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Abstract: Alzheimer's disease (AD) is clinically characterized by progressive cognitive decline and pathologically by A ac-
cumulation and tau aggregation. Current disease-modifying therapies remain limited, highlighting the need for brain-accessible
agents that improve mitochondrial quality control. We screened more than 1000 FDA-approved drugs using an mt-Keima mi-
tophagy reporter system and identified phenytoin sodium (PHT), a classical antiepileptic drug, as a candidate mitophagy inducer.
In both cellular mitochondrial stress models and APP/PS1 mice, PHT ameliorated mitochondrial ultrastructural damage, partial-
ly stabilized mitochondrial membrane potential, improved mitochondrial respiratory activity and cell viability, reduced A bur-
den and neuronal apoptosis, and significantly improved cognition. Mechanistically, PHT enhanced TBK1 phosphorylation at
Ser172 and promoted mitophagic flux; genetic knockdown of TBK1, pharmacological inhibition of TBK1 with amlexanox, or
mitophagy inhibition with Mdivi-1 attenuated PHT’s protective effects. Additional investigations in HeLa cells further suggest-
ed that PHT-associated mitochondrial clearance is not strictly dependent on Parkin and may involve TBKI-centered Par-
kin-independent mechanisms. These findings identify PHT as a clinically approved, brain-accessible compound that may allevi-
ate AD-related pathology by enhancing TBK1-dependent mitochondrial quality control.
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1 Introduction

Alzheimer’s disease (AD), the most common neurodegenerative disorder, is clinically characterized by
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progressively deteriorating memory impairment, language dysfunction, and executive decline (Palmgqvist et al.,
2021; Liu et al., 2022; Lau et al., 2023; Rizzo et al., 2023). Pathologically, AD is defined by the extracellular
accumulation of B-amyloid (AP) into senile plaques, the intracellular aggregation of hyperphosphorylated tau
into neurofibrillary tangles, and accompanying synaptic loss and neuronal death (Ising et al., 2019; Roda et al.,
2022; Sehar et al., 2022). As insight into disease mechanisms has increased, AD is now widely recognized as
a multifactorial, network-level syndrome in which neuroinflammation, oxidative stress, mitochondrial dys-
function, autophagy dysregulation, and vascular abnormalities converge across multiple pathological axes
(Cen et al., 2020b; Leyane et al., 2022). Despite decades of research, disease-modifying therapies targeting
AP or tau have achieved limited clinical success, highlighting the need to explore convergent pathogenic
pathways driving AD progression and to identify novel therapeutic strategies(Cummings et al., 2016;
Melchiorri et al., 2023; Zhang et al., 2023b; Zhang et al., 2025a).

The structural and functional integrity of mitochondria is essential for sustaining ATP production, cal-
cium buffering, and cell survival. Mitophagy, a specialized form of selective autophagy, constitutes a central
mechanism of mitochondrial quality control, targeting and eliminating damaged or superfluous mitochondria
and thereby preserving mitochondrial homeostasis and cellular energetic balance(Lazarou M, 2015; Pickrell
and Youle, 2015). A substantial body of evidence links impaired mitophagy to diverse neurodegenerative dis-
eases, including AD, Parkinson’s disease (PD), and Huntington’s disease (HD), underscoring its pivotal role
in maintaining neuronal health(Pickrell and Youle, 2015; Cen X, 2020; Cen et al., 2021b; Narendra Dp, 2024).
Notably, mitophagy not only mediates basal mitochondrial turnover but is also indispensable for preserving
synaptic function and delaying the progression of neurodegeneration(Pickrell and Youle, 2015; Cen, et al.,
2020b; Cen, et al., 2021b). However, translating mitophagy-targeting strategies into clinical practice is hin-
dered by the lack of safe, clinically available agents that can specifically activate mitophagy in the brain
(Bourdenx et al., 2021; Cen, et al., 2021b; Mary et al., 2023).

Rather than a mere passive byproduct of AD progression, mitochondrial dysfunction is a critical driver
within the pathogenic cascade(Young and Franklin, 2019; Yang et al., 2024). Mitochondrial damage promotes
AP deposition, tau hyperphosphorylation, and neuronal apoptosis through multiple mechanisms, including
impaired energy metabolism, excessive production of reactive oxygen species (ROS), and disruption of cal-
cium homeostasis; these effects may be exerted even at preclinical stages of AD(Agrawal I, 2020; Misrani et
al., 2021; Ashleigh et al., 2023; Wang et al., 2024a). Consequently, targeting mitophagy to improve mito-
chondrial homeostasis has emerged as a highly promising therapeutic strategy for AD. While numerous stud-
ies have demonstrated that mitophagy induction ameliorates both cognitive deficits and the pathological hall-
marks of AD, no mitophagy-targeting drug has yet entered clinical trials for this disease(Bourdenx, et al.,
2021; Cen et al., 2021a; Cen, et al., 2021b; Mary, et al., 2023). Motivated by this unmet need, drug repurpos-
ing, which leverages the extensive safety profiles of approved drugs, offers a cost-effective and time-efficient
approach to identifying novel therapeutic agents for AD(Xu X, 2021; Zhang, et al., 2025a).

Mitophagy is regulated by multiple molecular pathways. In the canonical PINK1/Parkin pathway, mito-
chondrial depolarization stabilizes PINK1 on the outer mitochondrial membrane and recruits Parkin(Heo et al.,
2015), leading to the ubiquitination of outer mitochondrial membrane proteins and the recruitment of autoph-
agy receptors such as OPTN, NDP52, and p62/SQSTM1(Lazarou M, 2015; Pickrell and Youle, 2015; Kataura
et al., 2023; Yao Z, 2023). Within this process, TBK1 is a central kinase; its activation enhances the ability of
these receptors to recognize ubiquitinated mitochondria and interact with LC3/GABARAP proteins, thereby
facilitating the autophagic engulfment of damaged mitochondria(Li et al., 2022; Yan et al., 2022; Zhang et al.,
2023a; Tudorica et al., 2024).

In addition to the PINK1/Parkin pathway, several PINK1/Parkin-independent mechanisms contribute to
mitochondrial quality control. Receptor-mediated pathways involving NIX, BNIP3, and FUNDCI directly
link mitochondria to LC3-family proteins through LC3-interacting region motifs, while mitochondrial dy-
namics influence the segregation and removal of damaged organelles (Um and Yun, 2017; Maeda et al., 2020;
Marinkovi¢ et al., 2021; Zhang, 2021). These parallel mechanisms highlight the complexity of mitophagy
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regulation and establish a rationale for investigating TBK1 as a convergent regulator of mitochondrial clear-
ance rather than focusing on a single linear pathway.

Phenytoin sodium (PHT), a classical antiepileptic drug first introduced into clinical practice in the 1930s
and long used as a first-line therapy for partial seizures and generalized tonic-clonic seizures, was identified as
a primary candidate. By blocking voltage-gated sodium channels, phenytoin stabilizes neuronal membranes
and prevents the spread of abnormal discharges(D'arcy, 2024). Given its distinctive pharmacological profile,
enduring clinical efficacy, and robust blood-brain barrier (BBB) penetration capacity—a critical prerequisite
for AD therapeutics targeting central nervous system mitochondria—we selected PHT as the primary research
and translational target for the present study(Andreux et al., 2019).

We first identified PHT as a potent activator of TBK1-dependent mitophagy through our approved drug
screening. We then systematically evaluated the neuroprotective efficacy of PHT in both cell-based mito-
chondrial  stress models and APP/PS1  transgenic mice and  further delinecated a
TBK1-phosphorylation-centered mechanism linking PHT to enhanced mitophagy, reduced amyloid burden,
and improved cognitive function. Our work identifies a clinically actionable candidate for rapid translation to
AD therapy, provides compelling evidence for the therapeutic potential of mitophagy activators in AD, and
deepens our understanding of the regulatory network of mitophagy in neurodegenerative diseases.

2 Methods and materials
2.1 Animal experiments

Four-month-old male C57BL/6J and APP/PS1 mice weighing 22-25 g were purchased from Jiangsu
Ailingfei Biotechnology Co., Ltd. (Jiangsu, China). All animals were housed under specific pathogen-free
conditions at the Experimental Animal Center of Zhejiang University. Two independent animal experiments
were performed, and all mice received the corresponding treatments daily throughout the study period.

In Experiment 1, mice were randomly assigned to three groups: control (Ctrl), model (APP/PS1), and
PHT (APP/PS1 mice treated with phenytoin sodium, 30 mg/kg every other day; catalog no. T0008, Target-
Mol). In Experiment 2, mice were randomly assigned to six groups: control (Ctrl), model (APP/PS1), PHT
(APP/PS1 mice treated with phenytoin sodium, 30 mg/kg every other day), mitophagy inhibitor (APP/PS1
mice treated with Mdivi-1, 15 mg/kg every other day; catalog no. T1907, TargetMol), PHT + Mdivi-1
(APP/PS1 mice treated with Mdivi-1, 15 mg/kg every other day, plus phenytoin sodium, 30 mg/kg every other
day), and PHT + TBK1 inhibitor (APP/PS1 mice treated with amlexanox, 15 mg/kg, every other day; catalog
no. T1639, TargetMol, plus phenytoin sodium, 30 mg/kg, every other day).

Phenytoin sodium was administered at 10:00 a.m.; Mdivi-1 and amlexanox were administered at 2:00
p.m. All mice received 0.5% carboxymethyl cellulose (CMC) as the vehicle. All drugs were administered by
gavage. The routes of administration and dosages were selected based on our previous work and the published
literature. The treatment period lasted 90 days. All animal experiments were approved by the Laboratory An-
imal Welfare and Ethics Committee of Zhejiang University and conducted in strict accordance with institu-
tional guidelines.

2.2 High-throughput screening for mitophagy inducers

To identify compounds that selectively enhance mitophagy under mitochondrial stress while preserving
cellular and organellar integrity, we established a high-throughput screening platform using HEK293T cells
stably expressing the pH-sensitive mitochondrial reporter mito-Keima (HEK293T-mito-Keima). Mitophagy
flux was quantified as the percentage of cells exhibiting red fluorescence upon excitation at 560 nm, indicat-
ing mitochondrial delivery to acidic lysosomes, relative to the total cell count.

The screening workflow comprised four sequential tiers. First, more than 1000 FDA-approved com-
pounds (TargetMol) were screened in triplicate under carbonyl cyanide m-chlorophenyl hydrazone
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(CCCP)-induced mitochondrial damage to identify hits that significantly increased the proportion of red fluo-
rescent cells. Second, primary hits were retested under basal conditions without CCCP to exclude compounds
that induced mitophagy independently of mitochondrial stress and to ensure context-dependent specificity.
Third, cytotoxicity was evaluated using the CellTiter-Glo Luminescent Cell Viability Assay (Promega), and
compounds that caused a reduction in ATP-derived luminescence greater than 20% were excluded. Fourth,
mitochondrial membrane potential (A¥Ym) was assessed using TMRE staining, and compounds that induced
more than 15% depolarization were eliminated to preserve basal bioenergetic function.

This integrated workflow incorporated functional efficacy, stress-responsive specificity, cytotoxicity
thresholds, and mitochondrial physiological compatibility, thereby yielding rigorously validated candidate
compounds suitable for subsequent mechanistic studies and in vivo therapeutic evaluation.

2.3 Behavioral testing

All behavioral tests were performed in a sound-attenuated enclosed room maintained at 22-25 °C with
45%—55% relative humidity under indirect illumination at 30 lux. Testing was conducted between 10:00 a.m.
and 8:00 p.m. Animals were transferred to the testing room for habituation 24 h before behavioral testing
commenced. Locomotor trajectories were recorded using an overhead camera and analyzed with ANY-maze
7.3 software. Following each test, the apparatus was wiped with 75% ethanol and allowed to dry before the
next animal was assessed.

2.4 Morris water maze

A circular pool (120 cm in diameter and 50 cm in height) was filled to a depth of 30 cm with water
maintained at 23 £ 1 °C; skim milk powder was added to render the water opaque. The escape platform was a
10-cm-diameter Plexiglas cylinder positioned in the center of the southwest quadrant and submerged 1 cm
below the water surface.

Acquisition training was conducted over 5 consecutive days with four trials per day at 2-hour intervals.
Starting positions were pseudo-randomized among quadrants I-IV. Mice that located the platform within 60 s
remained on it for 15 s; those that did not were gently guided to the platform and were also allowed to remain
there for 15 s. On day 6, a 60-s probe trial was conducted after platform removal. Latency to first enter the
platform zone, time spent in the target quadrant, and number of platform crossings were recorded as indices of
spatial reference memory.

2.5 Barnes maze

For the Barnes maze, we used a white PVC platform (92 cm in diameter) positioned 90 cm above the
floor, which contained 20 equally spaced holes (5 cm in diameter). One hole was connected to a black escape
box (20 cm x 8 cm x 8 cm), and its position remained fixed throughout the experiment. On day 0, mice were
habituated by remaining in the escape box for 60 s, followed by free exploration of the maze for 4 min.

Acquisition training was performed on days 1-5, with two trials per day at 1-hour intervals. Before each
trial, an opaque cube (15 cm x 15 cm x 15 cm) was placed in the center of the maze for 10 s. After removal of
the cube, mice were allowed to explore for up to 180 s. Mice that entered the target hole remained in the es-
cape box for 30 s. Mice that failed to locate the target hole were guided to the escape box and were also kept
there for 30 s. Escape latency, primary errors (head pokes into non-target holes), and total travel distance were
recorded.

On day 6, a 90-s probe trial was conducted after removing the escape box. Time spent in the target sector
(a 45° cone-shaped area) and the distribution of search strategies (random, serial, or spatial) were analyzed.

2.6 'Y-maze spontaneous alternation

A symmetrical gray PVC Y-maze with three identical arms (40 cm long, 9 cm wide, and 16 cm high) ar-
ranged 120° apart was used. Each mouse was placed at the distal end of one arm and allowed to explore freely
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for 8 min. An arm entry was recorded when all four paws entered an arm. A spontaneous alternation was de-
fined as three consecutive entries into three different arms. The spontaneous alternation rate (%) was calcu-
lated as follows: actual alternations/(total arm entries — 2) x 100. This parameter was used to evaluate spatial
working memory.

2.7 Novel object recognition

The test arena comprised a white PVC open field measuring 40 cm x 40 cm x 40 cm. On day 1, mice
were habituated to the empty arena for 5 min. On day 2, two identical objects (A1 and A2) were placed 10 cm
from two diagonal corners, and exploration was recorded for 5 min. On day 3, one familiar object was re-
placed with a novel object of similar size but different shape and texture, and exploration was again recorded
for 5 min.

Following each trial, the objects and the arena were cleaned with 75% ethanol. Exploration was defined
as the mouse directing its nose toward an object within 2 cm, accompanied by gazing, sniffing, or touching.
Climbing or sitting on the object was not considered exploration. The discrimination index (DI) was calculat-
ed as follows: (time spent exploring the novel object — time spent exploring the familiar object)/(time spent
exploring the novel object + time spent exploring the familiar object).

2.8 Brain tissue pathology and ultrastructural examination

After 90 days of continuous treatment, mice were euthanized. Under deep anesthesia induced by 4%
chloral hydrate (10 mL/kg, intraperitoneal injection), mice were perfused through the left ventricle into the
ascending aorta with 0.01 M phosphate-buffered saline (PBS; pH 7.4, 37 °C) to remove blood. Whole brains
were collected, photographed, and processed for subsequent analyses.

2.9 Paraffin embedding and hematoxylin-eosin staining

Samples were fixed in 4% paraformaldehyde (PFA) prepared in 0.1 M phosphate buffer (PB; pH 7.4) at
4 °C for no longer than 24 h. Tissues were dehydrated using a graded ethanol series (70%, 80%, 95%, and
100%; 1 h each), cleared in xylene (2 % 20 min), infiltrated with paraffin at 60 °C (melting point, 5658 °C)
for 2 h, and routinely embedded. Serial 4-um sections were mounted at 45 °C and baked at 60 °C for 2 h.

Sections were deparaffinized in xylene (2 x 10 min), rehydrated using graded ethanol (100%, 95%, 80%,
and 70%; 2 min each), rinsed in distilled water, and stained with hematoxylin and eosin. Hematoxylin staining
was performed for 5 min, followed by bluing under running water for 5 min. Eosin staining was then per-
formed for 1 min. Sections were subsequently dehydrated, cleared, mounted with neutral resin, and imaged
using an Olympus BX53 microscope. Semi-quantitative image analysis was performed in a blinded manner
using ImagelJ.

2.10 Transmission electron microscopy

Samples were fixed in glutaraldehyde at 4 °C for 24 h, washed with 0.1 M PBS (3 x 15 min), post-fixed
with 1% osmium tetroxide at 4 °C for 1 h, and washed again. Tissues were dehydrated through graded acetone
(30%, 50%, 70%, 90%, and 100%; 15 min each), transitioned with propylene oxide (2 x 10 min), and infil-
trated and embedded in Epon-812 resin at 37 °C for 12 h, at 45 °C for 12 h, and at 60 °C for 48 h.

Ultrathin sections (70 nm) were collected on copper grids and stained sequentially with 2% uranyl ace-
tate for 10 min at room temperature and with 2.6% lead citrate for 5 min at room temperature. Images were
acquired using a 120-kV transmission electron microscope. All samples were evaluated at x11,000 magnifica-
tion to assess the degree of mitochondrial damage. The injury score for each field was calculated as the ratio
of damaged mitochondria to total mitochondria. Five randomly selected fields were analyzed for each sample,
and the mean value was used as the mitochondrial injury score. Mitochondrial number was determined by
direct counting in five randomly selected fields; the average value was used as the data point for each mouse.
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2.11 Immunohistochemistry and immunofluorescence

Paraffin sections (5 pm) were deparaffinized in xylene and rehydrated through graded alcohols.
Non-specific binding was blocked with rabbit serum for 30 min. Sections were then incubated overnight at
4 °C in a humidified chamber with the indicated primary antibodies. Following incubation with spe-
cies-matched horseradish peroxidase-conjugated or fluorescent secondary antibodies, signals were developed
or visualized in accordance with the corresponding protocols. Images were acquired for quantitative analysis
of positive staining.

2.12 Mitochondrial membrane potential assay

Mitochondrial membrane potential was measured using a Rhodamine 123-based mitochondrial mem-
brane potential assay kit (Beyotime, C2006). Cells were evenly seeded in live-cell imaging dishes and treated
with the indicated drugs for 24 h. After one wash with PBS, 1 mL culture medium and 1 mL Rhodamine 123
working solution were added and mixed thoroughly, together with Hoechst dye (Beyotime, C1017). Follow-
ing incubation at 37 °C for 20 min, the supernatant was discarded, cells were washed twice with PBS, fresh
medium was added, and images were acquired using a HI-SIM fluorescence microscope.

2.13 Cellular ATP assay

Log-phase cells were seeded into black 96-well plates and cultured for 12 h to allow attachment. The
medium was then replaced with 100 pL of fresh medium containing the corresponding drug or vehicle, and
cells were incubated for 24 h. Cells were washed twice with pre-warmed PBS (37 °C), ATP assay reagent
(Beyotime, S0027) was added, and the plates were incubated at room temperature for 20 min in the dark. Af-
ter gentle washing to remove free background fluorescence, ATP signals were quantified using a Cytation 5
multimode plate reader.

2.14 Cell viability assay

Cell viability was determined using a CCK-8 assay kit (Lablead, CK001). Cells were seeded at a density
of 8000 cells per well in 96-well plates and were then treated with CCCP, PHT, Mdivi-1, and/or amlexanox
for 24 h. Subsequently, the CCK-8 working solution was added, and, after incubation at 37 °C for 1 h, ab-
sorbance was measured using a microplate reader (BioTek MQX200, Winooski, VT, USA). Cell viability (%)
was calculated as follows: sample optical density (OD)/mean control OD x 100%.

2.15 Gene silencing

Log-phase cells were plated in 10-cm dishes and cultured at 37 °C in 5% CO2 until they reached ap-
proximately 70% confluence. si-TBK1 was mixed with RNAMIX and incubated with the cells for 6 h; the
medium was then replaced, and the cells were cultured for an additional 72 h. Following confirmation of a
marked reduction in TBK1 protein expression relative to the control group, subsequent experiments were
conducted. The siRNA sequence targeting human TBKI1 was as follows: sense, CCATGTGGGAG-
TTTATACALt; antisense, TGTATAAACTCCCACATGGtt.

2.16 Immunofluorescence staining

Cells grown on coverslips were treated for 24 h, fixed with 4% PFA, blocked, and incubated with prima-
ry antibodies against TOM20 and phospho-TBK1 (p-TBK1), followed by the corresponding fluorescent sec-
ondary antibodies. Slides were mounted with DAPI-containing mounting medium and imaged using the
HI-SIM system. Fluorescence intensity and signal area were quantified using Imagel.

2.17 Mitochondria-lysosome co-localization in live cells

For live-cell imaging of mitochondria-lysosome co-localization, log-phase cells were seeded at a uniform
density into 35-mm glass-bottom confocal dishes (20 mm diameter, No. 1.5H) and cultured for 12 h until the
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adherent area reached at least 50%, followed by 24 h of drug treatment. MitoTracker Deep Red FM (Thermo,
A66440), LysoTracker Green FM (Thermo, A66441), and Hoechst working solutions were prepared and pro-
tected from light.

After one wash with pre-warmed PBS, 1 mL of the staining mixture was added, and cells were incubated
at 37 °C in 5% CO2 for 20 min. The staining solution was then removed, cells were washed twice with PBS,
and 1 mL of medium was retained for imaging. Co-localization was quantified using ImageJ.

2.18 Western blot analysis

Tissues or cells were lysed in ice-cold RIPA buffer supplemented with protease and phosphatase inhibi-
tors. After sonication, lysates were centrifuged at 12,000 x g for 10 min. Protein concentrations were deter-
mined using the bicinchoninic acid (BCA) assay. Equal amounts of protein were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto PVDF membranes. Membranes
were blocked with 5% non-fat milk for 1 h and then incubated overnight at 4 °C with primary antibodies
against PRKN, PINK1, TOM20, TIM23, SQSTM1/p62, TBK1, phospho-TBK1, CALNEXIN, LC3, BNIP3,
and TUBULIN (all at 1:1000 dilution). Protein bands were visualized using enhanced chemiluminescence
(ECL) reagents, and band intensities were quantified using ImageJ. Relative protein expression was calculated
as the grayscale value of the target protein normalized to ACTB/B-actin. For the supplemental HeLa cell ex-
periments, lysates were prepared from control, mitochondrial stress, and mitochondrial stress + PHT groups
and analyzed for p-TBK1, total TBK1, TIM23, NIX, FUNDCI1, and B-tubulin.

2.19 Antibodies

The following antibodies were used for Western blotting and immunofluorescence analyses: B-tubulin
(#M1305-2); TOM20 (#42406, Cell Signaling); TIM23 (#34822, Cell Signaling); P62 (#23214, Cell Signal-
ing); TBK1/NAK (#3504S, Cell Signaling); phospho-TBK1/NAK (Ser172) (#5483S, Cell Signaling); CAL-
NEXIN (#2433S, Cell Signaling); APP (#4000000465, ABclonal); NIX and FUNDCI1 antibodies for supple-
mental Western blotting. Secondary antibodies used for Western blotting and immunofluorescence included
goat anti-mouse (#31430, Thermo Fisher Scientific, Waltham, MA, USA), goat anti-rabbit (#31460, Thermo
Fisher Scientific), goat anti-rabbit Alexa Fluor 568 (#A-11011, Thermo Fisher Scientific), goat anti-mouse
Alexa Fluor 488 (#A-11029, Thermo Fisher Scientific), goat anti-rabbit Alexa Fluor 488 (#A-11008, Thermo
Fisher Scientific), goat anti-rabbit Alexa Fluor 555 (#A-21248, Thermo Fisher Scientific), and goat anti-rabbit
Alexa Fluor 647 (#A-21245, Thermo Fisher Scientific).

2.20 Mitochondrial quality score

To quantify ultrastructural mitochondrial damage, a four-level mitochondrial quality score (MQS) system
was used, ranging from 0 (healthy) to 3 (severely damaged). One point was assigned for each of the following
features, with a maximum total score of 3: vacuolation (at least one obvious electron-lucent vacuole in the
matrix), membrane rupture (at least one discontinuity in the outer or inner membrane), and crista loss (greater
than 50% loss or fragmentation of cristae).

Five non-overlapping fields were randomly selected from each electron micrograph. Two investigators
independently scored individual mitochondria in a blinded manner. The MQS for each field was calculated as
the average score across all mitochondria in that field and was used for subsequent statistical analysis.

2.21 Statistical analysis

Experimental data were analyzed using ImageJ, GraphPad Prism 8.0.2, SPSS 22.0, and Origin 2021. Da-
ta are presented as mean + SD. One-way analysis of variance (ANOVA) followed by Duncan’s multiple
comparisons test was used where appropriate. Pearson correlation analysis was performed using Origin 2021.
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3 Results
3.1 Phenytoin sodium alleviates cognitive and pathological phenotypes related to AD in APP/PS1 mice

Accumulating evidence indicates that mitophagy activation can alleviate the pathological phenotypes of
AD, as illustrated in Figs. S1A and S1B. Specifically, we first conducted a primary screen to identify drugs
capable of inducing mitophagy under mitochondrial-damage conditions. In the second round of screening, we
evaluated the effects of these candidate drugs on normal mitochondria. Finally, to exclude off-target effects,
we assessed mitochondrial membrane potential and cytotoxicity. We identified several mitophagy-inducing
drugs through this rigorous screening pipeline (Figs. S1C and S1D). Given that therapeutic agents targeting
AD must cross the BBB to exert central neuroprotective effects, we selected PHT, which exhibited robust mi-
tophagy-inducing efficacy and strong BBB penetration capacity, as the primary research and translational tar-
get in the present study. To determine whether PHT exerts therapeutic effects on AD, we first evaluated its
impact on cognitive deficits and pathological hallmarks using APP/PS1 transgenic mice, a well-validated mu-
rine model of AB-driven AD. Following a 3-month treatment with PHT, behavioral tests were conducted with
APP/PS1 mice and pathological analyses of their brain tissue were performed (Fig. 1A).

Spatial learning and memory, the core cognitive functions impaired in AD, were evaluated using the
Morris water maze (MWM) test. During the acquisition phase, vehicle-treated APP/PS1 mice exhibited sig-
nificantly prolonged escape latency compared with wild-type (WT) littermates (Figs. 1B and 1C), indicating
severe spatial learning impairment. On the probe/test trial, vehicle-treated APP/PS1 mice spent substantially
less time in the target quadrant, confirming defective spatial memory. Conversely, PHT treatment significant-
ly shortened the escape latency of APP/PSI mice to a level comparable to that of WT mice and markedly in-
creased the time spent exploring the target quadrant, demonstrating a robust ameliorative effect of PHT on
AD-related cognitive deficits (Fig. 1D).

Consistent with the cognitive improvement, PHT treatment effectively attenuated AD-related pathologi-
cal damage in the hippocampus and cortex, the brain regions most susceptible to neurodegeneration in AD.
Enzyme-linked immunosorbent assay (ELISA) results showed that insoluble AP was reduced in the PHT
group compared with the APP/PS1 group (Fig. 1E). Immunofluorescence further demonstrated that PHT sig-
nificantly inhibited neuronal apoptosis—a key feature of AD pathogenesis—as evidenced by a reduction in
TUNEL-positive neurons (Fig. 1F). PHT administration significantly reduced the number of AP plaques in
APP/PS1 mice compared with vehicle controls (Fig. 1G). Collectively, these data indicate that PHT can in-
duce mitophagy of damaged mitochondria and effectively alleviate AD-related cognitive and pathological
phenotypes.

3.2 PHT improves mitochondrial structural integrity and specific functional readouts in AD models

PHT effectively ameliorates cognitive deficits and AD-related pathological phenotypes in APP/PS1 mice.
Because mitochondrial dysfunction is a central pathogenic event in AD and is closely linked to the in vivo
neuroprotective effects of PHT, we next investigated the organellar basis of this protection, specifically,
whether PHT improves mitochondrial structural and functional integrity.

We performed transmission electron microscopy (TEM) analysis on mouse brain tissue to explore
whether PHT-mediated phenotypic improvement is associated with mitochondrial structural protection. As
illustrated in Fig. 2A, the mitochondria in the neurons of untreated APP/PS1 mice exhibited severe ultrastruc-
tural damage, including widespread vacuolization, cristae fragmentation, and even outer membrane rupture.
PHT intervention improved mitochondrial morphology, with more tightly organized cristae and relatively in-
tact membrane structures. The mitochondrial health score was significantly higher in the PHT-treated group
than in the model control group (Fig. 2B, P < 0.001), and mitochondrial quality improved toward WT levels,
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supporting the conclusion that PHT ameliorates mitochondrial structural damage in APP/PS1 mice in vivo.

Building on these in vivo structural findings, we validated PHT’s protective effects on mitochondrial
respiratory activity in vitro using an inducible APP overexpression model established in 293T cells—a key
cellular model that mimics AD-related APP overload. Using the Seahorse XF real-time energy metabolism
analysis system, we measured mitochondrial respiratory chain function. PHT partially reversed the inhibition
of mitochondrial oxidative phosphorylation induced by APP overexpression and improved cellular energy
homeostasis (Fig. 2C), providing functional evidence of PHT-mediated mitochondrial protection under
AD-relevant conditions.

Given that Aym is a core determinant of mitochondrial function and is closely associated with oxidative
phosphorylation, we further explored whether PHT modulates Aym using 293T cells. Employing the rhoda-
mine 123 fluorescent probe and the Olympus FV3000 laser confocal microscope (Figs. 2D and 2E), we found
that combining oligomycin A + antimycin A (O/A) led to a rapid loss of Aym and sustained depolarization, a
feature characteristic of mitochondrial dysfunction. In contrast, PHT administration resulted in a gradual re-
covery of Aym; although full restoration to the control level was not achieved, the recovery trend was distinct
and reproducible, indicating that PHT effectively stabilizes Aym under mitochondrial stress conditions.

To confirm the association between improvement in mitochondrial structural and functional readouts and
cytoprotection, we evaluated PHT in AD-relevant cellular toxicity models. In the SH-SY5Y neuronal cell line
injured by the AB35-45 peptide fragment—a well-validated model of AD-related neurotoxicity—PHT treat-
ment significantly improved cell viability (Fig. 2F). Similarly, in the CCCP-induced acute mitochondrial de-
polarization model, the CCK-8 assay results showed that PHT effectively attenuated the reduction in cell via-
bility (Fig. 2G). These findings confirm the consistency of PHT’s protective effects across multiple in vitro
models of mitochondrial dysfunction and neurotoxicity.

Collectively, these results demonstrate that PHT improves mitochondrial structural integrity and specific
functional readouts in AD models. In vivo, PHT ameliorates mitochondrial ultrastructural damage in APP/PS1
mice. In vitro, PHT improves APP-induced mitochondrial respiratory impairment, partially stabilizes Aym,
and enhances cell viability.

3.3 PHT induces mitophagic flux to clear damaged mitochondria in AD models

To systematically elucidate whether PHT mediates its neuroprotective effects through mitophagy activa-
tion, we first evaluated its impact on mitophagic flux in cellular models of mitochondrial stress.

Western blot analysis demonstrated that following 72-hour exposure to AB35-45 to establish an in vitro
neuronal stress model, treatment of HEK293T cells with PHT (10 umol/L) alone significantly reduced the
expression of the mitochondrial outer membrane protein TOMM?20, with no change in the loading control
Tubulin (Fig. 3A). We then assessed whether PHT could enhance stress-induced mitophagy using the mito-
chondrial uncoupler CCCP. Treatment with CCCP (3 pM) alone significantly decreased TOMM20 levels, and
co-treatment with PHT (10 uM) led to a further reduction in TOMM20 abundance (Fig. 3A). These results
indicate that PHT promotes mitophagy in both AB35-45-induced and CCCP-induced cellular stress models.

To provide further functional evidence for PHT-induced mitophagy, we performed experiments in cells
stably expressing the pH-sensitive mitochondria-targeted probe. Keima primarily emits green fluorescence
(Ex = 438 nm) in a neutral environment (i.e., mitochondria) but shifts to red fluorescence (Ex = 586 nm) in
the acidic lumen of lysosomes; the red/green fluorescence ratio therefore specifically reflects the degree of
mitochondrial delivery to lysosomes. PHT co-treatment significantly increased the number of red puncta and
the red/green fluorescence ratio (Fig. 3B), confirming that PHT promotes the delivery of damaged mitochon-
dria to lysosomes and enhances functional mitophagic flux.

To verify this effect at the ultrastructural level, we performed TEM observations of cells in each treat-
ment group. In the control group, mitochondria exhibited intact morphology with dense cristae; CCCP treat-
ment induced typical damage, including rupture of the outer membrane and matrix vacuolization. PHT
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co-treatment significantly alleviated these pathological changes and restored mitochondrial structural integrity.
Notably, when autophagosome-lysosome degradation was blocked by pre-treatment with the lysosomal acidi-
fication inhibitor bafilomycin Al (BafA1l, 100 nM, 6 h), PHT’s protective effect was significantly attenuated,
and mitochondrial damage reappeared (Fig. 3C). More importantly, a large number of double-membrane mi-
tophagosomes encapsulating mitochondria were observed in the group co-treated with PHT and BafA1l (Fig.
3D), and the mitochondrial health score was significantly lower than that in the group treated with PHT alone
(Fig. 3E). These findings indicate that PHT actively promotes the recognition and autophagosome encapsula-
tion of damaged mitochondria, and the blockage of lysosomal function leads to the accumulation of interme-
diate mitophagic structures; this “upstream activation and downstream blockage” phenotype confirms that
PHT preserves mitochondrial homeostasis by enhancing selective mitophagy.

We performed confocal imaging with MitoTracker Deep Red and LysoTracker Green double-staining
and quantified the Pearson colocalization coefficient to dynamically track mitochondria—lysosome interactions
at the live-cell level. CCCP treatment caused only a mild increase in colocalization signals, whereas PHT co-
treatment significantly enhanced the spatial overlap between mitochondria and lysosomes (Figs. 3F and 3G).
This effect was completely blocked by pre-treatment with Mdivi-1 (10 uM, 12 h), a mitochondrial fission in-
hibitor, indicating that the selective mitophagy promoted by PHT depends on Drpl-mediated mitochondrial
fragmentation.

Finally, the functional relevance of PHT-induced mitophagy was validated using cell viability. The
CCK-8 assay results showed that PHT significantly ameliorated the CCCP-induced reduction in cell viability;
however, pretreatment with Mdivi-1 completely reversed this protective effect (Fig. 3H), demonstrating that
the integrity of the mitophagic pathway is a key determinant of PHT's cytoprotective effect.

Collectively, these data demonstrate that PHT promotes selective mitophagy through a Drpl-associated
mechanism, facilitating the recognition, encapsulation, and lysosomal degradation of dysfunctional mitochon-
dria, thereby improving mitochondrial structural and functional homeostasis and exerting neuroprotective ef-
fects.

3.4 TBK1 mediates PHT-induced mitophagy and mitochondrial homeostasis

We first detected key regulatory nodes to systematically dissect the upstream molecular mechanism by
which PHT induces mitophagy. Western blot analysis demonstrated that in the context of mitochondrial dam-
age induced by CCCP (3 umol/L), PHT (10 pmol/L) treatment significantly enhanced TBK1 phosphorylation
at Ser172 without altering the expression level of total TBK1 protein (Fig. 4A). This suggests that, rather than
regulating TBK1 expression, PHT triggers a “stress-responsive” signal transduction by rapidly activating
TBKI kinase activity, thereby promoting mitophagy.

Based on this biochemical finding, we further visualized TBK1’s subcellular activation dynamics. We
performed super-resolution immunofluorescence imaging of p-TBK1 (Ser172) using high-inclination su-
per-resolution structured illumination microscopy (Hi-SIM). The results showed that CCCP treatment alone
induced only a small amount of diffuse p-TBK1 punctate signals. Conversely, combined treatment with CCCP
and PHT significantly enhanced p-TBK1 fluorescence intensity in the perinuclear region and cytoplasm, con-
sistent with a typical stress-activation pattern. Notably, this phosphorylated signal almost completely disap-
peared in TBK1-knockdown cells (Figs. 4B and 4C), which not only verified the antibody specificity but also
confirmed the spatial dependence of PHT-induced TBK1 activation on sufficient protein substrates. Together,
these biochemical and imaging data point to TBK1 as a key molecular target of PHT action.

To further explore whether TBK1 is involved in the directed recruitment of damaged mitochondria to
lysosomes, we performed MitoTracker Deep Red and LysoTracker Green double-staining, combined with
high-resolution confocal microscopy, to quantitatively assess the spatial colocalization coefficient between
mitochondria and lysosomes. In control cells, PHT significantly increased colocalization between the two af-
ter CCCP damage, indicating that dysfunctional mitochondria were effectively delivered to lysosomes. In
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contrast, after TBK1 knockdown, the degree of this colocalization was significantly reduced (Fig. 4D-E), in-
dicating that PHT relies on TBK1 to complete the selective recognition and targeted clearance of damaged
mitochondria.

To provide direct evidence of functional mitophagic flux, we introduced the specific TBK1 inhibitor
Amlexanox (20 uM) into 293T cells stably expressing the pH-sensitive probe mito-Keima. Because Keima
mainly emits green fluorescence in the neutral mitochondrial environment but shifts to red fluorescence in the
acidic lysosomal lumen, its red/green ratio can specifically reflect mitophagic flux. Amlexanox completely
inhibited the PHT-induced increase in the red/green fluorescence ratio (Fig. 4F), further confirming that
TBK1 kinase activity is the rate-limiting step for PHT to activate functional mitophagy.

Given that one downstream effect of mitophagy is the maintenance of mitochondrial membrane integrity,
we subsequently evaluated the role of TBK1 in the PHT-mediated restoration of Aym. Following acute depo-
larization induced by combined treatment with oligomycin A and antimycin A (O/A), a partial but significant
recovery of Aym was observed in control cells after PHT intervention. In contrast, PHT completely lost this
restorative effect in TBK1-knockdown cells (Figs. 4G and 4H), indicating that TBK1 not only regulates mi-
tophagic flux but also directly participates in the PHT-mediated maintenance of mitochondrial electrochemi-
cal homeostasis.

Consistent with this, we further investigated the functional significance of TBK1 in energy metabolism.
In 293T cells overexpressing human APP under the background of TBK1 knockdown, APP overexpression
significantly inhibited the basal oxygen consumption rate (OCR), ATP production-related OCR, and maxi-
mum respiratory capacity. PHT significantly reversed the above inhibition in control cells, but its ability to
improve mitochondrial oxidative phosphorylation was completely abolished in the absence of TBK1 (Fig. 41).

Finally, we performed terminal phenotypic verification across multiple independent systems to compre-
hensively evaluate the functional necessity of TBK1 in the neuroprotective effect of PHT. The CCK-8 cell
viability assay showed that PHT failed to reverse the decrease in cell viability caused by CCCP (3uM) in ei-
ther TBK1-knockdown or WT cells pretreated with amlexanox (Figs. 4] and 4K). This result is highly con-
sistent with the aforementioned autophagy, membrane potential, and metabolic data, forming a complete
causal chain of evidence from molecular activation to cellular function(Zhou et al., 2025).

Collectively, these data demonstrate that PHT rapidly enhances TBK1 phosphorylation and drives the
mitophagic pathway, thereby improving membrane potential, energy metabolism, and cell viability. TBK1
serves as a core molecular hub for PHT, enabling its regulation of mitochondrial homeostasis and exerting
neuroprotective effects.

To further clarify whether PHT-induced mitophagy is strictly dependent on the canonical PINK1/Parkin
pathway, we conducted additional experiments in HeLa cells, a cellular background commonly used in Par-
kin-independent mitophagy studies. Under mitochondrial stress conditions, PHT still enhanced TBK1 phos-
phorylation and further reduced TIM23 abundance compared with the model group (Fig. S2). NIX and
FUNDCI1 were increased after modeling, but PHT treatment did not further elevate their total protein levels.
These findings suggest that PHT can promote TBKIl-associated mitochondrial clearance in a Par-
kin-independent cellular context, but this effect cannot be simply explained by increased total NIX or
FUNDCI expression.

3.5 TBK1-dependent mitophagy mediates PHT-induced cognitive improvement and pathological ame-
lioration in APP/PS1 mice

We conducted systematic intervention studies in APP/PS1 double-transgenic mice to determine whether
PHT-promoted mitophagy depends on TBK1 phosphorylation in vivo. Mice were administered PHT (30
mg-kg—1) by oral gavage every other day for 3 consecutive months, and some animals were concurrently ad-
ministered the TBK1 inhibitor amlexanox or the mitophagy inhibitor Mdivi-1 to evaluate the functional ne-
cessity of the TBK1 signaling pathway.

Behavioral assessments revealed that APP/PS1 mice exhibited persistently elevated target-finding laten-
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cy during Barnes maze training, indicating significant impairment in spatial learning ability. In contrast, the
PHT-treated group exhibited a marked reduction in latency as training days progressed (Fig. SA). Although
latency did not fully recover to WT levels, it was significantly superior to that of the model group. Notably,
this ameliorative effect was completely abolished when amlexanox or Mdivi-1 was co-administered, and the
learning curve reverted to the level of the model group (Fig. 5B). In the probe trial, the PHT group showed a
reduction in the number of incorrect hole entries (Fig. 5C), a significant increase in the proportion of time
spent in the target quadrant (Fig. 5D), and a marked shortening of the time to first enter the target hole (Fig.
5E); however, these advantages were lost in the inhibitor co-treatment groups. Similarly, PHT significantly
increased the novelty preference index and working memory accuracy in the novel object recognition test (Fig.
5F) and the Y-maze spontaneous alternation task (Fig. 5G), whereas both inhibitors reversed cognitive per-
formance to the impaired baseline. Collectively, these results demonstrate that the pro-cognitive effect of PHT
is strictly dependent on TBK1 activity and functional mitophagy.

The behavioral improvements described above were highly consistent with reductions in neuropatholog-
ical changes. TEM analysis demonstrated that PHT significantly restored mitochondrial cristae density and
membrane integrity in the hippocampal neurons of APP/PS1 mice. However, co-administration of amlexanox
or Mdivi-1 exacerbated mitochondrial vacuolization and cristae fragmentation, with ultrastructural indicators
indistinguishable from those of the untreated model group (Figs. 6A and 6B), suggesting that an intact
TBK1-mitophagy axis is required to support PHT’s mitochondrial protective effect. Immunofluorescence
staining further revealed that PHT significantly reduced the intensity of AP deposition in the hippocampus,
whereas amlexanox co-treatment completely blocked this effect, indicating that A clearance is dependent on
TBK1 pathway activation (Fig. 6C).

Collectively, these in vivo data demonstrate that phenytoin sodium promotes mitophagy by activating
TBK1 phosphorylation, thereby facilitating AP clearance, maintaining mitochondrial homeostasis, attenuating
neuronal apoptosis, and ultimately ameliorating cognitive impairment. TBK1 serves as the core molecular hub
for its neuroprotective effects.

4 Discussion

AD, the most prevalent neurodegenerative disorder worldwide, features an extremely complex patholog-
ical mechanism. Current therapeutic approaches remain confined to symptomatic relief, and interventions with
disease-modifying potential are lacking(Zemek et al., 2014; Cummings, et al., 2016; Zhang, 2021). First-line
clinical drugs, such as acetylcholinesterase inhibitors(donepezil, rivastigmine, galantamine)(Brodie, 2017,
Rabin et al., 2017) and the NMDA receptor antagonist memantine(Rabin, et al., 2017; Arjmandi-Rad et al.,
2024), can only transiently improve cognitive function without halting disease progression(Zemek, et al.,
2014; Cummings, et al., 2016). Although progress in reducing cerebral AP burden has been achieved with
anti-amyloid monoclonal antibodies(Lecanemab, Donanemab) (Melchiorri, et al., 2023; Sims, 2023; Zhang, et
al., 2023b), they offer limited overall cognitive benefits and raise safety concerns such as amyloid-related im-
aging abnormalities(ARIA) (Hardy, 2025). Emerging strategies, including anti-inflammatory therapies(Li et
al., 2019; Van Dyck et al., 2023), and stem cell transplantation (Walker and Lue, 2007; Salwa and Kumar,
2021; Honig et al., 2024), remain in the exploratory stage and face a prolonged translational pathway. There-
fore, developing disease-modifying therapies with clear mechanisms, controllable safety profiles, and the po-
tential for rapid clinical translation has become a pivotal challenge in AD research.

Mounting evidence indicates that mitochondrial dysfunction is an early driver in the AD pathological
cascade(Misrani, et al., 2021; Algahtani et al., 2023; Narendra and Youle, 2024). Abnormalities such as im-
balanced mitochondrial dynamics(Wang et al., 2024b), exacerbated oxidative stress(Misrani, et al., 2021;
Leyane, et al., 2022), accumulated mtDNA damage, and disrupted mitochondria—endoplasmic reticulum
crosstalk(Atlante A, 2022; Bhatt et al., 2024) are prevalent in the brain tissues of patients with AD and various
AD models. These abnormalities not only impair neuronal energy metabolism but also create a vicious cycle
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by promoting AP deposition and tau hyperphosphorylation. Targeting mitochondrial quality control, particu-
larly the selective activation of mitophagy, has been proven to effectively clear dysfunctional mitochondria,
restore mitochondrial homeostasis, and improve neurological function in multiple models(Um and Yun, 2017;
Cen X, 2021; Pradeepkiran et al., 2022; Zhou et al., 2023; Han et al., 2024; Sun et al., 2024; Xu, 2024; Zhang
et al., 2024). Despite the preclinical potential of inducers such as urolithin A (UA) and UMI-77(Cen et al.,
2020a; Cen, et al., 2021a; Zhang, et al., 2024), as well as the exploration of mitochondrial-targeted strategies
including MitoQ and resveratrol(Mcmanus, 2011; Cenini and Voos, 2019; Young and Franklin, 2019; Mi et al.,
2021; Atlante et al., 2022) , no mitophagy-targeting drug has yet entered clinical validation for AD due to bot-
tlenecks such as low BBB penetration efficiency, insufficient bioavailability, lack of long-term safety data,
and high individual pathological heterogeneity(Cen, et al., 2021b; Zhou, et al., 2023; Zhang, et al., 2025a).

Using a drug repositioning strategy, we identified PHT, a classic antiepileptic drug, as a potent mitopha-
gy inducer through high-throughput screening for the first time. In APP/PS1 transgenic mice, long-term
low-dose PHT intervention (30 mg-kg—1, oral gavage every other day for 3 months) significantly improved
spatial and non-spatial cognitive functions, concurrently reduced hippocampal AB1-42 deposition, attenuated
neuronal apoptosis, and improved mitochondrial ultrastructural integrity (validated by mt-Keima and TEM).
Mechanistically, multidimensional experiments confirmed that PHT promotes the phosphorylation of TBK1 at
Ser172. This effect was markedly attenuated both in vitro (TBK1 knockdown/amlexanox inhibition) and in
vivo (co-administration of amlexanox/Mdivi-1), accompanied by a loss of behavioral improvement, A
clearance, and mitochondrial protection, thereby establishing TBK1 as an indispensable molecular node for
the neuroprotective effects of PHT. RNA-seq analysis further revealed (data not shown) that PHT selectively
upregulates the autophagic response branch of the cGAS-STING pathway (increased cGAS/STING mRNA
expression), rendering cells in a “primed state” that was highly sensitive to mitochondrial damage while
avoiding activation of the type I interferon (IFN) inflammatory pathway, presenting a “functional segregation”
regulatory feature. This finding provides a molecular basis for PHT as a precise, low-risk autophagy enhancer.

Mitophagy can be mediated through both PINKI1/Parkin-dependent and PINKI1/Parkin-independent
mechanisms. In the present study, the observation that PHT still enhanced TBK1 phosphorylation and pro-
moted TIM23 reduction in HeLa cells suggests that PHT-induced mitochondrial clearance is not strictly de-
pendent on Parkin. However, our additional Western blot results showed that PHT did not further increase
total NIX or FUNDCI1 protein levels compared with the model group. Therefore, the Parkin-independent ef-
fect of PHT may not be explained simply by increased abundance of these receptor-mediated mitophagy pro-
teins. One possibility is that PHT activates TBK1-dependent mitophagy primarily by regulating the activity,
phosphorylation, subcellular localization, or protein—protein interactions of downstream autophagy receptors,
rather than by increasing their total protein expression. Future studies using receptor knockdown, phosphory-
lation-site analysis, and mitochondrial recruitment assays are required to identify the precise Par-
kin-independent downstream machinery involved in PHT-induced mitophagy.

Notably, the established pharmacological actions of PHT—most prominently its
use-/frequency-dependent inhibition of voltage-gated sodium channels(D'arcy, 2024) and the consequent sup-
pression of excitatory synaptic transmission, including reduced glutamate release in multiple experimental
preparations—can mitigate excitotoxic stress, thereby indirectly attenuating NMDA-driven Ca2+
overload(Pisciotta and Prestipino, 2002; Reddy et al., 2018; Chakravorty et al., 2019; Weissig, 2020). Im-
portantly, this effect is largely indirect rather than a direct antagonism of the NMDA receptor-mediated re-
sponse (Chakravorty, et al., 2019). In addition, PHT has been reported to modulate other excitability-relevant
targets, including the inhibition of L-type Ca2+ currents in certain preparations(Cunningham et al., 2000),
effects on voltage-gated K+ currents (Laffling et al., 1995), and the inhibition of AMPA receptor-mediated
currents (Bano and Ankarcrona, 2018). Together, these “traditional” actions form a prevention-clearance syn-
ergistic loop with the mitochondrial protective mechanism newly identified in this study: PHT alleviates pri-
mary mitochondrial injury by dampening excitotoxic stress(Pisciotta and Prestipino, 2002; Reddy, et al.,
2018), while also promoting the efficient elimination of damaged mitochondria via TBK1-dependent mitoph-
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agy, preserving AYm homeostasis, and supporting effective autophagic turnover by maintaining a healthier
mitochondrial pool(Cen, et al., 2020a; Cen, et al., 2021a). This dual mechanism is distinct from sin-
gle-pathway intervention strategies and further broadens the therapeutic scope of PHT in neurodegenerative
diseases(Mi, et al., 2021; Atlante, et al., 2022).

PHT exhibits prominent clinical translational advantages over existing mitophagy inducers. UA can ac-
tivate mitophagy; however, in humans, systemic exposure to the parent aglycone is typically in the nanomolar
range following oral administration, and UA is predominantly detected as glucuronide/sulfate conjugates,
consistent with substantial first-pass metabolism(Dron et al., 2021; Zhang et al., 2025b). UA also antagonizes
aryl hydrocarbon receptor (AhR) signaling. In competitive binding assays, the IC50 is approximately 0.8—1
UM, whereas functional cell-based reporter assays often yield IC50 values in the low-micromolar range, de-
pending on the inducer and assay context(Muku et al., 2018). Given the role of AhR in mucosal and immune
homeostasis, the potential immunological implications of AhR antagonism warrant further evaluation in the
intended population and dosing range. In addition, some in vitro systems suggest that UA and related uro-
lithins may exhibit condition-dependent pro-oxidant effects at high concentrations(Kallio et al., 2013), high-
lighting the need to consider oxidative stress risk under high-exposure scenarios. Animal studies indicate that
UA can reach brain tissue, but central exposure is substantially lower than peripheral exposure(Zhang, et al.,
2025b).

NAD+ precursors generally act via metabolic conversion and downstream metabolic remodeling; how-
ever, achieving a stable shift in peripheral metabolic profiles typically requires repeated dosing over several
days to approximately 2 weeks, and tissue distribution can be heterogeneous. Long-term safety at high doses
should be interpreted compound-, dose-, and population-specifically, with systematic monitoring for metabo-
lism-related adverse outcomes(Mira and Cerpa, 2021).

In contrast, PHT, a long-marketed classic drug, is supported by a comparatively comprehensive safety
evidence base; it exhibits high oral bioavailability (=90%) and can access the central nervous system(Rivet et
al., 1990; Andreux, et al., 2019; D'arcy, 2024). In our study, long-term low-dose PHT treatment in APP/PS1
mice did not elicit typical adverse reactions such as ataxia or arrhythmia, suggesting good tolerability within
the tested dose range. Importantly, as an approved drug, PHT may, after appropriate regulatory interaction,
leverage existing safety information through pathways such as FDA 505(b)(2) to reduce redundant early-stage
development burden; nevertheless, necessary bridging and clinical verification are required for the new indi-
cation, dosing, and target population before advancing to exploratory clinical trials(Zhou, et al., 2023; Zhang,
et al., 2025b).

Despite the promising neuroprotective effects of PHT identified in this study, several limitations warrant
consideration. First, while PHT significantly improved both mitochondrial and cognitive metrics, it did not
achieve complete phenotypic rescue; for instance, the recovery of mitochondrial membrane potential (Aym)
in vitro and the reduction of escape latency in the Barnes maze in vivo were distinct but remained partial
compared with healthy controls. Second, our in vivo findings rely heavily on the APP/PS1 transgenic mouse
model. While this model robustly mimics AB-driven pathology, it does not fully capture tau hyperphosphory-
lation or neurofibrillary tangle formation, which are also central features of human AD. Third, only male
APP/PS1 mice were used in this study, and future studies including female mice are needed to assess whether
the therapeutic effects of PHT are sex-dependent(Kong et al., 2026). Fourth, while PHT increased TBK1
Ser172 phosphorylation, the present study does not prove direct binding between PHT and TBK1 or its up-
stream regulators. PHT may activate the TBK1-centered mitophagy cascade indirectly by modulating mito-
chondrial stress signals, calcium homeostasis, ROS production, or upstream damage-sensing pathways. Final-
ly, although long-term low-dose PHT treatment did not elicit typical adverse reactions such as ataxia or ar-
rhythmia in our mouse study, clinical translation for chronic use in elderly populations requires careful safety
monitoring and human validation.

Collectively, these results suggest that PHT promotes TBK1-centered mitophagy, contributing to a cas-
cade protective effect involving the attenuation of primary damage, the clearance of dysfunctional mitochon-
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dria, and the improvement of AD-related pathology (Fig. 7). This finding not only provides a theoretical basis
and translational pathway for drug repurposing but also supports TBK1-mediated mitophagy as a potential
targeting dimension for disease-modifying AD therapy.
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(A) Schematic diagram of animal model establishment and experimental sample collection.

(B) Schematic illustration of the Morris water maze test and representative swimming trajectories (before/after training).

(C) Heatmap showing the average escape latency during the 5-day training period in each group (N = 6).

(D) Escape latency and platform crossing times on the probe test day after 5 days of training (N = 6).

(E) Comparison of A content (pg/mg) in hippocampal tissues of mice (N = 6).

(F) Representative TUNEL staining images (merge/DAPI/TUNEL) in the hippocampus showing neuronal apoptosis (scale bar as indicated).
(G) Representative immunofluorescence images (merge/DAPI/AR) in the hippocampus showing astrocyte activation and AP deposition (scale
bar as indicated).

Data were analyzed using the unpaired Student's t-test. ** P < 0.05;** P <0.01; ns, not significant.
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Fig. 2 PHT improves mitochondrial function and enhances cell viability in the APP/PS1 model.

(A) Transmission electron microscopy images of hippocampal (or cortical) tissues from APP/PS1 mice showing the mitochondrial ultrastructure
in WT, model, and PHT-treated groups; boxed areas are magnified views.

(B) Quantification of mitochondrial quality scores (N =20-31 mitochondria/group).

(C) Seahorse analysis showing oxygen consumption rate (OCR) over time in 293T cells under control (NC), APP overexpression, and APP +
PHT conditions (N = 6).

(D) Rhodamine 123 staining to assess mitochondrial membrane potential: representative fluorescence images under control/vehicle and PHT
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treatment, as well as antimycin A + oligomycin treatment.

(E) Quantification of rhodamine 123 fluorescence intensity. Statistical significance is indicated by asterisks (each point represents one cell; N =

15 cells).

(F) Comparison of cell viability in SH-SYSY cells after 96 h of A stimulation under vehicle and PHT treatment (each point represents one well
of a 96-well plate, with N = 6 wells).

(G) Comparison of cell viability in SH-SYSY cells under control, AB, PHT, and AP + PHT treatment conditions (each point represents one well

of a 96-well plate, with N = 6 wells).

Data were analyzed using the unpaired Student's t-test. ** P < 0.01; **** P < (0.0001
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Fig. 3 PHT promotes clearance of damaged mitochondria and improves mitochondrial quality (CCCP-induced
model).

(A) Immunoblot analysis of related proteins in SH-SY5Y cells under Ap and CCCP stimulation with different treatments (including Mdivi-1
combination).

(B) mt-Keima assay showing mitophagy levels in HEK293T-mito-Keima cells; the Keima 586/438 nm emission ratio reflects the extent of mi-
tochondria delivered to lysosomes (each point represents one well of a 96-well plate, with N = 6 wells).

(C) Transmission electron microscopy images showing the mitochondrial ultrastructure and autophagy-related changes under different treat-

ments in SH-SYSY cells (including BafAl).
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(D) Quantification of autophagosome numbers (BafAl vs. PHT + BafAl; N=6).

(E) Quantification of mitochondrial quality scores (N = 22-35 mitochondria/group).

(F) MitoTracker and LysoTracker co-localization imaging and quantification of co-localized regions in U20S cells.

(G) Statistical analysis of co-localization counts is shown in (F) (each point represents one cell; N = 15 cells).

(H) Effects of different treatments (PHT, Mdivi-1, and combination) on cell viability in SH-SY5Y cells under CCCP (3 pM) induction (each
point represents one well of a 96-well plate, with N = 6 wells).

(D)(G)(H) Data were analyzed using the unpaired Student's t-test. **** P <0.0001

(B)(E) Data were analyzed using one-way ANOVA. * P <0.05; **P <0.01; ****P <0.0001
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Fig. 4 TBK1 knockdown attenuates the protective effects of PHT on mitochondrial quality control and mi-
tophagy.

(A) Immunoblot analysis of p-TBK1, TBK1, and mitochondrial-related proteins in SH-SY5Y TBK1 knockdown (KD) cells treated with PHT
(10 uM) and CCCP (3 uM).

(B) MitoTracker and LysoTracker co-localization imaging and quantification of co-localized regions in U20S cells.

(C) Statistical analysis of co-localization counts shown in (B) (each point represents one cell; N = 15 cells).

(D) Immunofluorescence staining of Tom20 and p-TBK1 showing the spatial relationship between TBK1 activation and mitochondrial markers
in U20S cells; boxed areas indicate magnified views.

(E) Quantification of related fluorescence area/signals. Asterisks indicate statistical significance; ns indicates no significant difference.

(F) mt-Keima assay (Keima 586/438 ratio) showing the regulation of mitophagy levels by PHT and combination with amlexanox in
HEK293T-mito-Keima cells under CCCP induction (each point represents one well of a 96-well plate, with N = 6 wells).

(G) Representative images of mitochondrial membrane potential assessed by rhodamine 123 staining in TBK1 KD 293T cells under antimycin A
+ oligomycin treatment.

(H) Quantification of rhodamine 123 fluorescence intensity (each point represents one cell; N = 15 cells).

(I) Seahorse analysis showing OCR curves in 293T and 293T-TBK 1 KD cells under APP overexpression and PHT treatment (each point repre-
sents one well of a 96-well plate, with N = 6 wells).

(J) Effects of different treatments (PHT, Mdivi-1, amlexanox, and combinations) on cell viability in SH-SY5Y cells under CCCP (3 uM) induc-
tion (each point represents one well of a 96-well plate, with N = 6 wells).

(K) Effects of different treatments on CCCP-induced cell viability in the SHSY5Y-TBK1 KD background (each point represents one well of a
96-well plate, with N = 6 wells).

Data were analyzed using one-way ANOVA. * P <0.05; **P <0.01; ****P <0.0001

; ns, not significant.
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Fig. 5 PHT and combination treatments alter learning, memory, and cognitive behaviors in APP/PS1 mice.

(A) Schematic diagram of the Barnes maze and representative trajectories (before training/after training).
(B) Escape latency during Barnes maze training days (days 1-6; N = 6—10 mice/group).

(C) Number of errors on the test day in the Barnes maze (N = 6-10 mice/group).

(D) Percentage of time spent in the target quadrant on the test day (N = 6—10 mice/group).

(E) Time required to reach the escape hole on the test day (N = 6—10 mice/group).

(F) Spontaneous alternation rate in the Y-maze (N = 6—10 mice/group).

(G) Discrimination index in the novel object recognition test (N = 610 mice/group).

Data were analyzed using one-way ANOVA. * P <0.05; **P<0.01; ***P <0.001



J Zhejiang Univ-Sci B (Biomed & Biotechnol) in press | 25
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APP/PS1
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Model Mdivi-1 PHT PHT+Mdivi-1 PHT+Amlexanox

WT

Fig. 6 Inhibition of the TBK1 pathway or mitophagy attenuates the protective effects of PHT.

(A) Transmission electron microscopy images and magnified views of mitochondrial morphology in different treatment groups of APP/PSI
mice (WT, model, Mdivi-1, PHT, PHT + Mdivi-1, PHT + amlexanox).

(B) Quantification of mitochondrial quality scores (N = 20-35 mitochondria/group).

(C) Immunofluorescence staining of brain tissues (DAPI, GFAP, and AB) showing the effects of different treatments on astrocytic responses and
AP deposition.

Data were analyzed using the unpaired Student's t-test. ****P < 0.0001
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Fig. 7 Proposed schematic model illustrating the mechanism by which PHT activates the TBK1 pathway to
enhance mitophagy, improve mitochondrial quality control, and ultimately ameliorate cognitive dys-
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