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Introduction: Knee osteoarthritis (KOA) is a chronic degenerative joint disease marked by pain, cartilage degradation, and limited
mobility. Existing treatments remain suboptimal due to limited efficacy and adverse effects, highlighting the urgent need for safer,
mechanism-based therapies. Electroacupuncture (EA) has demonstrated clinical benefits in KOA, yet its underlying molecular
mechanisms remain unclear.

Methods: A KOA rat model was established via intra-articular injection of monosodium iodoacetate (MIA). EA was applied at Dubi
(ST35) and Neixiyan (EX-LES5) acupoints. We assessed the effect of EA on nociceptive behavior in rats with KOA using von Frey filament
testing, weight-bearing asymmetry measurements, and spontaneous pain assays. Cartilage degeneration was analyzed via toluidine blue
staining, while immunofluorescence staining quantified protein expression levels in cartilage and dorsal root ganglia (DRG). Inhibitor and
agonist injections were employed to evaluate the specific involvement of the NGF/TrkA pathway in EA-mediated effects.

Results: EA significantly reduced mechanical allodynia (p < 0.001), weight-bearing asymmetry (p < 0.001), spontaneous pain (p <0.001). EA
decreased macroscopic chondropathy score (p <0.01) and cartilage degeneration score (p <0.001). EA inhibited MMP13 expression (p < 0.05),
suppressed NGF (p < 0.001) and TrkA (p < 0.05) expression, decreased PGP9.5 overexpression (p < 0.05), and downregulated pro-
inflammatory cytokines IL-1B (p < 0.01) and TNF-a (p < 0.01). Pharmacological inhibition of NGF/TrkA mimicked EA’s effects, while
activation of this pathway counteracted its analgesia. EA selectively downregulated TrkA in CGRP" (p < 0.01), but not IB4" (» > 0.05) or
NF200" (p > 0.05) DRG neurons subtypes.

Conclusion: Our results demonstrate that EA alleviates KOA, possibly via inhibiting NGF/TrkA pathway activation in knee joints
and reducing TrkA expression in CGRP" sensory neurons, supporting the therapeutic potential of EA for KOA.
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Introduction

Knee osteoarthritis (KOA) is a chronic degenerative disease primarily characterized by joint cartilage degeneration, synovial
inflammation, and pain. It involves pathological changes across multiple joint structures - including cartilage, ligaments, and
synovium—Ieading to pain, functional impairment, and reduced mobility." The prevalence of KOA exceeds 22.9% among
individuals aged 40 years and older, with incidence rising exponentially with advancing age.>* With global population aging
and evolving lifestyle factors, KOA has become a major cause of chronic pain, disability, and functional decline in older
adults. This condition substantially diminishes patients’ quality of life and imposes a considerable burden on both healthcare
systems and families,” thereby establishing KOA as an important global public health concern. Given the chronic and
recurrent nature of KOA, pain management strategies are typically categorised into conservative treatment and surgical
intervention. Conservative approaches such as patient education, physiotherapy modalities, and oral or topical medications
remain the cornerstone of clinical management for most patients.* These strategies aim to alleviate pain, preserve joint
function, and delay disease progression. However, the long-term use of commonly prescribed pharmacological agents such as

non-steroidal anti-inflammatory drugs (NSAIDs), although effective for symptom relief, is limited by well-recognized adverse
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effects, including hepatotoxicity, nephrotoxicity, and elevated cardiovascular risk.>® Such complications highlight the need to
develop or integrate safer therapeutic alternatives within conservative treatment algorithms. Notably, acupuncture emerges as
a valuable adjunct therapy, offering symptomatic relief while circumventing the systemic adverse effects associated with
conventional pharmacological interventions.

Acupuncture, as an integral component of traditional Chinese medicine, has gained global recognition for its efficacy
in chronic pain management and is increasingly incorporated into clinical treatment strategies for KOA.”® Robust
evidence from large-scale clinical trials has demonstrated that acupuncture effectively alleviates pain in patients with
KOA.’ ! Electroacupuncture (EA), which delivers controlled electrical stimulation through acupuncture needles, differs
from manual acupuncture by providing more stable, quantifiable, and adjustable stimulation parameters. Recent sys-
tematic reviews and network meta-analyses have further reported that EA outperforms conventional acupuncture in
reducing pain and improving overall clinical symptoms in KOA patients.'*!* In KOA animal models, EA has been
shown to attenuate synovial inflammation, inhibit cartilage degradation, and reduce pain sensitization.'* Accumulating
evidence further suggests that neuroinflammatory processes and peripheral sensitisation may serve as important mediat-
ing mechanisms underlying EA’s analgesic effects.'> However, despite these advances, the molecular pathways through
which EA regulates KOA-related pain and protects against cartilage degeneration remain incompletely understood.

Nerve growth factor (NGF) and its high-affinity receptor, tropomyosin receptor kinase A (TrkA), have been identified
as critical mediators in KOA pathogenesis and pain transmission.'®!” Within the inflammatory microenvironment of the
osteoarthritic joint, NGF is mainly produced by synovial fibroblasts and infiltrating macrophages, and its expression
progressively increases during disease development.'® Elevated local NGF activates TrkA-expressing nociceptors dis-
tributed throughout the synovium, joint capsule, and periarticular tissues. This activation enhances neuronal excitability,
upregulates pain-related ion channels such as transient receptor potential vanilloid (TRPV1), and promotes sensory nerve
sprouting, ultimately leading to marked peripheral sensitization.'*?° NGF can also undergo retrograde transport to dorsal
root ganglion (DRG) neurons, where it induces transcriptional changes that contribute to central sensitization.?! Central
sensitization amplifies nociceptive input from the periphery, thereby sustaining chronic KOA pain.**** Although
primarily implicated in pain transmission, NGF/TrkA-driven sensitization may also alter joint loading and mobility
patterns, potentially exacerbating cartilage degeneration during disease progression.”*

Here, the present study aimed to evaluate the effects of EA on pain behavior and cartilage degeneration in a monosodium
iodoacetate (MIA)-induced rat model of KOA. In particular, we focused on whether EA exerts its therapeutic effects by
regulating the NGF/TrkA signaling pathway within the synovium and sensory nervous system. Additionally, we examined
TrkA expression in different DRG nociceptor subtypes to identify the neuronal populations potentially targeted by EA. These
investigations were designed to clarify the cellular and molecular mechanisms through which EA modulates nociceptive
signaling in KOA.

Materials and Methods

Animals

Male Sprague-Dawley rats (180—200 g) obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. All
procedures in this study were approved by the Animal Care Committee of Beijing University of Chinese Medicine
(Approval No.: BUCM-4-2021030101-1003) and conducted in accordance with the Regulations on the Management of
Laboratory Animals of the Ministry of Science and Technology of the People’s Republic of China. This research also
adheres to the Research Reporting of in vivo Experiments (ARRIVE) reporting guidelines.>> The rats were housed in

specific pathogen-free conditions with a 12 h light/dark cycle and had ad libitum access to food and water.

MIA-Induced KOA Model Establishment

The KOA was induced by intra-articular (i.a.) injection of MIA solution (1.5 mg /50 pL, Sigma-Aldrich, USA) dissolved
in 50 pL of sterile saline into right knee joint of rat under 1% sodium pentobarbital anesthesia (intraperitoneal injection; i.
p., Sigma-Aldrich, USA). Rats in saline group were treated with 50 pL of sterile saline. Two weeks later, MIA-induced
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KOA rats were randomized by the random number table method into three groups to receive no treatment or EA or
Sham EA.

Mechanical Allodynia

50% paw withdrawal threshold (PWT) was used to measure mechanical allodynia which was in response to a series of
von Frey filaments (Ugo Basile, Italy) and determined using the “up-and-down” method. Eight von Frey filaments were
chosen (0.41 g,0.70 g, 1.20 g, 2.00 g, 3.63 g, 5.50 g, 8.50 g and 15.10 g). Each test began with a von Frey force of 2.00 g
perpendicularly delivered to the plantar surface of the right hind paw for approximately 2-3 s. A positive reaction was
noted when the foot abruptly withdrew either during stimulation or right after the von Frey filament was removed.
Depending on whether the answer was positive or negative, the next stronger or weaker filament was used. After the
initial shift was noticed, this processing was carried out for six stimuli. A value of 0.25 g was noted if a rat reacted to the
lowest filament. A value of 15.0 g was given to rats that did not react to the highest filament.

Weight Bearing Asymmetry

An indicator of joint discomfort in the KOA was thought to be variations in the weight distribution of the hind paws
between the right (ipsilateral) and left (contralateral) limbs. A PH-200 incapacitance tester (Techman, China) was used to
determine the weight distribution of the hind paws. Each hind paw of the rat was put on a different force plate. Over the
course of three seconds, the force applied by each hind limb—measured in grams—is averaged. The asymmetry of
weight distribution in hind paw was calculated by the difference in the amount of weight (g) between the left and right
limbs.

Spontaneous Pain
Rats were placed in transparent acrylic boxes measuring 18 x 18 x 18 cm. Over the course of an hour, we recorded how
many seconds the rat spent licking or flinching its ipsilateral hind paw.

EA Treatment

The most commonly used acupoints for alleviating KOA in humans are “Dubi” (ST 35) and “Neixiyan” (Ex-LE 4).'":!4
In our study, rats in the EA treatment group received EA at the right ST35 and Ex-LE4 once every other day for seven
sessions, from days 14 to 26 following MIA injection. ST 35 is located at the lateral cavity of the patella and patellar
ligament and Ex-LE 4 lies on the medial cavity of the patella and the patellar ligament.

Previous studies have demonstrated that 2 Hz EA intervention exhibits significant analgesic effects in animal models
of KOA.?**" EA stimulation (1 mA, 2 Hz) was applied for 30 min using a pair of 0.25 x 25 mm stainless-steel needles
inserted 3-5 mm into each acupoint and connected to Han’s Acupoint Nerve Stimulator (HANS-200, China). For the
Sham EA group, acupuncture needles were inserted 3—5 mm at the right hypochondrium and 10-15 mm at the iliac crest
for 30 min without electrical stimulation, serving as a non-therapeutic control. EA procedures were performed without

anesthesia. Rats were gently restrained during stimulation to avoid interference with pain signal transmission.

Toluidine Blue Staining

Knee joints were fixed in 4% paraformaldehyde at 4 °C for 24 h and subsequently decalcified in 10% EDTA (pH 7.4),
with the solution changed every week until complete decalcification. Following decalcification of the knee joint, the
tissue was sectioned into 8 pum paraffin slices. Following dewaxing with xylene, staining was performed using a 0.04%
toluidine blue solution (Macklin, China). Images were acquired using microscope (Olympus, Japan).

Joint Pathology

Rats were euthanized under anesthesia with 1% sodium pentobarbital (i.p., Sigma-Aldrich, USA). Transcardial perfusion
was then performed with physiological saline followed by 4% paraformaldehyde. The right knee joints were collected for
macroscopic evaluation of cartilage morphology.
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Macroscopic cartilage lesions were graded using the Guingamp classification:*® grade 0 represents a normal appearance;
grade 1, slight yellowish discoloration of the cartilage surface; grade 2, mild erosions restricted to the weight-bearing zone;
grade 3, erosions extending to the subchondral bone; and grade 4, extensive erosions with exposure of subchondral bone. Five
articular regions were scored: the medial femoral condyle, lateral femoral condyle, medial tibial plateau, lateral tibial plateau,
and femoral trochlea. The sum of the five regional scores yielded a maximum possible score of 20.

Histological assessment of cartilage and subchondral bone (including osteophytes), demonstrated by toluidine blue
staining, was conducted in accordance with the recommendations of the International Osteoarthritis Research Society.?
Cartilage degeneration was scored from 0 is “no degeneration”, 1 is “minimal degeneration” (5—-10% affected), 2 is “mild
degeneration” (11-25% affected), 3 is “moderate degeneration” (26-50% affected), 4 is “marked degeneration” (51-75%
affected), 5 is “degeneration” (greater than 75% affected). Each score was multiplied by the number of thirds of the
cartilage length involved (1, 2, or 3) to obtain the maximum possible score of 15.

Drug Administration

MNACI13, a selective TrkA antagonist (Absolute Antibody, UK), was used to inhibit NGF/TrkA signaling in the KOA
model. MNACI13 (1 pg/uL stock solution) was diluted in 0.01 M phosphate-buffered saline (PBS) to prepare a working
solution of 20 nug in 50 pL. Rats in the MNACI13 group received intra-articular (i.a.) injection of 50 uL into the right
knee joint on days 20 and 22 after MIA injection. The remaining groups of rats received the corresponding solvent
injections.

To pharmacologically enhance NGF/TrkA signaling, NGF-7S (Sigma-Aldrich, USA) was dissolved in sterile saline to
obtain a working solution of 10 pg in 50 uL. Rats in the NGF-7S group received intra-articular (i.a.) injection of 50 pL
into the right knee joint on days 18 and 23 post-MIA injection. The remaining groups of rats received the corresponding
solvent injections.

Immunofluorescent Staining

Rats were euthanised under 1% pentobarbital anaesthesia (i.p., Sigma-Aldrich, USA), followed by cardiac perfusion with
physiological saline and 4% paraformaldehyde. The detailed procedure for collecting the synovium, including the
infrapatellar fat pad (IPFP), should be performed according to the previously published protocol.>® L3-L5 DRG tissue
sampling method followed the previously published protocol.*’

Right knee joint synovium and L3-L5 DRG tissue were fixed in 4% paraformaldehyde for 24 h, then dehydrated in a 30%
sucrose solution. Tissue sections were prepared by serial cryosectioning. After blocking with 5% donkey serum, primary
antibodies were incubated with them for an entire night at 4°C. Subsequently, sections were incubated with secondary
antibodies. Goat anti-B-NGF antibody (3 pg/mL, R&D Systems, USA), goat anti-TrkA antibody (3 pg/mL, R&D Systems,
USA), rabbit anti-PGP9.5 antibody (1:800, Abcam, UK), rabbit anti-TNF-a antibody (1:1000, Abcam, UK), rabbit anti-IL-1
antibody (1:1000, Abcam, UK), rabbit anti-CGRP antibody (1:400, Cell Signaling Technology, USA), mice anti-NF200
antibody (1:200, Cell Signaling Technology, USA), Isolectin B4 (BSI-B4, 1:1000, Sigma-Aldrich, USA). Following that, the
sections were treated with secondary antibodies that matched the main ones: donkey anti-rabbit IgG conjugated with Dylight
594 (1:400, Jackson ImmunoResearch, USA), donkey anti-rabbit IgG conjugated with Dylight 488 (1:400, Jackson
ImmunoResearch, USA), donkey anti-mice IgG conjugated with Dylight 488 (1:400, Jackson ImmunoResearch, USA),
donkey anti-goat IgG conjugated with Dylight 594 (1:400, Jackson ImmunoResearch, USA) and Alexa Fluor 488 (1:1000,
Thermo Fisher Scientific, USA). Images were acquired using microscope (Olympus, Japan). ImageJ software was employed
to analyse immunofluorescence intensity using a consistent threshold configuration.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). Data are
presented as mean + SEM. Normality was assessed using the Shapiro—Wilk test, and homogeneity of variance using
Levene’s test. When both assumptions were satisfied, group differences were evaluated using one-way or two-way
ANOVA, followed by Tukey’s post-hoc test. For comparisons between two groups, the Student’s ¢-test was used. Non-
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parametric tests were applied when normality or variance assumptions were not met. The comparison is considered to be

significantly different if p < 0.05.

Results
EA Intervention Alleviates Pain and Improves Cartilage Degeneration in KOA Model Rats
MIA was injected intra-articularly (i.a.) into the right knee joint of the rats to establish the KOA model,** while the saline
group was injected with saline only. The schematic diagram was shown in Figure 1A. To assess joint pain and function,
Paw withdrawal threshold (PWT) and weight-bearing asymmetry (WBA) were measured at baseline and on days 7, 14,
21, and 28 following MIA injection. In comparison with the saline group, MIA injection reduced the paw withdrawal
threshold in the ipsilateral hindpaw (Figure 1B).

In the KOA model group, WBA was significantly increased compared with the saline group (Figure 1C). Moreover,
rats in the MIA group exhibited markedly increased spontaneous pain behaviors compared with those in the saline group
on days 27 (Figure 1D). Our observation indicated impaired joint function and increased pain in KOA model rats.
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Figure | EA alleviates mechanical allodynia, weight-bearing asymmetry and spontaneous pain induced by KOA. (A) Schematic illustration of model establishment,
electroacupuncture (EA) intervention, behavioral testing, and tissue collection. Arrows in the schematic indicate the time points for model induction. (B and C) Time
course of EA intervention at ST35 and Ex-LE4 acupoints on mechanical allodynia and weight-bearing asymmetry in the saline, MIA, MIA + sham EA, and MIA + EA groups
(per group, n = 8). **¥p < 0.001 vs saline group; mp <0.001 vs MIA group. (D) Assessment of spontaneous pain behavior across the saline, MIA, MIA + sham EA, and MIA +
EA groups (per group, n = 8). ¥*%p < 0001, "#p < 0.001.

Abbreviations: ns, not significant; WBA, weight-bearing asymmetry; PWT, Paw withdrawal threshold.
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We then observed the interventional effect of EA on pain of KOA model rat. From previous research, it was found
that 2 Hz EA is an effective intervention frequency for controlling the symptoms of KOA animal models.>® Here, we
continued to use the KOA model rats right Dubi (ST35) and Neixiyan (EX-LES) with 2 Hz frequency EA. We found that
PWT significantly increased, WBA significantly decreased, and spontaneous pain significantly decreased after EA
intervention compared with the MIA group. In contrast, sham EA did not show this effect (Figure 1B - D).

KOA induces degeneration of knee joint cartilage, which significantly impairs lower limb mobility and compromises
daily functioning.** We investigated whether EA improved cartilage damage in KOA model rats. Morphological
examination of knee joint tissues revealed that KOA rats exhibited pronounced cartilage discoloration and erosion
compared to the saline group, accompanied by a significant increase in the macroscopic chondropathy score (Figure 2A
and B). A hallmark feature of cartilage degeneration is the degradation and subsequent loss of proteoglycans.*> Toluidine
blue staining of knee joint sections revealed that, KOA rats exhibited visibly lighter or absent cartilage staining,
indicative of proteoglycan depletion and exacerbated cartilage damage. Superficial staining defects and structural
discontinuities were observed, accompanied by a significant increase in cartilage degeneration score, compared with
the saline group (Figure 2C and D). EA intervention attenuated cartilage degeneration, resulting in a significant reduction
in both the macroscopic joint cartilage lesion score and the cartilage degeneration score (Figure 2A-D).
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Figure 2 EA alleviates cartilage degeneration and reduces MMP| 3 expression in the synovium induced by KOA. (A) Representative images of cartilage morphology from saline group,
MIA group, MIA + sham EA group and EA group. Arrows indicate areas of cartilage erosion. (B) Summary of macroscopic chondropathy score of four groups (per group, n = 5). ¥ <
0.01, *** < 0.001; ns: not significant. (C) Representative images of cartilage toluidine blue staining from saline group, MIA group, MIA + sham EA group and EA group, scale bar = 500
pm. Arrows indicate areas of cartilage matrix depletion. (D) Summary of OARSI Osteoarthritis Cartilage Histopathology Score of four groups (per group, n = 4). **p < 0.001; ns: not
significant. Scale bar = 100 um. (E) Representative immunofluorescence images of MMP|3 expression in synovial tissue from saline group, MIA group, MIA + sham EA group and EA
group, scale bar = 100 pm. (F) Summary of MMP3 fluorescence intensity in synovial of 4 groups (per group, n = 4). *p < 0.05, ***p < 0.001.

Abbreviation: ns, not significant.

Matrix metalloproteinase 13 (MMP13) was further utilized to evaluate the degradation activity of type II collagen
within the cartilage matrix, thereby indicating the severity and progression of KOA-associated lesions.® The immuno-
fluorescence intensity of MMP13 was markedly increased in knee joint sections from KOA model rats, whereas EA
intervention significantly attenuated MMP13 expression levels. However, sham EA did not exert such beneficial effects
(Figure 2E and F). These findings suggest that EA significantly inhibited the expression or activity of MMP13, mitigated
type II collagen degradation, and consequently contributed to cartilage preservation. Therefore, these results indicate that

EA exerts pain and significantly attenuates joint cartilage degeneration in KOA model rats.

EA Intervention Inhibits Abnormal Activation of the NGF/TrkA Pathway,
Overproduction of Pro-Inflammatory Cytokines, and Abnormal Proliferation of Nerve
Fibers in the Synovial Tissue of KOA Model Rats

NGF/TrkA signaling pathway plays a critical role in the transmission of KOA-related pain by inducing peripheral and
central sensitization, ultimately leading to hyperalgesia.’” Therefore, we planned to explore whether EA could interfere
with NGF/TrkA signaling. The expression of NGF and TrkA was significantly increased in the MIA group (Figure 3A—
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Figure 3 EA inhibits NGF/TrkA activation in synovial tissue of KOA model rats. (A) Representative immunofluorescence images showing NGF expression in the synovial tissue
from the saline, MIA, MIA + sham EA, and MIA + EA groups. Scale bar = 100 pm. (B) Quantification of NGF fluorescence intensity in the synovium across the four groups (per
group, n =3). *p < 0.05; ns: not significant. (C) Representative immunofluorescence images showing TrkA expression in the synovial tissue from the saline, MIA, MIA + sham EA, and
MIA + EA groups. Scale bar = 100 um. (D) Quantification of TrkA fluorescence intensity in the synovium across the four groups (per group, n = 4). **p < 0.001.
Abbreviation: ns, not significant.

D). EA significantly reduced the elevated NGF and TrkA expression in the knee synovium, compared with the MIA
group (Figure 3A-D). In contrast, sham EA did not show any such effect (Figure 3A-D). These results indicate that EA
can inhibit the activation of NGF/TrkA signaling in the injured knee joints of KOA model rats.

Previous studies have demonstrated that NGF/TrkA signaling pathway primarily contributes to pain exacerbation by
promoting IL-1fB expression and the proliferation of sensory nerve fibers, while also forming a positive feedback loop
with TNF-a to amplify inflammatory responses in the KOA model.'® We planned to explore whether EA could suppress
the release of pro-inflammatory cytokines and relieve pain. Following MIA induction, the expression of IL-1p and TNF-a
in the knee joint was significantly enhanced (Figure 4A-D). EA treatment inhibited the expression of IL-1B and TNF-a
(Figure 4A-D), while sham EA treatment did not produce such effect (Figure 4A—D).

Protein Gene Product 9.5 (PGP9.5) was highly expressed in sensory nerve endings.*® During the progression of KOA,
the inflammatory microenvironment and joint structural damage can induce abnormal regeneration or sensitization of nerve
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Figure 4 EA inhibits IL- 103, TNF-o and PGP9.5 expression in synovial tissue of KOA model rats. (A) Representative immunofluorescence images showing IL- | expression in the
synovial tissue from the saline, MIA, MIA + sham EA, and MIA + EA groups. Scale bar = 100 pm. (B) Quantification of IL- 1 fluorescence intensity in the synovium across the four
groups (per group, n = 3). ** < 0.01; ns: not significant. (C) Representative immunofluorescence images showing TNF-o expression in the synovial tissue from the saline, MIA, MIA
+ sham EA, and MIA + EA groups. Scale bar = 100 pm. (D) Quantification of TNF-a fluorescence intensity in the synovium across the four groups (per group, n = 3). * < 0.01; ns:
not significant. (E) Representative immunofluorescence images showing PGP9.5 expression in the synovial tissue from the saline, MIA, MIA + sham EA, and MIA + EA groups. Scale
bar = 100 pm. (F) Quantification of PGP9.5 fluorescence intensity in the synovium across the four groups (per group, n = 3). *p < 0.05.

Abbreviation: ns, not significant.
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fibers, thereby exacerbating pain symptoms.**** Therefore, we planned to explore whether EA could suppress abnormal
sensory nerve fiber proliferation. PGP9.5 expression was significantly increased in the synovial tissue (Figure 4E and F),
suggesting an increase in the density of nerve fibers within the synovium or exacerbated neural remodeling in KOA model
rat. EA significantly reduced PGP9.5 expression (Figure 4E and F), suggesting that EA may alleviate KOA-related
peripheral nerve sensitization and chronic pain by inhibiting abnormal nerve fiber proliferation or activity within the
synovium. In contrastt, sham EA did not have any such effect (Figure 4E and F). Therefore, these results indicate that EA
can inhibit the excessive activation of the NGF/TrkA pathway in KOA knees and alleviate pain by further reducing the
expression of pro-inflammatory cytokines and nerve fiber hyperinnervation.

EA Intervention Is Mimicked by Pharmacological Inhibition of the NGF/TrkA Signaling

Pathway and Reversed Through lts Activation

MNACI13 has been identified as a selective inhibitor that prevents the binding of NGF to TrkA.*' We proceeded to
investigate further whether pharmacological inhibition of NGF/TrkA signaling using MNAC13 (20 pg/50 uL, i.a.) could
replicate the anti-hyperalgesic effects of EA. The schematic diagram was shown in Figure 5SA. Compared with saline
group, the MNAC13 treatment significantly improved mechanical hyperalgesia and reduced WBA (Figure 5SB-E), which
mimics the antinociceptive effect achieved by EA treatment (Figure 5SB—E). This demonstrated the key contribution of
the NGF/TrkA pathway to pain in KOA model rats.

In parallel, the potential of MNAC13-mediated pharmacological blockade of NGF/TrkA signaling to attenuate cartilage
degeneration in KOA model rats was assessed through histological evaluation of cartilage sections. Toluidine blue staining
showed thatthe MNACI13 treatment significantly improved cartilage degeneration in KOA model rats, compared with
saline group (Figure 5F and G). Moreover, its therapeutic effect was similar to that of EA (Figure 5F and G).

Subsequently, we examined whether activation of the NGF/TrkA signaling pathway could counteract the EA-induced
anti-hyperalgesic effects and chondroprotective effects in KOA model rats. To achieve this, NGF-7S solution (10 pg/50
uL)* was intra-articularly administered on days 18 and 23. The schematic diagram was shown in Figure 6A. Combined
treatment of NGF-7S injection and EA effectively reversed the analgesic effect of EA, as evidenced by an increased
weight-bearing difference between the hind limbs, compared with the EA group (Figure 6B-E). However, NGF-7S
administration failed to completely abolish the protective effect of EA on cartilage degeneration (Figure 6F and G).
Notably, while intra-articular NGF-7S administration effectively reversed the analgesic effect of EA, it did not
completely abolish EA-induced protection against cartilage degeneration. The persistence of partial chondroprotection
despite NGF activation suggests that EA may also exert cartilage-protective actions through additional mechanisms
beyond NGF/TrkA signaling. These results indicate that pharmacological antagonism of NGF/TrkA signaling mimics the
anti-hyperalgesic and cartilage-protective effects of EA in KOA model rats, whereas pharmacological activation of NGF/
TrkA signaling reverses the EA-induced analgesic effects.

EA Intervention Inhibits TrkA Overexpression in DRG of KOA Model Rats

Next, we hypothesized that the increase in NGF in the knee joints of KOA model rats may cause pain through its high-
affinity receptor TrkA expressed on peripheral sensory neurons, while EA alleviates KOA symptoms by inhibiting this
pathway. We used immunofluorescence to detect whether the expression of TrkA in the ipsilateral L3-L5 DRG of KOA
model rats induced by MIA injection was affected. Compared with the saline group, significantly increased TrkA
expression was observed in the L3-L5 DRG of KOA model rats (Figure 7A and B). Additionally, TrkA was significantly
reduced in the L3-L5 DRG in the EA group. No significant effect was observed in the sham EA group (Figure 7A and B).
These results indicate that TrkA in the DRG is involved in the inflammatory pain process, and that EA inhibits the
overexpression of TrkA, thereby alleviating KOA symptoms.
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Figure 5 Specific blockade of NGF/TrkA signaling ameliorates pain and cartilage degeneration in KOA model rats. (A) Schematic illustration of model establishment, MNACI3
administration, behavioral testing, and tissue collection. Arrows in the schematic indicate the time points for model induction. (B and C) Changes in paw withdrawal threshold (PWT) in
the saline, MIA, MIA + MNACI 3, and MIA + EA groups (per group, n = 7). *p < 0.05, ¥p < 001, **¥ < 0.001 vs saline group; *p < 0.05,#p < 0.001 vs MIA group. (D and E) Changes in
weight-bearing asymmetry (WBA) in the saline, MIA, MIA + MNACI3, and MIA + EA groups (per group, n = 7). ¥ < 0.01, * < 0,001 vs saline group; *p < 0.05, #p < 0.01, ##p <
0.001 vs MIA group. (F) Representative toluidine blue-stained images of cartilage from the saline, MIA, MIA + MNACI 3, and MIA + EA groups. Scale bar = 500 pm. (G) Quantification of
cartilage degeneration scores in the four groups (per group, n = 3). ***p < 0.001.

Abbreviation: ns, not significant.
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EA Intervention Inhibits the Overexpression of TrkA in CGRP+ DRG Neurons of
KOA Rats

To further explore whether EA acts on specific neurons in the KOA model DRG, we detected TrkA expression in rat DRG
neurons and labeled neurons in the DRG with CGRP, IB4, and NF200. Using double-labeled immunofluorescence,
Figure 7C and D show that TrkA is expressed in 73.4%, 11.9%, and 24.5% of CGRP, IB4, and NF 200 nociceptive
neurons, respectively. These data indicate that TrkA is expressed in nociceptive neurons of the ipsilateral L3-L5 DRG,
predominantly in CGRP+ peptidergic neurons, followed by NF200" large-sized A fiber neurons and IB4" non-peptidergic
neurons.

Then, our result showed that EA significantly reduced TrkA expression in CGRP' neurons (Figure 7E). TrkA
expression in IB4" and NF200" neurons was not significantly altered following EA intervention (Figure 7F and G).
These findings indicate that EA alleviates KOA by specifically downregulating TrkA expression in CGRP+ DRG

neurons..

Discussion

KOA is now recognized as a whole-joint disease involving not only cartilage degeneration but also pathological changes
in the synovium, subchondral bone, meniscus, ligaments, and periarticular innervation. These structural alterations,
together with local inflammatory and neurobiological processes, collectively contribute to the development of chronic
joint pain and functional impairment.**** Intra-articular injection of MIA is a commonly used method for constructing
KOA models.** This model not only reliably induces peripheral hyperalgesia but also causes characteristic cartilage
damage by inducing matrix degradation.*> Local NGF upregulation in the knee joint is a key driver of nociceptive
transmission, and pharmacological or genetic suppression of NGF/TrkA signaling consistently alleviates pain in KOA
models.?***** EA has been reported to downregulate NGF and TrkA expression in peripheral tissues, DRG, and the
spinal cord,* but the causal link between NGF/TrkA signaling inhibition and EA-induced analgesia in KOA remained
unclear. Here, we found that EA markedly reduced NGF and TrkA expression in KOA joints. NGF/TrkA signaling
blockade mimicked EA’s analgesic effect, whereas exogenous NGF activation attenuated it, suggesting that modulation
of the NGF/TrkA signaling contributes substantially to EA-induced analgesia.

Previous study showed that activation of the NGF/TrkA signaling pathway in KOA markedly upregulates both the mRNA
and protein expression of PGP9.5, enhances sensory nerve fiber innervation in the synovium, and thereby exacerbates
peripheral hyperalgesia.”* Consistent with this, our study assessed whether EA regulates pathological innervation via NGF/
TrkA signaling. Our data demonstrated that EA significantly reduced PGP9.5 expression and aberrant nerve fiber sprouting, a
change that correlated with pain relief and is likely associated with NGF/TrkA signaling modulation.

NGF binding to the TrkA receptor has been strongly implicated in the transmission of pain signals.’° Previous work
reported that DRG neurons with high TrkA expression, particularly small- and medium-diameter neurons, exhibit distinct
electrophysiological properties associated with nociceptive signaling.’'> Increased TrkA expression in the DRG was
directly linked to various experimental models of pain. Inhibition of the TrkA signaling pathway—such as through
intrathecal administration of anti-NGF antibodies or TrkA inhibitors—was shown to alleviate pain-related behaviors.”
Following these prior studies, we investigated whether EA could affect TrkA expression in DRG of KOA model rat. We
found that EA significantly suppressed TrkA expression. CGRP" neurons represent a crucial population involved in
nociception, whose activity is strongly regulated by the NGF/TrkA signaling pathway.

Subsequently, TrkA expression was detected in IB4", CGRP™ and NF200" DRG neurons in the KOA rat model.
Moreover, EA treatment primarily altered TrkA expression in CGRP" neurons. It has been reported that 92% of TrkA-
positive neurons co-express CGRP, a neuropeptide critically involved in pain transmission.>* Furthermore, research
indicates that approximately 85% of TrkA" bone pain receptors co-express CGRP, and that NGF directly upregulates
CGRP synthesis through TrkA activation. In inflammatory or nerve injury models, NGF binding to TrkA activates
downstream signaling pathways, including phosphoinositide 3-kinase (PI3K) and protein kinase C (PKC), which resulted
in increased CGRP release and enhanced peripheral sensitization.”® But it should be noted that, in the MIA-induced KOA
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model, both TrkA and CGRP were co-upregulated within DRGs, whereas post-traumatic OA showed elevated CGRP
expression alone, indicating model-specific variations.”®

Previous studies have shown that MMP-13 is the major collagenase responsible for degrading type II collagen, the
principal structural component of articular cartilage, and its upregulation is a hallmark of cartilage degeneration in
KOA.” The degradation fragments generated from type II collagen breakdown can further activate type A synoviocytes,
leading to the release of pro-inflammatory cytokines and additional matrix metalloproteinases, including TNF-a, IL-1p,
and MMP-13, thereby amplifying synovial inflammation and cartilage catabolism.’® Moreover, the IPFP, an integral
anatomical and functional component of the knee joint, secretes multiple inflammatory mediators. These act upon
periarticular tissues including the synovium, cartilage, and menisci, thereby exacerbating the inflammatory microenvir-
onment and accelerating cartilage degeneration.’® Together, these molecular and cellular events drive the progressive
deterioration observed in KOA.’” Therefore, our study aimed to determine whether EA could modulate cartilage
degeneration and its associated inflammatory pathways in the KOA condition. Our data showed that EA reduced the
levels of MMP13 in the synovium of the model knee joint while inhibiting pro-inflammatory cytokine levels, suggesting
a significant inhibition of cartilage damage and degeneration in KOA model rats, along with reduced inflammatory
responses and suppression of inflammatory amplification effects.

Previous studies have shown that NGF activates downstream signals by binding to the TrkA receptor, inducing the
expression of transcription factors Etv4 and Etv5, thereby promoting the transcription and expression of MMP13.°° Next,
we found that specific inhibition of NGF-TrkA binding alleviated cartilage degeneration, and this effect was similar to
that of EA. Previous studies have shown that in KOA models, MMP13 activity is directly related to joint destruction and
does not completely depend on the NGF/TrkA pathway.”® Our data showed that activation of NGF did not completely
offset the inhibitory effect of EA on cartilage degeneration. This may be related to the direct effect of EA on MMP13, or
EA may inhibit cartilage degeneration through mechanisms other than NGF.

Several limitations warrant consideration. First, the present work focused on peripheral and DRG-level mechanisms
and did not examine potential central regulatory processes, such as spinal or supraspinal modulation of nociception.
Second, the inability of NGF activation to fully counteract the chondroprotective effects of EA implies the involvement
of other regulatory mechanisms beyond the NGF/TrkA axis. Third, the study did not employ genetic approaches to
directly validate the causal role of NGF/TrkA signaling, and future investigations using conditional or cell-type-specific
manipulations will be essential to strengthen these conclusions.

Conclusions

This study demonstrated that EA intervention significantly alleviated pain and cartilage degeneration in a rat model of
KOA. The effects of EA may be mediated through inhibition of the NGF/TrkA signaling pathway in joint tissues,
accompanied by downregulation of TrkA expression in CGRP-positive nociceptive neurons. These findings further
support the therapeutic potential of EA as an alternative approach for the management of KOA.
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