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Objective: To explore electroacupuncture (EA)’s effect and mechanism in alleviating prodromal Parkinson’s disease (pPD) by
targeting TLR2-mediated neuroinflammation.

Methods: Rat pPD models were established via striatal 10 pg/4 pL 6-OHDA injection. EA was applied at DU20, EX-HN3, LR2, and
LR3 for 14 days. Behavioral tests, ELISA, immunohistochemistry, immunofluorescence, Western blot and qRT-PCR were used to
assess non-motor symptoms, DA/TH levels, TLR2 expression, microglial activation, TLR2/NF-kB/NLRP3 pathway and pyroptosis.
Results: 6-OHDA induced 30—40% striatal DA reduction and typical pPD non-motor symptoms. EA significantly improved these
symptoms, reduced TLR2 expression in key regions (substantia nigra, hippocampus, etc), inhibited M1 microglial activation (decreased
CD86, increased CD206), and suppressed TLR2/NF-kB/NLRP3 pathway-related proteins, and inhibits microglial pyroptosis.
Conclusion: EA inhibited the neuroinflammation and microglial cell activation as well as pyroptosis mediated by TLR2, thereby
alleviating the non-motor symptoms of PD. This provides a potential possibility for the intervention treatment of PD to prevent the
progression of the disease.

Keywords: clectroacupuncture (EA), prodromal period of Parkinson’s disease (pPD), TLR2/NF-«B/NLRP3, neuroinflammation,
microglia, pyroptosis

Introduction

The prodromal period of Parkinson’s disease (pPD) refers to the period marked by early symptoms or signs of neurodegen-
erative changes, predominantly involving non-motor symptoms such as rapid eye movement sleep behavior disorder,
olfactory dysfunction, anxiety and depression, constipation, and cognitive impairment, without tremors or other motor
symptoms.' Dopaminergic neurons located in the substantia nigra regulate the nigrostriatal pathway, through which dopamine
(DA) is transported to the striatum, playing a crucial role in motor regulation within the basal ganglia circuitry.> The
degeneration of the nigrostriatal pathway and the consequent reduction in DA neurotransmitter levels within the striatum
are primarily responsible for the non-motor symptoms observed in pPD. Investigating pPD can aid in identifying early
warning signs and enhancing the early detection of Parkinson’s disease (PD) risk factors, thereby potentially preventing or
delaying the onset of motor symptoms. In 2005, Ruediger Hilker’s research team conducted a longitudinal positron emission
tomography (PET) study using fluorodopa F18 and found that the onset of pPD symptoms typically occurs when DA depletion
in the striatum reaches approximately 31%.’

Currently, several hypotheses exist concerning the pathogenesis of PD, with neuroinflammation being recognized as a key
pathological mechanism. Accumulating evidence suggests that the onset of PD is closely associated with neuroinflammatory
processes. Their findings demonstrate distinct neuroinflammatory features in a mouse model of PD characterized by a-synuclein
(0-Syn) overexpression. Furthermore, early-stage inflammatory responses may play a critical role in the progressive deterioration
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of the nigrostriatal pathway.* The Karlijn team conducted postmortem analyses of the brains of deceased patients. This study was
the first to confirm in human brain tissue that TLR2 plays a crucial role in the neuroinflammatory response during the progression
of PD. Patients included in the study who were classified at Braak stages 1—3 did not exhibit clinical symptoms of PD but showed
the presence of a-Syn deposits upon autopsy. Therefore, this phase is regarded as pPD. The study revealed that TLR2 expression
in the substantia nigra progressively increased during the pPD (Braak stages 1-3), but declined during the clinical phase (Braak
stages 4-6). Furthermore, the study demonstrated that TLR2 is significantly involved in mediating neuroinflammation during
pPD progression. Given that other subtypes of the Toll-like receptor family did not exhibit comparable patterns, TLR2 is
considered to be a highly specific mediator in this context.” As a member of the Toll-like receptor family, TLR2 can activate
specific protein kinases, thereby triggering the downstream NF-«kB signaling pathway and ultimately promoting the production of
pro-inflammatory cytokines.® These findings collectively underscore TLR2 as a critical regulator of neuroinflammation in PD.
However, the precise mechanisms by which TLR2 mediates neuroinflammatory processes during the pPD remain to be fully
elucidated.

Electroacupuncture (EA) is a unique therapeutic approach in traditional Chinese medicine, Its primary advantages
include the synergistic effects of combined therapies, a shortened treatment duration, and a reduction in adverse effects.
A substantial body of research has demonstrated that EA can exert antioxidant stress responses,” anti-neuroinflammatory
responses,® upregulate neurotrophic factors,” downregulate endoplasmic reticulum stress,'® improve mitochondrial
function,'" activate autophagy,'> regulate the intestinal microbiota'® in PD, andeffectively alleviate both motor and non-

motor symptoms of PD, as well as improve underlying neurodegenerative processes.'* '

Methods

Animals

Male Sprague-Dawley rats of clean grade (weighing 200-220g) were maintained under controlled environmental
conditions, including a room temperature of 23 + 2°C, relative humidity of 50%—70%, and a natural light-dark cycle.
The animals were allowed ad libitum access to food and water, and their bedding was refreshed every three days. Prior to
the commencement of the experiment, the rats were acclimatized for one week. All experimental procedures involving
animals were conducted in accordance with the principles outlined in the International Animal Protection Guidelines.
The study was approved by the Ethics Committee of Heilongjiang University of Traditional Chinese Medicine (Approval
No. 2023122908).

6-OHDA-Induced Rat Model of the Prodromal Period of PD

The Ctrl group did not receive any treatment. In the other groups, different doses of 6-OHDA (10 pg/4 pL, 13 pg/4 pL, and
16 ng/4 pl) were administered into the left striatum at a single target site using a stereotactic apparatus, based on the
corresponding stereotactic coordinates in the Paxinos and Watson brain atlas: anterior-posterior (AP) +1 mm, medio-lateral
(ML) +3 mm, and dorsal-ventral (DV) -5 mm. In the Sham group, a 0.1% ascorbic acid solution was injected into the left
striatum at a rate of 0.5 pL/min, with a total volume of 4 uL. In the model group, a 6-OHDA solution of 10 pg/4 pul was
injected into the left striatum at the same infusion rate. The injection needle was maintained in place for 5 minutes before
being slowly withdrawn. The model was evaluated 14 days post-surgery.

EA Treatment

Based on the model group, the acupoints Baihui (DU20), Yintang (EX-HN3), Xingjian (LR2), and Taichong (LR3) were
selected. Baihui was paired with Yintang, while Xingjian and Taichong were selected as well, and all were connected to
the G-6805 electroacupuncture apparatus. A continuous wave was applied at an intensity of approximately 1 mA, which
was considered appropriate when a slight tremor of the needle handle was observed and the animal remained calm
without signs of distress or vocalization. The frequency used for scalp acupuncture was set at 100 Hz, whereas limb
acupuncture was performed at a frequency of 30 Hz. The needles were retained for a duration of 30 minutes, and the
treatment was administered once daily for 14 consecutive days.
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Enzyme-Linked Immunosorben Assay (ELISA)

The left and right striatum, substantia nigra, hippocampus, olfactory bulb, and colon tissues were carefully dissected from
rats on ice and immediately stored at -80°C. The collected tissues were mechanically homogenized in physiological
saline using an ice water bath at 2500 rpm for 10 minutes. Subsequently, DA and TLR2 levels were quantified using
a Rat DA ELISA Kit (E-30236, Guangdong Andy Gene Biotechnology Co., Ltd) and a Rat TLR2 ELISA Kit (E-30934,
Guangdong Andy Gene Biotechnology Co., Ltd), respectively, according to the manufacturer’s instructions.

Immunohistochemistry (ICH)

Paraffin sections were subjected to antigen retrieval by heating in antigen retrieval solution for 10 minutes. Subsequently, the
sections were immersed in PBS solution for 5 minutes, and this procedure was repeated three times. Following PBS treatment,
the sections were blotted dry with absorbent paper, followed by incubation in 3% hydrogen peroxide (H,0,) for 15 minutes to
block endogenous peroxidase activity. Thereafter, the sections were blocked with goat serum (#AR1009, Solarbio Science &
Technology Co., Ltd., Beijing) to reduce nonspecific binding. After blocking, the primary antibody TH (#bs-0061r, Beijing
Bioss Biotechnology Co., Ltd., dilution ratio 1:300) was applied, and the sections were incubated overnight at 4°C. Following
three washes with PBS, the secondary antibody (1:400) was added, and the sections were incubated at 37°C for 45 minutes.
Immunostaining was then developed using DAB substrate (#DA1016, Solarbio), followed by counterstaining with hematox-
ylin (#H8070, Solarbio). Finally, the sections were mounted and examined under a light microscope.

Weight Gain Rate of Rats

The body weight of rats in each group was measured in the early morning prior to feeding, and the body weight change
rate was subsequently calculated. The formula for calculating the body weight change rate was as follows= (body weight
after modeling — initial body weight) / initial body weight x 100%.

Preference Rate for Sucrose Solution

A two-day adaptation period will be given before the test. Each rat was allowed to freely choose to drink from a bottle of sugar
water and a bottle of sterilized water within one hour. The positions of the two bottles were randomly adjusted. The sucrose
solution preference rate was calculated as: [sugar water intake (g) / [sugar water intake (g) + sterilized water intake (g)]] * 100%.

Tail Suspension Stationary Time

The tails of rats were fixed to a suspension device 1 meter above the ground, causing them to hang upside down. After
allowing the rats 2 minutes to adapt, the time they spent in a “static” state (defined as no obvious movement for more
than 3 consecutive seconds) was recorded over the following 6 minutes.

Sleep Evaluation

The rats were intraperitoneally administered with pentobarbital sodium at a dosage of 50 mg/kg, and their sleep status was
monitored. Following administration, the animals were placed on a flat surface in a supine position with their abdominal side
facing upward. A sustained supine posture without movement for more than 60 seconds was considered as the loss of the
righting reflex, indicating the onset of sleep. During the sleep phase, two or more body turns within a 60-second interval were
interpreted as the return of the righting reflex, suggesting the animal had regained consciousness. Sleep latency, defined as the
time interval from drug administration to the absence of the righting reflex, and sleep duration, defined as the period from the
loss of the righting reflex to the resumption of spontaneous activity, were recorded.

Burial Feeding Experiment

Three days prior to the commencement of the test, food intake for the rats was restricted. During the regular feeding period,
food lumps (cornflakes coated with honey) were introduced while ensuring an adequate and continuous supply of water. At the
beginning of the experiment, each rat cage was provided with a clean bedding layer of sufficient quantity and uniform
thickness, at least 3 cm deep. A food lump of standardized size was randomly buried 1 cm beneath the surface of the bedding in
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each cage. Each rat was individually placed into a cage for testing. The recorded time corresponded to the interval between the
placement of the rat into the cage and the moment it successfully located the food lump. Each rat underwent two trials on the
test day, at 10:00 and 16:00, respectively, and the average of the two results was calculated for data analysis.

Hematoxylin and Eosin Staining (HE)

After perfusion, the tissues were rapidly excised on ice and immediately immersed in 4% paraformaldehyde solution for
fixation. Following fixation, the tissues were rinsed under running water for 2 hours to remove residual fixative.
Subsequently, the tissues were dehydrated through a graded ethanol series (70%—80%—95%—100%) (#10092680,
Sinopharm Group). Thereafter, the tissues were cleared twice in xylene for 10-15 minutes per cycle (#10023418,
Sinopharm Group). The tissues were then infiltrated with paraffin wax in three successive baths for 0.5—1 hour each
(#69018961, Sinopharm Group), embedded in paraffin, and sectioned at a thickness of 4-5 um. The sections were floated
and collected in a water bath, transferred onto glass slides, and dried at 60°C for 1-2 hours. The sections were dewaxed
by immersion in xylene twice, each for 5-10 minutes, and rehydrated through a descending ethanol gradient
(100%—95%—80%—70%—distilled water). Nuclear staining was performed using hematoxylin for 3—10 minutes
(#H8070, Solarbio), followed by rinsing with tap water and differentiation with 1% acidic ethanol. The sections were
subsequently rinsed under running water for 5-10 minutes to restore the hematoxylin staining color. Cytoplasmic staining
was carried out with eosin for 1-5 minutes (#G1100, Solarbio). The sections were then dehydrated through an ascending
ethanol gradient (70%—80%—95%—100%), cleared in xylene twice, and mounted with neutral gum (#G8590,
Solarbio). Finally, the stained sections were examined under a light microscope.

Immunofluorescence

The tissue was fixed, embedded in wax, and sectioned. The sections were dewaxed to water and antigen retrieval was
performed in a pressure cooker. Following this, the sections were blocked with 10% normal goat serum (#AR1009,
Beijing Solarbio Science & Technology Co., Ltd) at 37°C for 1 hour and subsequently incubated overnight at 4°C with
primary antibodies specific for CD86 (#bs-43589R, Beijing Bioss Biotechnology Co., Ltd., 1:1000) or CD206 (#bsm-
60761R, Beijing Bioss Biotechnology Co., Ltd., 1:1000). After rinsing with PBS, the sections were incubated with
fluorescent secondary antibodies (1:500) in the dark at room temperature for 1 hour. Finally, nuclei were stained with
DAPI (#C1002, Beyotime) for 5-8 minutes, and the samples were visualized and imaged using a laser scanning confocal
microscope.

Immunofluorescence Colocalization

The tissue was fixed, embedded in wax, and sectioned. The sections were dewaxed to water and antigen retrieval was
performed in a pressure cooker. Following this, the sections were blocked with 10% normal goat serum (#AR1009,
Beijing Solarbio Science & Technology Co., Ltd) at 37°C for 1 hour. Subsequently, the primary antibodies—TLR2 (#bs-
10472R, Beijing Bioss Biotechnology Co., Ltd., 1:200) or GSDMD (#bs-14287R, Beijing Bioss Biotechnology Co., Ltd.,
1:200)—were applied, and the sections were incubated at 4°C overnight. After thorough washing, the secondary antibody
(1:400) was added, followed by incubation at room temperature in the dark for 1 hour. The sections were then washed
again with PBS, and a second primary antibody, Iba-1 (#bs-1363R, Beijing Bioss Biotechnology Co., Ltd., 1:200), was
applied for overnight incubation at 4°C. Following another washing step, the secondary antibody (1:400) was added and
incubated at room temperature in the dark for 1 hour. Finally, the nuclei were stained with DAPI (#C1002, Beyotime),
and the samples were examined and imaged using a laser scanning confocal microscope.

Western Blot

Following tissue extraction, samples were homogenized, lysed, and subsequently centrifuged. Protein concentration was
measured using a BCA protein assay kit (Beyotime Biotechnology). An aliquot of 2040 pg of total protein was resolved on
a 12% SDS-PAGE gel and transferred onto a PVDF membrane (#1PVH00010, Millipore). The membrane was incubated
overnight at 4°C with primary antibodies specific to TLR2 (#bs-1019R, Bioss, 1:1000), MyD88 (#bs-1047R, Bioss, 1:1000),
p-NF-kB-p65 (#bs-7343R, Bioss, 1:1000), NLRP3 (#bs-41293R, Bioss, 1:1000), caspase-1 (#bsm-52441R, Bioss, 1:1000),
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IL-1P (#bs-0812R, Bioss, 1:1000), and GSDMD (#bs-14287R, Bioss, 1:1000), followed by incubation with an IgG secondary
antibody (#bs-10900R, Bioss, 1:5000) for 1 hour in the dark. Immunoreactive protein bands were visualized and quantified
using an infrared fluorescence imaging system (LI-COR Biosciences, Lincoln, USA).

qRT-PCR

Total RNA was extracted using TRIzol reagent (#ER501-01, TRANS). The RNA was subsequently reverse transcribed
into complementary cDNA using a reverse transcription kit (#AU341, TRANS). The mRNA expression levels of NLRP3
and GSDMD were quantified using SYBR Green Master Mix (#CW3008, Kangwei Century), with GAPDH serving as
the internal reference gene (Table 1).

Statistical Analysis

SPSS 26.0 software was used. Data were presented as mean + standard deviation. One-way ANOVA was used for
comparison between groups. When variances were homogeneous, the LSD test was used; when variances were
heterogeneous, the Dunnett’s T3 test was used. P<0.05 was considered statistically significant.

Results
The Levels of DA and TH Gradually Decrease During the Progression of pPD

In this study, a rat model of pPD was established through a single-target injection of 6-OHDA into the striatum.
Compared with the control group, the DA content in the 10 pg/4 pL, 13 pg/4 pL, and 16 pug/4 uL groups exhibited
a progressive decline. Specifically, the striatal DA content was reduced by 30% to 40% in the 10 pug/4 uL group, 41% to
55% in the 13 pg/4 pL group, and 56% to 70% in the 16 pg/4 plL group (Figure 1A), effectively simulating the
progressive pathological stages of pPD. Tyrosine hydroxylase (TH), which is expressed in the substantia nigra, serves as
the rate-limiting enzyme in DA synthesis.'” Compared with the control group, a gradual decrease in TH-positive neurons
in the substantia nigra was observed in the 10 pg/4 ulL, 13 pg/4 ul, and 16 pg/4 uL groups (Figure 1B and C). These
findings indicate that a striatal injection of 6-OHDA at a dose of 10 ug/4 puL results in a 30% to 40% reduction in striatal
DA content, corresponding to the pPD. During the pPD, as the dose of 6-OHDA increases, both DA content and TH
expression progressively decline.

EA Can Improve the Non-Motor Symptoms in the pPD

The results of Result 3.1 demonstrated that the injection of 10 pg/4 pL of 6-OHDA into the striatum led to a 30% to 40%
reduction in DA content, marking the entry into the pPD. It is widely recognized that pPD is characterized by various
non-motor symptoms, including olfactory dysfunction, depression and anxiety, and sleep disturbances.' Therefore, this
study aimed to evaluate the potential intervention effects of EA on these non-motor symptoms at this early stage.
Compared with the control group, the model group exhibited a significantly reduced weight gain rate (Figure 2A),
decreased sucrose preference (Figure 2B), prolonged immobility time in the tail suspension test (Figure 2C), increased
sleep latency (Figure 2D), shortened sleep duration (Figure 2E), and prolonged time required to locate food (Figure 2F).
After treatment with EA, the manifestations of the aforementioned non-motor symptoms were significantly improved.

Table | Primers Information

Gene Name | Forward Primer Reverse Primer

NLRP3 5-GGTTGGTGAATTCCGGCCTTACT-3' | 5-CTTACAGTCGGGGTGCAGAAGTC-3’
GSDMD 5'-TCCAGTGCCTCCATGAATGTGTG-3' | 5'-TCACCATCTTCTTCCGGCTTTGG-3'
GAPDH 5'-GCCCAGAACATCATCCCTGCAT-3' 5-GCCTGCTTCACCACCTTCTTGA-3’
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Figure | The levels of DA and TH gradually decrease during the progression of pPD. (A) ELISA was used to detect the reduction in striatal DA content caused by different
doses of 6-OHDA. (B and C) ICH was used to detect the changes in TH positive rate in substantia nigra caused by different doses of 6-OHDA (magnification X200, scale bar
50 pm).(n=3; compared with the control group, **P<0.001; compared with the 10 ug/4 uL group, ###p<0,001; compared with the 13 pg/4 L group, “44P<0.001).

The Level of TLR2 Gradually Increases in Different Regions of pPD

TLR2, as a specific biomarker of pPD, may play a critical role in mediating neuroinflammatory processes associated with
the disease. Therefore, we further examined the expression dynamics of TLR2 throughout the progression of pPD. Our
findings revealed that, compared to the control group, TLR2 expression in the substantia nigra progressively increased in
the 10 pg/4 uL, 13 pg/4 ul, and 16 pg/4 pL. treatment groups (Figure 3A). In addition to the substantia nigra, the
hippocampus, olfactory bulb, and colon are recognized as key pathological sites in pPD, which correspond to the non-
motor symptoms such as depression, anxiety, olfactory dysfunction, and gastrointestinal disturbances. Accordingly, we
extended our investigation to assess TLR2 expression in these regions. Our results demonstrated that TLR2 expression in
the hippocampus (Figure 3B), olfactory bulb (Figure 3C), and colon (Figure 3D) exhibited a similar upward trend as
observed in the substantia nigra. These findings suggest that as pPD progresses, TLR2 expression increases consistently
across the substantia nigra, hippocampus, olfactory bulb, and colon. Therefore, TLR2 may significantly contribute to the
progression of neuroinflammation in pPD. Based on this conclusion, we proceeded to investigate the mechanisms by
which TLR2 mediates the exacerbation of neuroinflammation in pPD and evaluated the potential therapeutic effects of
EA in subsequent experiments.
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Figure 2 EA can improve the non-motor symptoms in the pPD. (A) Body weight growth rate in rats. (B) Sucrose preference rate in rats. (C) Tail suspension stationary
time. (D) Sleep latency. (E) Sleep duration. (F) Burial food experiment. (n=6; compared with the control group, ***P<0.001; compared with the model group,
##p<0,001,p<0.01).

EA Can Inhibit the Activation of Microglia in pPD

Result 3.2 demonstrated the significant therapeutic effect of EA on pPD, and Result 3.3 confirmed the progressive
development of neuroinflammation in pPD. Pathological neuroinflammation associated with neurodegeneration is primar-
ily mediated by microglia, which are the resident immune cells of the central nervous system (CNS).'® Therefore, we
further examined microglial activation in pPD and the regulatory effects of EA. The study revealed that, compared with the
control group, the CD86-positive area in the model group was significantly increased (Figure 4A and C), while the CD206-
positive area was significantly decreased (Figure 4B and D). This situation was significantly reversed after EA treatment.
After EA treatment, it promoted the transformation of microglia from the pro-inflammatory M1 type to the anti-
inflammatory M2 type, and inhibited the activation of pPD microglia.

EA Can Inhibit the Activation of Microglia in the pPD Stage Mediated by TLR2

Result 3.4 demonstrated that microglial activation occurs in the pPD model, and that EA can effectively suppress this
activation. Result 3.3 focused on the expression of TLR2 in pPD. Based on these findings, we hypothesized that TLR2
may play a mediating role in microglial activation during pPD. To test this hypothesis, we performed immunofluores-
cence co-localization analysis to assess the spatial relationship between TLR2 and Iba-1, a specific microglial marker.
Our results revealed a significant increase in the co-localization area of TLR2 and Iba-1 in the Model group compared to
the control group. This increase was markedly reduced following treatment in the EA group (Figure 5A and B).
Additionally, HE staining was conducted to evaluate inflammatory infiltration and neuronal necrosis in the substantia
nigra. The results confirmed that the model group exhibited significant inflammatory infiltration and neuronal necrosis in
the substantia nigra compared to the control group, and these pathological changes were notably ameliorated following
EA treatment (Figure 5C). Taken together, these findings suggest that TLR2 mediates microglial activation during the
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Figure 3 The level of TLR2 gradually increases in different regions of pPD. (A) TLR2 levels in the substantia nigra of pPD were detected by ELISA. (B) TLR2 levels in the
hippocampus of pPD were detected by ELISA. (C) TLR2 levels in the olfactory bulb of pPD were detected by ELISA. (D) TLR2 levels in the colon of pPD were detected by
ELISA. (n=3; compared with the control group, **P<0.001; compared with the 10 ug/4 uL group, ##P<0.001; compared with the 13 pg/4 uL group, 222P<0.001).

pPD, accompanied by evident inflammatory infiltration and neuronal damage in the substantia nigra. EA demonstrates
a significant inhibitory effect on these pathological processes.

EA Can Inhibit the Activation of the TLR2/NF-xB/NLRP3 Pathway in the pPD

Based on previous research, we observed that EA treatment could suppress TLR2-mediated neuroinflammation in pPD.
Therefore, we further examined the classical TLR2 inflammatory signaling pathway, specifically the TLR2/NF-«xB/
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Figure 4 EA can inhibit the activation of microglia in pPD. (A and B) Positive area of CD86, a pro-inflammatory marker of MI-type microglia in substantia nigra, detected by
immunofluorescence. (C and D) Positive area of CD206, an anti-inflammatory marker of M2-type microglia in substantia nigra, detected by immunofluorescence.
(Magnification %200, scale bar 50 um). (n=3; compared with the control group, *¥P<0.001; compared with the model group, **P<0.001).

NLRP3, and evaluated the expression levels of downstream proteins including Caspase-1, GSDMD, and IL-1B.
Compared with the control group, the model group exhibited significantly elevated protein expression levels of TLR2
(Figure 6A), MyD88 (Figure 6B), p-NF-kB-p65 (Figure 6C), NLRP3 (Figure 6D), Caspase-1 (Figure 6E), GSDMD
(Figure 6F), and IL-1B (Figure 6G). Following treatment in the EA group, these elevated expression levels were
markedly reduced.

EA Inhibits Microglial Pyroptosis in the pPD

Based on the findings of Result 3.6, we observed alterations in the protein expressions of Caspase-1, IL-1p, and GSDMD,
which are downstream effectors of NLRP3. These proteins are closely associated with pyroptosis, a form of programmed
cell death accompanied by intense inflammatory responses. Upon activation, NLRP3 initiates the assembly of the
inflammasome complex, leading to the maturation of caspase-1, which subsequently activates IL-1B and cleaves
GSDMD. This cascade ultimately results in plasma membrane rupture and the induction of pyroptosis.'® Therefore,
we further examined the mRNA expression levels of NLRP3 and GSDMD during the pPD. Compared to the control
group, the model group exhibited significantly elevated mRNA levels of both NLRP3 and GSDMD. These increases
were attenuated following treatments in the EA group (Figure 7A and B).

GSDMD serves as the key effector protein in pyroptosis. To determine the cellular localization of pyroptosis, we
performed immunofluorescence co-localization analysis using the microglial cell surface marker Iba-1 and GSDMD
(Figure 7C and D). Compared with the control group, the co-localization area was significantly increased in the model
group. This increase was attenuated following treatment with EA. These findings suggest that in pPD, EA suppresses the
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expression of pyroptosis-related genes, specifically NLRP3 and GSDMD mRNA. Furthermore, our study demonstrates
that pyroptosis occurs in microglial cells, and EA exerts an inhibitory effect on pyroptosis within these cells. This
provides additional evidence that a robust inflammatory response is involved in pPD, and EA can effectively mitigate this
inflammatory activity.
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Figure 6 EA can inhibit the activation of microglia in the pPD stage mediated by TLR2. (A) Western blot detection of TLR2 protein expression in the substantia nigra. (B)
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blot detection of NLRP3 protein expression in the substantia nigra. (E) Western blot detection of Caspase-| protein expression in the substantia nigra. (F) Western blot
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control group, #P<0.001; compared with the model group, *#P<0.001, *P<0.01, #P<0.05).

Discussion

Since the initial report of using 6-OHDA to establish a rat model in 1968, the administration of catecholamine
neurotoxins to mimic the depletion of DA in the nigrostriatal pathway in PD has become a widely accepted method.
6-OHDA exhibits a remarkably high affinity for the DA transporter. When stereotactically injected into the striatum of
rodents, it triggers progressive neurodegeneration within the nigrostriatal pathway, resulting in substantial neuronal
damage and DA depletion.”® The advantage of unilateral striatal injection of 6-OHDA lies in its ability to induce
a progressive loss of dopaminergic neurons and localized pathological changes, closely resembling the pathophysiolo-
gical progression of PD. Moreover, the relatively large size of the rat striatum contributes to a higher success rate in
model establishment.?' Following the injection of 4 pg of 6-OHDA into the unilateral striatum, partial degeneration of
the nigrostriatal pathway can typically be observed approximately two weeks later.”? During this period, behavioral
impairments gradually stabilize, accompanied by characteristic pathological alterations in the basal ganglia nuclei.
Typically, behavioral assessments are conducted between 14 and 21 days post-lesion surgery, at which point DA
depletion has reached its peak and stabilized.”> Therefore, this method demonstrates the reliability of using unilateral
striatal injections of varying doses of 6-OHDA to simulate the pathological progression of PD.

EA represents a highly promising approach within traditional Chinese medicine for the treatment of neurological
disorders. Our research group previously demonstrated that the acupuncture technique of “Tiao Shen Chang Zhi”
significantly improves motor symptoms in PD.?* It is well established that the pPD stage is associated with various non-
motor symptoms, including olfactory dysfunction, anxiety and depression, and sleep disturbances. The findings of this
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study indicate that EA treatment significantly enhances body weight gain, sucrose preference, and total sleep duration in
pPD rats, while reducing tail suspension time, food-seeking latency, and sleep latency. This study further confirms that
the injection of 10 ug/4 uL of 6-OHDA into the striatum, resulting in a 30-40% loss of DA, successfully induces the
prodromal phase, accompanied by prominent non-motor symptoms. Notably, EA, as a promising integrative therapeutic
strategy, demonstrates significant efficacy in ameliorating non-motor symptoms such as olfactory dysfunction, mood
disorders, and sleep disturbances in pPD.

Toll-like receptors are type I transmembrane proteins capable of activating the innate immune response by recognizing and
binding to specific molecular patterns.” Karlijn’s team performed autopsies on the brains of deceased patients, and their study
was the first to confirm the involvement of TLR2 in neuroinflammatory responses in the human brain during the pPD.> Given
that other subtypes of the Toll family do not elicit this effect, the TLR2 subtype is considered highly specific in pPD. Our study
further investigates this phenomenon in a more comprehensive and detailed manner. The substantia nigra, hippocampus,
olfactory bulb, and colon are recognized as key pathological sites in pPD and are closely associated with non-motor symptoms
such as olfactory dysfunction, anxiety and depression, cognitive impairment, and constipation.”* ' Our findings indicate that,
first, as pPD progresses, the levels of TLR2-mediated neuroinflammation in these four regions gradually increase, demon-

strating that neuroinflammation in pPD is a continuously progressing process. Second, across all individual stages of pPD, the
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expression levels of TLR2 exhibit a consistent pattern: the highest expression is observed in the substantia nigra, followed by
the hippocampus and olfactory bulb, with the lowest levels detected in the colon. Further analysis suggests that this pattern
may be attributable to the experimental model used in our study, which involves the intrastriatal injection of 6-OHDA. Factors
such as the diffusion rate of the neurotoxin and the spatial distances between regions may contribute to the observed trend in
TLR2 expression levels across stages. Nevertheless, the results of our study unequivocally confirm that TLR2-mediated
neuroinflammation progresses continuously throughout the course of pPD.

Toll-like receptors can activate immune responses in the CNS through mechanisms such as mediating neuroinflammation
and activating microglia, particularly in neurodegenerative diseases such as PD.**~** Pathological neuroinflammation asso-
ciated with neurodegeneration is primarily mediated by microglia, which are the resident immune cells of the CNS.** Our
research revealed that in the pPD model group, the expression of the M1 pro-inflammatory marker CD86° in microglia was
increased, whereas the expression of the M2 anti-inflammatory marker CD206°¢ was reduced, indicating that microglia were
in an activated state, and this activation was reversed following treatment in the EA group. Furthermore, immunofluorescence-
based co-localization analysis of TLR2 and the microglial surface marker Iba-1°7 confirmed that TLR2 mediated microglial
activation during this stage of pPD, and EA treatment significantly suppressed this activation. Additionally, histopathological
analysis via HE staining further demonstrated the presence of inflammatory infiltration and neuronal necrosis in the substantia
nigra of pPD, both of which were markedly attenuated following EA treatment.

The TLR2/NF-kB/NLRP3 represents a classical inflammatory signaling pathway mediated by TLR2.%**% In this
study, we assessed the expression levels of key molecules along this pathway, including TLR2, MyD88, p-NF-kB-p65,
and NLRP3. Additionally, we evaluated the expression of downstream effectors of NLRP3, namely Caspase-1, IL-1p,
and GSDMD. Our results demonstrated that the expression levels of TLR2, MyD88, p-NF-«B-p65, and NLRP3 were
significantly elevated in the model group. However, these increases were attenuated following treatment in the EA group.
Similarly, the expression levels of Caspase-1, IL-13, and GSDMD followed the same trend.

Our previous study demonstrated that the expression levels of Caspase-1, IL-1p, and GSDMD, which are downstream
effectors of NLRP3, were altered. NLRP3, Caspase-1, IL-1B, and GSDMD are well-established biomarkers associated
with pyroptosis.®***' Therefore, we further examined the mRNA expression levels of NLRP3 and GSDMD, which
exhibited a consistent trend. The expression levels increased in the model group, whereas treatment with EA reversed this
trend, which exhibited the most significant therapeutic effect. Among these markers, GSDMD serves as the terminal
effector protein in pyroptosis; its N-terminal fragment (GSDMD-N) can bind to membrane lipids, disrupt membrane
integrity, and ultimately lead to cell membrane rupture and pyroptotic cell death.*? To further investigate the cellular
localization of pyroptosis, we employed immunofluorescence co-localization analysis of Iba-1 and GSDMD. As
pyroptosis is characterized by a robust inflammatory response, our findings confirm that pyroptosis occurs in the context
of pPD, specifically within microglial cells. Moreover, our results indicate that EA exerts an inhibitory effect on
microglial pyroptosis.

This study concludes (Figure 8) that the injection of 10 pg/4 pL of 6-OHDA into the striatum results in a 30% to 40%
reduction in DA content, marking the onset of the pPD. During this stage, non-motor symptoms such as olfactory
dysfunction, depression, anxiety, and sleep disturbances begin to manifest. Administration of EA demonstrates significant
therapeutic potential in alleviating these non-motor symptoms. TLR2 exhibits high specificity in pPD, with a progressive
increase in TLR2-mediated neuroinflammation observed in the substantia nigra, hippocampus, olfactory bulb, and colon.
Under pathological conditions, TLR2 contributes to microglial activation in pPD, triggering the TLR2/NF-«xB/NLRP3
signaling pathway and inducing microglial pyroptosis. EA can intervene in the series of early neuroinflammatory
cascades mediated by TLR2 during the pPD stage. Therefore, EA is expected to become a potential therapy for
preventing pPD from further developing into PD.

However, this study has certain limitations. The 6-OHDA model we used cannot fully simulate the disease progres-
sion of pPD. It can only represent a portion of sporadic PD. In the future, we will combine A53T mice to conduct

research on the disease progression of the pre-disease stage of genotype PD.
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Figure 8 EA intervention affects the expression of TLR2 in different regions of pPD, inhibits microglial activation, regulates the TLR2/NF-kB/NLRP3 pathway, and suppresses
pyroptosis of microglia.
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