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Dysregulation of Nrf2/ARE pathway and mitochondrial DNA
damage in aging and Alzheimer’s-associated cognitive decline
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Abstract

Background: Mitochondrial dysfunction represents a critical link between physiological aging and Alzheim-
er’s disease (AD), though the specific mechanisms driving pathological cognitive decline remain unclear. In this
study, we investigated how Nrf2/ARE pathway suppression and mitochondrial DNA (mtDNA) damage contrib-
ute to accelerated memory impairment in APP/PS1 mice compared to age-matched wild-type (C57BL/6) con-
trols.

Materials and Methods: The Barnes test was used to assess cognitive function. We also analyzed the level of
oxidative damage to mitochondrial DNA (mtDNA) in various areas of the brain, including the cerebellum and
midbrain. We evaluated the activity of the Nrf2 /ARE cytoprotective pathway, as well as the expression of anti-
oxidant genes involved in H,0, utilization and genes associated with DNA repair. Additionally, we investigated
the level of the pro-inflammatory cytokine TNFa and changes in the composition of the intestinal microbiota.
Results: Cognitive impairments were observed in transgenic mice at 4 and 8 months of age, as evidenced by an
increase in the time required to find the exit. Transgenic mice showed a significant accumulation of oxidative
damage to mitochondrial DNA (mtDNA) in certain areas of the brain, primarily in the cerebellum and partially
in the midbrain. Compared to C57BL/6 mice, APP/PS1 mice showed reduced expression of antioxidant genes
involved in H,0, utilization, as well as genes associated with DNA repair. These mitochondrial dysfunctions
may contribute to cerebellar dysfunction. We found increased expression of the pro-inflammatory cytokine
TNFa, as well as some signs of changes in the composition of the gut microbiota.

Conclusion: Our findings identify mitochondrial maintenance, particularly via the Nrf2/ARE pathway, as a
promising target for interventions aimed at mitigating pathological aging while preserving normal cognitive
function.
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pathway

caused by oxidative stress, impaired reparative mecha-
nisms and dysfunction of protein homeostasis [1]. These
changes create the preconditions for the development of
age-associated diseases, among which neurodegenerative
pathologies, in particular Alzheimer’s disease (AD), oc-
cupy a special place [2]. More than 90% of AD cases are
sporadic and usually manifest in old age after 65 years [3].
It is believed that the primary cause of AD are aggregation
and accumulation of amyloid-f peptide (A) in the brain,
which is produced by proteolytic cleavage of amyloid pre-
cursor protein (APP) [4]. Proteolytic cleavage of APP is

Introduction

Aging is a multifactorial process affecting all levels of
biological organization — from molecular changes to
systemic disorders. One of the key aspects of aging is
the gradual accumulation of damage in cells and tissues
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catalyzed by beta-secretase and gamma-secretase. Preseni-
lin (PSEN1/2) is a subcomponent of gamma-secretase [5].
Therefore, the main cause of familial AD is inheritance of
mutant alleles in the APP and PSEN1/2 genes [3].

Dementia, which according to some studies is a mani-
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Table 1. A list of the location of the starting chamber.

Day 1 2 3 4 5 6 7 8 9 10
First attempt N SE NwW E N S NwW SE

Center of the maze Center of the maze
Second attempt E N SE NW SE w S NW

festation of, specifically, AD in animals is found, for ex-
ample, in dogs, [6, 7] transgenic mouse models expressing
human mutant APP and PSEN1/2 genes have been created
[8]. These mice exhibit AP accumulation in the brain,
leading to the development of inflammatory processes and
cognitive deterioration [9]. It has been shown that these
transgenic mice have mitochondrial dysfunction similar
to those observed in patients with AD [10, 11]. However,
it has not previously been shown whether transgenic AD
model mice are able to accumulate mtDNA damage simi-
lar to AD patients [12]. The nuclear DNA of APP/PS1
mice has been shown to accumulate more oxidative dam-
age [13, 14], and mtDNA copy number is reduced due to
impaired mitochondrial biogenesis [15, 16], but the effect
of genotype on mtDNA damage levels has not been stud-
ied.

It should be taken into account that the maintenance of
mtDNA integrity is a complex coordinated process that
requires correct operation of antioxidant defense systems
[17], mechanisms for repair of damaged bases or broken
mtDNA strands [18] and elimination systems of old dam-
aged mitochondria via selective mitochondrial autophagy
known as mitophagy [19]. These processes are united by
the fact that they are regulated at the transcriptional level
by the nuclear erythroid 2-related factor 2 (Nrf2, encoded
Nfe2l2 gene) / antioxidant response element (ARE) sig-
naling pathway [20-22]. Reduced activity of the Nrf2/
ARE signaling pathway is characteristic of AD. AD drugs
currently being tested in clinical and preclinical trials are
often Nrf2 activators [23]. Moreover, the activity of the
Nrf2/ARE signaling pathway is closely related to inflam-
matory signals in the body [24]. Inflammation, in its turn,
can be induced not only by external factors but also by the

Table 2. List of primer sequences.

structural components of the bacteria that constitute the
gut microbiome [25]. Although changes in the bacterial
composition of the gut microbiome have been repeatedly
studied in both AD patients [26-28] and transgenic mice
[29-31], there are no studies that link changes in the gut
microbiome and inflammation to Nrf2/ARE signaling
pathway activity, mtDNA stability and cognitive function
in mice.

The aim of this work was to identify cognitive abnormali-
ties in APP/PS1 mice at 4 and 8 months of age and to ex-
amine their relationship with the amount of mtDNA dam-
age, the expression of genes encoding proteins involved
in antioxidant defense, DNA repair, mitophagy, inflam-
mation and associated with Nrf2/ARE signaling pathway
in four brain compartments, and changes in the bacterial
composition of the gut microbiome at phylum level.

Materials and Methods

Animals and experiment design

In this study, male and female mice of the C57BL/6 and
APP/PS1 strains were used. The C57BL/6 mice were ob-
tained from Stolbovaya breeding and nursery laboratory
(Research Center for Biomedical Technologies of FMBA;
Russia). The APP/PS1 mice (B6C3-Tg(APP695)85Dbo
Tg(PSENI)85Dbo strain) were received from Pushchino
Nursery for Laboratory Animals (Russia, Pushchino). All
experimental procedures including sample sizes were ap-
proved by the ethical commission of Voronezh State Uni-
versity (Section of Animal Care and Use, protocol 42-03,
94 of October 8, 2020) in accordance with the principles
of the 3R and the requirements of Directive 2010/63/EU

Forward primer sequence (5'-3")

Reverse primer sequence (5'-3')

18s CGGCTACCACATCCAAGGAA
Gapdh GGCTCCCTAGGCCCCTCCTG
Gele GCAGCTTTGGGTCGCAAGTAG
Nfe2i2 GTCTTCACTGCCCCTCATC
Pinkl GAGCAGACTCCCAGTTCTCG
Trp53bpl TGCTCACCCTGGCTAAAGTT
Txnr2 GATCCGGTGGCCTAGCTTG
Gpxl AGTCCACCGTGTATGCCTTCT
Breal CGAGGAAATGGCAACTTGCCTAG
Oggl TGAGCTGCGTCTGGACTTGGTT
Sod2 CAGACCTGCCTTACGACTATGG
Tnf TCTTCTCATTCCTGCTTGTGG
p62 GCCAGAGGAACAGATGGAGT

GCTGGAATTACTGTGGCT
TCCCAACTCGGCCCCCAACA
TGGGTCTCTTCCCAGCTCAGT
TCGGGAATGGAAAATAGCTCC
GTCCCACTCCACAAGGATGT
AATGTCTCCTGGCTCAGAGG
TCGGGGAGAAGGTTCCACAT
GAGACGCGACATTCTCAATGA
TCACTCTGCGAGCAGTCTTCAG
CTCCGTCTGAGTCAGTGTCCAT
CTCGGTGGCGTTGAGATTGTT
GGTCTGGGCCATAGAACTGA
TCCGATTCTGGCATCTGTAG
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of the European Parliament and the Council of the Euro-  form with 40 evenly spaced holes around its perimeter. An
pean Union on the protection of animals used for scientific ~ escape hole was placed under one hole, while the other
purposes. 39 holes were left empty. Bright lighting of 1,000 lux and
All animals were maintained under controlled conditions ~ white noise of 40 dB volume were used as stressors. The
of 12-hour light/12-hour dark cycle, at 25 °C, received un-  test consisted of several phases, including adaptation,
restricted water and a standard laboratory diet (Ssniff-Spe-  training, and probe.

zialdidten GmbH, Germany). 4-month-old non-transgenic ~ During the adaptation phase, lights and sound were turned
(C57BL/6 strain; n = 7) and transgenic mice (APP/PS1  off. The mouse was placed in the escape hole for 1 min-
strain; n = 10) were subjected to cognitive function testing  ute. Next, the mouse was positioned in the starting cham-
using the Barnes maze. At this stage, fecal samples were  ber, which was placed in the center of the platform for 15
collected from the mice for subsequent DNA extraction  seconds. The allotted time for adaptation lasted 5 minutes.
to study the bacterial composition of the gut microbiome.  After that, the mouse was placed in the escape hole for 1
The mice were not euthanized at this stage and continued  minute.

to be housed in the vivarium until they reached 8 months  During the training phase, lights and sound were turned
of age. Behavioral experiments and feces collection were ~ on. The mouse was placed in the starting chamber on
also conducted when the mice reached 8 months of age  a specific quadrant. A list of the location of the starting
(one C57BL/6 mouse died, resulting in a final C57BL/6  chamber is presented in Table 1. The allotted time to find
strain sample size of n = 6). Subsequently, the mice were  the escape hole was 3 minutes. After the mouse climbed
euthanized, and various brain compartments such as the into the escape hole, the sound and lights were turned off.
cerebral cortex, hippocampus, midbrain, and cerebellum  If the mouse did not climb into the escape hole, it was
were isolated for DNA extraction to study mtDNA dam-  forcibly placed there and remained inside for 30 seconds.
age and RNA extraction to study gene expression. Each mouse was given two attempts per day.

During the testing phase on the 6" day, the lights and
sound were turned on. The escape hole was closed with
To assess the cognitive parameters of the mice, we uti- the same plug as the other openings. The mouse was
lized the Barnes maze and followed the protocol [32]. The  placed in the center of the platform in the starting cham-
Barnes Maze test apparatus is an elevated circular plat-  ber. The behavior of the mouse was registered for 1 min-

=
»n
=
>
~
a
=

Barnes Maze test

C57BL/6 || APP/PSI C57BL/6 APP/PSI
(4 month) l_ (4 month) (8 month) (8 month)
= 0,08
70 A 4 B %* k% % d ke
60 o % ——
_ 3 = B
£ 50 T . =]
q) = I- - )  —— . - ®
£ .
- 40 & :
0 i e— * L ]
c L ] [ ]
9L 30 » - - .
m [ ]
- —l
20 ..’ °
10 . &
. L ]

Acquisition probe trial Reversal probe trial

Figure 1. Results of the Barns maze test. Latency time to find the escape hole during acquisition (A) and reversal (B) probe trials for C57BL/6 and
APP/PS1 mice strains. An increase in the time spent searching for the escape hole indicates a decline in cognitive performance of the mice. The results
expressed as means + SEM. The Mann-Whitney U test was used to compare groups of mice of the same age with different genotypes (C57BL/6 vs.
APP/PS1), "P < 0.01, ""P < 0.001. The paired Wilcoxon test was used to compare the same groups of mice at different time points (4 months vs. 8
months of age).
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ute.

After 6" day of experiment escape hole was transferred
into 180°. Then followed 3 days of training and testing on
day 10 of the experiment.

On the 6" and 10" days of the experiment, the time spent
by the mouse searching for an escape hole was recorded,
and the models of the search behavior of mice were also
evaluated.

DNA and RNA extraction

DNA was isolated from the mice brain compartments and
feces using the Proba-GS kit (DNA Technology, Russia)
according to the protocol. RNA was isolated from the
mice brain compartments using the ExtractRNA kit (Evro-
gen, Russia) according to the protocol. Qualitative analy-
sis of isolated DNA and RNA preparations was performed
by electrophoresis in 2% agarose gel in 1x TAE buffer.

Estimation of bacterial composition of the gut microbi-
ome

To assess the bacterial composition of the gut microbiome,
a quantitative PCR method was used according to the pro-
tocol [33]. The reaction was performed on a CFX96TM
Real-Time System thermocycler (Bio-Rad, USA) with the
reaction mixture containing 1x qPCRmix-HS SYBR (Ev-
rogen, Russia); 20 pM primer combination (forward and
reverse) (Evrogen, Russia); 10 ng DNA template.

Measuring the amount of mtDNA damage

The amount of mtDNA damage was estimated by long-
range PCR using the Encyclo-polymerase kit (Evrogen,

Russia) according to the protocol we developed earlier
[34].

Measuring of gene expression

cDNA was obtained using MMLYV reverse transcriptase
(Evrogen, Russia) on an Eppendorf Mastercycler personal
thermocycler (Eppendorf, USA) according to the protocol.
Quantitative PCR was performed on a CFX96TM Real-
Time System thermocycler (Bio-Rad, USA) using a qP-
CRmix-HS SYBR kit (Evrogen, Russia). 18s and Gapdh
genes were used as references. List of primer sequences is
presented in Table 2.

Statistical analysis

Statistical analysis was performed using Statistica 10
(StatSoft. Inc., Tulsa, OK, USA). mtDNA damage was
quantified by using DNA Damage Calculator (Voronezh,
Russia). For calculation of normalized expression and
copy number of mtDNA, standard Bio-Rad CFX Manager
software was used. Principal Component Analysis was
performed in RStudio v.7.2.576 (Posit PBC, Boston, MA,
USA) using ggfortify v.0.4.15 R package.

The results were expressed as means + SEM. Analysis of
the normality of the distribution using the Shapiro-Wilk
test indicated that the distribution deviated from normal-
ity. Therefore, non-parametric methods of analysis were
used. The paired Wilcoxon test was used to compare of
cognitive parameters and bacterial composition of the gur
microbiome the in the same groups of mice at different
time points (4 months vs 8 months of age). The Mann-
Whitney U test was used to compare groups of mice of
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Figure 2. Representative examples of mouse tracks
during different strategies of searching for the escape
hole. (A) The direct strategy, where the mouse moves
directly towards the target hole. (B) The serial search
strategy, where the mouse sequentially investigates
multiple holes one after the other. (C) The mixed
strategy, where the mouse randomly moves around the
maze. (D) Freezing, where the mouse remains near the
starting platform and does not attempt to find the escape
hole.
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Figure 3. The frequency of occurrence of different
escape hole search strategies. In 4-month-old C57BL/6
mice, the serial search strategy is predominant (A).
Similarly, in 4-month-old APP/PS1 mice, the serial
search strategy is prevalent, but a significant part of
mice also exhibits freezing behavior (B). In 8-month-
old C57BL/6 mice, both the direct and serial search
strategies are prevalent (C). 8-month-old APP/PS1 mice
exhibit a higher tendency towards freezing behavior
without attempting to find the escape hole (D).

the same age with different genotypes (C5S7BL/6 vs. APP/
PS1). The analysis of the frequency of different escape
hole search strategies in mice in the Barnes maze was
conducted using Chi-squared analyses.

Results

Cognitive parameters of mice

We assessed the cognitive performance of mice by the la-
tency time to find the escape hole. 4 months-old C57BL/6
mice spent 28.9 £ 5.7 seconds searching for the escape
hole, while APP/PS1 mice spent 48.7 + 3.3 seconds (P <
0.01). Similar trends persisted at 8 months of age, with
APP/PS1 mice spending 49% more time searching for the
escape hole compared to non-transgenic mice, although
the differences were not statistically significant (P = 0.08).
The Wilcoxon pairwise test indicated a tendency for an
age-dependent increase in search time for the platform in
APP/PS1 mice, but the differences were not statistically
significant (P = 0.06) (Figure 1A).

After a 180° platform rotation, transgenic mice also dem-
onstrated impaired cognitive abilities. At 4 months of age,
control mice spent 14.4 + 3.2 seconds searching for the
platform, while transgenic mice took 53.6 £ 2.8 seconds
(P < 0.001). Similar results were obtained at 8 months of
age, with control mice spending 17.3 + 5.1 seconds and
APP/PS1 mice spending 56.8 + 1.7 seconds searching for
the platform (P < 0.001). Pairwise statistical analysis did
not reveal age-related changes in platform search speed
during the reversal probe trial (Figure 1B).

Search strategies significantly differ between APP/PS1
and C57BL/6 mice strains. The analysis of mouse search

strategies allows us to identify four main models of mouse
behavior. Direct strategy means moving directly to the
target hole or to one-two adjacent holes before visiting
the target escape hole (Figure 2A). Serial search strategy
means subsequent visiting two or more holes before the
escape hole. The search can be carried both clockwise
and counterclockwise (Figure 2B). Mixed strategy means
unorganized search, which includes crossing through the
center of the maze (Figure 2C). Freezing is a behavioral
feature which means lack of attempts to find the escape
hole (Figure 2D).

We found that 52% of 4-month-old C57BL/6 mice pre-
fer serial search of the escape hole, whereas only 37%
of APP/PS1 mice prefer this search strategy. In contrast,
38% of 4-month-old APP/PS1 mice prefer freezing behav-
ior without an attempt to find the escape hole, while only
12% of 4-month-old C57BL/6 mice prefer this strategy
(Figure 3A & B). Analysis of Pearson y* showed that dif-
ferences in the search strategies between APP/PS1 and
C57BL/6 mice were statistically significant (P = 0.0003),
as well as between 8-month-old APP/PS1 and C57BL/6
mice (Pearson y’, P = 0.00005). 8-month-old APP/PS1
mice prefer freezing behavior (49%), while only 15% of
C57BL/6 mice did not make an attempt to find the escape
hole. On the contrary, 41% of 8-month-old C57BL/6 mice
moved directly to the target hole, while only 18% of APP/
PS1 mice used this strategy (Figure 3C & D).

Bacterial composition of the gut microbiome

Using real-time PCR, we analyzed the ratio of the major
bacterial phyla in the gut microbiome of C57BL/6 and
APP/PS1 mice at 4 months and 8 months of age. The
dominant phyla were Bacteroidetes and Firmicutes, which
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Table 3. List of primer sequences. E

4-month-old M-U test 8-month-old M-U test Wilcoxon pairwise test éj

s C57BL/6 APP/PS1  Pvalue C57BL/6 APP/PS1  Pvalue C57BL/6 APP/PS1 %

Bacteroidetes (%) 86704432  8437+128  0.130 89.40+336  87.13+301 0.551 0345 0.333 @

Firmicutes (%) 11374439  1321+1.08  0.088 7.55+3.71 10.15+2.56  0.481 0.173 0.333 =
Actinobacteria (%) 0.03 +0.01 0.10£0.03  0.107 026+0.10  048+0.08  0.116 0.028 0.007
(%) 0554030  035+0.08  0.591 0.66+0.18  0.19+0.03  0.008 0.249 0.114
52‘;”0"”’0”"[’ acleria 6411016 022£006  0.733 0.18£0.06  029+0.13  0.786 0.249 0.959
zla)r Z’;Zozzzltfr‘;’”(’f/f) 0.75+0.38 130+033  0.223 0.44 +0.27 1474049  0.058 0.917 0.878
Deferribacteres (%) 0.15+€0.08  021+0.06  0.306 0.03+0.01  0.04+0.01 0871 0.249 0.017
;gf:ﬂi‘;;ﬁeria,, (o 000£000  021+011 0045 1.46 +0.33 025+0.12  0.004 0.028 0.799
Tenericutes (%) 0.04+002 003001  0.961 0.01£0.00  001+£0.01  0.093 0.345 0.285
Verrucomicrobia 0.11£003  0.11£001 0591 0274012 020+005 0871 0.116 0.037

(ppm)

Note: The results expressed as means = SEM. The Mann-Whitney U test was used to compare groups of mice of the same age with different
genotypes (C57BL/6 vs. APP/PS1). The paired Wilcoxon test was used to compare the same groups of mice at different time points (4 months vs. 8

months of age). P values indicated in the corresponding columns.

represented from 91% to 99% in the microbiome of each
mouse. It is worth noting that no significant differences in
the abundance of dominant phyla were observed between
non-transgenic and transgenic mice. At 4 months of age,
there were minimal differences in the gut microbiota com-
position between the two genotypes, except for signifi-
cantly higher levels of “Candidatus Saccharibacteria” in
APP/PS1 mice (P < 0.05). However, at 8 months of age,
the transgenic mice had 3.5 times lower levels of com-
pared to same-aged non-transgenic mice (P < 0.01). Ad-
ditionally, at 8 months of age, the levels of Epsilonproteo-
bacteria and Delta- and Gamma-proteobacteria in APP/
PS1 mice were higher than in C57BL/6 mice, although
no statistically significant differences were observed (P =
0.058 for Delta- and Gamma-proteobacteria). Wilcoxon
pairwise test revealed an age-dependent increase in Ac-
tinobacteria in both strains of mice, with a ninefold in-
crease in C57BL/6 mice (P < 0.05) and a twofold increase
in APP/PS1 mice (P < 0.01). Additionally, age-related
decreases in Deferribacteres (fivefold decrease, P < 0.05)
and age-related increases in Verrucomicrobia (twofold in-
crease, P < 0.05) were observed in the transgenic mice.

Number of mtDNA damage in the brain compartments

We analyzed the number of damages in the six studied
mtDNA fragments using long-range quantitative PCR.
In the frontal cortex, we did not find any increase in the
number of mtDNA damage in APP/PS1 mice compared
with C57BL/6 mice. In contrast, C57BL/6 mice had twice
more damage than APP/PS1 mice in the RNA non-coding
region of the mtDNA D-loop (P < 0.01). A similar trend
was observed in the hippocampus in the mtDNA frag-
ment encoding ribosomal genes. The number of damages

in the 125/16S genes region was 73% higher in 8-month-
old C57BL/6 mice compared to APP/PS1 mice (P <0.01).
In the midbrain, the number of damage in APP/PS1 mice
compared with C57BL/6 mice twice increased in the
mtDNA fragment encoding /65 and NDI (P < 0.05) and
in the D-loop region (P < 0.05) (Figure 4C). The greatest
increase in the number of damage in APP/PS1 mice com-
pared with C57BL/6 mice was observed in the cerebel-
lum. The statistically significant increase in the number of
damage was observed for the fragments encoding the 165/
NDI (+175%), ND1/ND2 (+112%), ND6/CytB (+146%),
and the ND5 region (+239%) (all P <0.05) (Figure 4).

Gene expression in the brain compartments

We showed that the nuclear factor erythroid-derived 2-like
2 (Nfe2l2) gene expression was unchanged in the cerebral
cortex, but tended to decrease in the hippocampus, mid-
brain, and cerebellum (Figure 5A). We did not find any
statistically significant differences in the expression levels
of breast cancer type 1 (Brcal) and 8-oxoguanine glyco-
sylase (Oggl) genes in any of the studied brain regions
(Figure 5B & C). In APP/PS1 mice, p53-binding protein
1 (Trp53bpl) gene expression was threefold lower in the
midbrain (P < 0.01) (Figure 5D).

There were differences discovered in the expression of
some antioxidant genes. The expression of glutathione
peroxidase 1 (Gpx1) was approximately 5-fold lower in
the cerebellum of transgenic mice compared to non-trans-
genic mice (P < 0.05). Similarly, the expression of the
thioredoxin-2 (7xnr2) gene was decreased in the hippo-
campus and cerebellum in APP/PS1 mice (both P < 0.05)
(Figure 6C). No statistically significant differences in the
expression level of the superoxide dismutase 2 (Sod2)
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Figure 4. Number of mtDNA damage in the following
brain regions: cortex (A); hippocampus (B); midbrain
s C57BUS E L ’
e, A D : (C); cerebellum (D) in C57BL/6 and APP/PS1 mouse
Ean [:]APF"'PS' -+ strains at 8 months of age. Results are expressed as
E e mean + SEM for each mtDNA fragment. P< 0.05, Tp<
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gene were found (Figure 6B).

We did not find any differences in the expression of genes
responsible for the regulation of mitophagy [sequesto-
some-1 (p62) and PTEN-induced kinase 1 (Pinkl)] in the
mice strains studied (Figure 7A & B). In APP/PS1 mice,
the expression of the gene encoding the proinflammatory
cytokine tumor necrosis factor a (TNF-a) was increased
in the hippocampus (P < 0.05).

Discussion

In recent years, AD research has emphasized the role of
the brain, especially the neurodegenerative processes as-
sociated with oxidative stress, neuroinflammation and
mitochondrial dysfunction. A growing body of evidence
suggests that a key link in the pathogenesis of AD may be
the dysregulation of antioxidant defense, in particular the
Nrf2 pathway, which plays a critical role in maintaining
cellular homeostasis. Nrf2/ARE is involved in many cel-
lular processes that are associated with the maintenance of
mtDNA integrity. We showed that in transgenic mice the
decrease in the Nfe2l2 expression coincided with a signifi-
cant decrease in the expression of Gpx/ and Txnr2 (Figure
6), which are involved in the glutathione and thioredoxin

pathways of H,O, utilization, respectively. Both glutathi-
one and thioredoxin dependent systems dysfunctions are
closely involved in increased oxidative stress in AD [35,
36].

Nrf2/ARE signaling pathway is not only involved in an-
tioxidant protection of the cell, but is also necessary for
maintaining the integrity of mtDNA by activating the
elimination of damaged mitochondria through mitophagy
[21] and triggering repair processes [37]. Nrf2 actually
triggers mitophagy, but mitophagy can be triggered by
damage to internal mitochondrial components, in particu-
lar mtDNA [38]. There were no differences detected in
the expression levels of p62 and Pinkl genes, which are
involved in the regulation of mitophagy (Figure 7A & B).
We found a significantly reduced expression of the gene,
which encodes the S3BP1 protein (Figure SD) that plays a
key role in the repair of double-stranded DNA breaks [39].
The presence of ARE sequences in the promoter region
of the Trp53bpl gene was previously shown in human
colonic epithelial cells [18]. However, it is still unknown
whether the mechanisms of double-strand break repair
similar to those of nuclear DNA are typical for mtDNA.
Base excision repair (BER) and mismatch repair (MMR)
mechanisms for mtDNA are well described, but they only
allow to repair damaged bases and mismatch bases only,
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but not double-stranded breaks. Some repair factors for
double-strand breaks have been identified in mitochon-
dria, but there are still no any convincing evidences that
mtDNA is able to repair through the non-homologous end
joining (NHEJ), microhomology-mediated end joining
(MMEJ), or homology-directed repair (HDR) pathways
[40].

Nevertheless, a decrease in the 7¥p53bpl expression in the
midbrain and cerebellum of APP/PS1 mice coincides with
an increase in mtDNA damage in these brain compart-
ments (Figure 4C&D). Notably, no increase in mtDNA

damage was detected in the cerebral cortex and hippocam-
pus; instead, certain mtDNA fragments of APP/PS1 mice
had less damage than mtDNA of C57BL/6 mice (Figure
4A&B). The predisposition of midbrain dopaminergic
neurons to accumulate mtDNA deletions has been shown
previously [41], as confirmed by our data on the number
of mtDNA damage in the midbrain (Figure 4C). The cer-
ebellum has long been regarded as essential only for the
coordination of voluntary motor activity and motor learn-
ing and has rarely been considered primarily in studies of
AD pathogenesis [42]. However, postmortem analysis of
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the cerebellum of AD patients with the PS1-E280A muta-
tion revealed greater Purkinje cell loss and more abnormal
cerebellar mitochondria compared with controls [43]. This
is supported by our study, which showed that 4 of the 6
mtDNA fragments of APP/PS1 mice studied had statisti-
cally significantly more damage than similar mtDNA frag-
ments in C57BL/6 mice (Figure 4D).

Significant cerebellar damages may explain the peculiari-
ties of mice’s task behavior in the Barnes test. We found
that APP/PS1 at 8§ months of age demonstrated the most
pronounced freezing behavior (Figure 3D). It has been
shown previously that suppression of cerebellar output
may therefore facilitate freezing [44]. In addition, it is
well known that cerebellar dysfunction is the cause of
excessive daytime sleepiness [45]. We can suppose that
it is cerebellar dysfunction that causes freezing behavior
and decreased motivation, which explains why the aver-
age latency time to find the escape hole was significantly
longer for APP/PS1 mice compared with C57BL/6 mice
(Figure 1). It is worth noting that a statistically significant
increase of latency time for APP/PS1 was observed only

during reversal probe trials (Figure 1B), and partly during
acquisition probe trials (Figure 1A). A similar observation
of a deficit in the reversal phase of the Morris water maze
spatial learning task was demonstrated in another study
[45]. Thus, it is likely that APP/PS1 mice are significantly
worse at switching attention to new tasks compared with
C57BL/6 mice.

In recent years, interest in studying the relationship be-
tween the bacterial composition of the gut microbiome
and cognitive impairment, including in AD, has increased
considerably [28]. On the relationship between Actinobac-
teria levels and AD, contradictory data were previously
obtained. On the one hand, APP/PS1 mice at 8 months of
age have been shown to have decreased Actinobacteria
levels compared with WT mice [46, 47]. In contrast, some
studies have shown increased Actinobacteria levels in AD
patients [48, 49]. Similar contradictory data have been
reported for levels of Bifidobacterium, which belongs to
the Actinobacteria type. In the American population of
AD patients, Bifidobacterium levels are lower than those
of healthy subjects [50], while, in contrast, in the Chinese
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population of people with AD, Bifidobacterium levels
are higher than those of healthy people [51, 52]. Overall,
studies agree that Proteobacteria levels are increased in
AD, which has been repeatedly demonstrated in both AD
patients [28, 41] and transgenic models [53]. We have
demonstrated that Epsilon-, Delta-, and Gammaproteo-
bacteria tend to increase in APP/PS1 mice compared with
C57BL/6 at 8 months of age, but the differences are not
statistically significant (Table 3). Increased Proteobacte-
ria levels are one of the markers of dysbiosis development
[54], which is one of the concomitant signs of the patho-
genesis of neurodegenerative diseases, including AD [55].
However, we have demonstrated that levels are signifi-
cantly lower in APP/PS1 mice compared with C57BL/6
mice. Earlier data on levels are also controversial. One
study showed that transgenic mice were characterized by
an increase in [53], whereas, in contrast, another study
showed a decrease in levels [56].

The gut-brain axis is a bidirectional system of interaction
between the central nervous system and the gut, which is
regulated at the neuronal, endocrine, metabolic, and im-
mune levels. The intestinal mucosa makes initial contact

with a large number of specific antigens of pathogen-
associated molecular patterns (PAMPs) that are part of
the bacterial cell wall. They are recognized by pattern
recognition receptors (PRRs). Recognition of PAMPs by
PRRs triggers the activation of several signaling pathways
in the host immune cells, such as stimulation of various
proinflammatory cytokines including TNF-a [57]. Numer-
ous preclinical and clinical studies have shown excessive
levels of TNF-a in the brain of AD patients and that TNF-
a-mediated neuroinflammation plays a key role in AD
pathogenesis by enhancing AP production, decreasing A
clearance, increasing neuronal loss and cell death [58]. We
revealed that the expression of the TNF-o encoding gene
is increased in the hippocampus of APP/PS1 compared
with C57BL/6 at 8 months of age (Figure 7C), which may
indicate an increased level of inflammation in these brain
compartments.

TNF-a exposure has a bimodal effect on the Keap1/Nrf2
system, and while an intense inflammatory activation sup-
presses expression of antioxidant proteins, a low level
appears to be protective [59]. We found in the hippocam-
pus, midbrain, and cerebellum of APP/PS1 mice a trend
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toward decreased expression of the Nrf2 encoding gene
compared with C57BL/6 mice. The strongest decrease in
the Nfe2l2 expression was observed in the cerebellum (P
= 0.0577) (Figure 5A). Probably, inflammatory processes
accompanying the pathogenesis of AD are one of the fac-
tors reducing the activity of the Nrf2/ARE signaling path-
way. Cross-talk between Nrf2 and neuroinflammation in
AD has been previously discussed [23].

Conclusions

It can be concluded that downregulation of the Nrf2/ARE
pathway in APP/PS1 mice is most pronounced in the
cerebellum and to a lesser extent in the midbrain. This is
accompanied by decreased expression of a number of an-
tioxidant genes, as well as genes responsible for DNA re-
pair, which may be responsible for the increase in mtDNA
damage. Cerebellar dysfunction mediated by the accu-
mulation of mtDNA damage may explain the behavioral
abnormalities we observed in Barnes’ maze. According
to the data obtained, APP/PS1 mice may be significantly
worse at switching attention to new tasks. Inflammatory
processes, characterized by increased expression of pro-
inflammatory cytokines and some changes in the com-
position of the gut microbiota, probably also contribute
significantly to the development of cognitive and behav-
ioral abnormalities in transgenic mice. The gut-brain axis
is a bidirectional system of interaction between the central
nervous system and the gut, regulated at different levels,
which is important for further study of neurodegenerative
diseases.
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