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ARTICLE INFO ABSTRACT

Keywords: Background: Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder leading to
Alzheimer’s disease cognitive impairment in the elderly, and no effective treatment exists. Increasing evidence has
5xFAD mice

demonstrated that physical therapy and electroacupuncture (EA) effectively improve spatial
learning and memory abilities. Nevertheless, the mechanism underlying the effects of EA on AD
pathology is largely unexplored. Acupuncture at Zusanli (ST 36) has previously been shown to
improve cognitive impairment in AD, but the mechanism is unclear. According to recent studies,
EA drives the vagal-adrenal axis from the hindlimb ST 36 acupoint but not from the abdominal
Tianshu (ST 25) to curb severe inflammation in mice. This study examined whether ST 36
acupuncture improves cognitive dysfunction in AD model mice by improving neuroinflammation
and its underlying mechanism.

Methods: Male 5xFAD mice (aged 3, 6, and 9 months) were used as the AD animal model and were
randomly divided into three groups: the AD model group (AD group), the electroacupuncture at
ST 36 acupoint group (EA-ST 36 group), and the electroacupuncture at ST 25 acupoint group (EA-
ST 25 group). Age-matched wild-type mice were used as the normal control (WT) group. EA (10
Hz, 0.5 mA) was applied to the acupoints on both sides for 15 min, 5 times per week for 4 weeks.
Motor ability and cognitive ability were assessed by the open field test, the novel object recog-
nition task, and the Morris water maze test. Thioflavin S staining and immunofluorescence were

Electroacupuncture
ST 36
NLRP3 inflammasome

* Corresponding author. Endocrinology Department of Shanghai Municipal Hospital of Traditional Chinese Medicine, Shanghai University of
Traditional Chinese Medicine, Shanghai, 200071, China.
** Corresponding author. Department of Neurology, Shuguang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, 201203,
Shanghai, China
E-mail addresses: sgliudezhi@shutcm.edu.cn (D. Liu), wangjieyct@163.com (J. Wang).
! Hong Ni and Jiaoqi Ren have contributed equally to this article.

https://doi.org/10.1016/j.heliyon.2023.e16755

Received 15 August 2022; Received in revised form 9 April 2023; Accepted 25 May 2023

Available online 27 May 2023

2405-8440/© 2023 The Authors.  Published by Elsevier Ltd.  This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:sgliudezhi@shutcm.edu.cn
mailto:wangjieyct@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e16755
https://doi.org/10.1016/j.heliyon.2023.e16755
https://doi.org/10.1016/j.heliyon.2023.e16755
http://creativecommons.org/licenses/by-nc-nd/4.0/

H. Ni et al. Heliyon 9 (2023) e16755

used to mark Ap plaques and microglia. The levels of NLRP3, caspase-1, ASC, interleukin (IL)-1f,
and IL-18 in the hippocampus were assayed by Western blotting or qRT-PCR.

Results: EA at ST 36, but not ST 25, significantly improved motor function and cognitive ability
and reduced both Ap deposition and microglia and NLRP3 inflammasome activation in 5xFAD
mice.

Conclusion: EA stimulation at ST 36 effectively improved memory impairment in 5xFAD mice by
a mechanism that regulated microglia activation and alleviated neuroinflammation by inhibiting
the NLRP3 inflammatory response in the hippocampus. This study shows that ST 36 may be a
specific acupoint to improve the condition of AD patients.

1. Introduction

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder leading to progressive cognitive impairment in the
elderly, beginning with memory deterioration and followed by dysfunction and psychiatric problems [1]. The brains of AD patients are
characterized by an accumulation of extracellular beta-amyloid (Ap) plaques and the deposition of intracellular neurofibrillary tangles
(NFTs) [2]. Although the pathology of AD has been characterized, the mechanisms of neuronal loss and cognitive impairment in AD
remain elusive [3,4]. Most therapeutic agents used to clinically treat AD target Af and NFTs but do not stop or reverse disease pro-
gression. More attention has been given to the critical role of neuroinflammation in the pathogenesis of AD. Neuroinflammation is
involved in every aspect of AD pathology and has been termed the third core pathology of AD [5-7].

As the major component of the innate immune system in the brain, microglia play an important role in inflammation, particularly
the amyloid plaque burden [1]. Chronically activated microglia become dysfunctional and release excess pro-inflammatory cytokines
and chemokines, including cyclooxygenase-2, interleukin (IL)-1p, IL-6, and tumor necrosis factor (TNF)-a, followed by an inflam-
matory cascade, which may result in an increased level of hyperphosphorylated tau, Ap accumulation, and gliosis [8]. Activation of the
pyrin-domain-containing protein 3 (NLRP3) inflammasome from the NOD-like receptor (NLR) family, which contributes to the
expression of IL-1f in the brain, is fundamental to subsequent inflammatory events [9]. Therefore, inhibiting or depleting the NLRP3
inflammasome represents a new therapeutic interventional strategy for AD [10].

Electroacupuncture (EA) is a traditional Chinese medical treatment that has been used to activate neuronal networks and modulate
the functions of the brain to treat various neurodegenerative diseases, including AD [11,12], Parkinson’s disease [13], and vascular
dementia [14]. Many studies have suggested that EA improves spatial learning memory, promotes the degradation of Ap [15], and
alleviates the neuroinflammatory reaction in the hippocampus [16] in the AD mouse model [17]. Acupuncture at Zusanli (ST 36) has
previously been shown to improve cognitive impairment in AD, but the mechanism is unclear [18]. ST 36 is located 2 cm below the
knee in humans and is the most effective stimulation to relieve inflammation [19]. ST 36 drives the vagal-adrenal anti-inflammatory
axis in mice by stimulating neurons that highly express PROKR2 [20,21], and stimulating ST 36 activates PROKR2-expressing pe-
ripheral sensory fibers located in the dorsal root ganglion so that sensory information is transmitted to the nucleus tractus solitaire,
which, in turn, activates the vagus nerve and promotes the release of catecholamines from the adrenal gland, thereby inhibiting
inflammation [22]. Unfortunately, it is unknown whether acupuncture at ST 36 reduces neuroinflammation in the brain and improves
cognitive dysfunction by regulating NLRP3 inflammasome signaling. Furthermore, sensory fibers expressing PROKR2 are more
concentrated in the limbs than in the abdomen, which explains the poor anti-inflammatory effect of stimulating ST 25 [22,23]. Thus,
ST 25 is often used as a negative control for ST 36.

Therefore, to explore the possible mechanisms underlying cognitive improvement after acupuncture of ST 36 in 5xFAD transgenic
mice, a mouse AD model with a quickly developing AD pathology was used. This model presents with Ap accumulation and neuro-
inflammation at 2 months of age and cognitive dysfunction at 5 months of age [24]. A combination of behavioral experiments was
conducted to investigate the motor and cognitive functions of AD mice during different months. Additionally, molecular biology
experiments were performed to investigate the internal mechanisms. The purpose of this study was to provide a theoretical basis for
clinically applying acupuncture at ST 36 to treat AD.

2. Materials and Methods
2.1. Animal grouping

The 5xFAD male mice as well as the C57BL/6 mice of the same age were obtained from Nanjing University’s Model Animal
Research Center and bred at Shanghai University of Traditional Chinese Medicine’s Experimental Animal Center. Male 5xFAD mice
and C57BL/6 mice aged 3, 6 and 9 months were used in studies. Under a 12-h light/dark cycle (Light on 07:00 a.m.-19:00 p.m.) and
with access to sterile drinking water and standard food, the animals were housed in a facility with a temperature of 22 °C and humidity
of 55 °C. 3-m, 6-m, 9-m male 5xFAD and age-matched C57BL/6 were randomly divided into the following four groups respectively
using a random number table: 5XFAD, 5XFAD + ST36, 5xFAD + ST25 and WT-Con. Thirty 3-month-old male 5xFAD transgenic mice
were assigned randomly and equally into three groups, control group (5xFAD), EA at ST36 group (EA-ST36) and EA at ST25 group (EA-
ST25). Another ten 3-m C57BL/6 mice were used as normal group (WT group). The thirty male 6-month-old and thirty male 9-month-
old 5xFAD mice were grouped in the same way with ten male age-matched WT mice each group. The mice were acclimated for 7 days



H. Ni et al. Heliyon 9 (2023) e16755

before the experiment. After the EA, half of the mice in each group were intraperitoneally anesthetized with 10% chloral hydrate
immediately after the behavioral tests and intraperitoneally perfused with 4% paraformaldehyde (PFA) for brain tissue sections. The
remaining mice were sacrificed by rapid decapitation for Western blot analysis and qRT-PCR. All experimental protocols were in strict
accordance with the regulations of the National Institutes of Health guide for the care and use of laboratory animals, formulated by the
Ministry of Science and Technology of the People’s Republic of China and were approved by the Animals Research Ethics Committee of
Shanghai University of Chinese Medicine (No. PZSHUTCM200821019).

2.2. Electroacupuncture

EA treatment was conducted based on the previous research [22]. EA treatment was administered to 5XFAD mice at ST25 or ST36.
We anesthetized mice with isoflurane (0.5-1.5%) (Sigma, USA), then placed them on a heating pad (Sider Technology, China) to
maintain their body temperatures. 75% alcohol was used to clean the skin around the acupoints before stainless steel needles (diameter
0.17 mm, length 7 mm) were inserted in ST36 or ST25 at a depth of 4 mm. ST36 acupoints situate about 4 mm lower from the knee joint
and approximately 2 mm lateral to the anterior tubercle of the tibia. ST25 acupoints situate at the intersections defined by 5 mm lateral
to, and the upper two-thirds and the lower one-third of, the line between the xiphoid process and the pubic symphysis upper border
(Fig. 1A). Needle handles were connected to a acupuncture apparatus (Wuxi Jiajian Medical Instrument Co.,Ltd., China) and EA
treatment was conducted for 15 min (0.5 mA, 10 Hz). For four weeks, it was performed five times per week.

2.3. Morris water maze (MWM)

To evaluate the cognitive abilities of mice, a MWN test was used [25]. The mice were allowed to swim in a round pool (120 cm in
diameter and 40 cm in height), which was full of opaque water (20-22 °C) with non-toxic white paint. Special markers were attached
to the fixed position around the pool. A platform (diameter 8 cm) was hidden 1 cm below the surface of the water. There was a video
tracking system installed over the pool to monitor mouse swimming trajectory and record escape latency. Mice were trained to locate
the hidden platform by following clues surrounding the pool in 60 s. After 60 s, if the mouse has not found the platform, it should be
guided there and asked to remain there for 20 s. The trail was conducted immediately after 4 weeks EA treatment, each mouse was
tested for 3 trials and starting point of each trail was in different quarters in the afternoon for 6 days to find the platform below the
water surface. The whole procedures were recorded by the ZS-001 system (Beijing, China). On the last day, the latency to reach the
platform place, the crossing times to the platform regions, the percent time with in the target quadrant, as well as the swimming
velocity was recorded after the platform was removed.
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Fig. 1. Effect of EA on the motor function of 5xFAD mice detected by OFT. (A) The location of ST36 and ST25. (B) Total distance traveled within 5
min. (C) Average speed. (D) Time stayed in the center area. (E) Counts crossing the center area. (The bars indicate the means + SEM; n = 10 per
group; *p < 0.05).
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2.4. Open field test (OFT)

It was designed to assess motor ability as well as behavior indicative of anxiety. This test was conducted immediately after 4 weeks
EA treatment. During a 5-min period, mice were permitted to move spontaneously in the square area with white walls and floor (50 x
50 x 40 cm). With the aid of a tracking system installed above the open field, speed and distance traveled by the mice, as well as the
duration spent in the center region, were monitored and analyzed. A 75% ethanol solution was used to clean the floor and walls
between each session.

2.5. The novel object recognition task (NORT)

During NORT, all the mice were permitted to discover novel versus familiar objects in order to evaluate their memory performance
of recognizing novel objects versus familiar objects [26]. On the day one after MWW, all the mice were allowed to accustom to an
open-field arena (50 cm x 50 cm, dim light, 24 °C) and two blocks in it for 10 min twice a day for two consecutive days. On the third
day, each mouse was allowed to explore blocks for 5 min, and then 5 min in cage, after which mouse was placed back to arena, in which
one block was replaced by a novel plastic cylinder, and subjected to short-term memory test (STM). For long-term memory (LTM), the
interval was 24 h and the familiar or novel objects were replaced. A discrimination index (DI) was used to assess memory. Basically, the
DI is calculated by comparing the time spent exploring a novel object with the whole amount of time spent on both.

2.6. Thiofavin S staining

After soaked in a 30% sucrose solution for 2 days, the brain tissue was sliced at 10 pm with the cryostat microtome (Leica). A 0.3%
potassium permanganate solution was applied for 5 min, 1% oxalic acid was applied for 5 min, and a 1% sodium borohydride solution
was applied for 5 min, followed by two PBS washes. After washing in PBS, glass coverslips was used for mounting the brain sections and
dried, followed by 1% thioflavin S (Sigma, USA) diluted in 50% ethanol solution staining for 8 min in the dark. After dehydrating the
sections in 80%, 90% and 100% ethanol for 5 min, the sections were mounted using fluorescent mounting medium (Sigma, USA).
Sections were observed and photographed using a fluorescence microscope (Zeiss, Thornwood, NY, USA). We analyzed the amount of
AP plaques in the hippocampus and cortex regions as previously mentioned [27].

2.7. Immunofluorescence

The brain sections were blocked for 10 min with 3% BSA in PBS and then incubated for one night at 4 °C by the primary antibodies
Iba-1 (Rabbit monoclonal) (1:500; Abcam, USA). Subsequently, the sections were incubated with the secondary antibodies [1:1000
Alexa Fluor 555-conjugated anti-rabbit (Thermo Fisher Scientific, USA)] for 2 h. Three times 10 min rinses in PBS were conducted
following each of the aforementioned steps. In the final step, fluorescent mounting medium (Sigma, USA) was applied to the sections.
Laser-scanning confocal microscopes (Leica TCS SP2, Germany) were used to capture confocal images. Microglia were analyzed based
on their branching lengths and number of branching endpoints as determined in the previous study [28].

2.8. Western blot

Assay buffer containing a protease and phosphatase inhibitor mixture was used to isolate the protein from hippocampus by
radioimmunoprecipitation (RIPA). It is recommended to homogenize, sonicate and centrifuge the brain cells at 14,000 g and 4 °C for
15 min as soon as they have been suspended. A BCA Protein Assay kit (Thermo Fisher Scientific, USA) was used to determine the
protein concentration. Following this, the proteins were boiled at 100 °C for 10 min in a buffer that contained glycerol, Eagle’s
medium, and SDS. Proteins were separated using SDS-PAGE at 12.5% (Yeasen Biotech, China), and then transferred to nitrocellulose
membranes (Yeasen Biotech, China). Then the membranes should be blocked by 5% BSA within the TBST buffer (10 mmol/L of Tris,
pH 7.5; 100 mmol/L of NaCl; and 0.1% Tween 20), and was incubated overnight at 4 °C with specific primary antibodies (1:1000) of
NLRP3 (Cell Signaling, USA), Caspase-1 (Cell Signaling, USA), ASC (Cell Signaling, USA), IL-1p (Cell Signaling, USA), Beta Tubulin
(Proteintech, USA). On the second day, the primary antibody was detected with anti-rabbit (or anti-goat/mouse) secondary antibodies
(1:5000; Invitrogen, USA) and the immunoreactive bands were visualized with an enhanced chemiluminescence kit (Beyotime
Biotechnology, China), then at the end Image J software was used to evaluate band density. A minimum of three blots were performed
for each condition.

2.9. RNA extraction and real-time PCR

A total RNA extract from mouse hippocampus was extracted using 800 ml Trizol (Invitrogen, USA) in order to determine the
expression of mRNA. As part of the measurement, NanoDrop 2000 micro-ultraviolet spectrophotometry (1011U, NanoDrop Tech-
nologies, USA) was used to determine the purity and concentration of RNA. The reverse transcription of RNA into cDNA was performed
based on the manuscript provided by the cDNA Reverse Transcription Kit (Takara Bio Inc, Japan). Quantitative real-time PCR was
performed with SYBR Premix Ex Taq II (Takara, Japan) using an ABI StepOnePlus Real-Time PCR System (Thermo Fisher Scientific,
USA), and the primers were synthetized by the Takara Biotechnology Co., Ltd. (Japan). We conducted the PCR procedure as follows:
95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s, followed by 60 °C for 34 s. The expression levels of target genes were calculated by
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normalizing the cycle threshold (Ct) values to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and calculated based on the
274AC method [29]. The primer sequences are: IL-1p, forward: ATCTCGCAGCAGCACATCAAC, reverse: TGTTCATCTCGGAGCCTG-
TAGT; IL-18, forward: CAGGCCTGACATCTTCTGCAA, reverse: TCTGACATGGCAGCCATTGT; NLRP3, forward: GACAC-
GAGTCCTGGTGACTTT, reverse: GATGATGTTGGCAGCAATGG; GAPDH, forward: GCCAAATTCAACGGCACAGT, reverse:
AGATGGTGATGGGCTTCCC.

2.10. Statistical analysis

Apart data from the behavioral experiment were presented as means + SEM. Statistical analyses were tested by GraphPad Prism
(GraphPad9.0, USA). One-way ANOVA and two-way ANOVA were used for comparison among multiple groups. Pairwise comparisons
between groups were analyzed by the student’s t-test. P values < 0.05 were considered to indicate statistical significance.

3. Results
3.1. EA at ST 36 improved motor function in 5xFAD mice

We assessed motor function and the state of anxiety using the open field test (OFT). No significant differences in the total moving
distance or average moving speed were observed in the 3-m mouse group. It is also discovered that age-matched 5xFAD mice tended to
show a decrease in the average speed and total distance traveled compared with 6-month-old WT mice. The total distance traveled and
the average speed of the 9-m 5xFAD mice decreased significantly in comparison with the age-matched WT ones, however the age-
matched EA-ST 36 group mice showed partial restoration of both of these results, but no significant changes were detected in the
EA-ST 25 group (Fig. 1B and C). These results indicated that the motor ability of the 5xFAD mice decreased significantly with aging,
while EA at ST 36, but not ST 25, improved motor ability. In addition, no statistic difference in time spent in the central region or
counts crossing the central area were observed between the groups of different ages, suggesting no anxiety or depression in the mice
(Fig. 1D and E). Our results demonstrated that EA at ST 36 significantly improved the deficiency of motor ability in AD mice.

3.2. EA at ST 36 improved the cognitive ability of 5xFAD mice

Next, the novel object recognition test (NORT) was used to assess recognition memory of mice. As illustrated by Fig. 2A, no sig-
nificant difference in discrimination was detected between the 3-month-old group at 1 and 24 h. The discrimination index of the 6- and
9-m 5xFAD mice decreased in comparison to that of the WT group at 1 h, whereas EA-ST 36 significantly improved the discrimination
index (Fig. 2B and C). EA at ST 36 tended to improve the discrimination index of 6- and 9-m 5xFAD mice at 24 h. No changes in the
discrimination index were noticed between EA-ST 25 group and 5xFAD mice of all ages at either time. These results showed that EA at
ST 36, but not ST 25, significantly improved the cognitive ability of 5xFAD mice.

3.3. EA at ST 36 improved the spatial learning and memory of 5xFAD mice

We did not detect any difference in 5-day escape latency on the Morris Water Maze (MWM) experiment between the groups. The
average speed, time spent in the target quadrant, and time crossing the platform on the last day were determined in the 3-month-old
mice (Fig. 3A). The 6- and 9-m 5xFAD mice had impaired learning and memory compared with the age-matched WT group, as
indicated by the slower escape latency during consecutive trials. Nevertheless, the escape latency was significantly faster in the EA-ST
36 group on training days 4 and 5 compared with that of the 6- and 9-m 5xFAD mice (Fig. 3B and C). Furthermore, the 5xFAD group
failed to find the target platform, while the EA-ST 36 group remained in the target quadrant as long as the 6- and 9-m WT mice
(Fig. 3D). The time the 5xFAD mice needed to cross the platform on the last day was much less at 6- and 9-months old than the age-
matched WT mice; however, EA at ST 36 tended to improve the times (Fig. 3E). We also discovered that the swimming speed of the 9-m
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Fig. 2. Effect of EA on the cognitive ability of 5xFAD mice detected by NORT. (A-C) The discrimination index of 4 groups (WT, 5xFAD, EA-ST25,
EA-ST36) at 3-, 6-, and 9-month-old. (The bars indicate the means + SEM; n = 10 per group; *p < 0.05).
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Fig. 3. Effect of EA on the spatial learning and memory of 5xFAD mice detected by MWM. (A-C) The latency of 4 groups (WT, 5xFAD, EA-ST25,
EA-ST36) in finding a target platform during the 5-day period training trials at 3-, 6-, and 9-month-old. (D) Time spent in the target quadrant on the
last day without platform. (E) Counts crossing the platform area on the last day without platform. (F) Swimming speed. (The bars indicate the means
+ SEM; n = 10 per group; *p < 0.05).

5xFAD mice was less than that of the WT group, while the age-matched EA-ST 36 mice regained their athletic ability (Fig. 3F).
However, no significant differences were detected between the EA-ST 25 and 5xFAD groups at any age, suggesting that EA at ST 36,
but not ST 25, attenuated the learning as well as motor impairments in the 5xFAD mice.
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Fig. 4. Effect of EA on Ap deposition of 5xFAD mice. (A) Representative photomicrographs of Thio-S staining in Cortex, CAl and DG regions of 4
groups (WT, 5xFAD, EA-ST25, EA-ST36) at 3-, 6-, and 9-month-old. (B, C, D) Quantification of Thio-S staining levels in Cortex, CA1 and DG regions
of different groups. (The bars indicate the means + SD; n = 5 per group; *p < 0.05; Scale bar = 200 pm).
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3.4. EA at ST 36 reduced Af accumulation in the brain of 5xFAD mice

We compared thioflavin-S-positive plaques between the groups at the cortex, hippocampal CA1, and hippocampal dentate gyrus
areas to access the potential impact of EA at ST 36 on Af burden. Many studies have shown that WT mice do not produce Ap deposits in
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Fig. 5. Effect of EA on microglia activation of 5xFAD mice. (A) Representative immunofluorescence photomicrographs of Iba-1 in hippocampus
CA1 of 4 groups (WT, 5xFAD, EA-ST25, EA-ST36) at 9-month-old. (B) Quantification of Iba-1(+) fluorescence intensity. (C) Total endpoint numbers
per microglial. (D) Total branch length per microglial. (E) The skeletonized images are processed using the Analyze Skeleton plugin of Image J
software to identify and tag skeletonized processes as orange, endpoints as blue, and junctions as purple. (The bars indicate the means + SD; n = 5
per group; *p < 0.05, ***p < 0.001; Scale bar = 100 pm)
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the brain regardless of age, as shown in Fig. 4A. This analysis demonstrated that the 5xFAD mouse brains exhibited clear age-
dependent Ap deposition (Fig. 4A). However, no statistic difference was detected between 3- and 6-m groups. Notably, a significant
decrease in plaque deposits was observed in all three areas of the 9-month-old EA-ST 36 group compared to the age-matched 5xFAD
group, while no changes were noted between the EA-ST 25 and 5xFAD groups (Fig. 4B-D). These results suggested that EA at ST 36,
but not ST 25, reduced AP accumulation in the brain of 5xFAD mice.

3.5. EA at ST 36 reduced the activation of microglia in the brain of 5xFAD mice

Based on previous experiments, we concluded that EA at ST 36 improved motor function and cognitive ability and alleviated Ap
accumulation in 5xFAD mice, particularly in 9-m mice, so we decided to use only 9-month-old mice in our subsequent studies. To
investigate the role of EA at ST 36 on the activation of microglia, we stained microglia (Iba-1) in the CA1 hippocampus with red
immunofluorescence. The Iba-1 fluorescence intensity was much more pronounced in the 5xFAD and EA-ST 25 groups than in the WT
group; however, expression in the EA-ST 36 samples was almost absent with only faint staining (Fig. 5A and B). At the same time, we
observed that the microglia in the hippocampus of 5xFAD mice were significantly activated compared with the WT ones, as manifested
by larger cell bodies as well as shorter and fewer branches. Referring to the statistical method of a previous study (Fig. 5E) [28], we
calculated the total length of the branches and the number of branching endpoints on each cell to mark the activation changes in the
microglia. Our results show that the total branch length and endpoints of the microglia decreased in 5xFAD mice in comparison with
the WT ones. Nevertheless, these effects could be significantly reversed by EA at ST 36 (Fig. 5C and D). However, no change in
activation of the microglia was detected in EA-ST 25 mice compared to the 5xFAD group. Therefore, it was reasonable to speculate
that EA at ST 36, but not ST 25, decreased the microglial activation in 5xFAD mice.

3.6. EA at ST 36 suppressed activation of the NLRP3 inflammasome and its production of IL-1/ and IL-18 in the brain of 5xFAD mice

As illustrated by Fig. 6A, the expression levels of NLRP3, caspase-1, ASC, IL-1p, and IL-18 in the hippocampus of 5xFAD mice was
increased significantly in comparison with those in WT ones, while EA at ST 36 downregulated the levels of all of these proteins
(Fig. 6B). Additionally, no significant differences were observed between the EA-ST 25 and 5xFAD groups. Our qRT-PCR results were
consistent with our Western blot results, which showed that EA-ST 36 reduced the upregulation of NLRP3, IL-1p, and IL-18 mRNA in
5xFAD mice (Fig. 6C). The results above indicated that EA at ST 36, but not ST 25, inhibited activation of the NLRP3 inflammasome
and its production of IL-1p and IL-18 in 5xFAD mice.

4. Discussion

In recent years, a growing number of randomized controlled clinical trials and systematic reviews have shown that EA treatment
alone or in combination with other drugs and different acupoints can significantly improve cognitive impairment in AD patients
without serious side effects [12,30,31]. In animal experiments, EA significantly improved the spatial learning ability, memory ca-
pacity, and emotions (e.g., depression and anxiety) of different AD mouse models in different behavioral experiments, such as the
MWM, NORT, and OFT [32,33]. Many clinical trials have been performed using ST 36 as the key acupuncture point for treating or
relieving AD [18,34]. Our study found that mice treated with EA at ST 36 had significantly better motor, spatial learning, and memory
abilities than did 5xFAD mice.

It is commonly accepted that acupuncture at diverse acupoints has different effects, even on the same disease. The acupoints ST 36,
KI1,GV 20,CV6,CV17,SP 10, and LI 20 are the most frequently used in clinical treatment and animal studies of AD [35]. Stimulating
these acupoints improves cognitive function in AD by different mechanisms. EA at ST 36 reduces lipopolysaccharide-induced serum
levels of all of the cytokines analyzed, including TNF, monocyte chemotactic protein-1, IL-6, and interferon-y by modulating the vagus
nerve [20]. ST 36 has more pronounced anti-inflammatory properties through the vagal-adrenal axis compared to other commonly
used acupoints [21,22]. In addition, ST 36 stimulates more brain areas to produce more comprehensive effects [36], such as promoting
nerve regeneration [37] and increasing dendritic complexity [38]. Thus, we wondered whether EA at ST 36 could alleviate AD
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Fig. 6. Effect of EA on the activation of NLRP3 inflammasome and its production IL-1p and IL-18 of 5xFAD mice. (A, B) The protein expression of
NLRP3, Caspase-1, ASC, IL-1p and IL-18 in the hippocampus of mice were detected by Western Blot. (C) The mRNA levels of NLRP3, IL-1f and IL-18
in the hippocampus of all groups were detected by qRT-PCR. (The bars indicate the means + SD; n = 5 per group; *p < 0.05, **p < 0.01, ***p
< 0.001).
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pathology and cognitive decline by reducing inflammation in the brain.

Many studies of AD have shown that inflammation of the brain, also known as the neuroinflammatory response, is the third most
important factor in AD [39,40]. Microglia orchestrate inflammatory reactions in the central nervous system [41]. The accumulation of
Ap has a direct toxic effect on nerve cells and drives the activation of microglia [42]. Early in the disease, Ap acts on multiple receptors
on the surface of microglia, including TLR, CD33, CD36, and TREM2, and microglia transform from a quiescent branching morphology
into an activated amoeboid morphology and migrate near plaques to produce pro-inflammatory factors and chemokines and increase
the phagocytosis of Ap, resulting in neuroprotective effects [43,44]. Activated microglia produce a variety of phenotypes. Activated
macrophages have been divided into pro-inflammatory (M1) and anti-inflammatory phenotypes (M2). This classification also applies
to microglia [45]. Under normal conditions, the low level of inflammation drives microglia to activate towards the anti-inflammatory
phenotype, which is involved in tissue repair and phagocytosis [5]. However, in AD, the persistent formation of Ap drives prolonged
activation of microglia, producing inflammatory mediators, including reactive oxygen species, IL-1p, IL-6, IL-8, TNF-a, and chemo-
kines [46]. These inflammatory mediators contribute to convert microglia to the pro-inflammatory phenotype (M1), which not only
induces an inflammatory cascade but regulates the expression of the amyloid precursor protein (APP) and protein hydrolysis to
promote AP deposition [47-49]. The reduced expression of beclinl in microglia in response to prolonged stimulation by Ap affects the
sorting and phagocytosis of cellular components mediated by receptors, such as TLR, TREM2, CD33, and CD36, and reduces Af
clearance [50]. Our study shows that EA at ST 36, but not ST 25, significantly reduced Ap deposition and inhibited the activation of
microglia in the hippocampus of 5xFAD mice; thus, ST 36 has potent anti-neuroinflammatory potential.

Clinical studies have reported significant upregulation of NLRP3 inflammasome mRNA and its downstream effector IL-1f in the
cerebrospinal fluid of AD patients with varying degrees of disease [51]. NLRP3 is a macromolecular protein consisting of an NLRP3
scaffold and three ASC and caspase-1 precursor components, which regulate the maturation and secretion of inflammatory cytokines,
including IL-1p, IL-18, and IL-33 [52,53]. NLRP3 is highly expressed in microglia. Over-activated NLRP3 inflammatory vesicles
stimulate the activation of microglia and contribute to their conversion to the pro-inflammatory phenotype (M1) [54]. NLRP3 is a vital
event bridging the two core AD pathologies (Ap and tau) [40]. IL-1p and IL-18 induced by NLRP3 play a unique role in the pathology of
AD. Ap and tau stimulation of NLRP3 inflammatory agents induces the maturation and release of IL-1p. IL-1f upregulates APP and Ap
expression in astrocytes and promotes tau phosphorylation through the MAPK-p38 pathway to form NFTs [55]. IL-18 upregulates
y-secretase and promotes AP production while promoting tau hyperphosphorylation via glycogen synthase kinase-3 beta [56].
Growing evidence indicates that activation of NLRP3 is a driver of AD pathology [40]. The ASC, a component of NLRP3, forms a
complex with Ap that inhibits microglia phagocytosis and amplifies the NLRP3 inflammatory response while inducing cellular
scorching via gasdermin-D [57]. Drugs targeting the NLRP3 inflammasome have emerged as a new strategy for treating AD because
inhibiting the NLRP3 inflammasome reduces inflammation while preserving microglial function [58]. Unfortunately, no drug directly
inhibits NLRP3. Only NSAIDs, which target volume-regulated anion channels, have shown good results [59]. Moreover, EA inhibits
activation of the NLRP3 inflammasome through several different pathways, including the microRNA, NF-xB/NLRP3,
ATP/P2X7R/NLRP3, and ROS/TXNIP/NLRP3 signaling pathways, which are related to reducing the inflammatory response [60]. In
our study, EA at ST 36 significantly inhibited activation of the NLRP3 inflammasome signaling pathway in the hippocampus of 5xFAD
mice, which may be directly related to its ability to reduce the proliferation and activation of microglia. Moreover, peripheral in-
flammatory cytokines play a key role in triggering the activation of microglia in AD [61]. Therefore, EA at ST 36 may inhibit the levels
of peripheral inflammatory cytokines to affect the activation of microglia or the NLRP3 inflammasome in AD. However, more evidence
is needed to prove this hypothesis.

As a consequence, this study shows that EA at ST 36, but not ST 25, attenuated Af} deposition, alleviated activation of microglia by
reducing activation of the NLRP3 inflammasome in the hippocampus, and improved motor and cognitive deficits in 5xFAD mice. Our
study shows that ST 36 may be a specific acupoint to improve the condition of AD patients.
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