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Purpose: Knee osteoarthritis (KOA) is a prevalent degenerative disease impacting bone and joint health. Clinical studies indicate that
fire needling acupuncture can alleviate joint stiffness, pain, and dysfunction in KOA. Previous research demonstrated its efficacy in
reducing pain, mitigating cartilage damage, and regulating macrophage polarization, but its effects on subchondral bone remain
unclear. This study aimed to evaluate the therapeutic effects of fire needling acupuncture on subchondral bone in KOA.

Methods: Sprague-Dawley rats were divided into three groups: control (CON), monosodium iodoacetate (MIA), and fire needling
acupuncture (FNA) (n=6 per group). A KOA model was established using 0.3 mg/50 uL MIA, followed by acupuncture at acupoints
SP10, ST34, ST35, EX-LES, and ST36 twice weekly. Evaluations included body weight, joint diameter, weight distribution, and
mechanical withdrawal threshold. Micro-CT imaging assessed tibial plateau bone mass changes. Histological evaluations used HE,
Safranin O/Fast Green, and toluidine blue staining. Immunohistochemistry examined COL2, MMP9, and MMP13 expression, while
macrophage polarization was analyzed using immunofluorescence for F4/80, iNOS, and Arg-1. TRAP staining assessed osteoclast
activity, and immunofluorescence for CD31/Emcn and VEGF evaluated angiogenesis in subchondral bone.

Results: Fire needling acupuncture significantly improved weight distribution and mechanical withdrawal thresholds, reduced
synovial inflammation and abnormal changes in subchondral bone, and preserved cartilage integrity in MIA-induced KOA rats.
Notably, F4/80 and iNOS expression levels decreased, while Arg-1 expression increased after treatment. Additionally, TRAP, CD31/
Emcn, and VEGF expression in subchondral bone decreased following fire needling acupuncture.

Conclusion: Fire needling acupuncture mitigates pain behavior, synovial inflammation, cartilage degradation, and abnormal changes
in subchondral bone in MIA-induced KOA rats. The therapeutic mechanism may involve modulation of synovial macrophage
polarization and subchondral bone angiogenesis. Further research is warranted to elucidate the precise molecular pathways and the
interaction between macrophage polarization and angiogenesis.
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Introduction

Osteoarthritis (OA) is a degenerative cartilage disease that is prevalent among older adults and represents a significant
public health challenge.! According to the Global Burden of Disease (GBD) 2021, OA affected 7.6% of the global
population in 2020, which equates to approximately 595 million individuals.® Each year, over 250 million people
worldwide suffer from OA, with around 41% experiencing physical disabilities.> From 1990 to 2019, the burden of
OA has doubled, particularly in middle Socio-Demographic Index (SDI) countries such as China.” After the age of 70,
OA ranks as the seventh leading cause of disability globally, predominantly affecting the knee.> Due to population
growth and aging, age-standardized years lived with disability (YLDs) related to knee OA (KOA) are projected to
increase.* This underscores the urgent need for preventive measures and highlights the critical importance of research
and intervention strategies targeting this condition.

Traditional treatment for mild-to-moderate KOA primarily involves pharmacotherapy. This mainly includes non-
steroidal anti-inflammatory drugs (NSAIDs), which can alleviate pain and inflammation but may lead to side effects and
drug resistance with prolonged use.>® Additionally, drugs commonly used for intra-articular injections, such as corti-
costeroids, may have potential chondrotoxic effects, necessitating further evaluation of their efficacy and safety.’
Therefore, exploring the role of non-pharmacological therapies in KOA management is particularly important.
Compared to drug treatments, non-pharmacological methods generally have fewer side effects and are suitable for long-
term management.® Through physical therapy, lifestyle modifications, and psychological support, patients can effectively
relieve symptoms and improve their quality of life. Thus, non-pharmacological therapies should receive greater emphasis
and application in comprehensive KOA treatment plans.

Fire needling acupuncture therapy, a traditional Chinese medical treatment, has garnered increasing research attention
in recent years for the management of KOA. This therapy involves the direct insertion of heated needles into the affected
area, aiming to improve local blood circulation, alleviate pain, and promote tissue repair.”' Numerous studies have
demonstrated that fire needling acupuncture therapy effectively reduces pain and functional impairment in patients with
KOA.'""'? Additionally, the treatment course is relatively short, often requiring only a few sessions to achieve noticeable
results, providing patients with a more convenient therapeutic option. While the precise mechanisms of fire needling
acupuncture therapy are not yet fully understood, its effectiveness in reducing inflammation and slowing cartilage
deterioration has been well established.'*'*

It is well established that changes in synovium and subchondral bone play a crucial role in the progression of KOA
and are closely associated with pain and functional impairment.'>”'” Consequently, treatment strategies targeting
synovium and subchondral bone have become central in KOA research. Some studies indicate that synovitis and
subchondral bone remodeling interacts with the degeneration of articular cartilage.'®'®'® Increasingly, research has
focused on regulating the polarization of synovial macrophages to mitigate cartilage damage in KOA.?* Although the
mechanisms by which subchondral bone influences KOA require further exploration, evidence indicates that maintaining
subchondral bone health not only alleviates KOA symptoms but may also slow disease progression.'®*! Therefore, this
study focuses on the effects of fire needling acupuncture therapy on macrophage polarization in synovium and
angiogenesis in subchondral bone, as well as its relationship with cartilage degeneration, aiming to provide new insights
and strategies for the comprehensive treatment of KOA.

Materials and Methods

Animals

A total of eighteen male Sprague-Dawley rats, each weighing between 180 and 200 grams, were procured from Beijing
Huafukang Biotechnology Co., LTD (Beijing, CHINA). During the entire experimental duration, the rats were provided
with standard feed and water ad libitum, while being maintained under regulated environmental conditions, including
a temperature of 23 = 1 °C, a humidity level ranging from 40% to 60%, and a 12-hour light-dark cycle. Prior to the
commencement of the experiments, the rats were acclimatized for a minimum of one week. To eliminate potential
experimenter bias, the individuals conducting the experiments were blinded. Following the adaptation period, the rats
were randomly assigned to three groups, each comprising six rats. The experimental protocols received approval from the
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Ethics Committee for Animal Experimentation at the Beijing Institute of Traditional Chinese Medicine (approval no.
BJTCM-R-2023-12-02) and were executed in accordance with the committee’s established norms and regulations.

KOA Rat Model Establishment

Eighteen male Sprague-Dawley rats were randomly divided into three groups (n=6 each) before monosodium iodoacetate
(MIA, Sigma, USA) injection: control group (CON), MIA group (MIA), fire needling acupuncture group (FNA). The
KOA was induced via a single intra-articular administration of MIA in the left knee (0.3 mg in 50 pL). Rats were
anesthetized by inhalation of isoflurane (3—4% induced, 1-1.5% maintained) (RWD, China) and their left knee joints
were shaved before intra-articular injection. At day 0, the 0.3mg MIA in 50pL of 0.9% sterile normal saline was injected
into the left knee joint through the subpatellar ligament using a microinjector with 26 G needle inserted with the knee
flexed at an angle of 90°.*? The knees were stretched and flexed gently to disperse the MIA throughout the articular
cavity after injection. The control group received 50uL sterile normal saline at a similar injection site.

Fire Needling Acupuncture Treatment

The rats of the FNA group received fire needling acupuncture treatment on the left five acupoints of SP10 (Xuehai),
ST34 (Liangqiu), ST35 (Dubi), EX-LE5 (Xiyan), and ST36 (Zusanli). The identification of these acupoints was
conducted in alignment with the Animal Acupuncture Point Atlas and the T/CAAM 0002-2020 document, which is
entitled “Name and Location of Commonly Used Acupoints in Experimental Animals — Part 2: Rat”.>* The electronic
intelligent fire needling acupuncture (2mm length, 0.4mm diameter, approximately 200°C, utility model, patent no.
Z1.201721678201.2) was applied in this study and supplied by Beijing Hanbotai Kanglai Technology Development Co.,
LTD. The needle was heated before being punctured and withdrawn from the acupoints (a needle ejection and withdrawal
in 0.1s). The depth and temperature of the fire needling acupuncture used during the fire needling acupuncture treatment
were consistent. The rats were anesthetized (isoflurane, 3-4% induction, 1-1.5% maintenance) before commencing fire
needling acupuncture. The rats had their left knee bent and had them punctured once at each acupoint. This was done
twice a week from the seventh day after MIA injection (Figure 1A), for a total of 3 weeks. The operation of the CON
group and the MIA group was the same as that of the FNA group, without fire needling acupuncture treatment.

Body Weight Assessment
Body weight was measured using an electronic scale before MIA injection and at days 4, 8, 11, 15, 18, 22, 25, and 29
after injection (Figure 1A and B).

Knee Swelling Assessment

Knee joint diameters were measured to infer joint swelling as an indicator of inflammation resulting from injection of MIA
or saline. The diameter of the left knee was measured with a manual caliper (SYNTEK, China). In the process of measuring
the diameter of all joints, keep the joint in the same position, and take the average value of three consecutive measurements.
The timing for the knee swelling assessment coincides with the body weight assessment (Figure 1A and C).

Weight Bearing Test

Weight distribution asymmetry across the right and left knee was assessed using an Incapacity Meter®™ (IITC Life Science
Inc., USA) to evaluate the distribution of weight bearing in the hind limbs. The force exerted by each hind limb was
measured in grams and reported as a percentage of total body weight. Rats were allowed to acclimate to the test
apparatus, which involved positioning them on an incline that required the hind paws to rest on separate platforms. Once
stationary, the device recorded the average pressure exerted by both feet over a 10-second interval following the
activation of the start button. Changes in weight distribution were calculated using the formula: [(weight bearing of
left hind paw/weight bearing of left and right hind paws) x 100].** The final value represented the average of three
repeated measurements. Assessments were conducted prior to the injection of MIA, on days 4 and 7 post-injection, and
the day following the fire needling acupuncture treatment (Figure 1A and D).
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Figure | (A) Flowchart of animal experiment. (B) Body weight analysis. (C) Joint diameter analysis. ***P<0.001, **P<0.0001, vs CON group. (D) Weight bearing analysis. *P<0.05,
**P<0.01, **P<0.001, vs MIA group. (E) Paw withdrawal threshold analysis. *P<0.05, **P<0.01, ***P<0.001, vs MIA group. Data are expressed as the mean * SEM, n = 6 for each group.

Paw Withdrawal Threshold Test

The Von Frey filaments (Stoelting, USA) were utilized to quantitatively assess the severity of joint pain by measuring the hind
paw withdrawal threshold in rats. Each rat was placed individually in an organic plastic chamber with a metal mesh floor, and the
experiment commenced after the animals had acclimated to their environment. A Von Frey hair filament was applied
perpendicular to the plantar surface of the left hind limb until the filament began to bend, maintaining this pressure for 5 seconds.
A positive withdrawal response was defined as the rat quickly withdrawing or licking its hind limb. Filaments were applied in
ascending order, starting from 2 g, until a withdrawal response was observed. Following the identification of the first positive
response, a descending series of tests was conducted until no response was elicited. A sequence of four tests was performed after
the initial positive response, and the paw withdrawal threshold was calculated accordingly.>® Assessments were conducted on the
same day as weight bearing tests, with a minimum interval of half an hour between the two procedures (Figure 1A and E).

7462 https: Journal of Inflammation Research 2025:18



Wei et al

Sample Collection

On day 29 after MIA injection, all rats were anesthetized with pentobarbital sodium and sacrificed to collect the left knee
joints. Positioned supine, the rats underwent transcardial perfusion with 500 mL of 0.9% sterile saline until the lungs,
liver, and limbs turned white, followed by 300 mL of 4% paraformaldehyde (PFA), during which tail and limb tremors
were noted. The left knee joints were then harvested. After macroscopic observation, it was fixed in 4% PFA for
48 hours. After that, samples were decalcified in 10% EDTA for three weeks, embedded in paraffin, and sectioned to
approximately 4 um for further evaluation.

Micro-Computed Tomography (Micro-CT) Scanning and Analysis

The rat joints were scanned using a high-resolution micro-computed tomography (micro-CT) system (Skyscan 1276,
Bruker, Germany) at a source voltage of 50 kV and 497pA, achieving a resolution of 50um per pixel. Reconstructed
images obtained from Skyscan NRecon software version 1.6.9 (Bruker, Germany) were analyzed using CTAn software
version 1.15.4.0 (Skyscan) to visualize and assess bone histomorphometric parameters. The scanning encompassed the
entire knee joint, while the analysis specifically focused on the subchondral bone of the tibial plateau. Three-dimensional
(3D) reconstruction of the knee joint structures was performed and analyzed. The region of interest (ROI) was segmented
following manual verification of the contours for each slice. To quantify bone parameters, the ROI was delineated along
the margin of the tibial plateau, and the following metrics were analyzed: bone volume (BV), bone volume fraction (BV/
TV), trabecular number (Tb.N), trabecular pattern factor (Tb.Pf), trabecular thickness (Tb.Th), trabecular separation (Tb.
Sp), and bone mineral density (BMD).

Histological Analysis

The samples were subsequently embedded in paraffin wax and sectioned to a thickness of approximately 4um for
pathological evaluation. The sections were stained using Hematoxylin and Eosin (HE), Safranin O/Fast Green (Saf-O),
and toluidine blue to assess knee joint inflammation and cartilage damage. Histological examination was conducted under an
optical microscope. The investigators independently evaluated the sections while remaining blinded to their nature.

Hematoxylin and Eosin (HE) Staining

Synovial inflammation and cartilage damage were histologically assessed using hematoxylin and eosin staining (GP1031,
Servicebio, China) according to standardized protocols. Briefly, dewaxed and hydrated tissue sections were sequentially
stained with hematoxylin (3—5 min), differentiated (2-5 s), blued (2-5 s), and counterstained with eosin (5 min) before
neutral gum mounting. Pathological evaluation was performed microscopically, with synovitis severity quantified using
established synovitis scoring criteria as previously reported.?®

Safranin O/Fast Green (Saf-O) Staining

Cartilage extracellular matrix integrity was evaluated using Safranin O/Fast Green staining (G1053, Servicebio, China).
Tissue sections underwent sequential treatment with ethylene glycol ethyl ether acetate solutions (6 h at 37°C followed
by overnight incubation, then two 10—15 min room temperature steps), followed by graded alcohol rehydration (100% to
80%, 10 min/step). Sections were counterstained with Fast Green (3—4 min) and Safranin O (15-30 s), then dehydrated
through three anhydrous ethanol changes (5 min each) and xylene clearing. Histopathological scoring (0—6 scale)
quantified cartilage degeneration based on lesion depth, with grade 6 representing full-thickness cartilage loss with
bone deformation.?’

Toluidine Blue Staining

Chondrocyte extracellular matrix integrity was evaluated through toluidine blue staining (G1032, Servicebio, China)
using standardized protocols. Tissue sections underwent sequential dehydration with Environmental Friendly Dewaxing
Liquid I and II (20 min each), followed by hydration through graded ethanol solutions. After tap water rinsing, sections
were stained with TB (2—5 min) and differentiated with 0.1% glacial acetic acid under microscopic monitoring. The
reaction was terminated by water washing, and dried sections were cleared in xylene (10 min) before neutral gum
mounting for microscopic evaluation of matrix integrity.
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Tartrate-Resistant Acid Phosphatase (TRAP) Staining

Subchondral osteoclast activity in MIA-induced KOA was evaluated using tartrate-resistant acid phosphatase staining
(G1050, Servicebio, China) per manufacturer’s protocol. Tissue sections were pretreated with hydrophobic barrier
creation and 37°C hydration (2 h), followed by TRAP solution incubation (37°C, 20 min). Post-wash nuclei were
counterstained with hematoxylin (15 s) with acid differentiation/ammonia blueing steps. After routine ethanol dehydra-
tion and xylene clearing, sections were neutral gum-mounted for microscopic quantification of osteoclast activity using
established histomorphometric criteria.

Immunohistochemical (IHC) Staining

Immunohistochemical staining was performed to assess the expression of collagen Type II (COL2) (GB11021, Servicebio,
China), MMP9 (GB11132, Servicebio, China), and MMP13 (GB11247, Servicebio, China). Following deparaffinization and
dehydration, sections were incubated at 37°C for 30 minutes, then rinsed with phosphate-buffered saline (PBS). Endogenous
peroxidase activity was blocked by treating the sections with 3% hydrogen peroxide for 10 minutes at room temperature. After
another PBS wash, sections were incubated with 5% bovine serum albumin (BSA) for 30 minutes at 37°C. Primary antibodies
against COL2, MMP9, and MMP13 were applied overnight at 4°C. After washing with PBS, sections were incubated with
a horseradish peroxidase-conjugated secondary antibody for 1 hour at room temperature. Samples were then stained with DAB for
coloration and counterstained with hematoxylin. The number of positively stained cells in the articular cartilage of the femur and
tibial plateau regions was counted, and the proportion of positive cells was analyzed using Image-Pro Plus software and Image J.

Immunofluorescence (IF) Staining

The procedure for preparing tissue sections was performed according to previously established methods. Knee sections
embedded in paraffin were subjected to deparaffinization and rehydration processes. Subsequently, pepsin was applied to
ensure complete coverage of the slices, which were then incubated at 37°C for a duration of 30 minutes. After washing,
sections were treated with 0.3% Triton X-100 (A1009, Applygen, China) to permeabilize the membranes, followed by blocking
with 10% normal goat serum at 37°C for 30 minutes. Specific primary antibodies targeting F4/80 (70076, CST, USA), iNOS
(ab15323, Abcam, UK), Arg-1 (93668, CST, USA), VEGF (sc-7269, Santa Cruz, USA), CD31 (ab182981, Abcam, UK), and
endomucin (Emcn) (sc-65495, Santa Cruz, USA) were applied and incubated overnight at 4°C. On the following day, sections
were rinsed three times with phosphate-buffered saline (PBS) for 5 minutes each, then incubated with secondary antibodies at
37°C for 1 hour. Counterstaining with DAPI was performed for 10 minutes in the dark. After applying an anti-fluorescence
quenching tablet, coverslips were sealed. Fluorescence images were captured using a fluorescence scanner (Leica
Microsystems Co., Ltd., Germany), and quantitative analysis of fluorescence intensity was conducted using Image J.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9.0 software. All data are presented as means + standard error of
the mean (SEM). The differences between groups of pain behaviors were analyzed with Two-way measurements ANOVA,
other statistical analysis was performed using one-way ANOVA and Tukey’s post-hoc test. Statistical significance was
defined as a P-value less than 0.05, denoted as *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

Results
Effects of Fire Needling Acupuncture on Articular Cartilage Degradation in KOA Rats

To evaluate the therapeutic efficacy of fire needling acupuncture in rats, macroscopic observations of the knee joints were
conducted at the conclusion of the treatment (Figure 2A). Notable joint thickening was observed in the MIA group compared
to the CON group. The knee joint surfaces in the CON group appeared smooth and intact on both the femur and tibia. In
contrast, the MIA group exhibited significant bone erosion, fissures, and cartilage degeneration on the knee joint surfaces. The
treatment group demonstrated improvements in the degree of inflammation, cartilage degeneration, and erosion compared to
the MIA group, and showed less loss and erosion of the cartilage in the medial tibial plateau and femur areas, suggesting that
fire needling acupuncture has a therapeutic effect on KOA in rats.
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Figure 2 (A) Macroscopic observation of knee joints. (B) Micro-CT comparison of the knee joint in MIA-induced KOA rats. (C) Hematoxylin and eosin (HE) staining,
Safranin O/Fast Green (Saf-O) staining, and Toluidine blue staining of the knee joint cartilage of the rats. Scale bars = 200um or 40um. (D-J) Micro-CT analysis of bone
volume (BV), bone volume fraction (BV/TV), trabecular number (Tb.N), trabecular pattern factor (Tb.Pf), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and
bone mineral density (BMD) of the tibial plateau of KOA rats. (K) Quantification of OARSI scores. Data are expressed as the mean + SEM, n = 3 for each group. *P<0.05,
*P<0.01, *%P<0.001.

Abbreviation: ns, no significance.

Micro-CT analysis revealed that the CON group had smooth and regular articular surfaces, with mineralized
structures present in the intra-articular space of the knee, and no signs of inflammatory alterations or open fissures
(Figure 2B). In comparison, the MIA group displayed narrowing of the intra-articular spaces, subchondral bone sclerosis,
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areas of cartilage erosion, and partial loss of normal structural appearance. Marked reductions in bone mass, along with
damage and thinning of the trabecular structure and increased spacing, were evident following MIA injection.
Specifically, the MIA group exhibited significant reductions in tibial plateau bone volume (BV), bone volume fraction
(BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and bone mineral density (BMD), while trabecular
pattern factor (Tb.Pf) and trabecular separation (Tb.Sp) were increased (Figure 2D-J). Additionally, a statistically
significant difference in BV, BV/TV, Tb.N, Tb.Pf, and BMD was observed between the MIA group and the CON
group (Figure 2D-G and J). The results of micro-CT analysis indicated that while there were observable trends toward
improved bone trabecular structure, BMD, and BV/TV following fire needling acupuncture treatment compared to the
untreated OA group (Figure 2B), these changes did not reach statistical significance. The FNA group exhibited
a reduction in bone loss and an apparent enhancement in trabecular density, although these observations require further
statistical validation.

Histological changes in the cartilage surface of knee joints were assessed using HE, Saf-O, and toluidine blue
staining under a microscope (Figure 2C). Observations revealed that the cartilage surface in the CON group was
smooth, with normal chondrocytes exhibiting distinct nuclei and neatly arranged structures. The extracellular matrix
was uniformly stained, featuring a thick cartilage layer, and the tide line was clearly visible. In contrast, the MIA group
displayed severe degeneration of bone tissue, characterized by chondrocyte death and matrix loss, indicating sig-
nificant joint damage. Additionally, Saf-O and toluidine blue staining appeared faint in this group. The FNA group
exhibited less degeneration compared to the MIA group, with cartilage layer thickness approaching that of the CON
group. However, there was a loss of the marking line, an irregular surface, and viable chondrocytes with nuclei of
varying sizes. Histological scoring (Figure 2K) revealed that the OARSI scores in the MIA group were significantly
higher than those in the CON group, while the OARSI scores in the FNA group were lower than those in the MIA
group. These findings further indicate that fire needling acupuncture effectively inhibits cartilage degeneration, thereby
mitigating the progression of KOA.

Impact of Fire Needling Acupuncture on the Expression of Cartilage Damage
Biomarkers in KOA Rats

To further investigate the protective effects of fire needling acupuncture on cartilage, immunohistochemical staining for
collagen type II (COL2), matrix metalloproteinase 9 (MMP9), and matrix metalloproteinase 13 (MMP13) was conducted
on knee cartilage. As shown in Figure 3A, the CON group exhibited substantial brown staining in the cartilage, indicative
of COL2 expression, while the MIA group displayed minimal brown staining. The FNA group showed intermediate
staining levels. The CON group had less brown staining for MMP9 and MMP13, whereas the MIA group demonstrated
a significant increase in brown staining, indicating elevated expression of these matrix metalloproteinases. In contrast, the
FNA group exhibited relatively lower expression levels of MMP9 and MMP13. Immunohistochemical analysis con-
firmed that fire needling acupuncture effectively reduced MMP9 and MMP13 levels in the cartilage of KOA rats, while
enhancing COL2 levels (Figure 3B-D). These findings indicate that fire needling acupuncture positively influences the
microenvironment of KOA, thereby promoting cartilage health and contributing to the therapeutic objectives of KOA
treatment.

Attenuation of Persistent Pain in KOA Rats Following Fire Needling Acupuncture

Treatment
After intra-articular injection of MIA, the joints of the rats exhibited swelling, and some of the left limbs displayed signs
of lameness. Rats that touched their left joints exhibited evasive behaviors. However, there was no significant difference
in body weight among the groups (Figure 1B). Signs of inflammation were evident following MIA injection, with
a notable increase in knee diameter observed at day 7 compared to the CON group, although no differences were detected
at subsequent time points (Figure 1C).

Weight distribution and mechanical withdrawal threshold tests were conducted to assess pain responses in the rats.
Initially, all groups supported themselves symmetrically on both hind limbs, indicating an absence of joint discomfort.
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Figure 3 (A) Images of Inmunohistochemistry staining of COL2, MMP9 and MMP| 3 of rat knee joints. Scale bars = 200um or 100um. (B-D) Quantification of IHC staining
of the number of positive cells of COL2, MMP9 and MMP13. Data are expressed as the mean = SEM, n = 3 for each group. *P<0.05, ***P<0.001.
Abbreviation: ns, no significance.
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On the fourth day post-induction, a statistical difference emerged between the CON group and both the MIA and FNA
groups, indicating joint discomfort as evidenced by asymmetric weight distribution. MIA treatment resulted in
a significant reduction in weight bearing on the ipsilateral limb from day 4 until the end of the observation period
(Figure 1D). All animals initially exhibited similar responses in the mechanical allodynia test (paw withdrawal thresh-
old), with no statistical differences among groups. However, by day 4 after MIA induction, a significant reduction in paw
withdrawal threshold was observed in the MIA and FNA groups compared to the CON group. This decrease in
nociceptive threshold persisted throughout the experiment, lasting until day 29 following MIA injection (Figure 1E).

In comparison to the MIA group, the FNA treatment groups demonstrated gradual improvement. Following fire
needling acupuncture treatment, pain avoidance behaviors were observed to reverse gradually. At all assessed time points
post-treatment, rats in the FNA group exhibited less severe weight bearing deficits compared to those in the MIA group
(Figure 1D). Additionally, the FNA group showed a significant reduction in bilateral weight bearing differences
compared to the MIA group, with statistical significance. All animals responded similarly in the paw withdrawal
threshold assessments (Figure 1E). Notably, the mechanical withdrawal thresholds of the FNA groups significantly
increased following three sessions of fire needling acupuncture treatment, with these differences reaching statistical
significance.

Reduction of Inflammation and Modulation of Macrophage Polarization in Synovial
Tissues by Fire Needling Acupuncture in KOA Rats

HE and Saf-O staining were conducted to further investigate the effects of fire needling acupuncture on synovial
inflammation (Figure 4A). The cellularity and structural changes of the synovial tissues were assessed by evaluating
hypercellularity of the synovial membrane and alterations in tissue structure. Rats that received saline injections
exhibited an intact synovial surface, a single layer of lining cells, normal synovial stroma cells, and no signs of
inflammatory infiltration. In contrast, MIA injection resulted in a significant increase in the number of synovial lining
cells and stromal cells, accompanied by infiltration of numerous lymphocytes and plasma cells. In the FNA group, fewer
lining cells, stromal cells, and infiltrating lymphocytes or plasma cells were observed compared to the MIA group. These
histological findings were semi-quantitatively evaluated using a scoring system as previously described,”® with results
presented in Figure 4E. After 29 days of intra-articular injection, the synovitis score in the MIA group was significantly
higher than in the CON group. Following fire needling acupuncture treatment, the synovitis score decreased.

Additionally, we employed immunofluorescence staining to examine the inflammatory-modulating effects of fire
needling acupuncture on the synovial tissue of KOA rats. Our observations revealed that the MO macrophage surface
marker F4/80 and the M1-type macrophage marker iNOS were significantly elevated in the MIA group compared to the
CON group, while the M2-type macrophage marker Arg-1 was decreased (Figure 4B-D). In the FNA group, F4/80 and
iNOS levels were reduced, and Arg-1 levels were increased compared to the MIA group. The quantitative results of these
markers are shown in Figure 4F—H. These findings confirm that fire needling acupuncture effectively alleviates the
microenvironment of KOA by reducing the expression of inflammatory factors and modulating macrophage polarization
in the synovium. This intervention appears to retard the progression of KOA, aligning with the therapeutic objectives of
OA treatment.

Modification of Subchondral Bone Degradation in KOA Rats Through Fire Needling

Acupuncture Treatment

Subsequent observations of subchondral bone changes were conducted. In our study, no OA-like alterations were noted
in the subchondral bone microstructure of normal control knee joints (Figure 5B). However, micro-CT imaging revealed
a reduction and narrowing of the trabecular bone structure following MIA injection, accompanied by significant joint
damage, subchondral bone plate fractures, and the formation of subchondral bone cysts. Throughout the 4-week study
period, all rats injected with MIA exhibited pathological changes in the subchondral bone of the knee joints, character-
ized by extensive replacement of local subchondral bone marrow areas with loosely arranged spindle cells, indicative of
fibrotic bone marrow. Morphological evaluations of the MIA-injected knees demonstrated subchondral ossification
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Figure 4 (A) Images of HE staining and Saf-O staining of the synovium of rat knee joint. Scale bars = 100pm or 40um. (B-D) Images of Immunofluorescence staining of F4/
80, iNOS and Arg-| of the synovium of rat knee joint. Scale bars = 40pum or 20um. (E) Quantification of synovial inflammation scores. (F-H) Quantification of the number
of positive cells of F4/80, iNOS and Arg-1. Data are expressed as the mean + SEM, n = 3 for each group. *P<0.05, **P<0.01.

Abbreviation: ns, no significance.

(osteophyte) and focal fractures of the tibial subchondral plate, which were histologically confirmed (Figure 5A and B).
Histological examinations revealed that the subchondral bone of the MIA-injected knee was compromised, with cavities
identified as cysts (Figure 5A). Additionally, a significant presence of osteoclasts was observed surrounding the
subchondral bone cysts (Figure 5C). In comparison to the MIA group, the subchondral bone injury following fire
needling acupuncture treatment was less pronounced. The subchondral bone plate appeared more intact, the arrangement
of the bone trabeculae was more orderly, the subchondral bone cysts were smaller (Figure SA and B), and the number of
osteoclasts was reduced (Figure 5C and D). There was no statistically significant difference in TRAP levels between the
CON and FNA groups; however, both groups exhibited a statistically significant difference when compared to the MIA
group (Figure 5D). These results demonstrated that fire needling acupuncture therapy reduced subchondral bone
structural damage and delayed the progression of KOA rats.
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Effects of Subchondral Bone Angiogenesis Markers by Fire Needling Acupuncture
Treatment in KOA Rats

In the study of KOA, the microenvironment of subchondral bone and its angiogenic characteristics have garnered
significant attention. This study evaluated the changes in the expression of CD31, endomucin (Emcn), and vascular
endothelial growth factor (VEGF) in the subchondral bone of a MIA-induced KOA model, as well as the effects of fire
needling acupuncture therapy. Following joint injection of MIA, the expression of CD31/Emcn and VEGF in the
subchondral bone was significantly increased (Figure 6A—D), reflecting enhanced angiogenic activity under the inflam-
matory conditions induced by MIA, which may contribute to cartilage damage and disease progression. Further
investigation revealed that fire needling therapy significantly reduced the expression levels of CD31/Emcn and VEGF
in the subchondral bone of KOA models. These findings suggest that fire needling acupuncture therapy may improve the
microenvironment of subchondral bone by inhibiting abnormal angiogenesis and inflammatory responses, thereby
providing protective effects against the pathological progression of KOA.

Discussion

OA is characterized by the progressive destruction of cartilage, loss of extracellular matrix proteins, and damage to
articular cartilage due to various factors.”® Recent studies have emphasized the critical roles of the synovium and
subchondral bone in the pathogenesis and progression of OA.>*’ This study investigates the effects of fire needling on
MIA-induced KOA in rats. There is substantial evidence indicating significant improvements in weight distribution and
mechanical withdrawal thresholds, alongside a reduction in synovial inflammation and enhanced cartilage integrity.
Notably, fire needling acupuncture treatment downregulated the expression of MO macrophage marker F4/80 and M1
macrophage marker iNOS, while upregulating the expression of M2 macrophage marker Arg-1. Additionally, the

subchondral bone angiogenesis markers CD31/Emcn and VEGF were found to be reduced.
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We observed that, compared to the CON group, rats with MIA-induced KOA exhibited OA symptoms, including more
pronounced weight-bearing imbalance, lower mechanical withdrawal thresholds, severe loss of proteoglycans, more sig-
nificant cartilage damage, increased synovial inflammation, and abnormal changes in subchondral bone. The structure of the
articular cartilage was severely compromised. Cracks and indentations appeared on the cartilage surface, and there was
a significant reduction in cartilage thickness (Figure 2A—C). This degeneration impaired the cartilage’s cushioning function,
increasing joint friction and resulting in pain and functional impairment. Additionally, MIA injection caused hypertrophy and
death of chondrocytes, with significant elevations in cartilage damage biomarkers, including MMP9 and MMP13, and
a marked decrease in COL2 levels (Figure 3). As the primary component of articular cartilage, the expression of COL2
was significantly reduced after MIA-induced, indicating compromised structural stability.**>' Concurrently, the expression of
MMP9 and MMP13 was significantly enhanced, both of which are associated with the degradation of cartilage matrix.** The
increase in MMP9 promotes collagen breakdown, while MMP13 specifically targets the degradation of COL2, collectively
accelerating the degenerative process of cartilage.*>* On the one hand, the synovium displayed a marked inflammatory
response characterized by thickening and cellular infiltration, particularly with the accumulation of macrophages, lympho-
cytes, and plasma cells (Figure 4A). The expression of the M0 macrophage marker (F4/80) and M1 type (iNOS) was elevated,
while M2 type (Arg-1) expression was reduced (Figures 4B-D). These findings are consistent with previously reported
changes in macrophages in KOA models,*” > suggesting that macrophage polarization is one of the extremely important key
aspects of the pathological mechanism of OA.*® This inflammatory state leads to increased secretion of inflammatory factors
from the synovium, further exacerbating joint inflammation.>® On the other hand, the structure of the subchondral bone was
also affected. Due to cartilage degeneration, there was a significant decrease in bone density in the subchondral region, with
noticeable thinning of the trabecular framework. Following MIA injection, microfractures and bone cysts were observed in the
subchondral bone (Figure 5A), consistent with findings by Januz et al,*° further impacting joint stability and function.

In KOA, the expression of TRAP is increased (Figure 5C and D), indicating enhanced osteoclast activity, which may
contribute to the interaction between bone resorption and cartilage damage, leading to osteoporosis and the destruction of
trabecular bone.*'*? In the MIA-induced KOA model, it was observed that the expression of angiogenesis markers
CD31/Emcn and VEGF in the subchondral bone was significantly elevated.*>** This phenomenon suggests that
angiogenic activity in the subchondral bone is enhanced in pathological states, potentially correlating with the progres-
sion of arthritis. CD31 and Emcn are characteristic markers of vascular endothelial cells, reflecting the formation of new
blood vessels, and their co-expression aids in identifying h-type vessels, while VEGF is a key factor promoting
angiogenesis.*’ The increase in these markers may lead to changes in the microenvironment of the subchondral bone,
subsequently affecting the nutritional supply and repair capacity of the cartilage. By promoting angiogenesis, this process
may partially alleviate the ischemic state of the cartilage; however, it may also lead to abnormal vessel formation, which
could further exacerbate the inflammatory response and cartilage damage.*® Furthermore, the mechanisms underlying the
macrophage-angiogenesis crosstalk remain unclear and warrant further exploration in future studies.

The treatment of KOA presents challenges. Non-pharmacological therapies have relatively few side effects, are suitable for
long-term management and offer a safe, effective option. Acupuncture has shown promising results in treating KOA,*” and fire
needling acupuncture therapy, as a traditional method, has also been recommended in this context.** Fire needling acupuncture
therapy may positively impact subchondral bone by promoting local blood circulation and alleviating muscle tension.*’ This
study employs clinical experience and literature analysis to utilize fire needle acupuncture at the surrounding points of the knee
joint, specifically ST34, ST35, ST36, SP10, and EX-LES5, for treatment.*’>° Behavioral testing indicated that fire needling
acupuncture reduced weight-bearing differences and increased mechanical withdrawal thresholds. Post-treatment observations
indicate that fire needling acupuncture therapy modulates macrophage polarization in the synovium of KOA by reducing the
expression of MO macrophage marker F4/80 and M1 macrophage marker (iNOS), while enhancing the expression of M2
macrophage marker (Arg-1), thereby alleviating synovial inflammation. Additionally, there was a decrease in cartilage structural
damage, an increase in COL2 expression, and a reduction in MMP9 and MMP13 expression, leading to a more intact structure of
subchondral bone, along with decreased expression of TRAP, VEGF, and CD31/Emen. In summary, preliminary research has
demonstrated the potential of fire needling acupuncture therapy to alleviate pain, reduce cartilage damage, regulate macrophage
polarization, and improve the microenvironment of subchondral bone (Figure 7). Future research should further explore the
mechanisms of fire needling treatment, particularly the interaction between macrophage polarization and angiogenesis.
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Figure 7 Schematic diagram illustrating how fire needling acupuncture regulates macrophage polarization, reduces cartilage damage, and inhibits abnormal angiogenesis in
the subchondral bone.

This study has several limitations. First of all, the use of a single model without multi-model validation may restrict
the conclusions drawn. In addition, the absence of observations across different time windows may hinder the ability to
capture the full scope of angiogenesis and inflammatory responses, preventing a comprehensive understanding of the
biological characteristics of subchondral bone and its relationship with cartilage degeneration. Furthermore, this study
utilized male Sprague-Dawley rats, and future research is needed to explore sex-specific effects to enhance the overall
impact and applicability of our findings.

Conclusion

In conclusion, fire needling acupuncture effectively reduces pain behaviors in KOA rats and ameliorates synovial
membrane injury, cartilage damage, and subchondral bone degeneration. The therapeutic mechanism appears to involve
synovial macrophage polarization and subchondral bone angiogenesis, contributing to the improvement of articular
cartilage impairment. Future research should further investigate the interaction between macrophage polarization and

angiogenesis.
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