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Multi-omics data reveals aberrant gut microbiota-host glycerophospholipid
metabolism in association with neuroinflammation in APP/PS1 mice
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ABSTRACT

Numerous studies have described the notable impact of gut microbiota on the brain in Alzheimer’s
disease (AD) via the gut - brain axis. However, the molecular mechanisms underlying the involve-
ment of gut microbiota in the development of AD are limited. This study aimed to explore the
potential mechanisms of gut microbiota in AD by integrating multi-omics data. In this study, APP/
PS1 and WT mice at nine months of age were used as study mouse model. Cognitive function was
assessed using the Morris water maze test. The levels of A plague and neuroinflammation in the
brain were detected using immunofluorescence and PET/CT. In addition, we not only used 16S
rRNA gene sequencing and metabolomics to explore the variation characteristics of gut microbiota
and serum metabolism abundance, but also combined spatial metabolomics and transcriptomics
to explore the change in the brain and identify their potential correlation. APP/PS1 mice showed
significant cognitive impairment and amyloid-f deposits in the brain. The abundance of gut
microbiota was significantly changed in APP/PS1 mice, including decreased Desulfoviobrio,
Enterococcus, Turicibacter, and Ruminococcus and increased Pseudomonas. The integration of
serum untargeted metabolomics and brain spatial metabolomics showed that glycerophospholi-
pid metabolism was a common alteration pathway in APP/PS1 mice. Significant proliferation and
activation of astrocyte and microglia were observed in APP/PS1 mice, accompanied by alterations
in immune pathways. Integration analysis and fecal microbiota transplantation (FMT) intervention
revealed potential association of gut microbiota, host glycerophospholipid metabolism, and
neuroinflammation levels in APP/PS1 mice.
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Introduction . : . 4
microbiota — gut-brain axis.*® For example, the

Alzheimer’s disease (AD), the leading type of
dementia, is rapidly becoming a leading cause of
death and disability worldwide this century." To
date, there are nearly 45 million people with AD
worldwide, and this number is expected to triple
by 2050 as the global population ages”. Due to the
lack of effective cure or treatment strategies for
prevention, AD brings a heavy psychological and
economic burden to patients, their families, and
society as a whole.” Despite significant efforts in
basic and clinical research, the current understand-
ing of AD pathogenesis is still limited. Recently,
numerous studies have described the notable impact
between gut microbiota and brain in AD via the

abundance of the gut microbiota changes dynami-
cally with the progression of AD in APP/PS1 mice.”
In our previous study, we found that patients with
mild cognitive impairment (MCI) already had
changes in gut microbiota abundance, similar to
those seen in AD stage.” In addition, targeted reg-
ulation of the gut microbiota through fecal micro-
biota transplantation, antibiotic and probiotic
interventions has been shown to be effective in
delaying the progression of AD mouse models.” "'
These studies provide an important basis for screen-
ing disease-specific gut microbiota and the optimal
window period for the early diagnosis and treatment
of AD from the perspective of gut microbiota.
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Gut microbiota include microorganisms that live
in the gastrointestinal tract, such as bacteria, fungi,
and viruses. Among them, bacteria are the most
predominant.'> Gut microbiota can communicate
with the central nervous system (CNS) through sev-
eral different pathways, including immune, endo-
crine, neural, and metabolic pathways."> Among
them, the metabolic pathway involved in the gut
microbiota is an important way to affect the host."*
For example, short-chain fatty acids (SCFAs) are the
main metabolites produced by gut microbiota
through the metabolism of indigestible dietary
fibers.'> SCFAs have been shown to participate in
the pathological process of AD in various ways."
A recent study showed that butyrate supplementation
improved quinolinic acid-induced cognitive impair-
ment in an obesity models.'® In addition, microbiota-
derived indoles can ameliorate cognitive impairment
and neuropathological changes and inhibit neuroin-
flammation through the AhR-NLRP3 pathway in
APP/PS1 mice."” However, little is known about the
role of metabolic pathways in the gut microbiota
in AD patients.

Recently, several studies have explored the
relationship between gut microbiota and meta-
bolic pathways in APP/PS1 mice through 16S
rRNA gene sequencing and metabolomics.'*"®
However, most current studies only focus on
the alteration and correlation of metabolite
abundance in feces and blood, while there is
a lack of research on the correlation character-
istics of the spatial distribution of metabolites,
gene expression levels, and pathological
changes in the brains of AD. In this study, we
not only used 16S rRNA gene sequencing and
metabolomics to explore the variation charac-
teristics of gut microbiota abundance and
serum metabolism abundance but also com-
bined spatial metabolomics, transcriptomics,
neuroimaging, and pathology to explore the
changes in the brain and identify their correla-
tion in APP/PS1 mice. Finally, the results of the
multi-omics was verified through fecal micro-
biota transplantation (FMT) intervention. This
study provided a more direct basis for clarify-
ing the mechanism of the microbiota-gut-brain
axis in AD.

Methods
Study design

APPswe/PSEN1dE9 (APP/PS1) transgenic mice aged
9 months were used as the disease group and wild-
type mice aged 9 months born in the same litter were
used as the control group. The cognitive level in each
group (n =11, 5 female and 6 male) was determined
using the Morris water maze test. AV45 and DPA714
PET-CT were used to detect the levels of AP plaques
and neuroinflammation in the brains of mice (n = 3).
Fecal and serum samples from each group were col-
lected for 16S rRNA sequencing (n =8) and untar-
geted metabolomic (n=38) detection, respectively.
Brain samples from each group were used for spatial
metabolomics (n = 3), immunofluorescence (n = 6),
transcriptomic (n=3) and quantitative real-time
PCR analysis (n=3) detection. Multi-omics data
were integrated for correlation analysis to explore
the interaction between the gut microbiota and the
brain in APP/PS1 mice. In order to verify the results of
the multi-omics, we further selected APP/PS1 trans-
genic mice for FMT intervention. Twelve 7.5-month-
old APP/PS1 transgenic mice (6 female and 6 male)
were randomly divided into two groups: APP/PS1
control and APP/PSIFMT group (3 female and 3
male per group). After 6 weeks FMT intervention,
serum and brain samples were used for untargeted
metabolomic (n=6), immunofluorescence
(n=3), and quantitative real-time PCR analysis
(n=3), respectively. The detected contents of each
mouse was shown in Table S1 and Figure 1.

Experimental animal

APP/PS1 transgenic and WT C57BL/6] mice were
generated by the Shanghai Model Organisms Center
(Shanghai, China). The mice were housed in indivi-
dual ventilation cages (specific pathogen-free, two-
three mice per cage) under standard laboratory con-
ditions (room temperature:22 + 2°C, relative humid-
ity at 55+5%, 12:12h light-dark cycle). All
procedures involving animals were conducted accord-
ing to the Institutional Guidelines and associated
guidelines of the European Communities Council
(86/609/ECC). The experimental protocol was
approved by the Animal Ethics Committee of the
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Integrating muti-omics to explore the interaction between the gut microbiota and brain in APP/PS1 mice

Figure 1. Experimental design. APP/PS1 transgenic mice aged 9 months were used as the disease group and wild-type mice aged 9
months born in the same litter were used as the control group. The cognitive level in each group was determined using the Morris
water maze test. '8F-AV45 and 'F-DPA714 PET-CT were used to detect the levels of AR plaques and neuroinflammation in the brains
of mice. Fecal and serum samples from each group were collected for 165 rRNA sequencing and untargeted metabolomic detection,
respectively. Brain samples from each group were used for spatial metabolomics, immunofluorescence, and transcriptomic analyses.
Multi-omics data were integrated for correlation analysis to explore the interaction between the gut microbiota and the brain in APP/
PS1 mice. Finally, the results of the multi-omics was verified through gut microbiota transplantation (FMT) intervention.

School of Shanghai Model Organisms Center (author-
ization number:2022-0008).

Fecal 16S rRNA sequencing and processing

Each mouse was kept in a sterile cage for 24 h to
collect the fecal samples. A total of 16 samples were
collected for 16S rRNA gene amplicon sequencing at
Shanghai Applied Protein Technology Co., Ltd.
(APTBIO, Shanghai, China). First, total genomic
DNA extraction from fecal samples was performed
using the CTAB/SDS method. DNA was diluted to
Ing/ul according to its concentration. The 16S rDNA
V3-4 region was amplified using the Applied
Biosystems® PCR System 9700. The primer sequences
were as follows: Primer 5-3:357F (5°-
ACTCCTACGGRAGGCAGCAG-3’) and 806 R (5-
GGACTACHVGGGTWTCTAAT-3’). The PCR
products were subjected to electrophoresis on a 2%
agarose gel for detection and purified using an
AxyPrepDNA Gel Extraction Kit (AXYGEN, USA).
Library quality was assessed on a Qubit @ 2.0
Fluorometer (Thermo Scientific, USA) and Agilent
Bioanalyzer 2100 system. Finally, the Illumina Miseq/

HiSeq 2500 platform (NEB, USA) was used to
sequence the sample DNA, followed by bioinformatic
analysis. Sequence quality control adopted
Trimmomatic (version: 0.38) software to remove
low quality by window. According to the overlap
between PEreads, the FLASH software (version:
1.2.11) merged pairs of reads into a sequence.'® The
minimum overlap length was 10bp, the maximum
mismatch ratio allowed by the overlap of the conca-
tenated sequence was 0.2. After filtering low-quality
data, the UPARSE package was used to cluster the
sequences with at least 97% similarity as the same
operational taxonomic units (OTUs).*® The
Ribosomal Database Project (RDP) was applied to
annotate the representative sequences for each
OUT.” The a-diversity and B-diversity indices were
calculated based on the OTU counts. Differential
abundance analysis of gut microbiota at genus levels
was performed through the Wilcoxon rank-sum test.

Preparation of donor gut microbiota suspension

The donor fresh fecal pellets was selected from
age-sex matched WT mice. The fresh fecal pellets
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were diluted with sterile PBS for approximately
15 min (20 mg fecal pellet/ml). Then the mixture
was shaken at 4°C for 5min. After that, the
bacterial suspension was obtained through cen-
trifuging at 8000 rpm and 4°C for 5min and
filtering twice in PBS. The bacterial suspension
was mixed with an equal volume of 40% sterile
glycerol and then stored at-80°C until
transplantation.”>*

FMT intervention

Before the FMT intervention, APP/PS1 mice
were treated with broad-spectrum antibiotics
(ABX: ampicillin 1g/L, HY-B0522,
MedChemExpress, USA; neomycin sulfate 1g/
L, HY-B0470, MedChemExpress, USA; metroni-
dazole 1g/L, HY-B0318, MedChemExpress,
USA) in drinking water for 2 weeks to deplete
the gut microbiota, which can kill >90% of the
gut microbiota®*™*® Stop antibiotics treatment
three days before FMT. During FMT interven-
tion, each mouse in APP/PS1 FMT group was
given 100 ul of donor gut microbiota suspen-
sion, while the APP/PS1 control group was
given the same amount of glycerol/PBS solution
for 14 consecutive days. After two weeks of gut
microbiota colonization, two groups were used
for follow-up study. The process of FMT inter-
vention was shown in Figure 7a.

Morris water maze (MWM) test

The spatial memory ability of APP/PS1 and WT
mice was assessed at 9 months of age using the
Morris water maze test. The standardized Morris
water maze test was described in a previous
study”’. Briefly, the mice were placed in rooms
24 hours in advance to acclimatize before starting
the experiment. Each mouse was trained to search
for the platform within 60 s in each of the four
quadrants of the pool for five consecutive days. On
the sixth day, the platform in the pool was removed
for testing. Each mouse was allowed to swim in the
pool for 60 seconds to explore the platform posi-
tion. Each mouse’s trajectory for every training and
testing in the pool was recorded using water maze
software for analysis.

Micro-PET/CT imaging of "*F-DPA714 and '°F-AV45

Micro-PET/CT Imaging was performed using the
Inveon MM Platform (Siemens Preclinical
Solutions, Knoxville, Tennessee, USA). APP/PS1
and WT mice (n=3) were injected with
"SE.DPA714 (5+1 MBq) or '*F-AV45 (5+1
MBq), respectively, through the tail vein.
'"*F-DPA714 is a ligand for TSPO that reflects the
level of neuroinflammation in the brain. *F-AV45
is ligand of AP and can be used to detect the
pathological load of AP in the brain.*® One hour
after the injection, 10-minute static PET and CT
scans were acquired. The mice were placed prone
on the PET scanner bed near the center field of
view and anesthetized with 1.5% isoflurane in oxy-
gen at a flow of 1 L/min. The scanning procedure
was performed using an Inveon Acquisition
Workplace (IAW) 1.5.0.28. The images were
reconstructed through the OSEM3D (Three-
Dimensional Ordered Subsets Expectation
Maximum) algorithm followed by MAP
(Maximization/Maximum a Posteriori) or
FastMAP provided by IAW. The Inveon Research
Workplace (IRW) software v3.0, was used to pro-
cess the final brain images. The 3D regions of
interest (ROIs) of the brain were drawn and stan-
dardized uptake values (SUV) were calculated.

Untargeted metabolomic analysis of serum

Liquid Chromatography Triple Quadrupole Mass
Spectrometer (LC-MS/MS) was used for the untar-
geted metabolomic analysis of serum at APTBIO.
To extract metabolites from serum samples of
APP/PS1 and WT mice, 100 mg of the sample was
added to 400 pL of cold extraction solvent metha-
nol/acetonitrile/H20 (2:2:1, v/v/v), and adequately
vortexed. After resting on ice for 20 min, the mix-
ture was centrifuged at 4°C and 14,000 x g for 20
min. The supernatant was collected and dried using
a vacuum centrifuge at 4°C. For LC-MS analysis,
the samples were re-dissolved in 100 pL of an acet-
onitrile/water (1:1, v/v) solvent. The extracts were
separated by Agilent 1290 Infinity LC ultra-high-
performance liquid chromatography (UHPLC).
Primary and secondary spectra were collected
using a quadrupole time-of-flight mass spectro-
meter (Sciex TripleTOF 6600). Raw data were



converted into MzXML files using ProteoWizard.
The data were then imported into the XCMS soft-
ware (Scripps Research Institute, La Jolla, USA) for
peak picking, peak grouping, and extracted ion
features. Identification of metabolites by MS/MS
using an in-house database established with
authentic standards. Principal Component
Analysis (PCA) was applied to distinguish the
characteristics of metabolite differences between
the two groups. The unpaired Student’s t-test was
used to determine significance. The variable influ-
ence on projection (VIP) > 1 and p <.05 was set as
significantly ~ different metabolites.  Kyoto
Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis of different metabolites was
performed using MetaboAnalyst (https://www.
metaboanalyst.ca/).>

Spatial metabolomics analysis of brain

Mass spectrometry imaging (MSI) was applied to
spatial metabolomic analysis of the brain at
APTBIO. Briefly, fresh brain tissue was sliced at
a thickness of 20um at -20°C using a Leica
CM1950 cryostat (Leica Microsystems GmbH,
Wetzlar, Germany). Brain slice samples were
imaged using a timsTOF fleX MALDI 2 (Bruker)
equipped with a 10 kHz smartbeam 3D laser. MSI
data were analyzed using the SCiLS Lab software
(version 2021c premium, Bruker Daltonics,
Billerica, MA, USA) with Root Mean Square nor-
malization. Metabolites were identified by compar-
ing the accuracy of the m/z value (<10 ppm) with
the in-house database and the Bruker Library MS-
Metabobase 3.0 database. Principal Component
Analysis (PCA) was applied to distinguish the char-
acteristics of metabolite differences between the two
groups. The unpaired Student’s t-test was used to
determine significance. The VIP > 1 and p <.05 was
set as significantly different metabolites. Kyoto
Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis of different metabolites was
performed using MetaboAnalyst (https://www.meta
boanalyst.ca/).”’

Transcriptomic analysis of brain

Total RNA was extracted from the brain using TRIzol
Reagent (ThermoFisher, USA). Library preparation
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and transcriptome sequencing were performed using
APTBIO. A total of 1 ug of RNA from each sample
was used to construct the library using an ABclonal
mRNA-seq Lib Prep Kit, following the manufacturer’s
protocol. PCR products were purified using the
AMPure XP system. Library quality was assessed
using an Agilent Bioanalyzer 4150 system. Finally,
the library preparations were sequenced on an
[Mlumina Novaseq 6000 (or MGISEQ-T7), and 150
bp paired-end reads were generated. The generated
raw data were used for bioinformatic analysis using an
in-house pipeline from Shanghai Applied Protein
Technology. The major software and parameters
were showed as follows. First of all, quality control
was performed. The raw data of fastq format was
firstly processed through in-house perl scripts. After
removing the adapter sequence, the low quality and
N ratio > 5% reads were filtered out to obtain clean
reads. Then clean reads were separately aligned to
reference genome with orientation mode through
HISAT?2 software (http://daechwankimlab.github.io/
hisat2/) to obtain mapped reads’®. Mus_mus
culus_Ensembl_104 was selected as the reference gen-
ome. The total samples resulted in 286,631,804 clean
reads with an average of 47,771,967 + 5,474,691.2
clean tags per sample. Feature Counts (http://sub
read.sourceforge.net/) was applied to count the reads
numbers mapped to each gene. After that, FPKM of
each gene was calculated based on the length of the
gene and reads count mapped to this gene.
Differential expression analysis between APP/PS1
and WT mice were analyzed by the “DESeq2”
R package. |log2FC| > 1 and p < .05 were considered
statistically significant. WikiPathway enrichment and
protein-protein interaction analyses of differentially
expressed genes were performed using the STRING
database (https://cn.string-db.org/). When p <.05, it is
considered that the WikiPathway enrichment was
significantly enriched. The cytoHubba plugin in
Cytoscape was used to select hub differentially
expressed genes, which was a gene that played an
important role in the biological process.

Immunofluorescence assay

Immunofluorescence assays were performed as
previously described.® After washing with PBS,
30 um mouse brain slices were soaked in PBS
containing 0.5% Triton X-100 (PBS-T) for 30
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min. The brain slices were then blocked with
10% goat serum and 0.5% Triton X-100 in PBS
for 1h at room temperature. Next, brain slices
were incubated with primary antibodies [Neu
N (Abcam, UK, abl177487), GFAP (Cell
Signaling Technology, USA 80,788), 4G8
(BioLegend, USA 800,709), TMEM119 (Abcam,
UK, ab209064)] overnight at 4°C. The next day,
brain slices were incubated with fluorescently
labeled secondary antibodies and DAPI for 2h
at room temperature. After washing with PBST
for five times, the brain slices were sealed with
an anti-quench sealing tablet. Images were cap-
tured using a microscope (BX60, Olympus,
Tokyo, Japan). The fluorescence intensity was
analyzed using the Image] software.

Quantitative real-time PCR analysis

Total RNA was extracted and purified through
RNAeasy™ Animal RNA Isolation Kit with Spin
Column (R0026, Beyotime, China). Total RNA
was used for reverse transcription into c.DNA
through a PrimerScript RT Reagent kit at 55°C
for 15min (RK20429, Abclonal, China). Finally,
the mRNA expression of target genes was mea-
sured by real-time PCR through 2 x Universal
SYBR Green Fast gPCR Mix (RK21203, Abclonal,
China). The GAPDH expression level was used as
internal reference. The 2(-AACt) method was
applied to calculate the expression level of the
target genes. Primer sequences were provided in
Table S2.

Statistical analysis

Data are presented as mean + SD. A two-tailed
Student’s t-test or Wilcoxon Mann Whitney test
was used to compare the data between the two
groups. The correlation between gut microbiota
and serum glycerophospholipid metabolism-
related metabolites/brain glycerophospholipid
metabolism-related metabolites and hub gene
expression level were analyzed by Spearman analy-
sis, and corrected by Benjamini-Hochberg method.
The data were analyzed using GraphPad Prism 9.0,
or R software.

Result

Cognitive behavioral and pathological features in
APP/PS1 mice

Differences in cognitive levels between APP/PS1
transgenic mice and WT mice were detected using
the Morris water maze test. During the training per-
iod from day one to day five, the APP/PS1 mice group
showed extended escape latency of platform search-
ing compared with the WT group (Figure 2a). On the
sixth day of the test period, the hidden platform was
removed from the water to measure the spatial mem-
ory ability of both groups. During the 60-second
detection period, the APP/PS1 mice group showed
decreased mean crossing times and increased escape
latency for the first crossing of the platform compared
with the WT group (Figure 2b-c). There was no
statistical difference between the two groups in total
swimming distance and average swimming speed
within 60 s (Figure 2d—e).

In addition, PET-CT and immunofluorescence
techniques were used to detect the pathological
levels of AP and neuroinflammation in the brains
of the two groups. PET-CT results showed that APP/
PS1 mice had higher AV45 uptake than WT mice,
suggesting a higher AP load in the brains of APP/
PS1 (Figure 2f-g). Similarly, immunofluorescence
results demonstrated significant AP plaque deposi-
tion in the brains of APP/PS1 mice but not in WT
mice (Figure 2h, j). In addition, NeuN immuno-
fluorescence was used to label cortical neurons to
compare differences in the number of neurons
between the two groups. The results revealed that
the number of neurons in the cortex of the APP/PS1
mice group was lower than that in the WT group
(Figure 2i, k). In general, APP/PS1 mice at the age of
9 months present with typical cognitive impairment
and pathological changes in AD.

Difference of gut microbiota abundance between
APP/PS1 and WT mice

To investigate the differences in gut microbiota abun-
dance between APP/PS1 and WT mice, fecal samples
from the two groups were collected for 16S rRNA
detection. Simpson diversity showed no significant
difference in the a diversity of the gut microbiota
between APP/PS1 and WT mice (Figure 3a). PCoA
analysis showed no significant difference in B
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Figure 2. Cognitive level and neuropathology in APP/PS1 and WT mice. (a) The escape latency from the day1 to day 5. (b) The times of
platform crossing within 1 minute at the day 6. (c) The escape latency within 1 minute at the day 6. (d) Total swimming distance within
1 minute. () Mean swimming speed within 1 minute. n = 11 per group. (f-g) The '8F-AV45 PET-CT images of brain and quantification
of the mean SUV numbers. n =3 per group. (h-k) Immunofluorescence and quantification of 4G8 (Scale bars =200 pm) and NeuN
(Scale bars =100 um) in cortex. Data were presented as mean = SD. Statistics were analyzed using two-tailed Student’s t test.
*P <.05, **P <.01, ¥**P <.001, ****P <.0001, ns: no statistical difference.

diversity between APP/PS1 and WT mice (Figure 3b).
Therefore, we further compared the differences in the
gut microbiota at the genus level between the APP/
PS1 and WT mice (Figure 3c). There was a decreased
abundance of Desulfovibrio, Enterococcus, Turici
bacter, and Ruminococcus in the APP/PS1 mice
group compared with the WT group (Figure 3d-h).
There was an increased abundance of Pseudomonas
in the APP/PS1 group (Figure 3f).

Difference of metabolites in serum and brain tissue
between APP/PS1 and WT mice

To further explore the metabolic pathways between
APP/PS1 and WT mice, untargeted metabolomic

and spatial metabolomics were used to detect meta-
bolic changes in serum and brain tissue, respec-
tively. In the serum, we first constructed the PCA
analysis and found that the serum metabolomics of
APP/PS1 mice was different from that of WT mice
(Figure 4a). Under the screening threshold of VIP
>1 and p <.05, we identified 40 metabolites with
significant differences in the serum between APP/
PS1 and WT mice (Figure 4b). Enrichment analysis
revealed that these metabolites were enriched in
lysine degradation, glycerophospholipid metabo-
lism, and purine metabolism (Figure 4c).
Similarly, the PCA analysis based on spatial meta-
bolomics of the brain tissue showed significant
differences in metabolic characteristics between



8 X. QIAN ET AL.

C

a b PERMANOVA Pvalue: 0.39
099- ns - Group
2oosl & 17 W
’o>3 ) o, o,
= 2 D)
© < o007 <,
c 0.971 o .
? g .
8 4
E 0.96 Yo
0.95- .
@'\ ?\?6’\ 03 02 -01pc1g$55%01 02 o
o
d Desulfovibrio c Entero:occus f
6x10-3 bk
3 S 8
f=4 - =
© ©
2 4x103 2
- -
S |
2 2x10% £
L] T
[0} [0}
o ['4
0
W = W« q%'\
\ \
P?? Pg?

ors

]

Bos

&
0zs. s
oo

B — =
PEE= E

c ¢ g ¢ g g g g © & 8 ¢ g g @ g
2 2 2 2 2 2 g g £E E E E E E £ E

Turicibacter

6x1047
© ©
B T 4x10+
F 3
© ©
2 2 2x104
S <
& &
0
‘{\ ?5’\
e

Figure 3. The difference of gut microbiota between APP/PST and WT mice. (a) a diversity (Simpson diversity) of gut microbiota. (b)
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presented as mean =+ SD. Statistics were analyzed using Wilcoxon Mann Whitney test. *P <.05, ***P <.001, ns: no statistical difference.

APP/PS1 and WT mice (Figure 4d). In addition,
total different 28 kinds of metabolites were identi-
tied between APP/PS1 and WT under the screen-
ing threshold of VIP>1 and p <.05, respectively
(Figure 4e). These metabolites were enriched in
linoleic acid and glycerophospholipid metabolism
(Figure 4f). It is noteworthy that the glyceropho-
spholipid metabolism were common differential
metabolic pathways in the brain tissue and serum
(Figure 4g). In the serum, metabolites associated
with glycerophospholipid metabolism include
phosphorylcholine, PC (16:0/16:0), and 1-stear-
oyl-2-hydroxy-sn-glycero-3-phosphocholine. They
were all decreased in the serum of APP/PS1 mice
(Figure 4h-j). In the brain, metabolites associated
with glycerophospholipid metabolism include gly-
cerophosphocholine, lysoPC(18:1(11Z)), PC (16:0/
16:0), and phosphorylcholine. There were
increased levels of glycerophosphocholine and
decreased levels of lysoPC(18:1(11Z), PC (16:0/
16:0), and phosphorylcholine levels in the brains
of APP/PS1 mice compared with WT mice (Figure
4k-0). These results demonstrated that the glycer-
ophospholipid metabolism may play a critical role
in mediating the interaction between the gut
microbiota and the brain in APP/PS1 mice.

Glia-mediated neuroinflammation and immune
signaling pathway in APP/PS1 mice

Recently, glia-mediated neuroinflammation in AD
has attracted considerable attention. It is also an
important pathway that mediates the involvement
of gut microbiota in the progression of AD. First,
we measured the total level of neuroinflammation
in the brains of APP/PS1 and WT mice using
'"®F-DPA714 PET-CT. The results showed that
there was a higher uptake of '*F-DPA714 in the
brains of APP/PS1 mice than in WT mice, suggest-
ing a higher level of neuroinflammation in the
brains of APP/PS1 mice (Figure 5a, b). We further
detected changes in glial cells in the brains of APP/
PS1 and WT mice at the cellular level by immuno-
fluorescence. We found obvious proliferation and
activation of astrocyte and microglia in the brains
of APP/PS1 mice (Figure 5c—f). At the molecular
level, we analyzed gene expression differences in
the brains of APP/PS1 and WT mice using RNA
sequencing. PCA showed significant difference in
gene expression patterns between APP/PS1 and
WT mice (Figure 5g). Under the screening thresh-
old of |log2 (FC)|>1 and p <.05, we screened 269
up-regulated expression genes and 215
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Figure 4. The difference of metabolites in serum and brain of APP/PS1 and WT mice. (a) Principal Component Analysis (PCA) of
metabolites in serum of APP/PS1 and WT mice. n = 8 per group. (b) Volcanic map shows different metabolites in serum between APP/
PS1 and WT mice. (c) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of different metabolites in serum
between APP/PS1 and WT mice. (d) Principal Component Analysis (PCA) of metabolites in brain of APP/PST and WT mice. n =3 per
group. (e) Volcanic map shows different metabolites in brain between APP/PS1 and WT mice. (f) KEGG enrichment analysis of different
metabolites in brain between APP/PS1 and WT mice. (g) Venn diagram shows the common metabolic pathways between the serum
and brain in APP/PS1 and WT mice. (h-j) Different metabolites of glycerophospholipid metabolism in serum between APP/PS1 and WT
mice. (k-o) Different metabolites of glycerophospholipid metabolism in brain between APP/PS1 and WT mice. Data were presented as
mean + SD. Statistics were analyzed using two-tailed Student’s t test. *P <.05, **P <.01, ns: no statistical difference.

downregulated expression genes in the brains of
APP/PS1 mice compared with WT mice
(Figure 5h). WikiPathway enrichment analysis
showed that they were mainly associated with

chemokine signaling pathway, oxidative damage
response, tyrobp causal network in microglia, and
microglia pathogen phagocytosis pathway
(Figure 5i). The top 15 hub genes were Tlr4, Ctss,
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Figure 5. Difference analysis of neuroinflammation and signaling pathway in APP/PS1 and WT mice. (a-b) The '®F-DPA714 PET-CT
images of brain and quantification of the mean SUV numbers. n =3 per group. (c-f) Immunofluorescence and quantification of GFAP
and TMEM119 in cortex of each group. Scale bars =200 pm. n = 6 per group. (g) PCA of gene expression level in brain between APP/
PS1 and WT mice. n=3 per group. (h) Volcanic map shows differently expressed genes in brain between APP/PS1 and WT mice.



Clgb, Tyrobp, Cd68, Trem2, Clqa, Fcgrl, Mpegl,
Fcgr3, Ly86, Ptprc, Cdl4, Itgb2, and Fcerlg
(Figure 5j). We further verified the expression
level of hub gene through quantitative real-time
PCR analysis. The expression level of Ctss, Clgb,
Tyrobp, Cd68, Trem2, Mpegl, Fcgrl, Ly86, Ptprc,
and Itgb2 were significantly different between the
two groups, while Clga, Cd14, Fcerlg, Fcegr3, and
Tlr4 were no difference (Figure 5k-y). Overall, glia-
mediated immune signaling pathway changes were
an important characteristic of the brains of APP/
PS1 mice.

Comprehensive analysis of different gut microbiota,
metabolites, and differentially expressed genes

To further explore the association between differ-
ential gut microbiota, metabolites, and differential
gene expression levels, we explored the correlation
between them. Analysis of differential metabolites
related to glycerophospholipid metabolism in
serum and differences in gut microbiota at the
genus level showed that the level of 1-stearoyl-
2-hydroxy-sn-glycero-3-phosphocholine in serum
was negatively correlated with the abundance of
Pseudomonas (r=-0.74, adj p=.016) (Figure 6a).
The phosphorylcholine in serum was positively
correlated with the abundance of Desulfovibrio (r
=0.67, adj p=.032) (Figure 6a). In the brain, we
explored the correlation between the expression
levels of hub differentially expressed genes and
glycerophospholipid metabolism-related differen-
tial metabolites (Figure 6b). The level of phosphor-
ylcholine in the brain was negatively correlated
with the expression of Ly86 (r=-0.89, adj p=
0.040), Ptprc (r=—0.89, p=.040), Clgb (r=—1.00,
adj p <.001), MpegI (r=—-0.94, adj p =.015), Tyrobp
(r=-0.94, adj p=.015), Fcgrl (r=-0.94, adj p=
0.015), Cd68 (r=-0.89, adj p =.040), and Trem2
(r=-0.94, adj p=.015) (Figure 6b). The levels of
PC (16:0/16:0) in the brain were negatively corre-
lated with the expression levels of Ptprc (r=—1.00,
adj p <.001), Clgb (r=-0.89, adj p =.040), Tyrobp
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(r=-0.94, adj p =.015), and Fcgrl (r=-0.94, adj p
=.015) (Figure 6b). The levels of lysoPC(18:1(11Z))
in the brain were positively correlated with the
expression levels of Ly86 (r=-0.94, adj p=.015),
Ptprc (r=-0.89, p=.040), Clgb (r=-0.94, adj p
=.015), Mpegl (r=—-0.89, adj p = 0.040), Tyrobp (r
=-1.00, adj p<0.001), Fcgrl (r=-1.00, adj p
<.001),, and Trem2 (r=-0.89, adj p=.040)
(Figure 6b). The correlation network is shown in
Figure 6c¢.

FMT intervention regulated glycerophospholipid
metabolism and ameliorated AB pathology and
neuroinflammation in APP/PS1 mice

In this part, we further used FMT intervention to
verify the multi-omics results. We found that FMT
intervention can reduce the 1-stearoyl-2-hydroxy-
sn-glycero-3-phosphocholine and PC (16:0/16:0)
level in serum of APP/PS1 mice, without change
of phosphocholine level, indicating that FMT inter-
vention partially regulated the glycerophospholipid
metabolism in APP/PS1 mice (Figure 7b-d). In
brain, there was decreased A plaque, proliferation
and activation of astrocyte and microglia in FMT
group (Figure 7e-j). In addition, we further
detected the expression level of hub different
expression genes in brain. The result showed that
FMT intervention can regulate the expression of
Cd68, Ctss, Fcrgl, Ptprc, Trem2, and Tyrobp, with-
out influencing the expression of Clgb, Itgb2, Ly86,
and Mpegl (Figure 7k-t). Based on the above find-
ings, we confirmed the potential regulatory role of
gut microbiota on glycerophospholipid metabo-
lism and neuroinflammation in APP/PS1 mice.

Discussion

Recent studies have demonstrated the important
role of bidirectional communication between the
gut and the brain in the occurrence and progres-
sion of AD. Specifically, both AD and MCI patients
showed dysbiosis of the gut microbiota.'® Several

The |log2FC| > 1 and p < 0.05 were considered statistically significant. (i) WikiPathway enrichment analysis of differently expressed
genes. (j) Hub differently expressed genes between APP/PST and WT mice. (k-y) Quantitative real-time PCR analysis of hub differently
expressed genes between APP/PS1 and WT mice. Data were presented as mean + SD. Statistics were analyzed using two-tailed
Student’s t test. *P <.05, **P <.01, ***P <.001, ****P <,0001, ns: no statistical difference.
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intervention strategies targeting the gut microbiota
have also shown better efficacy in delaying the
progression of AD.'"*"?* However, due to the
complex interaction between the gut microbiota-
gut-brain axis, the underlying molecular mechan-
isms between gut microbiota and AD have not
been clearly elucidated until now. In this study,
we observed that APP/PS1 mice were characterized

by alterations in the gut microbiota, metabolic
pathways in the serum and brain, and neuroinflam-
mation signaling pathways in the brain.

Dysbiosis of the gut microbiota has been exten-
sively reported in AD mouse models and
patients.>”'®*>** In this study, we also found
changes in the gut microbiota at the genus level in
APP/PS1 mice at 9 months of age compared to WT
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Figure 7. FMT intervention regulated glycerophospholipid metabolism and ameliorated AP pathology and neuroinflammation in APP/
PS1 mice. (a) The process of FMT intervention. (b-d) Glycerophospholipid metabolism related metabolite difference between APP/PS1
control and FMT group. (e-j) Immunofluorescence and quantification of 4G8 (Scale bars = 200 um), GFAP (Scale bars = 200 pm), and
TMEM119 (Scale bars =200 pm) in cortex. (k-t) Quantitative real-time PCR analysis of hub differently expressed genes between APP/

PS1 control and FMT group. Data were presented as mean + SD.
**p < .01, ***P <.001, ns: no statistical difference.

Statistics were analyzed using two-tailed Student’s t test. *P <.05,
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mice, including decreased  Desulfoviobrio,
Enterococcus, Turicibacter, and Ruminococcus, and
increased Pseudomonas. In a study of preclinical AD,
decreased genera Enterococcus levels were found in
AB+ CN compared to AB— CN*°. However, an
increased abundance of the genus Enterococcus was
found in AD patients®®. In addition, a decreased
abundance of Turicibacter was observed in 5xfAD
at 18 months of age.” In the Tgf344 AD rat model,
decreased Ruminococcus was observed at 14 months
of age,” which is consistent with the results of this
study. Moreover, previous studies have shown that
Pseudomonas aeruginosa infection can promote
neuronal tauopathy and AP amyloidosis.”®?’
Furthermore, we found that alterations in gut micro-
biota were associated with abnormal glyceropho-
spholipid metabolism.

Glycerophospholipids (GPLs) are the major com-
ponents of eukaryotic cellular membranes.*’ PC and
phosphatidylethanolamine (PE) are the most abun-
dant GPLs in the eukaryotic cellular membranes. PC
accounts for approximately 95% of total choline in
most tissues.*” PE is the second-most abundant
GPLs in eukaryotic cells.*” Other minor phospholi-
pid species, such as phosphatidylinositol (PI) and
phosphatidylserine (PS), are also part of the
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biological membranes.”® Previous studies have
shown that GPLs played an important role in apop-
tosis by regulating cellular signaling, epigenetic
mechanisms, and membrane trafficking.**"** In the
CNS, GPLs are the major components of the neu-
ronal membranes and myelin. However, the pri-
mary source of synthetic brain neural membrane
GLPs is the gastrointestinal tract.*’ This also sug-
gests an important role for the gut microbiota in
glycerophospholipid metabolism. Recently, several
studies have demonstrated that the disturbance of
glycerophospholipid metabolism was associated
with the gut microbiota-brain axis in
depression.”>™* In this study, we integrated the
metabolomics of the serum and brain between
APP/PS1 and WT mice and found a significant dif-
ference in glycerophospholipid metabolism. In addi-
tion, FMT  intervention can  regulate
glycerophospholipid metabolism in APP/PS1 mice.
In a study based on mass spectrometry imaging
techniques, abnormal glycerophospholipid metabo-
lism was implicated in APP/PS1 mice at 2 and 3
months of age.*® Similarly, a targeted metabolomics
study also revealed abnormal glycerophospholipid
metabolism in the hippocampus of 3xTg-AD male
mice at 2 and 6 months of age.*” Combined with our



results, abnormal glycerophospholipid metabolism
may be an early pathological process of AD that
promotes the occurrence and development of AD.

Central and peripheral immune dysfunction
have recently been identified as an important pro-
cess that promotes the occurrence and develop-
ment of AD.***" In this study, we observed the
activation and proliferation of glial cells in APP/
PS1 mice, accompanied by changes in a series of
immune signaling pathways. More importantly, the
immune signaling pathway is currently considered
to be one of the most important pathways mediat-
ing communication between gut microbiota and
the brain.*>'">> A recent study has confirmed that
the transformation of microglial subpopulations
was modulated by the gut microbiome.”*
Nevertheless, our understanding of the regulation
of microglia-mediated neuroinflammation by gut
microbiota is limited. In this study, we found that
glycerophospholipid metabolism may be an impor-
tant pathway mediating gut microbiota in micro-
glia-mediated neuroinflammation in APP/PS1
mice. In a previous study, the result identified as
potential inflammatory mediators that participate
in systemic immune and low-grade inflammatory
states in generally healthy adults.”>® In athero-
sclerosis, glycerophospholipid metabolism is asso-
ciated with the occurrence of atherosclerotic
inflammation.”” However, the mechanism of gly-
cerophospholipid metabolism in the regulation of
inflammation in the CNS remains unclear and
needs further exploration.

This study had some limitations. First, the
present study observed the characteristics of the
gut microbiota — gut-brain axis in APP/PS1 mice
at 9months of age; however, longitudinal
changes in the gut microbiota - gut-brain axis
in APP/PS1 mice were lacking. More impor-
tantly, this study was limited to an AD mouse
model and has not yet been confirmed in
patients with AD. APP/PS1 mice can’t recapitu-
late all of the cognitive deficits observed in AD
patients.”® In addition, APP/PSI mice can only
imitate the amyloid and/or tau pathology with-
out fully recapitulate the AD phenotype.”® In
future studies, we will conduct relevant in-
depth research on these limitations.

In general, integrating these multi-omics results,
we characterized the abundance of altered gut
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microbiota, glycerophospholipid metabolism in the
serum and brain, and neuroinflammatory pathways
in the brain of the APP/PS1 AD mouse model. FMT
intervention verified the correlation between gut
microbiota, host glycerophospholipid metabolism
and neuroinflammatory pathways in APP/PS1 mice
(Figure 8). Our results can promote the understand-
ing of the relationship between the gut microbiota
and AD.
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