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Background: The disorder of the intestinal fungal community is closely associated with Alzheimer’s disease (AD). Gut fungal 
dysbiosis exacerbates β-amyloid (Aβ) plaque burden through the brain-gut axis, thereby promoting the progression of AD. Previous 
research has demonstrated that acupuncture can ameliorate AD symptoms by modulating the gut bacterial community. However, the 
potential regulatory effects of acupuncture on the fungal microbiota have been largely overlooked.
Methods: APP/PS1 mice were used as AD animal model and randomly divided into the AD model (AD) group, the acupuncture (Ac) 
group, and the probiotics (Pr) group. Mice in the Ac group received acupuncture treatment. In the Pr group, mice were treated with 
probiotics. Morris water maze, ITS sequencing, immunofluorescence (IF) staining, enzyme-linked immunosorbent assay (ELISA), 
Hematoxylin and eosin analysis, and Nissl staining were employed to validate our hypothesis.
Results: Acupuncture and probiotics significantly improved the behavioral performance of APP/PS1 mice, reduced the level of Aβ in 
the brain, and alleviated neuronal damage. Moreover, acupuncture improved the Sobs, Chao and Ace indices, decreased the abundance 
of Ascomycota, Aspergilaceae, Trichocomaceae, Candida, and unclassified-penicillium, while simultaneously increasing the abun-
dance of Basidiomycota, which differed from the fungal regulation observed with probiotics.
Conclusion: Acupuncture may improve the cognitive impairment of APP/PS1 mice, reduce Aβ plaque burden in the brain, protect 
neurons, and mitigate intestinal fungi dysbiosis. The beneficial effects of acupuncture on Aβ deposition and cognitive function in APP/ 
PS1 mice may be achieved by regulating the intestinal fungal community.
Keywords: Alzheimer’s disease, acupuncture, intestinal fungal community, β-amyloid, probiotics

Introduction
Alzheimer’s disease (AD) is a neurodegenerative disease characterized by an insidious onset and progressive develop-
ment. The primary clinical manifestations include memory impairment and executive dysfunction, often accompanied by 
alterations in personality and behavior. According to statistics,1 the number of AD patients has reached 55 million 
globally and is expected to exceed 135 million by 2050, imposing a heavy burden on families and society. The 
pathogenesis of AD is a complex process with multifactorial influences, in which the overproduction of β-amyloid 
(Aβ) and its deposition in the brain are considered to be a central link.2 The senile plaques resulting from the abnormal 
deposition of Aβ and the neurofibrillary tangles formed by the hyperphosphorylation of tau protein are not only 
pathological products of AD but also its main pathological features. However, pharmacological interventions aimed at 
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removing Aβ plaques and tau proteins have so far been unsuccessful. Therefore, it is imperative to further investigate the 
pathogenesis of AD and identify new effective therapeutic targets.

In addition to central mechanisms, the gut microbiota has been recognized as a crucial factor in the development of 
neuropathological changes associated with AD.3–5 The gut microbiota encompasses a vast and diverse community of 
microorganisms, including bacteria, archaea, fungi, viruses, prokaryotes, etc. This intricate ecosystem is essential for 
maintaining host homeostasis.6 Historically, research on gut microbiota has predominantly focused on bacteria, due to 
their dominant role in the human intestine. Alterations in the composition and diversity of intestinal bacteria have been 
reported to correlate with AD pathology.7 Despite constituting a minor fraction of the gut microbiota, the influence of 
intestinal fungi on the organism cannot be overlooked.8 In recent years, the relationship between the intestinal fungal 
community and the central nervous system has garnered increasing attention.9,10 Multiple studies have demonstrated that 
significant alterations in the fungal microbiota are associated with various neurological disorders, such as Parkinson’s 
disease, depression, bipolar disorder and AD.11–13 Changes in the structure of the intestinal fungi are closely correlated 
with the levels of pathological biomarkers of AD (Aβ, tau, etc).14 A recent study revealed that dysbiosis of intestinal 
fungi exacerbates Aβ deposition and neuroinflammation via the brain-gut axis.15 Modulating the homeostasis of the 
fungal microbiota can inhibit microglia-induced neuroinflammation, reduce Aβ plaque burden and tau pathology, and 
ultimately ameliorate the cognitive deficits characteristic of AD.16 Therefore, Intestinal fungi may represent a potential 
target for alleviating pathological damage and enhancing cognitive function in AD.

As an important component of traditional Chinese medicine, acupuncture has been extensively utilized in clinical 
practice due to its low cost, minimal side effects, and prominent therapeutic efficacy. Numerous researches have 
demonstrated that acupuncture could improve the learning and memory ability of AD model animals through various 
mechanisms, including the elevation of cerebral blood flow in the hippocampus and prefrontal cortex,17 enhancement of 
cerebral glucose metabolism,18 inhibition of glial cell activation,19 regulation of Aβ production and clearance,20,21 and 
prevention of neuronal apoptosis.22 Our previous studies have confirmed that acupuncture can rectify intestinal flora 
disorder in APP/PS1 mice, mitigate the intestinal inflammatory response, and protect both the intestinal mucosal barrier 
and the blood-brain barrier.23,24 Additionally, our findings indicated that intestinal flora may serve as a critical target for 
acupuncture in inhibiting neuroinflammation and enhancing cognitive function. However, these studies have predomi-
nantly concentrated on the modulation of gut bacterial diversity and composition by acupuncture, while the effects on 
fungal microbiota have been largely overlooked. Given that Aβ deposition in the hippocampus is a critical pathological 
factor in the progression of AD and is intricately linked with intestinal fungi dysbiosis, it is imperative to elucidate 
whether acupuncture can balance intestinal fungi, reduce cerebral Aβ accumulation, and improve cognitive function 
in AD. In view of this, we investigated the effects of acupuncture on cognitive ability, intestinal fungi, and Aβ levels in 
the hippocampus of APP/PS1 mice. Our study aimed to elucidate the mechanisms through which acupuncture amelio-
rates cognitive impairment in AD, particularly from the perspective of intestinal fungi. The findings of this research will 
provide more evidence for clarifying the intestinal mechanisms of acupuncture in the treatment of AD.

Material and Methods
Experimental Animals
APPswe/PS1ΔE9 (APP/PS1) transgenic animals (male, 6-month old, 28–32 g) with C57BL/6 background and their 
corresponding wild-type C57BL/6 littermates (male, 6-month old, 28–32 g) were obtained from Cavens Biogle Model 
Animal Research Co. Ltd. (Suzhou, China). All mice were maintained in the Experimental Animal Center of the Beijing 
University of Chinese Medicine, which was SPF conditions, with a temperature of 24 ± 2°C, a 12-h dark/light cycle, 
access to sterile drinking water and a standard pellet diet. The animals were acclimatized to the environment for 7 days 
before experimentation, and all experimental procedures conformed to the National Institutes of Health Guidelines for 
the Care and Use of Laboratory Animals, with the approval of the Beijing University of Chinese Medicine, Beijing, 
China (ID: bucm-4-2,021,102,701-4032).
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Animal Grouping and Intervention
Wild-type C57BL/6 mice served as controls (WT group, n = 12). APP/PS1 mice were separated randomly into three 
groups (n = 12 per group): the AD model (AD) group, the acupuncture (Ac) group, and the probiotics (Pr) group.

In the Ac group, the mice were placed and immobilized in self-made conical mouse bags. Baihui (GV20), Yintang 
(GV29) and Zusanli (ST36) were selected for acupuncture intervention. According to our previous research,25,26 the 
disposable sterile acupuncture needles (diameter, 0.25 mm; length, 13 mm; Zhongyan Taihe, Beijing, China) were 
inserted obliquely upward at an angle of 15° to a depth of 2–3 mm at GV20 and GV29. At ST36, the needle was inserted 
perpendicularly to a depth of 4 mm. During the needling process, the needle was twisted bidirectionally within 90° for 
15 seconds at intervals of 5 minutes. This acupuncture intervention lasted for 4 weeks, once a day for 20 minutes. For the 
Pr group, probiotics (8.7×108 CFU/g/d, Zhongke Yikang Biotechnology Company, Beijing, China) were administered by 
gavage once a day for 4 weeks.27 Mice in the WT and AD groups received no treatment. During acupuncture, mice in the 
WT, AD and Pr groups were immobilized for 20 minutes in the same manner as those in the Ac group.

Morris Water Maze Test
On day 30, ten mice were randomly selected from each group for Morris water maze (MWM) test, and related 
interventions were performed simultaneously. The MWM device consists of a 90 cm diameter circular pool, which is 
divided into four quadrants. In the hidden platform trial, the platform is located 1 cm below the water surface in the 
center of the southwest (SW) quadrant. Following the established experimental protocol,28 each mouse was allowed 
60 seconds to explore freely in the water after being released from one of four starting locations. The time taken for the 
mice to find the platform was recorded as the escape latency. If mice could not find the platform within 60 seconds, the 
escape latency was recorded as 60 seconds and the mice were trained to find the platform. After five consecutive days of 
the hidden platform experiment, the platform was removed, and the probe trial was conducted on the sixth day. The 
mouse was released from the northeast (NE) quadrant, and the swimming path, swimming time ratio and distance ratio in 
the SW quadrant were recorded within 60 seconds.

Fecal Sample Collection and DNA Extraction
After the MWM test, fecal samples from each mouse were collected in sterile tubes and stored at −80°C in a refrigerator. 
The total genomic DNA of the microbial community was extracted from these fecal samples according to the instruc-
tions, and the integrity of the extracted genomic DNA was detected by 1% agarose gel electrophoresis. The DNA 
concentration and purity were determined using NanoDrop2000 (Thermo Scientific, USA).

PCR Amplification and Sequencing Library Construction
PCR amplifications were constructed using the primers ITS1F (CTTGGTCATTTAGAGGAAGTAA) and primers ITS2R 
(GCTGCGTTCTTCATCGATGC), which carries the barcode sequence and target the ITS2 rRNA genes. TaKaRa rTaq 
DNA Polymerase was employed for PCR amplification, with the reaction parameters set to 95°C for 3 minutes, followed 
by 27 cycles (95°C for 30 seconds, annealing at 55°C for 30 seconds, 72°C for 45 seconds). A final extension was 
performed at 72°C for 10 minutes, and the samples were stored at 4°C (PCR instrument: ABI GeneAmp® 9700). PCR 
products were recovered using a 2% agarose gel, followed by product purification. The recovered products were detected 
and quantified using a Quantus™ Fluorometer (Promega, USA). The NEXTFLEXRapid DNA-Seq Kit (Bioo Scientific, 
Austin, Texas, USA) was applied to build the library of the purified PCR products. Sequencing was performed using the 
PE300/PE250 platform of Illumina Company (Shanghai Majorbio Bio-pharm Technology Co.,Ltd).29

ELISA Analysis
After MWM test, six mice in each group were euthanized with pentobarbital sodium (150 mg/kg). Hippocampus tissues 
were harvested and homogenized in ice-cold RIPA lysis buffer. The levels of Aβ40 and Aβ42 were measured using 
ELISA kit (PI310, Beyotime, China), with all specific steps conducted in strict accordance with the manufacturer’s 
instructions.
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Immunofluorescence Staining
After MWM test, six mice in each group were anesthetized with pentobarbital (80 mg/kg) and perfused with 4% 
paraformaldehyde. The brains were dissected and fixed in 4% paraformaldehyde. Following sucrose dehydration and 
embedding, the brain tissues were sectioned coronally to a thickness of 6 μm using a Microtome Cryostat (CM1900, 
Leica Corporation, Germany). The rabbit polyclonal antibody to β-amyloid (36–6900, Invitrogen, United States) was 
used as the primary antibodies. The corresponding secondary antibody was donkey anti-rabbit IgG Alexa Fluor 488 
(ab150073, Abcam, United States). After washing and blocking, the β-amyloid antibody was added dropwise to the 
sections and incubated overnight at 4 °C. After washing, the sections were treated with the secondary antibodies. Finally, 
the sections were stained with Fluoroshield Mounting Medium with DAPI (ab104139, Abcam, United States) and 
examined under a confocal laser scanning microscope (SP8, Leica, United States). Identical exposure times and image 
settings were applied to each experiment. For each sample, the CA1 region of the hippocampus was selected as the target 
area, and three visual fields were randomly selected for detection as previously described.30 The mean optical density of 
each image was calculated via Image J software (National Institutes of Health, MD, USA).

Hematoxylin and Eosin Analysis
After MWM test, three mice in each group were anesthetized with pentobarbital (80 mg/kg) and perfused with 4% 
paraformaldehyde. The brains were dissected and fixed in 4% paraformaldehyde. Following sucrose dehydration and 
embedding, the brain tissues were sectioned by a Microtome Cryostat (CM1900, Leica Corporation, Germany). The 
sections were immersed in hematoxylin stain for 5 minutes. After washing, 1% hydrochloric acid alcohol differentiated 
for 2 seconds. After washing, PBS reblued for 5 minutes. After washing, sections were stained with eosin stain for 
1–3 minutes, followed by dehydration sealing. The histopathological changes of the hippocampus were observed 
microscopically (Leica, United States) at 400× magnification. For each sample, the CA1 and CA3 areas of the 
hippocampus were designated as the target area. These morphological observations were independently validated by 
two pathologists in a blinded manner to ensure consistency.

Nissl Staining
After MWM test, six mice in each group were anesthetized with pentobarbital (80 mg/kg) and perfused with 4% parafor-
maldehyde. The brains were dissected and fixed in 4% paraformaldehyde. Following sucrose dehydration and embedding, the 
brain tissues were sectioned using a Microtome Cryostat (CM1900, Leica Corporation, Germany). The sections were fixed 
with 4% paraformaldehyde for 15 minutes, washed with PBS for 2 minutes, and stained with Nissl staining solution (Solarbio, 
G1430, China) for 7 minutes. After washing, the sections were placed in Nissl differentiation solution, rapidly dehydrated, and 
sealed with neutral gum. Neurons and Nissl bodies in the hippocampus were visualized with a biological microscope (Leica, 
United States) at 400× magnification. For each sample, the CA1 and CA3 areas of the hippocampus were designated as the 
target area, and three non-repetitive visual fields were randomly selected for shooting.31,32 The number of Nissl-positive 
neurons was quantified using Image J software (National Institutes of Health, MD, USA).

Statistical Analysis
The statistical analysis was performed by SPSS 20.0 software (SPSS, Inc., Chicago, IL, United States). Correspondingly, 
the required graphs were generated by GraphPad Prism 8 software. All data were expressed as the mean ± standard 
deviation. A two-way analysis of variance (ANOVA) with repeated measures was applied to dissect differences among 
groups in the hidden platform trial. One-way ANOVA with the Least Significant Difference (LSD) method was used to 
compare the variability among groups in other trials when the data were normally distributed or had homogenous variance. 
Otherwise, the non-parametric test would be used. Spearman’s rank correlation test was used to perform correlation 
analyses. Statistical significance was defined as P < 0.05, while high statistical significance was defined as P < 0.01.
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Results
Spatial Learning and Memory Ability of Mice in Each Group
On day 1, there were no significant differences in escape latency among the groups. The escape latencies of the WT, Ac and Pr 
groups decreased gradually on days 2–5 of the hidden platform experiment. However, the escape latency of the AD group 
always maintained a high level and was significantly higher than that of the WT group on days 2–5 (P < 0.01). Notably, the 
escape latencies of the Ac and Pr groups on days 3–5 were remarkably lower than that of the AD group (P < 0.01 or P < 0.05), 
yet still higher than that of the WT group (P < 0.01) (Figure 1A). No significant differences in swimming speed were found 
during the hidden platform trial (Figure 1B). In the probe trial, the swimming time ratio and the distance ratio in the SW 
quadrant for the AD group were drastically lower compared to the WT group (P < 0.01). Conversely, the swimming time ratio 
and the distance ratio in the SW quadrant for the Ac and Pr groups were obviously higher than those observed in the AD group 
(P < 0.01 or P < 0.05) (Figure 1C and 1D). Analysis of swimming traces revealed distinct swimming strategies among the 
groups. The swimming traces of the AD group predominantly converged in the NE quadrant, while those of the WT, Ac and Pr 
groups primarily converged in the SW quadrant (Figure 1E).

The Structure of Intestinal Fungal Community of Mice in Each Group
We utilized rarefaction curve analysis to assess the adequacy of the sequencing data. The results showed that the rarefaction 
curves for each group approached a plateau, indicating that the sequencing data had reached saturation and were therefore 
sufficient (Figure 2A). The Venn diagram illustrated that the four groups shared 100 operational taxonomic units (OTUs), 
with 139 OTUs unique to the WT group, 66 OTUs unique to the AD group, 102 OTUs unique to the Ac group, and 128 
OTUs unique to the Pr group. In addition, the WT group shared 8 OTUs with the AD group, 21 OTUs with the Ac group, 
and 24 OTUs with the Pr group (Figure 2B). Subsequently, we evaluated the β-diversity of the fungal microbiota across the 
groups using the unweighted UniFrac algorithm. The principal coordinate analysis (PCoA) indicated significant differences 
among the groups (P < 0.05), with samples from the WT and AD groups being clearly separated and exhibiting different 
species compositions (Figure 2C). The α-diversity analysis revealed that the Sobs, Chao and Ace indices in the AD group 
were drastically lower than those in the WT group (P < 0.01), while the Sobs, Chao, and Ace indices in the Ac and Pr groups 
were significantly higher than those in the AD group (P < 0.01 or P < 0.05) (Figure 2D-F).

Taxonomic Changes of Intestinal Fungal Community of Mice in Each Group
We assessed the composition of the fungal microbiota across different taxonomic levels within each group. Sequencing 
analysis identified 4 phyla, 20 classes, 52 orders, 97 families, 148 genera and 247 species. The Circos diagram at the phylum 
level indicated that Ascomycota and Basidiomycota were the predominant phyla in all groups of mice. Specifically, 
Ascomycota was the principal phylum in the WT, Ac, and Pr groups, whereas both Ascomycota and Basidiomycota were 
predominant in the AD group (Figure 3A). At the genus level, the bar diagram illustrated that the five genera with the highest 
abundance were Penicillium, Fusarium, Candida, Talaromyces, and Aspergillus. Among these, the dominant genera in the 
WT, Ac and Pr groups were Penicillium, Fusarium, and Talaromyces, while in the AD group, Penicillium and Candida were 
the dominant genera (Figure 3B). Subsequently, we conducted a comparative analysis of the relative abundance of various 
fungal taxa across different taxonomic levels, including phylum, family, and genus. At the phylum level, the AD group 
exhibited an obviously higher abundance of Ascomycota and a significantly lower abundance of Basidiomycota compared to 
the WT group (P < 0.01). In contrast, the Ac group showed a marked decrease in the abundance of Ascomycota compared to 
the AD group (P < 0.01), while the abundance of Basidiomycota increased substantially in both the Ac and Pr groups (P < 
0.01) (Figure 3C and D). At the family level, the abundance of Aspergilaceae and Trichocomaceae was obviously higher in 
the AD group compared to the WT group (P < 0.01). Compared with the AD group, the abundance of Aspergilaceae was 
drastically lower in the Ac and Pr groups, and the abundance of Trichocomaceae was markedly lower in the Ac group (P < 
0.05) (Figure 3E and F). At the genus level, compared with the WT group, the abundance of Candida and unclassified- 
penicillium in the AD group increased significantly (P < 0.01). While the abundance of Candida and unclassified-penicillium 
in the Ac and Pr groups decreased dramatically compared to the AD group (P < 0.01 or P < 0.05) (Figure 3G and H).
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Correlation Analysis Between Hippocampal Aβ40 and Aβ42 Levels and the Intestinal 
Fungal Community at the Phylum Level
The results of correlation heatmap analysis indicated that hippocampal levels of Aβ40 and Aβ42 were positively 
correlated with the abundance of Ascomycota (Aβ40, r=0.68, P < 0.001; Aβ42, r=0.74, P < 0.001). Conversely, these 
levels exhibited a negative correlation with the abundance of Basidiomycota (Aβ40, r=−0.44, P < 0.05; Aβ42, r=−0.50, 
P < 0.05) and Mucoromycota (Aβ40, r=−0.46, P < 0.05; Aβ42, r=−0.45, P < 0.05) (Figure 4A).

Figure 1 Spatial learning and memory ability of mice in each group. 
Notes: (A) The escape latency of each group in the hidden platform trial. (B) The swimming speed of each group in the hidden platform trial. (C) The swimming time ratio 
in the SW quadrant of each group in the probe trial. (D) The swimming distance ratio in the SW quadrant of each group in the probe trial. (E) The training traces of each 
group in the probe trial. Data were expressed as means ± SEM (n = 10), *P < 0.05, **P < 0.01 versus the WT group; #P < 0.05, ##P < 0.01 versus the AD group. 
Abbreviations: SW, southwest; AD, Alzheimer’s disease; WT, wild-type.
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Figure 2 The structure of intestinal fungal community of mice in each group. 
Notes: (A) The rarefaction curves analysis in each group. (B) The venn diagram in each group. (C) PCoA analysis in each group. (D-F) The Sobs, Chao, Ace index in each group. Data were expressed as means ± SEM (n = 8), *P < 0.05, 
**P < 0.01 versus the WT group; #P < 0.05, ##P < 0.01 versus the AD group. 
Abbreviations: AD, Alzheimer’s disease; WT, wild-type; PCoA, principal coordinate analysis.
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The Changes of Aβ Deposition in the Brain of Mice in Each Group
IF staining analysis showed that numerous Aβ-positive plaques were significantly aggregated in the hippocampus of mice 
in the AD group, whereas almost no Aβ plaques were observed in the WT group. The deposition of Aβ plaques was 
notably lower in the Ac and Pr groups compared to the AD group (Figure 4B). Compared with the WT group, the mean 
optical density of Aβ plaques in the hippocampus of the AD group was significantly increased (P < 0.01). Compared with 

Figure 3 Taxonomic changes of intestinal fungal community of mice in each group. 
Notes: (A) Circos diagram at the phylum level. (B) Bar diagram at the genus level. (C-D) Comparison of abundance at the phylum level in each group. (E-F) Comparison 
of abundance at the family level in each group. (G-H) Comparison of abundance at the genus level in each group. Data were expressed as means ± SEM (n = 8), **P < 0.01 
versus the WT group; #P < 0.05, ##P < 0.01 versus the AD group. 
Abbreviations: AD, Alzheimer’s disease; WT, wild-type.
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the AD group, the mean optical density of Aβ plaques in the hippocampus of the Ac and Pr groups decreased 
dramatically (P < 0.01), but it was still markedly higher than that of the WT group (P < 0.01) (Figure 4C).

The concentrations of Aβ40 and Aβ42 in brain homogenate of mice in each group were detected by ELISA. The 
results indicated that the concentrations of Aβ40 and Aβ42 in the hippocampus of the AD group were obviously higher 
than those in the WT group (P < 0.01). The concentrations of Aβ40 and Aβ42 in the hippocampus of the Ac and Pr 

Figure 4 Aβ level of mice in each group. 
Notes: (A) Correlation analysis between the levels of Aβ40 and Aβ42 in hippocampus and intestinal fungal community at phylum level, *indicates a P < 0.05, ***indicates a P 
< 0.001. (B) Representative images of IF staining of Aβ in each group. The scale bar is 50 μm. (C) The mean optical density of Aβ in each group. (D-E) The concentrations 
of Aβ40 and Aβ42 in each group. Data were expressed as means ± SEM (n = 6), *P < 0.05, **P < 0.01 versus the WT group; #P < 0.05, ##P < 0.01 versus the AD group. 
Abbreviations: Aβ, β-amyloid; AD, Alzheimer’s disease; WT, wild-type; IF, immunofluorescence.
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groups were significantly lower than those in the AD group (P < 0.01 or P < 0.05), but still significantly higher than those 
in the WT group (P < 0.01 or P < 0.05) (Figure 4D and E).

Morphological Characteristics of Hippocampal Neurons of Mice in Each Group
In the WT group, neurons within the CA1 and CA3 regions of the hippocampus exhibited clear staining, were tightly 
arranged, and showed no significant reduction in number. The nuclei were round, and the nucleoli were distinct. 
Conversely, neurons in the AD group displayed disorganization, with poorly defined nuclei and evidence of nuclear 
consolidation. Subjectively, compared with the AD group, neurons in the Ac and Pr groups demonstrated more orderly 
arrangements, with better structural integrity and less nuclear condensation (Figure 5A). Furthermore, we used Nissl 
staining to evaluate neural state in the hippocampus of mice (Figure 5B). Nissl bodies were distributed in cell bodies and 
dendrites. The number of Nissl-positive neurons in the hippocampal CA1 and CA3 regions was significantly lower in 
the AD group than in the WT group. (P < 0.01). Compared with the AD group, the number of Nissl-positive neurons in 
the Ac and Pr groups increased significantly (P < 0.01 or P < 0.05), yet it remained markedly lower than that in the WT 
group (P < 0.01 or P < 0.05) (Figure 5C and D).

Discussion
The pathological aggregation of Aβ represents a hallmark neuropathological feature of AD, which induces progressive 
neurodegeneration through multiple mechanisms, ultimately resulting in synaptic dysfunction and cognitive decline.33 

Increasing evidence indicates that dysregulation of the microbe-gut-brain axis is implicated in the pathogenesis of 
neurodegeneration in AD.34 As a crucial component of the gut microbiome, intestinal fungi play a pivotal role in the 
progression of AD. Researches have demonstrated the occurrence of fungal microbiota dysbiosis in AD patients, which 
contributes to neuroinflammation and the accumulation of Aβ in the brain.1,14 Therefore, regulating the intestinal fungal 
community to reduce Aβ plaque burden in the brain may represent a potential therapeutic strategy for ameliorating 
cognitive dysfunction in AD. In this study, we confirmed that acupuncture could effectively ameliorate cognitive 
impairment of APP/PS1 mice, concomitantly reducing Aβ plaque burden in the hippocampus. In addition, acupuncture 
was found to improve the diversity of intestinal fungi and maintain the balance of the intestinal fungal community in 
APP/PS1 mice. These discoveries suggest that intestinal fungi may serve as a potential target for acupuncture in 
ameliorating cognitive dysfunction and brain amyloidosis in APP/PS1 mice.

In the behavioral test, our findings revealed no significant differences in swimming speeds among the various groups 
of mice, suggesting that their swimming abilities were equivalent. Consequently, any potential confounding effects of 
swimming ability on the experimental outcomes were effectively ruled out. Mice in the AD group exhibited poorer 
performance in the MWM test compared to the WT group, indicating that the cognitive ability of APP/PS1 mice was 
impaired, which aligns with the pathological characteristics of cognitive deficits observed in AD patients.35 Both 
acupuncture and probiotics markedly improved the cognitive function of APP/PS1 mice, and their therapeutic effects 
were comparable, which was consistent with our previous study.24

The deposition of Aβ in the hippocampus induces neuroinflammation and oxidative stress, which can cause 
neurodegenerative pathologies in AD.36 Moreover, Aβ is recognized as an upstream activator of pathological tau protein 
phosphorylation, which ultimately leads to neuronal death.37,38 It has been reported that cognitive decline in AD patients 
is closely related to Aβ deposition.39 Therefore, inhibiting Aβ aggregation or promoting its clearance in the brain is 
beneficial to alleviate nerve injury and delay the cognitive decline in AD. In this study, we identified numerous Aβ- 
positive plaques accompanied by substantial neuronal damage in the hippocampus of APP/PS1 mice. Elevated levels of 
Aβ40 and Aβ42 were also detected via ELISA in the AD group. Aβ40 and Aβ42 peptides are generated through the 
proteolytic cleavage of amyloid precursor protein (APP) by β- and γ-secretases. These peptides can aggregate in the 
brain, forming senile plaques that contribute to neuronal damage.40 Our research demonstrated that acupuncture 
significantly alleviated Aβ plaque load and neuronal loss in the hippocampus of APP/PS1 mice. This finding corresponds 
with prior research showing that acupuncture has been proven to improve cognitive function by reducing Aβ deposition 
and protecting neurons.41,42
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The formation of amyloid plaques is often associated with an imbalance in intestinal microbiota. The appearance of 
gut inflammation and microbial dysbiosis in AD model animals has been proved to precede the deposition of Aβ in the 
brain.43 Fecal transplants from healthy mice have demonstrated a reduction in Aβ levels and Tau protein phosphorylation 
in the brains of AD model mice, leading to improved behavioral outcomes.44 Although intestinal fungi represent only 
a minor component of the gut microbiome, their influence on the host organism is significant. Research indicates that the 
fungal microbiota is involved in the regulation of cognitive functions and behavior, playing a critical role in the 
pathogenesis of AD.12,14,45 Leonardi et al46 revealed that intestinal fungi can influence neuronal function through the 
brain-gut axis. Ye et al15 identified dysbiosis of the fungal microbiota in APP/PS1 mice, which aligns with the findings of 
our study. Specifically, our results demonstrated that APP/PS1 mice exhibited a reduced α-diversity index and signifi-
cantly altered β-diversity compared to C57BL/6 mice. Consistent with these findings, prior research has reported that 
fungal diversity within the gut microbiota of adults decreases progressively with age.47 In our study, acupuncture 
significantly enhanced the richness of the intestinal fungal communities in APP/PS1 mice, making the microbiota of 

Figure 5 HE and Nissl staining in CA1 and CA3 regions of hippocampus of mice in each group. 
Notes: (A) Representative images of HE staining. The scale bar is 60 μm. (B) Representative images of Nissl staining. The scale bar is 60 μm. (C) The number of Nissl 
staining positive cells in the CA1. (D) The number of Nissl staining positive cells in the CA3. Data were expressed as means ± SEM (n = 6), *P < 0.05, **P < 0.01 versus the 
WT group; #P < 0.05, ##P < 0.01 versus the AD group. 
Abbreviations: HE, hematoxylin and eosin; AD, Alzheimer’s disease; WT, wild-type.
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these animals more similar to that of healthy subjects. Furthermore, our analysis of community composition revealed 
substantial changes in the intestinal fungi of APP/PS1 mice across various taxonomic levels. The APP/PS1 mice treated 
with acupuncture showed a notable decrease in the abundance of Ascomycota, Aspergilaceae, Trichocomaceae, Candida, 
and unclassified-penicillium and a simultaneous increase in Basidiomycota. Interestingly, Wang et al16 reported 
a dramatic decrease in the abundance of Ascomycota and Basidiomycota phyla in Aβ1-42-injected AD rats. Another 
study indicated that the abundance of unclassified-sordariomycetes order was higher in the 3xTg-AD mice compared to 
the WT mice.48 These findings differed from the fungal alterations we observed in APP/PS1 mice, potentially attributable 
to the intricate interplay of multiple factors that influence the gut microbiota. The composition of the intestinal fungal 
microbiome can vary among individuals with different backgrounds of AD and experimental animal models. Previous 
research has demonstrated that Ascomycota and Basidiomycota are dominant in the composition of fungal microorgan-
isms, and the changes in their ratio often mean an imbalance in the fungal community, which is related to cognitive 
decline.14,49 Studies have found that Candida, Aspergilaceae and Trichocomaceae are dramatically enriched in the 
intestines of AD patients.1,50 The proliferation of Candida may induce intestinal inflammation and impair the intestinal 
mucosal barrier. Once the intestinal barrier is compromised, Candida can translocate into the bloodstream and subse-
quently breach the blood-brain barrier, where it can form hyphae, activate microglia, and promote amyloid deposition.51– 

53 Mycotoxins produced by Aspergillus can disrupt neuroimmune homeostasis and trigger neuroinflammation.54,55 

Penicillium, a member of the Ascomycota phylum, may disrupt the balance between intestinal fungi and bacteria, 
thereby increasing the risk of AD.56 Collectively, our data implied that acupuncture may exert a therapeutic effect 
on AD by mitigating intestinal fungal dysbiosis. It is crucial to emphasize that, while probiotics also possess the capacity 
to regulate the intestinal fungal community, the specific fungal taxa influenced by acupuncture differ from those affected 
by probiotic intervention. In our study, probiotics were found to alter the abundance of Basidiomycota, Aspergilaceae, 
Candida and unclassified-penicillium, yet had no significant impact on the abundance of Ascomycota and 
Trichocomaceae. This discrepancy may be attributed to the distinct action mechanisms of acupuncture and probiotics. 
Furthermore, the fungal species modulated by probiotics in our study differed from those reported by Ye et al,15 

potentially owing to the use of different probiotic strains.
We confirmed the relationship between intestinal fungi and the levels of Aβ40 and Aβ42 in the hippocampus of APP/ 

PS1 mice using Spearman analysis, which revealed a strong correlation between Aβ deposition and the abundance of 
Ascomycota, Basidiomycota and Mucoromycota. In conclusion, these findings suggest that intestinal fungi dysbiosis may 
contribute to the accumulation of Aβ in the brain and exacerbate the pathology of AD. The beneficial effects of 
acupuncture and probiotics on hippocampal Aβ deposition and cognitive function in APP/PS1 mice might be mediated 
by enhancing intestinal fungal diversity and modulating the composition of the fungal community. Ascomycota and 
Basidiomycota could serve as promising targets for acupuncture to reduce Aβ deposition.

Most notably, in our experimental design, the WT, AD, and Pr groups underwent the same mouse bag fixation 
procedures as the Ac group. This rigorous control measure ensures that any alterations observed in intestinal fungal 
composition and Aβ deposition in APP/PS1 mice can be attributed to the specific effects of the acupuncture intervention, 
independent of potential confounding factors associated with the restraint procedure. Such methodological considerations 
strengthen the validity of our conclusions regarding the specific therapeutic effects of acupuncture to a certain extent. 
Additionally, this restraint protocol was established and refined through our previous investigations,23,30,57 representing 
a well-optimized methodology that ensures optimal comfort for the animals during acupuncture treatment and greatly 
reduces stress responses.

Our research still has certain limitations. Although preliminary evidence supports the notion that acupuncture can 
ameliorate Aβ deposition and cognitive impairment by balancing intestinal fungi, we have not yet been able to conduct 
reverse validation of these findings. Future studies should incorporate a treatment group in which acupuncture is 
administered concurrently with antifungal agents, such as fluconazole, to eliminate intestinal fungi. This approach 
aims to further substantiate the hypothesis that intestinal fungi serve as a potential target for the neuroprotective effects 
of acupuncture.
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Conclusion
Our study reconfirmed that acupuncture could improve the cognitive impairment of APP/PS1 mice, reduce the Aβ plaque burden 
in the brain, and protect neurons. We identified for the first time that acupuncture could increase the diversity of intestinal fungi 
and modulate the composition of the intestinal fungal community in APP/PS1 mice. This modulation is characterized by 
a decrease in the abundance of Ascomycota, Aspergilaceae, Trichocomaceae, Candida, and unclassified-penicillium, alongside 
an increase in Basidiomycota. Additionally, we speculated that the beneficial effects of acupuncture on Aβ deposition and 
cognitive function in APP/PS1 mice might be achieved by regulating the intestinal fungal community.
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