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Abstract

Introduction Accumulation of B-amyloid (AB) in neurons of patients with Alzheimer’s disease (AD) inhibits the activity
of key enzymes in mitochondrial metabolic pathways, triggering mitochondrial dysfunction, which plays an important role
in the onset and development of AD. Mitophagy is a process whereby dysfunctional or damaged mitochondria are removed
from the cell. Aberrant mitochondrial metabolism may hinder mitophagy, promote autophagosome accumulation, and lead
to neuronal death.

Objectives The aim of this experiment is to explore the mechanism of neuronal mitochondria damage in the hippocampus of
different age APP/PS1 double transgenic AD mice, and to explore the related metabolites and metabolic pathways for further
understanding of the pathogenesis, so as to provide new ideas and strategies for the treatment of AD.

Methods In this study, 24 APP/PS1(APPswe/PSEN1dE9) mice were divided into 3, 6, 9, and 12-month-old groups, and
6-month-old wild-type C57BL/6 mice were as controls. The Morris water maze test was used to evaluate learning and
memory. Levels of Ap were detected by immunohistochemistry. Electron microscopy was used to observe mitochondrial
damage and autophagosome accumulation. Western blot was for measuring LC3, P62, PINK1, Parkin, Mirol, and Tom 20
protein expression levels. Gas chromatography coupled with mass spectrometry was used to screen differentially abundant
metabolites.

Results The results showed that with the increase of age in APP/PS1 mice, cognitive impairment, hippocampal neuron
mitochondrial damage, and autophagosome accumulation all increased. Furthermore, enhanced mitophagy and impaired
mitochondrial clearance leading to metabolic abnormalities were observed with ageing in APP/PS1 mouse hippocampus.
Especially, abnormal accumulation of succinic acid and citric acid in the Krebs cycle was observed.

Conclusion This study investigated the abnormal glucose metabolism associated with age-related damage to mitochondria
in the hippocampus of APP/PS1 mice. These findings provide new insights into the pathogenesis of AD.
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Abbreviations

AD Alzheimer’s disease

AP B-amyloid

NFTs Neurofibrillary tangles

APP Amyloid precursor
protein

ATP Adenosine
triphosphate

LC3 Microtubule-associated
protein LC3

TOM20 Translocase of outer

membrane 20

PCA Principal component
analysis

P62 Sequestosome 1

PINK1 PTEN-induced puta-
tive kinase 1

BCA Bicinchoninic acid

TEM Transmission electron
microscopy

MWM Morris water maze test

APP/PS1 double transgenic mice ~ APPswe/PSEN1dE9
(APP/PSI) transgenic
Alzheimer’s disease
model mice

1 Introduction

Alzheimer’s disease (AD) is the most common chronic, pro-
gressive neurodegenerative disease (Scheltens et al. 2021).
The main clinical manifestations of AD are cognitive dys-
function and memory impairment (Ferrari, & Sorbi, 2021).
Senile plaques composed of f-amyloid (AP) and neurofi-
brillary tangles (NFTs) formed by hyperphosphorylation of
Tau protein are the main pathological features of AD(2022;
Barthelemy et al. 2020). The aetiology of AD is diverse
and the pathogenesis is complex (Xiong et al. 2020). Lots
of studies have shown that changes in a variety of organ-
elles, such as the mitochondria in hippocampal neurons, are
involved in the onset and progression of AD (Fang et al.
2019; Pradeepkiran and Reddy, 2020; Zhou et al. 2020).
Mitochondria are called cellular energy factories, which
are essential to life in most organisms (Akbari et al. 2019).
Adenosine triphosphate (ATP), the direct supplier of energy
in living organisms, is mainly produced by mitochondrial
respiration (glycolysis) and the tricarboxylic acid cycle
(TCA) in cells (Butterfield & Halliwell, 2019; Tang, 2020;
Wang et al., 2020b). The brain has particularly high energy
demands and is less tolerant of mitochondrial dysfunction
than other tissues (Weidling, & Swerdlow, 2020). In AD,
mitochondria are more susceptible to damage due to a lack
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of histone protection (Nikolac Perkovic et al. 2021). Mito-
chondrial damage causes cellular metabolic dysfunction,
resulting in neuronal death and increased susceptibility to
AD and other related neurodegenerative diseases (John, &
Reddy, 2021; Park et al. 2021). Therefore, mitochondrial
dysfunction plays a central role in the pathogenesis of AD
(Perez Ortiz, & Swerdlow, 2019).

Autophagy is a lysosomal degradation pathway in cells.
Damaged organelles and denatured proteins are encapsu-
lated by phagosomes to form autophagosomes, which fuse
with lysosomes to form autophagolysosomes that are tar-
geted for biodegradation and recycling (Cen et al. 2020;
Luo et al. 2020). Mitophagy refers to the process by which
cells remove and recycle damaged or aged mitochondria
(Cai & Jeong, 2020; Reddy & Oliver, 2019). It is regulated
by the PINK1-Parkin-Miro pathway (Kane, & Youle, 2011).
PINKI is a serine/threonine protein kinase that localizes to
the outer mitochondrial membrane (Wang et al. 2020). Par-
kin is an E3 ubiquitin ligase that is localized to the cytoplasm
(Quinn et al. 2020). Miro is mainly localized to the outer
mitochondrial membrane and contains two tandem “EF-
hand” domains and two different GTPase domains (Panchal,
& Tiwari, 2021). In mammalian neurons, healthy mitochon-
dria are linked by Miro protein to form a complex with the
kinesin KHC on microtubules, allowing for axonal transport
to the cell body (Lopez-Domenech et al. 2018). When mito-
chondria are damaged, PINK1 activates Parkin and forms
a complex with Miro. This complex promotes Miro phos-
phorylation, resulting in its ubiquitination and degradation.
As a result, damaged mitochondria detach from microtu-
bules and undergo mitophagy (Liu et al. 2012). Studies have
shown that the autophagy/lysosomal pathway is blocked in
CNS neurons of patients with AD (Li et al. 2017). Inhibition
of the autophagy/lysosomal pathway in the CSN neurons
prevents the removal of damaged mitochondria, leading to
the accumulation of abnormal mitochondria. Accumula-
tion of damaged mitochondria further impairs mitophagy,
eventually leading to neuron death (Jeong, 2017). Previous
reports have shown that patients with AD have severe mito-
chondrial damage in CNS neurons (Reddy et al. 2018). This
damage is indicative of mitochondrial dysfunction and is
associated with metabolic changes, such as abnormal glu-
cose metabolism, in the neurons (Eysert et al. 2020).

Studies have shown that the brains of patients with AD
utilize less glucose, have reduced rates of glycolysis, and
have higher glucose concentrations. These findings sug-
gested that impaired glycolysis and glucose utilization in
neurons are basic features of AD (An et al. 2018). Abnor-
mal metabolism in the hippocampus has been previously
associated with the progression of AD symptoms (Mahajan
et al. 2020). Many studies have focused on autophagy and
mitochondrial dysfunction in AD, but dynamic changes in
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the PINK1/Parkin/Miro mitophagy pathway have received
less attention. In particular, dynamic changes in metabolites
produced during mitochondrial damage in neurons have not
been evaluated. Therefore, in the present study, age-related
changes in cognitive function in APP/PS1 mice, the dynamic
processes associated with neuronal mitochondrial dam-
age in the hippocampus, a functional area closely related
to cognition, and mitochondrial autoregulation were evalu-
ated. Levels of phagocytosis, expression of proteins in the
PINK1/Parkin/Miro pathway, and related metabolites were
quantified to further characterize the mechanisms by which
mitochondrial damage and changes in energy metabolism
interact in AD, to provide insights for the new strategy of
AD treatment.

2 Materials and methods
2.1 Mice models and treatments

APPswe/PSEN1dE9 double transgenic and wild-type
C57BL/6J mice were purchased from Nanjing Junke Bio-
logical Engineering Co., Ltd. (animal license number:
SCXK[Su] 2015-0001). Mice were housed in the SPF-
grade breeding room of the Animal Experiment Center of
the Cancer Hospital Affiliated with Chongqing Univer-
sity. Males and females were housed on a 12:12 h light/
dark cycle and given free access to food and water. Ani-
mal experiments were approved by the Animal Protection
and Ethics Committee of Chongqing University Affiliated
Cancer Hospital. Mice (N =6/group) were used for behav-
ioural testing, including APP/PS1 mice aged 3, 6, 9, and 12
months and wild-type mice aged 6 months. Transmission
electron microscopy, Western blot, and immunohistochemi-
cal staining were performed with brain tissue obtained from
3 left hemispheres per group. Gas chromatography-mass
spectrometry (GC/MS) was used for metabolite quantifica-
tion using 5 right hemispheres per group.

2.2 Antibodies and reagents

Rabbit anti-GAPDH and rabbit anti-Tom20 were purchased
from Bimake (Shanghai, China). Rabbit anti-LC3B and
rabbit anti-P62/SQSTM1 were purchased from Proteintech
(USA). Rabbit anti-PINK1, rabbit anti-Parkin, and rabbit
anti-Mirol were purchased from Signalway Antibody (Ger-
many). All secondary antibodies were purchased from Bio-
world Technology.

2.3 Morris water maze test

The MWM test was used to assess the learning and memory
capabilities of mice. The apparatus was a white circular pool
with a diameter of 100 cm and a height of 50 cm. The pool
was imaginarily divided into four equal quadrants that were
numbered 1, 2, 3, and 4. The fourth quadrant was the tar-
get quadrant which contained a cylindrical hidden platform
(9 cm diameter, 27 cm height) in its centre. The pool was
filled with 23 +1 °C water that was made opaque with the
addition of nonfat milk powder. Pictures of different shapes,
which the mice could use to navigate the maze, were placed
on the pool walls of the four quadrants. The experiment
included a visual platform test on the first day and a 5-day
hidden platform test on the second to sixth days, as well as
a probe trial after the last hidden platform test. In the vis-
ible platform test, mice were evaluated in four contiguous
trials with an intertrial interval of 30 min. In the hidden plat-
form tests, mice were trained for four trials with an intertrial
interval of 1 h. Mouse movement was tracked with a Video-
Mot2 image analyzer (SANS SA201, China).

2.4 Tissue preparation

Anaesthetize all mice with 1 -2% isoflurane because it is
safe, has minimal interference with the experiment, does not
affect its myocardial function and reduces mouse suffering.
Perfusion was cold 0.9% saline solution or cold 0.9% saline
solution with 4% polyformaldehyde (PFA). Saline-perfused
brain tissues were extracted and preserved at -80 °C until
further use. PFA-fixed brain tissues were fixed in 4 °C PFA
overnight and embedded in paraffin. Serial coronal hippo-
campal Sect. (5 um) were obtained using a conventional
surgical microtome (THERMO, HM325).

2.5 Transmission electron microscopy

Brain tissues were prefixed with 3% glutaraldehyde, then
postfixed in 1% osmium tetroxide, dehydrated in series
acetone, infiltrated in Epox 812, and embedded. Semi-thin
sections were stained with methylene blue and ultrathin sec-
tions were cut with a diamond knife and stained with ura-
nyl acetate and lead citrate. Sections were examined using a
JEM-1400-FLASH TEM.

2.6 Western blot assay

Hippocampal tissue samples were lysed in cold RIPA
pyrolysis buffer (Beyotime, China) and PMSF. Protein
concentration was determined using a BCA Protein Assay
Kit (Beyotime, China) at 570 nm. Unify the sample protein
concentration to Sug/ul. Add the protein solution to the
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sample buffer in a ratio of 1:5 and mix well, denature at
100 °C for 5 min. Store at -80 °C. Equal amounts of protein
were loaded into each lane of an SDS-PAGE Bis-Tris gel
and transferred to polyvinylidene difluoride (PVDF) mem-
branes (Millipore, Billerica, MS, USA). PVDF membranes
were washed with blotting buffer (Tris-buffered saline con-
taining 0.1% Tween-20) and then blocked for 120 min a
buffer containing 5% non-fat powdered milk. After three
washes with blotting buffer, the PVDF membrane was incu-
bated with primary antibody at 4 °C overnight. After addi-
tional washes in the blotting buffer, the PVDF membrane
was incubated with a secondary antibody for 40 min at room
temperature. Finally, the PVDF membranes were developed
with ECL Western Blotting Detection Reagents, and protein
expression was quantified with Image J.

2.7 Immunohistochemistry

Samples were permeabilized with 0.2% Triton X-100 for
10 min at room temperature. Normal goat serum was added
to the slides and incubated for 30 min at room temperature.
The staining protocol employed a modified streptavidin-
HRP immunohistochemistry procedure (CoWin Century
Biotechnology, Inc, China). Briefly, sections were incubated
with primary antibody overnight at 4 °C in a humid box.
The next morning, the slides were washed three times with
PBST, treated with peroxidase-conjugated streptavidin, and
visualized using the diaminobenzidine (DAB) Kit (CoWin
Century Biotechnology, Inc, China). Sections were counter-
stained with hematoxylin. Finally, slides were sealed with
neutral gum and observed using a Nikon optical microscope.

2.8 Methyl chloroformate (MCF) derivatization and
gas chromatography-mass spectrometry (GC — MS)
analysis

To extract metabolites from the brain, the cerebral cortex
was first eliminated from the outer surface of the hippo-
campus. After adding 500 pl of cold methanol-water (50%
v/v), tissues were homogenized and centrifuged (17,000 g,
15 min) to collect the supernatant. Hippocampal tissue
supernatants were dried via speedVac (Labconco, Kan-
sas, USA) and stored at —20 °C, before to derivatization.
The dried supernatants were resuspended in 200 ul of 1 M
NaOH and transferred to silanized glass tubes. The MCF
derivatized metabolites were analyzed using an Agilent
GC7890B System (Agilent Technologies, Inc.) coupled
to an MSD5977A mass spectrometer (Agilent Technolo-
gies, Inc.), with electron impact ionization at 70 eV. The
gas chromatograph was equipped with a Zebron ZB-1701
Capillary GC column (30 m X 250 pm id X 0.15 pm, 5 m
guard column; Phenomenex). The derivatized sample (1 ul)
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was injected into the GC, which was operated in a split-less
mode at 250 °C. Advanced Heatmap Plots were performed
using the OmicStudio tools at https://www.omicstudio.cn.

2.9 Statistical analysis

All statistical analyses were conducted using SPSS software
(version 26.0). The data are expressed as the mean + stan-
dard error of the mean (SEM). Two-way analysis of variance
(ANOVA) was used for statistical comparison, followed by
Bonferroni’s post-test with multiple comparisons. Quan-
titative analysis was carried out with the help of IMAGE
software (version 1.44 P, USA). Metabolomics Standards
Initiative metabolite identification was achieved by compar-
ing the mass spectra of fragments with those of an in-house
MCF mass spectral library (generated using standards)
within an associated retention time window of 1 min. The
relative concentrations of the metabolites were calculated
using the in-house XCMS-based R script by identifying the
most abundant fragment ion within an accurate retention
time window. The metabolite concentrations were normal-
ized to the levels of 2,3,3,3-d4- alanine and total protein to
correct for dilution effects. PCA was conducted using the
Metaboanalyst 3.0 package for R. A false discovery rate
(q value) was used to account for multiple comparisons.
P <0.05 and q <0.05 indicated a significant difference. Heat
maps were generated using ggplot 2 R packages. The differ-
ence was significant at P <0.05.

3 Results

3.1 Learning and memory declined with age in the
APP/PS1 mice

On days 1-5 of the location-navigation experiment, the
mean escape latency of all mice decreased significantly
as the number of training days increased (P<0.01). The
mean escape latency of the mice in the APP/PS1-9 M and
APP/PS1-12 M groups was significantly higher than that in
the wild-type (P<0.01) (Fig. 1B). On day 6 of the space
exploration experiment, the number of platform crossings
in the APP/PS1-9 M and APP/PS1-12 M groups was sig-
nificantly lower than that in the wild type group (P<0.01)
(Fig. 1C). The percentage of time in the NE quadrant was
significantly higher in the APP/PS1-6 M, APP/PS1-9 M,
and APP/PS1-12 M groups compared to the wild-type group
(P<0.05) (Fig. 1D). Learning and memory in the APP/PS1
mice decreased significantly in an age-dependent manner.
Figure 1E showed that there was no significant difference
in average swimming speed among the mice in each group
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Fig. 1 Loss of learning and memory abilities with advancing age in
APP/PS1 mice. (A) Schematic diagram of the water maze. (B) Com-
parison of escape latencies in each group of mice in the positioning
navigation experiment. APP/PS1-9 M and APP/PS1-12 M groups take
longer to reach the submerged platform. (C) Comparison of the num-
ber of times the mice in each group crossed the platform in the space
exploration experiment. APP/PS1-9 M and APP/PS1-12 M groups
fail to show a preference for the target platform location. (D) Com-

(P>0.05). Figure 1 F showed representative route trajecto-
ries for all mice.

parison of the time that each group of mice spent in the NE quadrant.
APP/PS1-6 M, APP/PS1-9 M, and APP/PS1-12 M groups spend less
time in the target quadrant compared with the wild-type group. (E)
Mean useful velocity for each group of mice. The average swim speed
was unchanged in each group. (F) The route trajectories of mice in
each group crossing the platform in the space exploration experiment.
(N=6. Data are shown as the mean+SEM. * P<0.05, ** P<0.01,
versus wild-type.)

3.2 B-amyloid, mitochondrial damage, and

autophagosome accumulation in the hippocampus
of APP/PS1 mice progressively increased with age
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Behavioural tests showed that the experimental group had
reduced learning and memory functions. Abnormal changes
in the hippocampus, a brain structure closely related to
memory, also occurred; more specifically, structural abnor-
malities in the mitochondria, which are important for energy
supply, were observed. AP expression was measured in each
mouse group (Fig. 2A), and transmission electron micros-
copy (TEM) was used to observe subcellular changes in the
hippocampal neurons of mice in each group. The nuclei of
neurons in the wild-type group were large and round, cen-
trally located in the cell, possessed little chromatin, had
complete nucleoli, and clear nuclear membranes. Wild-type
neuronal cell membranes were continuous and complete,
and a transparent, jelly-like substance was observed in
the cytoplasm. The mitochondrial matrix was uniform and
filled with densely arranged and regularly distributed cris-
tae (shown in M). No obvious accumulation of autophago-
somes was observed. There were no significant differences
between the APP/PS1-3 M group and the wild-type group,
and the mitochondria were densely arranged with regularly
distributed cristaec (shown in M). There was no obvious
accumulation of autophagosomes in either group. In the
APP/PS1-6 M group, the shapes of the nuclei were irregu-
lar, and the nuclear membranes were clear near the edge of
the cell. The cytoplasm was transparent. The mitochondria
showed transparent, oedema-like changes, cristae were bro-
ken, and the mitochondrial matrix density was decreased
(shown in M). No obvious autophagy was observed in APP/
PS1-6 M. In the APP/PS1-9 M group, the nuclear membrane
was not clear, and the boundary with the cell membrane
was obscured. Chromatin was coarse. The mitochondrial
structure was not clear, and there was an obvious accumula-
tion of autophagosomes (indicated by arrows). In the APP/
PS1-12 M group, the shape of the nucleus was irregular, the
edges of the nuclear membrane and the cell membrane were
not clear, the chromatin was coarse, and the mitochondrial
structure was not clear. There was an obvious accumula-
tion of autophagosomes (indicated by arrows) in APP/PS1-
12 M. These results showed that increasing age in APP/PS1
mice is associated with progressively severe mitochondrial
damage and autophagosome accumulation in hippocampal
neurons (Fig. 2B).

3.3 Mitochondrial autophagy was increased, and
autophagy was inhibited in the hippocampus of
APP/PS1 mice with advancing age, resulting in
impaired mitochondrial clearance

LC3 protein is an autophagy marker, and P62 protein is a
marker of autophagy substrates. Expression levels of LC311/
GAPDH in the APP/PS1-6 M, APP/PS1-9 M, and APP/
PS1-12 M groups were significantly higher than those in
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the wild-type group (P<0.05) (Fig. 3A). Compared with
the wild-type group, P62 protein in the APP/PS1-3 M, APP/
PS1-6 M, APP/PS1-9 M, and APP/PS1-12 M groups was
significantly increased (P<0.05) (Fig. 3B). These results
indicate that the level of LC3-mediated autophagy increased
in the hippocampal neurons of APP/PS1 mice with advanc-
ing age, but P62 degradation was reduced, indicating that
autophagy was hindered.

The effects of AD on mitophagy were evaluated. Com-
pared with the wild-type group, the expression of PINK1
protein in the APP/PS1-3 M, APP/PS1-6 M, APP/PS1-9 M,
and APP/PS1-12 M groups were significantly enhanced
(P<0.01) (Fig. 3C). In addition, Parkin protein expression
in the APP/PS1-6 M, APP/PS1-9 M, and APP/PS1-12 M
groups was significantly higher than that in the wild-type
group (P <0.01) (Fig. 3D). The expression of Mirol protein
in the APP/PS1-6 M, APP/PS1-9 M, and APP/PS1-12 M
groups was significantly decreased compared with that in
the wild-type group (P <0.01) (Fig. 3E). These results indi-
cate that mitophagy was enhanced in APP/PS1 mice. There
was no significant difference in the expression of Tom 20
protein between the APP/PS1-3 M, APP/PS1-6 M, APP/
PS1-9 M, and APP/PS1-12 M groups and the wild-type
group (P>0.05) (Fig. 3F). Thus, damaged mitochondria
were not effectively removed.

3.4 Disorders of hippocampal metabolism in APP/
PS1 mice with advancing age

The experimental groups exhibited memory loss, damaged
hippocampal mitochondria, and impaired clearance of dam-
aged cellular material. These mitochondrial abnormalities
may affect the production of ATP, which is the primary
energy substrate produced by mitochondria. Metabolites
of mitochondrial energetics processes were detected using
metabolomic methods.

First, principal component analysis (PCA) was per-
formed in hippocampal samples from each treatment group
(Fig. 4A). Results showed good repeatability within grouped
samples. The detected metabolites were subjected to log2-
transformed heatmap cluster analysis. Compared with the
wild-type group, the levels of most metabolites in the APP/
PS1-9 M group were significantly increased, and the lev-
els of most metabolites in the APP/PS1-12 M group were
significantly decreased (Fig. 4B). These results showed that
levels of mitochondrial metabolites changed with age in
APP/PS1 mice.

Differential screening of metabolites was performed, and
the results are presented as heatmap classifications (Fig. 4C).
Compared with the wild-type group, the differential metab-
olites that decreased in abundance in the APP/PS1-3 M
group were D-ribose, myristic acid, n-heneicosanoic acid,
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Fig. 2 Mitochondrial damage, accumulation of P-amyloid and
autophagosomes in the hippocampus of APP/PS1 mice by age. (A)
Immunohistochemical expression of f-amyloid in the hippocampus of
mice in each group. Wild type-6 M and APP/PS1-3 M: negative stain-
ing of B-amyloid in the hippocampus. APP/PS1-6 M: mild compact
deposits of f-amyloid in the hippocampus. APP/PS1-9 M: sparse neu-
rotic plaques of B-amyloid in the hippocampus. APP/PS1-12 M: dif-
fuse plaques of B-amyloid in the hippocampus. (Scale bar =400 um.)
(B) Electron microscopy was used to observe mitochondrial damage
and autophagosome accumulation in the hippocampus of mice in each

15000X

group at 15000X (left) and 30000X (right). Wild type-6 M and APP/
PS1-3 M: mitochondrial structure completion and no obvious accu-
mulation of autophagosomes. APP/PS1-6 M: edematous changes in
mitochondrial structure and no obvious accumulation of autophago-
somes. APP/PS1-9 M: APP/PS1-9 M: the mitochondrial structure was
not clear and there was an accumulation of autophagosomes. APP/
PS1-12 M: mitochondrial structural damage and obvious accumulation
of autophagosomes. (M: Mitochondrion. Arrows: Autophagosome.
Frame: The enlarged part.)
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Fig.3 Increased mitophagy, suppressed autophagy, and impaired mito- in APP/PS1 group. (P<0.05) (E) The relative expression of protein
chondrial function in the hippocampus of APP/PS1 mice with advanc- Mirol was significantly decreased in APP/PS1 group. (P<0.05) (F)
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P62, Pinkl1, Parkin, Mirol, Tom20 in the hippocampus of mice in each (N=5. Data are shown as the mean+SEM. * P<0.05, ** P<0.01,
group. (A—D) Compared with the wild-type group, the relative expres- versus wild-type.)
sion of protein LC3, P62, Pinkl and Parkin significantly increased
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and tricosanoic acid (P<0.05). Glutamine, isoleucine, mar-
garic acid, and pentadecanoic acid levels were significantly
decreased in the APP/PS1-6 M group (P<0.05). The differ-
ential metabolites that increased in abundance in the APP/
PS1-6 M group were succinic acid and acetic acid. In the
APP/PS1-9 M group, aspartic acid, citric acid, lignoceric
acid, DL-acetyl glutamic acid, and pyroglutamic acid levels
were increased (P < 0.05). In the APP/PS1-12 M group, the
levels of 2-oxoglutaric acid and lactic acid were decreased
(P<0.05). These results show that succinic acid and citric
acid, which are key metabolites in the TCA cycle, changed
with age in APP/PS1 mice.

Associated metabolic pathways of differentially abun-
dant metabolites were determined by Associated meta-
bolic pathways of differentially abundant metabolites were
determined using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) (Fig. 4D). The metabolic pathways asso-
ciated with differentially abundant metabolites in APP/PS1
mice mainly included purine, pyruvate, threonine, glycine,
isoleucine, glycolysis, gluconeogenesis, and pentose phos-
phate. Among these, the main pathway related to mitochon-
drial ATP production is glycolysis.

4 Discussion

The 20th -century German scientist Alois Alzheimer discov-
ered and named AD when dissecting a patient with severe
memory deficits. AD is a chronic, progressive neurodegen-
erative disease characterized by amyloid plaques and NFTs,
in which clearance of A has long been the focus of research
(Tolar et al. 2020).

The most commonly used in vivo model of AD is the
APPswe/PS1AE9 double transgenic mouse. This transgenic
mouse can stably express the AP precursor protein APP,
which degrades to generate insoluble AB. In this model, the
expression level of APP increases with age, resulting in A}
accumulation (Zhao et al. 2020). Here, the MWM test was
used to monitor age-dependent changes in hippocampus-
dependent learning and memory abilities of APP/PS1 dou-
ble-transgenic mice (Lonnemann et al. 2020). The results
showed that the average escape latency of APP/PS1 dou-
ble-transgenic mice at 9 and 12 months was significantly
increased compared to that in the control group. In addition,
the number of platform area crossings was significantly
reduced in 9 and 12-month-old APP/PS1 mice compared
to that in controls. The swimming distance and swimming
speed did not differ significantly between the groups. These
results indicated that the learning and memory ability of
APP/PS1 mice decreased with age, but the motor ability
was not affected. This finding was consistent with a previous
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study that showed progressive age-dependent impairment of
cognitive function in mice (Velazquez et al. 2019).

The hippocampus is a key brain region responsible for
learning and memory. Changes in neurons in the hippo-
campus, including reduced synaptic density and impaired
synaptic transmission, were presented in the early stages of
AD and ultimately lead to learning and memory impairment
(Babcock et al. 2021). Studies have reported that neuronal
changes in the early stages of AD were closely related to
damage in the mitochondria, which were key organelles
that support synaptic function and mitigate synaptic stress
(Shoshan-Barmatz et al. 2018). Mitochondrial damage
includes changes in mitochondrial morphology and number,
and mitochondrial autophagy dysfunction (Hou et al. 2019).
Mitochondrial changes include a decrease in the number
of mitochondria, a shorter and wider shape, disappearance
of the bilayer membrane structure, irregular dorsal cristae
of the inner mitochondrial membrane, and oedema of the
mitochondrial matrix (Swerdlow, 2018). Abnormalities in
mitophagy include abnormal initiation of mitophagy, accu-
mulation of autophagolysosomes, and abnormal lysosomal
degradation (Sun et al. 2021).

In the present study, the experimental APP/PS1 mice had
decreased numbers of mitochondria, altered mitochondrial
shape, and mitochondrial oedema at 6 months-of-age. The
mitochondrial shape was unclear at 9 and 12 months-of-age
in experimental APP/PS1 mice, and autophagosome accu-
mulation was evident. Mitochondrial damage in the hip-
pocampus correlated with memory deficits in experimental
APP/PS1 mice at 9 months-of-age, consistent with the find-
ings of previous studies (Jadiya et al. 2019). To further char-
acterize the relationship between mitochondrial damage and
autophagy, the expression levels of the canonical PINK1/
Parkin/Miro mitophagy pathway were measured using
Western blot (Lopez-Domenech et al. 2021). PINK1 is
located upstream of Parkin in normal mammalian neurons,
and the Miro protein is involved in mitochondrial axonal
transport (Imai, 2020). When mitochondria are damaged,
PINK1 activates Parkin and activated Parkin recruits and
promotes the degradation of Miro, allowing damaged mito-
chondria to detach from microtubules in order to undergo
mitophagy (Bharat, & Wang, 2020). In the present study,
PINK1 protein expression was significantly increased at
9 and 12 months-of-age in the experimental AD group. In
addition, Parkin expression was significantly increased at
6, 9, and 12 months-of-age in the experimental AD group.
The expression level of Miro decreased significantly at 6,
9, and 12 months-of-age in the experimental AD group.
These results suggest that the PINK1/Parkin/Miro pathway
is activated in response to mitochondrial damage; however,
accumulation of autophagosomes in the experimental AD
group at 9 months-of-age, observed via TEM, indicate that
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these damaged mitochondria are not effectively cleared. A
potential mechanism of this accumulation is disruption of
the lysosomal degradation pathway. Thus, Western blot was
used to measure the autophagy marker LC3, the autoph-
agy substrate P62, and the mitochondrial outer membrane
marker Tom20 (Chai et al. 2018). The results showed that
LC3 expression was significantly increased in the experi-
mental AD group at 6, 9, and 12 months-of-age. P62 was
also significantly increased in the experimental AD group
at 6, 9, and 12 months-of-age, although the levels trended
toward a decrease from 6 to 12 months-of-age. There was
no significant difference in Tom20 expression between the
experimental AD groups. Collectively, these results suggest
that mitochondrial damage gradually increases with age,
and autophagy and mitophagy activity also increase while
lysosomal degradation is inhibited, resulting in the accumu-
lation of damaged mitochondria and cell death.

Studies have shown that mitochondrial damage decreases
ATP production in patients with AD (Patro et al. 2021). A
recent study found that ATP release in the hippocampus of
APP/PS1 double-transgenic mice decreases at 6 months-of-
age. In addition, AP levels were increased, and the activities
of the APP cleaving enzymes a-secretase and P-secretase
were decreased. Increased enzymatic activity and reduced
ATP production are indicative of mitochondrial dysfunction
and are associated with the onset and progression of AD
(Benito-Cuesta et al. 2021). In vitro studies have shown that
ATP and ADP can reduce misfolding of AB, providing a link
between metabolic dysfunction-related decreases in ATP
production and the onset and progression of AD (Croteau et
al. 2018). To further characterize the relationship between
ATP and related metabolic pathways in the hippocampus of
APP/PS1 mice, GC/MS was used to detect changes in levels
of metabolites in the hippocampus.

The present study showed that metabolites in APP/PS1
mice were high at 6 and 9 months of age, and low at 12
months-of-age. This dynamic change may be due to com-
pensatory metabolic methods that are adapted to meet the
energy requirements of the brain in response to reduced ATP
production caused by mitochondrial damage in AD. Consis-
tent with previous studies, mitochondrial damage in APP/
PS1 mice was aggravated at 6 and 9 months of age, concom-
itant with observed alterations in metabolites as a result of
compensatory metabolic alterations. However, it is possible
that the APP/PS1 mice were unable to sustain this proposed
compensatory metabolic alteration at 12 months-of-age, due
to irreparable mitochondrial damage and ageing. Interest-
ingly, the metabolic levels of citrate and succinate, which
are directly related to ATP production, were both increased
during this dynamic change.

Citric acid and succinic acid play key roles in the TCA
cycle. The glucose metabolic intermediate pyruvate is

produced by glycolysis, fatty acid conversion, and gluco-
neogenesis and is converted to acetyl-CoA and then citric
acid, releasing reducing H ions that are used to generate
ATP. Citric acid is converted into isocitrate, a-ketoglutarate,
and then succinyl-CoA to generate succinate, which releases
reducing H ions to ultimately generate ATP (Martinez-
Reyes, & Chandel, 2020). Succinic acid is converted to
fumaric acid, malic acid, and oxaloacetic acid to complete
the TCA cycle. Studies have shown that elevated levels of
succinate in the intestinal lumen are associated with micro-
bial disturbances, malnutrition, and inflammatory bowel
disease (Yin et al. 2014). Citric acid has previously been
used as a predictive marker for early diabetic nephropa-
thy (Gao et al. 2018). These studies agree with the results
of the present study, where changes in key metabolites of
the TCA cycle were associated with the onset and progres-
sion of disease. High levels of citric acid and succinic acid
were observed in the present study. We speculate that high
citrate levels reflect a compensatory metabolic mechanism
that is activated to produce sufficient pyruvate. When large
consumption or insufficient production of intermediate
enzymes, such as acetyl-CoA, isocitrate dehydrogenase,
and a-ketoglutarate dehydrogenase, occurs concomitantly,
citrate gradually accumulates. Similar changes resulting in
high levels of succinate may be due to a similar process,
whereby depletion or insufficient supplementation of suc-
cinate dehydrogenase, fumarate, and malate dehydrogenase
leads to succinate accumulation.

5 Conclusion

There is a positive correlation between the decline of learn-
ing and memory in APP/PS1 mice and mitochondrial dam-
age in the hippocampus. Mitochondrial dysfunction leads
to insufficient ATP production and further aggravates mito-
chondrial damage. As seen in Fig. 5, the present study shows
that in order to meet energy needs, the body upregulates
the TCA cycle to generate ATP; however, if mitochondrial
damage is present, the TCA cycle is unable to generate suf-
ficient levels of intermediate enzymes for metabolite con-
version, the TCA metabolites citric acid and succinic acid
accumulate, and ATP production decreases. The body can-
not conduct effective life activities, including the clearance
of AP and damaged mitochondria, which eventually leads
to the development of AD (Fig. 5). Here, the dynamic rela-
tionships between AD, mitochondrial damage, and energy
metabolism during ageing were explored, and their mecha-
nisms of interaction were clarified, providing novel ideas
and targets for the treatment of AD.

Future studies are necessary to verify the observed
dynamic changes in citric acid and succinic acid in the TCA
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Fig. 5 Mitochondrial damage and associated metabolic imbalances in
APP/PS1 mice. The study found that in the early stage of AD model
mice, the damaged mitochondria in the hippocampus lead to the
enhancement of mitochondrial autophagy and the overconsumption of

cycle in AD and explore the potential of targeting the TCA
cycle and ATP production as a therapeutic strategy for AD.
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