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ABSTRACT

Background: Mitochondrial dysfunction is considered to be an important pathogenesis of cognitive impairment in
Alzheimer’s disease(AD). Activation of Nrf2 can improve cognitive impairment in AD mice, but the underlying
mechanism remains to be elucidated. This research aims to investigate the intrinsic molecular mechanism of Nrf2
in mitochondrial biogenesis related to cognitive impairment of AD mice.

Methods: APP/PS1 mice were used as AD model mice, and Nrf2 down-regulated mouse model was established by
injecting lentivirus into hippocampus. Morris water maze test was used to evaluate the learning and memory
ability of mice. The biochemical assays were used to detect the expression of Nrf2, mitochondrial biogenesis-
related genes, and AP protein.Transmission electron microscopy was used to observe the number of mitochon-
dria and synaptic structure in neurons. Chromatin immunoprecipitation was used to observe the binding of Nrf2
protein to the PGCla promoter; Co-Immunoprecipitation was used to observe the interaction between PPARy
protein and PGCla protein.

Results: Downregulation of Nrf2 reduced mitochondrial biogenesis, aggravated Ap protein deposition and syn-
aptic damage, and in turn aggravated cognitive impairment in mice. Compared with control mice, AD model
mice had reduced levels of Nrf2, PPARy, PGCla, NRF1, TFAM protein, mitochondrial number and MAP2,
increased AP protein deposition, and worsened synaptic damage and cognitive impairment. Lentivirus-induced
Nrf2 downregulation downregulates PPARy, PGCla, NRF1, and TFAM protein expression, reduces mitochon-
drial number and MAP2 levels, and aggravates Af protein deposition, synaptic damage, and cognitive impair-
ment. Nrf2 protein bound to the PGCla gene promoter, and PPARy protein interacted with PGCla protein.
Conclusion: Nrf2 can directly regulate PGCla transcription, and can also regulate PPARy followed by binding to
the PGCla protein, thereby modulating mitochondrial biogenesis.Nrf2 downregulation reduces the expression of
PPARy and PGCla proteins, thereby reducing their interaction. This suppression impairs mitochondrial
biogenesis, exacerbates mitochondrial dysfunction, intensifies Ap deposition and synaptic damage, and ulti-
mately worsens cognitive impairment in AD mice.

1. Introduction

lethal, and burdensome health crises of our time. Although there are
many hypotheses about the mechanism of AD, and they have all

Alzheimer’s disease (AD) is a neurodegenerative disease and the contributed to understanding its onset and progression [1]. Unfortu-
leading cause of dementia. Its typical clinical manifestations are cogni- nately, there is currently no treatment that can effectively reverse the
tive decline, mental and behavioral symptoms, and decreased ability to disease, and all treatments have a severely limited capacity to decelerate
live daily. This condition is swiftly emerging as one of the most costly, its progression [2].Therefore, it is crucial to elucidate the mechanisms of
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AD cognitive impairment, identify therapeutic targets, and conduct
early intervention.

Mitochondrial dysfunction is considered an early event in AD [3,4].
Mitochondrial dysfunction is characterized by impaired mitochondrial
biogenesis, reduced capacity of mitochondrial respiratory complexes,
and decreased cellular mitochondrial membrane potential and ATP
levels [5]. The balance of mitochondrial turnover processes, especially
mitophagy and biogenesis, is crucial for cellular resilience and longevity
[6]. It was found in alive and post-mortem brain tissue of AD patients
that mitochondrial function was impaired [7]. In AD mouse models,
impaired mitochondrial biogenesis precedes mitochondrial dysfunction
and AD pathology, and impaired mitochondrial biogenesis signaling
may contribute to the manifestation of mitochondrial dysfunction and
AD pathology at later ages [8].Peroxisome proliferator-activated re-
ceptor y coactivator 1-a(PGCla) is a key regulator of mitochondrial
biogenesis [9].A longitudinal study showed that all genes involved in
mitochondrial biogenesis (including PGCla) were significantly reduced
in AD model mice compared with wild-type mice of the same age,
indicating that mitochondrial biogenesis was impaired in AD mice [5].In
addition, research indicates that activation of PGCla can promote
mitochondrial biogenesis, reduce amyloid beta(Af) deposition, and
alleviate cognitive impairment in AD mice demonstrating the impor-
tance of PGCla and mitochondrial biogenesis in the cognitive function
of AD mice [10]. Therefore, exploring the mechanism of mitochondrial
biogenesis in AD provides the possibility of intervening in the early
stages of the disease.

Nuclear factor erythroid2-related factor 2 (Nrf2), as an important
transcription factor in the body, regulates the expression of key com-
ponents in mitochondrial biogenesis, autophagy, oxidative stress,
mitochondrial function, and mitophagy in the central nervous system
[11]. An increasing number of studies indicate that the level of Nrf2
transcription is closely related to aging and neurodegenerative diseases,
especially Alzheimer’s disease [12].The level of nuclear Nrf2 in the
hippocampus and even cortex of AD patients is reduced [13]. Animal
experimental studies indicate that Nrf2 is directly related to AD pa-
thology, and the cognitive deficits of AD model mice lacking Nrf2 are
exacerbated [14,15]. Moreover, inducing or activating Nrf2 can alle-
viate cognitive impairment in AD model mice [16,17].Studies have
shown that dimethyl fumarate exerts a neuroprotective effect by acti-
vating the Nrf2 pathway and promoting mitochondrial autophagy in a
Parkinson’s mouse model [18]. However, the intrinsic molecular
mechanism of Nrf2 related to mitochondrial biogenesis in AD still needs
to be further elucidated. Therefore, this study used lentivirus to down-
regulate Nrf2 levels in AD mouse model, evaluate its effect on cognitive
impairment in AD mice, and further explore its potential mechanism in
PGCla-dependent mitochondrial biogenesis, providing an effective
target for the future treatment of AD.

2. Materials and methods
2.1. Animals

The animal experimental procedures were approved by the Experi-
mental Animal Ethics Committee of the Third Hospital of Hebei Medical
University (approval number: Z2022-004-2). Both 6-month-old male
C57BL/6 J and APP/PS1 mice were provided by Beijing HFK Bioscience
Co., Ltd. Animals had free access to food and water. Mice were housed
under a 12-h light/dark cycle at room temperature, The temperature
was 23 + 2°C and the humidity was 50 + 5 %.

2.2. Experimental groups

C57BL/6 J and APP/PS1 mice were randomly divided into 2 groups
respectively, with 12 mice in each group: C57BL/6 J with control
lentivirus (C57 +GFP), C57BL/6 J with Nrf2-RNAi-lentivirus(C57 +Nrf2
shRNA), APP/PS1 with control lentivirus (APP+GFP), and APP/PS1
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with Nrf2-RNAi-lentivirus (APP+Nrf2 shRNA). Referring to our previ-
ous study [19], mice were anesthetized via intraperitoneal injection of
pentobarbital sodium (40 mg/kg), positioned in a stereotaxic frame
(51600, Stoelting, USA), and underwent a midline scalp incision be-
tween the ears. A burr hole was drilled in the right skull at coordinates:
posterior 2.7 mm, lateral 3.1 mm, and ventral 2.4 mm relative to
bregma. Using a syringe pump (51600z, Stoelting, USA) equipped with a
27-gauge needle, 2 pL of Nrf2-RNAi lentivirus (6 x 10® TU/mL,Gen-
echem, Shanghai, China) or lentiGFP was infused into the right hippo-
campal CA3 region at 0.5 pL/min. Lentiviral vectors encoding GFP alone
served as RNAi controls. The needle was left in situ for 10 min
post-injection, the scalp incision sutured, and mice allowed to recover in
their cages. The experiments were started after the mice were raised to
10 months of age and the expression of the lentivirus was confirmed.
Post-experiment, GFP expression at the injection site was validated by
fluorescence microscopy, and the efficacy of Nrf2-specific shRNA
confirmed by RT-PCR.

2.3. Morris water maze (MWM) test

The MWM test was used to evaluate the cognitive levels of mice such
as spatial learning and memory [20]. The place navigation test was
carried out for 5 days. At a fixed time every morning, mice were placed
in water at four different orientations facing the side wall. Different
visual cues were placed around them. The time required for the mice to
find and climb onto the platform in the pool was recorded, which was
the escape latency. If the animal did not find the platform within 60 s, its
escape latency was recorded as 60 s. The experimenter guided it to the
platform and let it stay on the platform for 15 s. 24 h after the place
navigation test, the spatial exploration test was carried out. The hidden
platform was removed. Each mouse was placed in the water at the same
random starting position and allowed to swim freely for 60 s. The
swimming traces of the mouse within 60 s, the time of activity in the
target quadrant, and the number of times it crossed the area where the
platform was located before were recorded. The movement of the mouse
in all MWM tests was recorded and analyzed using a video tracking
system (a camera combined with dedicated tracking software).

2.4. Quantitative real-time polymerase chain reaction (RT-PCR)

The Nrf-2 expression was quantified by real-time PCR. Total RNA
was extracted from the right hippocampal tissues with Trizol reagent.
The miRNA reverse transcription kit reverse transcribes RNA into cDNA,
and the miRNA fluorescent quantitative RT-PCR detection kit is used to
perform qRT-PCR using cDNA as a template. Then, the RT-PCR protocol
was performed which was as follows: 1 cycle for 30 s at 95 oC, 40 cycles
for 5sat 95 oC, and 34 s at 60 oC. Primer sequences are listed in Table 1.
The 2-AACt method was used to determine the mRNA relative differ-
ences of Nrf-2 in each group of samples, and it was normalized using the
B-actin housekeeping gene.

2.5. Western blotting

The right hippocampus was extracted after deep anesthesia with

Tablel

Primer sequences.
Name Sequences
Nrf2-F CCAGCACATCCAGACAGACAC
Nrf2-R GATATCCAGGGCAAGCGACTC
p-actin -F CGTGTTCCTACCCCCAATGT
p-actin -R TGTCATCATACTTGGCAGGTTTCT
PGCla—1-F CCCTCATTGACTCAGGAACGAC
PGCla—1-R TTGAATAAACATTGGACTCCAA
PGCla—2-F CCAAAGGCCAAGTGTTTCCTTT
PGCla—2-R GGCACCTGTCTTACTACAGTCC




W. Luo et al.

pentobarbital sodium (40 mg/kg i.p.). Total protein was extracted with a
tissue and cell total protein extraction kit (P1250-50, Applygen, China),
and protein concentrations were determined by the BCA method.The
protein samples underwent separation using 10 % SDS-PAGE electro-
phoresis, after which they were transferred onto polyvinylidene fluoride
(PVDF) membranes. These membranes were subsequently blocked with
a 5 % skimmed milk solution for one hour. Following this, the mem-
branes were treated with primary antibodies and left to incubate over-
night in a refrigerator set at 4 °C. The primary antibodies used were as
follows: anti-AB(1:1000, Cat No. 25524-1-AP, Proteintech), anti-Nrf2
(1:4000,Cat No.16396-1-AP,Proteintech),anti-PPARy (1:1000,Cat. no.
YT3836, Immunoway), anti-PGC1-a(1:3000, Cat No. 66369-1-Ig,Pro-
teintech),anti-NRF1(1:1000, Cat No.12482-1-AP, Proteintech),anti-
TFAM(1:1000, Cat No. 82745-1-RR, Proteintech),and anti-p-actin
(1:1000, Cat No. 66009-1-Ig, Proteintech). The membranes were
washed and incubated with goat anti-rabbit antibody(1:3000,
926-32211, LI-COR Biosciences)and goat anti-mouse antibody
(1:3000,926-68070, LI-COR Biosciences) at 37°C for 2 h. ImageJ soft-
ware analyzed grayscale values of target and f-Actin protein bands,
calculating ratios for statistical com-parisons.

2.6. Immunofluorescence staining (IF)

Mouse brain tissue was fixed with 4 % paraformaldehyde, dehy-
drated with sucrose, embedded and frozen at —80°C. After per-
meabilization with 0.25 % Triton X-100 at 37°C for 30 min, sections
were blocked with 10 % BSA for 1 h. Brain slices were incubated with
anti-MAP2 antibody (1: 200, 8707 T, Cell Signaling) or anti-PGCla
antibody (1: 200, Cat No. 66369-1-1g,Proteintech,) at 4°C overnight.
Sections were then incubated with fluorescent secondary antibodies at
37°C for 2 h, and then the nuclei were stained with DAPI. Finally, The
sections were visualized using fluorescence microscopy and quantitative
analysis was performed using ImageJ.

2.7. Immunohistochemical staining

The brain tissue was fixed, sliced, dewaxed, and hydrated. The slices
were incubated with anti-Af primary antibody (1:200, Cat No. 25524-1-
AP, Proteintech) at 4°C overnight. After washing three times with PBS,
the slices were incubated with biotin-labeled goat anti-rabbit immuno-
globulin G (1:1 000 , 926-32211, LI-COR Biosciences) secondary anti-
body at 37°C for 30 min. After washing with PBS, the slices were
incubated with avidin-peroxidase complex for 30 min. After hematox-
ylin counterstaining and further dehydration, they were covered with
gum. The area of the right hippocampus was photographed with an
optical microscope. Image-J software was used to detect the positive
area of AP expression in hippocampus.

2.8. Transmission electron microscopy

Transmission electron microscopy was used to observe the number of
mitochondria and synaptic ultrastructure in hippocampal neurons.
Hippocampal tissue blocks (1 mm x 1 mm x 3 mm) were fixed in 4 %
glutaraldehyde at 4 °C for 2-4 h, dehydrated with gradient acetone,
embedded in epoxy resin at 37°C for 5 h, and polymerized in an oven.
Ultrathin sections (50 nm) were cut with an ultramicrotome, stained
with uranyl acetate and lead citrate, and observed under a transmission
electron microscope (JEOL JEM-1230).

2.9. Chromatin immunoprecipitation (ChIP) assay

ChIP assay kit (Epigentek, p-2002-2) was used according to the
manufacturer’s instructions. Cross-linked chromatin was sonicated into
fragments and then immunoprecipitated with Nrf2 antibody (1:200,
CST, #12721). IgG was used as a negative control. DNA fractions were
analyzed by qRT-PCR. The primers sequences for ChIP-PCR were listed

Behavioural Brain Research 495 (2025) 115805

in Table 1.

2.10. Co-Immunoprecipitation(co-IP)

The tissue was lysed with NP-40 (Beyotime, PO013F) lysis buffer. The
supernatant (500 pl) after centrifugation was incubated with anti-PPARy
antibody (Cat No.16643-1-ap, Proteintech) and the antigen-antibody
mixture was slowly shaken overnight at 4°C. Then 30 pl agarose pro-
tein A+G (Beyotime, P2055) was added and reacted at 4°C for 3 h. The
complex bound to protein A/G conjugate was washed. It was dissolved
in SDS-PAGE loading buffer and analyzed by Western blotting.

2.11. Statistical analysis

Data are presented as mean + standard deviation (SD) and analyzed
using SPSS 25.0 software package. The escape latency data in the place
navigation test in the water maze were compared among multiple
groups using repeated analysis of variance (ANOVA), and the other data
were performed using one-way analysis of variance. Multiple post hoc
comparisons of data were performed using Tukey’s test. ChIP results
were analyzed using t-test. A value of P < 0.05 was considered to be
statistically significant.

3. Results
3.1. Lentivirus downregulated Nrf2 levels in mouse hippocampus

To detect the Nrf2 expression level in 10-month-old C57BL/6 J and
APP/PS1 mice and the down-regulation effect of lentivirus on Nrf2, we
performed reverse transcription polymerase reaction and western blot
analysis on the right hippocampus. The results showed that compared
with the C57 +GFP group, the mRNA level and protein content of Nrf2 in
the hippocampus of the APP+GFP group decreased, indicating that the
Nrf2 expression level in AD model mice would decrease (Fig. 1 and
Fig. 4A,B). The Nrf2 mRNA level and protein content in the hippocam-
pus of the C57 +Nrf2 shRNA group were lower than those in the
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Fig. 1. Lentivirus downregulated the expression level of Nrf2 in mouse hip-
pocampus (F = 77.366, P < 0.001)(n = 3). The data were presented as mean +

SD, one-way ANOVA with post hoc Tukey test was performed. *** p < 0.001
versus C57 +GFP,# p < 0.05 versus APP-+GFP.
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C57 +GFP group. Compared with the APP+GFP group, the Nrf2 mRNA
level and protein content in the hippocampus of the APP+Nrf2 shRNA
group decreased. The above results indicate that lentiviral injection
successfully reduced the Nrf2 expression level in the hippocampus of
C57BL/6 J and APP/PS1 mice.

3.2. Lentivirus-induced downregulation of Nrf-2 exacerbated cognitive
impairment in mice

Morris water maze test was used to assess spatial learning and
memory deficits in mice. In the place navigation test (days 1-5), spatial
learning ability was assessed by escape latency (Fig. 2A). The escape
latency of the four groups gradually shortened, and the escape latency of
the C57 +Nrf2 shRNA group and the APP+GFP group was longer than
that of the C57 +GFP group. The escape latency of the APP+Nrf2 shRNA
group was longer than that of the APP+GFP group. The spatial probe test
was conducted in day 6 to assess retrograde reference memory (Fig. 2B-
D). Compared with the C57 +GFP group, the C57 +Nrf2 shRNA group
and the APP+GFP group crossed the removed platform area less
frequently. The APP+Nrf2 shRNA group crossed the removed platform
area less frequently than the APP+GFP group. Compared with the
C57 +GFP group, the C57 +Nrf2 shRNA group and the APP+GFP group
spent less time in the target quadrant after the platform was removed,
and the APP+Nrf2 shRNA group spent less time in the target quadrant
than the APP+GFP group. There was no statistical difference in the
average speed among the four groups of mice(Fig. 2E).
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3.3. Lentivirus-induced Nrf2 downregulation increased Ap protein
deposition in the mouse hippocampus

Ap protein deposition is an important pathophysiological mechanism
for the occurrence and development of AD. We used Western blotting
and immunohistochemistry to detect the AP protein content in the
hippocampus of mice. Compared with the C57 +GFP group, the Af
protein content in the hippocampus of the C57 +Nrf2 shRNA group and
the APP+GFP group increased, and the Af protein content in the hip-
pocampus of the APP+Nrf2 shRNA group was higher than that of the
APP+GFP group (Fig. 3A, B). The immunohistochemistry results showed
that compared with the C57 +GFP group, the AB-positive area in the
hippocampus of the C57 +Nrf2 shRNA group and the APP+GFP group
increased, and the Ap-positive area in the hippocampus of the APP+Nrf2
shRNA group was higher than that of the APP+GFP group (Fig. 3C, D).

3.4. Lentivirus-induced Nrf2 reduced PPARy, mitochondrial biogenesis-
related proteins and mitochondrial number

PGClua is a key protein in mitochondrial biogenesis, and the number
of mitochondria combined with mitochondrial biogenesis markers can
be used as an indicator of mitochondrial biogenesis [21]. NRF1/TFAM is
a downstream signaling molecule of PGC-1a, and after PGC-1a activa-
tion, it upregulates TFAM expression through NRF1, which together
promotes mitochondrial biogenesis [22].Western blotting was used to
detect the content of peroxisome proliferator activated
receptor-y(PPARy) and mitochondrial synthesis-related proteins in

APP-+GFP APP-NHf2 shRNA
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Fig. 2. Lentivirus-induced downregulation of Nrf2 exacerbated cognitive impairment in mice (n = 12). (A) The place navigation test(F = 9.409, P < 0.001). (B)
Representative swimming traces during the spatial probe test. (C) Times of crossing the removed platform area(F = 13.153, P < 0.001). (D) Time spent in target
quadrant where the platform was previously placed(F = 53.831, P < 0.001). (E) Average speed( F = 1.015, P = 0.395).The data were presented as mean + SD, one-
way ANOVA with post hoc Tukey test was performed.*p < 0.05 versus C57 +GFP, **p < 0.01 versus C57 +GFP,*** p < 0.001 versus C57 +GFP,# p < 0.05 versus

APP+GFP, ###p < 0.001 versus APP+GFP.



W. Luo et al.

A
> »
? g»"‘@q {@‘F@
ST &

Behavioural Brain Research 495 (2025) 115805

1.5+
##
£ 1.0
o
2 -
2 05-
0.0
Q r K
F&E ST
AN & K )
S SR
«X QX
& <
40
9 ##
‘@ 30+
e
o *k 2%
2 201
g
& 104
<
0_
Q Ul 4
& & & ‘gg‘“
& & &K P
c& v &
4\! Ql
& R

APP+Nrf2 shRNA

Fig. 3. Lentivirus-induced Nrf2 downregulation increases Ap protein deposition in the mouse hippocampus (n = 3). (A) Western blot images of Ap protein content in
mouse hippocampus. (B) Quantitative analysis of Ap protein expression(F=42.348, P < 0.001). (C) Immunohistochemical images of A in hippocampus. 400 x ,
Scale bar = 20 pm. (D)Quantitative analysis of Ap-positive area in hippocampus(F=42.348, P < 0.001). The data were presented as mean + SD, one-way ANOVA
with post hoc Tukey test was performed. *p < 0.05 versus C57 +GFP, **p < 0.01 versus C57 +GFP, ##p < 0.01 versus APP+GFP.

mouse hippocampal tissue, immunofluorescence was used to detect the
PGCla protein content in mouse hippocampal tissue, and transmission
electron microscopy was used to observe the number of mitochondria in
hippocampal tissue.Compared with the C57 +GFP group, the PPARy
protein content in hippocampal tissues of the C57 +Nrf2 shRNA group
and the APP+GFP group was reduced, and the PPARy protein content in
hippocampal tissues of the APP+Nrf2 shRNA group was lower than that
of the APP+GFP group (Fig. 4A, C). Regarding proteins related to
mitochondrial synthesis, compared with the C57 +GFP group, the levels
of PGCla, nuclear respiratory factor 1(NRF1)and TFAM proteins in the
hippocampus of the C57 +Nrf2 shRNA group and the APP+GFP group
were reduced, and the levels of PGCla, NRF1 and mitochondrial tran-
scription factor A (TFAM)proteins in the hippocampus of the APP+Nrf2
shRNA group were lower than those in the APP+GFP group (Fig. 4A, D,
E and Fig. 5A, B). Immunofluorescence results showed that compared
with the C57 +GFP group, the immunofluorescence intensity of PGCla
in the hippocampus of the C57 +Nrf2 shRNA group and the APP+GFP
group was lower, and the immunofluorescence intensity of PGCla in the
hippocampus of the APP+Nrf2 shRNA group was lower than that of the
APP+GFP group (Fig. 5C, D). Compared with the C57 +GFP group, the

number of mitochondria in the hippocampal tissue of the C57 +Nrf2
shRNA group and the APP+GFP group decreased under transmission
electron microscopy. The number of mitochondria in the hippocampal
tissue of the APP+Nrf2 shRNA group were lower than those in the
APP+GFP group (Fig. 5E, F). Chromatin immunoprecipitation (ChIP)
results indicated that Nrf2 could bind with the site 2 of PGCla promoter
(Fig. 4F). The results of the co-IP experiment showed that PPARy protein
and PGCla protein interacted with each other(Fig. 4G).Nrf2 is involved
in regulating mitochondrial biogenesis.

The data were presented as mean =+ SD. ChIP results were analyzed
using t-test,and the other data were performed using one-way analysis of
variance. Multiple post hoc comparisons of data were performed using
Tukey’s test. **p < 0.01 versus C57 +GFP,*** p < 0.01 versus
C57 +GFP, #p < 0.05 versus APP+GFP,# #p < 0.01 versus APP+GFP.
(F)**p < 0.01 versus IgG.

3.5. Lentivirus downregulation of Nrf2 aggravated synaptic damage and
reduced MAP2 content in hippocampal tissue

Synaptic damage is an important mechanism of cognitive decline in
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Fig. 4. Effects of lentivirus on Nrf2, PPARy and mitochondrial synthesis-related proteins(n = 3). (A) Western blot images of Nrf2,PPARy,NRF1 and TFAM protein
content in mouse hippocampus. (B-E) Quantitative analysis of Nrf2(F=38.448, P < 0.001), PPARy(F=48.357, P < 0.001), NRF1(F=77.277, P < 0.001) and TFAM
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(t=-1.512, P = 0.205) ; site2(t = -9.992, P = 0.001)].(G) Co-immunoprecipitation(co-IP) demonstrated that PPRAy protein and PGCla protein interacted with

each other.

AD, and microtubule-associated protein 2 (MAP2) is a cytoskeletal
protein that can reflect the structural integrity of nerve cells. Therefore,
we used transmission electron microscopy to observe the intracellular
synaptic structure and immunofluorescence to detect the content of
hippocampal MAP2. The presynaptic membrane, postsynaptic mem-
brane and gap structures of the C57 +GFP group were clear, the
connection sites between synapses were obvious, and the number of
synaptic vesicles was abundant. The synaptic structures of the
C57 +Nrf2 shRNA and APP+GFP groups were unclear, and the synaptic
vesicles were sparse. The presynaptic membrane of the APP-+Nrf2
shRNA group was swollen and destroyed, and the synaptic gap dis-
appeared, indicating that the function of the synapse was relatively low
(Fig. 6A). The immunofluorescence results showed that compared with

the C57 +GFP group, the immunofluorescence intensity of MAP2 in the
hippocampal tissue of the APP+GFP group was lower, indicating that
aging has affected the cytoskeletal function (Fig. 6B, C). The immuno-
fluorescence intensity of MAP2 in the hippocampal tissue of the
C57 +Nrf2 shRNA group was lower than that of the C57 +GFP group,
and the immunofluorescence intensity of MAP2 in the hippocampal
tissue of the APP+Nrf2 shRNA group was lower than that of the
APP+GFP group, indicating that the structural integrity of neurons was
significantly reduced when Nrf2 was downregulated.Fig. 7

4. Discussion

AD is a common, age-related, irreversible neurodegenerative disease
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Fig. 5. Lentivirus-induced downregulation of Nrf-2 decreased PGCla protein content and mitochondrial number (n = 3). (A) Western blot images of PGCla protein
content in mouse hippocampus. (B) Quantitative analysis of PGCla protein expression(F=80.902, P < 0.001). (C) Immunofluorescence images of PGCla in the
hippocampus. 400 x , Scale bar = 20 pm. (D) Quantitative analysis of PGCla fluorescence intensity in the hippocampus(F=68.411, P < 0.001). (E) Transmission
electron microscope image of the number of mitochondria. (F) Quantification of mitochondrial numbers under transmission electron microscopy(F=161.729,
P < 0.001).The data were presented as mean + SD, one-way ANOVA with post hoc Tukey test was performed. *** p < 0.001 versus C57 +GFP,# #p < 0.01 versus
APP+GFP, ###p < 0.001 versus APP+GFP.
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characterized by multiple cognitive impairments and memory loss. The
disease process involves mitochondrial dysfunction, synaptic damage,
and activation of glial cells/astrocytes, in addition to the well-
recognized accumulation of A and hyperphosphorylated tau (p-tau)
[23]. Despite many advances in molecular biology, genetics, and phar-
maceutical science, there are still no effective drugs to reverse, even
slow the neurodegeneration process. Neurons’ intense energy needs
make them highly reliant on mitochondrial function [24,25]. Mito-
chondrial dysfunction has long been recognized as a prominent

pathological characteristic of neurodegenerative diseases such as AD
[26]. At present, some studies have provided evidence that
PPARy/PGCla can upregulate the expression of genes essential for
mitochondrial biogenesis in neurons [27]. In the process of oxidative
stress in the body, Nrf2 is the upstream transcription factor of PPARy.
Recent research indicates that the activation of Nrf2 can improve the
cognitive impairment of AD mice [28], but its mechanism in mito-
chondrial function remains to be studied. Therefore, in this study, we
established an Alzheimer’s disease (AD) mouse model with
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downregulated Nrf2 expression via hippocampal lentiviral injection. We
demonstrated that Nrf2 downregulation reduces the expression of
PPARy and PGCla proteins, thereby reducing their interaction. This
suppression impairs mitochondrial biogenesis, exacerbates mitochon-
drial dysfunction, intensifies AB deposition and synaptic damage, and
ultimately worsens cognitive impairment in AD mice.

The neurocognitive system is a complex system that requires the
normal dynamics of neural signals and the synaptic connections of
hundreds of millions of neurons to function properly. Neurons are
vulnerable to mitochondrial dysfunction owing to their intricate struc-
ture and elevated energy demands. Therefore, mitochondrial dysfunc-
tion is a core characteristic of neurodegenerative diseases [29].
Mitochondrial dysfunction includes mitochondrial DNA damage,
abnormal mitochondrial dynamics and morphology, abnormal substrate
catabolism, and imbalance in the production/clearance of reactive ox-
ygen species. Among them, mitochondrial biogenesis may maintain
homeostasis by supporting metabolic function and cell viability [30].
Mitochondrial biogenesis refers to the process of synthesizing new
mitochondria in cells during cellular stress, when many different
signaling pathways are activated [31]. Among various signaling path-
ways, PGCla has been identified as the main regulator of mitochondrial
biogenesis [32]. As a downstream nuclear transcription factor of PGCla,
NRF1 can promote the expression of TFAM, thereby initiating the
replication process of mitochondrial DNA [33,34].In AD, brain mito-
chondria show reduced biogenesis. Reduced levels of PGCla, NRF1,
NRF2 and TFAM were found in APP transgenic mice at 6 and 12 months
of age, indicating that mitochondrial biogenesis function is defective in
AD [35,36]. Studies on primary hippocampal neurons of mutant APP
mice found that the mRNA and protein levels of mitochondrial
biogenesis genes PGCla, NRF1, NRF2 and TFAM were reduced [37].
Lentivirus vector-induced high expression of PGCla in the cerebral
cortex and hippocampus of APP23 mice can improve the spatial and
recognition memory of mice, while significantly reducing Ap deposition
[38], indicating the improvement of PGCla on mouse cognition. Our
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results also showed that compared with the control group, the expres-
sion of PGCla, NRF1, and TFAM proteins was reduced in the AD model
group, indicating that the level of mitochondrial biogenesis was reduced
in the AD model group.

As a key transcription factor of oxidative stress, Nrf2 has cytopro-
tective effects against oxidative damage and reducing mitochondrial
damage, and has become a potential therapeutic target for AD [39]. Our
results showed that Nrf2 downregulation led to aggravated cognitive
impairment in both control and AD mice, and a decrease in mitochon-
drial biogenesis proteins such as PGCla, NRF1, and TFAM, accompanied
by a decrease in the number of mitochondria under electron microscopy.
In a study investigating the effects of Nrf2 deficiency on motor and
cognitive performance in aged and mature mice, the results showed that
Nrf2 deficiency led to impaired performance on memory tasks in both
mature and aged mice [40], which is consistent with our results. Pian-
tadosi et al. first proposed a link between Nrf2 and mitochondrial
biogenesis. Their study showed that Nrf2 upregulates NRF1 transcrip-
tion, leading to activation of mitochondrial biogenesis genes [41].
Studies have shown that activation of Nrf2-mediated antioxidant en-
zymes can enhance mitochondrial biogenesis in mice and humans [42,
43].These studies and our research results all prove that Nrf2 is involved
in the intrinsic mechanism of mitochondrial biogenesis.

Our results show that Nrf2 can not only directly activate PGCla to
promote mitochondrial biogenesis, but also activate PPARy and promote
its binding to PGCla, thereby promoting mitochondrial biogenesis and
improving cognitive impairment in AD. PPARy is a ligand-activated
transcription factor that is involved in regulating various genes and
metabolic processes, such as adipogenesis, redox balance, mitochondrial
biogenesis, and insulin sensitivity [44]. Previous studies have demon-
strated through bioinformatics analysis and research results that PPARy
is a downstream molecule of Nrf2 and is driven by Nrf2 [45,46]. Current
studies have shown that drugs can activate the Nrf2/PPARy signaling
pathway, inhibit oxidative stress and inflammatory response, and thus
improve cognitive impairment in AD [47]. In cardiomyocyte studies,
results showed that Nrf2 and PGCla cooperate in transcription to pro-
mote mitochondrial biogenesis [48]. PPARy and PGCla synergistically
upregulate the expression of genes related to neuronal mitochondrial
biogenesis [27]. In AD, PPAR agonists can activate PPARy, which in turn
activates PGCla, thereby exerting a protective effect against AD [49,
50]. Our results, combined with previous studies, indicate that down-
regulation of Nrf2 reduces the gene expression of PPARy and PGCla,
thereby reducing the interaction between the two and aggravating
cognitive impairment.

Cognitive dysfunction is closely related to Ap deposition and synaptic
integrity. Mitochondrial dysfunction drives the production of Ap [51].
Abnormal mitochondrial metabolism leads to insufficient synaptic en-
ergy, which in turn leads to synaptic damage and neurodegenerative
changes [10]. Mitochondria in dendrites support synaptic density and
plasticity. The loss of mitochondria in these areas inhibits synaptic
transmission due to insufficient ATP supply or altered Ca2 + dynamics
during intense synaptic activity [52]. In this study, AD model mice had
increased AP protein, more severe synaptic damage and cognitive
impairment compared with the control group. After lentiviral down-
regulation of Nrf2, A protein increased, and synaptic damage and
cognitive impairment were aggravated.

However, this study has certain limitations. First, we conducted in
vivo experiments and did not conduct in vitro experiments to further
verify the signaling pathway. In addition, Nrf2 and PPARy act as multi-
effect regulators of antioxidant regulation, anti-inflammation, adipo-
genesis, and microglial polarization in vivo, and we did not consider the
mutual influence of their effects in vivo. In addition, the hippocampus is
only the main structure that causes cognitive impairment, and the brain
is a whole. We plan to use the entire brain as a research object to explore
the effect of mitochondrial disorders on AD cognitive impairment.

In summary, downregulation of Nrf2 reduces both the production
and interaction of PPARy and PGCla proteins. This leads to decreased
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mitochondrial biogenesis, resulting in reduced mitochondrial quantity,
exacerbated mitochondrial dysfunction, increased AP deposition,
aggravated synaptic deficits, and ultimately worsened cognitive
impairment in AD mice. This study demonstrated the important role of
Nrf2 in mitochondrial biogenesis and the occurrence and development
of AD cognitive impairment, providing a potential therapeutic target for
the future treatment of AD.
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