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The gut microbiota plays an important role in central nervous system (CNS)

disorders. Apolipoprotein E (ApoE) can affect the composition of the gut

microbiota and is closely related to the CNS. However, the mechanism by

which ApoE affects cognitive dysfunction through the gut microbiota–brain

axis has thus far not been investigated. In this study, we used wild-type

mice and ApoE knockout (ApoE−/−) mice to replicate the aging model and

examined the effects of ApoE deletion on cognitive function, hippocampal

ultrastructure, synaptophysin (SYP) and postsynaptic density 95 (PSD-95)

in aging mice. We also explored whether ApoE deletion affects the gut

microbiota and the metabolite profile of the hippocampus in aging mice and

finally examined the effect of ApoE deletion on lipids and oxidative stress in

aging mice. The results showed that the deletion of ApoE aggravated cognitive

dysfunction, hippocampal synaptic ultrastructural damage and dysregulation

of SYP and PSD-95 expression in aging mice. Furthermore, ApoE deletion

reduced gut microbial makeup in aging mice. Further studies showed that

ApoE deletion altered the hippocampal metabolic profile and aggravated

dyslipidemia and oxidative stress in aging mice. In brief, our findings suggest

that loss of ApoE alters the composition of the gut microbiota, which in turn

may affect cognitive function in aging mice through the gut microbiota–

brain axis.
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Introduction

Aging is a process in which the functions of various
tissues and organs in the body gradually degenerate. With
the intensification of population aging, aging has become a
serious social problem (Joe and Ringman, 2019). Brain aging-
induced cognitive and memory decline is one of the early
symptoms of aging patients, and changes in hippocampal
structure and function are closely related to learning and
memory impairments (Kodali et al., 2021; Kokudai et al., 2021).
At present, effectively delaying brain aging, maintaining the
normal function of the hippocampus, and preventing cognitive
dysfunction have become research hotspots in medicine.

Recently, increasing clinical and experimental evidence
has suggested that the gut microbiota plays a crucial role
in central nervous system (CNS) diseases through the gut
microbiota-brain axis (Chakrabarti et al., 2022; Mou et al.,
2022). The cognitive dysfunction associated with aging has
been reported to be associated with intestinal microbiome
disturbances (Pw and Jeffery, 2015; Mangiola et al., 2018). For
example, medical studies in the elderly population have found
higher Firmicutes/Bacteroidetes ratios in the gut microbiome
of demented subjects than in non-demented controls (Saji
et al., 2019). The gut microbiota is considered an invisible
organ that mediates bidirectional signaling between the gut-
brain axis (Doifode et al., 2021). Unfortunately, the relevant
mechanisms between gut microbiota and brain aging have not
been fully elucidated. Therefore, in-depth studies are warranted
to elucidate the potential link between the gut microbiota-brain
axis and cognitive impairment induced by brain aging.

Apolipoprotein E (ApoE) is the main plasma apolipo-
protein, and it regulates lipid metabolism and maintains
cholesterol balance. It also participates in the normal growth and
development and damage repair of the CNS (Aires et al., 2021).
Studies have shown that ApoE is the most abundantly expressed
apolipoprotein in the brain and is responsible for regulating a
large part of brain lipid metabolism, especially the transfer of
cholesterol and phospholipids from glial cells to neurons (Hudry
et al., 2019). Furthermore, loss of ApoE disrupts the blood–brain
barrier in aging mice (Mulder et al., 2001) and leads to cognitive
impairment (Zerbi et al., 2014) and cerebrovascular dysfunction
(Bell et al., 2012). Recent studies have also found that ApoE
deficiency alters the composition of the gut microbiome (Gan
et al., 2022; Zajac et al., 2022). However, the mechanism by
which ApoE affects lipid metabolism and cognitive impairment
through the gut microbiota brain axis has not been investigated
to date.

The gut microbiota is both a participant and a regulator
of metabolic processes (Wang et al., 2017). Metabolomics can
be used to effectively screen biomarkers and deeply analyze
the molecular mechanisms of host health or disease (Rowland
et al., 2018). To this end, we used ApoE knockout (ApoE−/−)
mice as study subjects to explore whether ApoE is involved in

postaging cognitive dysfunction through the gut microbiota-
brain axis. We explored the effect of ApoE deletion on cognitive
function and gut microbes in D-galactose-induced aging mice.
We also used a metabolomic approach to confirm whether the
absence of ApoE affects the metabolite profile of the aging mouse
hippocampus. In addition, we examined the effect of ApoE
deletion on blood lipids and oxidative stress in aging mice. We
hope to reveal the mechanism by which ApoE affects cognitive
dysfunction in aged mice through the gut microbiota-brain axis.

Materials and methods

Animals

Twenty 10-week-old male SPF ApoE−/− mice were
purchased from Gempharmatech Co., Ltd. (Nanjing, China),
with a body weight of 25± 5 g [serial number: T001458, genetic
background: C57BL/6 J, genotype: (ApoE) KO/KO, and license
number: CXK (SU) 2018-0008]. Forty 10-week-old male SPF
wild-type C57BL/6J mice, with a body weight 20 ± 2 g, were
also used. Bedding materials and feed were provided by Hunan
Laike Jingda Co., Ltd. (Changsha, China). The animals had free
distilled drinking water, and the housing conditions were as
follows: temperature of 20–25◦C, humidity of 40–55%, natural
light, normal feeding, and bedding replacement every other day.

Main reagents and instruments

D-galactose (V900922) was purchased from Sigma–
Aldrich (Shanghai, China), anti-synaptophysin (SYP) antibody
(ab32127) and anti-postsynaptic density 95 (PSD-95) antibody
(ab238135) were purchased from Abcam (Cambridge,
United Kingdom), and a superoxide dismutase (SOD)
detection kit (20190412), a glutathione peroxidase (GSH-
PX) detection kit (20190309), and a malondialdehyde (MDA)
detection kit (20190315) were purchased from Jiancheng Co.,
Ltd. (Nanjing, China).

Vectra3 tissue section analysis system (Marlborough,
United States), Illumina NovaSeq 6,000 sequencing system
(Santiago, United States), Thermo Dionex U3000 UHPLC
(Waltham, United States), Agilent 7890B-5977B GC–MS (Santa
Clara, United States), Enspire multifunctional microplate reader
(Waltham, United States), Waters ACQUITY UPLC HSS T3
(100 mm × 2.1 mm, 1.8 µm) chromatographic column
(Framingham, United States).

Design of animal experiments

Forty wild-type mice were randomly divided into two
groups [the control group and the model group (n = 20)], after
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FIGURE 1

Experimental design.

adaptive feeding, and the other 20 ApoE−/− mice were set as
the ApoE group. Except for the control group, the other groups
were injected subcutaneously with 100 mg·kg−1 of D-galactose
on the back of the neck once a day for 6 consecutive weeks,
and the blank group was injected with the same amount of
normal saline. The subcutaneous injection of D-galactose is
a commonly used method to replicate aging models (Azman
and Zakaria, 2019; Huang et al., 2020). After the Y maze
and Morris water maze (MWM) in the 6th week, all mice
were anesthetized by intraperitoneal injection of 1% sodium
pentobarbital, the eyeballs were removed, blood was collected,
and then the serum was obtained by centrifugation. Eight mice
were randomly selected from each group for analysis of the gut
microbiome, metabolomics, blood lipids and oxidative stress,
and the remaining 12 were subjected to transmission electron
microscopy analysis and immunohistochemical detection. As
shown in Figure 1. This experimental protocol was approved by
the Ethics Committee of the First Affiliated Hospital of Hunan
University of Traditional Chinese Medicine (ZYFY20210710).

Y–maze test

According to the details in Reference (Suryavanshi et al.,
2014), the memory ability of brief learning in mice was evaluated
using the Y-maze test. The Y-maze consists of 3 arms radially
oriented outward in 3 equal parts, and a single arm is 30 cm in
length, 8 cm in width, and 15 cm in height with an angle between
arms of 120. The Y maze was placed in a quiet room, and at
the midpoint of the Y-maze at the beginning of the experiment,
the movements of the mice were recorded over 8 min, and
only consecutive entries into 3 different arms were counted as
1 correct alternating exploration, after which the mice were
returned to their cages. After each assay was finished, a 75%
ethanol wipe was used to eliminate mouse odor. The alternation
rate was calculated as follows: alternation rate = number of
correct alternations/(total alternations-2)× 100%.

Morris water maze test

According to the details in Hui et al. (2017), the MWM was
used to test the long-term working memory ability of the mice.
The MWM used a black round stainless steel pool (depth 60 cm,
diameter 150 cm), and the top of the pool was connected to a
video detection system. The platform was fixed in the second
quadrant, tap water was injected into the pool, the water level
was 1–2 cm higher than the platform, and the water temperature
was controlled at 22–24◦C. The mice were put into the water
with their heads facing the pool wall, the water entry points were
randomly selected, and the detection time was 60 s. The time
when the mouse found the underwater platform was recorded.
If it was found within 60 s, the animal was allowed to stay on
the platform for 10 s to rest. If the platform was not found, the
animal was guided to the platform and stayed for 10 s. Each
animal was trained three times a day, with an interval of 15–
20 min between each training session for 5 consecutive days.
On the 6th day, the platform was removed, the animals were
placed into the water from the opposite side of the original
platform quadrant, and the latency and number of times the
animals crossed the original platform quadrant within 60 s were
recorded.

Detection of synaptic ultrastructure in
the hippocampus

Specimens that had been placed in the transmission
electron microscope (TEM) for 48 h were postfixed in 1%
osmic acid at room temperature for 2 h, dehydrated stepwise
through an ethanol gradient, and again dehydrated in acetone.
After embedding in an embedding machine, the tissues were
cut into 60–80-nm ultrathin sections, double stained with
uranyl acetate and lead citrate, and dried overnight at room
temperature. Synapses with clearly observed presynaptic and
postsynaptic membranes and synaptic vesicles were selected
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and photographed through TEM. Five synapses were randomly
selected from each mouse, and a total of 20 synapses were
selected from each mouse group, and structural parameters of
synaptic interfaces were calculated using Image-Pro Plus 6.0
software (Jones and Devon, 1978; Güldner and Ingham, 1980).

Immunohistochemical detection

The expression levels of SYP and PSD-95 were determined
by immunohistochemistry. The detection procedure was
similar to that described in a previous study (Chen et al.,
2022): the sections were dewaxed, antigen retrieval and
blocked sequentially. SYP (1:100) and PSD-95 (1:100) primary
antibodies were added and incubated overnight at 4◦C, and
then incubated with the corresponding secondary antibodies
for 1 h at room temperature. Routine DAB staining was
followed by counterstaining with hematoxylin and mounting
of the slides. A smart tissue section imaging system was
used for whole slide scanning, and images of the dentate
gyrus (DG), CA1, and CA3 regions were collected from the
hippocampus region. Densitometry was calculated using Image-
Pro Plus 6.0 software.

Gut microbiota analysis

The genomic DNA of mouse cecal contents was extracted
using a DNA extraction kit, and then the concentration
of DNA was detected by agarose gel electrophoresis and a
NanoDrop2000. Using genomic DNA as a template, primers
343F and 798R were used to amplify the V3-V4 region by
PCR. After purification and quantification, a sequencing library
was constructed. The following sequences were used: V3–V4
forward primer, 343F TACGGRAGGCAGCAGCAG; reverse
primer, 798R AGGGTATCTAATCCT.

Using the QIIME 2 analysis process, DADA2 was used to
denoise the raw data, cluster with 100% similarity, remove
and correct low-quality sequences, identify and dechimerize
algorithms, etc. The representative sequences of amplicon
sequence variants (ASVs) were aligned with the template
sequences in the SILVA-132-99 database to obtain the flora
information of all ASVs at the levels of microbial phylum, class,
order, family, genus, and species classification.

Metabolomics analysis

LC–MS analysis
The hippocampal tissue was removed from the −80◦C

refrigerator and thawed at 4◦C. Then, 30 mg of tissue sample
was accurately weighed, 20 µL of internal standard and 600 µL
of methanol-water (V:V = 4:1) were added, and the samples

were placed in a grinder and ground. Ultrasonic extraction was
performed in an ice-water bath for 10 min. After standing at
−20◦C for 2 h and centrifuging for 10 min (13,000 rpm, 4◦C),
150 µL of the supernatant was aspirated with a syringe, filtered
through a 0.22-µm filter, and transferred to a sample vial until
LC–MS analysis.

The chromatographic column was an ACQUITY UPLC
HSS T3 (100 mm × 2.1 mm, 1.8 µm), and the mobile phases
were A-water (containing 0.1% formic acid) and B-acetonitrile
(containing 0.1% formic acid). The gradient elution program
was 0–4 min, 5% B; 4–9 min, 30% B; 8–10 min, 50% B; 10–
14 min, 80% B; 14–15 min, 100% B, and 15–16 min, 5% B.
The following chromatographic conditions were used: flow rate,
0.35 mL·min−1; injection volume, 2 µL; column temperature,
45◦C. The following were the mass spectrometry conditions: the
ion source was electrospray ionization (ESI); the positive and
negative ion scanning modes were used for measurement, with
spray voltages of 3,800 and −3,000 V, respectively; the capillary
temperature was 320◦C; the aux gas heater temperature was
350◦C; the sheath gas flow rate was 35 Arb; the aux gas flow rate
was 8 Arb; the full MS resolution was 70,000; and the mass range
was 100–1 200 m/z. To ensure the stability of the entire analysis
system, quality control (QC) samples were used for method
verification in this experiment. The QC samples were obtained
by mixing 10 µL of each normal sample. One QC sample was
injected between every 10 samples to assess the stability of the
mass spectrometry system.

GC-MS analysis
Similar to the above method, 30 mg of hippocampal tissue

was accurately weighed, and 20 µL of internal standard and
600 µL of methanol-water (V:V = 4:1) were sequentially added.
Then, the sample was placed in a grinder and ground. Next, 120
µL of chloroform was added, and the sample was vortexed for 2
min and then sonicated in an ice-water bath for 10 min. After
standing at −20◦C for 30 min, the samples were centrifuged
for 10 min (13,000 rpm, 4◦C), and 150 µL of the supernatant
was removed and placed into a glass derivatization bottle.
After evaporating the sample with a centrifugal concentrator
desiccator, 80 µL of methoxyamine hydrochloride in pyridine
(15 mg/mL) was added to a glass derivatized vial. After vortexing
for 2 min, the oximation reaction was performed in a shaking
incubator at 37◦C for 90 min. After removing the sample, 50 µL
of bis (trimethylsilyl) trifluoroacetamide (BSTFA) (containing
1% chlorotrimethylsilane); containing 1% trimethylchlorosilane
(TMCS) derivatization reagent and 20 µL of n-hexane were
added to 10 µL of 10 internal standards, vortexed for 2 min,
and reacted at 70◦C for 60 min. Finally, the sample was placed at
room temperature for 30 min for GC–MS metabolomic analysis.

The chromatographic conditions were as follows: Column,
DB-5MS capillary column (30 m× 0.25 mm× 0.25 µm, Agilent
J&W Scientific, Folsom, CA, United States); inlet temperature,
260◦C; carrier gas, helium, at a volume flow of 1 mL·min-1;
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injection volume, 1 µL, splitless injection; and solvent delay,
6.2 min. The program temperature was as follows: the initial
temperature of the column oven was 60◦C and kept for 0.5
min; the temperature increased to 125◦C at 8◦C/min; the
temperature was heated to 210◦C at 8◦C/min; and finally, the
temperature was heated to 305◦C at 20◦C/min and kept for 5
min. The mass spectrometry conditions were as follows: ion
source temperature, 230◦C; quadrupole temperature, 150◦C;
and electron energy, 70 eV. The scanning mode was full scan
mode (SCAN), and the mass scanning range was m/z 50–500.
Both the LC–MS and GC–MS analyses were performed by OE
Biotech Co., Ltd. (Shanghai, China).

Blood lipid detection

One hundred microliters of serum and distilled water
were diluted and mixed at 1:1 and then sent to the
Laboratory Department of the First Affiliated Hospital of
Hunan University of Chinese Medicine. A Beckman Coulter
AU680 automatic biochemical analyzer was used to detect
the total cholesterol (TC), triglyceride (TG) and low-density
lipoprotein (LDL) levels.

Oxidative stress detection

After rinsing the hippocampal tissue with precooled normal
saline, sterile ophthalmic scissors were used to cut the tissue
into pieces, and normal saline was added according to the
ratio of m (tissue): V (normal saline) = 1 g:9 mL using an
automatic homogenizer. The homogenate was made into a
10% homogenate by mass fraction and centrifuged at 1,000 g
(4◦C) for 15 min, and the supernatant was diluted with an
appropriate amount of normal saline to a suitable concentration
range. The instructions of the kit were strictly followed to detect
SOD and GSH-Px activity and the MDA content in serum
and brain tissue.

Statistical analysis

GraphPad Prism 8.0.2 statistical analysis software was used
for statistical analysis of the data. Measurement data are
expressed as the mean plus or minus standard error (x̄ ± s).
One-way analysis of variance (ANOVA) was used for data
comparison among multiple groups in the experiment, and the
LSD test was used for multiple comparisons. P < 0.05 was
considered statistically significant.

In the 16S rRNA analysis, Usearch software was used
to dechimerize and cluster the data to obtain operational
taxonomic units (OTUs) for alpha diversity and beta diversity
analyses. Linear discriminant analysis (LDA) was used to

estimate the communities or species that had significantly
different effects on sample partitioning.

In the metabolomic analysis, partial least squares
discriminant analysis (PLS-DA) combined with variable
importance of projection (VIP) > 1 and P < 0.05 was used to
screen differential metabolites. Metabolic pathway enrichment
analysis was performed using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database.1

Results

Apolipoprotein E deletion aggravates
cognitive dysfunction in aging mice

In the Y-maze test, compared with the control group, the
alternation rate in the model group was significantly decreased
(P < 0.01), and the alternation rate was further decreased in
the ApoE group (P < 0.05, Figure 2A). In the navigation
test, with an increase in the training time and the number of
training sessions, the time for mice in each group to find the
platform tended to shorten. Compared with the control group,
the escape latency of mice in the model group was significantly
prolonged (P < 0.01), and the latency of the ApoE group
was further prolonged compared with that of the model group
(P < 0.01, Figure 2B). The results of the space exploration
test showed that compared with the control group, the model
group spent less time in the target quadrant (P < 0.01), and
the number of platform crossings was significantly reduced
(P < 0.01). Compared with that of the model group, there
was no significant change in the number of platform crossings
in the ApoE group (P > 0.05), but the time spent in the
target quadrant was significantly increased (P < 0.01), as
shown in Figures 2C–E. These results suggest that deletion
of ApoE aggravates D-galactose injection-induced cognitive
impairment.

Apolipoprotein E deletion aggravates
hippocampal synaptic ultrastructural
damage in aging mice

TEM was used to assess hippocampal synaptic
ultrastructure. The synaptic structure of the hippocampal
neurons in the control group was complete, and the presynaptic
membrane, synaptic cleft, postsynaptic membrane and
postsynaptic dense material were clearly visible. Compared
with the control group, the synaptic structure of the model
group was blurred, the postsynaptic dense material was
sparse, and the boundary between the anterior and posterior

1 https://www.kegg.jp/
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FIGURE 2

Effects of ApoE on cognitive function and hippocampal synaptic ultrastructure in aging mice. (A) Y-maze test, n = 20. (B) Navigation test, n = 20.
(C) Platform crossing, n = 20. (D) Target quadrant time, n = 20. (E) MWM representative figures. (F) Ultrastructure of hippocampal synapses.
(G) Synaptic active zone length, n = 4 (Five synapses were randomly selected from each mouse). (H) Synaptic cleft width, n = 4 (Five synapses
were randomly selected from each mouse). (I) Thickness of PSD, n = 4 (Five synapses were randomly selected from each mouse). (J) Synaptic
interface curvature, n = 4 (Five synapses were randomly selected from each mouse). **p < 0.01 vs. Control group, ##p < 0.01, #p < 0.05 vs.
Model group.

membranes was unclear. Compared with that of the model
group, the synaptic structure of the ApoE group was blurred,
and a large number of vesicles accumulated around these
structures, as shown in Figure 2F. In addition, compared
with the control group, we observed that the length of the
synaptic active zone and the thickness of the postsynaptic
density were significantly decreased (P < 0.01), and the width
of the synaptic cleft was significantly increased (P < 0.01)

in the model group. Compared with the model group,
the length of the synaptic active zone further decreased
(P < 0.01) and the width of the synaptic cleft further increased
(P < 0.01) in the ApoE group, but the curvature of the
synaptic interface did not alter (Figures 2F–J). This result
suggested that the deletion of ApoE aggravated the damage
to the hippocampal synaptic structure induced by D-galactose
injection.
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FIGURE 3

ApoE Deletion aggravates the dysregulation of SYP and PSD-95 expression in the hippocampus of aging mice. (A) Immunohistochemistry
staining for SYP in different hippocampal regions. (B) Quantification of SYP intensity, n = 8. (C) Immunohistochemistry staining for PSD-95 in
different hippocampal regions. (D) Quantification of PSD-95 intensity, n = 8. **p < 0.01 vs. Control group, #p < 0.05 vs. Model group.

Apolipoprotein E deletion aggravates
the dysregulation of synaptophysin
and PSD-95 expression in the
hippocampus of aging mice

Compared with the control group, the expression of SYP
and PSD-95 in the hippocampus of the model group was
significantly reduced (P < 0.01). Compared with the model
group, hippocampal SYP and PSD-95 expression were further
reduced in the ApoE group (P < 0.05). These results suggest

that the ApoE deletion aggravates the dysregulation of SYP and
PSD-95 expression in the hippocampus induced by D-galactose
injection, as shown in Figure 3.

Deletion of apolipoprotein E affects
the gut microbial composition of aging
mice

We used the Chao1 index, observed species index and
Shannon index to assess the alpha diversity of the gut
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FIGURE 4

Deletion of ApoE affects the gut microbial composition of aging mice. (A) Chao 1 index, n = 8. (B) Observed species index, n = 8. (C) Shannon
index, n = 8. (D) PCoA analysis. (E) Relative abundance of gut microbiota (phylum level). (F) Relative abundance of gut microbiota (genus level).
*P < 0.05 vs. Control group, ##p < 0.01 vs. Model group.

microbes. We found that the microbiota number and
diversity were reduced in the model group compared with
the control group (P < 0.05). The ApoE group was found
to have a further decrease in the number and diversity of
microbiota relative to the model group (P < 0.01), as shown in
Figures 4A–C. In addition, beta diversity analysis was utilized
to assess the differences between microbial communities.
Principal coordinates analysis (PCoA) based on weighted
UniFrac distance showed significantly different gut microbial
compositions and structures in each group, as shown in
Figure 4D. To understand the impact of ApoE deletion on
the gut microbiota, we further analyzed the taxonomic levels
of the gut microbiota between the different groups. At the
phylum level, compared with the control group, the model
group showed that the relative abundance of Bacteroidota
decreased, the abundance of Firmicutes increased, and the ratio
of Bacteroidetes/Firmicutes decreased significantly. Compared
with the model group, the ApoE group mice showed decreased
relative abundances of Bacteroidota and Desulfobacterota and
increased abundances of Firmicutes and Desulfobacterota, and
the ratio of Bacteroidetes/Firmicutes decreased significantly, as
shown in Figure 4E. At the genus level, compared with the
control group, the relative abundance of Muribaculaceae
decreased and Parabacteroides increased in the model
group. Compared to the model group, Muribaculaceae,
Lachnospiraceae_NK4A136_group and Alloprevotella were
significantly decreased in ApoE mice, and the abundances of
Parabacteroides, Colidextribacter, Mucispirillum, Bacteroidesk,
and Clostridia_UCG-014 were increased, as shown in Figure 4F.

Linear discriminant analysis effect size (LEfSe) was applied
to identify key microbiota that were differentially represented in
ApoE−/− mice. We found that the dominant bacterial groups
in the control group were Bacteroidota at the phylum level,
Bacteroidia at the class level, Bacteroidales at the order level,
Muribaculaceae and Prevotellaceae at the family level. The
dominant bacteria in the model group may be Ruminococcaceae
at the family level. The dominant flora of the ApoE group were
Firmicutes at the phylum level, Clostridia at the class level, and
Desulfovibrionaceae Lachnospiraceae and Rikenellaceae at the
family level, as shown in Figures 5A,B.

Furthermore, to determine whether taxonomic changes
in gut microbes affect their function, functional prediction
of representative sequences of gut microbes was performed
by PICRUSt2. Compared with the model group, the ApoE
group had significant differences in energy metabolism, lipid
metabolism, amino acid metabolism, and nervous system
pathways, as shown in Figure 5C.

Deletion of apolipoprotein E alters the
metabolic profile of the hippocampus
of aging mice

The metabolite effects of ApoE on the hippocampal tissue
of aging mice were first analyzed by LC–MS. We detected
a total of 8,251 species peaks, of which 2,872 metabolites
were identified. PLS-DA was used to distinguish the overall
differences in metabolic profiles between groups. As shown
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FIGURE 5

LEfSe and PICRUSt2 analysis. (A) Cladogram of LEfSe analysis. (B) LDA of LEfSe analysis. (C) PICRUSt2 analysis.

in Figures 6A,B, the differences between the groups were
significant. According to the VIP > 1 and p < 0.05 criteria,
the differential metabolites between the different groups were
determined, there were 47 differential metabolites between
the model group and the control group, and 32 differential
metabolites were found between the ApoE group and the model
group (Supplementary Table 1).

Subsequently, we analyzed the metabolite effects of ApoE
on the hippocampal tissue of aging mice by GC–MS. GC–
MS is efficient at detecting compounds with strong volatility,
small molecular weight, and low polarity and can be used
as a complement to LC–MS for thermally stable compounds.
We identified a total of 668 metabolites by GC–MS. PLS-DA
was used to discriminate the overall differences in metabolic
profiles between the groups, as shown in Figures 6C,D, and
the differences between the groups were significant. Differential

metabolites between groups were determined according to
VIP > 1 and p < 0.05. There were 53 differential metabolites
between the model group and the control group, and 42
differential metabolites were found between the ApoE group and
the model group (Supplementary Table 2).

By integrating the data of the dual-platform metabolome,
we found a total of 100 differential metabolites between the
model group and the control group and a total of 74 differential
metabolites between the ApoE group and the model group,
as shown in Figures 6E,F. Subsequently, we analyzed the
metabolic pathways involved in the above 74 metabolites based
on the KEGG database. Finally, we found that pyrimidine
metabolism, alanine, aspartate, and glutamate metabolism,
galactose metabolism and glycerophospholipid metabolism
were the main metabolic pathways, as shown in Figure 6G.
Notably, we found that alanine, aspartate and glutamate
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FIGURE 6

Deletion of ApoE alters the metabolic profile of the hippocampus of aging mice. (A) PLS-DA of LC-MS about model group vs. control group.
(B) PLS-DA of LC-MS about ApoE group vs. model group. (C) PLS-DA of GC-MS about model group vs. control group. (D) PLS-DA of GC-MS
about ApoE group vs. model group. (E) Differentially abundant metabolites about model group vs. control group. (F) Differentially abundant
metabolites about ApoE group vs. model group. (G) Analysis of metabolic pathway enrichment.

metabolism and glycerophospholipid metabolism, which were
significantly enriched by metabolomics, were quite similar to
the metabolic pathways such as amino acid metabolism and
lipid metabolism predicted by PICRUSt in the 16S analysis. This
result suggests that there may be some connection between gut
microbes and hippocampal metabolites.

Deletion of apolipoprotein E alters
blood lipids and oxidative stress levels
in aging mice

The enrichment analysis of the above 16 S and differential
metabolites in the hippocampus suggested that ApoE deletion
might contribute to cognitive impairment in aging mice by
affecting lipid metabolism. Therefore, we investigated the effect
of ApoE deletion on serum lipids in aging mice. As shown in
Figures 7A–C, compared with those of the control group, the
concentrations of TC, TG and LDL in the model group were
significantly increased (p < 0.01). Compared to those of the
model group, the levels of TC, TG and LDL in the ApoE group
were further increased (p < 0.01), suggesting that the absence of
ApoE aggravated dyslipidemia in aging mice.

In addition, lipid metabolism disorders often lead to lipid
peroxidation, and oxidative stress is an important factor in
cellular aging (Mecocci et al., 2018; Zarrouk et al., 2020). We
further examined the effect of ApoE deletion on the activities
of T-SOD and GSH-Px and the MDA content in the serum and
brain tissue of aging mice. As shown in Figures 7D–I, compared
with those of the control group, the MDA content in the serum
and brain tissue of the mice in the model group was significantly
increased (P < 0.01), and the activities of T-SOD and GSH-
Px were significantly decreased (P < 0.01). In comparison with
that in the model group, the MDA content in the ApoE group
was further increased (P < 0.01), and the SOD and GSH-Px
activities were further decreased (P < 0.05 or P < 0.01). This
result suggested that ApoE aggravated oxidative stress in aging
mice.

Discussion

At present, studies have confirmed that ApoE is related
to atherosclerosis (AS), Alzheimer’s disease (AD) and other
vascular diseases and CNS dysfunction. Within the CNS, ApoE
is synthesized and secreted by astrocytes and is involved in
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FIGURE 7

Deletion of ApoE alters blood lipids and oxidative stress levels in rapidly aging mice. (A) TC, n = 8. (B) TG, n = 8. (C) LDL, n = 8. (D) SOD in serum,
n = 8. (E) GSH-Px in serum, n = 8. (F) MDA in serum, n = 8. (G) SOD in brain tissue, n = 8. (H) GSH-Px in brain tissue, n = 8. (I) MDA in brain
tissue, n = 8. **p < 0.01 vs. Control group. #p < 0.05, ##p < 0.01 vs. Model group.

maintaining the homeostasis of cholesterol and phospholipids,
regulating the mobilization and redistribution of cholesterol and
phospholipids during neural membrane remodeling, and thus
in regulating the maintenance of synaptic plasticity as well as
repair processes when neuronal cells are damaged (Cantuti-
Castelvetri et al., 2018). Therefore, ApoE−/− mice are not
only used in the study of atherosclerosis but are also used
as a new animal model in the study of the mechanism of
cognitive impairment (Watson et al., 2021). In this study, we
found that loss of ApoE aggravated cognitive dysfunction and
hippocampal synaptic ultrastructural damage in aging mice,
aggravated the dysregulation of hippocampal SYP and PSD-95
protein expression, and altered the gut microbiome composition
and the metabolic profile of hippocampal tissue. It was also
found that the absence of ApoE aggravated lipid metabolism
disorders and oxidative stress in aging mice. Our findings
further elucidate the potential of ApoE as a therapeutic target
for improving cognitive impairment in aging.

The gut microbiota is considered to be the host’s “second
genome” and plays an important role in maintaining body

homeostasis and in the development of cognitive dysfunction
(Li et al., 2019; Liu et al., 2021b). Bacteria have recently
been identified in the brains of AD patients, suggesting
that the microbiota may be a contributing factor to related
neuroinflammation (Emery et al., 2017). Probiotics can
modulate gut microbiota dysbiosis and microbiota–gut–brain
axis deficits to improve cognitive dysfunction in aged mice
(Yang et al., 2020; Liu et al., 2021c). In the present study, Chao1
index and observed species index of α diversity for evaluating
intestinal microorganisms in aging mice were significantly
decreased, and the correlation index was further decreased
after ApoE knockout, suggesting that ApoE knockout reduced
gut microbial diversity in aging mice. In addition, at the
phylum level, the ratio of Bacteroidetes/Firmicutes in ApoE−/−

mice was significantly decreased. The Bacteroidetes/Firmicutes
ratio is often used to reflect the health of the gut microbiota
(Mariat et al., 2009), Recent studies have shown that in amnesic
mice, the Bacteroidetes/Firmicutes ratio was significantly
reduced, and restoration of the Bacteroidetes/Firmicutes ratio
reversed memory deficits (Zhao et al., 2022). At the genus
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level, Muribaculaceae, Lachnospiraceae_NK4A136_group,
Parabacteroides, and Alloprevotella were significantly decreased
in ApoE group mice, and the abundance of Parabacteroides
was increased. Studies have found that a high abundance of
Muribaculaceae is closely related to longevity (Sibai et al.,
2020); the high abundance of Lachnospiraceae_NK4A136_group
can improve inflammation and oxidative stress in aging mice
(Sheng et al., 2022). Alloprevotella is a beneficial bacterium
that is closely related to lipid metabolism in aging mice (Wu
et al., 2022), and increasing the abundance of Alloprevotella can
improve the memory function of mice (Liu et al., 2021a). In
contrast, Parabacteroides can be used as an independent risk
factor for mild cognitive impairment in the elderly (Khine et al.,
2020), and a high abundance of Parabacteroides can exacerbate
neurodegeneration (Blacher et al., 2019). LEfSe analysis found
that at the phylum level, the dominant flora was likely Firmicutes
in ApoE−/− mice. Firmicutes are mostly gram-positive bacteria
and are significantly increased in the gut of aging mice (Kim
et al., 2016). Finally, through PICRUSt2 analysis, we found that
energy metabolism, lipid metabolism, amino acid metabolism,
and nervous system may be the main metabolic pathways of
the differential flora. Based on the above studies, we speculated
that ApoE might regulate the ratio of Bacteroidetes/Firmicutes
to affect lipid metabolism and oxidative stress to improve
age-related cognitive dysfunction, but the mechanism remains
to be further investigated.

A link between metabolic biomarkers and the gut
microbiota has been demonstrated, with important
consequences for the host (Luo et al., 2020). In this study, the
endogenous metabolites in the hippocampus of ApoE−/− aging
mice were systematically analyzed based on LC–MS and GC–
MS metabolomics platforms. The ApoE group was significantly
separated from the model group, suggesting significant
changes in hippocampal metabolites. Seventy-four differentially
expressed metabolites were identified as potential metabolic
markers affected by ApoE. KEGG enrichment analysis found
that pyrimidine metabolism; alanine, aspartate and glutamate
metabolism; galactose metabolism; and glycerophospholipid
metabolism were the main metabolic pathways. At present, the
role of pyrimidine metabolism in the aging process remains to
be further defined. In addition, some scholars have studied the
metabolic changes in the levels of glutamate groups (glutamic
acid, gamma-aminobutyric acid, glutamine, aspartic acid and
alanine) in the rat brain, and the results show that the changes
in the levels of these amino acids are related to aging (Rajeswari
and Radha, 1984). Glycerophospholipids are amphiphilic
molecules that play important roles in functions such as nerve
cell membranes, receptors, transporters, ion channels, and
reservoirs for lipid mediators. At the same age, the level of
glycerophospholipids in the brains of AD patients is lower than
that of the control group (Kim et al., 2014). These alterations
in glycerophospholipids lead to changes in cell membrane
permeability and ionic homeostasis, which also contribute to

oxidative stress and neurodegenerative changes (Sagy-Bross
et al., 2015).

It is worth noting that the enrichment analysis of the
gut microbes and differential metabolites in the hippocampus
suggests that ApoE may affect cognitive dysfunction in aging
mice by regulating lipid metabolism. Lipids are one of the
basic components of neuronal cell membranes and are closely
related to the normal metabolism and abnormal accumulation
of Aβ (Ehehalt et al., 2003). Many studies have shown that
lipid metabolism plays an important role in the process
of aging and gradual cognitive dysfunction (Johnson and
Stolzing, 2019; Wei et al., 2020; Mutlu et al., 2021). In this
study, we found that the serum concentrations of TC, TG,
and LDL were significantly increased in aging mice, while
ApoE deletion aggravated dyslipidemia in aging mice. Clinical
studies have shown that higher serum concentrations of TC
and LDL-C and a higher LDL-C/HDL-C ratio are positively
correlated with cognitive decline (An et al., 2019). ApoE
plays a crucial role in lipid metabolism (Aires et al., 2021).
Another study of 1,065 individuals aged 56–105 found that
centenarians had the highest ApoE plasma concentrations
(Muenchhoff et al., 2017). The above studies suggest that
ApoE may affect the cognitive function of aging mice by
regulating lipid metabolism. Disorders of lipid metabolism are
often accompanied by oxidative stress (Zarrouk et al., 2020),
and oxidative stress is an important risk factor for aging
and cognitive dysfunction (Mecocci et al., 2018). Abnormal
oxidative stress can cause lipid peroxidation, leading to
apoptosis and tissue damage, which is a major risk factor
for various neurodegenerative diseases (Vatner et al., 2020).
This study showed that the MDA content in the serum and
hippocampus of aging mice was significantly increased, the
activities of T-SOD and GSH-Px were significantly decreased,
and ApoE knockout exacerbated oxidative stress in aging mice.
Recently, the gut microbiota–brain axis has gained extensive
attention as a channel for communication and physiological
regulation. The activity of the gut microbiome may promote
abnormal lipid deposition and oxidation reactions, which can
damage the brain (Shao et al., 2020). This study speculated
that ApoE knockout affected gut microbiota diversity in
aging mice, aggravated disordered lipid metabolism and
oxidative stress and exacerbated cognitive dysfunction in
aging mice.

Notably, this study has some limitations. We did not
use germ-free mice or fecal transplantation and could not
determine exactly which flora are associated with the effects of
ApoE. Second, there are several ApoE alleles (ApoE2, ApoE3,
and ApoE4) in humans, and this study did not explore the
effect of the corresponding alleles on aging. Additionally, the
findings still need to be clinically validated and warrant further
investigation. Moreover, we did not determine whether aging
and ApoE deletion lead to altered lipid metabolism in the gut.
We will continue this research in future work.
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Conclusion

In summary, this study demonstrated that ApoE
deficiency aggravated cognitive function and hippocampal
synaptic ultrastructural damage in aging mice, aggravated
the dysregulation of hippocampal SYP and PSD-95 protein
expression, affected the gut microbial composition and
hippocampal metabolic profile in aging mice, and aggravated
dyslipidemia and oxidative stress in aging mice. This study helps
us to further reveal the underlying mechanism by which ApoE
improves aging-related cognitive dysfunction through the gut
microbiota–brain axis, which is worthy of further research.
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