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Accumulating evidence suggests that probiotics affect the microbial-gut-brain axis in a way that can prevent
and treat Alzheimer’s disease (AD). However, the mechanism underlying the therapeutic effects still needs to
be further investigated. This study aimed to examine the alleviating effect of Lacticaseibacillus paracasei 1.9
and Bifidobacterium animalis subsp. lactis A6 and possible mechanism in mice with AD. In this study, the
administration of probiotics L9 and A6 effectively improved memory and learning functions in AD mice. The
hippocampal cells of mice were partly recovered in morphology and rearranged more neatly after probiotics
intervention. Meanwhile, L9 and A6 exhibited inhibitory effects on the phosphorylation of Tau and the
deposition of AP, which were mediated via GSK-3B and PP2A kinases. Meanwhile, by metagenomic
sequencing, we found interventions with L9 and A6 altered the intestinal microbiome’s taxonomic
composition, reduced the abundance of pathogenic Desulfovibrio genera, and increased beneficial
Clostridium and Paramuribaculum genera abundance. The fatty acids metabolism and biosynthesis of gut
microbiome were also enhanced. Serum untargeted metabolomics also showed noticeable alternation in lipid-
related metabolites, which may alleviate the pathogenesis of AD. These results revealed a mitigating role for
probiotic L9 and A6 in AD prevention and offer new insights into AD prevention via gut-brain connection.
© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction may contribute 50%—70% of cases’”!. The primary pathological

characteristics of AD are gradual cognitive impairment, the

As the most common neurodegenerative disease, Alzheimer’s
disease (AD) has become a global health concern!'!. According to
relative epidemiology survey, the number of people suffering
from dementia worldwide exceeds 50 million, of which the AD
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pathological manifestations such as B-amyloid (AP) deposits
leading to development of senile plaques, and neurofibrillary
tangles (NFTs)®*. Hyperphosphorylated Tau protein is the major
component of NFTs, disrupting the transport of neurotransmitters and
eventually leading to the apoptosis of nerve cells™. Multiple protein
kinases and phosphatases regulate Tau phosphorylation, such as protein
phosphate 2A (PP2A) and glycogen synthase kinase-3f (GSK-3B)“.
PP2A not only dephosphorylates Tau but also controls the activity of
Tau kinases. Therefore, regulating the activity of PP2A may affect the
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occurrence of AD'!. On the contrary, GSK-3p promotes abnormal
Tau hyperphosphorylation inducing destruction of related
neuronal structure, promoting the occurrence of ADP! In
addition, the deposition of AP is also a key factor affecting the
phosphorylation of Tau protein and causes changes in the
expression of relevant inflammatory factors™. Therefore, deposition
of AP and hyperphosphorylated Tau protein were generally regarded
as the prevention and therapeutic targets of AD.

Regulating the disturbed gut-brain axis may have great potential
in the treatment of central nervous system diseases!'”, which is a
bidirectional system of regulation connected to the nervous, immune,
and metabolic systems of the gut and brain". Gut microbiota
dysbiosis is prevalent in AD patients and model animals, in which the
Firmicutes abundance was decreased but the abundances of
Bacteroidetes and Proteobacteria were increased'”. The dysbiosis
microbiota is prone to enhance systemic inflammation and then the
occurrence of neurodegenerative diseases. A previous study
demonstrated that Escherichia and Shigella were more abundant in
patients with cognitively impaired and amyloid-positive, and
showed positive correlations with inflammatory response!'’l.
Another pro-inflammatory species Helicobacter pylori also
induced Alzheimer-like Tau hyperphosphorylation through the
activation of GSK-3p!"*"*1. However, clinical evidence found that
the relative abundances of Eubacterium rectale and Bacteriodes
fragilis with the anti-inflammatory function were reduced in cognition-
impaired elderly patients'®. Similarly, a clinical study have found that
the abundance of some anti-inflammatory bacteria that can produce
butyric acid was significantly reduced in AD patients, such as
Clostridium cluster IV genus and Butyricicoccus'”. Therefore, the
intervention of intestinal flora may reduce the inflammatory response
and damage of hippocampal tissue to relieve the AD-related symptoms.

Probiotics, as a potential therapeutic strategy, can affect the
central nervous system to prevent or improve AD symptoms[m.
Numerous studies have shown that probiotics have significant
remission effects in AD models. For example, the cognitive function
of AD mice was improved and the Ap-induced inflammatory response
was inhibited after the oral administration of Bifidobacterium
brevis A1"). Lactobacillus plantarum DP189 could prevent AD by
regulating intestinal flora and the PI3K/Akt/GSK-3B pathway™.
Bifidobacterium breve MCC1274 could reduce neuroinflammation
and inhibit Tau phosphorylation, thus reducing AD-like pathologies in
wild-type mice®'!. Bifidobacterium longum NK46 mitigated the
reduction in cognitive function by regulating LPS-induced activation
of NF-xB and inhibiting intestinal microbial dysregulation””.
However, detailed changes happened to intestinal microbiome, as an
important target for probiotic intervention in the above studies, was
not clarified. Whether the alterations of gut microbiota contribute to
changes in immune and metabolic pathways of the gut-brain
connection still needs further investigation.

Lacticaseibacillus paracasei L9 (L9) is a probiotic that enhanced
immune regulation and inflammation response in the body™".
Another study showed that Bifidobacterium animalis subsp. lactis A6
(A6) was highly acid-tolerated and attenuated DSS-induced colitis by
inhibiting excessive proinflammatory response***’. The objective of
this study is to investigate the impact of L9 and A6 on the cognitive
abilities of mice with AD. In order to validate the potential modifying
effects of probiotics, metagenomic sequencing and untargeted
metabolomics techniques were employed to examine the specific

changes in gut microbiota and serum metabolome that contribute to
the alleviation of AD symptoms.

2. Materials and methods
2.1 Probiotic cells

L9 and A6 were provided by the Department of Nutrition and
Health of China Agricultural University. For the collection of
bacterial cells, L9 and A6 were grown in MRS broth overnight at
37 °C, collected by centrifugation, and counted by serial dilutions.

2.2 Animals and treatments

Experimental Animal Ethics and Welfare Committee of China
Agricultural  University approved and guided the experiment
(AW31903202-5-2). A total of 40 SPF male BALB/c mice (5 weeks)
were obtained from Huafukang Biotechnology Co., Ltd. (Beijing,
China). After 1 week of adaption, using a random number generator, the
mice were divided into 4 groups of 10 each, as follows: Group 1, untreated
control group (Control); Group 2, mice treated with AICl; and D-gal (AD
model); Group 3, L9 (5 x 10" CFU/mL, 0.2 mL) treated during AICI, and
D-gal administration (L9); Group 4, A6 (5 x 10" CFU/mL, 0.2 mL)
treated during A1Cl; and D-gal administration (A6). Mice in AD, L9, and
A6 groups were received 0.1 mL AICl; (4 mg/mL) by gavage and
subcutaneous injection of 0.1 mL D-gal (24 mg/mL) daily for 8 weeks.
All the mice were anesthetized to collect blood by eyeball extirpating
after behavioral tests. The serum was acquired by the centrifugation.
Following the sacrifice of the mice, tissue samples were collected and
stored at —80 °C for subsequent detection.

2.3 Behavioral tests

Morris water maze (MWM) and step-down type passive
avoidance (Step-down) tests were performed in a blinded manner to
assess the different cognitive capacities of mice in this study. The
MWM test is a widely used experimental paradigm for assessing
spatial memory in mice that relies on the hippocampus. As previously
described”, this study used a circular water maze with a 120 cm
diameter and a 40 cm height, and 25 °C temperature. As an escape
point, a circular platform with a diameter of 2 cm was positioned
2 c¢m below the water’s surface. The experimental protocol consisted
of a 4-day training phase, during which the mice were trained to
locate the escape platform. We conducted a probe test on day 5 by
taking out the platform and placing the mice in water, replicated the
previous training session.

As previously described®, the step-down test comprised eight
individual paralleled plastic boxes (Zhenghua Biological Instrument
Equipment Co., Ltd., Huaibei, China). A training session followed by
a retention session were included in whole test protocol. Each mouse
was introduced to the box and allowed 3 min to adapt during the
training session. Subsequently, the mouse was positioned on the steel
grids and subjected to an electric shock of 0.35 mA for a duration of
5 min. In response to the electric shock, the mice escaped from the
grid floor and returned to the platform. After 24-h training, mice were
placed on the platform and measured step-down latency (time taken
for the first step from platform to grid floor) and error rate.
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2.4 Haematoxylin and eosin (HE) staining

All the mice were sacrificed after blood sampling, 5 mice were
selected at random for the following cardiac perfusion in each group.
Fresh hippocampi and cerebral cortex were then dissected from brains
and then embedded in paraffin. The embedded sections were cut for
HE staining.

2.5 Western blot (WB) analysis

In addition to the 5 mice for HE section, the hippocampus
tissues of remaining mice were used for protein and RNA
extraction. To determine protein level expression of typical
biomarkers in the hippocampus, WB analysis was performed
using primary antibodies against Tau (1:1 000, #TDY640C, TDY
Biotech, Beijing, China), phospho-Tau (Ser396, 1:1 000, #9632S,
CST, Danvers, USA), phospho-Tau (Ser404, 1:1 000, #20194S,
CST, Danvers, USA), AB,.4 (1:1 000, #44136, Thermo Fisher
Scientific, USA), AP,y (1:1 000, #AB5078P, Sigma-Aldrich, St.
Louis, USA), and f-actin (1:5 000, #bs0061R, Bioss, Beijing, China).
A gray value analysis was performed using the ImagelJ software.

2.6 Quantitative real-time PCR (qRT-PCR) analysis

Transcribing cDNA from total RNA extracted from hippocampus
tissues was performed using the TRNzol
Biotechnology, Beijing, China). The primer
synthesized by Invitrogen (Beijing, China) and listed in Table 1.
QRT-PCR was performed using the SYBR Green real-time PCR kits
(Takara, Dalian, China). Two-step amplification was performed, and

reagent (Tiangen

sequences  were

the PCR conditions were as follows: predenaturation at 95 °C for 30 s,
1 cycle; denatured at 95 °C for 5 s, annealed at 60 °C for 30 s, 40 cycles.
The expressions of mRNA were quantified by the 2**“ method and

all quantifications were normalized with S-actin.

Table 1
Primer sequences and product sizes.

Primers  Forward/reverse Primer sequences (5" to 3) Product size (bp)
Forward CTCTTGTGGTAGAAACGGAA

GSK-38 123
Reverse ATAACCCTGTGAAACTGACC
Forward AGTTTGACCCAGCACCTC

PP24 205

Reverse GCACATCTTTTGGTCCGT
Forward CGTTGACATCCGTAAAGACCTC

p-Actin 159
Reverse ACAGAGTACTTGCGCTCAGGAG

2.7 Fecal metagenome sequencing

Feces were collected before the mice were sacrificed. Total
microbial DNA from fecal samples was extracted by the commercial
kit (Omega Biotek, Norcross, GA, USA). The concentrations and
quality of DNA were checked with the NanoDrop2000 (Thermo
Fisher Scientific, Waltham, MA, USA) and agarose electrophoresis,
respectively. Library construction,

quality control, genome

assembly, gene taxonomic, and functional annotation were

28]

performed as previously described! NovaSeq platform

(Illumina Inc., San Diego, CA, USA) was used to construct the

libraries and sequence them. Subsequently, the raw data were
assembled, annotated. Functional metagenomes annotated as Kyoto
Encyclopedia of Genes and Genomes (KEGG) Orthologues (KOs) were
analyzed using PICRUSt2. The Circos diagram was plotted to describe
species or KOs gene abundance and generated by Circos-0.67-7
software. Comparison analysis was determined by principal co-ordinates
analysis (PCoA), Wilcoxon rank sum test and linear discriminant
analysis (LDA) and generated by Majorbio cloud platform (https://cloud.
majorbio.com). All obtained raw sequence datasets have been uploaded
to the NCBI Sequence Read Archive (SRA) with the accession number
PRINAT101118.

2.8 Untargeted metabolomics analysis of peripheral serum

Serum samples were analyzed using the LC-mass spectrometry-
based untargeted metabolomics. A total of 400 pL methanol-water
(1:4, V/V) was added to each 100 pL serum sample. CentriVap
Concentrators (Labconco, MO) were used to dry the supernatant
after vortexing and centrifuging. Subsequently, samples were
analyzed by mass spectrometry using methods previously
described™”. The brief description is as follows. An Agilent 1290 II
UPLC system was used for untargeted metabolomics analysis. For
positive mode, Cg UPLC column (2.1 mm x 100 mm, 1.7 pm) was
applied to separate the metabolites at 50 °C. In the mobile phase A,
formic acid was dissolved in water at a rate of 0.1% and in the mobile
phase B, formic acid was dissolved in acetonitrile at a rate of 0.1%.
A linear gradient elution program was as follows: 0 min, 10% B, 1 min;
5 min, 40% B; 17 min, 100% B, 5 min; decreasing to 10% B within
0.1 min and holding 2.9 min. For negative mode, HSS T3 (2.1 mm X
100 mm, 1.8 pm) column was applied at 50 °C. Mobile phases C and
D were composed of 6.5 mmol/L NH,HCO; in water and methanol/
water (95:5, V/V). A linear gradient elution program was as follows:
0 min, 0% C, 1 min; 3 min, 40% B; 16 min, 100% D, keeping 6 min;
decreasing to 0% D within 0.1 min, holding on 2.9 min. The MS scan
range was m/z 50-1 200. The generated raw data were further
processed by Agilent Profinder (version 10.0, Agilent Technologies)
for peak detection and peak alignment. Mass Profiler Professional
Software (version 14.5, Agilent Technologies) was used for
normalization and annotation. Metabolites were filtered based on
previously criteria®. The public metabolism databases including
HMDB (https://hmdb. ca) and METLIN (https://metlin. scripps. edu)
were used to annotate the metabolites information. Based on the
relative quantification of metabolites, comparison analysis was
accessed by circos diagram, PCoA, Wilcoxon rank sum test, volcano
diagrams, Heatmap diagram which were generated by Majorbio cloud
platform (https://cloud.majorbio.com).

2.9 Statistical analysis

All the experimental data were expressed as mean + standard
error mean (SEM). GraphPad Prism 7 software was used for
statistical analysis and plotting. ANOVA and Fisher’s exact
probability test were used to calculate statistical significance.
P < 0.05 was considered significant. The Spearman’s correlation
coefficient between different serum metabolites and genus-level
intestinal flora was accessed by R (pheatmap package, v.3.3.1),
which was visualized as the heatmap chart.
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3. Results

3.1 L9 and A6 treatment ameliorated AD-induced
cognitive deficits

To investigate whether L9 and A6 can alleviate learning and memory
deficits in AD mice, spatial memory and learning memory were examined
by MWM and step-down passive avoidance test. The procedures and
treatments of the trial were shown in the Fig. 1A. The typical trajectories
for the MWM test were presented in Fig. 1B. The platform crossing times
of mice in the AD model group were significantly less than those in the
control group (P < 0.05). The L9 and A6 intervention significantly
increased times of platform-crossing times compared to the AD model
group (P < 0.05, Fig. 1C). Similarly, compared with the AD model group,
L9 and A6 intervention obviously reduced the residence time and
movement distance in the target quadrant of mice (P < 0.05, Fig. 1C).

A step-down test was used in this study to examine passive avoidance
memory of mice, in which the mice with the memory deficit tend to
show increased error numbers. In Fig. 1D, the average error number

of AD model group was higher than that in control group. However, the
mice of L9 and A6 groups both showed fewer error numbers compared to
the AD model group, especially in L9 group (P < 0.05, Fig. 1D). These
results suggested that probiotics A6 and L9 significantly improved
learning and memory function in AD mice.

3.2 L9 and A6 treatment alleviated morphological damages
of hippocampus

Learning and memory functions were closely correlated with the
hippocampal neurons. To observe the morphological change of the
hippocampus after intervention of L9 and A6, the HE staining was
employed in this study. As shown in Fig. 2A, the cell morphology of
hippocampal CA1 region in mice of AD model group was not orderly,
and the nucleus showed obvious pyknosis, dissolution,
disappearance. After the intervention with probiotics, hippocampal
cells were compact and neatly arranged, the cell morphology in
hippocampus CA1 region was clearly improved.
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Fig. 1

Effects of L9 and A6 on learning and memory abilities in D-gal/AlCl;-induced AD model mice (n = 10/group). (A) Study design and animal treatments.

(B) Typical MWM trajectories. (C) Platform-crossing times, targeted quadrant distance and time. (D) Graphical representation of step-down test and the
number of errors. *P < 0.05, **P < 0.01 compared to the model group. “P < 0.05 compared to the control group.



Z. Sun et al. / Food Science and Human Wellness 14 (2025) 9250340 5

The increase in eosinophils in the hippocampus could easily
cause tissue damage and promote inflammation. Eosinophils in
hippocampus were counted after HE staining, and the results were
shown in Fig. 2B. Compared to the AD group, L9 and A6 groups had
significantly lower proportions of eosinophils in CAl of the
hippocampus (P < 0.01).

3.3 LY and A6 treatment inhibited the protein expressions of
Tau and Af in the hippocampus

AP plaque deposition and hyperphosphorylated Tau proteins are
the major neuropathological features of AD. To investigate the
protective role of probiotics against AD pathology, the protein
expressions of Tau and A in the hippocampus were detected by WB.
Relative to the AD model group, the expression level of total Tau in
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A6 group was remarkably declined (P < 0.05, Fig. 3A). Meanwhile,
the relative expression levels of phospho-Tau (Ser396) and phospho-
Tau (Ser404) were markedly downregulated in L9 and A6 groups
compared to the AD model group (P < 0.05, Fig. 3A). Furthermore,
the expression of AP,y or AP,y in the hippocampus of L9 or A6
group was also suppressed after L9 and A6 intervention (P < 0.05,
Fig. 3B).

3.4 L9 and A6 treatment modulated the expression of GSK-
3p and PP2A mRNA in hippocampus

Given that the phosphorylation of Tau is closely associated
with GSK-3p and PP2A, we detected the mRNA expression levels
of GSK-3f and PP24 in hippocampus. As shown in Fig. 3C, the
mRNA expression level of GSK-34 in hippocampus of AD model
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Fig.2 Ameliorative effects of L9 and A6 on D-gal/AlCl;-caused damage of hippocampal neurons in mice. (A) H&E staining of hippocampal CA1 region (40x).
(B) Percentage of eosinophils in the CA1 region of the hippocampus of mice. “*P < 0.01 vs. control group; ***P < 0.001, ****P < 0.000 1 vs. model group.
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Fig. 3 Effects of L9 and A6 on the protein expressions of Tau and AB in the hippocampus and expression of Tau protein phosphorylation-related kinases.
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group was higher than that of control group. Compared with the AD
model group, GSK-3f expressions significantly declined after L9 and
A6 interventions (P < 0.05). The expression of PP2A4, on the other
hand, was remarkably decreased during the pathogenesis of AD
(P < 0.05). However, after gavage of L9, the expression of PP24 in
the hippocampus was markedly elevated (P < 0.05).

3.5 L9 and A6 treatment altered the taxonomic composition
of intestinal microbiota

To identify the of taxonomic composition alternations of
intestinal microbiota, we executed metagenomic gene sequencing.
First, the a-diversity analysis of microbial community was performed,
including Chao index, Simpson index and Shannon index (Fig. S1).
There was no significant difference in Chao index between the
control and AD model groups, indicating that the richness of gut
microbiota in AD mice was not changed (Fig. S1A). The Chao index
was significantly higher than that in AD model group after L9
treatment, while there was no significant difference in the Chao index
between A6 group and AD model group. Compared with the Control
group, AD model group showed an increasing trend in Simpson
index, but no statistical difference (Fig. SIB). The Shannon index in
AD model group significantly reduced, indicating a change in the
diversity of the gut microbiota in AD mice (Fig. S1C). Although there
was no significant difference compared to AD model group after L9
intervention, L9 to some extent reduced the Simpson index and
increased the Shannon index, suggesting that L9 had a certain
improvement effect on the diversity of microbial community. A6
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exhibited a similar intervention effect to probiotic L9, but overall it
had minimal impact on richness and diversity. The relative
abundances of communities were compared and shown in Fig. 4A.
Based on genus level, the dominant flora of mice in each group
was Muribaculaceac and followed by Bacteria, Lachnospira,
Bacteroidetes and Prevotella. [-Diversity reflected by the PCoA was
performed among the 4 groups and found that there was a noteworthy
structural shift along the direction of PC2 between control and AD
model group (Fig. 4B). By contrast, after the probiotic L9 and A6
intervention, the structure of the intestinal flora was closer to that of
the control group.

To identify taxonomic changes between groups, Wilcoxon
rank-sum tests were performed. The probiotics L9 group showed
remarkably higher Clostridium and Paramuribaculum abundance,
less Bacteroides and Desulfovibrio abundance than the AD model
group (Fig. 5A, P <0.05). Similarly, the abundance of Paramuribaculum
was significantly elevated in A6 administrated mice, while the
abundance of Oscillibacter, Desulfovibrio, Mucispirillum and
Flavonifractor were distinctly attenuated after the administration
of A6.

Linear discriminant analysis effect size (LEfSe) analysis was
then carried out to evaluate the different characteristic taxa among
the groups (Fig. 5B). The results based on an LDA score > 3
demonstrated that Bacteroides, Oscillibacter, and Desulfovibrio
were discriminative for the AD group; Clostridium, Duncaniella,
Eubacterium and Mucispirillum were discriminative for the L9
group; Paramuribaculum were the only genera discriminative for
the A6 group.
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Fig.4 Taxonomic compositional changes to the gut microbiome after L9 or A6 treatment (n = 10/group). (A) Circos diagram shows the taxonomic composition
and the correspondences between samples and taxa of different groups at the genus level. (B) PCoA of different groups (R =0.142, P=0.001). *P < 0.05 compared
to the model group.
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Following the LEfSe analysis above, differences in characteristic
taxa were further analyzed. As shown in Fig. 5C, the abundance of
Clostridium and Paramuribaculum was distinctly enriched after L9
and A6 intervention. By contrast, L9 and A6 groups had significantly
lower Desulfovibrio abundances (P < 0.05).

3.6 LY and A6 treatment altered metabolic functions of
intestinal microbiota

Utilizing KEGG analysis, this study examined the variations in
microbial metabolic pathways among groups based on alterations in the
composition of intestinal flora (Fig. 6). The investigation identified the top
10 metabolic pathways with the greatest proportion and P-value < 0.05.
The findings demonstrated that probiotic L9 group exhibited a
remarkable rise in the relative abundance of fatty acid metabolism,
glycerophospholipid metabolism, and propanoate metabolism (P < 0.05,
Fig. 6B). Conversely, the A6 group demonstrated an exceptionally
significant in the relative abundances of glycolysis/
gluconeogenesis and fatty acid metabolism (P < 0.01, Fig. 6B).

increase

3.7 L9 and A6 treatment changed metabolites in serum

PCA analysis of LC-MS data from serum samples showed a distinct
distribution of metabolite profile after A6 and L9 intervention (Fig. 7A).
Similarity analysis also showed that there were significant differences in
metabolite composition between the probiotic groups and the AD model
group (P <0.05).

In order to explore the effect of probiotic intervention on serum
metabolites in AD mice, VIP > 1 and P < 0.05 were used as the
screening criteria for differential metabolites, and 10 and 9 differential
metabolites were identified in probiotic L9 and A6 groups, respectively.
Meanwhile, we draw the volcano map based on the Fc values and #-test
results and conducted hierarchical clustering through the heatmap
(Figs. 7B and C). The results showed that 4-vinylphenol sulfate,
pantothenic acid, n-methylvaline, dodecylbenzenesulfonic acid and
L-alloisoleucine were significantly up-regulated, while citric acid,
8,11-eicosadiynoic acid, linoleic acid, palmitic acid and
phosphatidylcholine (PC) (16:0/16:0) were significantly down-regulated in
probiotic L9 group. In A6 group, 4-vinylphenol sulfate, p-tolyl sulfate,
pyrocatechol sulfate, phosphatidylethanolamine (PE, 22:5/P-16:0),



8 Z. Sun et al. / Food Science and Human Wellness 14 (2025) 9250340

519
- B 5 AD model
Ni 95% confidence intervals
¥ é’\@ Fatty acid metabolism [ — == #0.019 96
. &0& Glycerophospholipid metabolism e o *0.024 74
Propanoate metabolism == = * 0.016 01
Biofilm formation-Fibrio cholerac ‘.‘ « 0.045 46 5
Inositol phosphate metabolism — . #+0.007 96 &
Insulin resistance T @ = 0.037 34 ;'—:‘
Retinol metabolism o 001601 @
Autophagy-yeast | L ©0.019 96
Epstein-Barr virus infection | ® = 0.045 46
Phagosome | ° #+0.007 96
r T T T T T L e s |
0 01 02 03 04 05 06 & O >
- IS
Proportions (%) e
. Difference between
m
- w DPurine metabolis ] N proportions (%)
= m Amino sugar and nucleotide sugar mef
= m  Aminoacyl-tRNAbiosynthesis B A6
. o
2™ Pyrimigipe Metabol; 95% confid it AID model
- QUOrum 0lism ‘0 conti encel mtervals
-~ : Slarch Sensing Glycolysis/gluconcogenesis @ % 0.00288
N ”Gl}'coy I Sucrgg, Pyruvate metabolism [ — © . 003734
& 4 0, ey, Metaop, Fatty acid metabolism EE— @ .. 000485
Q}/&j”'}l) ::Olls reg, eoé’e,]e%, Fatty acid biosynthesis 0 + 0.010 11
2%, g Dar, “bjy, . Propanoate metabolism [ ® . 002474 L
@y, Uy e, oy, : 3
@, b, o, a Flagellar assembly it —e— . . 00199 &
“’zb s T, Cn, &, . : g
% Yo, “. ©n, [a"’a, Selenocompound metabolism [ L] « 0.037 34
(<) :
o ">%6°6,é s ey Nitrogen metabolism I, ® . 003049
= %, J‘),;’ %, 4, Bacterial chemotaxis [t == « 0.045 46
<. i
% K Plant-pathogen interaction s o #+ 0.004 85

T T 1 17 T T 1 1 T 711
0 02 04 06 08 1.0 1.2 1.4»’) N /QN NI

P rti
roportions (%) Difference between

proportions (%)
Fig. 6 Effects of L9 or A6 treatment on metabolic functional prediction of altered gut microbiota in AD-model mice (n = 10/group).
(A) Circos diagram shows the abundance correspondence between samples and metabolic functions. (B) Differential KEGG pathways between L9/A6 and AD
model group were predicted using PICRUSt analysis (*P < 0.05, **P < 0.01).

A R=0.58, P=0.003 R=0.994, P=0.002
15 +L9 2A6
AAD model +AD model
10 4 . 104
SRR p g o
= a A + N - +
T 0 s Z 04
S 54 } 8 5 +
~ ' ~ 56
-101 . -10 :
~154
201 T T T T T T -20 T T T T T T
=20 -10 0 10 20 30 30 -20 -10 0 10 20
PC1 (27.4%) PC1 (23.6%)
B L9 vs. AD model A6 vs. f\? mloiel oy
. - 1
o 4 - Dodecyl hydrogsn sulfate it i
PC (16:0/16:0) ic ac
3 ® °  4-Vinylphenol sulfate Indoxylsulfuric acid
° ° Ny
8,11-eicosadiynoic acid Vlf 34 ° VIP
© Pantothenic acid : 5 o o]
=5 | paimitie i; odgcylbenzenesulfonic acid ° 431 2 . s %
< 24 LS e ° = -0/20-
> & gg{n‘z ﬁcn;l Louci ®5 S LysoPE (0'0/29 ‘2)P-Tol 1 sulfatg o4
& B e e oN ﬁsﬁhﬂim}? Regulate &2 LysoPA (0:0/ BWe regulate
20 Llnole}c.,*d. -" et y.va e . down ) PC(18:1/ 20.:2 ﬂyrocate@of siffate . down
L $ i “'. « not significant i o2 o E (32:5/P-160) « not significant
Y Y hH e ® -Up 1- : .;3 .%o *up
.o:-} .t - :.- 3 ® o :
. e5. . . 2 ARe., .
. o‘
0 - 0-
6 L0 2
log, FC log, FC

Fig. 7 Effects of L9 or A6 administration on serum metabolites in AD-model mice (n = 6/group). (A) Principal components analysis (PCA) scores of serum
metabolites in mice between L9/A6 and AD model group. (B) Volcano diagrams of differential metabolites in L9, A6 and AD model group. The red dots in the
figure represent up-regluated metabolites, and the black dots represent no significant difference while the green dots represent down-regluated metabolites (VIP > 1,
P <0.05). (C) Heatmap of the significantly expressed metabolites in metabolism related pathways between L9/A6 and AD model groups.



Z. Sun et al. / Food Science and Human Wellness 14 (2025) 9250340
Color key

2-101 2
Value
Dodecyl hydrogen sulfate

C

Color key
PC (18:1/20:2)

1 2
Citric acid
LysoPE (0:0/20:2)

2-10
Value

—
1

Palmitic acid
PE (22:5/P-16:0)

Linoleic acid
4-Vinylphenol sulfate

PC (16:0/16:0)

8,11-Eicosadiynoic acid

Pyrocatechol sulfate

4-Vinylphenol sulfate
Indoxylsulfuric acid

Dodecylbenzenesulfonic acid

Pantothenic acid

P-Tolyl sulfate

LysoPA (0:0/18:0)

[—— T T—)

L-Alloisoleucine
AD model A6

N-Methylvaline

[ E—
L9 AD model
Fig. 7 (Continued)
3.8 Spearman correlation analysis between serum metabolites

and gut microbiota
A Spearman correlation analysis was performed to access correlation

between differential serum metabolites and top 30 microbiological genus

indoxylsulfuric acid, lysoPE (0:0/20:2) and lysoPA (0:0/18:0) were
in mice (Fig. 8). The correlation analysis of AD and L9 groups showed

significantly up-regulated, while PC (18:1) and dodecyl hydrogen sulfate
were significantly down-regulated. In general, significant changes of
differential metabolites in serum were observed after probiotics
intervention, which maybe closely related to the mechanism of probiotics
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that the abundance of Clostridium, Akkemansia, Paramuribaculum
and Desulfovibrio were highly correlated with the abundance of
differential metabolites. Desulfovibrio, which was enriched in AD
group, was positively correlated with the abundance of citric acid,
PC (16:0/16:0), palmitic acid and 8,11-eicosadiynoic acid. By contrast,
Clostridium,
correlated with the intensity of the above 4 compounds, and showed a
positive correlation with the intensity of n-methylvaline, pantothenic acid,
4-vinylphenol sulfate, L-alloisoleucine and dodecylbenzenesulfonic acid.
The correlation analysis of AD and A6 groups showed that the

Akkemansia and  Paramuribaculum were negatively

abundance of Akkemansia, Clostridium Phocaeiola, Paramuribaculum
and Desulfovibrio were highly correlated with the abundance of
differential metabolites. Desulfovibrio was positively correlated with
the abundance of dodecyl hydrogen sulfate and PC (18:1/20:2).
Clostridium, Akkemansia Phocaeiola and Paramuribaculum were
negatively correlated with the intensity of dodecyl hydrogen sulfate
and PC (18:1/20:2), and showed a positive correlation with the
intensity of lysoPA (0:0/18:0), p-tolyl sulfate, pyrocatechol sulfate,
4-vinylphenol sulfate, indoxylsulfuric acid, lysoPE (0:0/20:2) and
PE (22:5/P-16:0).

4. Discussion

Accumulating evidence has indicated that probiotics exert a
significant influence on the prevention and treatment of AD through their
regulation of the microbial-gut-brain axis®”, thereby impacting host
brain function and behavior. However, further extensive research is
required to fully comprehend the precise mechanism underlying the
therapeutic effects of probiotics in AD. In this study, we established an
AD animal model and observed that the administration of probiotics L9
and A6 effectively ameliorated the impairment of learning and memory
function in AD mice. Additionally, L9 and A6 intervention regulated Tau
phosphorylation by balancing activity of GSK-3f and PP2A kinases, and
L9 and A6 inhibited AP deposition in the hippocampus of mice. More
importantly, the probiotic L9 and A6 intervention taxonomic
composition of the intestinal microbiome, and reduced the abundance of
pathogenic bacterial genera Desulfovibrio, increased the abundance of
beneficial genera Clostridium and Paramuribaculum. The fatty acids
metabolism and biosynthesis of gut microbiome were also enhanced.
Serum metabolomics also showed significant changes in blood levels of
lipid-related metabolites, which may directly or indirectly mitigate the
pathogenesis of AD. These results provided new evidence for a
mechanism by which probiotics alleviate AD through the gut-brain axis.

In AD research, the main focus is on inhibiting the accumulation
of AP and phosphorylation of Tau in the brain, as these abnormal
processes are widely acknowledged as the primary causes of
cognitive decline associated with the disease”". The hippocampus
CA1 region, as an important brain region responsible for learning and
memory in the hippocampus, is highly susceptible to the effects of Ap
and Tau proteins in AD patients®™. In the current study, HE staining
revealed that L9 and A6 could reduce cell edema and abnormal
changes in CA1 region of AD mice.

The Tau protein plays a critical role in maintaining the stability of
the neuron cytoskeleton and facilitating proper neuronal function™.
In individuals with AD, the concentration of Tau in the brain is
elevated compared to that of healthy individuals. This increased
concentration leads to the hyperphosphorylation of Tau protein,
resulting in the formation of a double helix structure that impairs its

ability to effectively bind to tubulin. Consequently, the loss of
microtubule stability occurs, leading to the aggregation of NFTs and
subsequent damage to tubulin structures in the brain of AD patients.
Ultimately, this pathological process contributes to the decline in
normal cognitive function observed in individuals with ADP*,
Research has demonstrated that Tau possesses multiple
phosphorylation sites with distinct functions, and in the cerebrospinal
fluid of individuals with AD, Tau is extensively phosphorylated at the
Ser396 and Ser404 sites””. Present WB findings indicate that the
probiotics L9 and A6 significantly diminish the expression of
phosphorylated Tau protein at the Ser396 and Ser404 sites in the
hippocampus of AD mice.

Furthermore, the phosphorylation of Tau is regulated by various
protein kinases and phosphatases, with GSK-38 kinase and PP2A

phosphatase playing a prominent role in the
[38]

process of
hyperphosphorylation Yin et al.’! have demonstrated that
inhibiting GSK-3B can improve Tau hyperphosphorylation in the
hippocampus of rats with AD. The activation of PP2A has been
shown to attenuate Tau hyperphosphorylation and enhance learning
and memory™”. The balance between PP2A and GSK-3B levels is
considered crucial for the regulation of Tau phosphorylation™*. Our
findings indicate an increase in GSK-3f and a decrease in PP2A in
AD patients, which aligns with previous research™. Probiotics L9
and A6 have the potential to directly modulate the activities of PP2A
and GSK-3p enzymes, thereby influencing Tau phosphorylation and
improving cognition and learning in mice with AD.

AP is obtained from amyloid precursor protein by B and y
hydrolase decomposition, mainly including AB,_, and AR, The
AP deposition in the cell matrix to form plaques was reported to
promote Tau phosphorylation, including activation of GSK-3p“".
Existing studies have shown that the imbalance of AP production and
clearance can lead to neuroinflammation, then activated microglia
and produced AD-related inflammatory factors, which is also an
important mechanism in the pathogenesis of AD™! Currently,
Bifidobacterium lactis Pro-M8 inhibited AP plaque formation to
prevent the occurrence of AD™. In our study, the administration of
probiotics L9 and A6 also reduced the deposition of AB,4 and AB;_4,
proteins in the CAl region of the hippocampus. Based on above
results, we speculated that the intake of probiotics reduced AP
deposition in the hippocampus, which in turn reduced activation of
PP2A and GSK-3B and the phosphorylation of Tau proteins. The
inhibition of phosphorylation of Tau conversely contributed to
alleviate the deposition of Ap.

The beneficial effect of probiotics on the central nervous system or
AD symptoms is closely related to their ability to improve intestinal
flora. Dysbiosis of the intestinal flora has also been recognized as an
important trigger in the pathogenesis of AD'. The intestinal microbial
population of AD mice is usually dominated by Bacteroidetes,
Proteobacteria and Firmicutes in the phylum level™. In the current
study, some structural changes in the intestinal flora of mice in the AD
model group were also observed. LEfSe analysis shows that Bacteroides,
Desulfovibrio and Oscillibacter are distinctly enriched in the AD group.
Chen et al.®? reported that Bacteroides mediating pro-inflammatory
PUFA regulated microglia activation in the brain of AD mice, and
indirectly enhanced the pathology and cognitive impairment of AD mice.
Desulfovibrio, as an inflammatory-related bacteria, has been proven to
be associated with the pathological developments of AD and other
central nervous system diseases””. A previous study demonstrated that
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the abundance of Oscillibacter increased with increased carcinogenesis-
induced inflammation and obesity-related inflammation, and its increase
may be associated with abnormal intestinal permeability”'. L9 and A6
intervention decreased the relative abundance of Bacteroides,
Desulfovibrio and Oscillibacter. These results suggest that the abundance
of opportunistic pathogens associated with inflammation can be reduced
with the ingestion of L9 and A6.

Based on the microbiota results, Clostridium was the
discriminative species in the L9 treatment group. As Clostridium has
a strong metabolism of fatty acids and glycerophospholipids, the rise
of this species was able to increase the catabolism of fatty acids and
glycerophospholipids by the flora®”. Correlation analysis showed
that Clostridium was significantly negatively correlated with serum
levels of the PC, linoleic acid, and palmitic acid. The concentration of
PC, as an important glycerophospholipid, was elevated in the
cerebrospinal fluid of AD patients and affected abnormal
AP,.4,values, possibly symboling neurodegeneration and loss of
membrane function in early cognitive impairment®”. There was
significant accumulation of FFAs in the hippocampus and cortex of
AD mice, including palmitic acid and linoleic acid, both of which are
involved in fatty acid metabolism®*. N-6 polyunsaturated fatty acid
linoleic acid promotes inflammation in the hippocampus. Excessive
linoleic acid induced the polymerization of AB and Tau”>*°. The
intervention of L9 may indirectly reduce the production of
inflammation-related arachidonic acid, and minimize AD-associated
neuroinflammation by regulating the metabolism of linoleic acid.
Palmitic acid leads to a pro-inflammatory microenvironment that
damage the integrity of the blood-brain barrier. Palmitic acid could
easily cross the barrier into the brain and the accumulation of PA
triggers lipo-toxicity which induces Tau hyperphosphorylation and
AP deposition””". Therefore, the intervention of L9 might increase
the abundance of Clostridium to reduce these potentially harmful
metabolites in favor of reducing neuroinflammation and improving
AD symptoms.

In the A6-treated group, Paramuribaculum was discriminative
species. Correlation analyses (Fig. 8) showed that Paramuribaculum
was significantly positively correlated with the increase of
lysophosphatidic acid (LysoPA), lysophosphatidylethanolamine
(LysoPE) and glycerophospholipid PE. Lysophospholipids are
generated by the action of phospholipase and are used to regenerate
phospholipids in the remodeling pathway™. Elevation of the
lysophospholipid levels could help to alleviate nerve cell damage and
promote nerve cell proliferation'”. LysoPA has been proven to be an
important regulatory factor in the development of the cerebral cortex
and neurogenesis, as it can regulate the development of the nervous
system by binding to a variety of lysoPA receptors’®!. Metabolic
dysfunction of lysoPA can lead to abnormal deposition of AP,
formation of NFT, and neuroinflammation, ultimately resulting in
neuronal death®”. Furthermore, LysoPE has been widely reported to
be decreased in patients with AD''. LysoPE is involved in
stimulating synaptic growth in the brain and may have potential
physiological effects on brain development'®., Compared to PC,
another glycerophospholipid PE has been shown to reverse amyloid-
related cognitive impairment in a rat model of AD, and the level of PE
were found to decline in serum in AD patients’. In our study, A6
treatment influenced the relative abundance of Paramuribaculum and
also increased the levels of lysoPA, lysoPE and PE (22:5/16:0).
Although we speculated that Paramuribaculum may act as a

beneficial bacterium in the mammalian gut microbiota, potentially
associated with its ability to synthesize and metabolize fatty acids,
further research is needed to determine its therapeutic effects on AD.

Until now, the effect of microbiota and metabolites on the
improvement of AD is very limited, and there are even greater
possibilities to reduce the occurrence of AD by changing the
composition of intestinal microorganisms and serum metabolites. In
addition, this study conducted animal experiments using male mice and
found that gender differences also have a certain impact on the gut
microbiota®®. It was observed that there is a bidirectional influence
between sex hormone levels and gut microbiota'®”. Furthermore, females
are more susceptible to depression and Alzheimer’s disease during
certain special periods due to changes in sex hormone levels compared
to males'®. Therefore, considering the gender differences in gut
microbiota and the sensitivity of females to diseases, female mice should
also be included in future studies on the microbiota-gut-brain axis.

5. Conclusion

In conclusion, oral administration of probiotics L9 and A6
effectively improved cognitive dysfunction and inhibited AP aggregation
and Tau hyperphosphorylation in AD mice. The inhibitory effects on Tau
phosphorylation and the Ap deposition maybe mediated via GSK-3f and
PP2A kinases. Meanwhile, by metagenomic sequencing, we found the
probiotic L9 and A6 intervention altered taxonomic composition of
the intestinal microbiome, and reduced the abundance of pathogenic
genera Desulfovibrio, increased the abundance of beneficial genera
Clostridium and Paramuribaculum. The fatty acids metabolism and
biosynthesis of gut microbiome were also enhanced. Serum
untargeted metabolomics also showed significant changes in blood
levels of lipid-related metabolites, which may alleviate the
pathogenesis of AD. These results revealed a mitigating role for
probiotic L9 and A6 in AD prevention and offer new insights into AD
prevention via gut-brain connection.
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