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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease is the most common form of dementia and is characterized by cognitive
Alzheimer’s disease impairment. The disruption of autophagosome-lysosome function has been linked to the patho-
TDCIPP

genesis of Alzheimer’s disease. Tris (1,3-dichloro-2-propyl) phosphate (TDCIPP) is a widely used
organophosphorus flame retardant that has the potential to cause neuronal damage. We found
that TDCIPP significantly increased the expression of f-site amyloid precursor protein (APP)-
cleaving enzyme 1 (BACEL), presenilin-1 (PS1) and Ap42. Proteomic studies with TMT labeling
revealed changes in the profiles of N2a-APPswe cells after exposure to TDCIPP. Proteomic and
bioinformatics analyses revealed that lysosomal proteins were dysregulated in N2a-APPswe cells
after treatment with TDCIPP. The LC3, P62, CTSD, and LAMP1 levels were increased after TDCIPP
exposure, and dysregulated protein expression was validated by Western blotting. The exposure
to TDCIPP led to the accumulation of autophagosomes, and this phenomenon was enhanced in
the presence of chloroquine (CQ). Our results revealed for the first time that TDCIPP could be a
potential environmental risk factor for AD development. The inhibition of autophagosome-
lysosome fusion may have a significant impact on the generation of Ap1-42 in response to
TDCIPP.

Autophagy
Ap42

1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia and is characterized by progressive neuronal loss and cognitive
impairment [1]. It is estimated that 152 million people will suffer from dementia by 2050 [2]. Thus, AD is a growing public health
problem worldwide. The two pathological hallmarks in the brains of patients with AD are extracellular senile plaques that are
composed of amyloid f peptide (Ap) and intracellular neurofibrillary tangles (NFTs) that are composed of hyperphosphorylated tau
proteins [3,4]. However, the causes of sporadic cases AD are unknown. There has been growing interest in the relationship between
exposure to environmental pollutants and the development of AD.

Organophosphorus flame retardants (OPFRs) are widely used in various industries due to their excellent performance in reducing
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polymer flammability or increasing polymer plasticity [5,6]. The use of OPFRs has been reported to be rapidly increasing in recent
years, and OPFRs have become a new type of pollutant in the environment and air [7-9]. Recent studies have shown that skin contact
and dust inhalation are the main routes of exposure to OPFRs in the general population and that OPFRs can accumulate in the human
body [10]. A variety of body systems, including the endocrine system, reproductive system, and nervous system [11-14], can be
damaged by OPFR exposure.

Tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) is a widely used organophosphorus flame retardant that is found in environmental
media and biota, including humans [15]. Exposure to TDCIPP can cause axonal and cholinergic neuronal damage as well as vascular
and muscle development disorders in zebrafish [16,17]. TDCIPP exposure significantly increases autophagy in the nervous system of
zebrafish [18]. TDCIPP triggers autophagy and promotes the differentiation of SH-SY5Y cells [19]. We previously reported that there
exists a positive correlation between urinary levels of BDCIPP and decreased cognitive abilities [20], and we also found that TDCIPP
induced cognitive impairment in rats [21]. Disruptions in the lysosomal autophagic process are one of the main causes of the accu-
mulation of proteins that are associated with AD pathology [22]. However, the relationship between TDCIPP exposure and AD
development has rarely been reported and is not currently clear.

In this study, we used a combined quantitative proteomics and bioinformatics approach to investigate the differences in cellular
proteome expression and protein molecular regulatory networks in N2a-APPswe cells after TDCIPP treatment. Our study revealed that
TDCIPP exposure could be a risk factor for the pathological progression of AD.

2. Materials and methods
2.1. Chemicals and reagents

Tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) (98% purity) was purchased from Macklin Reagent (Shanghai, China). Chloro-
quine (CQ) (97% purity) was purchased from MedChemExpress (Shanghai, China) and used here as an autophagy inhibitor. Tandem
mass tag (TMT)-labeling kits were purchased from Thermo Scientific (NJ, USA). Sequencing-grade trypsin/Lys-C mix mixtures were
purchased from Promega (W1, USA). Human Ap1-42 (amyloid beta 1-42) ELISA kits were purchased from Elabscience (Wuhan, China).
CYTO-ID® Autophagy Detection kit purchased from Enzo Life Sciences (NY, USA). Tricine-SDS—-PAGE Gel Preparation kits were
purchased from Sangon Biotech (Shanghai, China). Anti-presenilin-1 (anti-PS1, AF0245) was purchased from Affinity Bioscience
(Jiangsu, China). Anti-LC3 (12741T) and anti-BACE1 (5606S) antibodies were purchased from Cell Signaling Technology (MA, USA).
Anti-P62 (ab109012), anti-CTSD (ab6313), and anti-LAMP1 (ab24170) antibodies were purchased from Abcam (Cambridge, UK).

2.2. Cell culture

N2a-WT (WT) and N2a-APPswe cells were kindly donated by Professor Jian-zhi Wang (Tongji Medical School, China). N2a-APPswe
cells were cultured in mixed medium containing DMEM and OPTI-MEM (1:1 (v/v)) supplemented with 10% (v/v) fetal bovine serum
(FBS) and 200 pg/mL G418. N2a-WT cells were cultured in complete DMEM supplemented with 10% (v/v) FBS. All the cells were
cultured in a humidified incubator at 37 °C in 5% CO2.

2.3. TDCIPP treatment of N2a-APPswe cells

Stock solutions of CQ and TDCIPP were dissolved in DMSO and diluted with cell culture medium to the desired final concentrations.
The cells were subjected to incubation with 15 pM TDCIPP, 45 pM TDCIPP with or without 50 pM CQ, and 50 pM CQ individually for a
duration of 24 h. DMSO was employed as the vehicle control. Then the cells and cell culture medium were separately collected for
subsequent analysis.

2.4. TMT labeling

After incubation with TDCIPP or solvent control, the cells were lysed with 8 M urea and disrupted using sonication. Proteins were
collected after centrifugation at 12000 rpm for 10 min at 4 °C. Quantification of protein concentrations was carried out using the BCA
Protein Assay Kit (23225, Thermo Fisher Scientific). Fifty micrograms of protein from each group was used for subsequent TMT la-
beling as we previously reported [23]. Briefly, 10 mM dithiothreitol (DTT) was added to each sample and incubated for 1 h at 37 °C,
and 25 mM 2-iodoacetamide (IAA) was added and incubated for 1 h in the dark at room temperature. Trypsin/Lys-C Mix was added to
a protein at a 25:1 protein:protease ratio (w/w) and incubated at 37 °C for 12 h. An Oasis HLB column cartridge (Waters, MC, USA) was
used for desalting. Then, the samples were redissolved in 100 pL triethylammonium bicarbonate buffer (TEAB, 200 mM, pH 8.5) and
labeled with TMT as follows: TMT-126, N2a-WT cells; TMT-127, N2a-APPswe cells (Vehicle control); TMT-128, N2a-APPswe cells
treated with 15 pM TDCIPP; and TMT-129, N2a-APPswe cells treated with 45 uM TDCIPP.

2.5. LC-MS/MS analysis
Each fraction was separated with a silica capillary column (75 pl internal diameter (ID), 150 mm length; Upchurch, Oak Harbor,

WA, USA) that was packed with C18 resin (300 f\, 5 pl; Varian, Lexington, MA, USA) and then analyzed with an Orbitrap Exploris™
480 mass spectrometer (Thermo Scientific, NJ, USA). The data-dependent acquisition (DDA) mode was used, and full scans in the
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Orbitrap mass analyzer (350-1, 500 m/z, 120,000 resolution) were followed by data-dependent MS/MS scans. The scan range mode
was used to define the first mass (110 m/z). MS/MS spectra were searched using SEQUEST search algorithms embedded in Proteome
Discoverer 2.5 (Thermo Scientific) against the UniProt_mouse database (downloaded from the UniProt database on March 22, 2023).
The search parameters were set to default with modifications. The enzyme was set to trypsin, and two missed cleavage sites were
allowed. Carbamidomethylation (C, +57.021 Da) was set as the static modification. TMT6-plex (lysine [K] and any N-terminal of
peptides) and oxidation (methionine, M) were used as dynamic modifications as previously reported. Changes in proteins were
evaluated by the comparison of reporter ions from each group.

2.6. Bioinformatics analysis

All the protein abundances were input into Rstudio software for analysis. Heatmaps were generated using TBtools software, and
volcano maps were generated using GraphPad software. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and
gene ontology (GO) analysis of all the differentially expressed proteins were performed using the DAVID database (https://david.
nciferf.gov/).

2.7. Immunofluorescence staining

N2a-APPswe cells were treated with TDCIPP or CQ for a duration of 24 h, then cells were fixed with 4% paraformaldehyde for 20
min and permeabilized with 0.2% Triton-100 for another 20 min. The cells were incubated with LC3 or P62 antibodies at 4 °C
overnight. Cells were incubated with Alexa Fluor® 488-coupled goat anti-rabbit IgG secondary antibody for 1 h at room temperature,

A 8000 B 4000 * C o o0s-
* a
2 2 S
7 @ = ]
Z 6000 2 30004 £ 06
£ A g~ 2 a
= = z =
3 E T E = E
s E 4 - £ 0.4+
3 24000 3 g 2000 3_ :-[,
3 g z
= 2000 - 1000+ 3, 02+
o =% 9
< « s
=9
g oAU R S NERE w waeey
= % EZ EX 5 B EI E3 5 g EI EZ
§ 7 g% 2% 3 B B% g% § B 2% R%
z =1 = z = = 2 = =
N2a-APPswe N2a-APPswe N2a-APPswe
D N2a-APPswe F N2a-APPswe
TDCIPP TDCIPP —— TDCIPP TDCIPP
N2a-WT N2a-WT
DMSO  jonr  45uM DMSO  yspm aspm
PSI| o — — — BACE1 — e —
p-ACTIN | D D S — BACTIN | S
- G
E 10 . 15+ .
gz ¥ £c
§E £ 10+
20 6+ &«
£< E&
- P .
22 . &
2z T8 54
T ﬁ = (‘%
B> 24 %=
N
0- 0-
- o) aS S = o ~ = ~ =
z Z 5% EZ z 2 £3 E32
& B 2= 2% 4 & g% a¥
z = = z = b=
N2a-APPswe N2a-APPswe

Fig. 1. TDCIPP promotes the production of AB1-42. (A) Human Ap1-40 (Amyloid Beta 1-40) ELISA Kit was used to detect the expression level of
Ap1-40. (B) Human Ap1-42 (Amyloid Beta 1-42) ELISA Kit was used to detect the expression level of Ap1-42. (C) Ratio of Ap1-42 to AB1-40 was
calculated based on levels of Ap1-42 and Af1-40. (D-E) Western blot analysis and quantification of PS1 expression levels. (F-G) Western blot
analysis and quantification of BACE1 expression levels. Data are shown as mean + SEM. *, p < 0.05, **, p < 0.01.
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and then were washed with PBS and stained with DAPI for 3 min. Images were obtained by a confocal microscopy (ZEISS, LSM980).
The images were quantitatively evaluated by the ImageJ software.

2.8. ENZO CYTO-ID® kit for autophagy detection

The cells were treated with TDCIPP at concentrations of 15 pM or 45 pM, chloroquine at a concentration of 50 uM, or a combination
of TDCIPP at 45 uM and chloroquine at 50 pM for 24 h. DMSO was employed as the vehicle control. Cells were washed with phosphate-
buffered and fixed with 4% paraformaldehyde for 20 min. Subsequently, the cells were stained with the CYTO-ID® autophagic green
dye for 30 min at an incubation temperature of 37 °C, and then rinsed with buffer before being stained with DAPI for 3 min. The
resulting images were captured using a confocal microscopy system (ZEISS, LSM980). The acquired images were quantitatively
evaluated using the ImageJ software.

2.9. Measurement of Human Af1-42 (amyloid beta 1-42) levels by ELISA

The concentration of A$1-42 was measured with a double antibody sandwich ELISA kit. One hundred microliters of standard or
sample was added to a 96-well plate and incubated at 37 °C for 90 min. The liquid in the wells was removed, and 100 pL of biotinylated
antibody added and incubated at 37 °C for 60 min. The wells were washed 3 times with washing solution, 100 pL of enzyme conjugate
working solution added and incubated at 37 °C for 30 min, and the plate was washed 6 times. Then, 90 pL of substrate solution was
added to the wells and incubated at 37 °C for 15 min. Fifty microliters of termination solution were added, and the OD was imme-
diately measured at 450 nm.

3. Western blotting analysis

After protein quantitation and denaturation, the protein samples were subsequently loaded onto 10% or 12% polyacrylamide gels.
After electrophoresis, the proteins were transferred to PVDF membranes, which were then blocked with 5% nonfat milk powder
dissolved in TBST for 90 min. Primary antibodies (anti-LC3, anti-P62, anti-CTSD, anti-LAMP1, anti-PS1 and anti-BACE1 antibodies)
were added and incubated overnight in a shaker at 4 °C, followed by three washes with TBST for 10 min each and incubation with
secondary antibodies for 1 h. Background removal solution was used for membrane exposure, and bands were captured and analyzed
with a multifunctional imager (Cytiva, MA, USA).
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Fig. 2. Volcano map and Gene ontology enrichment analysis of differentially expressed proteins. (A) Dysregulated proteins in the N2a-
APPswe group compared with N2a-WT. (B) Dysregulated proteins in 15 pM TDCIPP-treated N2a-APPswe cells compared with that of vehicle
control. (C) Dysregulated proteins of 45 pM TDCIPP-treated N2a-APPswe cells compared with that of vehicle control. Red dots indicate significantly
upregulated proteins and blue dots represent downregulated proteins. (D) GO analysis of differentially expressed proteins in the N2a-APPswe vs. WT
group. (E) GO analysis of differentially expressed proteins in the 15 pM vs. N2a-APPswe TDCIPP treatment group. (F) GO analysis of differentially
expressed proteins in the 45 pM vs. N2a-APPswe TDCIPP-treated group. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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4. Results
4.1. TDCIPP increases Af1-42 production

Exposure of N2a-APPswe cells to TDCIPP for 24 h results in a concentration-dependent increase in Ap levels (Fig. 1A and B) and
neurotoxicity (Fig. S1). The 15 pM TDCIPP treatment group exhibited increased expression of Ap1-42 compared to the vehicle-treated
group (p > 0.05). The 45 pM TDCIPP treatment group exhibited significantly increased expression of Ap1-42 (p < 0.05) (Fig. 1B).
TDCIPP treatment increased ratio of Ap1-42/Ap1-40, but without significant difference (p > 0.05) (Fig. 1C).

Both presenilin-1(PS1) and beta-site APP-cleaving enzyme 1 (BACE1) are important for the production of AB40 and Ap42 [24,25].
The protein level of PS1 exhibited a significant increase (P < 0.05) in the group treated with 45 uM TDCIPP in comparison to the
N2a-APPswe cells treated with the vehicle. (Fig. 1D-E). The protein level of BACE1 was significantly upregulated (P < 0.05) in the 45
puM TDCIPP-treated group compared with that in the vehicle-treated N2a-APPswe cells (Fig. 1F-G). No statistically significant disparity
was observed in the protein expression levels of APP, ADAM10, and IDE between the TDCIPP-treated group and the DMSO-treated
group (Fig. 52).

4.2. Hundreds of proteins were dysregulated after TDCIPP treatment

To evaluate the potential role of TDCIPP in AD development, a proteomic study with TMT labeling was performed using N2a-
APPswe cells. In total, 6220 proteins were identified and quantified by mass spectrometry, with a false discovery rate (FDR) less
than 1%. Compared with the N2a-WT group, 827 proteins were dysregulated in the N2a-APPswe group, of which 545 were upre-
gulated and 282 were downregulated (Fig. 2A). Compared with the N2a-APPswe group, the 15 pM TDCIPP treatment group had 31
differentially expressed proteins, of which there were 12 upregulated and 19 downregulated proteins (Fig. 2B). Compared with the
N2a-APPswe group, the 45 pM TDCIPP treatment group had 97 differentially expressed proteins, including 49 upregulated and 48
downregulated proteins (Fig. 2C).

To understand the function of the dysregulated proteins, GO enrichment analysis was performed. Compared to the N2a-WT cells,
the differentially expressed proteins in the N2a-APPswe cells were mainly enriched in protein stabilization, defense response to virus,
and autophagy (Fig. 2D). In N2a-APPswe cells, compared with the DMSO-treated group, differentially expressed proteins in the 15 pM
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TDCIPP treatment group were mainly enriched in the defense response to virus and positive regulation of signal transduction by p53
and lysosomes (Fig. 2E). The differentially expressed proteins in the 45 pM TDCIPP treatment group were mainly enriched in the
defense response to virus, lysosome organization, and positive regulation of autophagy (Fig. 2F). GO analysis showed that the dys-
regulated proteins after TDCIPP treatment were related with lysosomal and autophagic regulation.

4.3. Sankey and gene set enrichment analysis (GSEA) of autophagy-lysosome-associated proteins that were differentially expressed after
TDCIPP treatment

The dysregulated proteins from GO annotation on autophagy-lysosome-related pathways were subjected to Sankey and GSEA. In
the 15 pM TDCIPP-treatment group, lysosome, lysosome organization, lysosomal protein catabolic process and the positive regulatory
role of lysosomal p53-like mediators in signal transduction were enriched for the dysregulated proteins. These proteins included TPP1,
ASAH1, HEXB, DPP7, and RPL37. (Fig. 3A and Table 1). The dysregulated proteins in the 45 pM TDCIPP- treatment group exhibited
enrichment in various cellular processes, including lysosome organization, positive regulation of apoptotic process, positive regulation
of autophagy, and lysosomal protein catabolic process, as depicted in Fig. 3B. The detailed changed proteins are also listed in Table 2.
GSEA revealed that the autophagy-lysosome pathway was gradually activated after TDCIPP treatment, and the corresponding running
enrichment scores are shown in Fig. 3C-D.

4.4. TDCIPP inhibits autophagosome-lysosome fusion

To examine the correlation between TDCIPP and autophagy on N2a-APPswe cells, we examined the protein expression level of LC3.
As shown in Fig. 4A-B, it was observed that treatment with 45 pM TDCIPP increased levels of LC3 compared with that of the vehicle-
treated group (p < 0.01). Compared with the 45 pM TDCIPP-treated group, LC3 levels were significantly higher in the TDCIPP-
combined-CQ treatment group (p < 0.001). The accumulation of P62 serves as an indicator of impeded or suppressed autophagic
flux [26]. P62 levels were significantly elevated in the 45 pM TDCIPP-treated group compared to that of the vehicle-treated group
(Fig. 4C-D). To further confirm the association between TDCIPP and autophagy, the ENZO CYTO-ID® Kit was employed to assess the
autophagic flux. The findings demonstrate that TDCIPP notably promotes the accumulation of autophagosomes in comparison to the
control group. Moreover, the inhibitory impact of CQ on lysosomes was augmented when CQ and TDCIPP were administered in
combination (Fig. 4E-F).

4.5. Heatmap and western blotting analysis demonstrated that TDCIPP inhibits autophagy and led to an increase in lysosome levels

Heatmap analysis is employed to visually represent variations in protein expression among distinct treatment groups (Fig. 5A).
According to the autophagy expression profile, we found that most of the proteins, including SQSTM1 (P62), GRN and other proteins,
were upregulated after treatment with 45 pM TDCIPP. According to the lysosomal expression profile, we found that all the differ-
entially expressed proteins, including FLCN, ASAH1 and other proteins, were upregulated after treatment with 45 pM TDCIPP
(Fig. 5A).

To further validate the dysregulated proteins that were identified in the proteomic study, Western blotting analysis was performed
to measure microtubule-associated protein LC3, P62, lysosome-associated membrane glycoprotein 1 (LAMP1) and cathepsin D (CTSD)
expression. The protein level of LC3II was significantly upregulated (P < 0.01) in the 45 pM TDCIPP-treated group compared with that
in the vehicle-treated N2a-APPswe cells. Compared with the 45 pM TDCIPP-treated group, LC3II expression was significantly increased
in the TDCIPP + CQ treatment group (P < 0.01) (Fig. 5B and Fig. S4). P62 was significantly increased in the 15 pM and 45 pM TDCIPP-
treatment group compared with the vehicle group (P < 0.01) and further increased after CQ treatment (P < 0.05), indicating that the
autophagy was inhibited when exposed to TDCIPP (Fig. 5B and Fig. S4). We assessed the protein levels of the lysosomal markers
LAMP1 and CTSD to assess whether the downstream autophagic process was disrupted. The levels of CTSD were found to be signif-
icantly higher in the group treated with 45 pM TDCIPP compared to the vehicle group (P < 0.001). Additionally, the treatment of N2a-
APPswe cells with 45 uM TDCIPP resulted in an increase in LAMP1 levels compared to the vehicle-treated cells (P < 0.05) (Fig. 5B,
Figs. S3 and S4). In summary, the results of Western blotting analysis were consistent with the proteomic data.

5. Discussion

AD is an irreversible neurodegenerative brain disease that is characterized by neuritic plaques that are composed of extracellular

Table 1

Autophagy-lysosome-associated protein changes in the 15 pM TDCIPP-treated group.
Uniprot-AC Gene Name P.vValue Log,FC
Q9WV54 Asahl 0.02 0.32
QOET22 Dpp7 0.01 0.30
089023 Tppl 0.05 0.28
P20060 Hexb 0.01 0.27
Q9D823 Rpl37 0.02 —0.55
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Table 2
Autophagy-lysosome-associated protein changes in the 45 pM TDCIPP-treated group.

AC-uniprot gene name P.Value Log,FC
P14901 Hmox1 <0.01 0.58
Q9WV54 Asahl <0.01 0.52
F6VANO Atf6 0.01 0.40
P70699 Gaa <0.01 0.32
Q64337 Sgstm1 <0.01 0.32
P20060 Hexb 0.01 0.31
P28798 Grn 0.02 0.31
Q99JRS Tinagll 0.01 0.29
089023 Tppl 0.04 0.28
Q97127 Slc7a5 0.04 0.27
P05622 Pdgfrb 0.02 0.27
Q91VEO Slc27a4 0.02 0.26
Q8QZSs3 Flen 0.01 0.26
Q8BVK9 Sp110 <0.01 —0.33
Q62191 Trim21 0.02 —0.35
Q99PP6 Trim34a 0.01 —0.61
Q64112 Ifit2 <0.01 —-0.93

aggregates of amyloid § (AB) peptides; these plaques are one of the main pathological features of AD. TDCIPP is an emerging envi-
ronmental pollutant that exerts neurotoxic effects. In this study, we used proteomics and Western blotting to reveal proteomic changes
in N2A-APPswe cells after TDCIPP treatment. Our research discovered that treatment of N2a-APPswe cells with TDCIPP resulted in the
inhibition of autophagosome-lysosome fusion. The upregulation of lysosome-associated proteins CTSD and LAMP1, which may lead to
lysosomal dysfunction, results in elevated Ap1-42 levels, thereby promoting the development of AD.

Autophagy refers to the degradation and recirculation of cellular materials through the lysosomal pathway, and lysosomes are
essential for the autophagic mechanism [27]. Mammalian target of rapamycin (mTOR) is a serine/threonine protein kinase [28].
mTOR signaling is a central regulator of autophagy, and it regulates multiple aspects of autophagy initiation, process and termination
by controlling unc51-like kinase 1 (ULK1) complex activity as well as proto-lysosome tubule reformation [29]. mTOR and STAT1 are
mutually regulated, and a physical association between mTOR and STAT1 has been shown in human cells [30,31]. Signal transducer
and activator of transcription 1 (STAT1) is a nuclear transcription factor that is involved in the regulation of genes that are related to
cell survival, the cell cycle and immune responses [32]. STAT1 can negatively regulate ULK1 expression and autophagy [33]. Recent
studies have shown that hair cells in STAT1-deficient mice exhibit enhanced autophagic flux [34]. In the skeletal muscle of
statl-deficient mice, ULK1 protein levels and autophagic flux are significantly enhanced. In STAT1-deficient human fibrosarcoma
cells, statl is regulated by mTOR to enhance the autophagic flux [33]. In proteomic analysis, STAT1 expression was decreased in a
concentration-dependent manner after TDCIPP treatment, which enhanced autophagosome formation. Furthermore, our findings
indicate that the administration of TDCIPP resulted in an upregulation of P62 expression, implying a disturbance in the process of
autophagic degradation in response to TDCIPP.

The autophagy-lysosome pathway plays a key role in the quality of cellular components and cellular homeostasis, and its
dysfunction can lead to the neuronal cell death that is associated with various neurodegenerative diseases [35], including AD; thus,
dysfunction of the autophagy-lysosome pathway contributes to the pathogenesis of neurodegenerative diseases [36]. Studies of ce-
rebrospinal fluid from AD patients have shown elevated concentrations of the lysosome-associated proteins CTSB, LAMP1 and LAMP2
[37]. Studies on neuronal cells show that lysosomal dysfunction contributes to the proliferation of the pathological marker proteins Ap
and tau in AD [38-40]. In the present study, TDCIPP induced the expression of the lysosomal proteins CTSD and LAMP1. Treatment
with TDCIPP resulted in disruption of autophagic flux, resembling the effects induced by CQ, a well-known inhibitor of lysosome and
autophagy. Our proteomic findings, in conjunction with these observations, indicate that TDCIPP inhibits autophagosome-lysosome
fusion. The observed upregulation of lysosome proteins may be a compensatory response to the inhibition of
autophagosome-lysosome fusion, warranting further investigation. It is worth noting that the inhibition of autophagosome-lysosome
fusion could potentially lead to an increase in Af protein production, thereby posing a potential threat to neuronal cells.

6. Conclusions

In conclusion, our study showed for the first time that TDCIPP can induce AB1-42 production through the autophagy-lysosomal
pathway and thus is associated with the development of AD. TDCIPP promotes the accumulation of autophagosomes and inhibits
autophagosome-lysosome fusion. In addition to this study, further mechanisms need to be explored, especially those related to
autophagy-lysosome function, through in vivo experiments.

Data availability statement

The mass spectrometry proteomics data have been deposited in the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD042789 and 10.6019/PXD042789.
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Fig. 5. TDCIPP inhibits autophagy and led to an increase in lysosome levels. (A) Differential proteins located in autophagy and lysosomes were
localized according to GO annotation and Uniprot database. The heat map is clustered in rows, with blue representing down-regulated proteins and
red up-regulated proteins. (B) Western blot analysis and quantification of LC3, P62, CTSD, LAMP1 expression levels Data are shown as Mean + SEM.
*, p < 0.05, **, p < 0.01, ***, p < 0.001, #p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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