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Abstract

Background: Given the clinical low efficient treatment based on mono-brain-target design in Alzheimer’s disease
(AD) and an increasing emphasis on microbiome-gut-brain axis which was considered as a crucial pathway to affect
the progress of AD along with metabolic changes, integrative metabolomic signatures and microbiotic community
profilings were applied on the early age (2-month) and mature age (6-month) of presenilin1/2 conditional double
knockout (PS cDKO) mice which exhibit a series of AD-like phenotypes, comparing with gender and age-matched
C57BL/6 wild-type (WT) mice to clarify the relationship between microbiota and metabolomic changes during the
disease progression of AD.

Materials and methods: Urinary and fecal samples from PS cDKO mice and gender-matched C57BL/6 wild-type
(WT) mice both at age of 2 and 6 months were collected. Urinary metabolomic signatures were measured by the gas
chromatography-time-of-flight mass spectrometer, as well as 165 rRNA sequence analysis was performed to analyse
the microbiota composition at both ages. Furthermore, combining microbiotic functional prediction and Spear-
man’s correlation coefficient analysis to explore the relationship between differential urinary metabolites and gut
microbiota.

Results: In addition to memory impairment, PS cDKO mice displayed metabolic and microbiotic changes at both

of early and mature ages. By longitudinal study, xylitol and glycine were reduced at both ages. The disturbed meta-
bolic pathways were involved in glycine, serine and threonine metabolism, glyoxylate and dicarboxylate metabolism,
pentose and glucuronate interconversions, starch and sucrose metabolism, and citrate cycle, which were consistent
with functional metabolic pathway predicted by the gut microbiome, including energy metabolism, lipid metabo-
lism, glycan biosynthesis and metabolism. Besides reduced richness and evenness in gut microbiome, PS cDKO mice
displayed increases in Lactobacillus, while decreases in norank_f_Muribaculaceae, Lachnospiraceae_NK4A136_group,
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Mucispirillum, and Odoribacter. Those altered microbiota were exceedingly associated with the levels of differential

metabolites.

Conclusions: The urinary metabolomics of AD may be partially mediated by the gut microbiota. The integrated
analysis between gut microbes and host metabolism may provide a reference for the pathogenesis of AD.

Keywords: Alzheimer’s disease, PS cDKO mice, Metabolomics, Gut microbiota, 16S rRNA sequencing

Introduction

As a disease that mainly affects the elderly, Alzheimer’s
disease (AD) accounts for the main part of patients with
dementia. About 50 million people were living with
dementia in 2018, of which around 35 million were AD
patients, and by 2050, 152 million people will be affected
by dementia [79]. At present, the incidence of AD in
China, which has become the country with the largest
number of AD patients globally, has reached more than 8
million [28]. The cost of AD treatment would be a signifi-
cant financial burden, and the public’s awareness of AD is
severely inadequate. Investigating the material basis and
the course of the reactions that lead to AD is crucial for
understanding the etiology of the disease and develop-
ing effective treatment strategies. As the most common
neurodegenerative diseases, in addition to neuroinflam-
mation as its principal pathological hallmarks, typical
neuropathological features of AD include the accumula-
tion of misfolded amyloid-p (Ap) peptides, neurofibrillary
tangles (NFTs) and tau hyperphosphorylation. How-
ever, lots of candidates based on this hypothesis, such as
solanezumab, avagacestat, and verubecestat, all failed in
the III clinical trials due to the low efficacies, which indi-
cates that the mono-brain-target design is difficult and
impossible in the development process of anti-AD drugs.
This probably because the theory only presents a partial
explanation instead of a holistic understanding of the eti-
ology and pathogenesis of AD.

Recently, accumulating clinical and experimental evi-
dences have suggested that gut microbiota played an
essential role in the central nervous system (CNS) dis-
eases through the microbiome-gut-brain axis [56]. It has
been reported that multiple pathological features of AD
are associated with gut microbiota infections and gut
microbiota should be a vital factor for the judgement
of the progression of AD [6, 32, 47, 92]. Although it is
accepted that the interaction between the gut and brain
are bidirectional, the relevant mechanism between the
gut microbiota and AD has not yet been fully elucidated.
Therefore, it is necessary to conduct in-depth research to
clarify the relevant molecular mechanisms.

Changes in the host physiology caused by ageing,
genetics, diet, lifestyle and other factors might signifi-
cantly affect microbes. The 16S rRNA gene sequenc-
ing method is a worthy method which could detect

fastidiously or non-cultivable organisms by amplifying
and confirming the sequence of conserved genes or pro-
files that not depend on the culture [18, 54]. Metabo-
lomics has emerged as a powerful postgenomic approach
in systems biology. It focuses on the study of the small
molecule responses of living systems caused by external
stimuli from a holistic prospective, providing diagnostic
information and mechanistic insight into biochemical
effects of drugs. Metabolomics is expected to provide
new insights into biomarkers for the diagnosis and prog-
nosis of AD [27, 77, 85]. As a conventional metabo-
lomics research object, urine has also been analysed in
metabolomics studies of AD, and characteristic urinary
metabolites were identified and considered potential bio-
markers of AD [36, 83]. The analysis technology based on
gas chromatography-mass spectrometry (GC-MS) with
high sensitivity, high resolution and high reproducibility
has been widely used in metabolomics studies. The lat-
est studies showed that the host metabolism is affected
by the gut microbiota and their metabolites [19, 63].
However, the roles of the gut microbiota and urinary
metabolites in AD are still unclear. The combination of
16S rRNA gene sequencing and GC-MS based metabo-
lomics will help to understand the relationship between
gut microbiota and CNS diseases from the perspective of
the crosstalk of microbiota and metabolites [44, 66, 90].
Presenilin (PS) is a transmembrane aspartate protease.
Mutations in PS1gene on chromosome 14 and PS2 gene
on chromosome 1 are the principal causes of AD. Cre/
LoxP system was used to hybridize the PS1 forebrain
specific knockout mice with the PS2 systemic knockout
mice to obtain the cDKO mice with double knockout of
PS1 and PS2 in the forebrain. The PS 1 and 2 conditional
double knockout (PS ¢cDKO) mice began to experience
mild cognitive impairment at the age of two months and
further showed severe cognitive decline and accompa-
nied by a progressive decrease in learning and memory
abilities as a series of AD-like symptoms of neurodegen-
erative diseases at the age of six months. The PS ¢cDKO
mouse model have been utilized for studying the patho-
logical and pharmacological mechanism of AD [16, 55,
67]. Our previous study also has confirmed the benefit of
trans-cinnamaldehyde on neuroinflammation and mem-
ory deficits in those mice [89]. In this study, we collected
the samples of fresh feces and urine from the PS ¢cDKO
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mice at age of 2 months and 6 months and performed
16S rRNA analyse and GC-MS based non-target metab-
olomics analysis, respectively.

Materials and methods

Experimental animals and sample collection

PS ¢DKO mice were donated by Dr. Joe Tsien, Augusta
University, USA. The generation and genotyping were
performed as previously described [60]. 2 and 6 months
PS ¢DKO mice, with the transgene Cre, fPS1/fPS1, and
PS2—/—, were served as ¢cDKO-2 and ¢cDKO-6 group
(n=6/group). Their age-matched littermates, without
Cre, fPS1/+4and PS2+/+ or fPS1/+and PS2+4/—, were
assigned to wild-type controls (WT-2, WT-6) simulta-
neously. All of the mice were housed in specific patho-
gen-free environment since born, with ad libitum access
to food and water at a temperature of 23+2 °C in 12-h
light/dark cycles. In order to avoid the cage effects from
microbiome transfer, each group mice were housed indi-
vidually. Before urine collection, each mouse was individ-
ually placed in metabolic cages for 24 h urine.

A total of 32 fecal samples and 32 urine samples were
snap-frozen in liquid nitrogen and stored at — 80 °C until
analysis. All murine experiments were approved by Ani-
mal Experimentation of Shanghai University of Tradi-
tional Chinese Medicine and performed in accordance
with Animal Care and Use Protocols.

Urinary metabolomic signatures

The urinary metabolomics study was based on an untar-
get GC-MS metabolomics method according to our
previously published methods with minor modifica-
tions [45]. Briefly, 2.0 mL sample was centrifuged at
12,000 rpm for 10 min after thawing the mouse urine
sample at room temperature. A 100 uL supernatant was
transferred to a 1.5 mL tube, adding 50 pL of urease (148
U/mg, 37 °C, 15 min) for urea degradation. Then pre-
treated with myristic acid as an internal standard and
N, O-Bis (trimethylsilyl) trifluoroacetamide with 1% tri-
methylchlorosilane as a derivatizing reagent. The sam-
ple analysis was performed using an Agilent 6890/5975B
GC/MSD system (Agilent Technologies, Inc. CA, USA).

Microbiotic community profilings

Total DNA of fecal contents was extracted using
E.Z.N.A.®soil DNA Kit (Omega Bio-Tek, Norcross, GA,
USA) according to manufacturer’s protocols. Then, the
quality and quantity of DNA yield were ascertained by
0.8% agarose gel electrophoresis and the ultraviolet spec-
trophotometer. By polymerase chain reaction (PCR), the
bacterial 16S rRNA gene was amplified with primers
338F (5-ACTCCTACGGGAGGCAGCAG-3’) and 806R
(5-GGACTACHVGGGTWTCTAAT-3’) targeting V3 to
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V4 hypervariable region. Products of PCR were evaluated
by 2% agarose gel electrophoresis. Residual primers and
primer dimers were eliminated with an AxyPrep DNA
Gel Extraction Kit (AXYGEN Biosciences, CA, USA)
according to the manufacturer’s protocol and quantified
using Microplate reader (BioTek, FLx800). Based on the
concentration, combine amplicons in an equimolar ratio
and performed the paired terminal sequencing on an
[llumina MiSeq platform (Illumina, CA, USA) according
to standard protocols by Majorbio Biopharm Technology
Co. Ltd. (Shanghai, PRC).

Data analysis
Raw GC-MS raw files (.D) of urine samples were
acquired by Chemstation and exported in Net.CDF for-
mat. The converted files were subsequently processed by
R 2.13.2 (Lucent Technologies). Then the processed data
(the peak area, retention time and compounds name)
were exported and processed by multivariate analyses
including principal component analysis (PCA) and super-
vised partial least squares discriminant analysis (PLS-
DA) using the software of SIMCA-P 11.0 (Umetrics,
Umed, Sweden). Metabolite identification was performed
firstly with an already constructed standard library of our
lab. Endogenous metabolites from the above-identified
compounds were confirmed with online resource HMDB
(http://www.hmdb.ca/). The pathways behind identified
significant endogenous metabolites were excavated by
MetaboAnalyst 3.0 (http://www.metaboanalyst.ca/) [44].

Raw FASTQ files were demultiplexed, qualitifed by
fastp version 0.20.0 and merged with the following cri-
teria: (1) regardless of the truncated reads shorter than
50 bp, the 300 bp reads were cut at any site getting an
average quality score of <20 over a 50 bp sliding window;
(2) sequences>10 bp were assembled according to their
overlap, and the mismatch ratio of overlap region no
more than 0.2; (3) samples were distinguished based on
barcode and primers, only accepting 2 nucleotide mis-
match in primer matching. Operational taxonomic units
(OTUs) with a 97% similarity cutoff were clustered by
UPARSE version 7.1 [17] and chimeric sequences were
identified and removed. The complete taxonomy of each
16S rRNA gene sequence was analysed by the RDP Clas-
sifier version 2.2 [74] with confidence threshold of 0.7.
Alpha diversity was conducted to reveal the diversity
indices, including chaol diversity indices. The  diversity
analysis was carried out to explore the similarity or differ-
ence of community structure between groups, including
principal coordinate analysis (PCoA). The linear discri-
minant analysis (LDA) effect size (LEfSe) was performed
to identify the difference bacterial taxa.

The statistical analyses were performed using two-
tailed Student’s t test and Pearson’s multi-variate linear
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regression analysis by SPSS 25.0. All numerical data are
showed as means =+ standard deviation (SD). In all experi-
ments, the p-value<0.05 was considered statistically
significant.

Correlation analysis between metabolome and gut taxa

In order to investigate the relationship between gut taxa
and perturbed urinary metabolome in PS ¢cDKO mice,
correlation coefficient of Spearman’s between metabo-
lome and gut microbiotic alterations in genus level were
presented as a heat map. Different color blocks represent
distinguish coefficient r values. In addition, the meta-
bolic correlation of each relevant member of the gut taxa
(|r|>0.4) were expressed in the form of cross-correlation
diagram, showing a positive (red line) and negative (blue
line) connection.

Results

General phenotype of PS cDKO Mice

Numerous previous studies have shown PS c¢DKO
exhibits Alzheimer’s like neurodegenerative symptoms,
including cognitive deficits, shrinkage of the cortex, neu-
roinflammation, and tau hyperphosphorylation in the
late stage, despite the decreased AP content [8, 60, 81,
89]. These progressions are age related. Although nor-
mal in brain morphology, cytoarchitecture, and neuron
number, PS ¢cDKO mice at age of 2 months showed mild
injury in spatial memory, long-term contextual memory,
and synaptic plasticity [60, 78], which may be caused by
reduced N-methyl-p-aspartic acid receptor (NMDAR) in
synaptoneurosome preparations but not in the entire cer-
ebral cortex [60]. At age of 6 months, they demonstrated
a more severe memory impairment and synaptic dysfunc-
tion accompanied by the lessened neuronal number and
neocortical volume [60, 78, 81]. Besides, mild, but detec-
tive loss of gray and white matter along with expansion
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of the lateral ventricles, hyperphosphorylation of tau and
neuroinflammation showed as AD patients [5, 29, 60, 82,
89]. Importantly, these significant early progression of
AD in PS ¢DKO mice at age of 2 and 6 months are very
worthy of being explored, considering it is better to treat
AD in early progress. Therefore, PS ¢cDKO mice at age of
2 and 6 months were studied to reveal the gut microbiota
and urinary metabolome that change with the age.

Alternation of urinary metabolome in PS cDKO mice

GC-MS detection based urine metabolomics is an
increasingly important approach that has been suc-
cessfully used to evaluate metabolite changes. The
metabolomics results showed clear separations of urine
metabolic profiling between PS ¢cDKO mice at the two
time points. As shown in Fig. 1, obvious separation
was observed between WT and PS ¢cDKO mice in PCA
(R?X=0.821, Q*=0.508) and PLS-DA (R?’X=0.864,
R*X=0.982, Q*=0.959) score plots, suggesting altera-
tions of urinary metabolome in the four groups. In Fig. 2,
comparing the group of WT-2 and cDKO-2, a total
of 8 differential metabolites were identified. At age of
6 months, the differential metabolites between the WT-6
and ¢cDKO-6 increased to 11. In the above two groups of
differential metabolites, 2 of them, Xylitol and Glycine,
were coincident and presented as cluster II, which were
both downregulated in the two PS ¢cDKO groups. The
rest alterations in urinary metabolome of the ¢cDKO-2
group were shown as 6 differential metabolites in Clus-
ter I. Most of them were downregulated, except for the
significant upregulation of butyric acid and glycerate. The
alterations in urinary metabolome of the cDKO-6 group
showed in Cluster II and III. Two out of the 9 differential
metabolites in Cluster III were significantly increased,
including m-cresol, isovalerylglycine. In comparison,
the rest 7 metabolites were significantly decreased in the

A B T
W cDKo-2
10 4 WT-6
W cDKo-6
;) o°® L 3
0 ] b
g (% i
.5 <
@
10 4
15 ®
" o

0
1)

Fig. 1 Urinary metabolic profiling (n=6) of PS cDKO mice and WT mice of 2 months and 6 months. PCA score plot (A), PLS-DA (B)
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¢DKO-6 group, and detailed description of these metab-
olites was presented in Additional file 1: Table S1. It is
worth noting that most of differential metabolites were
related to the metabolism of gut microbes, indicating the
dysbiosis of gut microbiota in PS ¢cDKO mice.

Alterations in the metabolic pathway and network analysis
The urine differential metabolites were linked to poten-
tially related pathways through KEGG and HMDB data-
base, and their impact values were further identified
using MetaboAnalyst 3.0. As a result, four disturbed met-
abolic pathways were found to be the most relevant path-
ways involved in 2 months group (impact factor>0.1).
They were glycine, serine and threonine metabolism;
glyoxylate and dicarboxylate metabolism; pentose and
glucuronate interconversions; starch and sucrose metab-
olism (Fig. 3A). In addition, we observed that four main
metabolic pathways were affected in the 6 months group,
they are glycine, serine and threonine metabolism; gly-
oxylate and dicarboxylate metabolism; pentose and glu-
curonate interconversions and citrate cycle (TCA cycle)
(Fig. 3B). The coincidently disturbed metabolic path-
ways, glycine, serine and threonine metabolism and
glyoxylate and dicarboxylate metabolism, along with
glutathione metabolism are related to the significantly
lower concentration of glycine in PS ¢cDKO mice at age
of 2 and 6 months (Fig. 2). Glycine acts a vital role in the
pathogenesis of AD [53, 80], although it is the simplest
amino acid. Further, based on the relationship between

metabolomic signatures, the disturbed metabolic path-
ways were represented in diagram (Fig. 4). D-Glucose is
the energy substrate necessary to maintain neural activ-
ity. Perturbed cerebral glucose metabolism is an eternal
pathophysiological feature of AD, and maybe an impor-
tant factor in its pathogenesis [9]. And D-Galactose, an
epimer of D-glucose, may serve as an alternative source
of energy. The present study showed that urinary levels
of D-glucose and p-galactose were decreased in PS cDKO
mice, especially at age of 2 months, which indicates that
the early stage of PS ¢cDKO mice is mainly abnormal in
brain energy supply. Further, the metabolites, citric acid,
cis-aconitate and succinic acid, are substantial compo-
nents of the TCA cycle. The levels of the above three
metabolites in 6-month-old PS ¢cDKO mice are signifi-
cantly lower than those of the normal mice.

Alteration of the gut microbiome in PS cDKO mice

Gut microbiome was accessed by 16S rRNA sequencing
(Ilumina Miseq platform) using feces samples of cDKO
and control groups. The identification of a-diversity index
(Chaol and Shannon) were performed to evaluate the
ecological diversity within the microbiotic community.
The Chaol index reflecting community richness were
339+125.84 and 420.44+ 139.07 in 2- and 6- months old
PS ¢cDKO mice, respectively (Fig. 5A). The Shannon index
representing both the evenness and species richness was
3.04+0.57 and 3.484+0.63 in 2 months and 6 months
aged PS cDKO mice, respectively (Fig. 5B). A significant
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Fig. 3 Pathway analysis of urinary differential metabolites using Metaboanalyst (impact factor > 0.1). A and B: Disturbed metabolic pathways in
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difference was detected in a-diversity based on Chaol
and Shannon between PS ¢cDKO groups and age-matched
WT groups (Fig. 5A, B), which is consistent with the
results of the other studies on patients of AD [71]. More-
over, principal coordinates analysis (PcoA) and partial
least squares discriminant analysis (PLS-DA) showed the
community structure of PS ¢cDKO mice was significantly
different from that of WT mice on OTU level (Fig. 5C,
D). Early research has reported 5XFAD transgenic mice,
a mouse model widely used in AD research, showed that
the composition of gut microbiota changed significantly
during the progression of AD [75]. In the study of micro-
biotic community compositions in PS ¢DKO and WT
mice (Fig. 5G, H), Bacteroidetes and Firmicutes were the
two most prominent microbiotic communities at the
phylum level, followed by Proteobacteria, Actinobacteria,
and Daferribacteres (Fig. 5G). PS ¢cDKO mice seemed to
have more Firmicutes (an average of 52.80% and 40.07%
sequences at age of 2 and 6 months, respectively) and
fewer Bacteroidetes (26.96% and 51.19%, respectively)
than control mice of age-matched, especially in 2-month-
old mice. Although at the genus level, the top two micro-
biome with the highest relative abundance of each group
were same. They were norank_f Muribaculaceae (the
microbiome, norank in the genus, but belonging to the
Muribaculaceae family) and Lactobacillus (Fig. 5H). The
community structures were different in each group. Com-
pared with age-matched control groups, the abundance
of norank_f Muribaculaceae was significantly reduced in
the cDKO groups at 2 and 6 months. Both PS ¢cDKO and
WT mice showed that Lactobacillus decreased with age,
but the difference in abundance was more pronounced
at 6 months of age (Fig. 5F). In general, bacterial abun-
dance and community structure between PS ¢cDKO and
WT mice were significantly various, and the bacterial
community structure became complicated with age. PIC-
RUSt analysis showed that the differences in gut micro-
biota between WT-6 and cDKO-6 affected the prediction
of functional metabolic pathways (Fig. 5I). Compared
with age-matched PS ¢cDKO mice, the gut microbiota of
WT mice at 6 months was involved in 39 higher meta-
bolic pathways, including signal transduction, energy
metabolism, lipid metabolism, glycan biosynthesis and
metabolism, and cellular processes and signaling, which
were previously observed in the impairments of AD mice
model or associated with the disease progression of AD
[1, 35, 38, 89].
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Alterations of the gut taxa in PS cDKO mice
In terms of the community structure and the taxonomy
level, the differences between PS ¢cDKO and WT mice
were not significant. Therefore, the top 15 gut microbi-
omes of them at genus level were compared respectively.
LEfSe was used to identify the differential bacterial taxa
from phylum to genus. At the genus level, the relative
abundance of norank f Muribaculaceae, Faecalibacu-
lum and Odoribacter were significantly different between
the ¢cDKO-2 and WT-2 groups (Fig. 6A). However, the
difference in the gut microbiota between the 6-month-
old PS ¢cDKO and WT mice had changed. In addition to
the difference in norank f Muribaculaceae, the relative
abundance of Faecalibaculum and Odoribacter no longer
had a significant difference (Fig. 6B). In contrast, the
relative abundances of Lactobacillus, Lachnospiraceae_
NK4A136_group and Mucispirillum were significantly
different (Fig. 6A, B). Further, the differential gut micro-
biota with age changes between PS ¢cDKO and WT mice
was observed. Both at age of 2 and 6 months, PS ¢cDKO
mice had lower levels of norank f Muribaculaceae
(Fig. 6C), primitively called S24-7, belonging to phylum
Bacteroidetes. Besides, as described above, less Lactoba-
cillus and a higher rate of Lachnospiraceae. NK4A136_
group and Mucispirillum were observed in 6-month-old
PS ¢DKO mice, but the difference was not significant
at age of 2 months. Interestingly, compared with age-
matched WT mice, the enrichment of Odoribacter was
reduced in 2-month old PS ¢cDKO mice and the inci-
dence of Faecalibaculum was also increased. However, in
6-month-old mice, there was no significant difference.
LEfSe analysis showed that the 2-month old PS ¢cDKO
mice were primarily characterized by higher abun-
dance of o_Erysipelotrichales, c¢_Erysipelotrichia, f Ery-
sipelotrichaceae, g Dubosiella, c_Actinobacteria, p_
Actinobacteria, g Bifidobacterium, o_Bifidobabacteri-
als, f Bifidibacteriaceae and g Faecalibaculum (LDA
score > 3.5) (Fig. 6E), whereas WT mice mainly showed
higher enrichment of 19 other microbiota from phy-
lum to genus. Surprisingly, there were only 6 taxa with
LDA score > 3.5 in 6-month-old PS ¢cDKO mice, namely
g Lactobacillus, f Lactobacillaceae, o_Lactobacillales,
¢_Bacilli, F Peptostreptococcaceae, and Romboutsia,
while there were 15 other taxa with LDA score>3.5 in
WT-6 group (Fig. 6F). Cladogram clearly demonstrated
the hierarchical relationship among the main gut bac-
teria taxa in PS ¢cDKO and WT mice (Fig. 6G, H). For

(See figure on next page.)

Fig. 5 Alteration of gut microbiome in PS cDKO mice. The a-diversity indexes of Chao1 (A) and Shannon (B) of gut microbiota between PS cDKO
and control mice. *, P<0.05, **, P<0.01. PCoA (C and D) and PLS-DA (E and F) of the gut microbiome composition of WT and PS ¢cDKO mice on OTU
level at age of 2 and 6 months. G and H: Relative abundance of the gut microbiome in WT and PS cDKO mice at age of 2 and 6 months, coloured

at the phylum (G) and genus (H) level. I: The effect of the gut microbiota modifications in PS cDKO mice at age of 6 months compared with
age-matched WT mice on predicted functional metabolic pathways acquired from PICRUSt analysis, N=6




Gao et al. J Transl Med (2021) 19:351

Page 8 of 17

A B C PCoA on OTU level ® Wt-2
Lt x R=0.4824, P=0.002000 A cDKO-2
5' I 1 r 1 0.4
800- e - 8 j [ :
I 1 T 1
. 3 4 ==
= .
£ e 31
= 400- 2
o c
© c 21
5 2
© 200 » 1-
T T T T T T T T —
WT-2 cDKO-2 WT-6 cDKO-6 WT-2 cDKO-2 WT-6 cDKO-6 040302010 0.10.20:3040.50.60.7
PC1(36.15%)
D PCoA on OTU level wrs E PLS-DA on OTU level ®WT-2 [ PLS-DA on OTU level .rgé_ﬁ
0.6 R=0.4222, P=0.002000 McDKO-6 30 A cDKO-2 25 ;
I T : ~ 201
0.4- & 157
X = 104
=]
B 021 £ ¥
- o~ ik iinasvassiusallisrsnadanas
8 S o
& Oyt I R oot s -5
2 O -10-
0.2 O 45
: - 20
-0.4 T + T T T T T T T T T
-0.2 0 0.2 04 0.6 20 15 10 -5 0 5 10 15
PC1(23.24%) COMP1(21.83%) COMP1(14.78%)
G Phylum |
B Bacteroidetes
9 1
—_— -
g M Firmicutes
© 0.8 B Proteobacteria Cell Motility
.g Actinobacteria Circulatory System
3 0.6 p Neurodegenerative Di
£ Wi Deferribacteres Signal Transduction | —————
o 0.4 Verrucomicrobia Environmental Adaptation =

2 M Tenericutes Immune System

‘&' 0.2 ; Membrane Transport |

- [ Epsilonbacteraeota - P

&J W others Endocrine System | ———

Metabolism of Cofactors and Vitamins | ————
WT-2 cDKO-2 WT-6 cDKO-6 Energy Metabolism =
Cell Growth and Death
Genus Metabolism |[EE——
H 1A Amino Acid Metabolism | ————
. - . - Folding, Sorting and Degradation |
8 ) = Genetic Information Processing |EE—
— [ — saa
08 - - Enzyme Families |
% - ! - - Cancers |
° - — Lipid Metabolism ~ |——
g 0.6 — lit=s] Infectious Diseases | ——
Qo Poorly Characterized | ———
© — Glycan Biosynthesis and Metabolism | —— ————
o 0.4 Cellular Processes and Signaling | _"—
2 Nucleotide Metabolism | ————
- £ ac
© Transcription |EEE——
Tg 0.2 1 Metabolism of Terpenoids and Polyketides | — ————m
(14 Translation |E———
Transport and Catabolism | ———
- Replication and Repair |—————
WT-2 cDKO-2 WT-6 cDKO-6 Biosynthesis of Other Secondary Metabolites  |——————
i Metabolism of Other Amino Acids | ———
Minorank_f__Muribaculaceae Faecalibaculum Carbohydrate Metabolism  [—
M Lactobacillus .n(.zrank_f_Lachnosplraceae Metabolic Diseases |
WiBacteroides Rikenella Xenobiotics Biodegradation and Metabolism ~ |—

Dubosiella Wunclassified_f__Ruminococcaceae Immune System Diseases |EE—
MLachnospiraceae_NK4A136_group MIErysipelatoclostridium Digestive System |——

Bifidobacterium Desulfovibrio Nervous System |——
Punclassified_f__Lachnosp W Helicob Signaling Molecules and Interaction | B Wr-s
[ Prevotellaceae_UCG-001 W Muribaculum Excretory System |—

W Parasutterella iBlautia Cardiovascular Diseases =
W Mucispirillum Mycoplasma 0.0 03 0.6 0.9
[ Akkermansia WRuminococcaceae_UCG-014 Log 2 Fold-change

Alistipes Romboutsia
W Alloprevotella B Roseburia
[ Odoribacter W Clostridium_sensu_stricto_1
W Parabacteroides Wothers
Wnorank_f__Desulfovibrionaceae

Fig. 5 (See legend on previous page.)




Gao et al. J Transl Med (2021) 19:351

example, in WT mice, taxa from p_Deferribacteres to
g Mucispirillum were all abundant (Fig. 6G, H). With the
increment of age, the trend of changes in Deferribacteres
and Mucispirillum was similar (Fig. 6C, D). In addition,
compared with age-matched WT mice, 6-month-old PS
¢DKO mice were rich in Lactobacillus, which belongs to
Lactobacillaceae at the family level, and their order-level
of Lactobacillales and class-level of Bacilli’s richness were
higher (Fig. 6F).

Correlation analysis of metabolomic signatures

and microbiotic community profilings

In order to further understand the correlation of metab-
olomic characteristics and intestinal microbiotic com-
munities, the covariation relationships between urinary
differential metabolites and the differential gut micro-
biota of genus level were expressed in the form of heat
diagram (Fig. 7A, C). The correlations between dif-
ferential gut microbiota of genus level and differential
metabolites were multiple, and the metabolic connec-
tions of well-predicted bacteria were shown in Fig. 7B, D
(|r|>0.4). In 2-month-old groups of WT and PS ¢DKO,
norank_f Muribaculaceae was negatively correlated
with butyric acid (r= —0.650, P<0.05) and glycerate
(r=—0.629, P<0.05), and positively correlated with
erythritol (r=0.406), p-galactose (r=0.650, P<0.05),
and D-glucose (r=0.503). Faecalibaculum has a posi-
tive correlation with butyric acid (r=0.804, P<0.01) and
glycerate (r=0.776, P<0.01), but negatively related to
glycine (r= —0.476), erythritol (r= —0.685, P<0.01),
D-galactose (r= —0.545), and D-glucose (r= —0.524).
Odoribacter was negatively correlated with butyric
acid (r=—0.741, P<0.01) and glycerate (r= —0.818,
P<0.01), but positively correlated with glycolic acid
(r=0.510), xylitol (r=0.769, P<0.01), glycine (r=0.587,
P<0.05), erythritol (r=0.720, P<0.01), D-galactose
(r=0.706, P<0.05), and D-glucose (r=0.804, P<0.01).
In 6-month-aged group, norank f Muribaculaceae
was negatively correlated with m-cresol (r= —0.776,
P<0.01) and isovalerylglycine (r= —0.839, P<0.01),
and positively correlated with glutamate (r=0.531),
cis-aconitate (r=0.462), citric acid (r=0.559), galac-
tonicacid (r=0.594, P<0.05), and glycine (r=0.580,
P<0.05). Lactobacillus and m-cresol was positively
correlated, and threonic acid (r= —0.671, P<0.05),
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glutamate (r= —0.441), xylitol (r= —0.629, P<0.05),
cis-aconitate (r= — 0.476), galactonic acid (r= —0.462),
glycine (r= —0.420), and succinic acid (r= —0.804,
P<0.01) were negatively correlated. Lachnospiraceae_
NK4A136_group was negatively correlated with
isovalerylglycine (r= —0.657, P<0.05), but positively
correlated with threonic acid (r= —0.657, P<0.05), glu-
tamate (r= —0.657, P<0.05), 5-hydroxyindole-3-acetate
(r=—10.657, P<0.05), xylitol (r= —0.657, P<0.05), cis-
aconitate (r= —0.657, P<0.05), citric acid (r= —0.657,
P<0.05), galactonic acid (r= —0.657, P<0.05), and gly-
cine (r= —0.657, P<0.05). Mucispirillum was negatively
correlated with m-cresol (r= —0.531) and isovalerylgly-
cine (r= —0.776, P<0.01), and positively correlated with
threonic acid (r=0.531), glutamate (r=0.741, P<0.01),
xylitol (r= —0.657, P<0.05) cis-aconitate (r=0.678,
P<0.05), citric acid (r=0.727, P<0.01), galactonic acid
(r=0.678, P<0.05), glycine(r=0.720, P<0.01), and suc-
cinic acid (r=0.566).

Discussion

Emerging evidences have proved that gut microbiota and
the brain show bidirectional interaction through micro-
biota-gut-brain axis [12, 91]. The presenilins are essential
components of the multiprotein y-secretase complex,
which regulates embryonic neurogenesis [15]. The
aberrant presenilin genes are associated with familial-
Alzheimer’s disease, as well as increased inflammatory
responses and age-related neuropsychiatric symptoms,
such as anxiety, depression, aggressivity, and aberrant
motor behavior [13, 81]. Due to deficient -catenin phos-
phorylation and notch signaling, the knockdown of PS1
in neural progenitor cells (NPCs) are causally linked
to cognitive impairment [4], and the additional loss of
PS2 will exacerbate aberrant premature differentiation
of NPCs [15]. Although the essential role of presenilin
genes or gut microbiota in the pathogenesis of AD has
been widely reported, so far, there are few reports on the
structural characteristics of gut microbiota in organisms
with aberrant PS genes and their relationships with the
host metabolic phenotype. In the present study, integra-
tive metabolomic signatures and microbiotic community
profilings were applied on presenilinl/2 conditional dou-
ble knockout (PS ¢cDKO) mice of its early age (2-month)

(See figure on next page.)

Fig. 6 The differentially taxa of gut microbiota in PS cDKO mice versus WT mice. Differential abundance analysis of taxa on the genus level (top
15) between WT and PS cDKO mice at age of 2 months (A) and 6 months (B). Student’s t-test, * P < 0.05, % % P <0.01. C: Comparison of relative
abundance of significantly altered bacterial taxa on genus level between WT and PS cDKO mice. P <0.05,* *P<0.01. D: Comparison of relative
abundance of gut microbiota on the genus level (top 5) between WT and PS cDKO mice.x P <0.05. LEfSe analysis from the phylum to genus level
at age of 2 months (E) and 6 months (F). Taxa enriched in PS cDKO mice are indicated by a negative LDA score (blue for cDKO-2 group; green for
cDKO-6 group), and taxa enriched in WT groups have a positive LDA score (red for WT-2 group; yellow for WT-6 group). The LDA score threshold
is>3.5. G and H: The cladogram of enriched taxa from the phylum to genus level, N=6
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and mature age (6-month), comparing with gender and
age-matched C57BL/6 wild-type (WT) mice.

Amino acid neurotransmitters, usually divided into
excitatory and inhibitory types, are crucial in neurotrans-
mission, and closely related to the organisms’ learning
and memory ability. Recently, some studies have reported
that aberrances in amino acid metabolism can be an early
indicator of neurodegeneration in AD [20, 30, 76]. Gly-
cine and glutamate are agonists of N-methyl-D-aspartate

(NMDA) receptors [21, 25], the activation of which is
essential for triggering memory [48]. It was reported that
glycine transporter-1 (GlyT1) inhibitors could improve
glycine uptake and moderate cognitive impairment in
animal models of Alzheimer’s disease [21]. Our previ-
ous study found that PS ¢cDKO mice have fewer NMDA
receptors in prefrontal cortex and hippocampus [89]. In
this study, it was also demonstrated that the urine levels
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of glycine and glutamate were reduced (Fig. 2). Besides,
as an important excitatory neurotransmitter, glutamic
acid can be used to inhibit the energy formation and bio-
synthesis of the inhibitory mediator GABA [52]. Previous
animal and clinical studies reported AD model animals or
AD patients had a lower level of glutamate in the brain [2,
57]. In patients with mild cognitive impairment (MCI),
it was also reported that glutamate levels decreased over
approximately 12 months in the posterior cingulate gyrus
[50].

Differential metabolites identified in the metabolomics
studies were mainly related to disorders of energy metab-
olism. And importantly, energy metabolism plays a sig-
nificant role in AD. Accumulated evidence indicated that
both oral and subcutaneous administration of D-galac-
tose had positive effects on learning and memory abilities
of Wistar rats and streptozotocin-induced AD models
[11, 33, 58]. Citric acid, cis-aconitate and succinic acid
are vital compounds in the physiological process of con-
verting fat, protein and sugars into carbon dioxide. These
chemical reactions are the core of almost all metabolism
organisms and provide energy for them [9, 43]. These
reduced three metabolites of PS cDKO mice further sug-
gested that energy metabolism is a crucial factor in AD.

As a naturally occurring sugar acid, L-threonate (thre-
onic acid) is generally excreted in urine by about 10%
[69]. Threonic acid could affect the CNS. For example,
synapse density and memory ability could be improved
in the elderly rats and APPswe/PS1dE9 (APP/PS1) trans-
genic mice by oral administration of L-threonate and
magnesium (Mg ") in the form of L-threonine magne-
sium salt (L-TAMS) [39, 64]. In addition, the elderly with
cognitive impairment can also get improved cognitive
ability by oral intake of a compound containing L-TAMS
[42]. These can partly explain the decrease of threonic
acid levels in the 6-month-old PS ¢cDKO group (Fig. 2).
Based on the above analysis, it can be concluded that
there are significant differences in the metabolites of AD
at different stages. This indicates that in the future, spe-
cific biomarkers developed from certain differential uri-
nary metabolites can be used to distinguish the different
disease courses of AD. Of course, further confirmatory
research needs to be carried out extensively before that.

AD is accompanied by alterations in the gut microbiotic
community [75, 92], which was further confirmed in our
present study. Significant genus-level changes included
increases in Lactobacillus, while decreases in norank_f~
Muribaculaceae, Lachnospiraceae_NK4A136_group,
Mucispirillum, and Odoribacter. norank_f Muribacu-
laceae, belonging to phylum Bacteroidetes, is positively
related to the formation of the inner mucus layer and its
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barrier function in the gut [72]. Meanwhile its abundance
was closely correlated with propionate, a kind of short-
chain fatty acids (SCFAs) in feces [65]. In our study, the
abundance of the genus Lachnospiraceae. NK4A136_
group in PS ¢cDKO mice was decreased, which is also a
SCFAs-producing bacteria [87, 88]. SCFAs not only per-
form on the gut, but also act on the brain and other dis-
tal places, modulating permeability of the blood—brain
barrier, neurogenesis, and host behaviors [34]. SCFAs
activate intestinal gluconeogenesis via a cAMP-depend-
ent mechanism or through a gut-brain neural circuit
involving the free fatty acid receptor (FFAR3) [14]. It
was reported that the level of SCFAs in feces and brain
of AD mice was reduced [86], and selective SCFAs could
interfere with the formation of toxic soluble A aggre-
gates in vitro [24]. Besides, the decreased abundance of
Lachnospiraceae_NK4A136_group was also observed
in hydrocortisone-induced depressant rats [10]. Lacto-
bacillus, a pivotal component of the Firmicutes phylum,
usually affects the immune system [70]. Lactobacillus
plantarum TWI-1, isolated from a fermented milk prod-
uct, was reported to modulate gut microbiota and have
anti-inflammatory and anti-oxidative stress activities
[70]. The abundance of Lactobacillus in PS ¢cDKO mice
was higher than in WT mice, especially in 6-month-old
PS ¢DKO mice (Fig. 6). It has also been same reported
that in P301L mice, an AD model with tauopathy, Lacto-
bacillus was increased [68].

Odoribacter belongs to Bacteroidetes phylum, and its
variation between PS ¢cDKO and W'T mice was the same
as that of Bacteroidetes. One of the novel metabolite
markers of Odoribacter, sulfonolipids has broad appli-
cation prospects in biological fields, such as intestinal
maturation and immune system [73]. Sulfobacin B, a kind
of sulfonolipids, could inhibit inflammatory responses by
decreasing the production of TNF-a [46]. In our study,
the level of Odoribacter was lower in both 2-month-old
and 6-month-old PS ¢DKO mice, which are consistent
with the downward trend of the immune system of PS
¢DKO mice. As the sole known component of Deferrib-
acteres in the mammalian microbiota, the abundance of
Mucispirillum was reduced, as shown in LEfSe analysis
(Fig. 6). Mucispirillum is related to the pathogen invasion
and virulence factor expression partially by competing
for anaerobic electron acceptors [23] and plays a causal
role in protection against Salmonella-induced colitis. In
our study, the abundance of Mucispirillum was decreased
in the PS ¢cDKO mice, which might be associated with the
complicated chronic inflammation in AD. The enrich-
ment of Deferribacteres is closely related to the protec-
tion against Salmonella enterica serovar Typhimurium
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(S. Tm) colitis [23]. At the same time, the abundance of
Deferribacteres was decreased in mice with constipation
predominant intestine tumor, and could be reverted after
treatment [40]. It could gain energy by obligatory or fac-
ultative anaerobic metabolism [40]. Therefore, Deferrib-
acteres is a kind of beneficial bacteria, and the decrease
of phylum Deferribacteres in the gut may be related to the
disease progression of AD.

With the integration of gut microbiota data with dif-
ferential metabolites, the tight crosstalks between the gut
microbiota and host metabolism in the PS cDKO mice of
different ages were highlighted. Faecalibaculum roden-
tium, a typical species of Faecalibaculum and a Gram-
positive and obligately anaerobic bacteria, has a higher
fermentation ability for lactic acid, as well as butyric
acid production, and is hypothesized to be the princi-
pal replacement of Lactobacillus and Bifidobacterium,
along with a shift from lactate metabolism to increased
SCFA production and carbohydrate metabolism [7, 41].
Endogenous murine Faecalibaculum rodentium was
proved to protect from intestinal tumor growth by pro-
ducing anti-proliferative SCFAs, especially that butyrate
[84]. Odoribacter, Gram-negative and strictly anaerobic,
contains only two recognized species, namely O. splanch-
nicus and Odoribacterdenticanis [22]. Its metabolites
include not only butyric acid, but also small amounts of
succinic acid, acetic acid, and isovalerate acid [49]. As a
beneficial bacteria in the gut, Odoribacter can protect the
intestinal immune system from external stimulation and
enhance the intestinal mucosa’s function [87, 88]. In our
present study, the results show that Faecalibaculum and
Odoribacter were relevant to the differential metabolites
of PS ¢cDKO mice, which represented the disturbances of
metabolic pathways that accompanied the disease devel-
opment of AD. Norank f Muribaculaceae, a longevity-
linked bacterial family [61, 62], contains functional genes
that are related to the degradation of particular types of
polysaccharides, such as a-glucans, host glycans and ¢
plant glycans [37, 51], and the production of succinate,
acetate, and propionate [51]. In this study, the decreased
abundance of Muribaculaceae was consistent with the
decreased levels of energy and lipid metabolism in PS
¢DKO mice in the metabolomics study and the related
clinical manifestations of AD patients [3, 31].
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Lactobacillus metabolize sugars into lactic acid,
which lowers the pH of their environment. Generally,
it has an anti-bacterial and anti-fungal function and is
regarded as a probiotic. It was reported that the per-
centage of Lactobacillus spp. within the general gut
microtiota was higher in Tsumura Suzuki Obese Dia-
betes (TSOD) mice than in Tsumura, Suzuki, Non Obe-
sity (TSNO) mice [26]. In contrast, the percentages
of family Lachnospiraceae were higher in TSNO mice
than in TSOD mice [26]. At age of 6 months, Lacto-
bacillus was higher in PS ¢cDKO mice (Fig. 6C), which
may be related to the abnormal glucose metabolism
in PS ¢DKO mice and the decrease of the OTU rich-
ness (Chaol) and diversity index (Shannon). Figure 7C
showed that Lactobacillus was negatively relevant to
threonic acid, xylitol and succinic acid, revealing the
TCA circle that decreases with age. Lachnospiraceae_
NK4A136_group and Mucispirillum both were nega-
tively related to isovalerylglycine, and positively related
to glutamate, citric acid, glycine and cis-aconitate. The
decrease of these two bacteria was related to the down-
regulated metabolic pathways in PS ¢cDKO mice, such
as TCA cycle, glyoxylate and dicarboxylate metabolism;
arginine biosynthesis; D-glutamine and bD-glutamate
metabolism; glutathione metabolism; glyoxylate and
dicarboxylate metabolism; and glutathione metabolism,
etc. In addition, Mucispirillum is positively related to
xylitol and galactonic acid, and the former is related to
the pathway of pentose and glucuronate interconver-
sions, which was reported in pathogenesis of glycome-
tabolism disease [59]. Overall, as a kind of typical AD
rodent model, PS ¢cDKO mice in both 2-month age and
6-month age showed metabolomic and microbiotic
changes (Fig. 8).

As mentioned above, the correlation analysis of the
gut microbiota in genus level and the differential uri-
nary metabolites showed that in PS ¢DKO and WT
mice, metabolites related to norank f Muribaculaceae,
Faecalibaculum and Odoribacter might be closely asso-
ciated with the host energy metabolism and amino
acid metabolism. In contrast, metabolites related to
Lactobacillus, Lachnospiraceae_ NK4A136_group,
and Mucispirillum may be mainly associated with the
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Fig. 8 Schematic diagram representing metabolomic and microbiotic changes of PS cDKO mice and the effects of gut microbiota on mediation of

host TCA circle and glycine metabolism. All of evi-
dences displayed that there were remarkable crosstalks
between gut microbes and internal metabolites.
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