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Introduction: Alzheimer’s disease (AD) is the most common form of dementia, 
characterized by progressive memory decline, with neuropathological hallmarks 
including amyloid plaques and neurofibrillary tangles. Current treatments only 
alleviate symptoms and cannot halt disease progression. Icaritin (ICT), a natural 
compound, has shown neuroprotective potential. Transactive response DNA-
binding protein 43 (TDP-43) is widely recognized as a key neuropathological 
hallmark of AD and related dementias. This study investigated the protective 
effects of ICT against TDP-43-induced damage in N2a/APP695swe (APP) cells 
and explored the underlying mechanisms.
Methods: N2a/APP695swe/TARDBP cells overexpressing APP and TDP-43 were 
constructed via lentiviral transfection, and the optimal ICT dosage was deter-
mined using the CCK-8 assay. The effects of ICT on TDP-43 cell phenotypes 
were then assessed using CCK-8, ELISA, and Western blot. Finally, transmission 
electron microscopy, flow cytometry, assay kits, and Western blot were used to 
investigate the protective mechanisms of ICT.
Results: ICT treatment significantly increased cell viability, reduced Aβ42 levels, 
and alleviated phospho-Tau and phospho-TDP-43 accumulation. Mechanistically, 
ICT improved mitochondrial morphology, decreased ROS levels, enhanced ATP 
production, and modulated the AMPK/mTOR and PINK1/Parkin autophagy signal-
ing pathways to mitigate TDP-43-mediated cellular stress.
Conclusion: ICT protects cells from TDP-43-induced mitochondrial dysfunction 
and autophagy impairment, providing mechanistic insight into its potential as a 
therapeutic agent for AD.
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1 Introduction

Alzheimer’s disease (AD) is a prevalent neurodegenerative disor-
der, characterized clinically by progressive memory loss, as well as 
cognitive and language impairments (Jorfi et al., 2023). The neuro-
pathological features of AD include the extracellular deposition of 
amyloid-β (Aβ) to form senile plaques and the intracellular aggrega-
tion of tau protein, which leads to neurofibrillary tangles. This condi-
tion typically affects individuals over the age of 60 and accounts for 
more than 90% of all dementia cases worldwide (Iqbal et al., 2024). In 
clinical practice, the primary approach to alleviate AD-related symp-
toms is through pharmacological interventions. Existing treatments 
primarily include cholinesterase inhibitors and NMDA receptor 
antagonists (Yiannopoulou and Papageorgiou, 2020). Cholinesterase 
inhibitors, such as donepezil and galantamine, are widely used in the 
management of AD; however, their efficacy is limited, as they only 
provide temporary symptom relief without altering the progression of 
the disease. Moreover, these drugs may cause gastrointestinal side 
effects and issues with tolerance, which restrict their long-term use 
(Yiannopoulou and Papageorgiou, 2020). NMDA receptor antago-
nists, such as memantine and ketamine, help to reduce neuronal 
damage by modulating glutamate signaling pathways, but long-term 
usage may lead to cognitive decline and other adverse effects 
(Yiannopoulou and Papageorgiou, 2020). To overcome the limitations 
of current therapies, researchers are actively investigating novel treat-
ment strategies. Studies have indicated that emerging therapies, 
including anti-β-amyloid antibodies (Verger et al., 2023; Kang, 2024), 
neurotrophic factors (Tuszynski, 2024), and anti-inflammatory agents 
(Huang et al., 2025), may offer potential therapeutic benefits for 
AD. However, the goal of curing AD remains distant (Wong et al., 
2019). Developing an effective treatment for AD continues to be a 
significant challenge in the pharmaceutical sciences.

Transactive response DNA-binding protein 43 kDa (TDP-43), 
encoded by the TARDBP gene, is a widely expressed protein essential 
for the development of the central nervous system. It is known to 
influence pathways involved in cell survival, metabolism, mitochon-
drial function, and synaptic activity (Neumann et al., 2006). Over the 
past decade, TDP-43 has been recognized as a critical participant in 
the pathogenesis of various neurodegenerative diseases (Gao et al., 
2019; Xu, 2012), with significant progress made in understanding its 
physiological functions and role in neurodegenerative disorders 
(Chen-Plotkin et al., 2010). Under physiological conditions, TDP-43 
is predominantly localized in the nucleus, with a small fraction shut-
tling between the cytoplasm and the nucleus. Under pathological con-
ditions, such as inflammation (Correia et al., 2015), TDP-43 is released 
into the cytoplasm, where it regulates the formation of stress granules, 
ribonucleoprotein transport granules, translation, and other pro-
cesses, thereby inducing neurotoxicity (Prasad et al., 2019). Released 
TDP-43 in the cytoplasm can undergo hyperphosphorylation and 
ubiquitination (Buratti, 2018), and the phosphorylated TDP-43 pro-
gressively accumulates in the form of inclusions in the cytoplasm. 
These insoluble inclusions in the cytoplasm suggest a disruption of the 
homeostatic pathways involved in mediating intracellular protein deg-
radation (Riemenschneider et al., 2022). Neurodegenerative diseases 
associated with abnormal aggregation of TDP-43 are collectively 
referred to as ‘TDP-43 proteinopathies’ (Gao et al., 2019). Studies have 
shown that 57% of AD patients exhibit hippocampal p-TDP-43 inclu-
sions, which accelerate cognitive decline and disease progression 
(Meneses et al., 2021); however, the specific underlying mechanisms 

remain incompletely understood. Although the neurotoxic mecha-
nisms of pathological TDP-43 are not yet fully elucidated, the presence 
of TDP-43 in or around mitochondria, as well as its involvement in 
regulating mitochondrial morphology, transport, and function, sug-
gest that mitochondria may be a key target in TDP-43 pathology (Gao 
et al., 2019; Wang W. et al., 2016).

Multiple studies have indicated that mitochondrial dysfunction is 
a major driving force in the progression of AD, accelerating the dis-
ease course by inducing neuronal dysfunction and even large-scale 
neuronal death (Ashleigh et al., 2023; Xie et al., 2022). In AD, various 
mitochondrial abnormalities have been identified, including changes 
in mitochondrial membrane potential, damage to mitochondrial 
structure, abnormalities in mitochondrial DNA (mtDNA), excessive 
production of reactive oxygen species (ROS), and reduced ATP syn-
thesis, which lead to dysregulated autophagic responses in neurons 
and microglia (Li et al., 2022b). Moreover, mitochondrial dysfunction 
disrupts the normal functioning of neuronal synapses, weakening 
synaptic connections and reducing neurotransmission, both of which 
are key factors contributing to cognitive and memory impairments in 
AD patients (Gowda et al., 2022). In recent years, mitochondrial 
damage caused by the accumulation of abnormal intracellular proteins 
has garnered increasing attention, with one of the most widely studied 
proteins being TDP-43, a hallmark of neurodegenerative diseases 
(Yong et al., 2022). Several studies have shown that TDP-43 abnor-
malities can lead to mitochondrial damage, and a range of mitochon-
drial defects have been reported in TDP-43 proteinopathies in both 
cell and animal models, including damage to mitochondrial complex 
I (Wang W. et al., 2016; Wang et al., 2019; Liu et al., 2024), mitochon-
drial structural disruption (Liu et al., 2024), loss of mitochondrial 
membrane potential (Wang et al., 2019), reduced ATP synthesis 
(Wang et al., 2019), increased ROS production (Wang et al., 2019), and 
triggering of mtDNA release to activate neuroinflammation (Yu et al., 
2020). Damaged mitochondria can activate mitochondrial autophagy, 
selectively isolating and eliminating impaired, aging, and dysfunc-
tional mitochondria (Gustafsson and Dorn, 2019). Furthermore, 
research has shown that TDP-43 regulate with autophagy (Bose et al., 
2011). Therefore, there exists a delicate balance between TDP-43, 
mitochondria, and autophagy: abnormal accumulation of TDP-43 can 
damage mitochondria and disrupt autophagic homeostasis, and mito-
chondrial regulation of the autophagic pathway is crucial. 
Mitochondrial dysfunction may disrupt the normal autophagic pro-
cess, while damaged mitochondria can interfere with normal TDP-43 
function, and dysfunctional autophagy cannot clear accumulated 
TDP-43 aggregates or damaged mitochondria (Huang C. et al., 2020). 
As a result, maintaining the balance between TDP-43, mitochondria, 
and autophagy is considered a key therapeutic target for AD treatment 
(Huang C. et al., 2020).

Icaritin (ICT) is an isoprenylated flavonoid compound derived 
from the traditional Chinese medicine Epimedium (Li et al., 
2015). Several preclinical and clinical studies have demonstrated 
that ICT can combat various cancers, including hepatocellular 
carcinoma (Bailly, 2020), breast cancer (Wang et al., 2020), glio-
blastoma (Liu et al., 2018), and leukemia (Zhu et al., 2011). 
Furthermore, clinical trials of ICT have reported only a 6.9% inci-
dence of adverse reactions, with no severe grade 3–4 events, indi-
cating a relatively high safety profile (Fan et al., 2019). Previous 
studies on the mechanisms of ICT suggest that it possesses potent 
antioxidant and anti-inflammatory properties (Wu et al., 2014; Liu 
et al., 2019), and its oral administration can cross the blood–brain 
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barrier in rats (Li et al., 2020). Our previous research has shown 
that ICT can alleviate AD pathology and improve disease progres-
sion. For instance, we found that ICT reduced tau pathology 
induced by okadaic acid (OA) in SH-SY5Y cells, improving AD 
(Li et al., 2022a), and it also reduced BACE1 expression in aging 
mice (Li et al., 2020) and APP-PS1-HEK293 cells (Feng et al., 
2019), with potential mechanisms related to apoptosis pathways, 
such as decreasing the Bax/Bcl-2 ratio (Li et al., 2020). 
Additionally, ICT has been shown to mitigate mitochondrial 
damage and oxidative stress in TDP-43-transfected SH-SY5Y cells 
(Zhou et al., 2021) and inhibit autophagy (Zhou et al., 2022). 
However, the specific mechanisms of TDP-43 pathology in AD 
remain unclear, and whether ICT can alleviate TDP-43 pathology 
in the context of AD is yet to be determined. Therefore, we aim to 
evaluate whether TDP-43 transfection in APP cells exacerbates 
AD-related pathology and to further investigate whether the 
mechanisms are associated with mitochondrial damage and 
autophagic dysfunction, as well as whether ICT can protect against 
such damage.

Collectively, the evidence summarized above indicates that 
Alzheimer’s disease is not only characterized by Aβ and tau pathology, 
but is also closely associated with TDP-43 proteinopathy, mitochon-
drial dysfunction, and impaired autophagic homeostasis. Pathological 
accumulation of TDP-43 can disrupt mitochondrial structure and 
function, leading to excessive ROS production, ATP depletion, and 
synaptic dysfunction, while mitochondrial damage in turn activates 
dysregulated autophagy that fails to efficiently clear damaged mito-
chondria and TDP-43 aggregates. This reciprocal and self-amplifying 
interplay among TDP-43, mitochondrial dysfunction, and autophagy 
impairment contributes to neuronal vulnerability and disease progres-
sion in AD. Given the antioxidant, mitochondria-protective, and 
autophagy-modulating properties of ICT, together with its ability to 
cross the blood–brain barrier and its favorable safety profile, we 
hypothesized that ICT may exert neuroprotective effects in AD by 
restoring mitochondrial homeostasis and autophagic balance in the 
context of TDP-43–associated pathology. Based on this rationale, the 
present study investigates the effects of TDP-43 overexpression in APP 
cells and evaluates whether ICT can ameliorate AD-related mitochon-
drial damage and autophagy dysfunction.

2 Materials and methods

2.1 Construction of stable cell lines

2.1.1 Construction of APP stable cell line

The Neuro-2a (N2a) cell line was purchased from Henan Wenteer 
Biotechnology Co., Ltd., which also constructed the N2a/pLVX 
(PLVX) and APP stable cell lines. The N2a cell clones were originally 
established by R. J. Klebe and F. H. Ruddle through spontaneous 
tumors in A-strain mice. In brief, N2a cells were infected with lentivi-
ral vectors, including control virus (empty plasmid) and target virus 
(APP695swe recombinant plasmid). After 72 h of infection, puromy-
cin was added to selectively kill cells that were not effectively infected, 
resulting in the selection of stable clones expressing the target gene 
under puromycin selection pressure. Stable clones were then con-
firmed by RT-qPCR.

2.1.2 Construction of TDP-43 stable cell line

First, lentivirus packaging was performed using HEK-293 cells. 
Briefly, HEK-293 cells were seeded in a 10 cm culture dish and incu-
bated for 16 h. The cells were then transfected using a three-plasmid 
system (TARDBP plasmid: pxp2X plasmid: pmd2G plas-
mid = 5:2.5:5) for 6 h. After transfection, the medium was replaced 
with DMEM high-glucose complete medium. Supernatants were col-
lected at 48 and 72 h, combined, and mixed with 1 mL of EZ lentivi-
ral concentrate. The mixture was incubated at 4 °C overnight, 
followed by centrifugation to remove the supernatant and resuspen-
sion in PBS, yielding the packaged lentivirus. The target virus was 
mixed with transfection reagents in the appropriate ratio, then used 
to infect APP cells. After 9 h, the medium was replaced with DMEM 
high-glucose complete medium. The transfection efficiency was 
observed using a fluorescence microscope (Sartorius Instrument 
System Co., Ltd., Beijing, China) 48 h post-infection. In this study, 
the transfection efficiency of the TARDBP construct was assessed 
using fluorescence imaging combined with quantitative analysis. 
Specifically, after transducing cells with a lentiviral vector carrying a 
GFP tag, the proportion of GFP-positive cells relative to the total cell 
number was calculated using fluorescence microscopy and ImageJ 
software.

2.2 Cell culture

N2a, PLVX, APP, and TDP-43 stable cell lines were cultured in 
high-glucose DMEM medium (Gibco, Thermo Fisher Scientific, USA; 
Cat. No. C11995500BT) supplemented with 10% FBS (Gibco, Thermo 
Fisher Scientific, USA; Cat. No. 16000044), 1% penicillin–streptomy-
cin (Solarbio, Beijing, China; Cat. No. P1400), and incubated at 37 °C 
in a 5% CO₂ incubator. Cells were dissociated using 0.25% trypsin 
containing EDTA (Sparkjade, Nanjing, China; Cat. No. CN0004-
100ML), and were subcultured or plated for subsequent assays.

2.3 ICT treatment of cells

TDP-43 cells were seeded in appropriate culture plates and 
allowed to attach overnight. To evaluate the potential therapeutic 
effects of ICT, cells were treated with varying concentrations of ICT 
(0.01, 0.1, and 1 μM) (Solarbio, Beijing, China; Cat. No. II0040) for 
24 h. ICT was dissolved in DMSO (Sigma-Aldrich, USA; Cat. No. 
D2650), and the final concentration of DMSO in the culture medium 
did not exceed 0.1% in any treatment group. After the treatment 
period, cells were harvested for subsequent analyses, including assess-
ments of mitochondrial function and protein expression et al. Control 
cells received an equivalent volume of vehicle DMSO without ICT.

2.4 CCK-8 assay for cell viability

Cell viability was measured using the CCK-8 kit (Solarbio, Beijing, 
China; Cat. No. CA1210-100). This assay is based on the WST-8 
method, where, in the presence of an electron coupling reagent, it is 
reduced by mitochondrial dehydrogenases to form an orange-yellow 
water-soluble formazan compound. CCK-8 reagent was added at a 
10:1 ratio, and cells were incubated for 3 h in a humidified environ-
ment at 37 °C and 5% CO₂. After incubation, cell viability was assessed 
using a fluorescence microplate reader (Bio-Rad Laboratories, 
Hercules, CA, USA) at an excitation/emission wavelength of 450 nm.
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2.5 Western blot

Adherent cells were harvested and mixed with RIPA lysis buffer 
(Solarbio, Beijing, China; Cat. No. R0010) containing 1 × protein 
phosphatase inhibitor (Solarbio, Beijing, China; Cat. No. P1260) and 
PMSF (Solarbio, Beijing, China; Cat. No. P0100) to obtain cell 
lysates. After sonication, the supernatant was collected, and protein 
concentration was quantified using the BCA method (Solarbio, 
Beijing, China; Cat. No. PC0020). The lysates were then mixed with 
PBS and 5× protein loading buffer (Omni-Easy™; EpiZyme, 
Shanghai, China; Cat. No. LT101S) and subjected to protein denatur-
ation (100 °C, 10 min). The samples, containing 30 μg of protein, 
were separated on SDS-PAGE gels (6–15%, 10-well, EpiZyme, 
Shanghai, China; Cat. No. LK208-211). The proteins were transferred 
onto a PVDF membrane (0.45 μm) (Millipore Immobilon-P PVDF 
membrane, MilliporeSigma, USA; Cat. No. IPVH00010) using a 
transfer device (Bio-Rad Trans-Blot Cell 36S Western Blot Transfer 
System; Bio-Rad Laboratories, Hercules, CA, USA). The membrane 
were blocked for 30 min with 1× non-protein blocking solution 
(EpiZyme, Shanghai, China; Cat. No. PS108) and incubated over-
night at 4 °C with primary antibodies as follows: Anti-APP 
(Immunoway Biotechnology, Plano, TX, USA; Cat. No. YT5754; 
1:1000), Anti-TDP-43 (ZenBio, Chengdu, China; Cat. No. Q13148; 
1:1000), Anti-pTDP-43 (Ser409/410) (Proteintech, Wuhan, China; 
Cat. No. 80007-1-RR; 1:1000), Anti-Tau (Proteintech, Wuhan, China; 
Cat. No. 10274-1-AP; 1:1000), Anti-pTau (Thr217) (Proteintech, 
Wuhan, China; Cat. No. 31138-1-AP; 1:1000), Anti-PGC-1α 
(ZenBio, Chengdu, China; Cat. No. 381615; 1:1000), Anti-PINK1 
(Santa Cruz Biotechnology, Dallas, TX, USA; Cat. No. sc-517353; 
1:1000), Anti-Parkin (ZenBio, Chengdu, China; Cat. No. 381626; 
1:1000), Anti-AMPK (Cell Signaling Technology, Danvers, MA, 
USA; Cat. No. 2532S; 1:1000), Anti-p-AMPK (Thr172) (Abcam, 
Cambridge, UK; Cat. No. ab131499; 1:1000), Anti-mTOR (Abcam, 
Cambridge, UK; Cat. No. ab245370; 1:1000), Anti-p-mTOR 
(Ser2448) (Abcam, Cambridge, UK; Cat. No. ab109268; 1:1000), and 
Anti-GAPDH (ZenBio, Chengdu, China; Cat. No. 511203; 1:10000). 
The membrane was then incubated with secondary antibody at room 
temperature for 1 h. Immunoreactivity was developed using 
Immobilon™ ECL Ultra Western HRP Substrate (EpiZyme, 
Shanghai, China; Cat. No. SQ201) and visualized using the Chemidoc 
MP Imaging System (Bio-Rad Laboratories, Hercules, CA, USA). 
Specific bands were quantified using ImageLab software (Bio-Rad 
Laboratories, Hercules, CA, USA).

2.6 Fluorescent quantitative reverse 
transcription PCR (RT-qPCR)

RNA was extracted from cells using TRIZOL (Takara, Shiga, 
Japan; Cat. No. 108–95-2) reagent according to the manufacturer’s 
instructions. RNA concentration was measured using a NanoDrop 
ND-1000 (Thermo Fisher Scientific, USA; NanoDrop ND-1000). Two 
micrograms of RNA were reverse-transcribed into cDNA using a 
reverse transcription kit (Takara, Shiga, Japan; Cat. No. RR037A). 
qPCR was performed using SYBR® Green PCR Master Mix (iScience, 
Beijing, China; Cat. No. EG20117T) on a CFX96 instrument (Bio-Rad 
Laboratories, Hercules, CA, USA). The RT-qPCR program consisted 
of the following steps: initial denaturation at 95 °C for 10 min; ampli-
fication by cycling at 95 °C for 10 s and 60 °C for 30 s (for 45 cycles); 
and a melt curve with denaturation at 95 °C for 10 s and 65 °C for 30 s.

2.7 Enzyme-linked immunosorbent assay 
(ELISA)

Aβ42 levels in cell supernatants from each group were quantified 
using an Aβ42 ELISA Kit (Jianglai Bio, China; Cat. No. JL11386) 
according to the manufacturer’s instructions. Briefly, 10 μL of 
anti-Aβ42 antibody was added to the samples, followed by 50 μL of 
streptavidin-HRP. The plates were incubated at 37 °C for 60 min. After 
incubation, the plates were washed 5 times with wash buffer. Then, 
50 μL of substrate solution A and 50 μL of substrate solution B were 
added, and the plates were incubated at 37 °C in the dark for 10 min. 
Finally, 50 μL of stop solution was added, and the optical density (OD) 
at 450 nm was measured using a microplate reader.

2.8 Transmission Electron microscopy (TEM)

TEM was used to assess mitochondrial morphological character-
istics. Briefly, cells were collected, fixed (0.1 M phosphate buffer, 2.5% 
glutaraldehyde, 2.5% PFA), and incubated at 4 °C for 2 h. After fixa-
tion, cells were post-fixed in 1% OsO4 for 2 h and then contrasted 
with 0.5% uranyl acetate for 30 min. The samples were processed 
according to standard procedures using Embed 812 epoxy resin 
(Electron Microscopy Sciences, Hatfield, PA, USA). Semi-thin cross-
sectional slices (1 μm thick) were stained with Richardson’s stain and 
imaged using a BA210 Digital biological microscope (Motic China 
Group Co., Ltd.). All observations were carried out on a JEM-
1400FLASH transmission electron microscope (JEOL, Japan).

2.9 Flow cytometry analysis

Cellular ROS levels were measured using the Abbkine ROS 
Detection Kit (Abbkine, Wuhan, China; Cat. No. KTB1910) according 
to the manufacturer’s instructions. Briefly, adherent cells were har-
vested and centrifuged at 1000 × g for 5 min, then resuspended in 
complete culture medium containing the ROS probe. Cells were incu-
bated at 37 °C for 30 min, washed with PBS, and resuspended in 
100 μL PBS. Samples were analyzed using a FACS Canto II flow 
cytometer (BD Biosciences, USA). FSC vs. SSC gating was applied to 
select the main cell population and doublets were excluded using 
FSC-H vs. FSC-A. ROS-positive cells were defined relative to 
unstained controls.

2.10 ATP detection

We used an ATP detection kit (Elabscience, Wuhan, China; Cat. 
No. E-BC-F002) to measure cellular ATP content. Briefly, cells were 
collected, and reagents were added at a specific ratio. After boiling in 
a water bath for 10 min and cooling under running water, the super-
natant was collected by centrifugation. Enzyme working solution was 
then added, and the samples were transferred to a 96-well plate for 
detection.

2.11 Molecular docking

Briefly, the small molecule structure was drawn using ChemBioDraw 
Ultra 14.0, and the structure was imported into ChemBio3D Ultra 14.0 
for energy minimization, with the Minimum RMS Gradient set to 0.001. 
The small molecule was then saved in mol2 format. The optimized small 
molecule was imported into AutodockTools-1.5.6 for hydrogenation, 
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charge calculation, charge assignment, and rotatable bond setting, then 
saved in pdbqt format. The protein structure was downloaded from the 
Uniprot database, and Pymol 2.3.0 was used to remove crystallization 
water and original ligands. The protein structure was imported into 
AutoDockTools (v 1.5.6) for hydrogenation, charge calculation, charge 
assignment, and atom type specification, then saved in pdbqt format. 
Protein binding sites were predicted using POCASA 1.1, and docking 
was performed using AutoDock Vina 1.1.2. The parameters related to 
TDP43 were set as follows: center_x = −2.5, center_y = 7.0, 
center_z = −14.0; search space: size_x: 60, size_y: 60, size_z: 60 (with a 
grid spacing of 0.375 Å), exhaustiveness: 10, and the remaining param-
eters were set to default. Finally, PyMOL 2.3.0 was used for interaction 
mode analysis of the docking results.

2.12 Statistical analysis

All statistical analyses were performed using SPSS 29.0 (IBM SPSS 
Statistics Professional Software) for all experimental data. The statisti-
cal method used was one-way analysis of variance (ANOVA) for com-
parisons among multiple groups. Results are presented as means ± 
standard deviation. If variances were homogeneous, one-way ANOVA 
was applied for multiple group comparisons. If variances were hetero-
geneous, Dunnett’s T3 test was used. A significance level of α = 0.05 
was set, and a p-value <0.05 was considered statistically significant.

3 Results

3.1 Successful construction of APP and 
TDP-43 cell models

We constructed an in vitro AD model using N2a cells infected 
with lentivirus carrying the APP695swe gene, and then further estab-
lished an in vitro AD model with TDP-43 pathology by infecting these 
cells with lentivirus carrying the TDP-43 gene. First, CCK-8 assays 
revealed a significant decrease in cell viability following overexpres-
sion of APP695swe (Figure 1a). To verify the successful construction 
of the APP cell model, we performed RT-qPCR to assess the expres-
sion of the APP695swe gene, which showed a significant increase in 
mRNA levels (Figure 1b). Western blot analysis further confirmed that 
the accumulation of APP695swe mRNA led to a marked increase in 
APP protein expression (Figure 1c), and the quantification of the pro-
tein levels is shown in Figure 1d. ELISA analysis of the culture super-
natant showed that Aβ42 levels were significantly elevated in APP cells 
(Figure 1e). These results confirm the successful construction of the 
APP cell model. To further validate the successful creation of the 
TDP-43 model, we observed transfection efficiency of HEK-293 cells 
to be >90%, indicating successful lentivirus packaging (Figure 1f). The 
successfully packaged lentivirus was then used to infect APP cells, 
with a transfection efficiency >70% (Figure 1f). These results collec-
tively demonstrate the successful establishment of the TDP-43 
cell model.

3.2 ICT alleviates the deterioration of AD 
pathology induced by TDP-43

To further evaluate the phenotypic changes in TDP-43 cells and 
investigate the effects of ICT treatment on the cell phenotype, we 

screened the drug concentrations for ICT treatment. After 24 h of ICT 
treatment on TDP-43 cells, cell viability was assessed using the CCK-8 
assay. The results showed that ICT at concentrations of 0.01, 0.1, and 
1 μmol/L had no cytotoxic effects, and concentrations of 5 and 
10 μmol/L did not significantly affect cell viability. Therefore, 0.01, 0.1, 
and 1 μmol/L were selected for subsequent experiments 
(Supplementary Figure S1). To assess changes in cell viability, we per-
formed the CCK-8 assay, and the results showed that overexpression 
of TARDBP gene significantly reduced cell viability, while ICT treat-
ment enhanced cell viability (Figure 2a).

Amyloid Precursor Protein (APP) is cleaved by secretases to form 
Aβ42. Under pathological conditions, the imbalance between Aβ42 
production and clearance leads to the formation of insoluble Aβ42 
oligomers, which are considered the main form of neurotoxicity in AD 
(Sandberg et al., 2022). Previous studies have reported that TDP-43 
levels are correlated with Aβ oligomer levels (Caccamo et al., 2010), 
and Aβ42 is the main form of Aβ oligomers (Kim et al., 2022). Thus, 
we measured the Aβ42 levels in the cell supernatants, and the results 
showed that the Aβ42 levels were significantly elevated in the TDP-43 
cells compared to the APP cells (Figure 2b), and ICT treatment led to 
varying degrees of reduction in Aβ42 levels.

Under pathological conditions, TDP-43 can be phosphorylated 
(Buratti, 2018), and its phosphorylated form accumulates in the neu-
ronal cytoplasm, leading to neurotoxicity (Yang et al., 2010). Studies 
have shown that overexpression of the wild-type TARDBP gene in 
SH-SY5Y cells is sufficient to induce the formation of p-TDP-43 
pathology (Ko et al., 2024). Therefore, we assessed p-TDP-43 pathol-
ogy and found that overexpression of APP695swe did not result in 
significant p-TDP-43 pathology. However, in the TDP-43 cells, obvi-
ous p-TDP-43 pathology was formed, which was reduced after ICT 
treatment (Figure 2c).

Tau pathology, one of the major pathologies in AD, is thought to 
synergize with TDP-43 pathology (Latimer and Liachko, 2021). 
Comparative analysis of brain homogenates from AD patients with 
and without TDP-43 pathology showed that TDP-43 pathology could 
increase p-Tau pathology in the brain (Tomé et al., 2023). Therefore, 
we further assessed p-Tau pathology in each group of cells. The results 
showed that overexpression of APP695swe did not form significant 
p-Tau pathology, whereas TDP-43 cells exhibited significant p-Tau 
pathology, which was reduced following ICT treatment (Figure 2d). 
Figure 2e shows the semi-quantitative analysis of Figure 2c, and 
Figure 2f shows the semi-quantitative analysis of Figure 2d.

3.3 ICT alleviates mitochondrial damage 
induced by TDP-43 pathology

Previous studies have shown that mitochondria are a target of 
TDP-43 pathology (Wang et al., 2019; Zhou et al., 2021). To explore 
the impact of TDP-43 pathology on mitochondria, we used TEM to 
observe mitochondrial ultrastructure, flow cytometry to detect ROS 
expression, and ATP assay kits to assess ATP levels. TEM results 
revealed that after overexpression of APP695swe, mitochondria 
exhibited mild swelling and a slight reduction in mitochondrial cris-
tae. However, after overexpression of APP695swe/TARDBP, mito-
chondria showed obvious swelling with almost complete 
disappearance of cristae, and this effect was reversed upon ICT treat-
ment (Figure 3a).

Mitochondria are the primary source of ROS production (Dan 
Dunn et al., 2015), and defective mitochondria can lead to the 
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accumulation of ROS (Murphy, 2009). Moreover, excessive ROS can 
impair neuronal survival and function (Blesa et al., 2015; Ott et al., 
2007). Therefore, we examined whether TDP-43 pathology affects 
ROS generation in APP cells overexpressing TARDBP and quantified 
intracellular ROS expression using flow cytometry. The results showed 
that overexpression of APP695swe led to enhanced ROS expression 
compared to normal cells. However, overexpression of APP695swe/
TARDBP significantly increased ROS expression compared to the 

APP695swe group, and this effect was partially reversed by ICT treat-
ment (Figure 3b).

Additionally, ATP is primarily synthesized by the electron trans-
port chain on the inner mitochondrial membrane (Saraste, 1999), and 
defective mitochondria can lead to reduced ATP production (Kaur et 
al., 2023). We further quantified ATP production in the cells, and the 
results showed no significant reduction in ATP levels after APP695swe 
overexpression. However, after overexpression of APP695swe/TARDBP, 

FIGURE 1

Establishment of APP and TDP-43 cell models. X-axis symbols ‘+’ and ‘−’ indicate the presence or absence of specific treatments or transfections, 
respectively. Bars with all ‘−’ symbols represent the control group (untreated or untransfected N2a cells). Subsequent symbols indicate the 
corresponding experimental groups as described in the figure. (a) Cell viability assay of N2a, PLVX, and APP cells. (b) RT-qPCR analysis of APP695swe 
gene expression in stably transfected N2a cells obtained by lentiviral infection with APP695swe or empty vector. (c) Western blot analysis of APP protein 
expression levels in N2a, PLVX, and APP cells. (d) Quantification of APP protein expression shown in panel (c). (e) ELISA detection of secreted Aβ42 
levels in the supernatants of N2a, PLVX, and APP cells. (f) Lentiviral transfection efficiency of TARDBP and establishment of TDP-43 stable cell line. 
*p < 0.05, n = 3, data represent three independent experiments.
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ATP production was significantly reduced, and ICT treatment resulted 
in varying degrees of increased ATP production (Figure 3c).

PGC1-α plays a crucial role in regulating mitochondrial biogen-
esis and oxidative stress responses. It reduces ROS-induced damage 
within cells, thereby protecting mitochondrial function. Therefore, we 
further assessed the expression of PGC1-α, a key protein involved in 
mitochondrial biogenesis. The results showed that after overexpres-
sion of APP695swe/TARDBP, PGC1-α expression was significantly 

decreased, and ICT treatment resulted in a recovery of its expression 
levels (Figures 3d,e).

3.4 ICT improves autophagy dysregulation 
induced by TDP-43 pathology

Autophagy is a cellular phenomenon that occurs when cells expe-
rience pathological damage. Studies have shown that TDP-43 

FIGURE 2

ICT attenuates the exacerbation of AD pathology induced by TDP-43 pathology. Symbols on the X-axis are as described in Figure 1. (a) Cell viability 
assessed by CCK-8 assay. (b) ELISA analysis of secreted Aβ42 levels in the cell supernatant. (c) Western blot analysis of the phosphorylated TDP-43 to 
total TDP-43 (p-TDP-43/TDP-43) ratio. (d) Western blot analysis of the phosphorylated Tau to total Tau (p-Tau/Tau) ratio. (e) Quantification of protein 
levels shown in panel (c). (f) Quantification of protein levels shown in panel (d). *p < 0.05, TDP-43 group vs. APP group; #p < 0.05, ICT treatment group 
vs. TDP-43 group; n = 3, data represent three independent experiments.
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pathology co-localizes with autophagy-related proteins such as LC3 
and p62/SQSTM1 (Mizuno et al., 2006; Hiji et al., 2008), suggesting a 
direct relationship between autophagy and TDP-43 pathology. Given 

the exacerbation of mitochondrial damage upon overexpression of 
APP695swe/TARDBP, we aimed to investigate whether mitochondrial 
autophagy levels were altered. As the mitochondrial autophagy 

FIGURE 3

ICT alleviates mitochondrial damage induced by TDP-43. Symbols on the X-axis are as described in Figure 1. (a) Representative TEM images showing 
mitochondrial ultrastructural morphology. (b) Flow cytometric analysis of intracellular ROS levels in different groups. (c) Quantification of cellular ATP 
levels using a commercial assay kit. (d) Western blot analysis of PGC-1α protein expression. (e) Quantification of PGC-1α expression shown in panel (d). 
*p < 0.05, TDP-43 group vs. APP group; #p < 0.05, ICT treatment group vs. TDP-43 group; n = 3, data represent three independent experiments.
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signaling pathway is complex and multifaceted, the specific signaling 
pathways associated with TDP-43 pathology are not yet fully under-
stood. Therefore, we focused on investigating the ubiquitin-mediated 
mitochondrial autophagy pathway, namely the (PTEN-induced puta-
tive kinase 1, PINK1)/(Parkin RBR E3 ubiquitin protein ligase, Parkin) 
pathway (Ning et al., 2022), which is considered one of the most well-
studied mitochondrial autophagy pathways (He et al., 2019). The 
results showed that overexpression of APP695swe alone did not sig-
nificantly affect the PINK1/Parkin-mediated mitophagy pathway. In 
contrast, co-overexpression of APP695swe and TARDBP markedly 
increased the expression of PINK1 and Parkin, indicating activation 
of the PINK1/Parkin-dependent autophagy pathway. After ICT treat-
ment, protein expression levels were restored to normal levels 
(Figures 4a–d).

In light of the changes observed in the mitochondrial autophagy 
pathway, we further examined the activation of proteins related to the 
(AMP-activated protein kinase, AMPK)/(mechanistic target of 
rapamycin, mTOR) signaling pathway, as the AMPK/mTOR pathway 
is considered a central component in the autophagy regulatory signal-
ing network (Alers et al., 2012). The results showed that overexpres-
sion of APP695swe/TARDBP decreased p-AMPK activation 
(Figure 5a) and increased p-mTOR activation (Figure 5b). Figure 5c 
shows the results of the semi-quantitative analysis of Figures 5a,d, 
shows the results of the semi-quantitative analysis of Figure 5b. 
However, ICT treatment partially restored protein expression levels, 
suggesting that ICT can, to some extent, reverse the autophagy dys-
regulation induced by APP695swe/TARDBP through the AMPK/

mTOR pathway. Furthermore, we performed molecular docking 
between TDP-43 protein and ICT to explore whether ICT could bind 
to TDP-43. The results indicated that ICT binds to TDP-43 with a 
binding energy of −7.1 kcal/mol, demonstrating a strong binding 
interaction between the two (Figure 6). Therefore, exploring the direct 
interaction between ICT and TDP-43 provides a direction for our 
future research.

4 Discussion

In the past decade, considerable efforts have been made to find 
new therapeutic approaches for AD with the aim of preventing or 
treating the disease. TDP-43 pathology is commonly observed in the 
brains of AD patients and is closely related to disease progression. It 
has been shown to affect AD pathology and shares a common genetic 
risk factor with AD, namely the apolipoprotein E4 (ApoE4) allele 
(Meneses et al., 2021). The mere presence of TDP-43 pathology 
increases the likelihood of developing AD (Meneses et al., 2021; Zhou 
et al., 2025; He et al., 2025; Huang W. et al., 2020), suggesting that 
TDP-43 pathology is an integral part of AD pathology. Therefore, tar-
geting TDP-43 pathology holds promise as an effective therapeutic 
strategy for AD.

ICT, a flavonoid natural compound derived from the hydrolysis 
of icariin, is a bioactive compound with antioxidant, anti-neuroin-
flammatory, neuroprotective, and anti-aging properties (Wang et al., 

FIGURE 4

ICT attenuates the upregulation of PINK1/Parkin signaling pathway proteins induced by TDP-43 pathology. Symbols on the X-axis are as described in 
Figure 1. (a) Western blot analysis of PINK1 protein expression levels. (b) Western blot analysis of Parkin protein expression levels. (c) Quantification of 
PINK1 expression shown in panel (a). (d) Quantification of Parkin expression shown in panel (b). *p < 0.05, TDP-43 group vs. APP group; #p < 0.05, ICT 
treatment group vs. TDP-43 group; n = 3, data represent three independent experiments.
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2007; Jin et al., 2019; Zhang et al., 2021) due to its polyphenolic 
hydroxyl chemical structure (Zhang and Zhang, 2017). Previous stud-
ies have shown that ICT can alleviate cellular damage induced by Aβ 
(Li et al., 2024), Tau (Li et al., 2022a), and TDP-43 pathologies (Zhou 

et al., 2021; Zhou et al., 2022). However, whether ICT exerts therapeu-
tic effects on AD models that combine TDP-43 pathology remains 
unknown. In this context, ICT may have an impact on TDP-43 pathol-
ogy in AD. Our results confirm that the overexpression of TDP-43, 

FIGURE 5

ICT alleviates the dysregulation of AMPK/mTOR signaling pathway proteins induced by TDP-43 pathology. Symbols on the X-axis are as described in 
Figure 1. (a) Western blot analysis of the phosphorylated to total AMPK (p-AMPK/AMPK) ratio. (b) Western blot analysis of the phosphorylated to total 
mTOR (p-mTOR/mTOR) ratio. (c) Quantification of protein levels shown in panel (a). (d) Quantification of protein levels shown in panel (b).*p < 0.05, 
TDP-43 group vs. APP group; #p < 0.05, ICT treatment group vs. TDP-43 group; n = 3, data represent three independent experiments.

FIGURE 6

Molecular docking model of ICT with TDP-43 protein.
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leading to the formation of p-TDP-43 pathology, reduces cell viability, 
exacerbates Aβ42 secretion, and promotes Tau pathology formation. 
These results are consistent with previous reports, indicating that 
TDP-43 pathology can exacerbate the core pathology of AD (Tomé et 
al., 2023; Davis et al., 2017). Notably, ICT treatment improved cell 
viability in TDP-43 cellular models, attenuated p-TDP-43 aggregation, 
reduced Aβ42 levels, and alleviated Tau pathology, suggesting that ICT 
may exert broad protective effects against multiple AD-related 
pathologies.

Mitochondria play a central role in cellular biology and are 
essential for life, primarily responsible for energy production, cal-
cium handling, apoptosis, and cell signaling (Klemmensen et al., 
2024). Previous studies have shown that mitochondria are one of 
the primary targets of TDP-43 pathological proteins (Wang W. et 
al., 2016; Wang et al., 2019; Bennett et al., 2018). Consistent with 
prior reports (Wang W. et al., 2016; Wang et al., 2019), we observed 
that TDP-43 pathology led to mitochondrial swelling, significant 
loss of cristae, increased ROS generation, and decreased ATP pro-
duction. ICT treatment partially reversed these damages: after 24 h 
of ICT exposure, mitochondrial morphology in TDP-43 cells was 
improved, cristae structure was enhanced, ROS levels were 
reduced, and ATP production increased. This mitochondrial pro-
tective effect aligns with our previous findings that ICT amelio-
rates TDP-43–induced mitochondrial dysfunction (Zhou et al., 

2021), suggesting that maintaining mitochondrial integrity may be 
an important component of ICT’s neuroprotective mechanism. 
Notably, as shown by the results, ICT effectively reduced intracel-
lular ROS levels; however, this effect does not appear to be strictly 
dose-dependent. Specifically, moderate doses of ICT significantly 
decreased ROS levels, whereas further increasing the dose did not 
enhance this effect and instead led to a partial rebound in 
ROS. This non-linear response suggests that the antioxidative 
effect of ICT may have an optimal dose range rather than increas-
ing proportionally with dose.

Mitochondrial autophagy homeostasis is essential for main-
taining normal mitochondrial function, cell survival, and overall 
cellular and biological functions (Pearson and Soleimanpour, 
2018). The PINK1/Parkin pathway represents a classical ubiquitin-
dependent mitophagy mechanism (Lu et al., 2023). When mito-
chondria are damaged, the mechanism by which PINK1 enters the 
inner mitochondrial membrane is blocked by the loss of mitochon-
drial membrane potential (MMP). Consequently, PINK1 binds to 
the outer mitochondrial membrane translocase and is retained on 
the outer mitochondrial membrane, while Parkin is recruited from 
the cytoplasm and undergoes a conformational change that acti-
vates it as an E3 ubiquitin ligase. This activation then leads to the 
aggregation of P62, which binds to the microtubule-associated 
protein light chain 3 (LC3), ultimately fusing with lysosomes to 

FIGURE 7

Schematic illustration of the protective effects of ICT against TDP-43 overexpression–induced mitochondrial damage and autophagy pathway 
dysfunction. Created with BioRender.com.
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form an autolysosome (Riley et al., 2013). Previous studies have 
demonstrated that TDP-43 pathology can disrupt PINK1/Parkin-
mediated mitophagy (Kato and Sakamoto, 2021). Consistent with 
these reports, our experimental results indicated that TDP-43 
pathology activated the expression of PINK1/Parkin signaling 
pathway-related proteins. Additionally, ICT treatment was found 
to reduce the expression of these pathway-related proteins. The 
activation of the PINK1/Parkin pathway after TDP-43 overexpres-
sion may be associated with mitochondrial damage caused by 
TDP-43 pathology, which leads to excessive activation of mito-
chondrial autophagy. This suggests that ICT preserves mitochon-
drial function in neuronal cells by inhibiting the excessive 
activation of the PINK1/Parkin signaling pathway. Interestingly, 
our results showed that ICT treatment reduced PINK1 and Parkin 
levels in transfected cells, and in some cases even below the base-
line observed in normal (non-transfected) cells. This phenomenon 
may reflect the restoration of mitochondrial homeostasis and alle-
viation of mitophagic stress rather than pathological suppression, 
as ICT mitigates cellular stress induced by the overexpression of 
disease-related proteins. Indeed, multiple studies have reported 
that moderate downregulation of PINK1 and Parkin does not 
impair mitochondrial function or induce detectable cellular toxic-
ity. For example, no significant changes in brain mitophagy have 
been observed in PINK1 knockout Drosophila (Cummins and 
Götz, 2018; Han et al., 2020) or mice (Cummins and Götz, 2018; 
McWilliams et al., 2018), and loss of PINK1/Parkin signaling has 
not been shown to induce neurodegeneration in the brains of mice 
(Gautier et al., 2008; Kitada et al., 2009) or pigs (Zhou et al., 2015; 
Wang X. et al., 2016). These findings suggest that cells or organisms 
can tolerate a moderate reduction in PINK1/Parkin levels.

The mammalian nervous system, especially neurons, heavily 
relies on autophagy to clear large and insoluble protein aggregates, 
thereby maintaining protein homeostasis (Malampati et al., 2020). 
In our cell model, overexpression of TARDBP led to the formation 
of p-TDP-43 insoluble aggregates, which may disrupt the autopha-
gic balance within the cells. As mentioned earlier, we observed that 
TDP-43 pathology further damages mitochondria and disrupts 
mitochondrial autophagy balance. Therefore, we aimed to further 
assess the impact of TDP-43 pathology on overall cellular autopha-
gic activity.

The AMPK/mTOR pathway is a critical signaling pathway in 
autophagy. Autophagy driven by AMPK serves as a key sensor for 
regulating cell metabolism and maintaining energy homeostasis, with 
AMPK activation negatively regulating autophagy through the mTOR 
(Guo et al., 2021; Xia et al., 2024). Additionally, the AMPK/mTOR 
autophagy pathway plays an important role in AD (Salminen et al., 
2011), and its regulation has been shown to improve AD-related 
pathology and cognitive deficits (Ou et al., 2018). Thus, ICT may alle-
viate cellular damage induced by TDP-43 pathology by modulating 
the AMPK/mTOR signaling pathway. In this study, we found that 
TDP-43 pathology inhibited AMPK activation while promoting 
mTOR activation, whereas ICT treatment restored the levels of these 
pathway proteins. This suggests that ICT improves autophagic func-
tion by modulating the AMPK/mTOR autophagy pathway, thereby 
reducing cellular stress and damage and alleviating TDP-43–mediated 
cytotoxicity. These findings are consistent with previous reports in 
other disease models showing that ICT can regulate the AMPK/
mTOR signaling pathway (Zhao et al., 2020).

Overall, this study demonstrates that ICT exerts neuroprotective 
effects in cellular models harboring both AD and TDP-43 pathologies. 
The underlying mechanisms may involve the maintenance of mito-
chondrial function, suppression of excessive mitophagy via the 
PINK1/Parkin pathway, and regulation of overall autophagic 
responses through the AMPK/mTOR pathway. Molecular docking 
analysis further revealed a potential binding between ICT and TDP-
43, providing a mechanistic basis for its potential direct action.

Despite these encouraging results, this study has several limita-
tions: (1) we primarily focused on the AMPK/mTOR and PINK1/
Parkin pathways but did not assess classical autophagy markers such 
as LC3 and p62; future studies will include these experiments. (2) 
TEM images were captured at high magnification and focused mainly 
on mitochondrial ultrastructure, so whole-cell images were not 
obtained, preventing accurate quantitative analysis of mitochondrial 
number. In addition, TEM images for the TDP-43 + 0.01 μM ICT 
group were not captured, which limits the completeness of the ultra-
structural comparison across all treatment conditions. (3) Although 
in vitro cellular models provide mechanistic insights, the therapeutic 
potential of ICT still needs to be validated in animal models and clini-
cal studies. (4) Considering the favorable pharmacological properties 
of ICT and the preliminary evidence of its neuroprotective effects, 
future research should further explore its translational potential in AD 
and related TDP-43 proteinopathies (see Figure 7).

5 Conclusion

ICT may exert a protective effect on mitochondrial damage and 
autophagy dysregulation induced by overexpression of TDP-43 in APP 
cells through the PINK1/Parkin and AMPK/mTOR signaling pathways.

Data availability statement

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

Author contributions

LX: Writing – original draft, Writing – review & editing, Data 
curation, Visualization. TL: Writing – review & editing, Supervision. 
ZL: Writing – review & editing. XA: Writing – review & editing. QC: 
Writing  – review & editing. XZ: Writing  – review & editing. QJ: 
Writing  – review & editing. NH: Writing  – review & editing, 
Conceptualization, Funding acquisition. YL: Writing – review & edit-
ing, Conceptualization, Funding acquisition.

Funding

The author(s) declared that financial support was received for this 
work and/or its publication. This work was supported by the Zunyi Science 

https://doi.org/10.3389/fnagi.2026.1741339
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Xia et al.� 10.3389/fnagi.2026.1741339

Frontiers in Aging Neuroscience 13 frontiersin.org

and Technology Bureau [Zunyi Science and Technology Talent Team 
Project (2024) No. 6, (2022) No. 2, 2023-10, 2022-9, 2025-4]; Guizhou 
Provincial Health Commission (2026-187, 2026-192); Department of 
Science and Technology of Guizhou Province ZSYS (2025) 040.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that Generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 

intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

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

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnagi.2026.1741339/
full#supplementary-material

References
Alers, S., Löffler, A. S., Wesselborg, S., and Stork, B. (2012). Role of AMPK-mTOR-Ulk1/2 
in the regulation of autophagy: cross talk, shortcuts, and feedbacks. Mol. Cell. Biol. 32, 
2–11. doi: 10.1128/MCB.06159-11

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

Bailly, C. (2020). Molecular and cellular basis of the anticancer activity of the prenylated 
flavonoid icaritin in hepatocellular carcinoma. Chemico-Biol. Interact. 325:109124. doi: 
10.1016/j.cbi.2020.109124

Bennett, C. L., Dastidar, S. G., Ling, S.-C., Malik, B., Ashe, T., Wadhwa, M., et al. (2018). 
Senataxin mutations elicit motor neuron degeneration phenotypes and yield TDP-43 
mislocalization in ALS4 mice and human patients. Acta Neuropathol. 136, 425–443. doi: 
10.1007/s00401-018-1852-9

Blesa, J., Trigo-Damas, I., Quiroga-Varela, A., and Jackson-Lewis, V. R. (2015). Oxidative 
stress and Parkinson’s disease. Front. Neuroanat. 9:91. doi: 10.3389/fnana.2015.00091

Bose, J. K., Huang, C. C., and Shen, C. K. J. (2011). Regulation of autophagy by neuro-
pathological protein TDP-43. J. Biol. Chem. 286, 44441–44448. doi: 10.1074/jbc.
M111.237115

Buratti, E. (2018). TDP-43 post-translational modifications in health and disease. Expert 
Opin. Ther. Targets 22, 279–293. doi: 10.1080/14728222.2018.1439923

Caccamo, A., Magrí, A., and Oddo, S. (2010). Age-dependent changes in TDP-43 levels 
in a mouse model of Alzheimer disease are linked to aβ oligomers accumulation. Mol. 
Neurodegener. 5:51. doi: 10.1186/1750-1326-5-51

Chen-Plotkin, A. S., Lee, V. M.-Y., and Trojanowski, J. Q. (2010). TAR DNA-binding 
protein 43 in neurodegenerative disease. Nat. Rev. Neurol. 6, 211–220. doi: 10.1038/
nrneurol.2010.18

Correia, A. S., Patel, P., Dutta, K., and Julien, J.-P. (2015). Inflammation induces TDP-43 
Mislocalization and aggregation. PLoS One 10:e0140248. doi: 10.1371/journal.
pone.0140248

Cummins, N., and Götz, J. (2018). Shedding light on mitophagy in neurons: what is the 
evidence for PINK1/Parkin mitophagy in vivo? Cell. Mol. Life Sci. 75, 1151–1162. doi: 
10.1007/s00018-017-2692-9

Dan Dunn, J., Alvarez, L. A., Zhang, X., and Soldati, T. (2015). Reactive oxygen species 
and mitochondria: A nexus of cellular homeostasis. Redox Biol. 6, 472–485. doi: 10.1016/j.
redox.2015.09.005

Davis, S. A., Gan, K. A., Dowell, J. A., Cairns, N. J., and Gitcho, M. A. (2017). TDP-43 
expression influences amyloidβ plaque deposition and tau aggregation. Neurobiol. Dis. 
103, 154–162. doi: 10.1016/j.nbd.2017.04.012

Fan, Y., Li, S., Ding, X., Yue, J., Jiang, J., Zhao, H., et al. (2019). First-in-class immune-
modulating small molecule Icaritin in advanced hepatocellular carcinoma: preliminary 
results of safety, durable survival and immune biomarkers. BMC Cancer 19:279. doi: 
10.1186/s12885-019-5471-1

Feng, F., Li, Y., Huang, N., and Luo, Y. (2019). Icaritin, an inhibitor of beta-site amyloid 
cleaving enzyme-1, inhibits secretion of amyloid precursor protein in APP-PS1-HEK293 
cells by impeding the amyloidogenic pathway. PeerJ 7:e8219. doi: 10.7717/peerj.8219

Gao, J., Wang, L., Yan, T., Perry, G., and Wang, X. (2019). TDP-43 proteinopathy and 
mitochondrial abnormalities in neurodegeneration. Mol. Cell. Neurosci. 100:103396. doi: 
10.1016/j.mcn.2019.103396

Gautier, C. A., Kitada, T., and Shen, J. (2008). Loss of PINK1 causes mitochondrial func-
tional defects and increased sensitivity to oxidative stress. Proc. Natl. Acad. Sci. USA 105, 
11364–11369. doi: 10.1073/pnas.0802076105

Gowda, P., Reddy, P. H., and Kumar, S. (2022). Deregulated mitochondrial microRNAs 
in Alzheimer’s disease: focus on synapse and mitochondria. Ageing Res. Rev. 73:101529. 
doi: 10.1016/j.arr.2021.101529

Guo, H., Ouyang, Y., Yin, H., Cui, H., Deng, H., Liu, H., et al. (2021). 
Induction of autophagy via the ROS-dependent AMPK-mTOR pathway protects copper-
induced spermatogenesis disorder. Redox Biol. 49:102227. doi: 10.1016/j.
redox.2021.102227

Gustafsson, Å. B., and Dorn, G. W. (2019). Evolving and expanding the roles of mitophagy 
as a homeostatic and pathogenic process. Physiol. Rev. 99, 853–892. doi: 10.1152/
physrev.00005.2018

Han, H., Tan, J., Wang, R., Wan, H., He, Y., Yan, X., et al. (2020). PINK1 phosphorylates 
Drp1S616 to regulate mitophagy-independent mitochondrial dynamics. EMBO Rep. 
21:e48686. doi: 10.15252/embr.201948686

He, P., Li, Y., Zhou, X., Liu, T., Huang, N., and Luo, Y. (2025). Effects of wild-type and 
mutant TDP-43 on cognitive function and hippocampal neurons in mice. Brain Res. 
1865:149815. doi: 10.1016/j.brainres.2025.149815

He, L., Zhou, Q., Huang, Z., Xu, J., Zhou, H., Lv, D., et al. (2019). PINK1/Parkin-mediated 
mitophagy promotes apelin-13-induced vascular smooth muscle cell proliferation by 
AMPKα and exacerbates atherosclerotic lesions. J. Cell. Physiol. 234, 8668–8682. doi: 
10.1002/jcp.27527

Hiji, M., Takahashi, T., Fukuba, H., Yamashita, H., Kohriyama, T., and Matsumoto, M. 
(2008). White matter lesions in the brain with frontotemporal lobar degeneration with 
motor neuron disease: TDP-43-immunopositive inclusions co-localize with p62, but not 
ubiquitin. Acta Neuropathol. 116, 183–191. doi: 10.1007/s00401-008-0402-2

Huang, N., Huang, W., Wang, M., Shi, J., Luo, Y., and Huang, J. (2025). Biomaterials in 
Alzheimer’s disease: an anti-neuroinflammatory perspective. Adv. Healthc. Mater. 
14:e2500498. doi: 10.1002/adhm.202500498

Huang, C., Yan, S., and Zhang, Z. (2020). Maintaining the balance of TDP-43, mitochon-
dria, and autophagy: a promising therapeutic strategy for neurodegenerative diseases. 
Transl Neurodegener 9:40. doi: 10.1186/s40035-020-00219-w

Huang, W., Zhou, Y., Tu, L., Ba, Z., Huang, J., Huang, N., et al. (2020). TDP-43: from 
Alzheimer’s disease to limbic-predominant age-related TDP-43 encephalopathy. Front. 
Mol. Neurosci. 13:26. doi: 10.3389/fnmol.2020.00026

https://doi.org/10.3389/fnagi.2026.1741339
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnagi.2026.1741339/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2026.1741339/full#supplementary-material
https://doi.org/10.1128/MCB.06159-11
https://doi.org/10.1002/alz.12683
https://doi.org/10.1002/alz.12683
https://doi.org/10.1016/j.cbi.2020.109124
https://doi.org/10.1007/s00401-018-1852-9
https://doi.org/10.3389/fnana.2015.00091
https://doi.org/10.1074/jbc.M111.237115
https://doi.org/10.1074/jbc.M111.237115
https://doi.org/10.1080/14728222.2018.1439923
https://doi.org/10.1186/1750-1326-5-51
https://doi.org/10.1038/nrneurol.2010.18
https://doi.org/10.1038/nrneurol.2010.18
https://doi.org/10.1371/journal.pone.0140248
https://doi.org/10.1371/journal.pone.0140248
https://doi.org/10.1007/s00018-017-2692-9
https://doi.org/10.1016/j.redox.2015.09.005
https://doi.org/10.1016/j.redox.2015.09.005
https://doi.org/10.1016/j.nbd.2017.04.012
https://doi.org/10.1186/s12885-019-5471-1
https://doi.org/10.7717/peerj.8219
https://doi.org/10.1016/j.mcn.2019.103396
https://doi.org/10.1073/pnas.0802076105
https://doi.org/10.1016/j.arr.2021.101529
https://doi.org/10.1016/j.redox.2021.102227
https://doi.org/10.1016/j.redox.2021.102227
https://doi.org/10.1152/physrev.00005.2018
https://doi.org/10.1152/physrev.00005.2018
https://doi.org/10.15252/embr.201948686
https://doi.org/10.1016/j.brainres.2025.149815
https://doi.org/10.1002/jcp.27527
https://doi.org/10.1007/s00401-008-0402-2
https://doi.org/10.1002/adhm.202500498
https://doi.org/10.1186/s40035-020-00219-w
https://doi.org/10.3389/fnmol.2020.00026


Xia et al.� 10.3389/fnagi.2026.1741339

Frontiers in Aging Neuroscience 14 frontiersin.org

Iqbal, I., Saqib, F., Mubarak, Z., Latif, M. F., Wahid, M., Nasir, B., et al. (2024). Alzheimer’s 
disease and drug delivery across the blood-brain barrier: approaches and challenges. Eur. 
J. Med. Res. 29:313. doi: 10.1186/s40001-024-01915-3

Jin, J., Wang, H., Hua, X., Chen, D., Huang, C., and Chen, Z. (2019). An outline for the 
pharmacological effect of icariin in the nervous system. Eur. J. Pharmacol. 842, 20–32. 
doi: 10.1016/j.ejphar.2018.10.006

Jorfi, M., Maaser-Hecker, A., and Tanzi, R. E. (2023). The neuroimmune axis of 
Alzheimer’s disease. Genome Med. 15:6. doi: 10.1186/s13073-023-01155-w

Kang, C. (2024). Donanemab: first approval. Drugs 84, 1313–1318. doi: 10.1007/
s40265-024-02087-4

Kato, Y., and Sakamoto, K. (2021). Niclosamide affects intracellular TDP-43 distribution 
in motor neurons, activates mitophagy, and attenuates morphological changes under 
stress. J. Biosci. Bioeng. 132, 640–650. doi: 10.1016/j.jbiosc.2021.06.015

Kaur, S., Sharma, N., Kumar, V., Sharma, D., Devi, B., Kapil, L., et al. (2023). The role of 
Mitophagy in various neurological diseases as a therapeutic approach. Cell. Mol. 
Neurobiol. 43, 1849–1865. doi: 10.1007/s10571-022-01302-8

Kim, Y.-M., Park, S., Choi, S. Y., Oh, S. B., Jung, M., Pack, C.-G., et al. (2022). Clusterin 
binding modulates the aggregation and neurotoxicity of amyloid-β(1-42). Mol. Neurobiol. 
59, 6228–6244. doi: 10.1007/s12035-022-02973-6

Kitada, T., Tong, Y., Gautier, C. A., and Shen, J. (2009). Absence of nigral degeneration in 
aged parkin/DJ-1/PINK1 triple knockout mice. J. Neurochem. 111, 696–702. doi: 
10.1111/j.1471-4159.2009.06350.x

Klemmensen, M. M., Borrowman, S. H., Pearce, C., Pyles, B., and Chandra, B. (2024). 
Mitochondrial dysfunction in neurodegenerative disorders. Neurotherapeutics 21:e00292. 
doi: 10.1016/j.neurot.2023.10.002

Ko, V. I., Ong, K., Cleveland, D. W., Yu, H., and Ravits, J. M. (2024). CK1δ/ε kinases regu-
late TDP-43 phosphorylation and are therapeutic targets for ALS-related TDP-43 hyper-
phosphorylation. Neurobiol. Dis. 196:106516. doi: 10.1016/j.nbd.2024.106516

Latimer, C. S., and Liachko, N. F. (2021). Tau and TDP-43 synergy: a novel therapeutic 
target for sporadic late-onset Alzheimer’s disease. Geroscience 43, 1627–1634. doi: 
10.1007/s11357-021-00407-0

Li, Y., Dai, S., Huang, N., Wu, J., Yu, C., and Luo, Y. (2022a). Icaritin and icariin reduce 
p-tau levels in a cell model of Alzheimer’s disease by downregulating glycogen synthase 
kinase 3β. Biotechnol. Appl. Biochem. 69, 355–363. doi: 10.1002/bab.2114

Li, Y.-Y., Huang, N.-Q., Feng, F., Li, Y., Luo, X.-M., Tu, L., et al. (2020). Icaritin improves 
memory and learning ability by decreasing BACE-1 expression and the Bax/Bcl-2 ratio 
in senescence-accelerated mouse prone 8 (SAMP8) mice. Evid. Based Complement. 
Alternat. Med. 2020:8963845. doi: 10.1155/2020/8963845

Li, C., Li, Q., Mei, Q., and Lu, T. (2015). Pharmacological effects and pharmacokinetic 
properties of icariin, the major bioactive component in Herba Epimedii. Life Sci. 126, 
57–68. doi: 10.1016/j.lfs.2015.01.006

Li, L., Wei, Z., Tang, Y., Jin, M., Yao, H., Li, X., et al. (2024). Icaritin greatly attenuates 
β-amyloid-induced toxicity in vivo. CNS Neurosci. Ther. 30:e14527. doi: 10.1111/
cns.14527

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

Liu, Z., Qiang, Y., Shan, S., Wang, S., and Song, F. (2024). Carbon disulfide induces accu-
mulation of TDP-43 in the cytoplasm and mitochondrial dysfunction in rat spinal cords. 
Cereb. Cortex 34:bhad526. doi: 10.1093/cercor/bhad526

Liu, Y., Shi, L., Liu, Y., Li, P., Jiang, G., Gao, X., et al. (2018). Activation of PPARγ mediates 
icaritin-induced cell cycle arrest and apoptosis in glioblastoma multiforme. Biomed. 
Pharmacother. 100, 358–366. doi: 10.1016/j.biopha.2018.02.006

Liu, L., Zhao, Z., Lu, L., Liu, J., Sun, J., and Dong, J. (2019). Icariin and icaritin ameliorated 
hippocampus neuroinflammation via mediating HMGB1 expression in social defeat 
model in mice. Int. Immunopharmacol. 75:105799. doi: 10.1016/j.intimp.2019.105799

Lu, Y., Li, Z., Zhang, S., Zhang, T., Liu, Y., and Zhang, L. (2023). Cellular mitophagy: 
mechanism, roles in diseases and small molecule pharmacological regulation. Theranostics 
13, 736–766. doi: 10.7150/thno.79876

Malampati, S., Song, J.-X., Tong, B. C. -K., Nalluri, A., Yang, C. -B., Wang, Z., et al. (2020). 
Targeting aggrephagy for the treatment of Alzheimer’s disease. Cells 9:311. doi: 10.3390/
cells9020311

McWilliams, T. G., Prescott, A. R., Montava-Garriga, L., Ball, G., Singh, F., Barini, E., et al. 
(2018). Basal mitophagy occurs independently of PINK1 in mouse tissues of high meta-
bolic demand. Cell Metab. 27, 439–449.e5. doi: 10.1016/j.cmet.2017.12.008

Meneses, A., Koga, S., O’Leary, J., Dickson, D. W., Bu, G., and Zhao, N. (2021). TDP-43 
pathology in Alzheimer’s disease. Mol. Neurodegener. 16:84. doi: 10.1186/
s13024-021-00503-x

Mizuno, Y., Amari, M., Takatama, M., Aizawa, H., Mihara, B., and Okamoto, K. (2006). 
Immunoreactivities of p62, an ubiqutin-binding protein, in the spinal anterior horn cells 
of patients with amyotrophic lateral sclerosis. J. Neurol. Sci. 249, 13–18. doi: 10.1016/j.
jns.2006.05.060

Murphy, M. P. (2009). How mitochondria produce reactive oxygen species. Biochem. J. 
417, 1–13. doi: 10.1042/BJ20081386

Neumann, M., Sampathu, D. M., Kwong, L. K., Truax, A. C., Micsenyi, M. C., Chou, T. T., 
et al. (2006). Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyo-
trophic lateral sclerosis. Science 314, 130–133. doi: 10.1126/science.1134108

Ning, P., Jiang, X., Yang, J., Zhang, J., Yang, F., and Cao, H. (2022). Mitophagy: A potential 
therapeutic target for insulin resistance. Front. Physiol. 13:957968. doi: 10.3389/
fphys.2022.957968

Ott, M., Gogvadze, V., Orrenius, S., and Zhivotovsky, B. (2007). Mitochondria, oxidative 
stress and cell death. Apoptosis 12, 913–922. doi: 10.1007/s10495-007-0756-2

Ou, Z., Kong, X., Sun, X., He, X., Zhang, L., Gong, Z., et al. (2018). Metformin treatment 
prevents amyloid plaque deposition and memory impairment in APP/PS1 mice. Brain 
Behav. Immun. 69, 351–363. doi: 10.1016/j.bbi.2017.12.009

Pearson, G., and Soleimanpour, S. A. (2018). A ubiquitin-dependent mitophagy complex 
maintains mitochondrial function and insulin secretion in beta cells. Autophagy 14, 
1160–1161. doi: 10.1080/15548627.2018.1446627

Prasad, A., Bharathi, V., Sivalingam, V., Girdhar, A., and Patel, B. K. (2019). Molecular 
mechanisms of TDP-43 Misfolding and pathology in amyotrophic lateral sclerosis. Front. 
Mol. Neurosci. 12:25. doi: 10.3389/fnmol.2019.00025

Riemenschneider, H., Guo, Q., Bader, J., Frottin, F., Farny, D., Kleinberger, G., et al. (2022). 
Gel-like inclusions of C-terminal fragments of TDP-43 sequester stalled proteasomes in 
neurons. EMBO Rep. 23:e53890. doi: 10.15252/embr.202153890

Riley, B. E., Lougheed, J. C., Callaway, K., Velasquez, M., Brecht, E., Nguyen, L., et al. 
(2013). Structure and function of Parkin E3 ubiquitin ligase reveals aspects of RING and 
HECT ligases. Nat. Commun. 4:1982. doi: 10.1038/ncomms2982

Salminen, A., Kaarniranta, K., Haapasalo, A., Soininen, H., and Hiltunen, M. (2011). 
AMP-activated protein kinase: a potential player in Alzheimer’s disease. J. Neurochem. 
118, 460–474. doi: 10.1111/j.1471-4159.2011.07331.x

Sandberg, A., Berenjeno-Correa, E., Rodriguez, R. C., Axenhus, M., Weiss, S. S., 
Batenburg, K., et al. (2022). Aβ42 oligomer-specific antibody ALZ-201 reduces the neu-
rotoxicity of Alzheimer’s disease brain extracts. Alzheimer's Res. Ther. 14:196. doi: 
10.1186/s13195-022-01141-1

Saraste, M. (1999). Oxidative phosphorylation at the fin de siècle. Science 283, 1488–1493. 
doi: 10.1126/science.283.5407.1488

Tomé, S. O., Tsaka, G., Ronisz, A., Ospitalieri, S., Gawor, K., Gomes, L. A., et al. (2023). 
TDP-43 pathology is associated with increased tau burdens and seeding. Mol. 
Neurodegener. 18:71. doi: 10.1186/s13024-023-00653-0

Tuszynski, M. H. (2024). Growth factor gene therapy for Alzheimer’s disease. J. 
Alzheimer's Dis 101, S433–S441. doi: 10.3233/JAD-240545

Verger, A., Yakushev, I., Albert, N. L., van Berckel, B., Brendel, M., Cecchin, D., et al. 
(2023). FDA approval of lecanemab: the real start of widespread amyloid PET use?—the 
EANM neuroimaging committee perspective. Eur. J. Nucl. Med. Mol. Imaging 50, 
1553–1555. doi: 10.1007/s00259-023-06177-5

Wang, X., Cao, C., Huang, J., Yao, J., Hai, T., Zheng, Q., et al. (2016). One-step generation 
of triple gene-targeted pigs using CRISPR/Cas9 system. Sci. Rep. 6:20620. doi: 10.1038/
srep20620

Wang, P., Deng, J., Dong, J., Liu, J., Bigio, E. H., Mesulam, M., et al. (2019). TDP-43 
induces mitochondrial damage and activates the mitochondrial unfolded protein 
response. PLoS Genet. 15:e1007947. doi: 10.1371/journal.pgen.1007947

Wang, Y., Huang, T., Li, H., Fu, J., Ao, H., Lu, L., et al. (2020). Hydrous icaritin nanorods 
with excellent stability improves the in vitro and in vivo activity against breast cancer. 
Drug Deliv. 27, 228–237. doi: 10.1080/10717544.2020.1716877

Wang, W., Wang, L., Lu, J., Siedlak, S. L., Fujioka, H., Liang, J., et al. (2016). The inhibition 
of TDP-43 mitochondrial localization blocks its neuronal toxicity. Nat. Med. 22, 869–878. 
doi: 10.1038/nm.4130

Wang, Z., Zhang, X., Wang, H., Qi, L., and Lou, Y. (2007). Neuroprotective effects of 
icaritin against beta amyloid-induced neurotoxicity in primary cultured rat neuronal cells 
via estrogen-dependent pathway. Neuroscience 145, 911–922. doi: 10.1016/j.
neuroscience.2006.12.059

Wong, K. H., Riaz, M. K., Xie, Y., Zhang, X., Liu, Q., Chen, H., et al. (2019). Review of 
current strategies for delivering Alzheimer’s disease drugs across the blood-brain barrier. 
Int. J. Mol. Sci. 20:381. doi: 10.3390/ijms20020381

Wu, J., Xu, H., Wong, P. F., Xia, S., Xu, J., and Dong, J. (2014). Icaritin attenuates cigarette 
smoke-mediated oxidative stress in human lung epithelial cells via activation of PI3K-
AKT and Nrf2 signaling. Food Chem. Toxicol. 64, 307–313. doi: 10.1016/j.fct.2013.12.006

Xia, L., Chen, J., Huang, J., Lin, X., Jiang, J., Liu, T., et al. (2024). The role of AMPKα 
subunit in Alzheimer’s disease: in-depth analysis and future prospects. Heliyon 10:e34254. 
doi: 10.1016/j.heliyon.2024.e34254

Xie, W., Guo, D., Li, J., Yue, L., Kang, Q., Chen, G., et al. (2022). CEND1 deficiency 
induces mitochondrial dysfunction and cognitive impairment in Alzheimer’s disease. Cell 
Death Differ. 29, 2417–2428. doi: 10.1038/s41418-022-01027-7

Xu, Z.-S. (2012). Does a loss of TDP-43 function cause neurodegeneration? Mol. 
Neurodegener. 7:27. doi: 10.1186/1750-1326-7-27

Yang, C., Tan, W., Whittle, C., Qiu, L., Cao, L., Akbarian, S., et al. (2010). The C-terminal 
TDP-43 fragments have a high aggregation propensity and harm neurons by a dominant-
negative mechanism. PLoS One 5:e15878. doi: 10.1371/journal.pone.0015878

https://doi.org/10.3389/fnagi.2026.1741339
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/s40001-024-01915-3
https://doi.org/10.1016/j.ejphar.2018.10.006
https://doi.org/10.1186/s13073-023-01155-w
https://doi.org/10.1007/s40265-024-02087-4
https://doi.org/10.1007/s40265-024-02087-4
https://doi.org/10.1016/j.jbiosc.2021.06.015
https://doi.org/10.1007/s10571-022-01302-8
https://doi.org/10.1007/s12035-022-02973-6
https://doi.org/10.1111/j.1471-4159.2009.06350.x
https://doi.org/10.1016/j.neurot.2023.10.002
https://doi.org/10.1016/j.nbd.2024.106516
https://doi.org/10.1007/s11357-021-00407-0
https://doi.org/10.1002/bab.2114
https://doi.org/10.1155/2020/8963845
https://doi.org/10.1016/j.lfs.2015.01.006
https://doi.org/10.1111/cns.14527
https://doi.org/10.1111/cns.14527
https://doi.org/10.1186/s12974-022-02613-9
https://doi.org/10.1093/cercor/bhad526
https://doi.org/10.1016/j.biopha.2018.02.006
https://doi.org/10.1016/j.intimp.2019.105799
https://doi.org/10.7150/thno.79876
https://doi.org/10.3390/cells9020311
https://doi.org/10.3390/cells9020311
https://doi.org/10.1016/j.cmet.2017.12.008
https://doi.org/10.1186/s13024-021-00503-x
https://doi.org/10.1186/s13024-021-00503-x
https://doi.org/10.1016/j.jns.2006.05.060
https://doi.org/10.1016/j.jns.2006.05.060
https://doi.org/10.1042/BJ20081386
https://doi.org/10.1126/science.1134108
https://doi.org/10.3389/fphys.2022.957968
https://doi.org/10.3389/fphys.2022.957968
https://doi.org/10.1007/s10495-007-0756-2
https://doi.org/10.1016/j.bbi.2017.12.009
https://doi.org/10.1080/15548627.2018.1446627
https://doi.org/10.3389/fnmol.2019.00025
https://doi.org/10.15252/embr.202153890
https://doi.org/10.1038/ncomms2982
https://doi.org/10.1111/j.1471-4159.2011.07331.x
https://doi.org/10.1186/s13195-022-01141-1
https://doi.org/10.1126/science.283.5407.1488
https://doi.org/10.1186/s13024-023-00653-0
https://doi.org/10.3233/JAD-240545
https://doi.org/10.1007/s00259-023-06177-5
https://doi.org/10.1038/srep20620
https://doi.org/10.1038/srep20620
https://doi.org/10.1371/journal.pgen.1007947
https://doi.org/10.1080/10717544.2020.1716877
https://doi.org/10.1038/nm.4130
https://doi.org/10.1016/j.neuroscience.2006.12.059
https://doi.org/10.1016/j.neuroscience.2006.12.059
https://doi.org/10.3390/ijms20020381
https://doi.org/10.1016/j.fct.2013.12.006
https://doi.org/10.1016/j.heliyon.2024.e34254
https://doi.org/10.1038/s41418-022-01027-7
https://doi.org/10.1186/1750-1326-7-27
https://doi.org/10.1371/journal.pone.0015878


Xia et al.� 10.3389/fnagi.2026.1741339

Frontiers in Aging Neuroscience 15 frontiersin.org

Yiannopoulou, K. G., and Papageorgiou, S. G. (2020). Current and future treatments in 
Alzheimer disease: an update. J Cent Nerv Syst Dis 12:1179573520907397. doi: 
10.1177/1179573520907397

Yong, H., Shan, S., Wang, S., Liu, Z., Liu, Z., Zhang, C., et al. (2022). Activation of mitoph-
agy by rapamycin eliminated the accumulation of TDP-43 on mitochondrial and pro-
moted the resolution of carbon tetrachloride-induced liver fibrosis in mice. Toxicology 
471:153176. doi: 10.1016/j.tox.2022.153176

Yu, C.-H., Davidson, S., Harapas, C. R., Hilton, J. B., Mlodzianoski, M. J., 
Laohamonthonkul, P., et al. (2020). TDP-43 triggers mitochondrial DNA release via mPTP 
to activate cGAS/STING in ALS. Cell 183, 636–649.e18. doi: 10.1016/j.cell.2020.09.020

Zhang, W.-D., Li, N., Du, Z.-R., Zhang, M., Chen, S., and Chen, W.-F. (2021). IGF-1 
receptor is involved in the regulatory effects of icariin and icaritin in astrocytes under 
basal conditions and after an inflammatory challenge. Eur. J. Pharmacol. 906:174269. doi: 
10.1016/j.ejphar.2021.174269

Zhang, S.-Q., and Zhang, S.-Z. (2017). Oral absorption, distribution, metabolism, and 
excretion of icaritin in rats by Q-TOF and UHPLC-MS/MS. Drug Test. Anal. 9, 
1604–1610. doi: 10.1002/dta.2188

Zhao, X., Lin, Y., Jiang, B., Yin, J., Lu, C., Wang, J., et al. (2020). Icaritin inhibits lung 
cancer-induced osteoclastogenesis by suppressing the expression of IL-6 and TNF-a and 

through AMPK/mTOR signaling pathway. Anti-Cancer Drugs 31, 1004–1011. doi: 
10.1097/CAD.0000000000000976

Zhou, Y., Huang, N., Li, Y., Ba, Z., and Luo, Y. (2022). Effect of icaritin on autophagy-
related protein expression in TDP-43-transfected SH-SY5Y cells. PeerJ 10:e13703. doi: 
10.7717/peerj.13703

Zhou, Y., Huang, N., Li, Y., Ba, Z., Zhou, Y., and Luo, Y. (2021). Icaritin protects SH-SY5Y 
cells transfected with TDP-43 by alleviating mitochondrial damage and oxidative stress. 
PeerJ 9:e11978. doi: 10.7717/peerj.11978

Zhou, X., Lin, X., He, Y., Huang, N., and Luo, Y. (2025). TDP-43 in Alzheimer’s disease: 
pathophysiology and therapeutic strategies. Pharmacol. Res. 221:107977. doi: 10.1016/j.
phrs.2025.107977

Zhou, X., Xin, J., Fan, N., Zou, Q., Huang, J., Ouyang, Z., et al. (2015). 
Generation of CRISPR/Cas9-mediated gene-targeted pigs via somatic cell 
nuclear transfer. Cell. Mol. Life Sci. 72, 1175–1184. doi: 10.1007/s00018- 
014-1744-7

Zhu, J. F., Li, Z. J., Zhang, G. S., Meng, K., Kuang, W. Y., Li, J., et al. (2011). Icaritin shows 
potent anti-leukemia activity on chronic myeloid leukemia in vitro and in vivo by regulat-
ing MAPK/ERK/JNK and JAK2/STAT3 /AKT signalings. PLoS One 6:e23720. doi: 
10.1371/journal.pone.0023720

https://doi.org/10.3389/fnagi.2026.1741339
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1177/1179573520907397
https://doi.org/10.1016/j.tox.2022.153176
https://doi.org/10.1016/j.cell.2020.09.020
https://doi.org/10.1016/j.ejphar.2021.174269
https://doi.org/10.1002/dta.2188
https://doi.org/10.1097/CAD.0000000000000976
https://doi.org/10.7717/peerj.13703
https://doi.org/10.7717/peerj.11978
https://doi.org/10.1016/j.phrs.2025.107977
https://doi.org/10.1016/j.phrs.2025.107977
https://doi.org/10.1007/s00018-014-1744-7
https://doi.org/10.1007/s00018-014-1744-7
https://doi.org/10.1371/journal.pone.0023720

	Icaritin ameliorates mitochondrial dysfunction and autophagy impairment in cellular models of Alzheimer’s disease
	1 Introduction
	2 Materials and methods
	2.1 Construction of stable cell lines
	2.1.1 Construction of APP stable cell line
	2.1.2 Construction of TDP-43 stable cell line
	2.2 Cell culture
	2.3 ICT treatment of cells
	2.4 CCK-8 assay for cell viability
	2.5 Western blot
	2.6 Fluorescent quantitative reverse transcription PCR (RT-qPCR)
	2.7 Enzyme-linked immunosorbent assay (ELISA)
	2.8 Transmission Electron microscopy (TEM)
	2.9 Flow cytometry analysis
	2.10 ATP detection
	2.11 Molecular docking
	2.12 Statistical analysis

	3 Results
	3.1 Successful construction of APP and TDP-43 cell models
	3.2 ICT alleviates the deterioration of AD pathology induced by TDP-43
	3.3 ICT alleviates mitochondrial damage induced by TDP-43 pathology
	3.4 ICT improves autophagy dysregulation induced by TDP-43 pathology

	4 Discussion
	5 Conclusion

	References

