Cui et al. Journal of Translational Medicine (2024) 22:1056 J ourna | Of
https://doi.org/10.1186/512967-024-05852-x X .
Translational Medicine

. ®
MST1, a novel therapeutic target et

for Alzheimer’s disease, regulates mitochondrial
homeostasis by mediating mitochondrial DNA
transcription and the PI3K-Akt-ROS pathway
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Abstract

Background Alzheimer’s disease (AD) is a prevalent irreversible neurodegenerative condition marked by gradual
cognitive deterioration and neuronal loss. The mammalian Ste20-like kinase (MST1)-Hippo pathway is pivotal

in regulating cell apoptosis, immune response, mitochondrial function, and oxidative stress. However, the associa-
tion between MST1 and mitochondrial function in AD remains unknown. Therefore, this study investigates the effect
of MST1 on neuronal damage and cognitive impairment by regulating mitochondrial homeostasis in AD.

Methods In this study, 4- and 7-month-old 5xFAD mice were selected to simulate the early and middle stages of AD,
respectively; age-matched wild-type mice served as controls for comparative analysis. Adeno-associated virus (AAV)
was injected into the hippocampus of mice. Four weeks post-injection, cognitive function, neuronal damage indica-
tors, and mitochondrial morphology, dynamics, oxidative stress, ATP, and apoptosis-related indicators were evalu-
ated. Additionally, RNA-sequencing was performed on the hippocampal tissue of 5xFAD mice and MST1-knockdown
5xFAD mice. Subsequently, Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses were performed on differentially expressed genes to elucidate the potential mechanism of MST1.
In vitro studies were performed to investigate the effects of MST1 on SH-SY5Y model cell viability and mitochondrial
function and validate the potential underlying molecular mechanisms.

Results MST1 overexpression accelerated neuronal degeneration and cognitive deficits in vivo while promoting
oxidative stress and mitochondrial damage. Similarly, in vitro, MST1 overexpression facilitated apoptosis and mito-
chondrial dysfunction. MST1 knockdown and chemical inactivation reduced cognitive decline, mitochondrial
dysfunction, and neuronal degeneration. Mechanistically, MST1 regulated the transcription of mitochondrial genes,
including MT-ND4L, MT-ATP6, and MT-CO2, by binding to PGC1a. Moreover, MST1 influenced cellular oxidative stress
through the PI3K-Akt-ROS pathway, ultimately disrupting mitochondrial homeostasis and mediating cell damage.

Conclusions Cumulatively, these results suggest that MST1 primarily regulates mitochondrial DNA transcription lev-
els by interacting with PGC1a and modulates cellular oxidative stress through the PI3K-Akt-ROS pathway, disrupting
mitochondrial homeostasis. This discovery can be exploited to potentially enhance mitochondrial energy metabolism
pathways by targeting MST1, offering novel potential therapeutic targets for treating AD.
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Background
Alzheimer’s disease (AD) is a predominant neurodegen-
erative disease and prevalent form of dementia among
the elderly population. With the aging global popula-
tion [1], age-related neurodegenerative ailments have
emerged as a pressing public health concern. AD is char-
acterized by the deposition of Ap plaques and the forma-
tion of tau protein neurofibrillary tangles, acknowledged
as its key pathological features [2]. However, the precise
pathogenesis of AD remains unclear. While certain meth-
ods exist to ameliorate symptoms, a definite cure remains
elusive [3, 4]. Therefore, investigating the pathological
and physiological mechanisms underlying AD is neces-
sary to identify novel therapeutic targets.
Mitochondria—crucial organelles for energy metab-
olism—play a vital role in meeting the high-energy
demands of neurons [5]. Additionally, mitochondria con-
tribute over 90% of the energy required for synapses [5,
6]. Mitochondria stand as the sole organelles, apart from
the nucleus, that possess their individual DNA (mtDNA)
along with distinct transcription and translation mecha-
nisms. mtDNA primarily encodes subunits that form the
mitochondrial oxidative respiratory chain complex, criti-
cal for mitochondrial energy synthesis and mitochondrial
homeostasis. Mitochondrial homeostasis is maintained
through dynamic regulatory processes, including mito-
chondrial dynamics (fusion and fission), quality control
(biogenesis and mitophagy) and energy metabolism (oxi-
dative phosphorylation) [7, 8]. Recent research indicates
that disruptions in mitochondrial homeostasis occur in
the initial stages of AD progression [9, 10]. Dysfunction
of the mitochondrial respiratory chain complex, break-
down in metabolic reprogramming, and a decreased
mitochondrial content are pivotal factors contributing
to the onset of AD. Moreover, mitochondrial dysfunc-
tion leads to electron leakage and decreased ATP pro-
duction in the mitochondrial respiratory chain, elevating
oxidative stress and neuronal damage [11, 12]. Addition-
ally, mitochondrial oxidative stress can induce abnormal
oxidative phosphorylation, triggering excessive reactive
oxygen species (ROS) production within the mitochon-
dria. This pivotal factor contributes to the dysregulation
of mitochondrial homeostasis in AD [13]. Recently, tar-
geting mitochondria and brain bioenergetics metabolism
has garnered significant attention as a potentially novel
therapeutic pathway toward mitigating AD progression.
Mass spectrometry and bioinformatics analyses of
the brains of AD patients have revealed significant
changes in the Hippo pathway. Moreover, the Hippo
signaling pathway us reportedly activated in animals
with AD [14-16]. Hence, manipulating this pathway
may have therapeutic potential in AD prevention and
treatment. The Hippo pathway represents a highly
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conserved kinase-signaling pathway [17]. Mamma-
lian Ste20-like kinase 1 (MST1)—also referred to as
STK4—serves as an upstream serine/threonine kinase
within the Hippo signaling pathway. In the canonical
Hippo pathway, MST1 triggers the activation of down-
stream large tumor suppressor kinase (LATS)1/2 and
YAP/TAZ kinases, regulating organ size, tissue regen-
eration, and tumor suppression [17, 18]. Meanwhile, in
noncanonical Hippo signaling, MST1 reportedly regu-
lates various cellular functions, including apoptosis,
immune responses, and oxidative stress [19]. However,
the physiological functions and intracellular signal-
ing mechanisms of MST1 remain largely unknown.
Notably, the inactivation of MST1 rescues neuronal
damage in certain central nervous system diseases,
including AD, Parkinson’s disease, amyotrophic lat-
eral sclerosis, intracerebral hemorrhage, and stroke-
related brain injury [17]. Moreover, MST-mediated
FoxO3a-Bim responds to AP-induced neuronal death
[20]. Phosphorylated MST1 also stimulates microglia
activation, contributing to neuronal cell death in brain
ischemic-reperfusion injury or stroke [21]. Meanwhile,
more recent research has highlighted the involvement
of MST1/2 in mitochondrial function. Specifically,
the MST1/2-BNIP3 axis contributes to mitochondrial
autophagy induction and neuronal viability regulation
during mitochondrial stress [22]. MST1 is also involved
in regulating mitochondrial dynamics [23-25]. How-
ever, the role of MST1 in AD progression through
mitochondrial homeostasis modulation and the under-
lying regulatory mechanisms require experimental veri-
fication. Thus, given the multifunctionality of MST1,
exploring its involvement in AD pathogenesis may
identify key targets for diagnosis and treatment with
significant preventive and therapeutic potential.

Considering the role of MST1 in regulating mitochon-
drial homeostasis in AD remains unclear, this study
investigates whether MST1 influences neuronal damage
and cognitive impairment in AD by regulating mitochon-
drial homeostasis. This study elucidates a novel role of
MSTT1 in the onset and progression of AD, laying a theo-
retical foundation for identifying potential therapeutic
targets.

Methods

Animals and drug treatment

This study sought to minimize animal usage and suffering
while ensuring experiment reproducibility. The experi-
mental mice used in this study were all male. 5xFAD and
wild-type (WT) mice in the same C57BL/6 ] background
were purchased from Beijing Hua fu kang Biotechnology
Co., Ltd. 5xFAD transgenic mice carry five FAD muta-
tions (APPSwF1Lon, PSEN1*M146L*1286V) under the
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Thy1 promoter. All mice were housed in a specific patho-
gen-free facility with a 12 h light/dark cycle, temperature
maintained at 24+ 2 °C, and free access to food and water.

XMU-MP-1 (HY-100526, Med Chem Express) is a
reversible and selective MST1/2 inhibitor. According to
the manufacturer’s instructions, to prepare a 5 mg/mL
stock solution, each solvent was added to the drug in the
following order: 10% dimethylsulfoxide (DMSO), 40%
PEG300, 5% Tween-80, and 45% saline. XMU-MP-1 was
administered to the mice through intraperitoneal injec-
tion at a daily dose of 1 mg/kg for 1 month [26]. The
control group mice were injected intraperitoneally with
solvents without drugs.

Cell cultures and treatment

Human neuroblastoma cells (SH-SY5Y cells) can differ-
entiate into cells with mature neuronal morphology and
biochemical properties under in vitro conditions, mak-
ing them ideal for studying neuronal function and disease
models. SH-SY5Y cells were procured from the Shanghai
Cell Bank of the Chinese Academy of Science (Shang-
hai, China) and cultured in Dulbecco’s modified eagle
medium (DMEM, Gibco, California, USA) supplemented
with 10% fetal bovine serum (FBS, Lonsera) and 1% peni-
cillin—streptomycin (Solarbio, Beijing, China) under
standard conditions of 5% CO, and 37 C.

The B-amyloid (1-42) oligomer was obtained from
Shanghai Qiangyao Biotechnology Co., Ltd; 1 mg of
A, ,, oligomer powder was dissolved in 100 pL of
DMSO and subsequently mixed with 140 pL of PBS to
prepare the working solution. SH-SY5Y cells were treated
with AB,_4, (20 uM) for 24 h to establish an in vitro AD
model. Cells were pre-treated with a PI3K-Akt pathway
activator, 740 Y-P (25 uM, MedChemExpress, USA), and
inhibitor, LY294002 (20 uM, MedChemExpress, USA) for
1 h [27, 28]. The drug concentrations were determined
based on the drug instructions.

Hippocampal stereotaxic injection

Adeno-associated virus (AAV)-green fluorescent protein
(GFP)-MST1 and AAV-shRNA-MST1 were procured
from the Shanghai GeneChem Corporation (Shanghai,
China) and Hanbio Tech (Shanghai, China), respec-
tively. The targeting sequence of AAV-shRNA-MST1
was 5'-GCCAGATTGTTGCAATCAAGC-3’. Stere-
otaxic injections were administered following established
protocols [29]. Mice were anesthetized with pentobar-
bital sodium (50 mg/kg) and positioned in the stere-
otaxic apparatus. To ensure that AAVs were sufficiently
transfected within the hippocampal region, small holes
were drilled, according to the mouse brain atlas, at each
injection site using the following stereotactic coordi-
nates: anterior—posterior position —2 mm, medial-lateral
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position+ 1.5 mm, 1.5 mm dorsoventral from the bregma.
Subsequently, 1 uL of AAV was injected into the bilateral
hippocampus of the mice using a microinjector (0.2 puL/
min). The needle remained in place for 5 min before it
was slowly withdrawn. After completing the injection,
the wounds were carefully disinfected and sutured.

MST1-overexpression plasmids were procured from
Jiman Biotechnology Co., Ltd. (Shanghai, China), while
MST1-knockdown plasmids were obtained from Tsingke
Biotechnology Co., Ltd. (Beijing, China). The target-
ing sequence of siRNA-MST1 was 5 -CAGAAGUGA
UUCAGGAAAUTT-3’. PGCla-overexpression plas-
mids were purchased from Jipeng Biotechnology Co.,
Ltd. (Shandong, China). SH-SY5Y cells were seeded into
6-well plates at a density of 1x 10° cells/well and reached
approximately 70-90% confluence, they were transfected
with the respective plasmids using Lipofectamine™ 3000
Transfection Reagent (L3000-015, Invitrogen) according
to the manufacturer’s instructions.

Morris water maze (MWM)

The Morris water maze (MWM) test comprises place
navigation and spatial probe tests and assesses the spa-
tial learning and memory abilities of mice [30]. Refer-
ence objects surrounding the pool remained consistent
throughout the experiment, and the water temperature
was maintained between 20 and 22 ‘C. During the place
navigation tests, a circular opaque platform was posi-
tioned 1 cm below the water surface at the center of the
target quadrant. Mice were gently placed into the water,
facing the wall, from four random quadrants for 5 days.
They were given 60 s to locate the hidden platform.
Time and swimming trajectories were recorded using
an automatic camera system. If the mice failed to reach
the hidden platform within 60 s, they were guided to it
and allowed to remain there for 20 s. On the final day, the
platform was removed for the spatial probe experiment.
The number of crossings over the original hidden plat-
form and time spent swimming in the target quadrant
within 60 s were recorded.

Transmission electron microscopy (TEM)

The fresh mouse hippocampal tissue was cut into small
pieces (1 mmX1 mmXx3 mm) and promptly immersed
in a 3% glutaraldehyde fixing solution. The TEM samples
were prepared using a conventional method. All samples
were rinsed, fixed with 1% osmium tetroxide, dehydrated,
embedded in Epon, and sectioned into ultrathin slices
(70-100 nm). Subsequently, they were stained with lead
citrate and uranium acetate. Finally, the ultrastructure
and morphology of the mitochondria were visualized
using a transmission electron microscope (JEOL-1200E).
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Immunofluorescence (IF)

After behavioral testing, mice underwent cardiac perfu-
sion with precooled 4% paraformaldehyde (PFA). Sub-
sequently, the brains were removed and immersed in
4% PFA at 4 °C for 24 h. Brain tissue samples were dehy-
drated using a sucrose gradient and embedded in an opti-
mal cutting temperature (OCT) compound (SAKURA,
Japan). The brain tissues were sectioned into 20 pm slices
using a freezing microtome (Leica, USA). Brain slices
were fixed in 4% PFA for 20 min, washed with PBS thrice,
and subjected to antigen retrieval with an antigen repair
solution for 5 min at room temperature (20-25 “C). Fol-
lowing incubation with 1% TritonX-100 and 5% goat
serum, brain slices were incubated with primary anti-
bodies overnight at 4 °C. This included an anti-p-MST1
antibody (1:100, Bioss), anti-PSD95 antibody (1:200,
Abclonal), and anti-SYP antibody (1:200, Abcam). Subse-
quently, slices were incubated with a secondary antibody
(goat antirabbit IgG Alexa Fluor Plus 488, 1:500, Abcam)
for 1 h at room temperature (20-25 ‘C). DAPI-contain-
ing anti-fluorescence quencher (Sigma) was utilized for
nuclear staining. Images were captured with a laser scan-
ning confocal microscope (Zeiss, LSM 800, Germany)
and a multispectral imaging system (PerkinElmer, Man-
tra, America) and further analyzed using Image].

Thioflavin-S staining

To observe amyloid plaque deposition, thioflavin-S stain-
ing was performed. The 30 pm brain slices were rinsed
with PBS thrice and mounted onto glass slides. Accord-
ing to the manufacturer’s instructions, brain sections
were stained with 1% thioflavin solution (Solarbio) at
room temperature (20-25 ‘C) for 5 min. The slices were
then rinsed with 50% alcohol twice for 5 min each.
Images were captured using a multispectral imaging sys-
tem (PerkinElmer, MA, USA). Image analysis was per-
formed by researchers blinded to the treatment groups
using Image] software.

Immunohistochemistry (IHC)

Immunohistochemical techniques were employed to
assess the expression level of p-MST1 protein. Brain
tissues were embedded in paraffin and sectioned into
5 pm slices. The sections underwent dewaxing, rehydra-
tion, antigen repair using EDTA antigen repair solution
(G1203, Servicebio, Wuhan), and inactivation of endog-
enous peroxidase with 3% hydrogen peroxide solution.
Sections were incubated with 3% bovine serum albu-
min (BSA) at room temperature (20-25 ‘C) for 30 min
and incubated overnight at 4 °C with an anti-p-MST1
antibody (4635R, Bioss, 1:100). Subsequently, sec-
tions were incubated with HRP-labeled goat antirabbit
IgG (GB23303, Servicebio, 1:200) at room temperature
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(20-25 °C) for 50 min. Sections were stained with diam-
inobenzidine (DAB) and hematoxylin for 3 min. Images
were visualized with a digital pathology scanner (Nano-
Zoomer S60, Japan).

Hematoxylin/eosin staining (HE)

After dewaxing and rehydration, the 5-pm paraffin sec-
tions underwent treatment with hematoxylin—eosin
(HE) constant staining pretreatment solution for 1 min.
They were then immersed in hematoxylin solution for
3-5 min. Subsequently, the sections were sequentially
treated with hematoxylin differentiation solution and
hematoxylin blue solution. The samples were rinsed
with tap water after each dying step. The sections were
immersed in 95% ethanol for 1 min and in eosin dye for
15 s. They were then dehydrated in absolute alcohol, ren-
dered transparent using xylene, and sealed with neutral
gum. Images were captured using a digital pathology
scanner (Nano Zoomer S60, Japan).

Nissl staining

Histologically, neuronal morphological changes were
assessed using Nissl staining. Dewaxed and hydrated
5 pm tissue sections were treated with Nissl’s stain for
2-5 min, followed by immersion in 1% glacial acetic acid.
The reaction was terminated by washing with running
water. Subsequently, the slices were rendered transpar-
ent with xylene for 10 min and sealed with gum. Images
were captured using a digital pathology scanner (Nano
Zoomer S60, Japan).

The differentiation of live and dead cells was based pri-
marily on their morphological characteristics; only neu-
rons with rounded morphology and visible nuclei were
considered live cells. Dead cells exhibit disrupted cell
membranes, alterations in cell size and shape, chromatin
condensation, and nuclear condensation due to cellular
damage [31]. Morphological changes in the hippocam-
pal neurons (DG, CA1l, and CA3 regions) were assessed
in mice, utilizing the Image] software. Live and dead cells
were counted separately.

Western blotting

Total protein samples were extracted from the cultured
SH-SY5Y cells or hippocampal tissues subjected to vari-
ous treatments using cool radio immunoprecipitation
assay (RIPA) lysis buffer (Beyotime, Shanghai, China).
Protein quantification was performed using a BCA kit
(Solarbio). Protein samples were heated with 5xload-
ing buffer (Beyotime) at 95 °C for 10 min. The protein
samples (30-60 pg) and protein ladder (26616, Thermo
Fisher Scientific, USA) were loaded and electrophoresed
on SDS-PAGE gel (10%, 12.5%, 15%). Proteins were trans-
ferred to polyvinylidene fluoride (PVDF) membranes
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(Merck Millipore, Darmstadt, Germany) for 1-2 h and
blocked with 5% nonfat milk solution for 1.5 h. The mem-
branes were incubated with primary antibodies over-
night at 4 °C and then immersed in a secondary antibody
solution for 1 h. Finally, protein expression was detected
using enhanced chemiluminescence (ECL) western blot-
ting (WB) detection reagents (Merck Millipore), and
images were captured by a chemiluminescence imager
(Tanon4800, Shanghai, China). Table S1 presents the
details for all antibodies used.

Co-immunoprecipitation (Co-IP)

SH-SY5Y cells were transfected with a FLAG-tagged
MST1 plasmid. and resuspended in cell lysis buffer for
WB and IP (Beyotime, Shanghai, China) supplemented
with 1% protease inhibitors (Beyotime) and 1% phos-
phatase inhibitors (Beyotime). The samples were centri-
fuged at 13,000 X g for 10 min at 4 ‘C, and the supernatant
containing protein was collected. Subsequently, the total
protein concentration was determined using a BCA assay
kit. One hundred microliters of the samples were allo-
cated for use as the input group. The remaining samples
were mixed with flag magnetic beads (HY-K0207, Med-
ChemExpress, USA) and incubated overnight at 4 C on a
rotary mixer. The following day, the magnetic beads were
retrieved using a magnetic rack and washed with TBST.
Subsequently, the input group sample and magnetic
beads were mixed in a loading buffer and heated at 95 C
for 10 min. Potential interactors of MST1 were detected
using SDS-PAGE.

Real-time quantitative polymerase chain reaction
(RT-qPCR)

Total RNA from the cells and brain tissues was isolated
using the RNA-Quick Purification Kit (ES Science Bio-
tech, Shanghai) following the manufacturer’s instruc-
tions. Using the Evo M-MLV RT Kit (from Accurate
Biotechnology Co., Ltd.), synthesize ¢cDNA from one
microgram of RNA under reaction conditions of 42 °C
for 2 min. Using SYBR qPCR Master Mix (Vazyme,
Nanjing, China) and specific primers, the mRNA lev-
els of genes were quantitatively determined through the
QuantStudio”'5 Real-Time PCR System (ThermoFisher
Scientific, USA) under specific reaction conditions. The
relative gene expression levels were calculated using the
classical 2-42CY method.

RNA-seq

Total RNA was extracted from the hippocampal tis-
sue of mice using TRIzol™ reagent (Novogene) and uti-
lized as input material for RNA library preparation.
To ensure library quality, RT-qPCR was conducted to
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accurately quantify the effective concentration of the
library (>1.5 nM). Different libraries were sequenced by
Novogene using an Illumina NovaSeq 6000 Sequencing
System. For differential gene analysis, padj (FDR-adjusted
p-values) <0.05 and log2 (foldchange) > 1.0 were set as
the thresholds for significant differential expression.

Enzyme-linked immunosorbent assay (ELISA)

The AP, 4, level in mouse hippocampal tissue was
assessed using an ELISA kit (Elabscience Biotechnology
Co., Ltd.). The hippocampal tissue was weighed, cut into
small pieces, and homogenized with PBS at a 1:9 ratio.
The homogenate was centrifuged at 5000 g for 10 min,
and the supernatant was collected. Per the manufactur-
er’s instructions, 100 pL of standard/sample was added to
each well and incubated at 37 °C for 1.5 h. Next, 100 pL of
the biotin-labeled antibody working solution was added
and incubated at 37 °C for 1 h. The plates were then
washed with wash buffer and 100 pL of the HRP enzyme
conjugate working solution was added to each well and
incubated for 30 min at 37 °C. Next, plates were washed
again and 3,3,5,5-tetramethylbenzidine (TMB) substrate
was added to each well and incubated in the dark at 37 °C
for 15 min. Finally, stop solution was added and the opti-
cal density (OD) value was immediately measured at
450 nm with a microplate reader (Biotek, Vermont, USA).

Cell-counting-kit 8 (CCK-8) assay

SH-SY5Y cells were seeded in 96-well plates at a density
of 8000 cells/well. Following incubation, CCK8 reagent
(MedChemExpress) was added to the medium at a 1:100
ratio and incubated for 2—4 h to assess cell viability. The
optical density (OD) value at 450 nm was measured using
a microplate reader (Biotek, Winooski, Vermont, USA).

Flow cytometry

SH-SY5Y cells were seeded into 6-well plates. Follow-
ing transfection, modeling, and treatment with drugs,
the cells were incubated in a 10 pM DCFH-DA solu-
tion (Elabscience Biotechnology Co., Ltd.) for 60 min at
37 °C in the dark. Subsequently, the cells were collected
and resuspended in a serum-free medium. The intensity
of green fluorescence, indicative of intracellular ROS lev-
els, was measured by flow cytometry (Beckman coulter,
USA).

An Annexin V-FITC/PI apoptosis detection kit
(Vazyme) was utilized to assess cell apoptosis levels.
Cells were harvested and washed twice with precooled
PBS. Subsequently, they were gently resuspended in
1xAnnexin V-FITC/PI binding buffer and incubated
with annexin-V-FITC and PI at room temperature
(20-25 C) for 10 min in the dark. Apoptotic cells were
detected by flow cytometry (Beckman). Based on the
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bicolor flow cytometry scatter plot, cells that were dou-
ble-negative for Annexin V-FITC and PI were considered
normal cells; cells that were Annexin V-FITC-positive
and Pl-negative were considered early apoptotic cells;
cells that were double-positive for Annexin V-FITC and
PI were considered late apoptotic cells. Using this classi-
fication, the proportion of apoptotic cells was calculated.
All data were analyzed using FlowJo v10 (FlowJo LLC)
software.

Oxidative stress assay

Mouse hippocampal tissue was homogenized in normal
saline (mass ratio of 1:9) using a tissue homogenizer.
The homogenate was centrifuged at 12,000 g for 10 min
at 4 °C, and the supernatant was collected. The levels of
oxidative stress indicators (total superoxide dismutase
(T-SOD), glutathione peroxidase (GSH-PX), and malon-
dialdehyde (MDA)) were measured with commercial rea-
gent kits (Nanjing Jian Cheng Bioengineering Institute)
according to the manufacturers’ instructions.

Probes for mitochondrial detection

SH-SY5Y cells were cultured in confocal dishes and
treated according to experimental requirements. To
assess mitochondrial membrane potential (MMP), tetra-
methylrhodamine methyl ester (TMRM) staining solu-
tion (Invitrogen, USA) was introduced to the cell growth
medium at a final concentration of 50 nM and incubated
for 20 min at 37 °C. To assess mitochondrial oxidative
stress, MitoSOX"~ Red reagent (Invitrogen)—a mito-
chondrial superoxide indicator—was added to cells at a
final concentration of 5 uM and incubated for 20 min at
37 °C in the dark. To evaluate mitochondrial morphol-
ogy, the MitoTracker probe (Invitrogen) was introduced
to the cell medium at a final concentration of 100 nM
and incubated for 30 min at 37 °C in the dark. Hoechst
33342 nuclear staining dye and DAPI were utilized for
nuclei staining. The fluorescence intensity of the cells was
observed using laser scanning confocal microscope (LSM
800, Zeiss, Germany).

ATP level measurement

ATP levels in cells or tissues were assessed using an
Enhanced ATP Assay Kit (S0027, Biotechnology, Shang-
hai, China), following the instructions of the manufac-
turer. Cell or tissue samples were lysed in ATP detection
lysate and centrifuged at 12,000 g for 5 min at 4 °C to
obtain the supernatant. The cell or tissue supernatants
were promptly added to the ATP detection working solu-
tion. The relative light unit (RLU) value of the sample was
immediately measured using a cell Imaging Multi-Mode
reader (Biotic, Cytation5, USA).
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Measurement of mitochondrial respiratory capacity

The oxygen consumption rate (OCR) representing the
mitochondrial respiratory capacity of SH-SY5Y cells was
assessed using the XF Cell Mito Stress Test Kit (Aglient,
USA, California) on a Seahorse XFe24 Analyzer (Sea-
horse Bioscience/Agilent Technologies, North Biller-
ica, MA), following a standard protocol. SH-SY5Y cells
were seeded in Seahorse Xe24 plates (80,000 cells/well).
The mitochondrial stress test experiment measured the
OCR of SH-SY5Y cells by sequentially introducing tar-
geted drugs to the mitochondrial electron transport
chain (ETC), including 1.5 pM oligomycin (ATP synthase
inhibitor), 2 pM phenylhydrazone (FCCP; mitochondrial
respiration uncoupler), and 0.5 pM rotenone/antimy-
cin A (complete respiratory inhibitor). Key parameters
reflecting mitochondrial function were obtained, includ-
ing basal respiration, ATP-linked respiration, proton
leak, and maximum respiration. Subsequently, cells were
lysed in 1XRIPA buffer and total protein quantification
was conducted on each well sample. The data were then
normalized.

Mitochondria isolation and complex activity

Mitochondria were isolated from cells using a cell mito-
chondria separation and extraction kit (KTP4003,
Abbkine, Wuhan, China). Initially, cells were harvested
and washed by suspending the cell pellet in ice-cold
PBS, followed by centrifugation at 500xg for 3 min,
after which the PBS was discarded. The cell pellets were
resuspended in cold lysis buffers A, B, and C, and the
mixture was centrifuged at 600 X g for 10 min. Finally, the
supernatant was collected and centrifuged at 11,000x g
for 10 min at 4 “C. The resulting sediment contained the
isolated mitochondria. According to the manufacturer’s
instructions, the activity of mitochondrial complexes I-V
was measured using the mitochondrial respiratory chain
complex activity detection kit (Abbkine, Wuhan, China).

Statistical analysis

Statistical analyses were conducted using Graph-
Pad Prism 8.0 software, and results were presented as
mean +standard error of the mean (SEM). Statistical
differences between two groups were assessed using an
unpaired two-tailed Student’s -test. One-way analysis of
variance (ANOVA) was used to compare multiple expo-
sure groups, followed by Tukey’s multiple comparison
test. Data from the MWM test was analyzed using two-
way ANOVA with the Bonferroni multiple comparison
test. RNA-seq data were analyzed by R (4.1.1). All experi-
ments were repeated at least three times. Statistical sig-
nificance was defined at p <0.05.
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Results

MST1 activation is associated with disease progression

in 5XxFAD mice

Labeling amyloid content and distribution in the brain
parenchyma is a crucial indicator for evaluating the path-
ological status of AD. In 5xFAD mice, the presence of
AB, 4, emerges at an early age and progressively increases
thereafter, facilitating the early formation of amyloid dep-
osition plaques [32]. Therefore, amyloid plaque deposi-
tion was assessed in the brains of 5xFAD mice at 1, 3, 6,
and 9 months old using thioflavin staining. Mature amy-
loid plaques were present in the hippocampus and cortex
beginning at 3 months, with deposition gradually intensi-
fying as the mice aged (Fig. 1A, B).

To explore the activation of MST1 in 5xFAD, its acti-
vated form p-MST1 (Thrl83) was assessed. The WB
results showed a gradual increase in the p-MST1 to
MST1 ratio as the age of 5xFAD mice increased, align-
ing with the observed changes in hippocampal neuronal
apoptotic protein Bax and amyloid plaque deposition.
However, these results did not differ significantly in age-
matched WT mice. Therefore, the activation of MST1 to
p-MST1 in 5xFAD mice may correlate with the patho-
logical advancement of the disease (Fig. 1C-E). To fur-
ther validate p-MST1 activity and distribution, IHC
assays were conducted, revealing a significant increase in
p-MST1 levels within the hippocampus (Fig. 1F, G) and
cortex (Fig. 1H, I) of 6-month-old 5xFAD mice compared
with the WT group, consistent with the WB results.

MST1 promotes cognitive deficits and neuronal damage

in 5-month-old 5xFAD mice

To assess the effect of MST1 on cognitive and memory
impairment in AD mice, 4-month-old C57 mice and
5xFAD mice were randomly assigned to four groups:
C57+AAV vehicle, C57+AAV MST1, 5xFAD+AAV
vehicle, and 5xFAD+AAV MST1, with 20 animals in
each group. AAV-GFP vehicle and the AAV-GFP MST1
were administered into the DG region of mice through
hippocampal stereotaxic injection to upregulate MST1
(Fig. 2A). Four weeks post-injection, spontaneous GFP

(See figure on next page.)
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fluorescence from the virus was observed in the hip-
pocampus, indicating successful injection (Fig. 2B). The
expression efficiency of MST1 was also evaluated via WB
and RT-qPCR. The results showed significantly higher
levels of MST1 expression at the protein and mRNA lev-
els than in the control group (Fig. 2C-E).

Four weeks post-injection, the MWM test was per-
formed to assess the spatial learning and memory abili-
ties of the mice. During the training period, the mice
did not exhibit significant differences in swimming
speed (Fig. 2F). Compared with the C57 + AAV-vehicle
group, the 5xFAD + AAV-vehicle group exhibited a sig-
nificantly prolonged escape latency (time to find the
hidden platform) beginning from the third day of train-
ing. Moreover, the escape latency of the 5xFAD + AAV-
MST1 group during the training was significantly
longer than that of the 5xFAD +AAV-vehicle group
(Fig. 2G, J). The number of platform crossings and total
time spent in the target quadrant were reduced con-
siderably in the 5xFAD + AAV-MST1 group compared
with the 5xFAD + AAV-vehicle group. Similar reduc-
tions were observed in the 5xFAD + AAV-vehicle group
compared with the C57+ AAV-vehicle group (Fig. 2H,
I). These MWM results suggested that MST1 over-
expression exacerbated spatial learning and memory
impairment in 5xFAD mice.

Due to the pivotal role of neuronal loss in cogni-
tive decline, we examined the effect of MST1 expres-
sion on neurons in the CA1, CA3, and DG regions of
the hippocampus using Nissl and HE staining, and then
assessed the cellular morphology changes and the level
of cellular death. Nissl staining showed neurons have
normal morphology, clear nuclei, and dense arrange-
ment in the C57+ AAV-vehicle group. However, hip-
pocampal neurons in the 5xFAD + AAV vehicle group
were mostly damaged (vacuolated, shrunk, and loosely
arranged), having a dramatic reduction in the live: dead
neuronal ratio. Furthermore, the degree of neuronal
damage in the 5xFAD+AAV-MSTI1group was more
severe, and the live: dead neuronal ratio was further

Fig.2 MST1 Overexpression aggravates cognitive impairment in 5-month 5xFAD mice. A Schematic diagram of experimental arrangement.
AAV-GFP-vehicle and AAV-GFP-MST1 was injected into the hippocampus of 4-month C57 mice and 5xFAD mice, and then the mice were
divided into four groups: C57 4+ AAV vehicle, C57 +AAV MST1, 5XFAD + AAV vehicle, and 5xFAD + AAV MST1 for experiments. One month later,
MWM test was performed, and finally all mice were euthanized for other experiments. B Representative spontaneous fluorescence images
of the AAVs-infected slices (n=4, Scale bar is 2.5 um). C Representative immunoblotting bands of hippocampus MST1 and p-MST1 after AAVs
injection. D Quantitative analysis of MST1 and p-MST1 in hippocampus (n=4). E MSTT mRNA levels in the hippocampus after AAVs injection
were detected using RT-gPCR (n=3). F-J MWM test results of four groups of mice, including swimming speed (F), escape latency (G), total
time spent in the target quadrant (H), number of platform crossings (1), representative traces on fifth day the MWM training period (J).
(n=12). All data represent means + SEMs. *, Comparison between C57 + AAV-vehicle and 5xFAD + AAV-vehicle group, *p < 0.05; #, Comparison
between 5xFAD + AAV-vehicle and 5xFAD + AAV-MST1 group, #p < 0.05; ##p < 0.01; #i##p < 0.001
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reduced compared to the 5xFAD + AAV vehicle group
(Fig. 3A, B).

HE staining revealed a compact arrangement and nor-
mal morphology of neuronal cells in the C57 + AAV vehi-
cle group. In contrast, the 5xFAD+ AAV vehicle group
exhibited sparse neuron arrangement with some pyk-
notic nuclei and increased chromatin. MST1 overexpres-
sion further aggravated the increase in the number of
abnormal neurons (Fig. 3C).

Additionally, the expression of apoptosis-related pro-
teins (Bax, Bcl-2, Cleaved Caspase 9, Cleaved Caspase 3,
and Cyt-C) was assessed through immunoblotting. The
Bax/Bcl-2 ratio and expressions of Cleaved Caspase 9,
Cleaved Caspase 3, and Cyt-C in the 5xFAD + AAV vehi-
cle group were significantly higher than in the C57 + AAV
vehicle group. In the 5xFAD+AAV-MST1 group, the
expression levels of apoptosis-related proteins were
higher than in the 5xFAD + AAV vehicle group (Fig. 3D,
E). These data suggest that MST1 promoted neuronal
apoptosis.

Finally, WB revealed reduced expression levels of
the synaptic marker proteins PSD95 and SYP in the
5xFAD + AAV-MST1 group compared with the 5xFAD
group (Fig. S1A, B). IF of PSD95 and SYP validation
yielded similar results (Fig. 3F—H), suggesting that MST1
overexpression also impaired the synaptic structure of
neurons. ELISA results further revealed that Ap deposi-
tion did not differ significantly between the 5xFAD +ad-
MST1 and 5xFAD+ad-vehicle groups, implying that
overexpression of MST1 did not significantly increase
AB, 4, content (Fig. 3I).

Collectively, these findings suggest that MST1 pro-
motes neuronal apoptosis and exacerbates the patho-
logical process in 5xFAD mice through a mechanism that
does not involve increased A deposition.

MST1 exacerbates mitochondrial dysfunction

and oxidative stress levels in 5-month-old 5xFAD mice
Mitochondria play an important role in satisfying the
high energy metabolism of neurons, contributing more
than 90% of the energy required by synapses. Hence,

(See figure on next page.)
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mitochondrial dysfunction causes significant damage
to neurons. Mitochondrial dysfunction can manifest
as changes in mitochondrial ultrastructure, increased
mitochondrial fission, decreased fusion and biogen-
esis, increased ROS, and reduced ATP production. The
mitochondrial perimeter is indicative of morphological
alterations [33]. Hence, TEM was employed to moni-
tor mitochondrial ultrastructural changes in mouse
hippocampal neurons. The mitochondrial morphology
(round or oval) appeared normal, exhibiting clear and
intact outer membranes and cristae in the C574+AAV
vehicle group. Moreover, the mitochondrial perimeter
was relatively longer in the C57+4+AAV vehicle group.
Although the mitochondria exhibited abnormal mor-
phology and smaller perimeters in the C57+AAV-MST1
group, there was no statistically significant differ-
ence when compared to the C57+AAV vehicle group
(Fig. 4A, B). However, in the 5xFAD + AAV-vehicle and
5xFAD + AAV-MST1 groups, some of the mitochondria
exhibited significant shrinkage, swelling, and incomplete
cristae, accompanied by decreased matrix density and
shortened perimeters. The mitochondrial morphology in
the 5xFAD + AAV-MST1 group deteriorated further than
in the 5xFAD 4+ AAV-vehicle group (Fig. 4A, B). This sug-
gests that MST1 overexpression in 5xFAD mice exacer-
bates mitochondrial morphological and ultrastructural
damage.

The WB results showed significant variations in mito-
chondrial dynamic-related proteins (OPAl, MEFN2,
Drpl, and Fisl) and mitochondrial biogenic proteins
(PGCla and Nrfl) between the C57 + AAV-vehicle and
5xFAD + AAV-vehicle groups, as well as between the
5xFAD + AAV-vehicle and 5xFAD + AAV-MST1 groups
(Fig. 4C, D). Hence, compared with the C57 + AAV-vehi-
cle group, the mitochondrial fission in the 5xFAD group
increased, while the mitochondrial fusion and biogenesis
decreased. Notably, MST1 overexpression in 5xFAD mice
further increased mitochondrial fission and inhibited
mitochondrial fusion and biosynthesis compared with
the 5xFAD + AAV-vehicle group.

Fig. 3 MST1 Overexpression aggravates neuronal damage in 5-month 5xFAD mice. A Representative Niss| staining images of hippocampal
three subregions (DG, CAT and CA3) in different group (Scale bar is 200 um and enlarged images scale bar is 50 um). red arrows indicate dead
neuronal cells. B The ratio of live and dead neuronal cells of the hippocampus in different groups (n=4). C HE staining images of hippocampal
three subregions (DG, CA1 and CA3) in different group (n=3, Scale bar is 200 um and enlarged images scale bar is 50 um). D Representative
immunoblotting bands of hippocampus Bax, Bcl-2, Cleaved Caspase 9, Cleaved Caspase 3, and Cyt-C after AAVs injection E Quantitative
analysis of Bax/Bcl-2, Cleaved Caspase 9, Cleaved Caspase 3, and Cyt-C in hippocampus (n=4). F-H Representative immunofluorescence
images and quantitative analysis of PSD95 and SYP in the hippocampus DG region of different group (n=4, Scale bar is 50 pm). Nuclei were
stained in blue (DAPI). 1 The levels of AB1-42 in the hippocampus of different group were measured using ELISA (n=4). All data represent
means +SEMs. *, Comparison between C57 + AAV-vehicle and 5xFAD + AAV-vehicle group, *p < 0.05; **p <0.01; ***p < 0.001; #, Comparison
between 5xFAD + AAV-vehicle and 5xFAD + AAV-MST1 group, #p < 0.05; ##p < 0.01. ns, no significance
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The impact of MST1 overexpression on 5xFAD mice
mitochondrial oxidative stress was also evaluated via
MitoSOX red fluorescence staining. Mitochondrial ROS
in the C57 4+ AAV-MST1 group increased, with no signif-
icant differences compared with the C57+ AAV-vehicle
group. In contrast, the MitoSOX red fluorescence stain-
ing in the 5xFAD + AAV-vehicle group tended to increase
compared to the C57+ AAV-vehicle group. Meanwhile,
significantly more mitochondrial ROS was detected
in the 5xFAD+AAV-MST1 group compared with the
5xFAD + AAV-vehicle group (Fig. 4E, F and Fig. S1C, D).
These results confirmed that MST1 could enhance the
mitochondrial ROS level in the hippocampus of 5xFAD
mice, further aggravating mitochondrial damage.

ATP levels were reduced in the 5xFAD + AAV-vehicle
group compared with the C57+ AAV-vehicle group.
Importantly, the reduction in ATP levels was more pro-
nounced in 5xFAD mice overexpressing MST1 (Fig. 4G).
These data suggest that overexpression of MST1 inter-
feres with energy metabolic processes in 5xFAD mice.

The activities of SOD, GSH, and MDA serve as
indicators of cellular oxidative stress levels. In the
5xFAD + AAV-vehicle group, the levels of SOD and
GSH decreased (Fig. 4H, I), while MDA increased
(Fig. 4J) compared with the control group. Mean-
while, the 5xFAD+AAV-MST1 group exhibited sig-
nificantly reduced SOD and GSH levels, along with a
significant increase in MDA activity compared with the
5xFAD + AAV-vehicle group (Fig. 4H-]J). Hence, MST1
promoted oxidative stress in 5xFAD mice.

Taken together, these findings imply that overex-
pression of MST1 in the hippocampus of 5xFAD mice
impairs mitochondrial morphology and function, caus-
ing oxidative stress and imbalanced energy metabolism,
which leads to hippocampal damage and exacerbation of
cognitive deficits in mice.

Down-regulation of MST1 alleviates cognitive impairment

and mitochondrial dysfunction in 8-month-old mice

To verify the effect of MST1 downregulation on cog-
nition, mitochondrial function, and neurons in AD
mice, AAVs were administered into the DG region of

(See figure on next page.)
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7-month-old C57 and 5xFAD mice (Fig. 5A). Four weeks
later, a significant decrease in MST1 protein and mRNA
expression levels was observed compared with the con-
trol group (Fig. 5B-D). Additionally, the abundance of
p-MST1 protein was significantly lower than in the con-
trol group (Fig. 5B, C).

Subsequently, the MWM was employed to assess the
spatial learning and memory of each mouse group. the
mice did not exhibit significant differences in swim-
ming speed during the training period (Fig. 5E). The
5xFAD+ AAV-vehicle group exhibited a significantly
prolonged escape latency (time to find the hidden plat-
form) starting from the third day of training com-
pared with the C57+ AAV-vehicle group. Meanwhile,
the escape latency was significantly shorter in the
5xFAD + AAV-shMST1 group during the training com-
pared to the 5xFAD+AAV-vehicle group (Fig. 5E I).
The number of platform crossings and total time spent
in the target quadrant were reduced considerably in the
5xFAD + AAV-vehicle compared with the C57+AAV-
vehicle group. These factors were significantly increased
in the 5xFAD + AAV-shMST1 mice compared with the
5xFAD + AAV-vehicle group (Fig. 5G, H). These MWM
results showed that MST1 knockdown improved the
ability to locate the hidden platforms and enhanced the
cognitive function of 8-month-old 5xFAD mice.

To observe the effect of knocking down MST1 on neu-
ronal synapses, immunofluorescence staining of synap-
tic-related markers (PSD95 and SYP) in the DG region of
the hippocampus was performed. A significant reduction
in synapse-related proteins was observed in 8-month-old
5xFAD mice, whereas MST1 knockdown significantly
increased the abundance of these proteins in 5xFAD
mice (Fig. S2A—C). These results indicate that 8-month-
old 5xFAD mice experience significant synaptic damage,
which can be prevented by MST1 knockdown.

Compared with the 5xFAD + AAV-vehicle group, The
5xFAD+ AAV-shMST1 mice exhibited significantly
increased abundances of mitochondrial fusion (OPA1l
and MFN2) and biogenic (PGCla and Nrfl) proteins and
a significant decrease in mitochondrial fission proteins
(Drp1 and Fisl) (Fig. 5], K). MitoSOX red staining results

Fig.4 MST1 Overexpression aggravates mitochondrial damage and oxidative stress levels in 5-month 5xFAD mice. A Morphological change

of mitochondria in hippocampal neurons was measured by transmission electron microscopy after AAVs injection (Scale bar is 500 nm). red

arrows indicate mitochondria. B Quantitative analysis of single mitochondrial perimeter in hippocampal neurons after AAVs injection (n=20
mitochondrial/group). C, D Representative immunoblotting bands (C) and relative expression (D) of mitochondrial dynamics (OPA1, MFN2,

Drp1, Fis1) and mitochondrial biogenesis (PGC1a, Nrf1) related proteins in hippocampus after AAVs injection(n =4). E Representative images

of mitochondrial ROS in the hippocampal DG region measured by MitoSOX Red staining (Scale bar is 20 um). Nuclei were stained in blue (DAPI). F
Quantitative analysis of MitoSOX Red staining (n=4). G Levels of ATP in each group after AAVs injection (n=3). H-J Levels of oxidative stress related
indicators (SOD, GSH, MDA) (n=4). All data represent means + SEMs. *, Comparison between C57 + AAV-vehicle and 5xFAD + AAV-vehicle group,
*p<0.05;**p<0.01; ***p<0.001. #, Comparison between 5xFAD + AAV-vehicle and 5xFAD +AAV-MST1 group, #p < 0.05; ##p < 0.01; ###p < 0.001
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underlying MST1’s effect on AD, RNA-seq technology
was employed. Transcriptome sequencing was conducted
on hippocampal tissues from mice in the 5xFAD + AAV-
vehicle and 5xFAD + AAV-shMST1 groups. The volcano
plot displays the upregulated and downregulated genes
within the differentially expressed genes (DEGs) (Fig.
S3A). Overall, 359 DEGs (p<0.01) were assessed, with
162 downregulated (log2FC < —0.5) and 197 upregulated
(log2FC>1.0). The heatmap presents the DEG clustering
analysis results, revealing the expression of an identical
gene across various samples and confirming biological
replicate consistency (Fig. 6A). The Venn diagram illus-
trates the gene counts detected in each group, while
overlapping areas indicate co-expressed genes between
the two groups (Fig. 6B). To elucidate the functional roles
of the identified DEGs, Gene Ontology (GO) enrich-
ment analyses and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses were performed.
GO enrichment of DEGs was primarily associated with
cellular metabolism (NAD(P)+ nucleosidase activ-
ity, NAD+nucleotidase, cyclic ADP-ribose generation,
NAD + nucleosidase activity) and immune inflammation
regulation (positive regulation of immune effector pro-
cesses, negative regulation of immune system processes,
interleukin-6 production, and regulation of immune
effector processes) (Fig. S3B). KEGG analysis revealed a
significant enrichment of unigenes encoding enzymes in
the oxidative phosphorylation pathway, with the PI3K-
Akt signaling pathway the most significantly enriched
(Fig. 6C). Enrichment was also observed in antioxidant
resistance and chemical carcinogenic ROS pathways.
Representative GSEA results aligned with the KEGG
pathway findings (Fig. 6D, E). Significant upregulation
of mitochondrial respiratory chain-related genes was
observed following MST1 knockdown, including NADH
dehydrogenase subunit 4 (MT-ND4L), ATP synthase FO
subunit 6 (MT-ATP6), cytochrome b oxidase (MT-CO2),

(See figure on next page.)
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ATP synthase FO subunit 8 (MT-ATPS), Gm28439, and
BC002163 (Fig. S3C).

MST1 effects on SH-SY5Y cell model induced by B-amyloid
in vitro

To investigate the effects and potential mechanisms of
MST1 on cell models, SH-SY5Y cells were induced by
AP, 4, as the AD in vitro model. Following treatment of
SH-SY5Y cells with various concentrations of Af3; 4, (0, 5,
10, 20, 40 pM) for 24 h, WB results revealed that the level
of MST1 activation (p-MST1) and the ratio of phospho-
rylated MST1 to total MST1 (p-MST1/MST1) gradually
increased in a concentration-dependent manner. Given
that statistical significance was achieved following 20 uM
AP, 4, exposure (Fig. 7A, B), this concentration was
selected for subsequent experiments to establish the cell
model. MST1 activation was assessed in the model and
control groups using IF. AP caused a significant increase
in the fluorescence intensity of p-MST1, consistent with
the WB results (Fig. 7C, D).

Additionally, an MST1 overexpression plasmid and
MST1-specific small interfering RNA (siRNA) were
constructed, along with their respective vehicles, for
cell transfection. WB and RT-qPCR results showed suc-
cessful upregulation (Fig. S4A-C) or downregulation
(Fig. S4D-F) of MST1, respectively. Additionally, CCK8
assay results revealed a decrease in SH-SY5Y cell viabil-
ity upon treatment with AP, ,,. Moreover, MST1 overex-
pression further reduced cell viability (Fig. 7E). However,
loss of MST1 expression promoted cell survival (Fig. 7F).
Additionally, the abundance of mitochondria-depend-
ent apoptosis-related proteins (Bax, Cleaved Caspase 3,
and Cyt-C) was increased in the AD cell model, with a
more pronounced increase following transfection with
the MST1 overexpression plasmid (Fig. S4G, H). How-
ever, transfection with siRNA reversed this effect (Fig.
S41, J). The trend in the antiapoptotic protein Bcl-2 abun-
dance was opposite to that of the apoptotic proteins in

Fig. 5 MST1 Knockdown alleviates cognitive impairment and mitochondrial damage in 8-month 5xFAD mice. A Schematic of experimental
proposition in vivo. AAV-GFP-vehicle and AAV-GFP-shMST1 were injected into the hippocampus of 7-month-old C57 mice and 5xFAD mice,

and then the mice were divided into four groups: C57 + AAV-vehicle, C57 + AAV-shMST1, 5xFAD + AAV-vehicle, and 5xFAD + AAV-shMST1

for experiments. One month later, MWM test was performed, and finally all mice were euthanized for other experiments. B Western blotting

was used to analyze the levels of hippocampus MST1 and p-MST1 after AAVs injection. C Quantitative analysis of MST1 and p-MST1 in hippocampus
(n=3). D MST1 mRNA levels in the hippocampus after AAVs injection were detected using RT-gPCR (n=3). E-1 MWM test results of four groups

of mice, including swimming speed (E), escape latency (F), total time spent in the target quadrant (G), number of platform crossings (H),
representative traces on fifth day the MWM training period (1). (n=12/group). J-K Representative immunoblotting bands (J) and relative expression
(K) of mitochondrial dynamics (OPAT, MFN2, Drp1, Fis1) and mitochondrial biogenesis (PGC1a, Nrf1) related proteins in hippocampus after AAVs
injection. L Representative images of mitochondrial ROS in the hippocampal DG region measured by MitoSOX Red staining (Scale bar is 20 um).
Nuclei were stained in blue (DAPI). M Quantitative analysis of MitoSOX Red staining (n=4). All data represent means + SEMs. *, Comparison
between C57 + AAV-vehicle and 5xFAD + AAV-vehicle group, *p < 0.05, **p < 0.01, ***p <0.001. #, Comparison between 5xFAD + AAV-vehicle

and 5xFAD + AAV-shMST1 group, #p < 0.05; ##p < 0.01, ###p <0.001
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each group (Fig. S4G-]). To further quantify the effect
of MST1 on apoptosis, a flow cytometric analysis of
apoptotic cells was performed. Increased apoptosis was
observed in the AP and ad-MST1+Ap groups com-
pared with the control group. The apoptosis rate of the
ad-MST1+ AP group was significantly higher than in the
AP group. Meanwhile, MST1 knockdown significantly
decreased the apoptosis rate (Fig. 7G, H). These results
indicate that MST1 was activated in Ap-treated cells,
promoting SH-SY5Y cell apoptosis.

The effects of MST1 activation on mitochondrial mor-
phology and function was also evaluated in SH-SY5Y
cells. The MitoTracker staining data showed more mito-
chondrial fragmentation in the AP and ad-MST1+Ap
groups (Fig. S4K). Moreover, based on the TMRM and
Mitosox Red staining results, the mitochondrial mem-
brane potential decreased and mitochondrial ROS con-
tent increased in the ad-MST1+ AP group compared
with the control and AB groups, whereas MST1 knock-
down reversed these manifestations (Fig. 7I-L). These
findings support the potential of MST1 to regulate mito-
chondrial functions.

MST1 regulates the transcription of mitochondrial genes
and affects mitochondrial oxidative phosphorylation

by binding PGC1a

Following RNA-seq analysis, KEGG enrichment analy-
sis was performed, identifying enrichment of the oxi-
dative phosphorylation pathway. Among the DEGs,
MT-ND4L, MT-ATP6, and MT-CO2 differed signifi-
cantly, all of which are associated with the oxidative
phosphorylation pathway. To verify whether MST1 regu-
lates mitochondrial gene transcription, the expression
of these candidate genes was validated via RT-qPCR.
The results showed a significant decrease in the mRNA
expression of MT-ND4L, MT-ATP6, and MT-CO?2 in the
ad-MST1+ AP group and a significant increase in the si-
MST1+ AP group, compared with the AP group (Fig. 8A,
B). Additionally, the abundance of MT-NDA4L, MT-ATP6
and MT-CO2 proteins was significantly decreased within
the AP and si-Ctrl+ AP groups, whereas knocking down
MSTT1 effectively reversed this effect (Fig. S5A, B). Fur-
thermore, upon overexpression of MST1, the abundance

(See figure on next page.)
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of these proteins significantly decreased (Fig. S5C, D).
These results suggest that MST1 modulates mitochon-
drial DNA transcription and the expression of ECT pro-
teins in an AD cell model.

The subcellular localization of the activated form
of p-MST1 at baseline was primarily concentrated in
the cytoplasm and nucleus. However, in the AD cell
model, the co-localization of p-MST1 and MitoTracker
increased in the AP group (Fig. 8C, D). This suggests that
AP treatment of SH-SY5Y cells promotes the activation
of MST1 to the p-MST1 form and causes p-MST1 to
accumulate on mitochondria.

To further explore the downstream molecular mecha-
nism of MST1, Co-IP analyses were performed. PGCla
was found to potentially bind to MST1 (Fig. 8E). PGCla
is a key transcriptional co-activator that induces gene
expression under physiological and pathological stress
conditions. Moreover, a key function of PGCla is the
activation of mitochondrial biosynthesis and oxidative
phosphorylation [34].Accordingly, we hypothesized that
the effect of MST1 on mitochondrial oxidative phospho-
rylation-related genes involves PGCla.

WB and PCR experiments showed that the reduction
in MT-ND4L, MT-ATP6, and MT-CO2 proteins and
mRNA expression after MST1 overexpression was par-
tially reversed by PGCla overexpression (Fig. 8F, G and
Fig. S5E). Furthermore, MST1 overexpression reduced
the maximum respiratory capacity and ATP produc-
tion in cells while also increasing proton leakage within
the ETC. However, overexpression of PGCla reversed
the OCR impairment caused by MST1 (Fig. 8H-J).
Additionally, the activity of mitochondrial respiratory
chain complexes I-V was assessed. Overexpression of
MST1 worsened the decline in complex enzyme activ-
ity induced by AP; PGCla overexpression mitigated this
effect (Fig. 8K).

Taken together, these data support the notion that
PGCla is an important downstream effector molecule of
MST1, impacting mitochondrial oxidative phosphoryla-
tion in Ap-induced SH-SY5Y cells.

Fig. 6 Exploring the Mechanisms of MST1 in Alzheimer's Disease through RNA-seq. The analysis of differentially expressed genes (DEGs)
between 5xFAD + AAV-vehicle group and 5xFAD + AAV-shMST1 group. A Hierarchical clustering heatmap analysis of DEGs in each sample.
The intensity of color represents the level of differentially expressed genes. Red indicates relatively high expression and blue represents
relatively low expression. C1, C2, and C3 represent three samples of the 5xFAD + AAV-vehicle, M1, M2, and M3 represent three samples

of the 5xFAD + AAV-shMST1. B Venn diagram of DEGs for two datasets. A total of 23776 co-expression genes were obtained. C Sankey diagram
showing KEGG pathways enriched by DEGs. D GSEA plot of the Oxidative phosphorylation pathway. p < 0.05, p-adjust < 0.05. E GSEA plot

of the PI3K-Akt pathway p <0.05, p-adjust <0.05
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MST1 regulates oxidative stress through PI3K-Akt signaling
in SH-SY5Y cells
Analysis of the RNA-seq results revealed enrichment of
the PI3K-Akt pathway, suggesting its potential involve-
ment in the effect of MST1 on AD regulation. To investi-
gate the potential mechanism, changes in PI3K, Akt, and
p-Akt protein expression was assessed upon upregulation
or downregulation of MST1. WB revealed that p-Akt
abundance was reduced in the AP group and further
decreased in the group overexpressing MST1 (Fig. 9A, B).
However, the inhibitory effect observed in the AB group
was reversed when MST1 was knocked down (Fig. 9C,
D). Total PI3K and Akt expression remained unchanged
in all groups. To further evaluate the influence of the
PI3K-Akt pathway on oxidative stress and mitochondrial
function, MST1-overexpressing cells were treated with
740Y-P (25 uM) for 24 h to activate the PI3K-Akt path-
way. The expression of mitochondrial apoptosis proteins
(Bax, Cleaved Caspase-3, and Cyt-C), initially induced
by MST1 overexpression, was significantly reduced by
740Y-P. Hence, MST1-induced apoptosis was reduced by
740Y-P (Fig. 9A, B). Treatment of MST1-overexpressing
cells with 740Y-P significantly suppressed ROS levels
(Fig. 9E, F), facilitating MMP restoration (Fig. 9L, J).
Subsequently, MST1-knockdown cells were treated
with LY294002 (20 pM), a PIBK-Akt pathway inhibitor;
the abundance of mitochondrial apoptosis-related pro-
teins, namely Bax, Caspase-3, and Cyt-C, increased. In
contrast, the antiapoptotic protein Bcl-2 was decreased
in the si-MST1+AB+LY294002 group compared with
the si-MST1+ AP group (Fig. 9C, D). This indicates that
the administration of LY294002 counteracted the pro-
tective effect of MST1 knockdown. Moreover, MST1
knockdown significantly alleviated oxidative stress
and improved MMP compared with the Ap group,
while LY294002 treatment exacerbated oxidative stress
(Fig. 9G, H) and reduced MMP (Fig. 9K, L). These find-
ings suggest that LY294002 reverses the inhibitory effects
on oxidative stress and enhanced mitochondrial function
induced by MST1 knockdown. Thus, as expected, MST1

(See figure on next page.)
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might serve as a major regulator of the PI3K-Akt-ROS
signaling pathway in AB-induced SH-SY5Y cells.

XMU-MP-1 relieves AD symptoms by inhibiting MST1
activity

XMU-MP-1—a novel Hippo kinase inhibitor—can effec-
tively suppress MST1 expression [26]. Thus, 7-month-
old WT and 5xFAD mice were intraperitoneally injected
with XMU-MP-1 or DMSO for one month (Fig. 10A).
The MWM results revealed significantly impaired spa-
tial cognitive and memory abilities in the 8-month-old
5xFAD mice. However, following one month of treatment
with XMU-MP-1, the 5xFAD mice exhibited shortened
search times for hidden platforms, prolonged time spent
in the target quadrant, and increased platform crossings
(Fig. 10B-E). These results indicated that XMU-MP-1
rescued cognitive function impairments in 8-month-old
5xFAD mice.

Following one month of treatment, the abundance of
certain proteins was evaluated via WB. The expression
of p-MST1 was significantly suppressed, and p-MST1/
MST1 levels decreased in the 5xFAD+XMU-MP-1
group (Fig. 10F, G). Moreover, synaptic-related proteins
(PSD95 and SYP) were increased in the 5xFAD + XMU-
MP-1 group compared with the 5xFAD+DMSO group
(Fig. 10H, I). Levels of apoptosis-related proteins (Bax,
Cleaved Caspase 9, Cleaved Caspase 3, and Cyt-C)
decreased in the 5xFAD+XMU-MP-1 group (Fig. 10],
K). In contrast, the expression of the antiapoptotic pro-
tein Bcl-2 and mitochondrial biogenesis-related proteins
(PGCla and Nrfl) increased in the 5xFAD + XMU-MP-1
group (Fig. 10]-M). These results suggest that inhibit-
ing MST1 expression through chemical methods yields
effects consistent with gene knockout. Thus, blocking
MSTT1 activation might improve cognitive and mitochon-
drial function, while reducing the incidence of mitochon-
drial apoptosis in 5xFAD mice.

Mechanistically, the abundance of mitochondrial res-
piratory chain-related proteins (MT-ND4L, MT-ATP6,
and MT-CO2) was increased and the PI3K-Akt pathway

Fig. 7 MST1 effects upon cell viability and mitochondria in vitro. A, B Western blotting measured the expression of MST1 and p-MST1 in SH-SY5Y
cells cultured in 0, 5, 10, 20 and 40 uM AB1-42 for 24 h. B Quantitative analysis of p-MST1/ MST1 (n=3). C, D Representative immunofluorescence
images (C) and quantitative analysis (D) of p-MST1 in control and Ap-treated groups (Scale bar is 20 pm). Nuclei were stained in blue (DAPI). (n=3).
E CCK8 assay was used to detect the cell viability of SH-SY5Y cells after treatment with AB,_,, or MST1 overexpressed plasmid. (n=3) F CCK8 assay
was used to detect the cell viability of SH-SY5Y cells after treatment with AB,_,, or MST1 specific siRNA (n=3). G, H Flow cytometry analysis cells
apoptosis of SH-SY5Y cells in different groups (Control, AR, ad-MST1 + A, si-MST1+AR). | Representative images of TMRM staining in SH-SY5Y cells
in the Control, AR, ad-MST1+ A, si-MST1+ A groups (Scale bar is 20 um). Nuclei were stained in blue (DAPI). J Quantitative analysis of TMRM.
(n=3). K Representative images of mitochondrial ROS in SH-SY5Y cells in the Control, AB, ad-MST1 + A, si-MST1 + AR groups measured by MitoSOX
Red staining (Scale bar is 20 um). Nuclei were stained in blue (DAPI). L Quantitative analysis of MitoSOX Red staining (n=3). All data represent
means +SEMs. *, Compared with the control group, *p <0.05, **p <0.01 and ***p <0.001. #, Comparison between intervention groups, #p < 0.05;

#p <001
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became activated upon inhibition of MST1 activation
by XMU-MP-1 (Fig. 10N-Q). This suggests that XMU-
MP-1 affects mitochondrial gene expression and regu-
lates the PI3K-Akt pathway in AD mice by inhibiting
MST1.

Discussion

Early AD is characterized by widespread mitochondrial
dysfunction and oxidative damage [35, 36]. The mito-
chondrial genome is crucial to maintaining homeostasis
[35, 37, 38]. Previous studies have reported proteomic
analyses of various brain regions in patients with AD after
death, revealing widespread dysregulation of the Hippo
pathway in severely affected regions of the AD brain [15].
MST1, as the core kinase of the Hippo pathway, exhibits
abnormal expression in the peripheral blood of patients
with AD [39]. Notably, recent studies have shown that
MST1 mediates neuronal loss and cognitive impairment
in AD mice [14, 40]. In this study, we discovered that
MST1 modulates mitochondrial DNA transcription (i.e.,
mitochondrial oxidative phosphorylation-related genes)
and ROS levels to maintain mitochondrial homeostasis
(Fig. 11). This regulatory process significantly influences
cognitive impairment and neuronal damage in AD model
mice, suggesting that MST1 could serve as a novel thera-
peutic target for AD.

Previous studies have highlighted that 5xFAD mice
exhibit amyloid plaque deposition at an unusually early
stage [41, 42]. In the current study, a significant quantity
of amyloid plaques was also detected in mice as young
as 3 months old, with steady accumulation as the mice
aged. Moreover, a significant association was observed
between MST1 activation and the pathological advance-
ment of AD. The expression levels of p-MST1 in the hip-
pocampus and cortex of 6-month-old 5XFAD mice were
markedly higher than in WT mice. This underscores the
activation of MST1 during amyloid-mediated neurode-
generation [14, 40]. Although many studies have focused
on ApP-associated interventions, most related therapies
have proven ineffective. Meanwhile, in the current study,
MSTT1 activation similarly led to an AD-like phenotype

(See figure on next page.)
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without increasing the burden of AP. As indicated by
previous research, the accumulation of AP may not
immediately lead to neurological damage, but the activa-
tion of MST1 can directly result in neuronal injury. Con-
sequently, the relationship between MST1 activation and
cognitive decline appears to be more closely correlated
than that of AP accumulation [40].

Information transmission between neurons occurs
through synapses, which are crucial for maintaining
normal physiological functions. Proteins such as PSD95
and SYP are pivotal in neuronal synapses, contributing
to synapse formation and plasticity regulation. Mean-
while synaptic destruction serves as an early indicator
of neuronal degeneration, with progressive neuronal
and synaptic loss reflecting AD progression [43, 44].
According, MST1 was overexpressed in 4-month-old
mice (early AD stage) and knocked down in 7-month-
old mice (middle stage AD). Upregulation of MST1
exacerbated the AD phenotype and worsened neuro-
degeneration. This was evidenced by decreased spatial
learning and memory, increased abundance of damaged
and necrotic neurons, and impaired neuron synaptic
plasticity. However, MST1 knockdown improved cogni-
tive and neuronal functions and increased expression of
synaptic proteins PSD95 and SYP, suggesting a reduc-
tion in synaptic loss. Similar results were observed fol-
lowing MST1 inhibition by XMU-MP-1 in 7-month-old
mice. Overall, these findings confirm the involvement
of MST1 in regulating cognitive, neuronal, and synaptic
plasticity in AD.

Neurons, as high energy-demanding cells, depend on
mitochondria as their energy factories. Within neurons
are distinct structures, including cell bodies, dendrites,
axons, and synapses, each with unique functions and spe-
cific requirements for mitochondrial storage pools [45,
46). To sustain normal neuronal function, mitochondria
must continually move, fuse, divide, and replicate, ensur-
ing a dynamic balance. However, disruption in mito-
chondrial homeostasis can lead to neuronal damage [47].
While research on the relationship between MST1 and
mitochondria in neurodegenerative diseases is relatively

Fig. 8 MST1 regulates the mitochondrial genes expression by binding to PGCla in SH-SY5Y cell. According to the results of RNA-seq detection,
three genes (MT-NDA4L, MT-ATP6, MT-CO2) in the top 10 were selected for verification in AB-treated SH-SY5Y cells. A, B Relative expression MT-ND4L
mMRNA, MT-ATP6 mRNA, and MT-CO2 mRNA after overexpression or knockdown of MST1 in AD cell models (n=3). C Representative images showing
co-localization of p-MST1 and MitoTracker (Scale bar is 10 um). (n=3). Magnified image showing details of co-localisation (Scale bar is 5 um).

D Co-localization analysis of p-MST1 and MitoTracker (n=3). E Co-IP followed by western blot analyses confirmed the binding between MST1

and PGC1ain the AD cell model. F-H Mitochondrial stress test analysis of oxygen consumption rate (OCR) in SH-SY5Y cells (n=5) (F). Analysis

of oxygen consumption rate (OCR), including basal respiration (G), proton leak (G), maximal respiration (H), ATP production (H). I, J Relative levels

of MT-NDA4L, MT-ATP6, and MT-CO2 protein in control, AR, ad-MST1+ AR, ad-MST1 + AR +ad-PGC1a group (n=3). K Relative complex |-V enzyme
activity in SH-SY5Y cells in the Control, AR, ad-MST1+ AR, ad-MST1 + AR +ad-PGCla groups (n=3). All data represent means + SEMs. *, Compared
with the control group, **p <0.01. #, Comparison between intervention groups, #p < 0.05; ##p < 0.01 and ###p <0.001
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limited, studies have examined how MST1 influences
mitochondrial division, fusion, and autophagy processes
through mitochondrial dynamic proteins [48, 49]. MST1
can induce alterations in mitochondrial ultrastructure,
dysfunction, and ATP reduction in dilated cardiomyopa-
thy [24], aligning with the current study’s findings within
the context of AD. Additionally, MST1 induces mito-
chondrial dysfunction by regulating mitochondrial ROS
and oxidative stress [50, 51]. In the current study, Mito-
SOX staining was performed to assess mitochondrial oxi-
dative stress levels and SOD, GSH, and MDA levels were
evaluated as indicators of intracellular oxidative stress.
MST1 was found to modulate mitochondria and exac-
erbate cellular oxidative stress, consistent with previous
findings.

Neuronal cell apoptosis, impaired synaptic plasticity,
and mitochondrial dysfunction are important pathologi-
cal features of AD. Mitochondria are vital for meeting
the high energy demands of neuronal cells and synapses.
Once mitochondrial homeostasis is disrupted in AD,
neuronal apoptosis is induced and synaptic plasticity
becomes impaired, ultimately leading to a progressive
cognitive function decline. Collectively, the findings of
this study reveal that MST1 activation disrupts mito-
chondrial homeostasis, causing mitochondrial damage-
mediated neuronal apoptosis and synaptic plasticity
impairment and exacerbating AD-like symptoms.

Assessing the influence of gene expression on signal-
ing pathways provides insights into the significance of
phenotypes, as the upregulation or downregulation of
a single gene may have limited effects on complex phe-
notypes. In the current study, DEGs were analyzed in
two datasets (5xFAD+AAV vehicle vs. 5xFAD + AAV
shMST1) via GO, KEGG, and GSEA. Many DEGS were
associated with cellular functions involving cellular
energy metabolism and immune inflammation regula-
tion. Similarly, previous studies have highlighted the
influence of MST1 on cellular mitochondrial metabo-
lism and oxidative stress [51], and its involvement in
mammalian inflammation and regulation of innate and

(See figure on next page.)
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adaptive immunity [52, 53]. Among the top DEGs were
those belonging to the mitochondrial oxidative phos-
phorylation pathway, including MT-ND4L, MT-ATP6,
and MT-CO2. The mitochondrial respiratory chain com-
plex I, also known as nicotinamide adenine dinucleotide
(NADH) dehydrogenase, serves as the entry point for
electrons into the respiratory process. It is the largest
protein complex, comprising 40 subunits. MT-NDA4L is
among the seven subunits encoded by mtDNA. Previ-
ous studies have linked MT-ND4L mutations and AD
through whole-exome sequencing [54]. Moreover, a sig-
nificant deficiency in complex I and IV enzymes has been
reported in AD [55]. MT-ATP6 is a subunit of mitochon-
drial complex V, contributing to mitochondrial ATP syn-
thesis alongside proton transport. MT-CO2, a subunit of
mitochondrial cytochrome c oxidase (Complex IV), plays
a crucial role, and its impairment can result in mitochon-
drial respiratory chain dysfunction.

To further explore the role of MST1 on AD, the SH-
SY5Y cell model was employed for in vitro assessment.
Initially, concurrent activation of MST1 with increased
AP deposition was observed. This aligns with the in vivo
results and further confirms the conclusions of previous
studies [40]. Also consistent with the in vivo findings,
MSTT1 influenced cell viability, facilitated apoptosis, and
affected mitochondrial morphology and function.

Pathway analysis further revealed the influence
of MST1 on various genes related to mitochondrial
energy metabolism, particularly the mitochondrial
respiratory chain-related genes MT-ND4L, MT-CO2,
and MT-ATP6. The enrichment results were validated
through RT-qPCR and WB. Mitochondria contain
mtDNA, encoding 13 subunits of the OXPHOS sys-
tem [56, 57]. Mitochondria primarily generate ATP
through OXPHOS, highlighting the significance of reg-
ulating OXPHOS subunits for mitochondrial homeo-
stasis. To further explore the downstream molecular
mechanism of MST1, Co-IP experiments were per-
formed, revealing that PGCla could potentially bind
to MST1. PGCla is the primary regulatory factor for

Fig. 9 MST1 affects oxidative stress through PI3K-Akt pathway, thereby affecting mitochondrial function. SH-SY5Y cells were incubated with 25 uM
of PI3K-Akt activator (740 Y-P) for 1 h before treatment with AR after transfection with MST1 overexpression plasmid. SH-SY5Y cells were incubated
with 20 uM of PI3K-Akt Inhibitor (LY294002) for 1 h before treatment with AB after transfection with MST1 specific siRNA. A, B Relative levels

of PI3K, Akt, p-Akt, Bax, Bcl-2, Cleaved-Caspase 3, and Cyt-C protein in control, AB, ad-MST1+ AR, ad-MST1 + AR + 740Y-P group (n=3). C, D Relative
levels of PI3K, Akt, p-Akt, Bax, Bcl-2, Cleaved-Caspase 3, and Cyt-C protein in control, AR, si-MST1+ A, si-MST1+ AR +LY294002 group (n=3). E-H
Relative intensity of ROS by Flow cytometry analysis in different groups. I, J Representative images (I) and quantitative analysis (J) of TMRM staining
in SH-SY5Y cells in the Control, AB, ad-MST1+ AR, ad-MST1 + AR + 740Y-P groups (Scale bar is 20 um). Nuclei were stained in blue (DAPI). (n=3).K, L
Representative images (K) and quantitative analysis (L) of TMRM staining in SH-SY5Y cells in the Control, AR, ad-MST1+ AR, si-MST1 + AR +LY294002
groups (Scale bar is 20 um). Nuclei were stained in blue (DAPI). (n=3). All data are repeated at least three times. All data represent means + SEMs.

*, Compared with the control group, *p <0.05; **p <0.01 and ***p <0.001. #, Comparison between intervention groups, #p < 0.05; ##p <0.01

and ###p <0.001
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mitochondrial biogenesis [57]. Its overexpression in
myotubes enhances mtDNA levels and modulates its
transcription [58]. PGCla can also stimulate mito-
chondrial respiration by inducing the expression of
OXPHOS subunits [59]. Thus, to investigate whether
the influence of MST1 on mtDNA transcription and
related-protein expression is associated with down-
stream PGCla, WB analysis was performed to verify
the effects elicited by PGCla on MST1 on downstream
MT-NDA4L, MT-CO2, and MT-ATP6 protein expres-
sion. In addition, the activity of the mitochondrial res-
piratory chain complexes I-V was evaluated. MST1
reduced the activity of the five mitochondrial res-
piratory chain complexes, increased proton leakage,
reduced maximum respiratory capacity, and impair
ATP production. However, PGCla appeared capable
of mitigating the impairment of respiratory chain com-
plex enzymes and mitochondrial respiration induced by
MST1 overexpression in cells. Overall, we hypothesize
that MST1 modulates the transcription and transla-
tion of MT-ND4L, MT-CO2, and MT-ATP6 through
PGCla, influencing the OXPHOS pathway and disrupt-
ing mitochondrial homeostasis.

The PI3K-Akt signaling pathway ranked highest in the
KEGG pathway analysis, suggesting its association with
the role of MST1 in AD. The PI3K-Akt signaling pathway
is crucial in regulating fundamental cellular processes
and metabolism [60]. This pathway is involved in vari-
ous mechanisms of AD, such as neuronal loss, inflamma-
tion, oxidative stress, and glucose metabolism [61]. Other
studies have reported that PI3K-Akt signal transduction
impacts mitochondrial aerobic respiration and exerts
broad effects on oxidative stress [62]. In addition, PI3K-
Akt activation directly stimulates NADPH oxidase (NOx)
and promotes ROS production [62]. Several studies have
suggested that the Hippo pathway negatively modulates
Akt [63]. In this study, similar to previous studies, MST1
prompted elevated oxidative stress, heightened levels of
mitochondria-related apoptotic proteins and mitochon-
drial dysfunction by suppressing the PI3K-Akt pathway.
In addition, chemical inhibitors or activators targeting
the PI3K-Akt pathway counteracted the effects of MST1

(See figure on next page.)
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in various treatments, thus affecting oxidative stress and
mitochondrial function. Collectively, these data support
the involvement of MST1 in AD development through
regulation of the PI3K-Akt-ROS pathway.

Finally, XMU-MP-1 was intraperitoneally injected in
7-month-old 5xFAD mice to inhibit MST1 expression.
This intervention alleviated cognitive impairment in AD
mice. WB validation revealed that chemically modulating
MST1 expression reduced apoptosis and synaptic dam-
age. Additionally, variations in the expression of PGCla,
mtDNA-encoded proteins, and proteins involved in the
PI3K-Akt pathway were observed. Furthermore, in vivo
testing confirmed that MST1 indeed influences oxidative
phosphorylation and PI3K-Akt pathway, aligning with
the in vitro findings.

While this study explored a novel mechanism involv-
ing MST1 in AD, it has certain limitations. Although this
study primarily focused on the impact of MST1 on mito-
chondrial function and oxidative stress in AD, exploring
its immunoregulatory role could provide a more compre-
hensive understanding of its involvement in the disease.
Investigating how MST1 influences immune responses,
neuroinflammation, and microglial activation in AD
models may uncover additional therapeutic targets.

Overall, the results of this study indicate that MST1
modulates the transcription and translation of mtDNA
through PGCla, culminating in dysfunction of the mito-
chondrial respiratory chain. It enhances oxidative stress
through the PI3K-Akt pathway. These mechanisms can
ultimately disrupt mitochondrial homeostasis in AD,
thus accelerating cognitive impairment and neuronal
damage in 5xFAD mice.

Conclusions

This study presents evidence supporting the potential
therapeutic benefits of targeting MST1. Additionally,
translating findings from preclinical models to clinical
settings is essential for developing effective therapeutic
strategies for AD. Future studies should explore the cor-
relation between MST1 expression levels, mitochondrial
dysfunction, and cognitive decline in human AD patients.
Additionally, to study MST1 as a potential biomarker for

Fig. 10 XMU-MP-1 improves cognitive and mitochondrial function in 8-month-old 5xFAD mice. A Schematic of experimental proposition in vivo
after treatment XMU-MP-1. B—-E MWM test results of four groups (C57 + DMSO, C57 + XMU-MP-1, 5xFAD + DMSO, 5xFAD + XMU-MP-1) of mice,
including swimming speed (B), escape latency (C), total time spent in the target quadrant (D), Number of platform crossings (E). (n=10/group).

F, G Relative levels of MST1, p-MST1 protein in the hippocampus (n=4). H, | Relative levels of PSD95, and SYP protein in the hippocampus (n=4).
J, K Relative levels of Bax, Bcl-2, Cleaved Caspase 3, Cleaved Caspase 9 protein in the hippocampus (n=4). L, M Relative levels of Mitochondrial
biogenic protein (PGC1a, Nrf1) in the hippocampus (n=4). N, O Relative levels of MT-ND4L, MT-ATP6, and MT-CO2 in the hippocampus (n=4). P,
Q Relative levels of PI3K, Akt, and p-Akt protein in the hippocampus (n=4). All data represent means + SEMs. *, Comparison between C57 + DMSO
and 5xFAD + DMSO group, *p <0.05; **p <0.01 and ***p <0.001. #, Comparison between 5xFAD + DMSO and 5xFAD + XMU-MP-1 group, #p < 0.05;

###p <0.001



Cui et al. Journal of Translational Medicine

A

7 month
! 4 weeks Morris test

L /L !

(2024) 22:1056

!\

C57+DMSO 5xFAD+DMSO
-m- C57+XMU-MP-1 -¥- 5xFAD+XMU-MP-1
30

%

T r
Intrapertoneal injection
of XMU-MP-1 or DMSO everyday

m

crossing(n)

Time spent in the
target quadrant(s)
S
Number of platform

> o S
$o $§Q$’;§§~°
S ES S

& & & & kDa

= C57+DMSO 3 5xFAD+DMSO

E C57+XMU-MP-1

Relative
protein expression

Cleaved
Caspase9

Cleaved
Caspase3

N>
S &
O “SQ& x&b x,@
& S
SR KkDa

Fig. 10 (See legend on previous page.)

3 5xFAD+XMU-MP-1

Western bloting

Relative
protein expression

Relative
protein expression

20

4

10

Swimming speed(cm/s)

T T T T T
day1l day2 day3 day4 day5

Page 26 of 30

Cc

C57+DMSO 5xFAD+DMSO
- C57+XMU-MP-1 -¥- 5xFAD+XMU-MP-1

Escape latency(s)
»
S

N
N N P
< \y\* o
&> Q’é Q® \J §
» X X h
SN ®
P 4E & 2
GO s 4 ypa a
o
°
©
= C57+DMSO 3 5xFAD+DMSO
B3 C57+XMU-MP-1 5XFAD+XMU-MP-1
15
Bax |~ mand el 1
1.0
Cleaved . 7
Cleaved 37
Casopases [0 00 W B |
0.0
N
N N
¢ & N »
\SQ o\\f’ 3 ‘§‘\ s} N§
D3 C57+DMSO [ 5xFAD+DMSO ‘x{oo .\5‘9 xo“ ;\3&
= AR
C57+XMU-MP-1 E& 5xFAD+XMU-MI X A%
* rADT AN S

Relative
protein expression

= C57+DMSO 3 5xFAD+DMSO
E C57+XMU-MP-1 E& 5xFAD+XMU-MP-1

1.5

3 5xFAD+DMSO = C57+DMSO
A 5xFAD+XMU-MP-1 E& C57+XMU-MP-1

Relative
protein expression




Cui et al. Journal of Translational Medicine ~ (2024) 22:1056 Page 27 of 30

Fig. 11 The underlying mechanism by which MST1 in Alzheimer’s disease. MST1, participates in the progression of Alzheimer’s disease, regulates
mitochondrial homeostasis by mediating mitochondrial DNA transcription and the PI3K-Akt -ROS pathway
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disease progression and therapeutic response, MST1
should be actively monitored and targeted in clinical tri-
als for AD. This could ultimately help guide personalized
treatment approaches for patients with AD.
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