S., Wang, S., Cao, L., Zeng, H., Lin, S,, Lin, Z, et al. (2023). Acupuncture promotes
nerve repair through the benign regulation of mTOR-mediated neuronal autophagy in
traumatic brain injury rats. CNS Neurosci. Ther. 29 (1), 458-470. doi:10.1111/cns.14018
Zhao, L., Sun, M,, Yin, Z,, Cui, J., Wang, R,, Ji, L., et al. (2024). Long-term effects of
individualized acupuncture for chronic neck pain: a randomized controlled trial. Ann.
Intern Med. 177 (10), 1330-1338. doi:10.7326/M23-2425

Zhou, J., Zeng, F., Cheng, S., Dong, X,, Jiang, N., Zhang, X,, et al. (2023). Modulation
effects of different treatments on periaqueductal gray resting state functional
connectivity in knee osteoarthritis knee pain patients. CNS Neurosci. Ther. 29 (7),
1965-1980. doi:10.1111/cns.14153

Zhu, S., Qu, W., and He, C. (2024a). Evaluation and management of knee osteoarthritis.
J. Evid. Based Med. 17 (3), 675-687. doi:10.1111/jebm.12627

Zhu, L., Sun, Y., Kang, J., Liang, J., Su, T., Fu, W, et al. (2024b). Effect of acupuncture on

neurogenic claudication among patients with degenerative lumbar spinal stenosis: a
randomized clinical trial. Ann. Intern Med. 177 (8), 1048-1057. d0i:10.7326/M23-2749

frontiersin.org


https://doi.org/10.3389/fcell.2024.1347126
https://doi.org/10.3389/fcell.2024.1472613
https://doi.org/10.1002/advs.202305363
https://doi.org/10.1038/s41413-019-0046-y
https://doi.org/10.1038/s41413-019-0046-y
https://doi.org/10.1002/advs.202307338
https://doi.org/10.1002/advs.202307338
https://doi.org/10.1111/jebm.12526
https://doi.org/10.3389/fcell.2021.634118
https://doi.org/10.3389/fcell.2021.634118
https://doi.org/10.1016/j.joca.2023.06.011
https://doi.org/10.1186/s13075-025-03517-8
https://doi.org/10.3390/ph14030205
https://doi.org/10.3389/fcell.2021.625497
https://doi.org/10.3389/fcell.2021.625497
https://doi.org/10.3389/fphys.2021.642178
https://doi.org/10.1038/s41598-024-56665-3
https://doi.org/10.1016/j.celrep.2024.114688
https://doi.org/10.1001/jamainternmed.2024.5463
https://doi.org/10.1007/s40265-022-01773-5
https://doi.org/10.3389/fcimb.2021.597431
https://doi.org/10.3390/cells11050809
https://doi.org/10.1186/s13075-023-03217-1
https://doi.org/10.2147/JPR.S360555
https://doi.org/10.1093/aje/kwad094
https://doi.org/10.1093/aje/kwad094
https://doi.org/10.1186/1742-2094-8-38
https://doi.org/10.1038/nmeth.1322
https://doi.org/10.1038/nmeth.1322
https://doi.org/10.1007/s12035-023-03760-7
https://doi.org/10.3389/fimmu.2023.1273174
https://doi.org/10.3389/fimmu.2023.1273174
https://doi.org/10.3389/fimmu.2023.1286667
https://doi.org/10.1177/17448069221147792
https://doi.org/10.1111/cns.14018
https://doi.org/10.7326/M23-2425
https://doi.org/10.1111/cns.14153
https://doi.org/10.1111/jebm.12627
https://doi.org/10.7326/M23-2749
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2026.1791109

	Uncovering the mechanisms of homologous point acupuncture on knee osteoarthritis through an integrated study of metabolomic ...
	Introduction
	Materials and methods
	Experimental animals and grouping
	Preparation of KOA model rats
	Acupuncture intervention
	Sample collection
	Lequesne MG scores and degree of joint swelling
	Hematoxylin and eosin (H&E), Mankin score and Krenn score
	Enzyme linked immunosorbent assay (ELISA)
	Biochemical tests
	Untargeted metabolomics
	Astral-DIA quantitative proteomics
	Western blotting
	Statistical analysis

	Results
	HAP reduces the lequesne MG score and joint swelling degree
	HAP possesses anti-inflammatory effects in a rats model of KOA
	HAP treatment is associated with altered metabolic profiles in rats with KOA
	HAP treatment is associated with altered expression of proteins related to immunity and metabolism
	HAP suppresses the expression of proteins related to glycolysis and the NLRP3 inflammasome
	HAP suppresses the expression of proteins related to autophagy and apoptosis

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


