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Ning Ding**, Xin Hao?, Yue Zhang?, Yanxiang Zhang?® and
Zhigang Li?
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Background: Gut microbiota dysbiosis is closely related to the occurrence
and progression of Alzheimer’s disease (AD). The destruction of the intestinal
mucosal barrier caused by a decrease in short-chain fatty acids (SCFAs) plays
a key role in gut microbiota dysbiosis-induced neuroinflammation in AD. Our
previous research confirmed for the first time that manual acupuncture (MA)
can benignly modulate gut microbiota dysbiosis, alleviating the destruction of
the intestinal mucosal barrier. However, the regulatory effect of MA on SCFAs
remains elusive, and the underlying mechanism by which MA improves intestinal
mucosal barrier function requires elucidation.

Methods: In the APP/PS1 manual acupuncture (Am) group, MA was applied at
Baihui (GV20), Yintang (GV29), and Zusanli (ST36). Probiotics were delivered to
the APP/PS1 probiotic (Ap) group. Alterations in spatial learning and memory,
intestinal barrier function, SCFAs in feces and serum, the expression of FFAR3
and NF-xB, and inflammatory cytokines were evaluated in each group.

Results: Compared with those in the C57BL/6 control (Cc) group, cognitive
ability was significantly decreased, SCFAs and FFAR3 expression were obviously
decreased, intestinal barrier integrity was drastically impaired, and the expression
of NF-kB and the levels of intestinal IL-18 and TNF-a were increased in the APP/
PS1 control (Ac) group. These changes were reversed by MA and probiotics.

Conclusion: MA can significantly reduce intestinal inflammation and alleviate
destruction of the intestinal mucosal barrier in APP/PS1 mice. SCFAs/FFAR3/NF-
kB may be important targets through which MA benignly regulates intestinal
mucosal barrier function.

KEYWORDS

manual acupuncture, Alzheimer’s disease, short chain fatty acids (SCFAs), FFAR3,
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Introduction

In the past decade, gut microbiota dysbiosis has been shown to
be closely related to the occurrence and progression of Alzheimer’s
disease (AD) and has been confirmed as an early diagnostic biomarker
and effective therapeutic target for AD (Zou et al, 2023). Gut
microbiota dysbiosis-induced neuroinflammation is one of the core
pathological mechanisms of AD (Choi et al., 2022), and disruption of
the intestinal mucosal barrier plays a key role in the pathological
cascade of AD induced by gut microbiota dysbiosis (Chidambaram
et al,, 2022). As one of the important initial pathological changes in
AD, distinctive gut microbiota dysbiosis in AD disrupts the intestinal
mucosal barrier, induces systemic inflammation, damages the blood-
brain barrier (BBB), causes intestinal and brain leakage, leads to a
neuroinflammatory response in the central nervous system, and
ultimately impairs cognitive function (Choi et al., 2022; Wang, 2023).
Benign regulation of the gut microbiota, such as probiotic
supplementation and fecal transplantation, can alleviate
neuroinflammatory reactions among individuals with AD and
improve cognitive function, which is currently considered the most
effective immune regulation target for the gut-brain axis (Yoshikawa
etal., 2022).

As the main signaling molecules of the gut-brain axis, short-
chain fatty acids (SCFAs) play important roles in regulating central
neuroinflammation and intestinal barrier function (Sorboni et al.,
2022; Alminen, 2023). SCFAs are saturated fatty acids with fewer
than 6 carbon atoms, mainly propionate, butyrate, and acetate,
which are mainly produced by the anaerobic digestion of dietary
fiber by the gut microbiota. Both clinical and animal studies have
confirmed that SCFAs-producing bacteria and SCFAs levels are
significantly reduced in AD (Nandwana et al., 2022; Choi and
Mook-Jung, 2023). A decrease in SCFAs can affect the expression
of tight junction proteins in endothelial cells, leading to dysfunction
of the intestinal mucosal barrier and BBB and inducing intestinal
and brain leakage (Bicknell et al., 2023; Gong et al., 2023). More
importantly, SCFAs, as inhibitors of HDACs and activators of
GPCRs, can exert anti-inflammatory effects by inhibiting the ERK/
JNK/NF-kB pathway (Zhong et al., 2021; Choi and Mook-Jung,
2023). Research has shown that SCFAs bind to FFAR3, inhibiting
the NF-xB pathway and significantly reducing the expression of
inflammatory cytokines such as IL-18 and TNF-a (Chen et al,,
2022; Wasén et al., 2022). This action of SCFAs directly alleviates
local intestinal inflammation and protects the function of the
intestinal mucosal barrier. In addition, it causes changes in
intestinal pH levels, which promote the proliferation of
opportunistic pathogens (Mar¢ et al., 2022), increase the levels of
proinflammatory mediators such as lipopolysaccharides (LPS) and
induce central invasion of proinflammatory mediators, ultimately
exacerbating neuroinflammatory reactions and cognitive
impairment (Faulin and Estadella, 2023; Krishaa et al., 2023).
Additionally, SCFAs from the intestine can enter the central nervous
system and directly regulate the functional homeostasis of
microglia, which plays an important role in the regulation of central
nervous system inflammation by the gut microbiota (Singh et al.,
2022; Yadav et al., 2023).

Acupuncture is an effective complementary treatment for AD as
it ameliorates cognitive function and enhances the quality-of-life, with
advantages such as fewer adverse reactions, economic convenience,
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and good compliance (Ke et al., 2024; Lin et al., 2024). Our previous
studies have shown that manual acupuncture (MA) improves spatial
cognitive function in AD mice (Ding et al., 2019) and alleviates
pathological markers such as Ap deposition (Jiang et al., 2019). At the
same time, MA increases cerebral blood flow in relevant brain regions
by regulating the PLA,-AA pathway (Ding et al., 2019; Ding et al,,
2020). In addition, our previous studies showed that MA
downregulated the NLRP3/Caspasel and TLR4/NF-kB pathways in
microglia and alleviated microglial polarization imbalance and
neuroinflammation (Ding et al., 2017; Lu et al., 2019). Regarding the
intestinal mechanism of MA against AD, studies have reported that
acupuncture can increase microbial diversity and improve AD
symptoms by regulating the gut brain axis (Zou et al., 2024). The
specific mechanism includes suppression of peripheral and central
nervous system inflammation reactions through stimulation of the
vagus nerve in the gut and enhancement of the immune response by
metabolites of the gut microbiota. Our previous research confirmed
for the first time that manual acupuncture (MA) can benignly
modulate gut microbiota dysbiosis, effectively alleviating the
destruction of the intestinal mucosal barrier in APP/PS1 mice,
significantly increasing the expression of the intestinal tight junction
proteins occludin and ZO-1 (Hao et al., 2022), and decreasing LPS
loading and systemic inflammation (Zhang et al., 2022). In addition,
we found that the gut microbiota may play an important role in the
improvement of cognitive function and intestinal barrier function by
MA (Hao et al,, 2022; Zhang et al., 2022). However, the regulatory
effect of MA on SCFAs remains elusive, and the underlying
mechanism by which MA improves intestinal mucosal barrier
function needs to be elucidated. This study aimed to investigate the
regulatory effect of MA on SCFAs and determine the key intestinal
molecules involved in MA regulation of intestinal mucosal
barrier function.

Materials and methods
Experimental animals

Male APP/PS1 mice and male C57BL/6 mice were purchased
from the Cavens Biogle Academy of Model Animal Research (Suzhou)
(animal lot: SCXK-Su-2018-0002). Both types of mice weighed
30.0 + 2.0 g and were 6 months old. The animals were housed in
Experimental Animal Center of Beijing University of Chinese
Medicine at a controlled temperature (24 + 2°C) and under a 12-h
dark/light cycle, with sterile drinking water and a standard pellet diet
available ad libitum. All experimental procedures and animal welfare
tests were approved by the Animal Ethics Committee of Guanganmen
Hospital (ethics number: TACUC-GAMH-2024-014-SQ).Animal
Grouping and Intervention.

A total of 12 C57BL/6 mice were used as the control (Cc) group,
and 36 APP/PS1 mice were divided into three groups (n =12 per
group): the APP/PSI control (Ac) group, the APP/PS1 manual
acupuncture (Am) group, and the APP/PS1 probiotics (Ap) group.

The mice in the Am group were immobilized in mouse bags.
Disposable sterile acupuncture needles (0.25 mm X 13 mm)
(Beijing Zhongyan Taihe Medicine Company, Ltd.) were used.
MAs at Baihui (GV20), Yintang (GV29), and Zusanli (ST36) were
applied for 20 min, with transverse puncturing at a depth of 3 mm
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(Baihui and Yintang) and perpendicular puncturing at a depth of
4 mm (Zusanli). The mice in the Ap group were administered
probiotics at 8.7 x 10° CFU/g/day (Beijing Zhongke Yikang
Biotechnology Company, Ltd.) by oral gavage. The above
treatments were administered once a day for 36 consecutive days,
with no treatment of the Cc and Ac groups. The mice in the Cc,
Ac, and Ap groups were immobilized for 20 min in the same
manner as the mice in the Am group. The duration of MA and
selection of the acupoints were based on findings from our
previous studies (Hao et al., 2022; Zhang et al., 2022).

Animal handling and sample collection

For the experimental procedures, 12 mice from each group
underwent the Morris water maze (MWM) test between Days 31
and 35. On Day 36, six mice from each group were randomly
selected for intestinal permeability assessment, followed by
immunofluorescent (IF) staining of small intestinal tissues
(ileum). Fresh feces and serum were collected from six mice per
group were collected for high performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS)
analysis, and small intestinal tissues (ileum) were subjected to
western blotting (WB) and enzyme-linked immunosorbent assay
(ELISA). The timeline of experimental design is presented in

Supplementary Figure S1.

MWM

Mice in each group were subjected to the hidden platform trial
and the probe trial. The MWM test we used in this study has been
described previously (Tian et al., 2019). In the hidden platform
trial, the platform was positioned in the middle of the SW
quadrants. Each mouse was released from one of four start
locations and had 60 s to search for the hidden platform. At the
end of each trial, the mouse was placed on the platform or allowed
to stay there for 10s. 4 trials per day were performed for 5
consecutive days. The escape latency in the hidden platform trial
was recorded for subsequent analysis.

The probe trial was conducted on the day after the completion
of the hidden platform test. The platform was removed and each
mouse was placed in the pool once for 60s. The platform
crossover number and swimming trace were recorded. The data
was automatically collected by a video camera (TOTA-450d,
Japan) fixed to the ceiling and connected to a video recorder with
an automated tracking system (China Daheng Group, China).

Intestinal permeability assessment

The mice were given 4 kDa FITC-dextran (Sigma-Aldrich, St.
Louis, MO, United States) by oral gavage (0.6 mg/g) as previously
described (Cani et al., 2008). After 4 h, blood was taken from the
eyeball and centrifuged. The concentrations of FITC were
determined in 100 pL serum samples with an excitation
wavelength of 485 nm and an emission wavelength of 535 nm.

IF staining

Small intestine tissues were fixed with paraformaldehyde and
sectioned via a freezing microtome (CM 1900, Leica Corporation,
Germany). For IF staining, the sections were washed in 0.1 M PBS
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and blocked in 0.1 M PBS containing 10% normal donkey serum
and 0.5% Triton X-100 for 30 min. The sections were treated with
rabbit FFAR3 antibody (1:100, Abcam, United States) or rabbit
NE-xB p65 antibody (1:100, Abcam, United States) and incubated
overnight. After being washed, the sections were exposed to Alexa
Fluor 488-conjugated donkey anti-rabbit IgG (1:100, Abcam,
United States). Finally, the sections were washed with PBS and
stained with DAPI (DAPI, Abcam, Netherlands). After washing
with PBS, the sections were observed under a confocal laser
scanning microscope (SP8, Leica, United States).

Identical exposure times and image settings were used for
each experiment. For each sample, three fields of view were
randomly selected for detection (Ding et al., 2020). The mean
optical densities of FFAR3 and NF-kB p65 were analyzed
via Image].

UPLC-MS/MS

Approximately 300 mg of each fecal sample and 150 pL of
each serum sample were precisely weighed, and 50% aqueous
acetonitrile was added, followed by vortexing for 5 min to extract
the SCFAs. After centrifugation, the clear supernatants were
collected. SCFAs were measured as previously described (Han
et al., 2015). The contents of SCFAs in the feces and serum were
compared between the groups.

WB analysis

After homogenization and protein extraction, SDS-PAGE was
performed with an 8% separating gel and a 5% stacking gel, and
the proteins were subsequently transferred to a PVDF membrane.
The membranes were subsequently incubated with an anti-NF-xB
p65 antibody (1:500, Abcam, United States), an anti-FFAR3
antibody (1:500, Abcam, United States), and an anti-f-actin
antibody (1:500, Bioss, United States). Secondary antibodies
conjugated to horseradish peroxidase (HRP) were added for 1 h,
and the proteins were detected via an enhanced chemiluminescence
(ECL) luminescent solution. All the bands were normalized to
their corresponding p-actin expression levels for the appropriate
evaluation of protein expression.

ELISA analysis

After homogenization of the small intestine tissues, the
supernatant was collected. The concentrations of IL-1p and
TNF-a in the intestine were determined via ELISA kits (Oubei
Biotechnological Co. Ltd., Beijing).

Statistical analysis

The statistical analysis was performed via SPSS software,
version 17.0 (SPSS, Inc., Chicago, IL, United States), and the data
are expressed as the means + standard errors of the means.
Two-way ANOVA with repeated measures was used to analyze
group differences in escape latency. One-way ANOVA followed by
the least significant difference (LSD) multiple-range test was used
to analyze group differences. For non-normally distributed data
or for data with heterogeneous variance, a Kruskal-Wallis test was
used. Statistical significance was set to p < 0.05, and high statistical
significance was set to p < 0.01.
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Results of the hidden platform and probe trials in each group (n = 12, mean + SEM). (A) Comparison of the escape latency of all groups on the hidden
platform. Two-way ANOVA with repeated measures was used. The LSD-t results are presented in Supplementary Table S1. (B) Comparison of the
platform crossover numbers of all groups. Platform crossover numbers were analyzed via the Kruskal-Wallis test. (C) Swimming trajectories in all
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FIGURE 1
groups. **p < 0.01, *p < 0.05 compared with the Cc group. #p < 0.01, *p < 0.05 compared with the Ac group.

Results

Effect of MA on spatial learning and
memory

The results of the hidden platform and probe trials in the MWM are
presented in Figure 1. In the hidden platform trial, the escape latency of
the Cc, Am and Ap groups decreased gradually, but the Ac group
maintained a long latency. There were no significant group differences
in escape latency on Days 1-2. Compared with that in the Cc group, the
escape latency in the Ac group significantly increased from Days 3-5
(p < 0.01). The escape latency of the Ap group was notably greater than
that of the Cc group from Days 3-5 (p < 0.01 or p < 0.05). Compared
with that in the Ac group, the escape latency in the Am and Ap groups
substantially decreased from Days 3-5 and Day 5, respectively (p < 0.01).

The platform crossover number in the Ac and Ap groups was
significantly lower than that in the Cc and Am groups (p < 0.01 or
p <0.05). The platform crossover numbers in the Am and Ap groups
were greater than those in the Ac group (p <0.01), whereas the
platform crossover frequency was still lower than that in the Cc group
(p < 0.01). For the search strategy, the swimming activity was mostly
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concentrated in the targeted quadrant in the Cc, Am, and Ap groups.
In contrast, the swimming activity in the Ac group was mostly
random. A comparison of the swimming speeds of all the groups in
the behavioral tests is presented in Supplementary Figure S2, and no
significant group differences were observed.

Effect of MA on SCFAs in the feces and
serum

The effects of MA on SCFAs in the feces and serum are presented
in Figure 2. In the feces, the contents of acetate, isobutyrate, valerate,
isovalerate, and propionate in the Ac, Am, and Ap groups were
significantly lower than those in the Cc group (p < 0.01 or p < 0.05).
The content of butyrate in the Ac group was significantly lower than
that in the Cc group (p < 0.01). Compared with those in the Ac
groups, the contents of isobutyrate, butyrate, and valerate in the Ap
group and of butyrate, valerate, isovalerate, and propionate in the
Am group were markedly greater (p < 0.01 or p < 0.05).

In the serum, the contents of acetate and propionate in the Ac,
Am, and Ap groups were significantly lower than those in the Cc
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FIGURE 2

SCFAs results for each group (n = 6, mean + SEM). (A) Comparison of SCFAs levels in the feces of all the groups. One-way ANOVA followed by the
least significant difference (LSD) multiple-range test was used, except for the comparisons of isobutyrate, valerate, and isovalerate, which were
analyzed via the Kruskal-Wallis test. (B) Comparison of the SCFAs in the serum of all the groups. Acetate and propionate were analyzed by the Kruskal-
Wallis test. (C,D) Pearson correlation analysis of acetate and propionate concentrations in feces and serum. The LSD-t test and chi-square test results

are presented in Supplementary Tables S2, S3.

group (p < 0.01 or p < 0.05). Compared with those in the Ac groups,
the contents of acetate and propionate in the Am group and propionate
in the Ap group were notably greater (p < 0.05). Pearson correlation
analysis revealed a positive correlation between acetate in the feces
and serum of the mice (r = 0.470, p = 0.020), and there was a positive
correlation between propionate in the feces and serum of the mice
(r=0.705, p < 0.001).

Effect of MA on the expression of FFAR3
and NF-kB in the intestine

The effects of MA on the expression of FFAR3 and NF-kB in the
intestine are presented in Figure 3. FFAR3 and NF-kB are found
mainly in the lamina propria of the intestine and are ovoid in shape.
The fluorescence intensity of FFAR3 in the Ac group was lower than
that in the Cc group, whereas the fluorescence intensity of NF-kB
in the Ac group was greater than that in the Cc group. Compared
with that of the Ac group, the fluorescence intensity of FFAR3 was
greater in the Am and Ap groups. The fluorescence intensity of
NF-kB in the Am and Ap groups was lower than that in the
Ac group.

The mean optical density and relative expression of FFAR3 in the
Ac group were significantly lower than those in the Cc group
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(p < 0.01). Compared with those in the Ac group, the mean optical
density and relative expression of FFAR3 in the Am and Ap groups
were markedly greater (p <0.01). The mean optical density and
relative expression of NF-kB in the Ac group were significantly greater
than those in the Cc group (p < 0.01). The mean optical density and
relative expression of NF-kB in the Am and Ap groups decreased
markedly (p < 0.01).

Effect of MA on the
inflammatory cytokines.

intestinal mucosal barrier and

The effects of MA on the intestinal mucosal barrier and
inflammatory cytokines are presented in Figure 4. The levels of FITC-
dextran, IL-1p, and TNF-« in the Ac group were significantly greater
than those in the Cc group (p < 0.01). Markedly lower FITC-dextran,
IL-1p, and TNF-o levels were detected in the Am and Ap groups than
in the Ac group (p < 0.01). FITC-dextran in the Ap group was greater
than that in the Cc and Am groups (p < 0.01 or p < 0.05). IL-1f and
TNF-a levels were greater in the Am and Ac groups than in the Cc
group (p < 0.01 or p < 0.05).

Discussion

In the hidden platform trial of the Morris water maze, the decreasing
trend of the escape latency in the Am group was more apparent and
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Supplementary Figures S3, S4

Results of FFAR3 and NF-kB expression in each group (n = 6, mean + SEM). (A) Representative images of immunofluorescence staining of FFAR3 and
NF-kB in each group. The positively stained cells are indicated by white arrows. The scale bar is 20 pm. (B,C) Comparison of the mean optical density
of FFAR3 and NF-kB in each group. (D,E) Comparison of the relative expression of FFAR3 and NF-kB in each group. One-way ANOVA followed by the
least significant difference (LSD) multiple range test was used. The LSD-t results and original data are presented in Supplementary Tables S3, S4;
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rapid than that in the Ap group. The escape latency of the Am group was
significantly lower than that of the Ac group beginning on Day 3,
whereas the escape latency of the Ap group was significantly lower than
that of the Ac group beginning on Day 5. There was no significant
difference in escape latency between the Am and Cc groups, but the
escape latency of the Ap group remained significantly greater than that
of the Cc group from Days 3 to 5. The results indicated that MA has
characteristics of improved efficiency and rapidity in terms of spatial
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learning ability, which is to some extent superior to probiotics. This trend
was also reflected in the probe trial; although both the Am and Ap
groups showed significant improvement compared with the Ac group,
the platform crossover number in the Am group was significantly greater
than that in the Ap group, reflecting the advantage of MA in spatial
memory. The results of this study are consistent with our previous
findings (Ding et al., 2019), indicating a specific advantage of MA in
improving spatial cognitive ability. The MA intervention protocol used
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FIGURE 4
Results of the intestinal mucosal permeability and inflammatory cytokines in each group (n = 6, mean + SEM). (A) Comparison of FITC-dextran in all
groups. One-way ANOVA was used. (B) Comparison of the IL-1f and TNF-a levels among all the groups. The Kruskal-Wallis test was used. The LSD-t
test and chi-square test results are presented in Supplementary Tables S2, S3.

in this study can improve the cognitive function of APP/PS1 mice and
provide useful references for similar research. The results also suggest
that probiotics have beneficial regulatory effects on cognitive function,
which is consistent with relevant research (Zhu et al., 2023). We inferred
that the advantages of MA in improving cognitive function may
be related to its multitarget characteristics. Our previous studies revealed
that the regulatory effect of MA on AD pathological processes is not
limited to regulating intestinal microbiota dysbiosis; MA can also
alleviate neuroinflammation (Ding et al., 2017; Jiang et al., 2018; Lu et al.,
2019), improve cerebral blood flow (Ding et al., 2019), enhance brain
metabolism (Jiang et al., 2015), and reduce the expression of pathological
markers (Jiang et al., 2019). Subsequent studies should explore the effects
of MA on cognitive function in APP/PS1 mice of different ages and
further explore the time and effect patterns of MA in improving
cognitive function.

Both the SCFAs content in the feces and the serum was significantly
reduced in APP/PS1 mice, which is consistent with relevant research
findings (Nandwana et al., 2022), indicating that the pathological
changes in SCFAs in 6-month-old APP/PS1 mice are associated with a
decrease in the number of SCFAs in AD and can serve as effective
research objects. These results indicate that MA and probiotics have clear
regulatory effects on SCFAs in feces and serum and that there is a positive
correlation between the levels of acetate and propionate in serum and
feces. This result confirms, for the first time, that MA can effectively
regulate AD pathological changes in intestinal and serum SCFAs
disorders, which corresponds to our previous findings of the benign
regulation of MA on gut microbiota dysbiosis (Hao et al., 2022; Zhang
etal., 2022). SCFAs maybe the key effector molecules in MA regulation
of gut microbiota disorders and may possibly play an important role in
the regulation of cognitive function by MA. Given that SCFAs play
important roles in regulating immune cell function and protecting
barrier function in AD (Qian et al., 2022), these results suggest that the
benign regulation of SCFAs may be an important link in MA to improve
cognitive function. In regulating the SCFAs, propionate, butyrate, and
acetate contents to the greatest extent, MA can upregulate the levels of
propionate, butyrate, and acetate. Among them, propionate and acetate
had statistically significant effects on feces and serum, whereas butyrate
had a statistically significant effect on serum, which was superior to that
of the Ap group. Additionally, the results showed that MA and probiotics
have relative specificity in regulating SCFAs. In the feces, MA mainly
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reflects the regulation of isobutyrate and propionate, whereas probiotics
predominantly regulate isobutyrate and butyrate, with both
demonstrating significant regulatory effects on valerate. The multi-target
regulatory trends of SCFA observed in this study are consistent with the
findings of related research (Tian et al., 2024a). Previous studies have
demonstrated that SCFAs are produced mainly by Firmicutes and
Bacteroidetes (Borbolis et al., 2023), and these bacterial phyla are key
targets for interventions aiming to modulate SCFA production (Tian
etal, 2022; Tian et al,, 2024b). Our previous studies also revealed that
MA can significantly increase the abundance of Bacteroidetes in APP/
PS1 mice and positively regulate the level of Firmicutes (Hao et al.,, 2022),
which may be a potential mechanism by which MA can regulate SCFAs
in a benign manner. Additionally, our previous studies revealed a certain
degree of separation between MA and probiotics in the f diversity
analysis of the gut microbiota (Hao et al., 2022), suggesting that MA and
probiotics have different regulatory effects on the gut microbiota.
Therefore, the different targeted microbiota are considered one of the
main reasons for the heterogeneity in regulating SCFAs between MA and
probiotics. Combined with correlation analysis with 16S rRNA
sequencing, the key microbiota targeted by MA in the regulation of
SCFAs should be identified, and the intervention effect of MA on brain
SCFAs should be explored to further clarify the key SCFAs involved in
MA regulation.

This study found that MA can significantly reduce the levels of
IL-1f and TNF-a in the intestine and decrease FITC levels, which is
the same effect as probiotics. The results confirmed that MA
improved intestinal inflammation levels and protected intestinal
mucosal permeability, which was consistent with our previous
findings (Hao et al., 2022), indicating the anti-inflammatory effect of
MA at the intestinal level. Research has shown that SCFAs are
important regulatory factors that mediate NF-«B signaling and are
key regulators of intestinal permeability (Li et al., 2021; Krishaa et al.,
2023). To the best of our knowledge, this study is the first to report
that MA can significantly reverse the decrease in FFAR3 expression
in the intestine of APP/PS1 mice and inhibit downstream NF-xB
expression, suggesting that SCFAs/FFAR3/NF-kB may be an
important target for the benign regulation of intestinal mucosal
barrier function in MA, further revealing the potential mechanism
by which MA reduces intestinal inflammation. On the basis of our
existing research (Hao et al., 2022; Zhang et al., 2022), we inferred
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that MA may increase SCFAs levels by regulating gut microbiota
dysbiosis, alleviate intestinal inflammation levels through the FFAR3/
NF-kB pathway, and ultimately protect the intestinal mucosal barrier.
Research has shown that immune cells, intestinal endocrine cells, and
other cells all express SCFAs receptors, which can promote GLP-1/
PSY secretion through GPR41/43 and inhibit inflammatory responses
through the GPR109A and HDAC pathways (Lee et al., 2021; Mirzaei
et al., 2021) involved in decreasing intestinal anti-inflammatory
effects caused by MA need further exploration. In addition, although
there was no significant difference in the regulatory effects of MA and
probiotics on FFAR3 and NF-kB, the benign regulatory effect of MA
on intestinal mucosal barrier permeability was greater than that of
probiotics, which was reflected by the statistically significant
difference in FITC-dextran between the Am and Ap groups,
indicating that the regulation of intestinal mucosal barrier function
by MA may not be limited to anti-inflammatory mechanisms.
Further exploration of the structural basis and molecular mechanisms
of MA in regulating intestinal mucosal permeability is needed in
future studies.

This study has some noteworthy limitations. First, while there are
currently no published reports on the effects of long-term gavage-
related stress on microbiota and cognition, the possibility of
interference from related procedures cannot be excluded. In future
studies, incorporating supplementation through feed or water may
help mitigate some of these potential effects. In addition, germ-free
mice or fecal microbiota transplantation could be used in subsequent
studies to further validate the role of microbiota in MA regulation of
the intestinal mucosal barrier. Second, the specificity of MA and
probiotics in regulating SCFA, as observed in this study, requires
further validation by increasing the sample size. Also, the use of
multi-omics approaches, including 16S rRNA sequencing and
metabolomic analysis, could provide a deeper understanding of the
regulatory effects of MA on SCFA and its target microbiota. In
addition, existing studies suggest that the regulatory mechanism of
SCFA on the NF-kB pathway include not only the upregulation of
FFAR3 expression and inhibition of the ERK pathway but also the
activation of the MAPK pathway via FFAR2 (Luo et al, 2024).
Further research should elucidate the roles of SCFAs and their
pathways in MA-mediated regulation of intestinal inflammation.

Conclusion

This result confirms, for the first time, that MA can regulate AD
pathological changes in intestinal and serum SCFAs disorders, which
may play an important role in the regulation of cognitive function by
MA. SCFAs maybe the key effector molecules in MA-mediated
regulation of gut microbiota disorders. Additionally, MA significantly
reversed the decrease in FFAR3 expression in the intestine of APP/PS1
mice and inhibited downstream NF-kB expression, suggesting that
SCFAs/FFAR3/NF-kB may be important targets through which MA
benignly regulates intestinal mucosal barrier function.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Frontiers in Neuroscience

10.3389/fnins.2025.1509581

Ethics statement

The animal study was approved by Animal Ethics Committee of
Guang’anmen Hospital. The study was conducted in accordance with
the local legislation and institutional requirements.

Author contributions

ND: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization, Writing —
original draft, Writing - review & editing. XH: Data curation, Investigation,
Writing - original draft. YuZ: Software, Visualization, Writing - original
draft. YaZ: Data curation, Investigation, Visualization, Writing — original
draft. ZL: Conceptualization, Supervision, Writing — original draft.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article. This
research was supported by the National Natural Science
Foundation of China (No. 82004482) and China Academy of
Chinese Medical Sciences Fund for Excellent Young Scholars
(2714-YQ-012). This work also granted from the Young Elite
Scientists Sponsorship Program by BAST (BYESS2023339), The
Escort Project of Guang’ anmen Hospital (GAMHH9324003), and
High Level Chinese Medical Hospital Promotion Project
(HLCMHPP2023003).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material
The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnins.2025.1509581/

full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fnins.2025.1509581
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2025.1509581/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2025.1509581/full#supplementary-material

Ding et al.

References

Alminen, A. (2023). Activation of aryl hydrocarbon receptor (AhR) in Alzheimer's
disease: role of tryptophan metabolites generated by gut host-microbiota. J. Mol. Med.
101, 201-222. doi: 10.1007/s00109-023-02289-5

Bicknell, B., Liebert, A., Borody, T., Herkes, G., McLachlan, C., and Kiat, H. (2023).
Neurodegenerative and neurodevelopmental diseases and the gut-brain Axis: the
potential of therapeutic targeting of the microbiome. Int. J. Mol. Sci. 24:9577. doi:
10.3390/ijms24119577

Borbolis, E, Mytilinaiou, E., and Palikaras, K. (2023). The crosstalk between
microbiome and mitochondrial homeostasis in neurodegeneration. Cells 12:429. doi:
10.3390/cells12030429

Cani, P. D,, Bibiloni, R., Knauf, C., Waget, A., Neyrinck, A. M., Delzenne, N. M., et al.
(2008). Changes in gut microbiota control metabolic endotoxemia-induced
inflammation in high-fat diet-induced obesity and diabetes in mice. Diabetes 57,
1470-1481. doi: 10.2337/db07-1403

Chen, H., Meng, L., and Shen, L. (2022). Multiple roles of short-chain fatty acids in
Alzheimer disease. Nutrition 93:111499. doi: 10.1016/j.nut.2021.111499

Chidambaram, S. B., Essa, M. M., Rathipriya, A. G., Bishir, M., Ray, B.,
Mahalakshmi, A. M., et al. (2022). Gut dysbiosis, defective autophagy and altered
immune responses in neurodegenerative diseases: Tales of a vicious cycle. Pharmacol.
Ther. 231:107988. doi: 10.1016/j.pharmthera.2021.107988

Choi, H,, Lee, D., and Mook-Jung, I. (2022). Gut microbiota as a hidden player in the
pathogenesis of Alzheimer's disease. J. Alzheimers Dis. 86, 1501-1526. doi: 10.3233/
JAD-215235

Choi, H., and Mook-Jung, I. (2023). Functional effects of gut microbiota-derived
metabolites in Alzheimer's disease. Curr. Opin. Neurobiol. 81:102730. doi: 10.1016/j.
conb.2023.102730

Ding, N, Jiang, J., Lu, M., Hu, J., Xu, Y,, Liu, X,, et al. (2017). Manual acupuncture
suppresses the expression of Proinflammatory proteins associated with the NLRP3
Inflammasome in the Hippocampus of SAMP8 mice. Evid. Based Complement. Alternat.
Med. 2017:3435891. doi: 10.1155/2017/3435891

Ding, N,, Jiang, J., Tian, H., Wang, S., and Li, Z. (2020). Benign regulation of the
astrocytic phospholipase A2-arachidonic acid pathway: the underlying mechanism of
the beneficial effects of manual acupuncture on CBE Front. Neurosci. 13:1354. doi:
10.3389/fnins.2019.01354

Ding, N,, Jiang, J., Xu, A., Tang, Y., and Li, Z. (2019). Manual acupuncture regulates
behavior and cerebral blood flow in the SAMP8 mouse model of Alzheimer's disease.
Front. Neurosci. 13:37. doi: 10.3389/fnins.2019.00037

Faulin, T. D. E. S., and Estadella, D. (2023). Alzheimer’s disease and its relationship
with the microbiota-gut-brain axis. Arg. Gastroenterol. 60, 44-154. doi: 10.1590/
S0004-2803.202301000-17

Gong, Y., Chen, A., Zhang, G., Shen, Q,, Zou, L., Li, J., et al. (2023). Cracking brain
diseases from gut microbes-mediated metabolites for precise treatment. Int. J. Biol. Sci.
19, 2974-2998. doi: 10.7150/ijbs.85259

Han, ], Lin, K., Sequeira, C., and Borchers, C. H. (2015). An isotope-labeled chemical
derivatization method for the quantitation of short-chain fatty acids in human feces by
liquid chromatography—tandem mass spectrometry. Anal. Chim. Acta 854, 86-94. doi:
10.1016/j.aca.2014.11.015

Hao, X., Ding, N., Zhang, Y., Yang, Y., Zhao, Y., Zhao, J., et al. (2022). Benign
regulation of the gut microbiota: the possible mechanism through which the beneficial
effects of manual acupuncture on cognitive ability and intestinal mucosal barrier
function occur in APP/PS1 mice. Front. Neurosci. 16:960026. doi: 10.3389/
fnins.2022.960026

Jiang, J., Ding, N., Wang, K., and Li, Z. (2018). Electroacupuncture could influence
the expression of IL-1f and NLRP3 Inflammasome in Hippocampus of Alzheimer's
disease animal model. Evid. Based Complement. Alternat. Med. 2018:8296824. doi:
10.1155/2018/8296824

Jiang, J., Gao, K., Zhou, Y., Xu, A., Shi, S., Liu, G., et al. (2015). Electroacupuncture
treatment improves learning-memory ability and brain glucose metabolism in a mouse
model of Alzheimer's disease: using Morris water maze and Micro-PET. Evid. Based
Complement. Alternat. Med. 2015:142129. doi: 10.1155/2015/142129

Jiang, J., Liu, G., Shi, S., Li, Y., and Li, Z. (2019). Effects of manual acupuncture
combined with donepezil in a mouse model of Alzheimer's disease. Acupunct. Med. 37,
64-71. doi: 10.1136/acupmed-2016-011310

Ke, C,, Shan, S., Yu, J., Wei, X,, Pan, ], and Zhang, W. (2024). Acupuncture for patients
with Alzheimer's disease: an evidence map of randomized controlled trials, systematic
reviews, and meta-analysis. J. Alzheimers Dis. 2024:13872877241295400. doi:
10.1177/13872877241295400

Krishaa, L., TKS, N., Wee, H. N., and Ching, J. (2023). Gut-brain axis through the lens
of gut microbiota and their relationships with Alzheimer’s disease pathology: review and
recommendations. Mech. Ageing Dev. 211:111787. doi: 10.1016/j.mad.2023.111787

Lee, J. G., Cho, H. ], Jeong, Y. M, and Lee, J. S. (2021). Genetic approaches using
zebrafish to study the microbiota-gut-brain Axis in neurological disorders. Cells 10:566.
doi: 10.3390/cells10030566

Frontiers in Neuroscience

10.3389/fnins.2025.1509581

Li, H., Ni, J., and Qing, H. (2021). Gut microbiota: critical controller and intervention
target in brain aging and cognitive impairment. Front. Aging Neurosci. 13:671142. doi:
10.3389/fnagi.2021.671142

Lin, G, Yie, S. L. ], Guo, S., Li, X,, and Xu, L. (2024). Clinical evidence of acupuncture
for amnestic mild cognitive impairment: A systematic review and meta-analysis of
randomized controlled trials. Complement. Ther. Med. 88:103114. doi: 10.1016/j.
ctim.2024.103114

Lu, M., Ding, N., Wang, X., Cao, ], Jiang, ]., Gao, Y., et al. (2019). Electm—acupuncture
therapy to improve spatial learning and memory in APPswe/PS1dE9 transgenic mice
through the inhibition of the TLR4/MyD88 signaling pathway. ] Trad. Chin. Med. Sci. 6,
184-192. doi: 10.1016/j.jtcms.2019.03.004

Luo, Y. X,, Yang, L. L., and Yao, X. Q. (2024). Gut microbiota-host lipid crosstalk in
Alzheimer's disease: implications for disease progression and therapeutics. Mol.
Neurodegener. 19:35. doi: 10.1186/s13024-024-00720-0

Mar¢, M. A, Jastrzab, R., and Mytych, J. (2022). Does the GUT microbial metabolome
really matter? The connection between GUT metabolome and neurological disorders.
Nutrients 14:3967. doi: 10.3390/nu14193967

Mirzaei, R., Bouzari, B., Hosseini-Fard, S. R., Mazaheri, M., Ahmadyousefi, Y.,
Abdi, M., et al. (2021). Role of microbiota-derived short-chain fatty acids in nervous
system disorders. Biomed. Pharmacother. 139:111661. doi: 10.1016/j.biopha.2021.111661

Nandwana, V., Nandwana, N. K., Das, Y., Saito, M., Panda, T., Das, S., et al. (2022).
The role of microbiome in brain development and neurodegenerative diseases. Molecules
27:3402. doi: 10.3390/molecules27113402

Qian, X. H,, Xie, R. Y,, Liu, X. L., Chen, S. D, and Tang, H. D. (2022). Mechanisms of
short-chain fatty acids derived from gut microbiota in Alzheimer's disease. Aging Dis.
13, 1252-1266. doi: 10.14336/AD.2021.1215

Singh, N,, Singh, V., Rai, S. N., Mishra, V., Vamanu, E., and Singh, M. P. (2022).
Deciphering the gut microbiome in neurodegenerative diseases and metagenomic
approaches for characterization of gut microbes. Biomed. Pharmacother. 156:113958.
doi: 10.1016/j.biopha.2022.113958

Sorboni, S. G., Moghaddam, H. S., Jafarzadeh-Esfehani, R., and Soleimanpour, S.
(2022). A comprehensive review on the role of the gut microbiome in human
neurological disorders. Clin. Microbiol. Rev. 35:¢0033820. doi: 10.1128/CMR.00338-20

Tian, H., Ding, N., Guo, M., Wang, S., Wang, Z., Liu, H., et al. (2019). Analysis of
learning and memory ability in an Alzheimer's disease mouse model using the Morris
water maze. Vis. Exp. 152:¢60055. doi: 10.3791/60055

Tian, B., Geng, Y., Wang, P,, Cai, M., Neng, J., Hu, J., et al. (2022). Ferulic acid improves
intestinal barrier function through altering gut microbiota composition in high-fat diet-
induced mice. Eur. J. Nutr. 61, 3767-3783. doi: 10.1007/s00394-022-02927-7

Tian, B., Huang, P, Pan, Y., Gu, H., Yang, K., Wei, Z., et al. (2024a). Tea polyphenols
reduced obesity by modulating gut microbiota-SCFAs-barrier and inflammation in
high-fat diet-induced mice. Mol. Nutr. Food Res.:e2400685. doi: 10.1002/mnfr.202400685

Tian, B, Pan, Y., Zhang, X., Wu, Y, Luo, X,, and Yang, K. (2024b). Etiolated-green tea
attenuates colonic barrier dysfunction and inflammation in high-fat diet-induced mice by
modulating gut microbiota. Food Res. Int. 197:115192. doi: 10.1016/j.foodres.2024.115192

Wang, Y. (2023). The role of the gut microbiota and microbial metabolites in the
pathogenesis of Alzheimer's disease. CNS Neurol. Disord. Drug Targets 22, 577-598. doi:
10.2174/1871527321666220417005115

Wasén, C., Simonsen, E., Ekwudo, M. N., Profant, M. R., and Cox, L. M. (2022). The
emerging role of the microbiome in Alzheimer's disease. Int. Rev. Neurobiol. 167,
101-139. doi: 10.1016/bs.irn.2022.09.001

Yadav, H., Jaldhi, B. R., Anamika, B. A., Gupta, S., and Maurya, S. K. (2023). Unveiling
the role of gut-brain axis in regulating neurodegenerative diseases: a comprehensive
review. Life Sci. 330:122022. doi: 10.1016/j.1fs.2023.122022

Yoshikawa, S., Taniguchi, K., Sawamura, H., Ikeda, Y., Tsuji, A., and Matsuda, S.
(2022). A new concept of associations between gut microbiota, immunity and central
nervous system for the innovative treatment of neurodegenerative disorders. Meta
12:1052. doi: 10.3390/metabo12111052

Zhang, Y., Ding, N., Hao, X., Zhao, J., Zhao, Y., Li, Y, et al. (2022). Manual acupuncture
benignly regulates blood-brain barrier disruption and reduces lipopolysaccharide
loading and systemic inflammation, possibly by adjusting the gut microbiota. Front.
Aging Neurosci. 14:1018371. doi: 10.3389/fnagi.2022.1018371

Zhong, S. R, Kuang, Q., Zhang, F, Chen, B., and Zhong, Z. G. (2021). Functional roles
of the microbiota-gut-brain axis in Alzheimer's disease: implications of gut microbiota-
targeted therapy. Transl. Neurosci. 12, 581-600. doi: 10.1515/tnsci-2020-0206

Zhu, J., Liu, S., Zhang, H., Zhao, W, Ding, J., Dai, R,, et al. (2023). Dynamic
distribution of gut microbiota during Alzheimer's disease progression in a mice model.
APMIS 131, 480-490. doi: 10.1111/apm.13339

Zou, B, Li, ], Ma, R. X,, Cheng, X. Y,, Ma, R. Y,, Zhou, T. Y,, et al. (2023). Gut
microbiota is an impact factor based on the brain-gut Axis to Alzheimer's disease: A
systematic review. Aging Dis. 14, 964-1678. doi: 10.14336/AD.2022.1127

Zou, X., Zou, G., Zou, X., Wang, K., and Chen, Z. (2024). Gut microbiota and its
metabolites in Alzheimer's disease: from pathogenesis to treatment. Peer] 12:e17061.
doi: 10.7717/peer;j.17061

frontiersin.org


https://doi.org/10.3389/fnins.2025.1509581
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1007/s00109-023-02289-5
https://doi.org/10.3390/ijms24119577
https://doi.org/10.3390/cells12030429
https://doi.org/10.2337/db07-1403
https://doi.org/10.1016/j.nut.2021.111499
https://doi.org/10.1016/j.pharmthera.2021.107988
https://doi.org/10.3233/JAD-215235
https://doi.org/10.3233/JAD-215235
https://doi.org/10.1016/j.conb.2023.102730
https://doi.org/10.1016/j.conb.2023.102730
https://doi.org/10.1155/2017/3435891
https://doi.org/10.3389/fnins.2019.01354
https://doi.org/10.3389/fnins.2019.00037
https://doi.org/10.1590/S0004-2803.202301000-17
https://doi.org/10.1590/S0004-2803.202301000-17
https://doi.org/10.7150/ijbs.85259
https://doi.org/10.1016/j.aca.2014.11.015
https://doi.org/10.3389/fnins.2022.960026
https://doi.org/10.3389/fnins.2022.960026
https://doi.org/10.1155/2018/8296824
https://doi.org/10.1155/2015/142129
https://doi.org/10.1136/acupmed-2016-011310
https://doi.org/10.1177/13872877241295400
https://doi.org/10.1016/j.mad.2023.111787
https://doi.org/10.3390/cells10030566
https://doi.org/10.3389/fnagi.2021.671142
https://doi.org/10.1016/j.ctim.2024.103114
https://doi.org/10.1016/j.ctim.2024.103114
https://doi.org/10.1016/j.jtcms.2019.03.004
https://doi.org/10.1186/s13024-024-00720-0
https://doi.org/10.3390/nu14193967
https://doi.org/10.1016/j.biopha.2021.111661
https://doi.org/10.3390/molecules27113402
https://doi.org/10.14336/AD.2021.1215
https://doi.org/10.1016/j.biopha.2022.113958
https://doi.org/10.1128/CMR.00338-20
https://doi.org/10.3791/60055
https://doi.org/10.1007/s00394-022-02927-7
https://doi.org/10.1002/mnfr.202400685
https://doi.org/10.1016/j.foodres.2024.115192
https://doi.org/10.2174/1871527321666220417005115
https://doi.org/10.1016/bs.irn.2022.09.001
https://doi.org/10.1016/j.lfs.2023.122022
https://doi.org/10.3390/metabo12111052
https://doi.org/10.3389/fnagi.2022.1018371
https://doi.org/10.1515/tnsci-2020-0206
https://doi.org/10.1111/apm.13339
https://doi.org/10.14336/AD.2022.1127
https://doi.org/10.7717/peerj.17061

	Benign regulation of short-chain fatty acids: the underlying mechanism of the beneficial effects of manual acupuncture on cognitive ability and the intestinal mucosal barrier in APP/PS1 mice
	Introduction
	Materials and methods
	Experimental animals
	Animal handling and sample collection
	MWM
	Intestinal permeability assessment
	IF staining
	UPLC-MS/MS
	WB analysis
	ELISA analysis
	Statistical analysis

	Results
	Effect of MA on spatial learning and memory
	Effect of MA on SCFAs in the feces and serum
	Effect of MA on the expression of FFAR3 and NF-κB in the intestine

	Discussion
	Conclusion

	References

