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Abstract

Alzheimer’s disease (AD) is the most common neurodegenerative disease. Increasing studies suggest that mitochondrial dys-
function is closely related to the pathogenesis of AD. Thioredoxin-I (Trx-1), one of the major redox proteins in mammalian
cells, plays neuroprotection in AD. However, whether Trx-| could regulate the mitochondrial biogenesis in AD is largely
unknown. In the present study, we found that AB,s_3s treatment not only markedly induced excessive production of reactive
oxygen species and apoptosis, but also significantly decreased the number of mitochondria with biological activity and the
adenosine triphosphate content in mitochondria, suggesting mitochondrial biogenesis was impaired in AD cells. These changes
were reversed by Lentivirus-mediated stable overexpression of Trx-| or exogenous administration of recombinant human
Trx-1. What's more, adeno-associated virus-mediated specific overexpression of Trx-1 in the hippocampus of 3-amyloid pre-
cursor protein/presenilin | (APP/PS|) mice ameliorated the learning and memory and attenuated hippocampal A deposition.
Importantly, overexpression of Trx-1 in APP/PS| mice restored the decrease in mitochondrial biogenesis-associated proteins,
including adenosine monophosphate -activated protein kinase (AMPK), silent information regulator factor 2-related enzyme |
(Sirtl) and peroxisome proliferator-activated receptor gamma coactivator |-alpha (PGClo). In addition, Lentivirus-mediated
overexpression of Trx-| in rat adrenal pheochromocytoma (PCI12) cells also restored the decrease of AMPK, Sirtl, and
PGClo by AB;s_35 treatment. Pharmacological inhibition of AMPK activity significantly abolished the effect of Trx-1 on mito-
chondrial biogenesis. Taken together, our data provide evidence that Trx-| promoted mitochondrial biogenesis via restoring
AMPK/Sirt!/PGCl o pathway in AD.
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Introduction

Alzheimer’s disease (AD) is the most common form of neuro-
degenerative diseases (Hodson, 2018). According to the
“World Alzheimer’s Disease Report 2022,” the number of
people suffering from dementia is estimated to be 55
million in 2019, and is expected to increase to 139 million
in 2050. According to the “Alzheimer’s Disease Report in
China 2021,” both prevalence and mortality of AD in China
are obviously much higher than the global average levels
and are still rising, suggesting that AD has become a major
disease and social problem seriously endangering the health
of Chinese people. AD has a complex etiopathogenesis that
is likely to involve multiple susceptible genes and environmental
factors (Migliore & Coppede, 2022). It is generally believed that
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the progressive neurodegeneration of AD is attributed to the dep-
osition of B-amyloid (AP) and the formation of neurofibrillary
tau, which could lead to the loss of neurons associated to learning
and memory (McAlpine et al., 2021).

Increasing evidence showed that mitochondrial function is
central in AD and mitochondrial dysfunction is implicated in
the pathogenesis (Hedskog et al., 2012). The impairment of mito-
chondrial function was found in the brain tissue of both alive and
post-mortem AD patients (Kerr et al., 2017). The mutual enhance-
ment between AP and reactive oxygen species (ROS) impaired
mitochondrial function, which would promote the development
of AD (Jia et al., 2021). It was reported that Af} induced the phos-
phorylation of dynamin-related protein 1 (Drpl) and promoted
excessive mitochondrial fission, which led to neuronal apoptosis
(Kim et al., 2016). Thus, maintaining mitochondrial balance
may be a promising therapeutic strategy of AD.

Thioredoxin-1 (Trx-1), a multifunctional redox protein, can
directly eliminate ROS and maintain the redox balance in mam-
malian cells (Zeng et al., 2018). Various stress conditions could
upregulate the expression of Trx-1 (Jia et al., 2014, 2016; Wang
et al., 2022b; Zeng et al., 2020). Accumulating researches have
demonstrated that Trx-1 has neuroprotective effects in common
neurodegenerative diseases, including AD (Jia et al., 2022a). In a
rat model of AD, the increased expression of Trx-1 inhibited
AP,s_3s-induced oxidative stress and cognitive dysfunction
(Zhuo et al., 2016). Overexpression of Trx-1 in the hippocampus
of mice inhibited the neurotoxicity of apolipoprotein E4, a
genetic risk factor of AD (Persson et al., 2017). Enhancement
of Trx-1 activity also reduced apoptosis of brain neurons in trans-
genic f-amyloid precursor protein/presenilin 1 (APP/PS1) mice
(Wang et al., 2019). Our latest study found that Trx-1 exhibited
a potential inhibition on the canonical NOD-like receptor pyrin
domain containing 1 (NLRP1)/caspase-1/gasdermin D (GSDMD)
pyroptotic pathway (Jia et al., 2022b). However, current research
on Trx-1 in AD is limited to inhibition of Ap toxicity, reduction
of apoptosis, etc. It is largely unclear whether Trx-1 could regulate
the mitochondrial biogenesis in AD.

In this study, AP,s_35 was used to mimic the neurotoxic
role of AP;_4, in experimental studies because it is the neuro-
toxic fragment of AB;_4, (Kaminsky et al., 2010). The dose of
Ap,s_35 and time of application were determined in our pre-
vious study (Jia et al., 2022b). Here we reported the effect
of Trx-1 on mitochondrial biogenesis in AD. Furthermore,
we also clarified that Trx-1 promoted mitochondrial biogene-
sis via reversing adenosine monophosphate-activated protein
kinase (AMPK)/silent information regulator factor 2-related
enzyme 1 (Sirtl)/peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGCla) pathway.

Materials and Methods

Chemicals

AP,s_3s was synthetized by the ChinaPeptides Co., Ltd.
(Shanghai, China). Dorsomorphin (Compound C, B3252) and

G418 (A2513) were purchased from APExXBIO (Houston,
USA). AMPK mouse monoclonal antibody (bsm-33236 M)
and Sirtl rabbit ployclonal antibody (bs-0921R) were purchased
from Biosynthesis Biotechnology Co., Ltd. (Beijing, China).
PGCla rabbit antibody (ab54481) was obtained from Abcam
(Shanghai, China). Caspase-3 rabbit monoclonal antibody
(D3R6Y) was obtained from Cell Signaling Technology, Inc.
(Danvers, MA, USA). AP mouse monoclonal antibody
(TA500973S) was obtained from Origene (Rockville, MD,
USA). Active Oxygen Detection Kit (S0033S), Annexin
V-mCherry Apoptosis Detection Kit (C1070 M), Mito-Tracker
Red CMXRos (C1035), and pCMV-Mito-AT1.03 (D2606)
were obtained from Beyotime (Shanghai, China). 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) was
purchased from Solarbio (Beijing, China).

Cell Culture

Rat adrenal pheochromocytoma (PC12) cells and mouse N2a
cells were obtained from National Collection of Authenticated
Cell Cultures (Chinese Academy of Sciences, Shanghai,
China). PC12 cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium (Invitrogen, Grand Island,
NY, USA) supplemented with fetal bovine serum (10%)
and antibiotics (100 IU/ml penicillin and 100 mg/ml strepto-
mycin). N2a cells were cultured in Dulbecco’s modified
eagle medium (DMEM) supplemented with fetal bovine
serum (10%) and antibiotics (100 IU/ml penicillin and
100 mg/ml streptomycin). All cultures were maintained in a
37°C humid incubator containing 5% CO,.

Stable Overexpression of Trx-1 in PCI2 Cells

Lentivirus (LenV) transfection was employed to stably over-
express human Trx-1 (hTrx-1) in PC12 cells. PC12 cells were
infected with LenV-Trx-1 (Hanbio, Shanghai, China). After
infection for 48 h, puromycin (2.0 pg/ml) was added to kill
cells that were not effectively infected. A strain with stable
expression of Trx-1 was finally obtained under the mainte-
nance of puromycin.

Preparation of AB25_35

APys_3s was dissolved in deionized distilled water at 2 mM,
and subsequently aged for 7 days in 37°C water bath before
being used.

Cell Viability

Wild type (WT) or Trx-1 overexpressing PC12 cells were
seeded in a 96-well plate overnight for adhesion (2 x 10%
well). The cells were administrated with Af,s_35 (40 pM)
for 48 h. Cellular viability was tested by MTT assay according
to the manufacturer’s instructions by using a microplate
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reader (Tecan SPARK, Austria). Results are presented as per-
centages of the control group which was defined as 100%.

ROS Detection

ROS were detected by using Active Oxygen Detection Kit.
N2a cells were seeded in a 6-well plate (2 x 10°/well) overnight
for adhesion. After administration with recombinant human
Trx-1 (thTrx-1, 50 pg/ml) for 6 h, the cells were treated with
AP,s_35 for 48 h, followed by incubation with 2’,7°-dichloro-
fluorescein diacetate (DCFH-DA) (10 pM) for 20 min. The
ROS levels were in green color and were recorded with a fluo-
rescence microscope.

Cellular Apoptosis Detection

Cellular apoptosis was detected by using Annexin V-mCherry
Apoptosis Detection Kit. PC12 cells were seeded in a 6-well
plate (2x 10°/well) overnight for adhesion. The cells were
treated with Af,s_35 for 48 h, followed by incubation with
Annexin V-mCherry in dark at room temperature for
20 min. The apoptosis was in red color and were recorded
with a fluorescence microscope.

Detection of Mitochondrial Number

Number of mitochondria in cells was detected by using
Mito-Tracker Red CMXRos, which can specifically label
mitochondria with biological activity in cells. PC12 cells
were seeded in a 6-well plate (2x 10°/well) overnight for
adhesion. The cells were treated with AP,s_35 for 48 h at
the presence or absence of Dorsomorphin (10 pM), followed
by incubation with CMXRos (100 nM) for 20 min in a cell
incubator. The mitochondrial number (red color) was
observed with a fluorescence microscope.

Detection of ATP Content

PC12 cells were seeded in a 6-well plate (1 X 105/Well) over-
night for adhesion and then transfected with pCMV-
Mito-AT1.03 (mitochondrial adenosine triphosphate [ATP]
fluorescence probe, green) for 48 h. G418 (500 pg/ml) were
added to screen cell lines stably expressing AT1.03 in mito-
chondria, which target ATP. PC12 cells stably expressing
AT1.03 were seeded in a 6-well plate (2 x 10°/well) overnight
for adherence. After administration with rhTrx-1 (50 pg/ml)
for 6 h, the cells were treated with AP,s_3s for 48 h. The
ATP content was observed with a fluorescence microscope.

Animal Experiments

Male FAD*T APP/PS1 mice and WT littermates, 2 months old,
were purchased from GemPharmtech (Nanjing, China) and used
in this experiment. Mice were housed in cages and maintained
on a 12 h light—-dark cycle and had free access to water and

food. Mice were divided randomly into four groups: WT +
AAV-Vector (n=6), WT+AAV-Trx-1 (n=6), APP/PS1+
AAV-Vector (n=35), and APP/PS1+ AAV-Trx-1 groups (n=
5). The adeno-associated virus (AAV-Vector or AAV-Trx-1,
Hanbio, Shanghai, China) were stereotaxically injected into the
hippocampal cornu ammonis 1 (CA1) of mice. After recovery
from the surgery, the animals were kept for virus expression
for about 4 weeks before they were used in the experiments.
Mice were subjected to Morris Water Maze (MWM) test
when they were 5 months old. The experimental procedures
were carried out according to guidelines for the use of
Experimental Animal Ethics Committee of Jiaxing University
Medical College.

Stereotaxical Injection of AAV in Hippocampus

Mice were anesthetized by injecting intraperitoneally with
pentobarbital sodium (50 mg/kg), positioned in a stereotaxic
frame (RWD Life Science Co., Ltd, Shenzhen, China), and
injected stereotaxically with 0.5 pl AAV-Vector or
AAV-Trx-1 into dexter SNc of mice (from bregma: antero-
posterior = —1.5mm, lateral=-2.4 mm, depth ventral=
—1.5 mm). The injection lasted for 5 min. The needle was
left in the position for 5 min after injection and then with-
drawn slowly to avoid reflux. After suturing and applying
moderate lidocaine cream and triple antibiotic to the wound,
the mice were put on an animal heating blanket until they
revived.

Morris Water Maze Test

The MWM test was performed to assess spatial learning and
memory of mice. This device consists of a circular pool
(40 cm in depth with a diameter of 120 cm, filled with water
with milk added, 26°C), a hidden platform (1.0 cm below the
water surface), and a video recording system. The tank was
divided into four quadrants. The entire test consisted of the train-
ing to seek for the hidden platform for 5 days (Days 1-5) and the
probe test without the platform. In each training, a mouse would
be steered to the platform to stay for 30 s if it failed to mount the
platform by itself in 1 min. On Day 6, record the escape latency
of every mouse in the training period. The probe test was per-
formed after removing the platform. The animals were placed
in the opposite quadrant for 2 min. Record the number of plat-
form crossings to assess spatial memory.

Immunohistochemistry

Mice were executed and heart perfusion was implemented
with saline. The brains were quickly isolated, fixed in parafor-
maldehyde solution (4%) for 24 h, and then dehydrated in
25% sucrose solution until the brain tissues sank to the
bottom. Brain tissues were embedded in optimal cutting tem-
perature compound and coronally cut into sections with a
thickness of 8 pM in a Leica frozen microtome. After
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incubation with 0.25% Triton X-100 for 10 min, the sections
were blocked in blocking solution (5% bovine serum albumin
in phosphate balanced saline [PBS]) for 1 h at 37°C and then
incubated with primary anti-Af antibody overnight at 4°C.
The sections were incubated with an appropriate biotinylated
secondary antibody for 1 h at 37°C after the primary antibod-
ies were rinsed, and then were blocked with 3,3-diaminoben-
zidine (DAB). Finally, the staining was imaged using a Leica
microscope and was quantified with Imagel.

Western Blotting

Protein lysates were prepared using the radio immunoprecip-
itation assay lysate (CWBIO, Taizhou, China) supplemented
with protease and phosphatase inhibitors. Protein concentra-
tion was determined using a BCA Protein Assay Kit
(CWBIO, Taizhou, China). An equal quantity of proteins
was separated by sodium dodecyl sulfate-polyacrylamidegel
electrophoresis and transferred to a polyvinylidene fluoride
membrane (Millipore Corporation, Billerica, MA, USA).
The membrane was blocked in 10% skim milk (in PBS con-
taining 0.1% Tween-20) or 5% albumin bovine V (in Tris
buffered saline containing 0.1% Tween-20) for 2 h at room
temperature, and then incubated with primary antibodies
(1:1000) overnight at 4°C followed by incubation with
Horseradish peroxidase-conjugated anti-mouse or anti-rabbit
IgG (1: 10,000) (CWBIO, Taizhou, China). The epitope
was visualized by an eECL Western blot Kit (CWBIO,
Taizhou, China). Image] software was employed to perform
densitometry analysis.

Data Analysis

Data were presented as means + standard error of mean
(SEM) values. Statistical Package for the Social Sciences
(SPSS) software was employed to perform statistical analysis.
The one-way analysis of variance (ANOVA) followed by a
multiple comparison test was used to compare control and
treated groups. It was considered statistically significant
when p values were <.05. All experiments were performed
at least three times.

Results

Stable Overexpression of Trx-1 Resisted the
Neurotoxicity of AB25_35

In order to research the neuroprotection of Trx-1 in AD, PC12
cells were transfected with LenV-Trx-1 followed by puromy-
cin screening and we obtained the PC12 cells with stably
overexpressing Trx-1 (Figure 1(A)). Control PC12 cells and
Trx-1 overexpressing PC12 cells were stimulated with
APrs_35 (40 pM) for 48 h. In the bright field, Af,5_35 sig-
nificantly altered the morphology of PC12 cells and this
change was reversed by Trx-1 overexpression

(Figure 1(B)). MTT assay was further employed to assess
the effect of Trx-1 on the neurotoxicity of Af,s_35. As
shown in Figure 1(C), Ap,s_3s treatment markedly
decreased the viability of PC12 cells and the neurotoxicity
were blocked by Trx-1 overexpression.

Trx-1 Inhibited AB,s_3s-Induced ROS Production and
Apoptosis

We further detected the effects of Trx-1 on Af,s_3s-induced
ROS production and cellular apoptosis. As shown in
Figure 2(A) and (B), Af,s_3s treatment significantly
induced the production of ROS, which was effectively
blocked by rhTrx-1 pre-incubation in N2a cells. Apoptosis
analysis was performed by using Annexin V-mCherry
Apoptosis Detection Kit. Annexin V could selectively bind
phosphosylserine on the outer surface of the membrane of
apoptotic cells. The degree of apoptosis was reflected by the
fluorescence intensity of Annexin V-coupled mCherry. Af;s
_35 treatment significantly increased the apoptosis of PC12
cells and Trx-1 overexpression inhibited the Af,s_3s-induced
cell apoptosis (Figure 2(C) and (D)). Further, we also found
that caspase-3 was activated in A, -treated PC12 cells,
which was significantly inhibited by Trx-1 overexpression
(Figure 2(E) and (F)). These data suggest that Trx-1 could
inhibit oxidative stress and apoptosis in AD.

Trx-1 Promoted Mitochondrial Biogenesis in AB;s
_35-Treated Cells

In cells, mitochondria are the primary organelle to produce ROS,
which directly impair the organelle, leading to mitochondrial
pathway-mediated apoptosis. Thus, it is highly necessary to
detect the effect of Trx-1 on mitochondrial balance in AD
cells. Mito-Tracker Red CMXRos, an oxidized red fluorescent
dye containing mildly thiol-reactive chloromethyl which could
specifically label mitochondria with bioactivity after the dye
was passively transported through the cell membrane, was
employed to detect the number of mitochondria. Thus, the inten-
sity of the red dye measured with Image] could inflect the
number of mitochondria with biological activity in cells. As
shown in Figure 3(A) and (B), AP,s_35 treatment significantly
decreased the mitochondrial number; while Trx-1 overexpres-
sion restored the mitochondrial number. We also detected the
effect of Trx-1 on the ATP content in mitochondria. We estab-
lished the PC12 cells overexpressing Mito-AT1.03, a mitochon-
drial ATP fluorescence probe (green) with mitochondrial
localization signal. Mito-AT1.03 could be used to monitor the
real time change of ATP content in mitochondria. The intensity
of green fluorescence reflects the ATP content. As shown in
Figure 3(C) and (D), AP,s_3s treatment significantly decreased
the ATP levels and rhTrx-1 pretreatment effectively reversed
the alteration. These data suggest that Trx-1 promotes mitochon-
drial biogenesis in AD cells.



Jia et al.

Bright field &

Control

150+
§ * %% * %%k
c
o
O o e
= 1004 =
)
b ==
3 501
©
s
©
O
0 I 1 I
A\ © N o
o) o5 4 >
& » d_ o
SR S \x?g”
«<¥

Figure |. Stable overexpression of Trx-| resisted the neurotoxicity of AB,s_3s. (A) PCI2 cells were transfected with LenV-Trx-1 and
screened with puromycin. PCI2 cells stably overexpressing Trx-1 were obtained. (B) The cell morphology of WT or Trx-1 overexpressed
PCI2 cells treated with AB (40 uM) for 48 h. (C) MTT assay of cell viability. Trx-1 overexpression inhibited the neurotoxicity of AB,s_3s.
Statistics were calculated by one-way ANOVA with Tukey’s multiple comparisons test and statistical data were expressed as means + SEM
from 5 independent experiments (n=25). F (3, 16)=114.1, ¥*p <.001. ANOVA=analysis of variance; LenV= Lentivirus;

Trx- 1 =thioredoxin-1.

Trx-1 Overexpression Ameliorated the Learning and
Memory and Attenuated Hippocampal A Deposition
in APP/IPS| Mice

We further investigated the neuroprotective roles of selective
Trx-1 overexpression in the hippocampus of APP/PS1 mice
by employing brain stereotaxical injection of AAV when
mice were 2 months old. The experiment schedule was
shown in Figure 4(A). When the mice were 5 months old,
they were subjected to MWM training (Days 1-5) and test
(Day 6) and then were cervically dislocated to dissociate
brain tissues. From the frozen sections, both of the
AAV-Vector and AAV-Trx-1 were highly expressed in the
hippocampus of mice (Figure 4(B)). After the MWM training
for 5 days, the escape latency of the APP/PS1 mice injected
with AAV-Vector was significantly extended compared to
that of WT mice injected with AAV-Vector, which was sig-
nificantly shortened in APP/PS1 mice injected with
AAV-Trx-1 (Figure 4(C) and (D)). On the contrary, the
times crossing the original platform area of the APP/PS1
mice injected with AAV-Vector in 2min test were

significantly reduced compared to that of WT mice injected
with AAV-Vector after removing the platform, which were
also reversed by Trx-1 overexpression in APP/PS1 mice
(Figure 4(E) and (F)). These data suggest that Trx-1 overex-
pression substantially ameliorated the learning and memory
deficit of APP/PS1 mice. Immunohistochemistry (IHC) was
employed to further research the neuroprotection of Trx-1 over-
expression in AD mice. As shown in Figure 4(G) and (H), hip-
pocampal AP deposition of APP/PS1 mice injected with
AAV-Vector was markedly increased compared to that of
WT mice injected with AAV-Vector, which was effectively
inhibited by Trx-1 overexpression in APP/PS1 mice, suggest-
ing that Trx-1 overexpression attenuated hippocampal A dep-
osition in AD mice.

Trx-1 Reversed AMPK/Sirt|/PGCl o Pathway in PCI2
Cells and the Hippocampus
AMPK/Sirt]l/PGCla pathway has been demonstrated to

promote mitochondrial biogenesis in various diseases, such
as ischemia/reperfusion, chronic kidney disease, and colitis
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Figure 2. Trx-1 inhibited AB,s_3s-induced ROS production and apoptosis. (A) Pretreatment with rhTrx-1 (50 pg/ml) inhibited AB;s
_3s-induced ROS production (green fluorescence) in N2a cells. Nonfluorescent DCFH was oxidized by cellular ROS to DCF with green
fluorescence. (B) Statistical analysis of AB,s_3s-induced ROS production in N2a cells. The green fluorescence intensity was quantified with
Image]. (C) Trx-1 overexpression inhibited AB,s_3s-induced apoptosis (red fluorescence) in PCI2 cells. Annexin V-mCherry could couple
with the phosphatidylserine on the outer membrane of apoptotic cells and mCherry marked with red fluorescent protein could indicate
apoptotic cells. (D) Statistical analysis of AB,s_3s-induced apoptosis in PC12 cells. The red fluorescence intensity was quantified with Image].
(E) Trx-1 overexpression inhibited AB,s_3s-induced caspase-3 activation in PCI2 cells. (F) Gray scale analysis of caspase-3 expression in
ABys_3s-treated PCI2 cells with or without Trx-| overexpression. Statistical analysis of AB,s_3s-induced apoptosis in PC12 cells. Statistics
were calculated by one-way ANOVA with Tukey’s multiple comparisons test (B and D) and statistical data were expressed as means + SEM
from three independent experiments (n=3). F (2, 6) =43.44 (B), F(3, 8)=59.96 (D), F(3, 8) =6.598 (F), *p <.05, ***p <.001. One
representative experiment was shown. ANOVA=analysis of variance; ROS= reactive oxygen species; Trx-|=thioredoxin-I.
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Figure 3. Trx-|I promoted mitochondrial biogenesis in AB,s_3s-treated cells. (A) Mito-Tracker Red CMXRos was used to monitor the
number of mitochondria with biological activity in the experiment. Thus, the intensity of the red dye measured with Image) could inflect the
number of mitochondria with biological activity in cells. AB,s_3s5 treatment decreased the number of mitochondria in PC12 cells, which were
reversed by Trx-| overexpression. (B) Statistical analysis of the number of mitochondria. (C) Pretreatment with rhTrx-1 (50 pg/ml) inhibited
ABas_3s-induced decrease in ATP content (green fluorescence) in PCI2 cells. (D) Statistical analysis of ATP content. Statistics were
calculated by one-way ANOVA with Tukey’s multiple comparisons test (B and D) and statistical data were expressed as means + SEM from
three independent experiments (n=3). F (3, 12) =42.10 (B), F(2, 6) =56.61 (D), **p <.0l, **p <.001. ANOVA=analysis of variance; ATP=

adenosine triphosphate; Trx-|=thioredoxin-1.

(El-Ghannam et al., 2022; Li et al., 2022a; Wang, 2022).
However, it is still largely unclear whether AMPK/Sirtl/
PGCla pathway plays a role in the neuroprotection of
Trx-1 in AD. In this study, western blot (WB) was used to
detect the expression of AMPK, Sirtl, and PGCla. In PC12
cells, AP,s_3s treatment significantly reduced the expression
of AMPK, Sirtl, and PGCla, which were restored by Trx-1
overexpression (Figure 5(A)—(D)). In the APP/PS1 mice
injected with AAV-Vector, the expression of AMPK, Sirtl,
and PGCla in the hippocampus was significantly decreased

when compared to WT mice injected with AAV-Vector;
while the reduction was also reversed by Trx-1 overexpres-
sion in APP/PS1 mice (Figure 5(E)-(H)).

Inhibition of AMPK Abolished the Effect of Trx-1 on
Mitochondrial Biogenesis

In order to clarify the role of AMPK/Sirtl/PGC-1a pathway in
the promotion of Trx-1 on mitochondrial biogenesis in AD
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Figure 4. Trx-1 overexpression ameliorated the learning and memory and attenuated hippocampal Af deposition in APP/PS| mice. (A)
The experiment schedule. (B) Brain stereotaxical injection of AAV and their expression. (C) The swimming track of mice before getting on
the hidden platform. (D) The escape latency of mice to get on the hidden platform. (E) The swimming track of mice crossing the original
platform area. (F) The passing times of mice to cross the original platform area. (G) Hippocampal AB deposition in APP/PSI mice was
alleviated by Trx-| overexpression. (H) The AB deposition was quantified with Image]. Statistics were calculated by one-way ANOVA with
Tukey’s multiple comparisons test (D and F) and statistical data were expressed as means +SEM (n=6 in WT + AAV-Vector and WT +
AAV-Trx-1 groups, n=3 in APP/PSI + AAV-Vector and APP/PS| + AAV-Trx-1 groups). F (3, 18)=7.261 (D), F(3, 18)=5.565 (F), F(3, 8) =
112.6 (H), *p <.05, **p <.0l, ***p <.00]. AAV= adeno-associated virus; ANOVA=analysis of variance; MWM= Morris Water Maze;

Trx-|=thioredoxin-1.

mice, the activity of AMPK was inhibited with a selective
inhibitor, Dorsomorphin (Dor). WT or Trx-1 overexpressing
PC12 cells were pretreated with or without Dor (10 uM) for
30 min, followed by incubation with AP,s_35 (40 pM) for
48 h. Mito-Tracker Red CMXRos was used to monitor the
number of mitochondria in each group. As shown in
Figure 6, the promotion of Trx-1 on mitochondrial biogenesis
was abolished after AMPK inhibition. These findings suggest
that Trx-1 promotes mitochondrial biogenesis via restoring
AMPK/Sirt1/PGC-1a pathway in AD.

Discussion

In the present study, we provide evidence that Trx-1 overex-
pression promoted mitochondrial biogenesis via restoring
AMPK/Sirt1/PGC-1a pathway in AD.

AD, the most common neurodegenerative disease, affects
about 10 million Chinese people according to the
“Alzheimer’s Disease Report in China 2021,” which is
increasing the social and economic burden. Unfortunately,
AD cannot be cured clinically at present because of its
complex etiopathogenesis. Thus, it is urgent to find new

effective prevention and cure strategies. Accumulating
studies suggest that mitochondrial dysfunction occurs in
both familial and sporadic AD (Lin & Beal, 2006;
McManus et al., 2011). The brain tissues of both living and
dead patients with AD showed impaired mitochondrial func-
tion, such as decreased glucose uptake and decreased activi-
ties of enzymes related to mitochondrial tricarboxylic acid
cycle and oxidative phosphorylation (Kerr et al., 2017).
Mitochondrial dysfunction produced excessive ROS, which
induced apoptosis (Walia et al., 2022). Our study also found
that AP,s_35 treatment yielded excessive ROS and induced
cellular apoptosis (Figures 1 and 2). What’s more, the
number of mitochondria with biological activity and the
ATP content in mitochondria were significantly decreased
after AP,s_3s5 treatment (Figure 3). These data suggest that
AD cells suffer a remarkable mitochondrial dysfunction.
Trx-1, one of the major redox proteins in mammalian cells,
plays an important neuroprotection in neurodegenerative dis-
eases, including AD (Jia et al., 2022a). The levels of Trx-1 in
peripheral tissues from patients with AD, such as cerebrospi-
nal fluid and plasma, are significantly increased (Arodin et al.,
2014; Cornelius et al., 2013), which may provide a defense
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Figure 5. Trx-| reversed AMPK/Sirt!/PGClo pathway. The expression of AMPK, Sirtl, and PGCla were determined by western blots.
(A) The expression of AMPK, Sirtl, and PGCla in PCI12 cells treated with AB,s_35 was significantly decreased when compared to control
group. The reduction was reversed by Trx-| overexpression in PCI2 cells. (B) Gray scale analysis of AMPK in PCI2 cells. (C) Gray scale
analysis of Sirtl in PCI12 cells. (D) Gray scale analysis of PGCla in PCI12 cells. (E) The expression of AMPK, Sirtl, and PGCla in the
hippocampus of the APP/PS| mice injected with AAV-Vector was significantly decreased when compared to WT mice injected with
AAV-Vector. The reduction was reversed by Trx-| overexpression in APP/PS| mice. AMPK and Sirtl were applied on one gel, PGCl o was
applied on another gel. (F) Gray scale analysis of AMPK in mice. (G) Gray scale analysis of Sirt| in mice. (H) Gray scale analysis of PGCl o in
mice. Statistics were calculated by one-way ANOVA with Tukey’s multiple comparisons test (B—D and F-H) and statistical data were
expressed as means + SEM from three independent experiments (n=3). F (3, 8) = 16.28 (B), F (3, 8) =9.968 (C), F (3, 8) =47.99 (D), F (3,
8)=8.352 (F), F (3, 8)=10.55 (G), F (3, 8)=14.78 (H), *p <.05, **p <.0l, ***p <.00]. AAV= adeno-associated virus; AMPK=adenosine
monophosphate-activated protein kinase; ANOVA=analysis of variance; PGCl o= peroxisome proliferator-activated receptor gamma
coactivator |-alpha; Sirtl=silent information regulator factor 2-related enzyme [; Trx-|=thioredoxin-1.
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Figure 6. Inhibition of AMPK abolished the effect of Trx-1 on mitochondrial biogenesis. Mito-Tracker Red CMXRos was used to monitor
the number of mitochondria with biological activity in the experiment. (A) Trx-| overexpression reversed Af,s_3s treatment-induced
decrease in the number of mitochondria in PCI12 cells, which were abolished by pre-incubation with AMPK inhibitor; Dor (10 uM). (B)
Statistical analysis of the number of mitochondria. Statistics were calculated by one-way ANOVA with Tukey’s multiple comparisons test and
statistical data were expressed as means + SEM from three independent experiments (n=3). F (5, 16) =39.40, ***p<.001; AMPK=
adenosine monophosphate-activated protein kinase; ANOVA=analysis of variance; n.s.= no statistical significance; Trx- | =thioredoxin-|.

mechanism against oxidative stress. However, Trx-1 is
notably reduced in the brain of AD model animals and
patients (Akterin et al., 2006; Di Domenico et al., 2010),
which leads to the loss of neurons and final neurodegenera-
tion. In the present study, administration of exogenous
rhTrx-1 inhibited the production of ROS induced by Af,s
_35 incubation and overexpression of Trx-1 in PC12 cells sup-
pressed AP,s_3s-induced apoptosis (Figure 2). These findings
are consistent with the previous studies involving the neuro-
protective roles of Trx-1 in AD (Jia et al., 2021). On the
other hand, AAV-mediated Trx-1 overexpression in the hip-
pocampus shortened the escape latency of APP/PS1 mice
and restored the crossing times (Figure 4(C)—(F)), suggesting
that specific Trx-1 overexpression ameliorated the learning
and memory deficit of APP/PS1 mice. Our finding are consis-
tent with the study by Yang et al., in which the animals with
higher messenger RNA and protein levels of Trx-1 in the hip-
pocampus showed shorter latency and increased numbers to
cross the previous target platform in the MWM test (Yang
et al., 2012). Our study also found that Trx-1 overexpression
attenuated A deposition in the hippocampus of APP/PS1
mice (Figure 4(G) and (H)). This is the first time to directly
report the effect of Trx-1 on A deposition in AD models.
Accumulating evidence have demonstrated that ameliora-
tion of mitochondrial homeostasis to restore the normal

function of mitochondria is beneficial for the prevention or
treatment of AD (Li et al. 2022c; Li et al., 2022b). Thus,
whether Trx-1 regulates mitochondrial homeostasis in AD
was further investigated. We found that Trx-1 overexpression
significantly restored the decrease in the number of mitochon-
dria and the ATP content in mitochondria induced by Af,s_3s
incubation (Figure 3), suggesting that Trx-1 overexpression
promotes the mitochondrial biogenesis in AD. The deficiency
of AMPK/Sirtl/PGCla signaling pathway is closely associ-
ated with AD pathogenesis (Shah et al., 2017; Sun et al.,
2019; Zhang et al., 2017). AMPK could activate Sirtl by ele-
vating the nicotinamide adenine dinucleotide (NAD™) levels
in cells, resulting in the activation of PGCla (Canto et al.,
2009; Fulco & Sartorelli, 2008). AAV-mediated overexpres-
sion of PGCla in the lateral parietal association reversed
the damage and swelling of mitochondria in cortical
neurons through improving abnormal mitochondrial dynam-
ics (Wang et al., 2022a). Dong et al. have defined that Af,s
_35 inhibited the mitochondrial biogenesis in cultured
primary hippocampal neurons via attenuating the AMPK/
Sirtl/PGCla signaling pathway (Dong et al., 2016). Thus,
the expression of AMPK, Sirtl, and PGCla in the hippocam-
pus of mice was detected. The western blot results showed
that the levels of these proteins were downregulated in Af,s
_35-treated PC12 cells and in the hippocampus of APP/PS1
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mice compared to the WT mice (Figure 5). Importantly, Trx-1
overexpression restored their changes (Figure 5) suggesting
Trx-1 recovered the AMPK/Sirtl/PGCla signaling
pathway. Pharmacological inhibition of AMPK with a selec-
tive inhibitor Dorsomorphin abolished the effect of Trx-1 on
promoting the mitochondrial biogenesis (Figure 6). This data
is consistent with a recent study in which Dorsomorphin pre-
administration partially inhibited liraglutide-induced stimula-
tion of Sirtl protein in acute demyelination model (Ammar
et al., 2022). A previous study also demonstrated that
AMPK could enhance Sirtl activity by increasing cellular
NAD™ levels, resulting in the deacetylation and modulation
of the activity of downstream Sirtl targets that include the
PGCla (Canto et al., 2009), suggesting that AMPK might
act upstream to promote mitochondrial biogenesis. These
data demonstrate that Trx-1 promotes the mitochondrial bio-
genesis in AD via activating AMPK/Sirt1/PGCla signaling
pathway.

In the present study, Mito-Tracker Red CMXRos was
mainly used to evaluate mitochondrial biogenesis.
Mito-Tracker dyes not only provided a measure of mitochon-
drial number or size, but their accumulation is also dependent
upon mitochondrial membrane potential. Thus, increased
signals of the dyes could reflect changes in membrane poten-
tial and not mitochondrial biogenesis. Though the expression
of PGCla, a direct marker of mitochondrial biogenesis, was
determined by westerns blot in this study, more indicators,
such as mitochondrial ATP production rate, number of mito-
chondria, mitochondrial DNA copy number, should be
detected in the future study to comprehensively reflect the
effect of Trx-1 on mitochondrial biogenesis in AD.

Though AMPK could upregulate the expression of Trx-1
under different conditions (Gao et al., 2014; Li et al., 2009),
Trx-1 could act as an essential cofactor for AMPK activation
because Trx-1 cleaved the disulfides in AMPK proteins and
prevents its oxidation (Shao et al., 2014). How Trx-1 overex-
pression regulates the expression of AMPK need to be further
studied. Poly(ADP-ribose) polymerase 1 (PARP-1) plays an
important role in the activation of Sirtl because PARP-1 is
a major modulator of NAD* metabolism (Sajish &
Schimmel, 2015). Trx-mimetic peptides inhibited caspase-3
cleavage and prevented the dissociation of PARP-1
(Cohen-Kutner et al., 2013), suggesting that the reduced
form of Trx-1 has a potential capacity to regulate PARP-1.
The molecular mechanisms underlying that Trx-1 upregulates
the AMPK/Sirt1/PGCla signaling pathway in AD needs to be
studied in the future.
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