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Purpose: Macrophage polarization contributes to the mechanisms of treating knee osteoarthritis (KOA). In previous studies, fire
needling acupuncture has been shown to affect KOA favorably. However, the mechanism of fire needling acupuncture on macrophage
polarization is not well-defined. Thus, this study was conducted to determine that fire needling acupuncture exerts a therapeutic role in
KOA by modulating macrophage polarization.

Methods: Thirty mice were allocated at random into three groups of ten. The groups were labeled as “control”, “model”, and “fire needling
acupuncture”. Each group consisted of ten mice. From the second day of intra-articular injection MIA, the right “xiyan” (EX-LES), “dubi”
(ST35), “liangqiu” (ST34), and “xuehai” (SP10) acupoints were manipulated once every other day for two weeks in the fire needling
acupuncture group. Mechanical withdrawal threshold and weight distribution were evaluated for behavioral testing in each group. The
synovial morphology was monitored by HE staining. Pathological morphology was observed by HE staining, Saf-O staining, and toluidine
blue staining. The polarization of macrophages in synovial tissue was detected using immunofluorescence (F4/80, CD86, and CD206).
Results: Fire needling acupuncture increased the percentage weight-bearing difference and the mechanical withdrawal threshold, and
improved synovial inflammation and cartilage damage in MIA-induced KOA mice. F4/80 and CD86 expression were downregulated
by fire needling acupuncture, but CD206 was increased.

Conclusion: Fire needling acupuncture decreases pain behaviors in KOA mice and improves synovial membrane injury and
pathological cartilage damage. The macrophage polarization is involved in the mechanism of fire needling acupuncture’s amelioration
of articular cartilage damage.
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Introduction

Osteoarthritis (OA) is a progressive degenerative multifactorial disease of the whole joint, which weakens the quality of
life, characterized by a series of symptoms such as pain, stiffness, dysfunction, and even deformity, most commonly in
the knee joints and hip joints."* It has high morbidity and disability among older adults, and 250 million people are
currently affected according to worldwide estimates, which brings an enormous burden to individuals and society.> Now,
the clinical treatment of OA focuses on managing symptoms through non-pharmacological, pharmacological, and
surgical interventions.® Non-steroidal anti-inflammatory drugs, commonly used to relieve symptoms of OA, do not
prevent cartilage damage, and long-term use may cause a risk of gastrointestinal and cardiovascular diseases.” Artificial

joint replacement is a common method to treat advanced OA. Yet, its effectiveness is hindered due to high costs,
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loosening of artificial joints, and complications.® Therefore, it is crucial to systematically understand the pathogenesis of
OA and find effective treatments in the early stage of OA.

KOA is characterized by synovitis, cartilage erosion, matrix degradation, osteophyte formation, and abnormal
subchondral bone remodeling. The development of KOA includes implicating the cartilage, subchondral bone, meniscus,
muscle, tendon, synovium, and infrapatellar fat pad (IFP).” OA reflects a low-grade inflammatory state. Targeted
inflammatory therapy has the potential to suppress the progression of OA by preventing or reducing multiple pathological
features.®® Recent studies have demonstrated a significant correlation between synovitis and the severity of KOA.
Activated synovial macrophages appear to play an essential role in the development and progression of KOA.'*!!
Macrophages have plastic phenotypes and would adjust to the local microenvironment under physiological and
pathological conditions.'? The activated macrophages exhibit conventionally activated M1 and alternately engaged M2
macrophages under different microenvironments.'> M1 macrophages represent a pro-inflammatory phenotype, secreting
pro-inflammatory cytokines and chemokines such as interleukins-(IL-) 1o, IL-6, and tumor necrosis factor-a (TNF-a);
M2 macrophages represent an anti-inflammatory phenotype, releasing anti-inflammatory cytokines such as IL-4, IL-10
and transforming growth factor-p (TGF-p).'*'* It was found that synovial and intra-articular macrophages aggregated,
and M1 synovial macrophages increased and released IL-10/B, TNF-a, and IL-6, thereby accelerating cartilage degrada-
tion and synovitis in the KOA mice.'®!” The induction of M2 macrophages secreted IL-4, IL-10, and TGF-B, improved
KOA tissue repair and regeneration in the microenvironment.'®'® In addition, the removal of all subsets of activated
macrophages in synovial tissue aggravated the development of KOA, suggesting that M2 macrophages have a crucial
protective effect on KOA.'? Therefore, we can consider treating knee osteoarthritis (KOA) by modifying macrophage
phenotype and function, ie, the transformation of macrophage M1 phenotype to M2 phenotype.

Acupuncture, a common treatment in traditional Chinese medicine, has a prominent role in treating KOA, and has
been widely reported both clinically and experimentally, in which “xiyan” (EX-LES5), “dubi” (ST35), “liangqiu” (ST34),
and “xuehai” (SP10) are frequently used.’?® Fire needling acupuncture (FNA), one of the acupuncture therapies, is
done by puncturing a red-hot needle quickly into selected areas on the body to play the role of warming and activating
effect and promoting harmonization. Clinically, it has been proved that fire needling acupuncture is effective and safe,
and is widely used to treat pain, numbness, and skin diseases.”*>® Some studies have shown that the analgesic effect of
fire needling acupuncture is superior to filiform acupuncture in treating KOA.>'>* In animal experiments, the efficacy of
fire needling acupuncture has also been verified, such as acute gouty arthritis, moderate—severe acne, spinal cord injury
and so on.**>® Our previous investigation showed that fire needling acupuncture could improve motor skills and
cartilage morphology, reduce inflammatory factors and increase anti-inflammatory factors in the serum of KOA rats.*’
However, the mechanism of fire needling acupuncture treatment in KOA has yet to be determined.

This study aims to determine the mechanism of fire needling acupuncture in KOA treatment, especially its effect on
macrophage polarization. Monosodium iodoacetate (MIA) was injected in mice to induce KOA. Here, KOA mice were
used to investigate the effects of fire needling acupuncture on pain relief and improvements on the cartilage structure by

promoting the polarization of M2 macrophages of the synovial membrane.

Materials and Methods

Animals

Six-week-old male C57BL/6 mice were obtained from the SPF Biotechnology Co., Ltd. (Beijing, China, Certificate
number: SCXK 2019-0010). The mice were kept in a 12-hour light-dark cycle with ad libitum food and water. The
environment’s temperature was maintained at 22-26°C. They were housed at least one week before the experiments.
Each mouse was divided randomly into control group (CON), model group (MIA), and fire needling acupuncture group
(FNA) (10 mice/group) by using the random envelope method. The number of animals used was based on previous
experience. Every effort was made to reduce the mice number used in our study. Animal experiments were conducted
according to the ethical guidelines formulated by the International Association for the Study of Pain.*® The study design,
experiment conduct, statistical analysis, and results reporting were compliant with ARRIVE guidelines 2.0.%° All
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experiments were authorized by the Beijing Institute of Traditional Chinese Medicine’s Animal Experimentation Ethics
Committee (Approval number: 20201113) and conducted following the Committee’s norms and regulations.

Reagents and Antibodies

Monosodium iodoacetate (Sigma, Saint Louis, Missouri, USA), isoflurane (RWD, Shenzhen, China),
Ethylenediaminetetraacetic acid disodium salt, dihydrate (EDTA) (Solarbio, Beijing, China), citrate buffer (ZSbio,
Beijing, China), HE (hematoxylin-eosin) staining kit (Solarbio, Beijing, China), modified Safranine O-Fast Green FCF
cartilage stain kit (Solarbio, Beijing, China), toluidine blue O cartilage stain solution (Solarbio, Beijing, China), goat
serum (Solarbio, Beijing, China), F4/80 antibody (Abcam, Cambridge, UK), CD86 antibody (Abcam, Cambridge, UK),
CD206 antibody (Abcam, Cambridge, UK), second antibody goat anti-rabbit (Beyotime, shanghai, China), second
antibody goat anti-mouse (Applygen, Beijing, China), DAPI (ZSbio, Beijing, China).

MIA-Induced KOA Model

KOA model was induced via intra-articular injection of MIA.*® Mice were anesthetized by isoflurane (2-3% induction,
1-1.5% maintenance) and their right knee joints were shaved. MIA (5pL, 5 mg/mL) mixed with sterile 0.9% normal
saline was injected into the right knee joint through the subpatellar ligament using a 30-gauge needle inserted
(Supplementary Figure 1). The knees were stretched and flexed gently to disperse the MIA throughout the articular

cavity. The control group received SuL. 0.9% sterile normal saline at a similar injection site.

Fire Needling Acupuncture

The mice of the FNA group received fire needling acupuncture treatment on the right “xiyan” (EX-LES), “dubi” (ST35),
“liangqiu” (ST34), and “xuehai” (SP10). These four acupoints were chosen based on traditional Chinese medicine,
clinical practice, and literature analysis. They are found around the knee joint. They can dredge local gi and blood,
invigorate channels, and activate collaterals, and are frequently used to treat knee problems.>'~* Acupoints used were
referenced from the animal acupuncture point atlas and Experimental Acupuncture Science formulated by the
Experimental Acupuncture Research Association of the Chinese Association of Acupuncture-Moxibustion
(Supplementary Table 1).*'** The electronic intelligent fire needling acupuncture (2mm length, 0.4mm diameter, “low

temperature” 200°C, utility model, patent no. ZL.201721678201.2) was applied in this study (Supplementary Figure 2)

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 needle used during the fire needling acupuncture treatment were consistent. The mice were anesthetized
(isoflurane, 2-3% induction, 1-1.5% maintenance) before commencing fire needling acupuncture. The mice had their
right knee bent at 90 degrees and had them punctured once at each acupoint (Supplementary Figure 3). This was done

from the second day after MIA injection once every other day, for a total of 2 weeks. The operation of the control group
and the MIA group was the same as that of the FNA group, without fire needling acupuncture treatment.

Behavioral Testing

The mice were acclimated to the experimental environment in a quiet room for three consecutive days before performing
the behavioral tests. The behavioral study researchers were blinded to avoid experimenter bias. Mice were also
acclimated to the environment in which the experiment was conducted. The baseline tests were performed 3 days before
MIA injection. Values determined as outliers were excluded from the calculation of the mean values. Behavioral analysis
was conducted on days without fire needling acupuncture treatment (Figure 1A).

Weight-Bearing Test

An Incapacitance Meter (600MR, IITC Life Science, Woodland Hills, California, USA) was used to conduct the weight-
bearing test. Each hind limb of mice rests on a separate sensor plate. The force applied by each hind limb was averaged over
5 seconds in grams with at least 10 seconds between each measurement. The weight on each hind limb was measured three
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Figure | Fire needling acupuncture decreased pain reactions in KOA mice. (A) Scheme of the experimental design. After seven days of adaptive feeding, mice were injected
with MIA into the right knee joint for modeling. Mice have been applied FNA treatment on days 2, 4, 6, 8, 10, 12, and 14, behavioral testing of the weight-bearing test and
mechanical allodynia testing on days |, 3,5,7,9, |1, 13 and |5. Tissues were collected on the 15th day after the MIA injection. (B) Reduction in the weight-bearing difference
of MIA group compared with the CON group (n = 10, #P <0.05); increase in the weight-bearing difference of FN group compared with MIA group (n = 10, *P <0.05). (C)
Decrease in the mechanical withdrawal threshold of MIA group compared with the CON group (n = 10, #P <0.05); increase in the mechanical withdrawal threshold of FN
group compared with MIA group (n = 10, *P <0.05). The two-way repeated-measures analysis and Tukey’s multiple comparisons test were applied. Data were presented as
the mean * SEM.

times. The final value obtained was the mean of the values received. The percentage of weight-bearing difference onto the
right hind limb was calculated: weight on the right limb/(weight on the right limb + weight on the left limb) x100.*

Mechanical Withdrawal Threshold

The mechanical allodynia was assessed using a series of von Frey filaments (Stoelting, Kiel, WI, USA). The mice were
placed in raised plexiglass chambers on a metal mesh floor and allowed to adapt for 30 minutes. A von Frey hair filament
was applied perpendicular to the plantar surface of the right hind limb until the hair filament started to bend, which lasted
2 seconds. A positive withdrawal response indicated that the mice would sharply withdraw or lick their hind limb. The
von Frey hair was applied from 1g force in ascending order until a withdrawal response was established. Once a positive
withdrawal response was found, descending levels of von Frey hair pressure was used to test until no response occurred.
The minimum force required to induce a response was recorded.**

Sample Collection

At post-injection of MIA after 15 days, perfusion was conducted before obtaining the right knee joints. The mice were
anesthetized with pentobarbital sodium before being placed in the supine position. The chest cavity was exposed and
50ml normal saline was injected into the mice from hearts until the lung, liver, and limbs turned white. After 30mL 4%
paraformaldehyde was injected, it could be seen that the tail and limbs shook. The right knee joints were harvested and
fixed in 4% paraformaldehyde for 24h and decalcified in EDTA solution (10%, pH=7.4) for 20 days. After dehydration,
the tissues were embedded in paraffin and cut into serially 4-pum thick sections.
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Histological Analysis

The sections were stained with hematoxylin and eosin (HE), Safranin O-Fast Green (Saf-O), and toluidine blue. The
procedure of staining followed standard protocols provided by the biotech company. HE staining slides were used to
evaluate the synovitis score by three features of chronic synovitis (enlargement of the lining cell layer, density of resident
cells, and inflammatory infiltrate) (Supplementary Table 2).* The degree of cartilage damage of KOA was evaluated by

Osteoarthritis Research Society International (OARSI) scoring criteria (Supplementary Table 3).*¢ KOA severity was the

total score and/or the maximum score. The histology samples were examined under a light microscope. The investigators
examined the sections independently. They were also blind to the nature of the sections.

Immunofluorescence

Section preparation was described above. After the sections were deparaffinized and rehydrated, they were incubated in a citrate
buffer (pH 6.0) before a two-cycle thermostat water bath. Each cycle consists of five minutes of boiling and five minutes of
stopping. After the water bath, 10% normal goat serum was used to block non-specific binding for 30 min at 37°C. The sections
were later stained with the primary antibody (1:500) overnight at 4°C and were incubated for 1 h with species-matched Alexa 488
dye-labeled secondary antibodies (1:2000) at 37°C. These sections were subsequently covered in fluorescent mounting medium
with DAPI. Fluorescent images were acquired using fluorescence microscopy (Axio ImagerA2, ZEN, Zeiss, Germany). Image
J (Bethesda, USA) was used to detect the positive cell numbers by two researchers who were blinded from the grouping.

Statistical Analysis

All statistical analyses were presented as the mean = SEM using the SPSS version 21.0 software. The differences between groups
were analyzed using one-way analysis of variance (ANOVA) and Student’s ¢-test. The repeated-measure two-way ANOVA and
Tukey’s multiple comparisons test were applied for the behavioral testing as indicated. P-values of <0.05 were considered
significant.

Results
Fire Needling Acupuncture Effectively Relieves Pain Behavior in KOA Mice

Pain management is an essential aspect of the treatment of KOA. We measured weight-bearing difference and the mechanical
allodynia reaction to assess pain in KOA mice, as described previously. Intra-articular injection of MIA induced the transfer of
weight distribution in KOA mice to the uninjured limb, which was effectively different from the control mice on all days tested
after injection. The FNA group showed weight-bearing difference relief when compared with the MIA group from the 3rd day
post-injection (Figure 1B). Furthermore, there was a significant increase in mechanical withdrawal threshold from the CON
group on the 3rd day post-injection of intra-articular saline. The MIA group exhibited a significant decrease in mechanical
withdrawal threshold compared to the CON group. From the 7th day, the FNA group showed a great increase in mechanical
withdrawal threshold than the MIA group until the end of observation (day 15 intra-articular injection of MIA) (Figure 1C).
These results suggest that FNA effectively relieved pain behave in KOA mice.

Fire Needling Acupuncture Effectively Prevents KOA Development via Suppressing

Inflammatory Response and Cartilage Damage in KOA Mice
Histological analysis was performed further to investigate the therapeutic effect of fire needling acupuncture. We first
examined synovial inflammation by HE staining. The whole joint of HE staining can be seen in Supplementary Figure 4.

The mice that had saline injections showed intact synovium surface, one layer of the lining cell layer, normal synovial
stroma cells, and no inflammatory infiltration. MIA injection resulted in the significant increase of synovium surface
lining cells and synovial stroma cells, and infiltration of numerous lymphocytes or plasma cells. The FNA group showed
2-3 layers of lining cells, a few stroma cells, and a small number of lymphocytes or plasma cells infiltration
(Figures 2A). The synovitis score was increased in MIA group mice 15 days after intra-articular injection compared to
the CON group. It was comparable between the FNA and the MIA groups (Figure 2B). These indicated that the
synovium by fire needling acupuncture treatment was closer to normal than MIA induced.
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Figure 2 Fire needling acupuncture reduced synovial inflammation and cartilage damage in KOA mice. (A) Synovial inflammation was assessed by HE staining. Black arrow:
inner layer of synovial synovium. Red triangle: synovial stroma. Scale bars = 50um. (B) Quantification of synovitis scores in synovial tissue. Data were presented as the mean
+ SEM (n = 3, *P <0.05, **P <0.01, ***P <0.001). (C) Articular cartilage of knee joint was assessed by HE, Saf-O, and toluidine blue staining. White dotted line: tide line; black
arrow: chondrocyte abnormality; black arrowhead: severe cartilage damage. Scale bars = 50pum. (D) Quantification of OARSI scores in knee tissue. Data were presented as
the mean + SEM (n = 3, *P <0.05, **P <0.01, ***P <0.001).

Abbreviations: C, cartilage; CC, calcified cartilage; F, femur; HC, hyaline cartilage; L, synovial lining; M, meniscus; SL, synovial sublining; T, tibia.

Next, cartilage damage in MIA-induced KOA was assessed by HE, Saf-O, and toluidine blue staining. Articular
cartilage of saline injection showed intact and smooth surface with obvious tide line, neat cells, and evenly distributed
proteoglycan, aggrecan and collagen. The injection of MIA resulted in severe cartilage damage, uneven coloring,
abnormal distribution of chondrocytes, and loss of tide line and extracellular matrix components. After the fire needling
acupuncture treatment, KOA mice exhibited cartilage surface fibrillation, partial dead chondrocytes, visible tide line, and
expression of aggrecan, collagen, and proteoglycan (Figure 2C). The FNA group exhibited less cartilage damage than the
MIA group, as confirmed by the OARSI score (Figure 2D). These results demonstrated that fire needling acupuncture
therapy suppressed synovial inflammatory response and promoted structural improvement in the KOA mice.

Fire Needling Acupuncture Promotes the Polarization of Macrophages Towards M2
Phenotype Macrophages and Reduces Polarization of M| Phenotype Macrophages in
KOA Mice

To determine whether fire needling acupuncture therapy can regulate macrophage polarization, we studied the
expression of F4/80 (macrophage-specific marker), CD86 (M1 phenotypes macrophage-specific marker), and
CD206 (M2 phenotypes macrophage-specific marker) by immunofluorescence. We first studied whether fire
needling acupuncture might modulate the macrophages. The results showed that the expression of F4/80 positive
cells was significantly suppressed after the fire needling acupuncture treatment (Figure 3), which indicated that the
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F4/80 DAPI F4/80/DAPI

Figure 3 Fire needling acupuncture reduced the expression of macrophage in the synovium of KOA mice. (A) Immunofluorescence was used to assess the expression of
macrophages. F4/80: green, DAPI: blue. White arrows: macrophages. Scale bars = 20um. (B) Quantification of the expression of macrophage positive cells in the synovium of
KOA mice. Data were presented as the mean + SEM (n = 3, **P <0.01, ****P< 0.0001).
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fire needling acupuncture treatment could reduce synovial inflammation in KOA mice. To explore whether the fire
needling acupuncture treatment of KOA was related to the change in macrophage phenotypes, we further observed
the expression of CD86 and CD206. The treatment of fire needling acupuncture reduced the expression of CD86
(Figure 4). However, the expression of CD206 was increased (Figure 5). We quantified the polarization of the
macrophages among the groups and present their data in Figures 3—5. These findings suggested that fire needling
acupuncture transformed macrophage polarization from the M1 to M2 phenotype and attenuated KOA.

CD86 DAPI CD86/DAPI

Figure 4 Fire needling acupuncture reduced the expression of M| phenotypes macrophage in the synovium of KOA mice. (A) Immunofluorescence was used to assess the
expression of M| phenotypes macrophage. CD86: green; DAPI: blue. White arrows: M| macrophages. Scale bars = 20um. (B) Quantification of the expression of M|
phenotypes macrophage positive cells in the synovium of KOA mice. Data were presented as the mean = SEM (n = 3, *P <0.05, ***P <0.001).
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Figure 5 Fire needling acupuncture increased the expression of M2 phenotypes macrophage in the synovium of KOA mice. (A) Immunofluorescence was used to assess the
expression of M2 phenotypes macrophage. CD206: green; DAPI: blue. White arrows: M2 macrophages. Scale bars = 20um. (B) Quantification of the expression of M2
phenotypes macrophage positive cells in the synovium of KOA mice. Data were presented as the mean + SEM (n = 3, *P <0.05, ***P <0.001).

Discussion

It has been well-documented that macrophage polarization in the KOA participates in the process of inflammation
response and cartilage damage.*”** In the present study, we established the mice MIA model to clarify the mechanism of
fire needling acupuncture treatment on KOA by applying ST34, ST35, SP10, and EX-LES acupoints. Regarding
behavioral tests, fire needling acupuncture reduced the weight-bearing difference and increased the mechanical with-
drawal threshold in KOA. Fire needling acupuncture further decreased synovial inflammation and cartilage damage.
More importantly, fire needling acupuncture modulated macrophage polarization by enhancing M2 phenotypes and
reducing M1 in synovial KOA. This suggests that fire needling acupuncture alleviated the pain, inflammation response
and cartilage damage in KOA mice by promoting macrophages from M1 to M2 phenotypes.

OA is a whole joint disease, and it is currently generally accepted that joint inflammation plays a crucial role in the
pathogenesis and progression of OA.*> The level of synovial inflammation is associated with the degree of damage to articular
cartilage in OA patients.”' Articular cartilage degeneration and extracellular matrix degradation metabolites can stimulate
synovial inflammation, and pro-inflammatory factors released by synovial membranes, such as IL-1, IL-6, TNF-o, nitric
oxide, neuropeptides, and prostaglandins can further aggravate the damage of articular cartilage.>* IFP and synovial membrane
are intimately related and are considered a morpho-functional unit. IFP interacts with the synovial membrane by influencing
synovial cell inflammation and promoting synovial cell fibrosis and cartilage damage.” > In addition, inflammation of IFP and
synovial tissue may drive peripheral and central sensitization of KOA, in which cytokine production is involved in KOA pain and
progression, including IL-1p, IL-6, and TNF-0.>®® IFP, synovium, cartilage, and subchondral bone interact to intervene in the
symptoms and development of KOA.>**7 Targeting synovitis might thus suppress KOA pain and progression.>® Although the
etiology and pathogenesis of KOA are diverse, available evidence suggests that macrophages regulate joint inflammation through
a variety of secretory mediators and thereby the severity of OA.'*° A study found that the M1/M2 macrophages ratio in synovial
fluid of KOA was higher than normal knees, and the ratio was correlated to the Kellgren-Lawrence grade.®' These results suggest
that macrophage polarization plays a role in the progression of KOA. Macrophages can modify their phenotype in response to
external signals, transform from M1 to M2 phenotype or M2 to M1 phenotype.*” Intra-articular injection of MIA, a standard
model of KOA, causes the pain state, synovitis, and cartilage damage.®> ®* Indeed, in our experiment, the MIA induced pain
behaviors and histological changes in the synovium and cartilage. Tissue staining showed apparent synovitis, infiltration of
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inflammatory cells, severe destruction of cartilage, and osteophyte formation. Previous studies show that intervening with
macrophages by modifying their phenotypic state can significantly reduce cartilage and abnormal reconstruction.'®* In this
study, immunofluorescence showed that M1 phenotype macrophages (CD86 positive cells) infiltration in the synovium was
increased in the MIA group. Still, it was significantly decreased after fire needling acupuncture treatment. Moreover, fire needling
acupuncture up-regulated M2 phenotype macrophages (CD206 positive cells) in the synovium by MIA-induction after 15 days.
The tissue staining suggested that fire needling acupuncture therapy had a protective effect on articular cartilage in MIA-induced
KOA mice. This was consistent with previous studies that modified the phenotypes of macrophages to improve cartilage damage.

Fire needling acupuncture therapy is considered a distinctive treatment of traditional Chinese medicine therapy. Fire needling
acupuncture has the mechanical effect of acupuncture alongside the thermal effect, which can invigorate the meridian and better
regulate the microenvironment. Fire needling acupuncture treatment of KOA has a long history and has been widely used in
clinics.®>®” The previous study suggested that fire needling acupuncture significantly advances the quality of life of KOA
patients by improving pain symptoms and dysfunction, and its short-term and long-term clinical effects are superior to filiform
needling.>'** However, there are few animal studies on the fire needling acupuncture therapy of KOA and the mechanism of fire
needling acupuncture treatment in KOA remains unclear. Our previous experimental studies showed that fire needling
acupuncture ameliorated joint and systemic inflammation in KOA rats by MIA-induced, inhibited M1 macrophage pro-
inflammatory cytokines (IL-1a, TNF-0), and regulated M2 macrophage anti-inflammatory cytokines (IL-10, TGF-B).>’ In this
experiment, FNA reduced proinflammatory cytokines (IL-1B, TNF-o) and increased anti-inflammatory cytokine IL-10
(Supplementary Figure 5), which is consistent with previous research. Therefore, we further verified that fire needling

acupuncture interferes with macrophage polarization. This experiment is the first in the field to explore the intervention of the
fire needling acupuncture in KOA macrophage polarization (Figure 6). The existing fire needle’s properties are simulated in the
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Figure 6 Proposed mechanism of fire needling acupuncture’s amelioration of articular cartilage damage in KOA. In KOA mice by MIA-induction, macrophages are stimulated
to transform to MI-type macrophages, which secrete pro-inflammatory cytokines (IL-la, IL-6, and TNF-a), thereby causing pain and cartilage destruction. Fire needling
acupuncture modifies M1/M2 ratio, promotes the secretion of anti-inflammatory cytokines (IL-10, IL-4, and TGF-p), so inhibits inflammatory response and improves the
cartilage structure.
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self-developed electronic intelligent fire needle. This electronic fire needle replicated the desired characteristics of the fire
needle’s heat, accuracy, and speed for quantitative and qualitative analysis. We believe that the effect of fire needling acupuncture
therapy is realized through the dynamic adjustment of the body. Through the warming, activating, and a little damage effect of
fire needling, the human body can accelerate regional and systemic self-regulation, thus promoting harmonization of the local
environment and achieving overall rehabilitation of the body.®® We found that fire needling acupuncture effectively alleviated
pain in the MIA-induced KOA mice model, and suppressed inflammatory responses and cartilage damage. This provides some
theoretical support for fire needling acupuncture therapy of KOA in clinical practice.

There are some limitations to this study. Firstly, this study did not establish a fire needle group with non-acupoint
areas, and further research is needed to determine the acupoints’ specific effect on fire needling acupuncture in KOA.
Secondly, only one model was used in this study, and whether other models (eg, destabilization of the medial meniscus
(DMM), anterior cruciate ligament transection (ACLT) and so on) can produce the same effect would need further
exploration. Thirdly, we only detected the surface markers of macrophages at one time point without longitudinal
observation. Thus the change of the surface marker expression of macrophages in the treatment process remains unclear.
As for macrophage polarization, we only focused on the expression of surface markers. Further studies of critical cells,
critical cytokines, and different subtypes would need to be conducted to obtain a greater clarity for macrophage
polarization.

Conclusion

In summary, for the first time, our study revealed that fire needling acupuncture is an effective non-pharmacological
therapy for inhibiting pain behavior and inflammatory response and promoting cartilage repair by modulating macro-
phage polarization from M1 to M2 phenotypes. This study improves our understanding of the mechanisms of fire
needling acupuncture therapy in the treatment of KOA.
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