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Background: Recent studies show testosterone (T) deficiency worsens cognitive
impairment in Alzheimer's disease (AD) patients. Mitochondrial dysfunction, as
an early event of AD, is becoming critical hallmark of AD pathogenesis. However,
currently, whether T deficiency exacerbates mitochondrial dysfunction of men
with AD remains unclear.

Objective: The purpose of this study is to explore the effects of T
deficiency on mitochondrial dysfunction of male AD mouse models and its
potential mechanisms.

Methods: Alzheimer's disease animal model with T deficiency was performed
by castration to 3-month-old male APP/PS1 mice. Hippocampal mitochondrial
function of mice was analyzed by spectrophotometry and flow cytometry. The
gene expression levels related to mitochondrial biogenesis and mitochondrial
dynamics were determined through quantitative real-time PCR (gqPCR) and
western blot analysis. SH-SY5Y cells treated with flutamide, T and/or
H,O, were processed for analyzing the potential mechanisms of T on
mitochondrial dysfunction.

Results: Testosterone deficiency significantly aggravated the cognitive deficits
and hippocampal pathologic damage of male APP/PS1 mice. These effects
were consistent with exacerbated mitochondrial dysfunction by gonadectomy
to male APP/PS1 mice, reflected by further increase in oxidative damage and
decrease in mitochondrial membrane potential, complex IV activity and ATP
levels. More importantly, T deficiency induced the exacerbation of compromised
mitochondrial homeostasis in male APP/PS1 mice by exerting detrimental effects
on mitochondrial biogenesis and mitochondrial dynamics at mRNA and protein
level, leading to more defective mitochondria accumulated in the hippocampus.
In vitro studies using SH-SY5Y cells validated T's protective effects on the H,O,-
induced mitochondrial dysfunction, mitochondrial biogenesis impairment, and
mitochondrial dynamics imbalance. Administering androgen receptor (AR)
antagonist flutamide weakened the beneficial effects of T pretreatment on
H,O,-treated SH-SY5Y cells, demonstrating a critical role of classical AR
pathway in maintaining mitochondrial function.
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Conclusion: Testosterone deficiency exacerbates hippocampal mitochondrial
dysfunction of male APP/PS1 mice by accumulating more defective
mitochondria. Thus, appropriate T levels in the early stage of AD might be
beneficial in delaying AD pathology by improving mitochondrial biogenesis and
mitochondrial dynamics.
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Introduction

(AD)
dementia,

Alzheimer’s disease is the prevalent age-related

neurodegenerative characterized by B-amyloid
deposition, pathologic tau and neurodegeneration (Jack et al,
2018). In early AD, mitochondrial dysfunction is already
present in afflicted brain regions of numerous AD models
and AD patients, such as decrease in oxidative phosphorylation,
mitochondrial membrane potential, ATP levels, mitochondria
number (Macdonald et al., 2018), as well as increase in reactive
oxygen species (ROS) production and oxidative damage (Martins
et al., 2018; Butterfield and Halliwell, 2019). Increasing evidence
supports the hypothesis that the mitochondrial dysfunction, as an
early event, might trigger amyloid beta (AB) accumulation and a
battery of abnormalities (Swerdlow, 2018), albeit Ap may instead
incite mitochondrial insult. The age-dependent mitochondrial
dysfunctions are becoming critical hallmarks of AD pathogenesis.

Reactive oxygen species-induced oxidative stress has an equally
important role in the pathologic process of AD (Butterfield and
Halliwell, 2019). Normally, adequate antioxidant systems balance
the levels of ROS, a by-product of mitochondrial metabolism.
However, under pathological conditions, excessive ROS causes
severe oxidative stress, showing antioxidant deficiency, and
oxidative damage to lipid and protein (Yu, 1994). In early stages of
AD, damage to mitochondria induces elevation of ROS production,
contributing to the deposition of AB and clinical symptoms (Uttara
etal,, 2009; Guo et al,, 2013; Singh et al., 2019). Notably, the decline
of the antioxidant levels, such as glutathione (GSH) and superoxide
dismutase (SOD), as well as the increase of peroxidation products,
such as malondialdehyde (MDA) and 3-nitrotyrosine (3-NT), is
observed in AD progression (Beal, 2002; Padurariu et al., 2010;
Cacciatore et al., 2012). Thus, attenuating oxidative stress through
improving mitochondrial function is beneficial for reducing AD
incidence.

Testosterone (T) levels in elderly men decrease with age.
Low T levels in older male individuals are closely related to the
development of cognitive impairment (Dong et al., 2021) and the
aggravated AD symptoms are found in male AD patients with
decreased T levels (Muller et al., 2008). Research conducted on
adult male rats subjected to gonadectomy-induced T deficiency
demonstrates the attenuated brain mitochondrial function and the
increased oxidative damage (Meydan et al., 2010; Hioki et al., 2014;
Yan et al., 2017). Conversely, T supplementation to aged male rats
improves mitochondrial function and the enhanced antioxidative
capacity within their brains (Yan et al., 2021). Age-related decline
of T levels seems one of risk factors for AD pathogenesis
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in elderly men (Yeap and Flicker, 2022), while mitochondria
might be that potential target affected by this risk factor in the
development of AD. Consequently, in this study, male APP/PS1
mutant transgenic mice were utilized to assess the altered cognitive
abilities, mitochondrial functions, and critical factors involved
in regulating mitochondrial function (mitochondrial biogenesis
and mitochondrial dynamics) in T-deficiency AD mouse models.
Furthermore, to explore the mechanisms underlying T deficiency’s
effects on mitochondrial function in male APP/PS1 mutant
transgenic mice, the effects of T on mitochondrial biogenesis and
mitochondrial dynamics were also investigated in human SH-
SY5Y cells. This in vitro study focused on detecting the expression
alterations of genes involved in mitochondrial biogenesis and
dynamics under oxidative stress following androgen receptor
(AR) inhibition.

Materials and methods

Animals and treatments

Male  APPswe/PSEN1dE9  double
overexpressing the mutated genes for human amyloid precursor

transgenic ~ mice
protein and presenilin 1 (APP/PS1; Figure 1A), as well as age-
matched male wild-type (WT) mice were purchased from Beijing
HFK Bioscience Co., China. The mice were provided food and
water ad libitum and housed under controlled conditions (22 £ 2°C
and 12 h/12 h light-dark cycle). All the animal experiments were
conducted in accordance with the “Guidelines for the Care and
Use of Mammals in Neuroscience and Behavioral Research,” and
were approved by the Laboratory Animal Ethical and Welfare
Medical (TACUC-Hebmu-
2023054). The experimental mice were divided into following

Committee of Hebei University
four groups: WT group, APP/PS1-Sham group, gonadectomized
APP/PS1 (APP/PS1-GDX) group, and gonadectomized APP/PS1
with T propionate (TP) supplementation (APP/PS1-GDX-TP)
group, where mice were subjected to either bilateral orchiectomy
or sham operation. For APP/PS1-GDX-TP mice, male APP/PS1
mice were castrated, and subcutaneously injected immediately
with TP at 1 mg/kg per day for 28 days. This dosage was adopted
based on a previous study (Qiu et al, 2016). All the mice were
sacrificed at the age of 4 months. A previous study illustrated that
APP/PS1 mice show mild cognitive deficits at this age (Yu et al,
2019). The experimental procedures were briefly illustrated in
Figure 1A.
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FIGURE 1

Effects of testosterone deficiency on cognitive-behavioral deficits in male APP/PS1 mice. (A) The gene modification map is shown, and the research
process is illustrated, including sham operation or castration, TP treatment and behavioral tests. A novel object location (NOL) test was performed to
analyze the location memory of the mice. It included a familiarization trial, 1 h retention interval and a novel location test. (B) The % time object
interaction and (C) recognition index (calculated as the ratio of time spent exploring the new location to total exploration time) of each mouse were
compared. (D) Representative moving traces in NOL test show the exploration to the familiar (gray square) and the novel (red square) location.

A novel object recognition (NOR) test was performed to analyze the object recognition memory of the mice. It included a familiarization trial, 1 h
retention interval and a novel object test. (E) The % time object interaction and (F) recognition index (calculated as the ratio of time spent exploring
the novel object to total exploration time) of each mouse were compared. (G) Representative moving patterns in NOR test show the exploration to
the familiar (gray square) and the novel (red circle) object. Morris water maze (MWM) test was performed to assess the learning and spatial memory
of the mice. (H) Escape latency, () time in the target quadrant, (J) number of platform crossing, and (K) the representative path patterns were tested.
WT, wild-type; TP, testosterone propionate. Data are expressed as the mean + SD (n = 12). *P < 0.05 and **P < 0.01.
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Object location test and object
recognition test

On the 8th day before sacrifice, mice underwent habituation
in a 40 cm by 40 cm soundproof square open field for 5 min.
The next day, a novelty recognition test was conducted using the
same apparatus. The test consisted of a familiarization trial, novel
object localization (NOL) test, and novel object recognition (NOR)
test. The experimental procedure followed a previously established
method, with minor modifications from the study (Jacobs et al.,
2021). In brief, the mice were exposed to two identical wooden
objects during the 10-min familiarization trial. After a 1-h interval,
the NOL test began, where one object was relocated. Another
1-h interval followed, and the mice were subjected to the NOR
test, where one object was replaced with a novel hemisphere-
shaped wooden object. The DigBehv Animal Behavior Analysis
Software was used to record the time mice spent exploring each
object within 2 cm and calculate exploration ratios and recognition
indices. The objects and arena were cleaned with 70% ethanol
between each trial.

Morris water maze test

During the last 6 days prior to their sacrifice, the mice were
subjected to water maze test to evaluate their spatial learning
and memory abilities. These tests were conducted in a controlled
environment within a soundproof room. The main apparatus used
for the experiment was a circular plastic tank with a diameter
of 120 cm and height of 50 c¢m, which was partially filled
with opaque water. A platform with a diameter of 9 cm was
concealed 1 cm beneath the water’s surface, located in the first
quadrant and served as an escape point for the mice during
the trials. The training sessions were conducted over the first
5 days. Each daily session consisted of four trials, with an hour
interval between each trial. In each trial, the mouse was placed
in the water maze starting from different quadrants each time,
and was given 60 s to navigate the maze and locate the hidden
platform. The time taken to reach the platform, known as the
escape latency, was recorded. On the sixth day, a probe session
was conducted. During this session, the escape platform was
removed from the maze. Each mouse was given 60 s to freely
swim in the maze. The time spent swimming in the first quadrant,
as well as the number of crossings over the platform’s previous
position, were recorded. To accurately analyze the movement
patterns of the mice during the trials, the DigBehv Animal Behavior
Analysis Software (Shanghai Jiliang Software Technology Co.,
China) was utilized.

Sample preparation

For biochemical or molecular biological assays, mice were
sacrificed by decapitation and brains were removed quickly.
Bilateral hippocampi were dissected, which were immediately used
for biochemical assays or frozen in liquid nitrogen and stored at
—80°C for later use based on the study aims. After decapitation,
seminal vesicles were dissected, blotted and weighed. Trunk blood
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was collected and serum was harvested by centrifugation and stored
at —80°C for measuring T levels. For immunohistochemistry (IHC)
staining studies, mice were anesthetized and perfused transcardially
with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4).
For mitochondrial ultrastructure analysis, mice were perfused
transcardially with fixative containing 2% paraformaldehyde and
1.25% glutaraldehyde. Brains were postfixed in the corresponding
fixative for 24 h at 4°C.

Immunohistochemistry

The postfixed brain tissues were dehydrated in graded
ethanol, cleared in xylene, and embedded in paraffin wax. Wax-
embedded brain blocks were sliced into 5 wm coronal sections.
The sections were dewaxed using xylene and gradient ethanol
for deparaffinization and rehydration. The brain sections were
blocked in 5% normal goat serum after antigen retrieval, and
then incubated with rabbit anti-AB;_4, (Biolegend, specifically
recognizing extracellular AB;_4;) or mouse anti-3-NT antibody
(Santa Cruz Biotechnology) overnight at 4°C. After three washes
in phosphate buffer, the sections were incubated with goat anti-
rabbit IgM-HRP or goat anti-mouse IgG-HRP for 2 h at room
temperature. All sections were stained for 5 min in liquor
containing 0.05% diaminobenzidine and 0.03% H,O; in 0.05 M
Tris—-HCI buffer (pH 7.6). The photograph of stained sections
was taken by light microscope (Olympus). The area/number of
the AP;_4 plaques and the average optical density of 3-NT were
measured by Image Pro Plus 6.0.

Spectrophotometry analysis

For spectrophotometry analysis, hippocampal tissue blocks
were weighed and homogenized immediately with 0.01 M ice-cold
phosphate buffer saline (PBS, pH 7.4) and centrifuged based on
the study purposes. Levels of MDA, the ratio of GSH/oxidized
GSH (GSH/GSSG), the activities of CuZn-SOD and Mn-SOD,
ATP levels, as well as the activities of mitochondrial complexes
and citrate synthase (CS) were measured spectrophotometrically
according to the instructions of the corresponding detection
kits (MDA: Code A003-1; GSH/GSSG: Code A061-1; CuZn-SOD
and Mn-SOD: Code A001-2, Nanjing Jiancheng Bioengineering
Institute, China; ATP: AKOP004M; Complex I: AKOP005M;
Complex II: AKOP006M; Complex III: AKOP007M; Complex
IV: AKOP008M; Complex V: AKOP009M; and CS: AKACO007M,
Boxbio, China). Serum T levels were measured using a T ELISA
kit (Ttem No. 582701, Cayman) based on the kit instruction. For
spectrophotometry analysis, SH-SY5Y cells seeded in 96-well plates
(4 x 10* cells/well) were processed by different treatments. The cell
viability after different treatments was detected with MTT method
by adding 50 wl DMEM/F12 and 50 .l MTT reagents to the wells.
After incubation for 3 h at 37°C, 150 .l of DMSO was added to the
wells and their absorbance was read at a wavelength of 590 nm. The
cell GSH/GSSG ratio and ATP levels were respectively measured
using the GSH and GSSG detection kits (S0053, Beyotime Institute
of Biotechnology, China) and the ATP levels detection kit (A095-
1-1, Nanjing Jiancheng Bioengineering Institute, China), with the

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1390915
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Zhang et al.

absorbance read at 412 nm for GSH and GSSG and at 636 nm
for ATP levels. The levels were normalized to the total protein
amount of the sample.

Mitochondrial membrane potential

detection
estimated in

Mitochondrial membrane

dissociated hippocampal cells using JC-1 dye that has two

potential was
forms of fluorescence (Cossarizza et al, 2019). The ratio of
aggregate form (exhibiting red fluorescence) to monomer form
(exhibiting green fluorescence) reflects the level of mitochondrial
membrane potential. Tissue blocks were grinded in PBS solution
and filtered using a nylon mesh screen. The harvested cells were
incubated in JC-1 solution (10 pg/ml, Cayman) at 37°C for 30 min,
washed, resuspended in 500 pl PBS, and immediately analyzed
by flow cytometry. The red fluorescence intensity was measured
at Ex/Em: 525/590 nm. The green fluorescence intensity was
measured at Ex/Em: 490/530 nm. The ratio of JC-1 aggregates to
JC-1 monomers was calculated.

Mitochondrial ultrastructure analysis

The hippocampal tissue blocks were dissected and washed
in phosphate buffer, they were postfixed with 1% osmium
tetroxide for 2 h, dehydrated in acetone, and embedded in
araldite. Ultrathin sections (70 nm) were obtained with a
microtome. After staining with uranyl acetate and lead citrate, the
sections were examined by a transmission electron microscope
(Hitachi HT7800) at 80 kV for mitochondrial ultrastructural
alteration. The abnormal mitochondria rate was calculated by the
number of abnormal mitochondria/total number of mitochondria
(Mansueto et al., 2017).

Cell culture and treatment

Human neuroblastoma SH-SY5Y cells were used in in vitro
studies (ATCC, Manassas, VA, USA). They were grown in
DMEM/F12 medium containing 10% fetal bovine serum and 1%
penicillin and streptomycin at 37°C in a humidified incubator
with 5% CO, and 95% air flow. For cell viability experiments,
the cells were first treated by T (1, 10, and 100 nM) for 24 h
and then by H,O, (0, 50, 100, 200, and 300 wM) for 24 h
(Grimm et al, 2014). Flutamide (F, AR receptor antagonist)
pretreatment for 1 h was chosen to test the role of AR in
the effects of T on cell viability in exposure to H,O,. For the
experiment about the effects of AR inhibitor and T on the
oxidative damage, SH-SY5Y cells were treated with F for 1 h,
and treated with T for 24 h, followed with H,O, treatment
for 24 h. In this part, four groups were included, that were,
control group, H,O, group, T + H,O, group, F + T + H,0,
group. Stock solutions of T and F were prepared in DMSO
(final concentration of DMSO was 0.001%). Stock solution of
H,0, was prepared in DMEM/F12. The control group treated
with vehicle solutions (DMSO or DMEM/F12). Cells were plated
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for treatment when they reached 70%-80% confluence. After
treatment, cells were washed twice with cold PBS, then were
subjected to corresponding detection.

Mitochondrial stress testing

Oxygen consumption rate (OCR) of cells was examined using
a Seahorse Bioscience XF24 Analyzer. Cells were seeded in XF24
cell culture microplate at a density of 2.5 x 10% cells/well. After
the cells adhered to the wall, culture medium was replaced with
medium containing 1 mM sodium pyruvate, 2 mM glutamine, and
10 mM glucose, Then, the microplate was placed in a CO,-free
incubator at 37°C for 1 h. The OCR was recorded simultaneously
before and after the sequential injection of oligomycin (0.5 uM),
FCCP (2 uM), and rotenone and antimycin A (0.5 pM).
Data were extracted from Seahorse XF24 software, and were
normalized to cell counts.

Cell fluorescence staining

Cells were cultured on glass slides. After treatment, JC-1
working solution (Item No. 15003, Cayman, USA, 10 pg/ml),
MitoTracker Red CMXRos (M7512, Invitrogen, USA), and
Hoechst 33258 (Beyotime Institute of Biotechnology, China) were
added in the culture medium respectively according to different
experimental purposes. After incubation in dark at 37°C for 10 min,
the cells were washed in warm PBS gently. Fluorescent images
were acquired using a two-photon microscope (FV1200MPE,
OLYMPUS). JC-1 monomers were detected at Ex/Em 490/530 nm,
JC-1 aggregates were detected at Ex/Em 525/590 nm, mitochondria
stained with MitoTracker Red CMXRos were detected at Ex/Em
579/599 nm, and cells stained with Hoechst 33258 were detected
at Ex/Em 530/461 nm. Ten fields were randomly selected and at
least 100 cells were analyzed in each sample. The mean fluorescence
intensity (integrated density/area of view) of each cell was measured
using Image] software (Pediconi et al, 2023). Mitochondrial
membrane potential was analyzed by calculating the ratio of red
to green fluorescence. The mitochondrial mass was expressed
by the mean fluorescence intensity of mitochondria stained with
MitoTracker Red (Sghaier et al., 2019). Punctiform mitochondria
were considered fragmented mitochondria, mitochondria with
clear networks were considered tubular mitochondria. The number
of cells was counted when 80% of mitochondria in the cell are under
mitochondrial fragmentation.

Quantitative real-time PCR analysis

After extraction with TRIzol from hippocampal tissue blocks
or cultured cells, 1 pg of total RNA was reverse-transcribed
using random primers to obtain the first-strand cDNA template.
Then, quantitative real-time PCR (qPCR) was performed with
2 pl of cDNA (diluted 1:10), 2 pl of each specific primer, and
2 x All-in-One™ gPCR Mix (GeneCopoeia Inc.) in a final
volume of 20 pl. PCR was performed as follows: an initial
cycle at 95°C for 15 min, followed by 40 cycles at 95°C for
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10 s, 60°C for 20 s, and 72°C for 20 s. The melting curves of
the PCR products were analyzed to confirm the specificity of
amplification. Gene expression was analyzed using glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as internal control.
For all samples, qPCR was performed in triplicate. Relative
quantification was performed using the 2722Ct method. The
sets of primers were as follows: for mouse genes, SYP (5'-cag
PSD-95
5'-cggcattggctgagacatca-3'),
and 5'-gaaggtagtaagcgtg
5'-gta

ttccgggtggtcaagg-3’  and  5'-actctecgtettgttggeac-3'),
(5'-taccaaagaccgtgeccaacg-3’  and

Mn-SOD  (5'-tgaacaacctcaacgccac-3'
ctc-3'), PGC-la  (5'-gaaagggccaaacagagaga-3’  and
aatcacacggegctctt-3), NRF-1
5'-agagctccatgctactgttc-3'), TFAM (5'-caggaggcaaaggatgattc-3’ and

(5'-tggagtccaagatgctaatg-3'  and

5'-ccaagacttcatttcattgtcg-3'), Drp1 (5'-caggaattgttacggttcecta-3’ and
5'-cctgaattaacttgtceegtg-3'), Mfnl (5'-aacttgatcgaatagcatccga-3’
and 5'-gcattgcattgatgacagag-3'), OPAI (5'-gatgacacgctctccagtg-3'
and 5'-tcggggctaacagtacaa-3'), GAPDH (5 -actcttccaccttcgatgee-3/
and 5'-tcttgctcagtgtecttget-3'); for human genes, PGC-1a (5'-ctg
caggcctaactccaccca-3’  and  5-actcggattgetecggeect-3'),  NRF-1
(5'-ctactcgtgtgggacagcaa-3’ and 5 -aattccgtcgatggtgagag-3'), TFAM
(5'-ctactcgtgtgggacagcaa-3' and 5'-aattccgtcgatggtgagag-3'), Drpl
(5'-aatcgtcgtagtgggaacge-3’ and 5'-tccaccecattttcttctect-3'), Mfnl
(5'-gectectetecgectttaactt-3  and  5'-gecttcettagecageacaaag-3'),
OPA1 (5'-cgggaacttgaccggaatga-3’ and 5'-cgcagctggaaggtagatgt-3),
and  GAPDH  (5'-ctcctccacctttgacgetg-3’  and
ctgttgctgtageca-3').

5/-ccacc

Mitochondrial DNA copy number
detection

For mice experiment, total DNA was extracted from tissue
blocks using an animal tissue genomic DNA kit (ZP307-2,
ZOMANBIO), while it was extracted from SH-SY5Y cells by cell
genomic DNA extraction kit (ZP308, ZOMANBIO). Mitochondrial
DNA (mtDNA) copy number was determined by quantifying
mitochondrial gene (16S rRNA for mice and D-Loop for human
cells) and nuclear-encoded gene (HK2 for mice and Actin for
human cells) expression via qQPCR. The sets of primers were as
follows: for mouse genes, 16S rRNA (5'-ccgcaagggaaagatgaaagac-
3’ and 5'-tcgtttggtttcggggtttc-3'), HK2 (5'-gccagectctectgattttagtgt-
3’ and 5'-gggaacacaaaagacctcttctgg-3'); for human genes, D-Loop
(5’-accacccaagtattgactcaccca-3’ and 5'-ccgtacaatattcatggtggcetgge-
3'), Actin (5'-cccctggeggectaaggact-3’ and 5'-acatgecggagecgttgteg-
3’). qPCR was performed in triplicate. Relative mtDNA copy
number was calculated by the ratio of mitochondrial gene to
nuclear-encoded gene using the 274t method.

Western blot analysis

The proteins from hippocampal tissue blocks or SH-SY5Y
cells were homogenized in ice-cold RIPA buffer (No. R0010,
Solarbio, China) containing 1% PMSF. An immunoblotting
analysis was performed following a previous method (Yan et al,
2021). The presence of particular proteins was examined using
rabbit anti-synaptophysin (SYP, Abways), rabbit anti-postsynaptic
density protein 95 (PSD-95, Abways), rabbit anti-Mn-SOD
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(HuaBio), rabbit anti-peroxisome proliferator-activated receptor-y
coactivator laantibody (PGC-1la, ABclonal), rabbit anti- nuclear
respiratory factor 1 antibody (NRF-1, ABclonal), rabbit anti-
mitochondrial transcription factor antibody (TFAM, GeneTex),
rabbit anti-mitochondrial fission protein dynamin-related protein
(Drpl, Cell Signaling Technology), rabbit anti-mitochondrial
fusion protein mitofusin 1 (Mfnl, arigo), rabbit anti-optic atrophy
protein 1 (OPAl, GeneTex), or mouse anti-3-NT antibody
(Santa Cruz Biotechnology). After washing three times, the
membrane was incubated for 2 h in IRDye® 800-conjugated goat
anti-rabbit secondary antibody (Rockland) or goat anti-mouse
secondary antibody (Rockland) at room temperature. The relative
band densities were measured by an Odyssey infrared scanner
(LICOR Biosciences, USA). The expression of target proteins was
normalized to B-actin that was used as endogenous control (rabbit
anti-p-actin antibody, Santa Cruz Biotechnology).

Statistical analysis

Data are shown as the mean =+ standard deviation (SD).
Grubb’s test was applied to remove possible outliers. Levene’s test
was applied to test the homogeneity of variance. If homogeneity
of variance is equal, statistical analysis was applied by one-way
analysis of variance (ANOVA, F-statistic) followed by Tukey’s
multiple comparison test. If the variance was unequal, Welch’s
F test in one-way ANOVA (F'-statistic) was used and post hoc
analyses were done using the Games-Howell procedure. For
the Morris maze, escape latency was analyzed using two-way
ANOVA with repeated measures, and the number of platform
crossings was tested using Chi-square test. Statistical analyses were
performed using the SPSS 21 software. P < 0.05 was considered
statistically significant.

Results

Testosterone deficiency aggravated the
cognitive deficits of male APP/PS1 mice

In male AD model mice, gonadectomy was performed to
induce androgen depletion, which is verified by significantly
reduced seminal vesicle weight (seminal vesicle weight/body
weight: 0.6 x 1073 4 0.4 x 1073, a sensitive bioassay of androgen
levels; Yamane et al., 1986) and serum T levels (0.1 & 0 ng/ml),
compared with sham-operated APP/PS1 mice (seminal vesicle
weight/body weight: 5.1 x 1073 4 0.8 x 1073, serum T levels:
74 + 1.0 ng/ml). As a control for APP/PSI-GDX mice, the
cognitive, pathological, and mitochondrial changes of APP/PSI-
Sham mice were firstly compared with WT mice fully. To
explore effects of T deficiency on the cognitive performance of
the 4-month-old APP/PS1 mice, NOL (Figures 1B-D), NOR
(Figures 1E-G), and Morris water maze (MWM) (Figures 1H-K)
tests were performed. NOL and NOR test are sensitive to detect
impaired recognition memory (Leger et al., 2013). Considering
the GDX-induced apathy and motor problem may affect the
interactions of experimental animals with the objects in NOL
and NOR tests;, MWM test were performed following NOL
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and NOR test. Morris water maze test is common methods to
evaluate hippocampal-dependent learning, acquisition of spatial
memory and long-term spatial memory (Jacobs et al., 2021). In
NOL test, all the mice spent the same time in exploring the
old and the novel localization of the familiar objects, except
for the APP/PS1-GDX mice that spent less time on exploration
in the new location than that in the old location (Figure 1B).
APP/PS1-GDX mice showed significantly low recognition index
compared with WT mice (Figure 1C). In NOR test, the mice
in WT, APP/PS1-Sham, and APP/PS1-GDX-TP groups exhibited
more time exploring the novel object and APP/PS1-GDX mice
spent similar time exploring either the new or the old object
(Figure 1E). In Morris water maze test, during the 5 training
days, the escape latency of WT mice progressively decreased, while
APP/PS1 mice with or without castration exhibited longer escape
latency than WT mice in the 2nd, 4th and 5th day (Figure 1H). An
obviously decrease of escape latency was found in APP/PS1-GDX-
TP mice compare with APP/PSI-GDX mice in the 3rd training
day, and a slight but non-significant reduction of escape latency
was observed in APP/PS1-GDX-TP mice, when compared with
APP/PS1-Sham mice and APP/PS1-GDX mice in the last 2 days.
In the probe test, group difference was found in the time spent
in the target quadrant and in the number of platform crossing
(Figures 11-K). APP/PS1-Sham mice spent less time in the target
quadrant than WT mice and orchiectomy further decreased time
spent of APP/PS1 mice in the target quadrant (Figure 1I). TP
supplementation to APP/PS1-GDX mice restored the time spent
in the target quadrant to the level of APP/PS1-Sham mice as
well as WT mice. Relative to WT mice, APP/PS1-GDX mice
showed the reduced number of platform crossing (Figure 1J).
Testosterone deficiency further compromises the cognitive deficits
of male APP/PSI mice.

Testosterone deficiency induces
pathological alterations of hippocampus
in male APP/PS1 mice

The pathological changes of hippocampus in experimental
animals were revealed by observing the altered expression of
synapse-related proteins (PSD-95 and SYP) as well as AP
deposition. Significantly decreased expression of PSD-95 and SYP
at mRNA and protein levels were detected in the hippocampus
of APP/PS1-Sham mice relative to WT mice, which were further
reduced in APP/PS1-GDX mice (Figures 2A-D). Significantly
increased area and number of AB;_4, plaques were observed in
APP/PS1-GDX mice, compared with mice in other three groups
(Figures 2E-G). Testosterone deficiency further increases the
pathological alterations of the hippocampus in APP/PS1 mice.

Testosterone deficiency aggravates
oxidative stress in the hippocampus of
male APP/PS1 mice

Increased oxidative stress is common in normal aging and
AD brain. Oxidative stress is caused by imbalance between

Frontiers in Aging Neuroscience

10.3389/fnagi.2024.1390915

production of ROS and antioxidative defense. To assess the extent
of oxidative stress, we measured MDA, 3-NT, and GSH/GSSG
ratio, as well as CuZn-SOD and Mn-SOD activity/levels. MDA
is an important indicator of lipid peroxidation caused by ROS
damage to cytoplasmic membrane (Liu et al, 2021). 3-NT is
another oxidative damage marker formed due to nitration of
protein-bound and free tyrosine residues by reactive peroxynitrite
molecules. GSH and GSSG are two different forms of glutathione.
As a cofactor for antioxidative enzymes, GSH can be oxidized
to GSSG. CuZn-SOD functions in the nucleus and cytoplasm to
eliminate ROS, while Mn-SOD works within the mitochondria to
clear ROS (Liu et al., 2021). The MDA levels in the hippocampus
were significantly higher in male APP/PS1-Sham mice than in WT
mice. Testosterone deficiency further increased MDA levels and
3-NT immunoreactive intensity in the hippocampus of APP/PS1
mice (Figures 3A-C). The ratio of GSH/GSSG, as well as the
activity and levels of Mn-SOD enzymes in the hippocampus was
less in APP/PS1-Sham mice than WT mice (Figures 3D-G).
Castration to male APP/PS1 mice further decreased the ratio of
GSH/GSSG, as well as the activity and levels of Mn-SOD enzymes
in the hippocampus. There was no obvious difference in CuZn-
SOD activity between APP/PS1-GDX mice and APP/PS1-Sham
mice (Data not shown), though its activity in APP/PS1-Sham
mice was significantly low relative to WT mice. Testosterone
deficiency aggravates oxidative stress in the hippocampus of
male APP/PS1 mice.

Testosterone deficiency exacerbates
mitochondrial dysfunction in the
hippocampus of male APP/PS1 mice

Mitochondria are the main source of energy and ROS
lead to ROS
overproduction and subsequent oxidative stress (Guo et al,

production. Mitochondrial dysfunction can
2022). In AD, impairment of mitochondrial functions has been
implicated as the primary cause of ROS generation (Tobore, 2019)
and is one of the early events of AD. Thus, mitochondrial functions
index, such as mitochondrial membrane potential (revealed by
the ratio of JC-1 aggregates to monomers, Figures 4A, B), ATP
levels (Figure 4C) and the mitochondrial complex activities
(Figure 4D) were analyzed, to elucidate whether T deficiency
aggravated the mitochondrial dysfunction in the hippocampus of
male APP/PS1 mice. Group difference among WT, APP/PS1-Sham,
APP/PS1-GDX, and APP/PS1-GDX-TP mice was found in the
hippocampal JC-1 ratio and ATP levels, as well as activities of
mitochondrial complexes IV and V. APP/PS1-Sham mice showed
decreased JC-1 ratio and activities of mitochondrial complexes IV
and V than WT mice (Figures 4A, B, D). Testosterone deficiency
significantly reduced JC-1 ratio, ATP levels and mitochondrial
complex IV activity in the hippocampus of male APP/PSI mice.
There is no group difference in ATP levels between WT mice
and APP/PS1-Sham mice. No altered mitochondrial complex
activities were observed in complexes I, II, and III among WT,
APP/PS1-Sham, APP/PS1-GDX, and APP/PS1-GDX-TP mice,
as well as in complex V among APP/PS1-Sham, APP/PSI-
GDX, and APP/PS1-GDX-TP mice. Testosterone deficiency
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exacerbates mitochondrial dysfunction in the hippocampus of
male APP/PS1 mice.

Testosterone deficiency further
attenuates mitochondrial biogenesis in
the hippocampus of male APP/PS1 mice

Mitochondria are energy source of cells. Local energy deficits
are correlated with the reduced content of mitochondria with
normal function in afflicted brain area. Mitochondrial biogenesis is
a predominant strategy to maintain healthy mitochondrial content.
Thus, relevant parameters reflecting mitochondrial content, such
as CS activity (a mitochondrial matrix enzyme) and mtDNA
copy number, as well as the key inducer and effectors regulating
mitochondrial biogenesis, namely PGC-1a, NRF-1, and TFAM
(Kozhukhar and Alexeyev, 2022), were analyzed to evaluate
the influence of T deficiency upon mitochondrial biogenesis in
hippocampus of male APP/PS1 mice. CS activity and mtDNA
copy number were significantly reduced in the hippocampus of
APP/PS1-GDX mice relative to APP/PS1-Sham mice, as well as
WT mice (Figures 5A, B). Decreased CS and mtDNA copy
number were also present in APP/PS1-Sham mice compared with
WT Mice. Testosterone supplementation to APP/PS1-GDX mice
showed amelioration to relevant parameters observed above in
hippocampus. In addition, the expression levels of PGC-1a, NRF-
1, and TFAM were significantly decreased in APP/PS1-Sham mice
relative to WT mice and gonadectomy to male APP/PS1 mice
induced further reduction of them (except PGC-1a protein level),
which was reversed by T supplementation to APP/PS1-Sham level
(Figures 5C-E). These findings suggested T deficiency further
attenuates mitochondrial biogenesis in the hippocampus of male
APP/PS1 mice.
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Testosterone deficiency aggravates the
imbalanced mitochondrial dynamics in
the hippocampus of male APP/PS1 mice

Mitochondrial dynamics are also one of the approaches
maintaining normal mitochondrial content. Mitochondria, as
dynamic cell organelles, switch morphology between fragmented
and tubular shapes via mitochondrial fission and fusion depending
on different situations (Piquereau et al., 2013). Mitochondrial
dynamics are regulated by the fission proteins Drpl and
Fisl, as well as the fusion proteins Mfnl, Mfn2, and OPAl
(Piquereau et al, 2013). Abnormal mitochondrial dynamics are
involved in age-related neurodegenerative conditions. Therefore,
the effects of T deficiency on the mitochondrial dynamics
in the hippocampus of APP/PS1 mice were analyzed by
detecting the altered expression levels of Drpl, Mfnl, and
OPA1, which are involved in regulating mitochondrial dynamics.
Relative to WT mice, Drpl expression levels of male APP/PS1-
Sham mice were significantly increased in the hippocampus
(Figures 6A-C). Orchiectomy to APP/PS1 mice resulted in the
further increased Drpl expression levels in the hippocampus
and TP supplementation restored Drpl expression levels of
APP/PS1-GDX mice to Sham mice level. In contrast, Mfnl
and OPA1 expression levels were significantly decreased in the
hippocampus of APP/PS1-Sham mice compared with WT mice
(Figures 6A-C). Castration to male APP/PSI mice further reduced
the Mfnl and OPAl expression levels in the hippocampus.
In addition, mitochondrial ultrastructure displayed striking
differences among the experimental groups (Figures 6D, E).
Compared with mitochondria from the hippocampus of WT
mice, which presented a normal mitochondrial structure with
clear cristae, some mitochondria from the APP/PSI-Sham mice

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1390915
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Zhang et al. 10.3389/fnagi.2024.1390915

A - B wx . ”
& = = % 0000 | e [ [ e
hi i ©
= —+ 8 .
S 4 . s SWT
<5 —+ z - APP/PS1-Sham
5 g K3 = b o104 L A - APP/PS1-GDX
=3 RS 5 i i * APP/PS1-GDX-TP
£ 8
= A < 0.05-]
Z
0 T T T T 0.00 "
WT Sham GDX  GDX-TP CA1 CA3 DG

APP/PS1

WT Sham GDX GDX-TP

APP/PS1
D E
4 o 00— o
0’1 5 2" + 7
S -
195} N £8 70 T
8, [+ gam T
O 2 . s . 0o o —T_
P 3= . 3 £ 60 L T
] 4 =2 -+ =) . .
7] 1
0 T T T T 40 T T T T
WT  Sham  GDX GDX-TP WT  Sham _ GDX _ GDX-TP
APP/PS1 APP/PS1
F
© i con e —
< aCHn W — — —
Z 15+ a ?.-5-
['4 ] le) o
£ EEN— @ =
. P - 2 " =
(e} . = N
@ 104 =i 5 104 ==
N - z .
o o @
s : &y s 1
% 0.5 - E 054 _,L
° 2 ‘ s
> ] |—‘.‘_L':—| EE
© °
© 00 T T T T @ 0.0 T T T T
o WT  Sham _ GDX _ GDX-TP WT  Sham _ GDX _ GDX-TP
APPIPS1 APP/PS1

FIGURE 3

Effects of testosterone deficiency on oxidative stress in the hippocampus of male APP/PS1 mice. (A) MDA levels were analyzed by
spectrophotometry. (B,C) 3-NT, a biomarker of protein nitration and oxidative stress, was detected by immunohistochemistry. Spectrophotometry
was also utilized to measure (D) the ratio of GSH/GSSG and (E) Mn-SOD activity. (F) gPCR was used to assess the relative mRNA levels of Mn-SOD.
(G) Western blot was performed to evaluate the relative protein levels of Mn-SOD, and representative blots for Mn-SOD was shown. The complete
representative Western blots for each sample are provided in Supplementary Data. AOD, average optical density. Data are expressed as the

mean + SD (n = 6 for spectrophotometry and gPCR, n = 6 for immunohistochemistry, n = 5 for Western blot). *P < 0.05 and **P < 0.01.
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Effects of testosterone deficiency on mitochondrial dysfunction in the hippocampus of male APP/PS1 mice. (A,B) Mitochondrial membrane potential
was detected by flow cytometry. (C) ATP levels and (D) mitochondrial complex activities were assessed by spectrophotometry. Data are expressed

as the mean + SD (n = 6). *P < 0.05 and **P < 0.01.

showed slightly disorganized cristae. Orchiectomy aggravated
disorganized cristae of mitochondria from hippocampus of
APP/PS1 mice and increased abnormal mitochondrial number.
Testosterone supplementation to APP/PS1-GDX mice improved
the ultrastructural alterations of mitochondrial cristae. The data
above demonstrated that testosterone deficiency aggravates the
imbalance of mitochondrial dynamics of male APP/PS1 mice,
escalating mitochondrial fission in the hippocampus.

Flutamide reduces the protective effects

of testosterone on SH-SY5Y cells against

H,O,-induced oxidative damage and cell
death

To study how T exerted its effects on neural cells, the alteration
of oxidative stress was first investigated in human neuroblastoma
SH-SY5Y cells due to critical involvement of oxidative stress in
AD process. SH-SY5Y cells were exposed to 0-300 uM H, O, for
24 h following 24 h pretreatment of 0-100 nM T. Appropriate
concentration of T and H,O, was chosen based on cell viability.
Cell viability was significantly higher in 10 nM T + 200 pM H,0,
group than in 200 wM H,O; group as well as 100 nM T + 200 uM
H,0, group (Figure 7A). Thus, 10 nM T and 200 pM H,0O, were
used for later experiment. In addition to decreased cell viability,
200 WM H;, 0, reduced GSH/GSSG ratio and increased 3-NT levels
of SH-SY5Y cells. To validate whether the protective effects of T
were mediated through androgen pathway, a specific AR antagonist
flutamide was utilized. Administration of 10 pM AR antagonist
flutamide for 1 h before T pretreatment inhibited the beneficial
effects of 10 nM T on SH-SY5Y in cell viability, GSH/GSSG ratio
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and 3-NT levels following 200 uM H, O, exposure (Figures 7B-D).
Testosterone ameliorates HO;-induced oxidative damage via
androgen receptor.

Flutamide attenuates the ameliorative
effects of testosterone on H>O,-induced
mitochondrial dysfunction of SH-SY5Y
cells

The mitochondrion is the main source of ROS and its
dysfunction leads to oxidative stress. Thus, the following study
was focused on mitochondrial function. Mitochondrial membrane
potential and ATP levels in H,O, group were significantly
lower than that in control group and decreased mitochondrial
membrane potential and ATP levels in H,O, group were
prevented via T pretreatment. Administration of flutamide before
T pretreatment inhibited the above effects of T pretreatment
on mitochondrial membrane potential and ATP levels of SH-
SY5Y cells following H;O, exposure (Figures 8A-C). By
measuring the OCR (Figure 8D), it was discovered that the
basal respiratory function, ATP production, maximal respiration
and spare respiration capacity were decreased in H,O, group
relative to control group. T + H,O, group showed higher basal
respiratory function, ATP production, maximal respiration and
spare respiration capacity than H,O; group (Figures 8E-H). There
is no significant difference between F + T + H,O; group and
H,0, group in the basal respiratory function, ATP production,
maximal respiration, and spare respiration capacity. Testosterone
pretreatment alleviates H,O;-induced mitochondrial dysfunction
of SH-SY5Y cells via androgen receptor.
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spectrophotometry; n = 5-6 for qPCR, n = 5 for Western blot). *P < 0.05 and **P < 0.01.
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experiments). *P < 0.05 and **P < 0.01.

Flutamide decreases the efficacy of
testosterone in protecting the
mitochondrial biogenesis of SH-SY5Y
cells from H,O,-damage

Some important parameters related to mitochondrial
biogenesis were analyzed to evaluate the effects of T pretreatment
on mitochondrial biogenesis under the condition of oxidative
stress. It is found that decreased the mitochondrial copy number,
as well as PGC-1a, NRF-1, and TFAM at mRNA and protein
level was present in SH-SY5Y cells of H,O, group compared
with control group, while increased the mitochondrial copy
number, as well as PGC-1a, NRF-1, and TFAM in SH-SY5Y
cells was shown in T + H,O; group relative to H,O, group. No
obvious difference in the mitochondrial copy number, as well as
the expression of PGC-1a, NRF-1, and TFAM was detected in
SH-SY5Y cells between F + T + H,0O, group and H,O, group

(Figures 9A-H). Moreover, mitochondrial mass (a parameter
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reflecting mitochondrial biogenesis to some extent) was analyzed
via quantifying fluorescence intensity of MitoTracker Red by
laser confocal microscopy. The mean fluorescence intensity in
H, O, group was significantly weaker than that in control group.
T + H,O, group presented strong mean fluorescence intensity
relative to H,O, group. There was no significant difference in
mean fluorescence intensity between F + T + H,0O, group and
H,0, group (Figures 91, J). Testosterone reduces H, O,-damage to
mitochondrial biogenesis of SH-SY5Y cells via androgen receptor.

Testosterone pretreatment alleviates
H>O,-induced mitochondrial
fragmentation of SH-SY5Y cells.

To determine the effects of T pretreatment on the balance of
mitochondrial dynamics under the condition of oxidative stress,
the altered mRNA levels of Drpl, Mfnl, and OPAI regulating
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FIGURE 9

Effects of testosterone pretreatment on H,O,-damaged mitochondrial biogenesis in SH-SY5Y cells via androgen receptor. (A) mtDNA copy number,
as well as (B) PGC-1a, (C) NRF-1, and (D) TFAM relative mRNA levels were detected by qPCR. (E) Representative blots of PGC-1a, NRF-1, and TFAM;
relative protein levels of (F) PGC-1a, (G) NRF-1, and (H) TFAM were analyzed by Western blot. The complete Western blots for each sample are

provided in

. (I) SH-SY5Y cells labeled with MitoTracker and Hoechst 33258 were examined by laser confocal microscopy.

(J) Mitochondrial mass was expressed by the mean fluorescence intensity of mitochondria stained with MitoTracker. T, testosterone; F, flutamide.

Data are expressed as the mean + SD (n = 3 independent experiments). *P

mitochondrial dynamics were detected and the mitochondrial
fragmentation extent was analyzed by MitoTracker Red CMXRos
staining. Relative to control group, the significantly increased

0.05 and **P < 0.01

Drpl, as well as decreased Mfnl and OPAI was found in SH-
SY5Y cells of HyO, group ( ). On the contrary,
compared with SH-SY5Y cells of H,O, group, SH-SY5Y cells
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of T + H,O, group showed the decreased Drpl, as well as the
increased Mfnl and OPAI. For Drpl, SH-SY5Y cells demonstrated
higher mRNA levels in F + T + HyO; group than T + H,0,
group and lower mRNA levels in F + T + H,O, group than
H,0, group. There is no significant difference of mRNA levels
between F + T + H,O, group and T + H,0O, group for Mful,
as well as between F + T + H,O; group and H,O, group for
OPA1. Furthermore, H,O, group showed more SH-SY5Y cells
with short punctiform mitochondria labeled by MitoTracker Red
CMXRos dye than control group (Figures 10D, E). SH-SY5Y
cells of T + H,O; group had less short punctiform mitochondria
and more long tubular mitochondria than SH-SY5Y cells of
H,0; group. No significant difference was found in the numbers
of SH-SY5Y cells with short punctiform mitochondria between
F + T + H;0; group and H,O;, group, though the reduced
trend in the numbers of SH-SY5Y cells with short punctiform
mitochondria was detected in F + T + H,O; group relative to H,O,
group. It was demonstrated that testosterone pretreatment reduces
H,0;-induced mitochondrial fission, alleviating mitochondrial
fragmentation of SH-SY5Y cells.

Discussion

This study demonstrated that T deficiency exacerbates the
mitochondrial dysfunction in the hippocampus of male APP/PS1
mice, a common animal model for AD. In addition to reducing
mitochondrial content, T deficiency leads to the further level
reduction in mitochondrial biogenesis related proteins, and the
aggravation of dysregulated expression in mitochondrial dynamics
proteins in the hippocampus of APP/PS1 mice. In vitro studies
using SH-SY5Y cells validate T’s protective effects on the H,O,-
induced mitochondrial dysfunction and expression alteration of
the proteins related to mitochondrial biogenesis and mitochondrial
dynamics. Thus, appropriate T levels might be beneficial for
preventing/treating AD.

Testosterone, the gonadal hormone, has been reported for
its neuroprotective effects on the many brain regions (Snyder
et al, 2018), including the hippocampus. The previous studies
showed beneficial effects of T on cognition in healthy aging men,
in AD patients and in animals (Muller et al., 2008; Benice and
Raber, 2009; Tan et al,, 2019). Age-related T decline is associated
with cognitive impairment of AD in older men (Muller et al,
2008). Elevated levels of Af were observed in AD men with
low levels of T, indicating that T levels are inversely correlated
to AP levels (Vegeto et al, 2020). Triple transgenic AD model
mice with orchiectomy exhibit impaired cognitive performances
and elevated levels of AP in the hippocampus compared to sham
operated AD model mice (Rosario et al., 2006). Treatment with T
or its metabolite dihydrotestosterone significantly attenuates AD
pathological changes (Rosario et al., 2006, 2012; Vegeto et al., 2020).
Similarly, the present study revealed that 4-month-old APP/PS1
mice behave spatial memory deficits, and that orchiectomy to
them induces more severe cognitive deficits and synaptic protein
diminution, as well as AR accumulation. Thus, T deficiency has an
aggravating impact on the cognitive deficits of male APP/PS1 mice,
as well as the AD pathological changes in the hippocampus of them.

Previous studies revealed the close relationship between
T levels and antioxidative capability (Meydan et al, 2010;
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Cunningham et al, 2014; Torrens-Mas et al., 2020). T levels
show positive relationship with the levels of the antioxidant
glutathione S-transferase in men over 60 years old (Cunningham
et al., 2014) and castration to adult male rats increases MDA
levels and decreases SOD activity in the hippocampus (Meydan
et al, 2010). In the present study, we also found orchiectomy
further impairs hippocampal antioxidative system, reflected by
increased levels of MDA and 3-NT, decreased ratio of GSH/GSSG,
as well as attenuated activity of Mn-SOD and CuZn-SOD, in the
hippocampus of the male APP/PS1 mice relative to APP/PS1-
Sham group. The present finding suggested that T deficiency
worsens the oxidative damage to the hippocampus of male
APP/PS1 mice. The previous experimental data indicated a strong
association between abnormal mitochondria and AD as well
as AD animal model (Kandimalla et al., 2018; Manczak et al,
2018; Liu, 2022; Venkataraman et al., 2022). Twelfth-month-
old APP transgenic mice, in addition to AP accumulation, show
abnormal mitochondrial structure and function (Manczak et al.,
2018), and even in the early-stage of AD, the patients already
have mitochondrial dysfunction revealed by positron emission
tomography (Venkataraman et al, 2022). In the present study,
similar mitochondrial changes were observed in 4-month-old
APP/PS1 mice, even in the absence of detectable AB accumulation.
In vitro studies revealed that T improves mitochondrial function by
increasing mitochondrial membrane potential (Grimm et al., 2014)
and exerting protective effects against Ap-induced mitochondrial
deficits (Fisher et al., 2018). However, T deficiency by gonadectomy
to 3-month-old male APP/PS1 mice induces further significant
decrease in mitochondrial membrane potential and ATP levels,
as well as complex IV activity relative to APP/PS1-Sham mice,
indicating that T deficiency exacerbates mitochondrial dysfunction
in male APP/PS1 mice.

Mitochondrial dysfunction precedes the AD pathology,
and is critically involved in the pathogenesis of AD (Ashleigh
al., 2023). Normally, cells maintain healthy mitochondria
through some processes such as mitochondrial biogenesis and
mitochondrial dynamics for normal mitochondrial function.

et

Mitochondrial biogenesis and mitochondrial dynamics act as
important approaches to maintain mitochondrial homeostasis.
However, under the pathological condition, mitochondrial
biogenesis and mitochondrial dynamics are impaired, such as
in AD patients and animal model (Kandimalla et al, 2018;
Manczak et al.,, 2018; Li et al., 2022). APP transgenic mice show
the decreased mitochondrial biogenesis related protein levels
(Manczak et al., 2018), increased mitochondrial fission protein
levels and reduced mitochondrial fusion protein levels in the
hippocampus (Wang et al., 2008, 2009; Reddy et al, 2011).
Similarly, the present study detected the diminished mitochondrial
biogenesis related protein levels (PGC-1a, NRF-1, and TFAM),
the reduced mitochondrial content (CS activity and mtDNA copy
number), as well as increased mitochondrial fission protein levels
(Drpl) and reduced mitochondrial fusion protein levels (Mfn1 and
OPAL1) in the hippocampus of APP/PS1 mice, showing attenuated
mitochondrial biogenesis and imbalanced mitochondrial dynamics
(increased mitochondrial fission over mitochondrial fusion) in
this kind of AD animal model. The previous studies showed
that gonadectomy triggers the decreased expression of mtDNA
gene in hippocampus of adult male mice, which might be due to
the downregulation of mitochondrial biogenesis related proteins
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FIGURE 10

Effects of testosterone pretreatment on H,O,-damaged mitochondrial fragmentation in SH-SY5Y cells via androgen receptor. (A) Drp1, (B) Mfn1,
and (C) OPAI1 relative mRNA levels were detected by gPCR. Mitochondria in the SH-SY5Y cells was labeled by MitoTracker and examined by laser
confocal microscopy. Punctiform mitochondria were considered fragmented mitochondria, mitochondria with clear networks were considered
tubular mitochondria. (D) Representative images of mitochondrial morphology stained by MitoTracker. (E) The number of cells was counted when
80% of mitochondria in the cell are under mitochondrial fragmentation. T, testosterone; F, flutamide. Data are expressed as the mean & SD (n = 3

independent experiments). *P < 0.05 and **P < 0.01

( ;
orchiectomy-APP/PS1 mice exhibits further reduction in the

). In the present study,

levels of mitochondrial biogenesis related proteins, mitochondrial
content, and mitochondrial fusion proteins, as well as increment
in the levels of mitochondrial fission protein, compared to
APP/PS1-Sham mice. The previous study showed that excessive
mitochondrial fission leads to mitochondrial fragmentation, a
prototypical feature of neurodegeneration ( ;
). Ultrastructurally, orchidectomy-APP/PS1
mice show the increased number of abnormal mitochondria with
disorganized cristae in the hippocampus compared with APP/PS1-
Sham mice. It was demonstrated that T deficiency of male
APP/PS1 mice aggravates hippocampal mitochondrial biogenesis
impairment and promotes mitochondrial fragmentation.

The findings above suggested that T deficiency exert
important effects on compromised mitochondrial function of
male APP/PS1 mice. In the experiments using SH-SY5Y cells,
we found the protective effects of T on the H,O;-induced
mitochondrial dysfunction and expression alteration of the
proteins involved in mitochondrial biogenesis/mitochondrial
dynamics. Administration of AR antagonist flutamide significantly
weakens the beneficial effects of T pretreatment on the
relative parameters analyzed in H,O,-treated SH-SY5Y cells,
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demonstrating a critical role of classical AR pathway in maintaining
mitochondrial function. Previous studies showed the presence
of potential AR binding sites in the TFAM promoter (

), and Drpl promoter ( ) in none-
neural cells, indicating that androgen is directly involved in
regulating mitochondrial biogenesis and mitochondrial dynamics.
It was presumed that cytoplasmic androgen-AR complex enters
nucleus and binds directly to AR-binding site in the promoter
region of TFAM/Drpl gene to regulate the expression levels
of them, and further influencing the mitochondrial function
through mitochondrial biogenesis and mitochondrial dynamics.
In AD with low T level or T deficiency, decreased signals might
occur to AR binding site of gene promoter region regulating
mitochondrial function. Thus, the altered expression of TFAM
and Drpl in T-deficiency male APP/PSI mice demonstrates the
impaired mitochondrial biogenesis aggravation and escalated
mitochondrial fission relative to APP/PS1-Sham mice, leading to
an overall reduction of new mitochondria, an increased number
of fragmented mitochondria, and an accumulation of defective
mitochondria in the hippocampus. These alterations contribute to
increment of ROS production and promotion of the hippocampal
pathological alteration in T-deficiency male APP/PS1 mice, such as
deposition of AP.
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However, it is worth noting that there are some problems
unresolved in the present study. Our analysis about the influence of
androgen upon mitochondrial biogenesis/mitochondrial dynamics
was based on the presence of potential AR binding sites in
TFAM/Drpl gene promoter region of non-neural cells, instead of
neurons (Choudhary et al., 2011; Liu et al., 2019). Whether direct
regulation of androgen to mitochondrial biogenesis/mitochondrial
dynamics is also present in neural cells was not verified yet
in the present studies. Moreover, considering that T deficiency
also induces the altered levels of PGC-la, NRF-1, Mfnl, and
OPAL in the hippocampus of male APP/PS1 mice, it is unknown
whether their altered expression levels are directly affected by
androgen as TFAM/Drpl is or just the consequence of altered
TFAM/Drpl expression induced by T deficiency. It is necessary
in the nervous tissue to explore whether AR binding sites
are present in the promoter region of these genes regulating
mitochondrial biogenesis/mitochondrial dynamics in the future
studies. In addition, only the hippocampus of APP/PS1 mice at
4 months old was chosen for observation in the present study.
It is also highly valuable to search for similar phenotypes in
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other brain regions beyond the hippocampus, across diverse sex-
specific models of AD and in individuals with different T levels
due to varying ages. This extensive exploration and comparison
will provide a more comprehensive understanding of AD and its

progression.
Conclusion
Altogether, T  deficiency exacerbates  mitochondrial

dysfunction, intensifying oxidative damage and AD pathological
alteration in male APP/PS1 mice. T-deficiency-induced
aggravation in the impaired mitochondrial biogenesis and
imbalanced mitochondrial dynamics might underlie mitochondrial
dysfunction in the hippocampus of gonadectomized male APP/PS1
mice to a certain extent. The aggravation of impaired mitochondrial
biogenesis and escalated mitochondrial fission lead to the reduced
mitochondrial renewal, increased fragmented mitochondria
and subsequent accumulated defective mitochondria in the

hippocampus, thus, promoting disease progression of AD.
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Appropriate T levels in the early stage of AD might be beneficial in
delaying AD pathology by improving mitochondrial biogenesis and
mitochondrial dynamics (Figure 11).

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by the Laboratory Animal
Ethical and Welfare Committee of Hebei Medical University. The
study was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

TZ: Formal analysis, Funding acquisition, Investigation,
Resources, Validation, Visualization, Writing — original draft. YC:
Investigation, Writing — review & editing. YueW: Investigation,
Writing - review & editing. YuW: Investigation, Writing - review
& editing. JW: Investigation, Writing - review & editing. XJ:
Investigation, Resources, Writing — review & editing. GZ: Data
curation, Formal analysis, Funding acquisition, Writing - review &
editing. GS: Conceptualization, Funding acquisition, Supervision,
Visualization, Writing - review & editing. RC: Data curation,
Formal analysis, Funding acquisition, Writing - review & editing.
YK: Conceptualization, Data curation, Project administration,
Supervision, Visualization, Writing - review & editing.

References

Ashleigh, T., Swerdlow, R. H., and Beal, M. F. (2023). The role of mitochondrial
dysfunction in Alzheimer’s disease pathogenesis. Alzheimers Dement. 19, 333-342.
doi: 10.1002/alz.12683

Beal, M. F. (2002). Oxidatively modified proteins in aging and disease. Free Radic.
Biol. Med. 32,797-803. doi: 10.1016/s0891-5849(02)00780-3

Benice, T. S., and Raber, J. (2009). Dihydrotestosterone modulates spatial working-
memory performance in male mice. J. Neurochem. 110, 902-911. doi: 10.1111/j.1471-
4159.2009.06183.x

Butterfield, D. A., and Halliwell, B. (2019). Oxidative stress, dysfunctional glucose
metabolism and Alzheimer disease. Nat. Rev. Neurosci. 20, 148-160. doi: 10.1038/
s41583-019-0132-6

Cacciatore, I., Baldassarre, L., Fornasari, E., Mollica, A., and Pinnen, F. (2012).
Recent advances in the treatment of neurodegenerative diseases based on GSH delivery
systems. Oxid. Med. Cell. Longev. 2012:240146. doi: 10.1155/2012/240146

Choudhary, V., Kaddour-Djebbar, I., Lakshmikanthan, V., Ghazaly, T., Thangjam,
G. S., Sreekumar, A, et al. (2011). Novel role of androgens in mitochondrial fission
and apoptosis. Mol. Cancer Res. 9, 1067-1077. doi: 10.1158/1541-7786

Cossarizza, A., Chang, H. D., Radbruch, A, Acs, A., Adam, D., Adam-Klages, S.,
etal. (2019). Guidelines for the use of flow cytometry and cell sorting in immunological
studies (second edition). Eur. J. Immunol. 49, 1457-1973. doi: 10.1002/¢ji.201970107

Cunningham, R. L., Singh, M., O’Bryant, S. E.,, Hall, J. R., and Barber, R. C.
(2014). Oxidative stress, testosterone, and cognition among Caucasian and Mexican-

American men with and without Alzheimer’s disease. J. Alzheimers Dis. 40, 563-573.
doi: 10.3233/JAD-131994

Frontiers in Aging Neuroscience

18

10.3389/fnagi.2024.1390915

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This project
was financially supported by Postdoctoral Science Foundation of
Hebei Medical University, National Natural Science Foundation of
China (No. 81871119), and Natural Science Foundation of Hebei
Province of China (Nos. H2021206023 and H2021206269).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.2024.
1390915/full#supplementary-material

Dong, X., Jiang, H., Li, S, and Zhang, D. (2021). Low serum testosterone
concentrations are associated with poor cognitive performance in older men but not
women. Front. Aging Neurosci. 13:712237. doi: 10.3389/fnagi.2021.712237

Fisher, D. W., Bennett, D. A., and Dong, H. (2018). Sexual dimorphism in
predisposition to Alzheimer’s disease. Neurobiol. Aging 70, 308-324. doi: 10.1016/j.
neurobiolaging.2018.04.004

Grimm, A., Schmitt, K., Lang, U. E., Mensah-Nyagan, A. G., and Eckert, A. (2014).
Improvement of neuronal bioenergetics by neurosteroids: Implications for age-related
neurodegenerative disorders. Biochim. Biophys. Acta 1842, 2427-2438. doi: 10.1016/j.
bbadis.2014.09.013

Guo, C,, Sun, L., Chen, X, and Zhang, D. (2013). Oxidative stress, mitochondrial
damage and neurodegenerative diseases. Neural Regen. Res. 8, 2003-2014. doi: 10.
3969/j.issn.1673-5374.2013.21.009

Guo, J., Huang, X,, Dou, L., Yan, M., Shen, T., Tang, W, et al. (2022). Aging and
aging-related diseases: From molecular mechanisms to interventions and treatments.
Signal. Transduct. Target Ther. 7:391. doi: 10.1038/s41392-022-01251-0

Hioki, T., Suzuki, S., Morimoto, M., Masaki, T., Tozawa, R., Morita, S., et al.
(2014). Brain testosterone deficiency leads to down-regulation of mitochondrial gene
expression in rat hippocampus accompanied by a decline in peroxisome proliferator-
activated receptor y coactivator la expression. J. Mol. Neurosci. 52, 531-537. doi:
10.1007/s12031-013-0108-3

Jack, C. R. Jr., Bennett, D. A., Blennow, K., Carrillo, M. C., Dunn, B., Haeberlein,
S. B, et al. (2018). NIA-AA research framework: Toward a biological definition of
Alzheimer’s disease. Alzheimers Dement. 14, 535-562. doi: 10.1016/j.jalz.2018.02.018

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1390915
https://www.frontiersin.org/articles/10.3389/fnagi.2024.1390915/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2024.1390915/full#supplementary-material
https://doi.org/10.1002/alz.12683
https://doi.org/10.1016/s0891-5849(02)00780-3
https://doi.org/10.1111/j.1471-4159.2009.06183.x
https://doi.org/10.1111/j.1471-4159.2009.06183.x
https://doi.org/10.1038/s41583-019-0132-6
https://doi.org/10.1038/s41583-019-0132-6
https://doi.org/10.1155/2012/240146
https://doi.org/10.1158/1541-7786
https://doi.org/10.1002/eji.201970107
https://doi.org/10.3233/JAD-131994
https://doi.org/10.3389/fnagi.2021.712237
https://doi.org/10.1016/j.neurobiolaging.2018.04.004
https://doi.org/10.1016/j.neurobiolaging.2018.04.004
https://doi.org/10.1016/j.bbadis.2014.09.013
https://doi.org/10.1016/j.bbadis.2014.09.013
https://doi.org/10.3969/j.issn.1673-5374.2013.21.009
https://doi.org/10.3969/j.issn.1673-5374.2013.21.009
https://doi.org/10.1038/s41392-022-01251-0
https://doi.org/10.1007/s12031-013-0108-3
https://doi.org/10.1007/s12031-013-0108-3
https://doi.org/10.1016/j.jalz.2018.02.018
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Zhang et al.

Jacobs, R. A., Aboouf, M. A., Koester-Hegmann, C., Muttathukunnel, P., Laouafa,
S., Arias-Reyes, C., et al. (2021). Erythropoietin promotes hippocampal mitochondrial
function and enhances cognition in mice. Commun. Biol. 4:938. doi: 10.1038/s42003-
021-02465-8

Kandimalla, R., Manczak, M., Yin, X.,, Wang, R, and Reddy, P. H. (2018).
Hippocampal phosphorylated tau induced cognitive decline, dendritic spine loss and
mitochondrial abnormalities in a mouse model of Alzheimer’s disease. Hum. Mol.
Genet. 27, 30-40. doi: 10.1093/hmg/ddx381

Knott, A. B., Perkins, G., Schwarzenbacher, R., and Bossy-Wetzel, E. (2008).
Mitochondrial fragmentation in neurodegeneration. Nat. Rev. Neurosci. 9, 505-518.
doi: 10.1038/nrn2417

Kozhukhar, N., and Alexeyev, M. F. (2022). TFAM’s contributions to mtDNA
replication and OXPHOS biogenesis are genetically separable. Cells 11:3754. doi: 10.
3390/cells11233754

Leger, M., Quiedeville, A., Bouet, V., Haelewyn, B., Boulouard, M., Schumann-
Bard, P., et al. (2013). Object recognition test in mice. Nat. Protoc. 8, 2531-2537.
doi: 10.1038/nprot.2013.155

Li, Y., Xia, X,, Wang, Y., and Zheng, J. C. (2022). Mitochondrial dysfunction
in microglia: A novel perspective for pathogenesis of Alzheimer’s disease.
J. Neuroinflamm. 19:248. doi: 10.1186/s12974-022-02613-9

Liu, C,, Ma, J., Zhang, J., Zhao, H., Zhu, Y., Qi, J., et al. (2019). Testosterone
deficiency caused by castration modulates mitochondrial biogenesis through the
AR/PGClo/TFAM pathway. Front. Genet. 10:505. doi: 10.3389/fgene.2019.00505

Liu, Q. Sun, Y. M., Huang, H., Chen, C., Wan, J., Ma, L. H,, et al. (2021).
Sirtuin 3 protects against anesthesia/surgery-induced cognitive decline in aged mice by
suppressing hippocampal neuroinflammation. J. Neuroinflamm. 18:41. doi: 10.1186/
$12974-021-02089-z

Liu, R. M. (2022). Aging, cellular senescence, and Alzheimer’s Disease. Int. J. Mol.
Sci. 23:1989. doi: 10.3390/ijms23041989

Macdonald, R., Barnes, K., Hastings, C., and Mortiboys, H. (2018). Mitochondrial
abnormalities in Parkinson’s disease and Alzheimer’s disease: Can mitochondria be
targeted therapeutically? Biochem. Soc. Trans. 46, 891-909. doi: 10.1042/BST20170501

Manczak, M., Kandimalla, R., Yin, X, and Reddy, P. H. (2018). Hippocampal
mutant APP and amyloid beta-induced cognitive decline, dendritic spine loss,
defective autophagy, mitophagy and mitochondrial abnormalities in a mouse model
of Alzheimer’s disease. Hum. Mol. Genet. 27, 1332-1342. doi: 10.1093/hmg/ddy042

Mansueto, G., Armani, A., Viscomi, C., D’Orsi, L., De Cegli, R., Polishchuk, E. V.,
etal. (2017). Transcription factor EB controls metabolic flexibility during exercise. Cell
Metab. 25, 182-196. doi: 10.1016/j.cmet.2016.11.003

Martins, R. N., Villemagne, V., Sohrabi, H. R., Chatterjee, P., Shah, T. M., Verdile,
G., et al. (2018). Alzheimer’s Disease: A journey from amyloid peptides and oxidative
stress, to biomarker technologies and disease prevention strategies-gains from AIBL
and DIAN cohort studies. J. Alzheimers Dis. 62, 965-992. doi: 10.3233/JAD-171145

Meydan, S., Kus, L, Tas, U., Ogeturk, M., Sancakdar, E., Dabak, D. O., et al.
(2010). Effects of testosterone on orchiectomy-induced oxidative damage in the rat
hippocampus. J. Chem. Neuroanat. 40, 281-285. doi: 10.1016/j.jchemneu.2010.07.006

Muller, M., van den Beld, A. W., Grobbee, D. E., de Jong, F. H., and Lamberts, S. W.
(2008). Sex hormones and cognitive decline in elderly men. Psychoneuroendocrinology
34, 27-31. doi: 10.1016/j.psyneuen.2008.08.008

Padurariu, M., Ciobica, A., Hritcu, L., Stoica, B., Bild, W., and Stefanescu, C. (2010).
Changes of some oxidative stress markers in the serum of patients with mild cognitive
impairment and Alzheimer’s disease. Neurosci. Lett. 469, 6-10. doi: 10.1016/j.neulet.
2009.11.033

Pediconi, N., Gigante, Y., Cama, S., Pitea, M., Mautone, L., Ruocco, G., et al. (2023).
Retinal fingerprints of ALS in patients: Ganglion cell apoptosis and TDP-43/p62
misplacement. Front. Aging Neurosci. 15:1110520. doi: 10.3389/fnagi.2023.1110520

Piquereau, J., Caffin, F., Novotova, M., Lemaire, C., Veksler, V., Garnier, A., et al.
(2013). Mitochondrial dynamics in the adult cardiomyocytes: Which roles for a highly
specialized cell? Front. Physiol. 4:102. doi: 10.3389/fphys.2013.00102

Pronsato, L., Milanesi, L., and Vasconsuelo, A. (2020). Testosterone induces up-
regulation of mitochondrial gene expression in murine C2C12 skeletal muscle cells
accompanied by an increase of nuclear respiratory factor-1 and its downstream
effectors. Mol. Cell. Endocrinol. 500:110631. doi: 10.1016/j.mce.2019.110631

Qiu, L., Zhao, Y., Guo, Q., Zhang, Y., He, L., Li, W, et al. (2016). Dose-dependent
regulation of steroid receptor coactivator-1 and steroid receptors by testosterone
propionate in the hippocampus of adult male mice. J. Steroid Biochem. Mol. Biol. 156,
23-31. doi: 10.1016/j.jsbmb.2015.11.012

Reddy, P. H., Reddy, T. P., Manczak, M., Calkins, M. J., Shirendeb, U., and
Mao, P. (2011). Dynamin-related protein 1 and mitochondrial fragmentation in
neurodegenerative diseases. Brain Res. Rev. 67, 103-118. doi: 10.1016/j.brainresrev.
2010.11.004

Frontiers in Aging Neuroscience

19

10.3389/fnagi.2024.1390915

Ren, B., Zhang, T., Guo, Q., Che, J., Kang, Y., Cui, R, et al. (2022). Nrf2
deficiency attenuates testosterone efficiency in ameliorating mitochondrial function
of the substantia Nigra in aged male mice. Oxid. Med. Cell. Longev. 2022:3644318.
doi: 10.1155/2022/3644318

Rosario, E. R, Carroll, J. C., Oddo, S., LaFerla, F. M., and Pike, C. J. (2006).
Androgens regulate the development of neuropathology in a triple transgenic mouse
model of Alzheimer’s disease. J. Neurosci. 26, 13384-13389. doi: 10.1523/I]NEUROSCI.
2514-06.2006

Rosario, E. R., Carroll, J. C., and Pike, C. J. (2012). Evaluation of the effects of
testosterone and luteinizing hormone on regulation of B-amyloid in male 3xTg-AD
mice. Brain Res. 1466, 137-145. doi: 10.1016/j.brainres.2012.05.011

Sghaier, R., Nury, T., Leoni, V., Caccia, C., Pais De Barros, J. P., Cherif, A,
et al. (2019). Dimethyl fumarate and monomethyl fumarate attenuate oxidative
stress and mitochondrial alterations leading to oxiapoptophagy in 158N murine
oligodendrocytes treated with 7B-hydroxycholesterol. J. Steroid Biochem. Mol. Biol.
194:105432. doi: 10.1016/j.jsbmb.2019.105432

Singh, A., Kukreti, R., Saso, L., and Kukreti, S. (2019). Oxidative stress: A
key modulator in neurodegenerative diseases. Molecules 24:1583. doi: 10.3390/
molecules24081583

Snyder, B., Duong, P., Trieu, J., and Cunningham, R. L. (2018). Androgens modulate
chronic intermittent hypoxia effects on brain and behavior. Horm. Behav. 106, 62-73.
doi: 10.1016/j.yhbeh.2018.09.005

Swerdlow, R. H. (2018). Mitochondria and mitochondrial cascades in Alzheimer’s
Disease. J. Alzheimers Dis. 62, 1403-1416. doi: 10.3233/JAD-170585

Tan, S., Sohrabi, H. R,, Weinborn, M., Tegg, M., Bucks, R. S., Taddei, K., et al.
(2019). Effects of testosterone supplementation on separate cognitive domains in
cognitively healthy older men: A meta-analysis of current randomized clinical trials.
Am. J. Geriatr. Psychiatry 27, 1232-1246. doi: 10.1016/j.jagp.2019.05.008

Tobore, T. O. (2019). On the central role of mitochondria dysfunction and oxidative
stress in Alzheimer’s disease. Neurol. Sci. 40, 1527-1540. doi: 10.1007/s10072-019-
03863-x

Torrens-Mas, M., Pons, D. G., Sastre-Serra, J., Oliver, J., and Roca, P. (2020).
Sexual hormones regulate the redox status and mitochondrial function in the brain.
Pathological implications. Redox Biol. 31:101505. doi: 10.1016/j.redox.2020.101505

Uttara, B., Singh, A. V., Zamboni, P., and Mahajan, R. T. (2009). Oxidative
stress and neurodegenerative diseases: A review of upstream and downstream
antioxidant therapeutic options. Curr. Neuropharmacol. 7, 65-74. doi: 10.2174/
157015909787602823

Vegeto, E., Villa, A,, Della Torre, S., Crippa, V., Rusmini, P., Cristofani, R., et al.
(2020). The role of sex and sex hormones in neurodegenerative diseases. Endocr. Rev.
41, 273-319. doi: 10.1210/endrev/bnz005

Venkataraman, A. V., Mansur, A., Rizzo, G., Bishop, C., Lewis, Y., Kocagoncu,
E., et al. (2022). Widespread cell stress and mitochondrial dysfunction occur in
patients with early Alzheimer’s disease. Sci. Transl. Med. 14:eabk1051. doi: 10.1126/
scitranslmed.abk1051

Wang, X,, Su, B,, Lee, H. G, Li, X,, Perry, G., Smith, M. A,, et al. (2009). Impaired
balance of mitochondrial fission and fusion in Alzheimer’s disease. J. Neurosci. 29,
9090-9103. doi: 10.1523/J]NEUROSCI.1357-09.2009

Wang, X., Su, B, Siedlak, S. L., Moreira, P. I, Fujioka, H., Wang, Y., et al.
(2008). Amyloid-beta overproduction causes abnormal mitochondrial dynamics via
differential modulation of mitochondrial fission/fusion proteins. Proc. Natl. Acad. Sci.
U. S. A. 105, 19318-19323. doi: 10.1073/pnas.0804871105

Yamane, T., Kitamura, Y., Terada, N., and Matsumoto, K. (1986). Proliferative
response of seminal vesicle cells to androgen and estrogen in neonatally castrated mice.
J. Steroid Biochem. 24, 703-708. doi: 10.1016/0022-4731(86)90846-0

Yan, W., Kang, Y., Ji, X, Li, S, Li, Y., Zhang, G., et al. (2017). Testosterone
upregulates the expression of mitochondrial ND1 and ND4 and alleviates the oxidative
damage to the nigrostriatal dopaminergic system in orchiectomized rats. Oxid. Med.
Cell. Longev. 2017:1202459. doi: 10.1155/2017/1202459

Yan, W., Zhang, T., Kang, Y., Zhang, G., Ji, X., Feng, X, et al. (2021). Testosterone
ameliorates age-related brain mitochondrial dysfunction. Aging 13, 16229-16247. doi:
10.18632/aging.203153

Yeap, B. B., and Flicker, L. (2022). Testosterone, cognitive decline and dementia
in ageing men. Rev. Endocr. Metab. Disord. 23, 1243-1257. doi: 10.1007/s11154-022-
09728-7

Yu, B. P. (1994). Cellular defenses against damage from reactive oxygen species.
Physiol. Rev. 74, 139-162. doi: 10.1152/physrev.1994.74.1.139

Yu, M., Chen, X,, Liu, J., Ma, Q., Zhuo, Z., Chen, H., et al. (2019). Gallic
acid disruption of AP1-42 aggregation rescues cognitive decline of APP/PS1
double transgenic mouse. Neurobiol. Dis. 124, 67-80. doi: 10.1016/j.nbd.2018.
11.009

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1390915
https://doi.org/10.1038/s42003-021-02465-8
https://doi.org/10.1038/s42003-021-02465-8
https://doi.org/10.1093/hmg/ddx381
https://doi.org/10.1038/nrn2417
https://doi.org/10.3390/cells11233754
https://doi.org/10.3390/cells11233754
https://doi.org/10.1038/nprot.2013.155
https://doi.org/10.1186/s12974-022-02613-9
https://doi.org/10.3389/fgene.2019.00505
https://doi.org/10.1186/s12974-021-02089-z
https://doi.org/10.1186/s12974-021-02089-z
https://doi.org/10.3390/ijms23041989
https://doi.org/10.1042/BST20170501
https://doi.org/10.1093/hmg/ddy042
https://doi.org/10.1016/j.cmet.2016.11.003
https://doi.org/10.3233/JAD-171145
https://doi.org/10.1016/j.jchemneu.2010.07.006
https://doi.org/10.1016/j.psyneuen.2008.08.008
https://doi.org/10.1016/j.neulet.2009.11.033
https://doi.org/10.1016/j.neulet.2009.11.033
https://doi.org/10.3389/fnagi.2023.1110520
https://doi.org/10.3389/fphys.2013.00102
https://doi.org/10.1016/j.mce.2019.110631
https://doi.org/10.1016/j.jsbmb.2015.11.012
https://doi.org/10.1016/j.brainresrev.2010.11.004
https://doi.org/10.1016/j.brainresrev.2010.11.004
https://doi.org/10.1155/2022/3644318
https://doi.org/10.1523/JNEUROSCI.2514-06.2006
https://doi.org/10.1523/JNEUROSCI.2514-06.2006
https://doi.org/10.1016/j.brainres.2012.05.011
https://doi.org/10.1016/j.jsbmb.2019.105432
https://doi.org/10.3390/molecules24081583
https://doi.org/10.3390/molecules24081583
https://doi.org/10.1016/j.yhbeh.2018.09.005
https://doi.org/10.3233/JAD-170585
https://doi.org/10.1016/j.jagp.2019.05.008
https://doi.org/10.1007/s10072-019-03863-x
https://doi.org/10.1007/s10072-019-03863-x
https://doi.org/10.1016/j.redox.2020.101505
https://doi.org/10.2174/157015909787602823
https://doi.org/10.2174/157015909787602823
https://doi.org/10.1210/endrev/bnz005
https://doi.org/10.1126/scitranslmed.abk1051
https://doi.org/10.1126/scitranslmed.abk1051
https://doi.org/10.1523/JNEUROSCI.1357-09.2009
https://doi.org/10.1073/pnas.0804871105
https://doi.org/10.1016/0022-4731(86)90846-0
https://doi.org/10.1155/2017/1202459
https://doi.org/10.18632/aging.203153
https://doi.org/10.18632/aging.203153
https://doi.org/10.1007/s11154-022-09728-7
https://doi.org/10.1007/s11154-022-09728-7
https://doi.org/10.1152/physrev.1994.74.1.139
https://doi.org/10.1016/j.nbd.2018.11.009
https://doi.org/10.1016/j.nbd.2018.11.009
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

	Testosterone deficiency worsens mitochondrial dysfunction in APP/PS1 mice
	Introduction
	Materials and methods
	Animals and treatments
	Object location test and object recognition test
	Morris water maze test
	Sample preparation
	Immunohistochemistry
	Spectrophotometry analysis
	Mitochondrial membrane potential detection
	Mitochondrial ultrastructure analysis
	Cell culture and treatment
	Mitochondrial stress testing
	Cell fluorescence staining
	Quantitative real-time PCR analysis
	Mitochondrial DNA copy number detection
	Western blot analysis
	Statistical analysis

	Results
	Testosterone deficiency aggravated the cognitive deficits of male APP/PS1 mice
	Testosterone deficiency induces pathological alterations of hippocampus in male APP/PS1 mice
	Testosterone deficiency aggravates oxidative stress in the hippocampus of male APP/PS1 mice
	Testosterone deficiency exacerbates mitochondrial dysfunction in the hippocampus of male APP/PS1 mice
	Testosterone deficiency further attenuates mitochondrial biogenesis in the hippocampus of male APP/PS1 mice
	Testosterone deficiency aggravates the imbalanced mitochondrial dynamics in the hippocampus of male APP/PS1 mice
	Flutamide reduces the protective effects of testosterone on SH-SY5Y cells against H2O2-induced oxidative damage and cell death
	Flutamide attenuates the ameliorative effects of testosterone on H2O2-induced mitochondrial dysfunction of SH-SY5Y cells
	Flutamide decreases the efficacy of testosterone in protecting the mitochondrial biogenesis of SH-SY5Y cells from H2O2-damage
	Testosterone pretreatment alleviates H2O2-induced mitochondrial fragmentation of SH-SY5Y cells.

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References




