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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by the significant involvement of

Gemp}’“de ) amyloid-beta (Ap) peptide in its pathogenesis. Geniposide, derived from the versatile medicinal of Gardenia

I/\X/[lihe:aer s disease jasminoides, is one of the active compounds studied extensively. The objective was to explore the impact of
1tophagy

geniposide on Afas.gs-induced damage in HT22 cells, specifically focusing on its modulation of PINK1/Parkin-
mediated mitophagy. In our investigation, geniposide exhibited remarkable restorative effects by enhancing
cell viability and preserving the mitochondrial membrane potential. Moreover, it effectively reduced and miti-
gated the oxidative stress and apoptosis rates induced by Afgs.35. Notably, geniposide exhibited the capacity to
enhance autophagic flux, upregulate LC3II and Beclin-1 expression, and downregulate the expression of p62.
Furthermore, geniposide positively influenced the expression of PINK1 and Parkin proteins, with molecular
docking substantiating a strong interaction between geniposide and PINK1/Parkin proteins. Intriguingly, the
beneficial outcomes of geniposide on alleviating the pronounced apoptosis rates, the overproduction of reactive
oxygen species, and diminished the PINK1 and Parkin expression induced by Apas.35 were compromised by the
mitophagy inhibitor cyclosporine A (CsA). Collectively, these findings suggested that geniposide potentially
shields HT22 cells against neurodegenerative damage triggered by Apas.35 through the activation of mitophagy.
The insights contribute valuable references to the defensive consequences against neurological damage of gen-
iposide, thereby highlighting its potential as a therapeutic intervention in AD.

PINK1/Parkin pathway

1. Introduction research, a therapeutic strategy for the treatment of AD has not been
found yet. Existing medications for AD provide limited improvement in
cognitive symptoms, but they are unable to halt the progression of the

disease [4]. As a result, there is an urgent need to explore effective

Alzheimer’s disease (AD) is a neurodegenerative condition associ-
ated with the aging process. It is characterized by a gradual decline in

cognitive function and the development of neuropsychiatric symptoms.
In addition, AD is often characterized by neuronal death and morpho-
logical and biochemical changes in brain tissue, such as the formation of
neurofibrillary tangles and amyloid plaques [1]. According to a
nationwide study, there are more than 15.07 million individuals aged 60
and above diagnosed with dementia in China. Among them, AD patients
account for 65.2 % of the total cases [2,3]. AD has become a significant
public health issue globally. Despite extensive basic and clinical

neuroprotective drugs for the treatment of AD.

The buildup of dysfunctional mitochondria is a characteristic feature
of the aging process and age-related neurodegenerative disorders, such
as AD [5]. Mitochondrial dysfunction has been identified as an early
manifestation in the onset of AD, and impaired clearance of damaged
mitochondria may exacerbate the pathological changes in AD [6,7].
Mitophagy is a critical process through which cells selectively degrade
and eliminate malfunctioning mitochondria, ensuring cellular health
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Adenosine triphosphate; PI, Propidium iodide; ROS, Reactive oxygen species; PPI, Protein-protein interaction; GO, Gene ontology; PDB, Protein data bank; ANOVA,
Analysis of variance; BP, Biological processes; CC, Cellular components; MF, Molecular functions; Mdivi-1, Mitochondrial division inhibitor 1.
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and functioning optimally [8]. Currently, the PINK1/Parkin-mediated
pathway stands out as the most extensively researched form of
mitophagy [9]. Studies have shown that restoring mitophagy can reduce
the production of Af and have a positive influence on neuronal recovery
[10]. Furthermore, mitophagy enhancers such as urolithin A and acti-
nonin have achieved good therapeutic effects in cell cultures and AD
mice [10]. Some natural compounds such as kaempferol and rhaponti-
genin could induce neuronal mitophagy in a PINK1-dependent manner
while reducing AP pathology [11]. Natural products that activate
PINK1-dependent mitophagy may be acknowledged as a novel thera-
peutic intervention for AD.

Gardenia is a widely used medicinal plant in traditional medicine.
Geniposide (GE), as one of the iridoid glycosides found in Gardenia fruit,
possesses multiple pharmacological properties [12]. Numerous scienti-
fic studies have illustrated that GE exhibits antioxidant [13], anti-
apoptotic [14], and neuroprotective properties [15]. Fig. 1 shows the
chemical structure of GE. The current literature suggests that GE could
inhibit mitochondrial oxidative stress in APP/PS1 mice [16], restore
mitochondrial membrane potential (MMP) levels in A-induced primary
neurons [17], and alleviate neuronal damage. Furthermore, GE could
regulate the mTOR signaling pathway to attenuate cognitive dysfunc-
tion and cerebral dysfunction in APP/PS1 mice [18], enhance autophagy
levels and reduce Af;.40 plaque deposition in mice [19], and improve
AD-specific neuropathological damage. In spite of that, it is unclear
whether GE could regulate mitophagy through the PINK1/Parkin
signaling pathway to exert neuroprotective effects. Therefore, we
investigated the effectiveness and potential mechanisms of GE in Af-
induced HT22 cells. Our results implied that GE alleviated Af-induced
neurotoxicity in HT22 cells, and its beneficial implications appear to be
associated with mitophagy mediated by the PINK1/Parkin signaling
pathway.

2. Materials and methods
2.1. Ap2s 35 and drug preparation
The preparation method of Afss 35 (MCE; New Jersey, USA) was

carried out according to a previously established protocol [20]. Briefly,
ABgs 35 was dissolved in ddH20 at a concentration of 200 pM and

~

Fig. 1. Chemical structures of geniposide (GE).
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allowed to incubate at 37 °C for 7 days to encourage the aggregation of
peptide molecules. The resulting aggregated Afas_35 solution was then
stored at —20 °C for later use. Prior to experimentation, the aggregated
ABas_35 solution was diluted with a basal medium to achieve the desired
concentration. On the other hand, GE (Solarbio; Beijing, China) was
dissolved in DMSO and preserved at —80 °C for future utilization.

2.2. Cell culture and cell treatment

HT22 cells were kindly provided by Professor Jun Liu (Sun Yat-sen
University; Guangdong, China). The HT22 cell line was cultivated in
DMEM medium at a temperature of 37 °C and under 5 % CO, atmo-
sphere. To investigate the potential protective impacts of GE on neurons,
the cells were exposed to varying concentrations of GE for 1 h prior to
experimentation. Following pre-treatment, the cells were incubated for
an additional 24 h in the presence or absence of ABys.35. To investigate
the influence of Ap on autophagic flux in HT22 cells, we employed the
autophagy inhibitor chloroquine (CQ; Aladdin; Los Angeles, USA) to
assess the expression of LC3 protein in Ap-induced HT22 cells.
Furthermore, in order to explore the impact of mitophagy pathway
mediated by GE in Ap-induced HT22 cells, we utilized the mitophagy
inhibitors cyclosporine A (CsA; MCE) and Mitochondrial division in-
hibitor 1 (Mdivi-1; MCE) to evaluate their effects on the expression of
mitophagy pathway-related proteins in Ap-induced HT22 cells.

2.3. Cell viability assessment

Cell viability was assessed using the CCK-8 assay (APExBIO; Hous-
ton, USA) as per the recommended protocols from the manufacturer. In a
nutshell, the cells were treated with a 10 pL solution of CCK-8 and
incubated at 37 °C for 2 h. The absorbance of the samples was then
measured at 450 nm using a multifunctional microplate reader. (TECAN
Spark10M; Mannedorf, Switzerland).

2.4. Cell apoptosis assay and Hoechst 33,342 fluorescence staining

The detection of cell apoptosis induced by Apas.35s was performed
following the manufacturer’s recommended procedures using an
annexin V-FITC/propidium iodide (PI) double staining kit (UElandy;
Shanghai, China) and flow cytometry (Beckman CytoFLEX S; California,
USA). Firstly, the cells were trypsinized and then the cells were stained
by dual staining and the extent of cell apoptosis was assessed by flow
cytometry. Additionally, morphological changes of apoptotic cells were
evaluated by staining the cells with Hoechst 33,342 (Beyotime;
Shanghai, China) and observing them under the fluorescence micro-
scope (Olympus IX71; Tokyo, Japan).

2.5. Evaluation of reactive oxygen species (ROS) concentrations

The level of ROS was measured using the DCFH-DA (Beyotime)
fluorescent probe. To perform the assay, diluted DCFH-DA was added to
the cells and incubatde at 37 °C. The cells were then examined under the
fluorescence microscope to determine the levels of ROS.

2.6. Assessment of the mitochondrial membrane potential (MMP)

To determine the MMP, we employed the MMP assay kit (4A Biotech;
Beijing, China) with the fluorescent probe JC-10. HT22 cells were
incubated with the JC-10 fluorescent probe based on the instructions
provided by the manufacturer. Subsequently, the cells were visualized
utilizing a fluorescence microscope.

2.7. Immunofluorescence

In the immunofluorescence experiment, HT22 cells were incubated
with Mito-Tracker Red CMXRos (Beyotime) for 30 min. Following that,
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the cells were fixed in 4 % paraformaldehyde (HUAYUN; Guangdong,
China), followed by a 20-minute reaction with Triton X-100 (Beyotime).
After that, the cells were incubated with an immunofluorescence
blocking solution (Beyotime). Then, the cells were incubated with Par-
kin (1:200; Proteintech; Wuhan, China) or LC3 (1:500; Proteintech)
antibody overnight. Subsequently, the cells were incubated with the
fluorescent secondary antibody (1:500; Proteintech). Finally, the sam-
ples were mounted with an anti-fluorescence quenching mounting
(HUAYUN) medium and observed under the Leica microscope (Mica;
Wetzlar, Germany).

2.8. Protein-protein interaction (PPI) network and gene ontology (GO)
enrichment analysis

The target genes of GE were extracted from the TCMSP database [21]
(https://temspw.com/temsp.php). To identify the key genes affected by
GE, we uploaded these target genes to the UniProt database [22] (https
://www.UniProt.org/), specifically restricted to Homo sapiens (Human).
The disease-related genes were predominantly selected from the Dis-
GeNET [23] (https://www.disgenet.org/) and GeneCards databases
[24] (https://www.genecards.org/), limited to the Homo sapiens species.
The intersection of GE and AD genes was visualized by the Venn diagram
(https://bioinformatics.psb.ugent.be/webtools/Venn/).

Subsequently, the genes were uploaded to the STRING database [25]
(https://string-db.org), where we focused exclusively on Homo sapiens.
We generated a PPI network diagram using the minimum interaction
score of 0.400. To gain insights into the biological significance of these
genes, we performed an enrichment analysis of relevant GO terms using
the DAVID database [26] (https://david.ncifcrf.gov/). Finally, we
visualized the results through the Bioinformatics platform (https
://www.bioinformatics.com.cn/).

2.9. Molecular docking

To investigate the potential binding modes of GE with PINK1 and
Parkin proteins, molecular docking analysis was conducted using
AutoDock software. Initially, the protein data bank (PDB) file of the
receptor was downloaded from the PDB database [27] (https://www.
resb.org/), while the 3D structure file of the ligand was obtained from
the PubChem database [28] (https://pubchem.ncbi.nlm.nih.gov). Sub-
sequently, AutoDock Tools 1.5.7 was utilized to adjust the coordinates
and dimensions of the Grid Box for the docking process between the
receptor and ligand. Afterward, the configuration achieving the highest
score was chosen for additional analysis, and the docking outcomes were
visualized using PyMol 4.6.0.

2.10. Western blot

To collect total proteins from cells, lysis buffer (Beyotime) was used,
and the cells were kept on ice during the process. The mixture was then
centrifuged at 13,000 rpm. The mitochondrial proteins of HT22 cells
were extracted with cell mitochondria isolation kit (Beyotime) accord-
ing to the manufacturer’s protocol. The protein concentration was
determined using a BCA protein assay kit (EpiZyme; Massachusetts,
USA). Subsequently, the samples were separated on SDS-PAGE and
transferred onto PVDF membranes (Merck millipore; Massachusetts,
USA). The membranes were subjected to an overnight at 4°C with pri-
mary antibodies against Beclin-1, caspase-3, p62 (1:1000; Abclonal;
Wuhan, China), PINK1 (1:1000; Proteintech), LC3 (1:2500; Pro-
teintech), GAPDH (1:10000; Proteintech) and Parkin. Afterward, the
membranes were incubated with corresponding secondary antibodies
(1:10000; Proteintech) for 1 h. Finally, the immunoreactive bands were
visualized using an ECL detection reagent (Beyotime). The relative band
intensities were normalized to GAPDH or COXIV as an internal refer-
ence. Densitometry analysis was performed using the Image J software.
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2.11. Statistics analysis

The data are presented as mean + SEM. Statistical significance
among multiple groups was determined using either one-way analysis of
variance (ANOVA) or Bonferroni multiple comparison test with Graph-
Pad Prism 8.0.2 software. A P-value of less than 0.05 was considered
statistically significant.

3. Results
3.1. GE enhances cell viability of Ap2s_ss-induced HT22 cells

HT22 cells, widely used in neurobiology research, are mouse hip-
pocampal neuronal cells. Initially, we conducted the CCK-8 assay to
evaluate the neurotoxic concentration of Afss.3s and determine the
appropriate neuroprotective concentration of GE. Fig. 2A illustrated that
Apgs.35 exhibited dose-dependent suppression of cell viability, with a
notable reduction of approximately 50 % observed at 40 pM. Hence, we
utilized the concentration of 40 pM Aps._35 to establish an AD cell model
by subjecting the cells to a 24-hour treatment. Fig. 2B demonstrated that
GE concentrations below 40 pM did not have adverse effects on cell
viability. At 40 pM concentration, GE resulted in a cell viability of 90.6
%. Consequently, we selected a concentration range of 5-40 uM GE for
subsequent experiments. Fig. 2C and 2D showed that pre-treatment with
GE at 20 pM and 40 pM concentrations, combined with Apys 35 treat-
ment for 24 h, significantly improved cell viability and enhanced
neuronal density and morphology. Therefore, we employed concentra-
tions of 20 pM and 40 pM GE for subsequent experimental investigations
as neuroprotective concentrations.

3.2. GE alleviates Af2s.35-induced apoptosis

To further validate the neuroprotective influence of GE against Afgs.
3s-induced neurotoxicity, we utilized flow cytometry and Hoechst
33,342 staining to scrutinize cellular apoptosis. As depicted in Fig. 3A
and C, Apas.35 markedly augmented the incidence of apoptosis in cells,
provoking characteristic morphological alterations like chromatin
condensation and nuclear shrinkage. Nevertheless, pretreatment with
GE counteracted these changes by mitigating cell apoptosis and
ameliorating nuclear morphology. In addition, we assessed the levels of
cleaved caspase-3, as an indicator of cellular apoptosis. Post-treatment
with Aas.35 (40 pM), there was a notable increase in the Cleaved
caspase-3 proteins expression (Fig. 3E and F). Notably, pretreatment
with GE significantly decreased the expression levels of Cleaved caspase-
3 proteins. Thus, pretreatment with GE holds the potential to reverse
ApBs.35-induced apoptosis.

3.3. GE mitigates Af25.35-induced impairment of mitochondrial function
and oxidative stress levels

To investigate the potential of GE to inhibit cell apoptosis through its
antioxidant effects, we evaluated intracellular levels of ROS and MMP.
As depicted in Fig. 4A and B, Afgs.35 treatment significantly increased
ROS levels, while pretreatment with GE resulted in the restoration of
ROS levels. This finding suggests that GE pretreatment can effectively
reduce the elevated ROS induced by Afss.35. Moreover, our qualitative
and quantitative analyses (Fig. 4C and D) revealed that Afys.35 caused a
decrease in MMP, which was subsequently restored by GE pretreatment.
Collectively, these results revealed that GE has the potential to alleviate
ApPys.3s-induced oxidative stress by improving mitochondrial function.

3.4. GE reverses Af2s.35-induced inhibition of autophagy
Inhibition of cellular autophagy can result in excessive generation of

ROS and a decline in MMP. To confirm whether autophagy flux
impairment occurred in Ap-induced HT22 cells, CQ (CQ, an inhibitor of
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Fig. 2. GE attenuates APos_3s-induced HT22 cell viability. (A) The effect of APas 35 on cell viability was examined in HT22 cells by treating them with indicated
concentrations for 24 h, followed by a CCK-8 assay. (B) Cell viability in HT22 cells was evaluated using a CCK-8 assay after 24 h incubation with different con-
centrations of GE. (C) HT22 cells were pretreated with GE for 1 h and then incubated with APys.3s for 24 h. Cell viability was determined by a CCK-8 assay. (D)
Observation of cell morphology with phase-contrast microscopy (scale bar: 200 pm). Data are presented as mean - SEM. One-way analysis of variance. n = 3, **#p

< 0.001 vs. control group; P < 0.001 vs. ABys 35 group.

autophagy flux) was utilized to block autophagy in HT22 cells. Our re-
sults showed that cotreatment with CQ slightly increased LC3-II
(Fig. 5A) in Af-induced HT22 cells, indicating that Afss.35 treatment
caused a defective autophagy flux in HT22 cells. In the western blot
analysis, the decreased expression of Beclin-1 and the increased
expression of p62 proteins provide evidence that Af,s 35 inhibits cellular
autophagy. (Fig. 5A-F). Immunofluorescence staining of LC3 protein
expression in cells yielded consistent results, demonstrating a significant
reduction in fluorescence intensity in cells treated with Afs.35 (Fig. 5G).
Despite this, pretreatment with GE overturned the Apgs.3s-induced
upregulation of p62 protein expression and restored the conversion of
LC3I to LC3II, as well as the Beclin-1 protein expression. Furthermore, it
also restored intracellular LC3 levels. These results display that GE re-
instates cellular autophagy in HT22 cells, exerting neuroprotective
consequences.

3.5. GE activates PINK1/Parkin-mediated mitophagy in HT22 cells

To begin with, we identified 61 drug targets for GE from the TCMSP
database, while a comprehensive set of 1,912 CE-related targets was
obtained from the DisGeNET and GeneCards databases. By visualizing
the overlapping genes in a Venn diagram (Fig. 6A), we discovered a
shared pool of 26 genes between GE and AD. Subsequently, these 26
genes were uploaded to the STRING website, enabling the generation of
a PPI network diagram (Fig. 6B). The PPI network obtained the
apoptosis-specific gene Bcl-2 and age-related genes MMP family genes.
To gain additional insight into the therapeutic mechanisms of GE in
treating AD, we further explored these 26 common genes using the
DAVID database. The analysis yielded notable enrichment in 76 bio-
logical processes (BP), 23 cellular components (CC), and 17 molecular
functions (MF). By visualizing the 15 most significantly enriched terms
in each category, as determined by the smallest p-values (Fig. 6C), we
could effectively portray the outcomes. The GO enrichment results shed
light on the functional relevance of GE-targeted genes in AD, revealing
their association with critical biological processes such as neuronal
apoptosis and the response to p-amyloid. Notably, the examination of
cellular components highlighted the involvement of lysosomes and the

outer mitochondrial membrane, implicating these subcellular structures
in the therapeutic implications of GE on AD.

The visualization of these interactions through STRING and Cyto-
scape 3.7.1 facilitated the identification of the PINK1/Parkin signaling
pathway (Fig. 6D). To provide further support for the therapeutic action
of GE, virtual docking studies were conducted to investigate the inter-
action between PINK1, Parkin, and GE. A binding energy lower than
—5.0 kcal/mol is generally indicative of a favorable binding affinity
between ligands [29]. In the case of GE’s interaction with PINKI1, it
exhibited a binding energy of —8.0 kcal/mol. The docking pocket
involved residues TYR-102, LYS-336, ASP-334, ASN-170, and ALA-171
(Fig. 6E). Similarly, when interacting with Parkin, GE demonstrated a
binding energy of —6.0 kcal/mol. The binding pocket in this case
included residues ASP-184, HIS-227, GLN-252, and ARG-256 (Fig. 6F).
Thus, these results signified that GE exhibits a favorable binding affinity
with both PINK1 and Parkin proteins. This analysis contributes valuable
supportive evidence for the mechanism of action of GE as a potential
therapeutic agent.

To examine the potential protective role of GE against Apas.3s-
induced cell injury via the PINK1/Parkin-mediated signaling pathway,
the mitophagy inhibitor called CsA and Mdivi-1 were employed to block
intracellular mitophagy. The results from western blot indicated that the
expression of PINK1 and Parkin proteins diminished in the Afys5.35 group
compared to the control group. Alternatively, GE dramatically elevated
the PINK1 and Parkin proteins expression. Furthermore, our results
indicated that the mitophagy inhibitor CsA could suppress the expres-
sion of PINK1 and Parkin proteins in GE-treated AB-induced HT22 cells,
while Mdivi-1 showed no significant effect (Fig. 7A and B). Additionally,
we extracted mitochondrial proteins from cells in each group for western
blot. The results revealed that the expression of PINK1 and Parkin pro-
teins were decreased in Ap-induced HT22 cells, whereas pretreatment
with GE enhanced the expression of PINK1 and Parkin proteins in Ap-
induced HT22 cells. Moreover, the beneficial effects of GE were blocked
by CsA, while no significant difference was observed with Mdivi-1
(Fig. 7C and D). Subsequently, immunofluorescence was employed to
examine the co-localization of mitochondria (labeled with red fluores-
cence) and Parkin (labeled with green fluorescence). In the Afss.3s
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Fig. 3. GE alleviates Afys.3s5-induced apoptosis. The Control group received no treatment, while the Ap group was incubated solely with a concentration of 40 pM
APos.35 for 24 h. After pre-treating HT22 cells with concentrations of 20 or 40 pM GE for 1 h, the cells were co-incubated with Ays.35 (40 uM) for 24 h. (A) HT22 cells
were labeled with Annexin V-FITC/PI and detected by flow cytometry. (B) Apoptosis rate was calculated using Annexin V-FITC/PI. (C) HT22 cells were stained with
Hoechst 33,342 and detected by fluorescence microscopy (scale bar: 100 pm). (D) Apoptosis rate was calculated using Hoechst 33342. (E) Bands of Cleaved caspase-3
proteins. GAPDH was used as the loading control. (F) Protein expression levels of Cleaved caspase- -3. Data are presented as mean + SEM. One-way analysis of

variance. n = 3, *P < 0.05, **P < 0.01, *##P < 0.001 vs. control group; *P < 0.05, “P < 0.01,

group, the co-localization of mitochondria and Parkin was significantly
reduced. Conversely, following treatment with GE, the co-localization of
mitochondria and Parkin substantially increased, indicating an overall
activation of mitophagy (Fig. 7E-G). The addition of CsA led to a
decrease in the co-localization of mitochondria and Parkin, suggesting
that CsA eliminated the protective property of GE against APos.3s-
induced damage. These findings provided further evidence supporting
the involvement of the PINK1/Parkin-mediated signaling pathway and
the activation of mitophagy in the protective action of GE against ABgs.
3s-induced cell injury.

Furthermore, we investigated the impact of adding CsA and Mdivi-1
to HT22 cells on cell morphology, apoptosis, oxidative stress, and
mitochondrial function. The inclusion of CsA resulted in a reduction in
neuronal density, an escalation in the rate of cell apoptosis, heightened
levels of ROS, and impaired mitochondrial function, as compared to the
group of AB-induced HT22 cells treated with GE (Fig. 8). However, there
was no significant difference with the addition of Mdivi-1. These find-
ings strongly signified that the activation of PINK1/Parkin-mediated
mitophagy by GE effectively reinstates the damage inflicted by Apas.3s.

P < 0.001 vs. APos._35 group.
4. Discussion

Although the detailed mechanisms underlying the pathogenesis of
AD remain unclear, there is substantial evidence suggesting that
impaired mitochondria may play a critical role [30]. Damaged mito-
chondria are typically degraded through mitophagy, with the PINK1
pathway on the outer mitochondrial membrane being the most common
autophagic pathway [9]. In this study, we identified that GE restores
cellular vitality and reduces apoptosis induced by Afgs.35 by restoring
MMP and alleviating oxidative stress. Moreover, GE counteracted the
neurotoxic results of APgs.3s by activating PINK1/Parkin-mediated
mitophagy. Thus, the study not only supports the involvement of
mitochondrial impairment in the pathogenesis of AD but also highlights
the potential therapeutic outcomes of GE in treating AD.

Numerous studies have pointed out the significant therapeutic po-
tential of natural extracts in slowing down the progression of AD
[31,32]. GE, derived from the fruit of Gardenia jasminoides, has been
reported to improve cognitive abilities in AD models by suppressing
oxidative stress and neuroinflammation [33,34]. In this research, our
primary focus was on investigating the antioxidative stress and auto-
phagy effects of GE, particularly in relation to mitophagy. We utilized



J. Ye et al.

A

Control AB

C

JC-10 aggregates

JC-10 monomers

Merge

Control Ap

B

AB+20GE

D
150-

AB+20GE

Biochemical Pharmacology 226 (2024) 116296

500
400
300+
200+

100+
AB+40GE

MFI of DCH (% of Control)

o
I

100+

Mitochondrial membrane potential
(% of Control)

AB+40GE
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incubated with Afys.35 (40 pM) for 24 h. (A) ROS image generated by DCFH-DA staining (scale bar: 200 pm). (B) Quantitative analysis of mean fluorescence density
of ROS. (C) The resulting MMP images were stained with JC-10 (scale bar: 200 pm). (D) Quantitative analysis of red/green fluorescence intensity ratio. Data are
presented as mean + SEM. One-way ANOVA analysis of variance. n = 3, **#P < 0.001 vs. control group; *P < 0.05, ""P < 0.001 vs. Aps.35 group. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

APas.35 to induce neurotoxicity, establishing a in vitro AD model.
Through the assessment of cell viability and apoptosis, we validated that
ApPas.35 indeed reduced cell viability and increased apoptosis, consistent
with our previous findings [20,35]. Treatment with GE enhanced cell
viability in the presence of APgs.3s and restored neuronal density.
Furthermore, flow cytometry and western blot provided additional ev-
idence for the beneficial repercussions of GE in mitigating cell apoptosis.

Mitochondrial dysfunction leads to a cascade of cellular events, such
as decreased ATP production and increased ROS generation [36]. Neu-
rons are particularly vulnerable to damage caused by mitochondrial
dysfunction with their high energy demands [37]. Impaired mitochon-
dria can disrupt the expression of crucial proteins in the electron
transport chain, elevate oxidative stress, and ultimately trigger cell
apoptosis [38,39]. Impaired energy metabolism is a notable character-
istic preceding the clinical onset of neurodegenerative disorders [40],
and both mitochondrial bioenergetics and oxidative stress abnormalities
can contribute to and exacerbate neuronal dysfunction and neuro-
degeneration [10]. As a natural antioxidant [34], GE exhibits consid-
erable potential in counteracting oxidative stress and mitochondrial
dysfunction in various neurodegenerative conditions [41-43]. Studies
have revealed that GE can shield neurons from the oxidative stress and
disruption of axonal mitochondrial transport induced by Ap, thereby
enhancing synaptic function [44]. By assessing ROS and MMP levels, we
observed a striking elevation in oxidative stress and a notable reduction
in MMP in Afs.35-induced cells as compared to the control group. Pre-
treatment with GE overturned the effects induced by Apas.35, indicating

its capacity to restore mitochondrial dysfunction and exert antioxidative
consequences.

Autophagy is a fundamental cellular process responsible for the
degradation of cellular proteins or organelles through their sequestra-
tion and subsequent fusion with lysosomes, leading to their degradation
[45]. Damaged mitochondria are typically eliminated through mitoph-
agy to maintain cellular energy balance [46]. Failure to remove
damaged mitochondria through degradation can result in the excessive
aggregation of ROS, leading to oxidative stress-induced injury and cell
apoptosism [47]. Numerous studies have indicated that disruption of
autophagic flux leads to neuronal cell damage and death in the brains of
patients with neurodegenerative diseases [48,49]. Cytoplasmic LC3I
conjugates with phosphatidylethanolamine to form LC3II during the
autophagic process, which is recruited and integrated into the auto-
phagosome membrane [50].The ratio of LC3II to LC3I serves as an in-
dicator of autophagic activity. Beclin-1 has been shown to reduce cell
apoptosis and enhance autophagy when overexpressed as a critical
regulator of autophagy [51].The p62 protein acts as an autophagic re-
ceptor that its level is inversely proportional to autophagic efficiency. It
is usually used to estimate autophagic flux. Additionally, p62 can be
phosphorylated in PRKN-dependent mitophagy, facilitating the removal
of dysfunctional mitochondria [52]. Our data showed that CQ slightly
increased LC3-1I in AB-induced HT22 cells through blocking autophagy
flux. However, GE increased the expression of LC3II and Beclin-1 in
ABgs.ss-treated HT22 cells while reducing the p62 protein expression,
suggesting that GE has the potential to mitigate Apas.3s-induced
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autophagic impairment.

PINK1 is a protein located on the outer membrane of mitochondria.
In healthy mitochondria, PINK1 is transported to the inner membrane
where it undergoes cleavage and subsequent degradation. Nevertheless,
in the case of mitochondrial damage and a decrease in MMP, PINK1 is
unable to enter the inner membrane and instead accumulates on the
outer membrane. This accumulation triggers the activation and
recruitment of Parkin protein, which in turn promotes mitophagy. The
process involves the fusion of mature autophagosomes with lysosomes,
forming autolysosomes where degradation takes place [8]. Mitophagy
impairment has been observed in the hippocampus of AD patients,
human AD neurons derived from induced pluripotent stem cells, and
animal models of AD to varying extents [10].The results of GO enrich-
ment analysis included responses to f-amyloid and lysosomes and
mitochondrial outer membrane, confirming the relationship between GE

and AD mitophagy. The interaction analysis between PINK1, Parkin, and
GE had revealed a strong association. To further investigate the effects of
GE on mitophagy, protein expression was analyzed through western
blot, and autophagosomes and mitochondria were labeled and observed
using confocal microscopy. The results demonstrated that GE could
enhance mitophagy in HT22 cells treated with APas.35. As mitophagy
inhibitors, CsA and Mdivi-1 have distinct mechanisms of action and
target proteins. CsA inhibits mitophagy by targeting the mitochondrial
permeability transition pore, while Mdivi-1 indirectly affects mitophagy
by targeting mitochondrial division and fission processes [53,54]. Our
results revealed that the administration of the mitophagy inhibitor CsA
prevented the increased expression of PINK1 and Parkin induced by GE,
indicating the critical role of GE in mitophagy. CsA also overturned the
influences of GE on reducing apoptosis rates and oxidative stress, as well
as increasing MMP. However, the inhibitory effects of Mdivi-1 do not
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exhibit significant differences. The above results indicated that GE could
activate mitophagy in Af-induced HT22 cells. The main mechanism may
be to the regulate the modulation of mitochondrial permeability tran-
sition pore, affecting the level of autophagy and mediating the protec-
tive effects of the PINK1/Parkin pathway on HT22 cells.

Based on the above, we have elucidated the anti-dementia conse-
quences of GE in HT22 cells. Our research provides compelling experi-
mental evidence supporting the potential use of these natural bioactive
compounds and their corresponding medicinal and edible plants in the
fight against dementia. Nonetheless, it is essential to recognize and
address specific limitations in the research findings. Firstly, our research
primarily relied on an in vitro system, and further investigations using
animal models are necessary to validate the therapeutic efficacy of GE
for preventing impacts on neurodegeneration. Secondly, the issue of
GE’s bioavailability in vivo warrants consideration to fully understand
its potential as a treatment option.

In summary, our study presented compelling evidence supporting
the defense mechanism against the neurotoxicity of GE against Af2s.35-
induced HT22 cell damage. The mechanism underlying this protective
action appears to involve the activation of mitophagy, leading to the
restoration of MMP, alleviation of oxidative stress, and attenuation of
cell apoptosis. These discoveries reveal new understandings of the
neurotoxicity of Apss 35 and highlight the potential of GE as a protective
agent in HT22 cells.
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