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Abstract
Dimethoate (DM), a widely used organophosphate pesticide, induces significant alterations in mitochondrial- 

related proteomes of SH-SY5Y cells without directly affecting cell viability. After, cells were exposed to 100 μM 
DM for 48 h, proteomic analysis revealed that 27 proteins associated with cellular metabolism and mitochondrial 
function were notably altered, affecting pathways such as oxidative phosphorylation, electron transport chain, 
and ATP synthesis. At sublethal concentrations, DM reduced mitochondrial ATP production, oxygen consump
tion rates (OCR), basal and maximal respiration, while preserving spare respiratory capacity (SRC) and proton 
leak, indicating maintained mitochondrial membrane integrity. Despite this, DM exposure caused mitochondrial 
membrane depolarization and increased mitochondrial superoxide production. These mitochondrial alterations 
were accompanied by enhanced cellular senescence, marked by p53-independent p21 activation, p38 MAPK 
activation, increased senescence-associated β-galactosidase (SA-β-gal) activity, and disrupted cell cycle pro
gression. Additionally, DM treatment led to upregulation of DNA damage response (DDR) proteins and down
regulation of proteins involved in DNA repair and genome stability. Although early-stage apoptosis was 
observed, elevated Bcl-2 expression suggested a shift toward apoptosis resistance and senescence. DM also dis
rupted energy-sensing pathways by increasing AMPK subunit expression, yet suppressed autophagy, as indicated 
by decreased p-mTOR, p-Beclin-1, and LC3-II/I ratios. Collectively, these findings highlight a complex interplay 
between mitochondrial dysfunction, cellular senescence, and survival mechanisms, suggesting potential long- 
term effects of DM exposure on cellular health and aging processes.
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1. Introduction

Dimethoate (DM) is one of the most commonly used pesticide 
worldwide in agriculture and livestock industries. It belongs to the 
organophosphate class, and its primary mode of action involves forming 
covalent bonds with the acetylcholinesterase (AChE), an enzyme play
ing a key role in the cholinergic signaling (Fukuto, 1990). DM possesses 
neurotoxic properties and has detrimental effects on other systems, such 
as the reproductive and immune systems, posing potential health risks 
for humans, livestock and off-target animals (Aly, 2000; Kim and Kang, 
2015; Tarbah et al., 2007; Van Scoy et al., 2016; Walsh et al., 2000). The 
residual pesticides were detected in fruits, vegetable, and drinking water 
(Sagar et al., 2018; Sang et al., 2022). Approximately 14 % of DM can be 
absorbed through the human skin, posing a risk of chronic exposure for 
farm workers (de Andrade et al., 2022). Following exposure, DM can 
enter the bloodstream and affect various organs, including the brain 
(Tarbah et al., 2007).

The recent study found that DM treatments triggered the release of 
intracellular Ca2+ store and increased reactive oxygen species (ROS) 
generation in the mitochondria of rat brain, liver and pancreatic stellate 
cells (Martínez-Morcillo et al., 2019; Sharma et al., 2005). Sub-chronic 
exposure of DM at 1.4 mg/kg for five weeks resulted in an increase 
expression of the pro-inflammatory markers and microglia reactivation 
in mouse hippocampus and striatum (Astiz et al., 2013). Recently, a 
study showed that DM at 125–500 μM can directly interact with the 
Nod-like receptor with the KD of 89.8 μM and increased the expression of 
IL-1β and IL-18 in BV2 microglial cells (Wang et al., 2024). Furthermore, 
prolonged exposure to low levels of DM resulted in cellular oxidative 
stress, DNA damage and disrupted membrane-integrated ATPases in 
visceral organs (Ben Amara et al., 2013). Moreover, the study on the 
acute toxicity of DM in rat leukocytes revealed that various doses of DM 
(20–60 mg/kg) led to a reduction in mitochondrial membrane potential 
(MMP), disruption in cell cycle, and cellular apoptosis (Nazam et al., 
2020).

However, little is known about the direct effect of DM on neuronal 
energy metabolism and ATP production. Previous research has estab
lished that mitochondrial dysfunction and cellular senescence are the 
hallmarks of aging (Correia-Melo et al., 2016; Miwa et al., 2022), indi
cating a potential connection between these metabolic changes and the 
cellular processes influenced by toxic exposures. Considering the 
widespread application of organophosphates and their associated risks, 
a thorough examination of these compounds regarding their spectrum of 
toxicity in neuronal models is important. In this study, we aim to 
examine the relationship between impaired energy metabolism, cellular 
senescence, and cellular apoptosis in DM exposure at a sublethal 
concentration.

2. Materials and methods

2.1. Chemical and reagents

The chemicals used in this research were obtained from various 
manufacturers as follows: Dulbecco’s Modified Eagle Medium (DMEM)/ 
Nutrient Mixture F-12 and phosphate-buffered saline (PBS) from 
Sartorius; fetal bovine serum (FBS) from Biological Industries; dimethyl 
sulfoxide (DMSO), dithiothreitol (DTT), MTT (3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyltetrazolium bromide), and the senescence cell histo
chemical staining kit from Sigma-Aldrich; cypermethrin and dimethoate 
from Dr. Ehrenstorfer™; propidium iodide from Abcam; Bradford re
agent from Bio-Rad; MitoSOX™ Red from Invitrogen; Muse® Annexin V 
& Dead Cell Kit and Muse® MitoPotential Kit from Luminex; Seahorse 
XF Cell Mito Stress Test kit from Agilent. Primary antibodies from Cell 
Signaling Technology included rabbit anti-p21 (#2947), rabbit anti-p53 
(#9282), mouse anti-Bcl-2 (#15071), rabbit anti-phospho-p38 MAPK 
(Thr180/Tyr182) (#4511), rabbit anti-p38 MAPK (#8690), rabbit anti- 
phospho-AMPKα (Thr172) (40H9) (#2535), rabbit anti-AMPKα (D5A2) 

(#5831), rabbit anti-Bax (#2772), rabbit anti-Beclin-1 (D40C5) 
(#3495), rabbit anti-phospho-Beclin-1 (Ser30) (E1C4X) (#35955), 
rabbit anti-Cleaved Caspase-3 (Asp175) (5A1E) (#9664), rabbit anti- 
LC3B (#2775), rabbit anti-mTOR (7C10) (#2983), rabbit anti- 
phospho-mTOR (Ser2448) (D9C2) XP® (#5536), and mouse anti-beta- 
actin (#3700), and HRP (horseradish peroxidase)-conjugated anti- 
mouse and anti-rabbit secondary antibodies.

2.2. Cellular treatments

Human neuroblastoma SH-SY5Y cells were cultured in DMEM/F-12 
medium (1:1 ratio), supplemented with 10 % FBS, in a humidified at
mosphere with 5 % CO2 at 37 ◦C. Cells were seeded at a density of 3 ×
105 cells per well in 6-well plates and allowed to adhere overnight. To 
evaluate the neurotoxic effects of DM, cells were treated with 100 μM 
DM in serum-free medium for 24 or 48 h. After treatment, cells were 
collected and used for subsequent experiments. For comparison, some 
experiments included treatment with cypermethrin (CYP) under iden
tical conditions as the DM treatments. Stock solutions of DM and CYP 
were prepared in 100 % DMSO. The final concentration of DMSO were 
less than 0.1 % in all experiments.

2.3. MTT assay for detection of cell metabolic state

Cells were seeded in 96-well plates at a density of 1 × 104 cells per 
well and allowed to grow overnight at 37 ◦C in an atmosphere of 5 % 
CO2. Final concentrations of 25, 50, and 100 μM of DM were adminis
tered, and cells were incubated for 24 or 48 h. For the MTT assay, 100 μL 
of serum-free medium containing MTT at a concentration of 0.5 mg/mL 
was added to each well, followed by a 4-h incubation at 37 ◦C with 5 % 
CO2. Then, the MTT solution was removed from the wells, formazan 
crystals produced by living cells were dissolved by 100 μL DMSO. The 
reaction was agitated at 37 ◦C for 15 min. Measurement of absorbance at 
570 nm was carried out using a microplate reader (EZ Read 2000, 
Biochrom).

2.4. Cell viability assessment

Cells were harvested and resuspended in the culture medium at an 
appropriate density (5 × 105 cells/mL). For viability assessment, 10 μL 
of the cell suspension was mixed with 10 μL of 0.4 % trypan blue solu
tion (Bio-Rad, Cat# 1450021) in a 1:1 ratio. After thorough mixing, 10 
μL of the mixture was loaded into a TC10™ counting slide (Bio-Rad, 
Cat# 1450010), and measurements were performed using the TC10™ 
Automated Cell Counter (Bio-Rad Laboratories, USA) following the 
manufacturer’s instructions. Total cell number, live cell count, and 
viability percentage (% viable cells) were recorded. Cell viability was 
calculated as the percentage of live cells relative to the total number of 
cells.

2.5. Label-free nano-LC-MS/MS analysis for proteomics study

Untargeted label-free nano-LC-MS/MS and SWATH targeted label- 
free Nano-LC QTOF analyses were carried out following the previously 
described protocol by (Na Nakorn et al., 2020). For protein identifica
tion during the discovery phase, raw mass spectrometry (MS) data were 
processed using MaxQuant software (version 1.6.2.10) with the inte
grated Andromeda search engine. The human protein database from 
UniProt was used, and a label-free quantification method was applied 
with a default setting of 1. All parameters were set to default except for 
the following modifications: methionine oxidation and N-terminal 
acetylation were treated as variable modifications, while cysteine car
bamidomethylation was applied as a fixed modification. The Bruker Q- 
TOF mass spectrometer was selected, with peptide mass tolerances set to 
0.5 Da for the initial search and 0.25 Da for the major search. Trypsin/P 
enzyme was used, allowing up to two missed cleavages for peptide 
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identification. Label-free quantification (LFQ) required a minimum ratio 
count of 1. The raw data were matched against the UniProt database for 
Homo sapiens, with a false discovery rate (FDR) of 1 % at the protein 
level. For LFQ, the MS/MS match tolerance was also set to 0.5 Da, and 
the “match between runs” feature was enabled to adjust mass and 
retention times across different runs. In total, 1665 proteins were 
identified, the differentially expressed proteins were determined by the 
unpaired t-test with a significant level at 0.05 (see Statistical analysis). 
the The proteins of interest were further analyzed for protein-protein 
interactions and pathways using the STRING database (www.stri 
ng-db.org). The Gene Ontology (GO term) was used to classify path
ways and proteins of interest. The GOnet (https://tools.dice-database. 
org/GOnet/) was used to visualize enriched related pathways and pro
teins of interest (Pomaznoy et al., 2018).

2.6. Cellular respiration assay

Oxygen consumption rate (OCR), a key indicator of cellular respi
ration, was detected using the XF96 Extracellular Flux Analyzer (Sea
horse Bioscience, Billerica, MA, USA). SH-SY5Y cells were plated at 1 ×
104 cells per well. 180 μL of bicarbonate-free DMEM containing 10 mM 
glucose, 2 mM L-glutamine, and 1 mM sodium pyruvate were added and 
incubated for 45 min at 37 ◦C. Mitochondrial function were measured 
utilizing mitochondrial inhibitors and uncouplers using XF Cell Mito 
Stress Test (Seahorse Bioscience). Sequential injections included 1 μM 
oligomycin to block ATP synthase activity, 0.5 μM FCCP to induce 
maximal respiration, and rotenone and antimycin A mixture at the final 
concentration of 1 μM each to block electron transport at complexes I 
and III. Baseline OCR was recorded before treatment, followed by 
measurements after each injection to assess specific respiratory param
eters including ATP-associated respiration, maximal respiratory capac
ity, and spare capacity. Total protein concentrations, used for data 
normalization, was quantified using the Bradford assay (Bio-Rad).

2.7. Senescence-associated β-galactosidase detection

Cellular senescence was assessed using a senescence-associated 
β-galactosidase (SA-β-gal) staining kit as described by (Promthep 
et al., 2022). Briefly, cells were first rinsed with PBS and fixed in a 1×
fixative solution for 7 min. After another PBS wash, freshly prepared SA- 
β-gal staining solution was added. The parafilm-sealed plate was incu
bated at 37 ◦C for 15 h without CO2. Blue-stained cells indicating SA- 
β-gal activity were examined under a light microscope. SA-β-gal-positive 
cells were counted and quantified as a percentage in three randomly 
selected fields and compared with untreated controls.

2.8. Cell cycle distribution analysis

Cell cycle distribution was analyzed using a modified propidium 
iodide (PI) staining protocol described by (Zhou et al., 2015). The cells 
were first trypsinized, washed with ice-cold PBS, and then spun down to 
collect the pellets. These pellets were resuspended in PBS and fixed with 
70 % ethanol at 4 ◦C for 1 h. After fixation, the cells were washed again 
with PBS and stained with 40 μg/mL propidium iodide (PI) and 40 μg/ 
mL RNase I for 30 min at room temperature. The cell cycle distribution 
was analyzed using a BD FACSCanto™ flow cytometer (BD Biosciences, 
USA), and the data were evaluated with FACSDiva software (Version 
6.1.1). A total of 30,000 events were acquired for each sample.

2.9. Cellular apoptotic assay

The apoptotic response in SH-SY5Y cells treated with CYP and DM 
was assessed using the Muse™ Annexin-V & Dead Cell Assay Kit 
(Luminex, Austin, TX, USA), following the manufacturer’s guidelines. 
SH-SY5Y cells were seeded into 6-well plates at a density of 2.5 × 105 

cells per well and cultured overnight. Following incubation, the cells 

were exposed to 100 μM of either CYP or DM for 48 h under standard 
conditions (37 ◦C, 5 % CO2). After treatment, cells were collected and 
washed with cold PBS. Cells were spun down at 1000 rpm for 5 min and 
resuspended in serum-free medium. 100 μL Muse™ Annexin-V & Dead 
Cell Reagent was used to stain cell suspensions with 100 μL Muse™ 
Annexin-V & Dead Cell Reagent, and cells were protected from light and 
maintained for 20 min at room temperature. Live, early apoptotic, late 
apoptotic, and necrotic cells, were measured using the Muse™ Cell 
Analyzer (Luminex, Austin, TX, USA).

2.10. Western blotting

For protein extraction, SH-SY5Y cells were lysed using RIPA buffer 
containing 50 mM Tris base, 1 m PMSF, 1 mM EDTA, 150 mM NaCl, 0.1 
% Triton X-100, protease inhibitors, phosphatase inhibitors, and SDS. 
After sonication, the lysate was spun down at 12,000 ×g for 15 min at 
4 ◦C. The total protein concentration was measured using the Bradford 
reagent. Protein samples (40–50 μg) were mixed with sample loading 
buffer, separated by 10–12 % SDS-PAGE at 120 V, and transferred to 
PVDF membranes at 100 V for 3 h. The membranes were blocked with 5 
% nonfat milk in TBST for 1 h at room temperature. Subsequently, they 
were incubated overnight at 4 ◦C with primary antibodies at the 
following dilutions: 1:1000 for p21, p53, phospho-p38 MAPK, p38 
MAPK, and Bcl-2; 1:500 for Bax, LC3B, cleaved-caspase 3, p-mTOR, 
mTOR, p-beclin-1, beclin-1, AMPK, p-AMPK; and 1:5000 for β-actin. 
After primary antibody incubation, HRP-conjugated secondary anti
bodies were further incubated for 1.5 h at room temperature. Chemi
luminescent detection was performed using Clarity Western ECL 
Substrate (Bio-Rad), and signals were captured with the Fusion FX7 
Image Analyzer (Vilber). The intensity of protein band was quantified 
using ImageJ software, with β-actin used as the loading control for 
normalization.

2.11. Mitochondrial ROS detection

Mitochondrial superoxide levels were assessed using MitoSOX™ Red 
(Invitrogen) as previously described by (Panmanee et al., 2025). SH- 
SY5Y cells were seeded in 96-well PhenoPlates™ and treated with 
100 μM DM for 24 h and 48 h, respectively. Imaging was performed 
using the Opera Phenix Plus high-content screening system (Perki
nElmer) witg 561 nm excitation, and 570–630 nm emission, and a 40×
objective, capturing 25 fields per well. Image analysis of fluorescence 
intensity was performed using Harmony software (PerkinElmer) to 
evaluate mitochondrial ROS levels.

2.12. Measurement of mitochondrial membrane potential

Mitochondrial membrane potential (Δψm) was evaluated using the 
Muse® MitoPotential Kit (Luminex) according to the manufacturer’s 
protocol. Briefly, SH-SY5Y cells were seeded in 6-well plates and treated 
with 100 μM DM for 48 h. After treatment, cells were harvested by 
trypsinization, washed with 1× PBS, and resuspended in assay buffer. 
Approximately 1 × 105 cells/mL were incubated with the MitoPotential 
Dye for 20 min at 37 ◦C in the dark, followed by addition of 7-Aminoac
tinomycin D (7-AAD) to discriminate dead cells. The stained samples 
were analyzed using the Muse® Cell Analyzer. Data were expressed as 
the percentage of cells with depolarized mitochondria among the total 
and viable cell populations. At least 2000 events were collected per 
sample, and data analysis was conducted using Muse® Analysis 
Software.

2.13. Statistical analysis

The untreated control group was compared to the DM-treated group 
using an unpaired t-test. For comparisons involving more than two 
treatment groups, statistical analysis was conducted using one-way 
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ANOVA followed by Tukey’s post hoc test. Data were considered sig
nificant when P-values <0.05. Data are expressed as the mean ± stan
dard error of the mean (SEM). All experiments were carried out 
independently, with at least three replicates.

In untargeted label-free nano-LC-MS/MS proteomics study, the 
differentially expressed proteins were determined by the unpaired t-test 
with a significant level at 0.05. For the SWATH targeted label-free 
analysis, data processing and statistical analysis were performed in R 
(version 4.4.1) (R.C. Team, 2014). The raw SWATH-MS data was 
calculated into total area sums, log2-transformed, and loess normaliza
tion via limma package (Ritchie et al., 2015). The normalized log2 total 
area was fitted to linear models for each protein using the lm function 
and post-hoc pairwise comparisons adjusting for multiple comparisons 
using Tukey’s method via emmean package (Russell, 2018). The custom 
R script is available at https://github.com/skittikun/SWATH_Dimeth 
oate.

3. Results

3.1. DM treatment did not directly affect cell viability but changed the 
mitochondrial-related proteomes of SH-SY5Y cells

To assess cell viability after exposure to various concentrations of 
DM in SH-SY5Y cells, DM at 25, 50, and 100 μM was administered and 
incubated for 24 and 48 h, respectively. Mitochondrial metabolic ac
tivity was assessed using the MTT assay, while total cell number and 
viability were independently confirmed using the TC10™ Automated 
Cell Counter. The results showed that cells treated with DM for 24 h and 
48 h exhibited a metabolic activity and cell viability comparable to the 
control (Figs. 1A, B, and C). Therefore, to examine the neurotoxic effect 
of DM, the prolonged treatment at 48 h of 100 μM DM was selected for 
subsequent experiments.

To test the proteomics profiles of cells exposed to the pesticide, DM- 

treated cells were analyzed using untargeted label-free LC-MS/MS. A 
total of forty-five proteins were found to be differentially expressed 
related to functional mitochondrial organization, cellular senescence, 
DNA damage repair, and cell cycle regulators in DM-exposed cells 
(Fig. 2A). Among these, twenty-seven proteins related to cellular 
metabolism and mitochondrial function were significantly altered by 
DM treatment (Fig. 2B). Key pathways affected include oxidative 
phosphorylation (GO:0006119), electron transport chain 
(GO:0022900), and ATP metabolic processes (GO:0046034). Proteins 
such as CYCS, COX6A1, POLRMT, FECH, GLDC, ISCA1, MIEF2, 
TIMM44, NDUFS2 and NDUFS7 are involved in mitochondrial organi
zation and energy generation (Figs. 2B and C). Additionally, changes 
were observed in proteins related to mitochondrial gene expression 
(GO:0140053), including TRNT1, MTO1, GFM2, MTIF2, MRPL2, and 
MRPL22, suggesting possible disturbances in mitochondrial transcrip
tion and translation. Based on these alterations, DM exposure could 
result in broader metabolic dysfunction within the cell.

3.2. DM at sublethal concentration reduced mitochondrial ATP 
production in SH-SY5Y cells

The changes identified by proteomics studies indicated that DM 
altered several proteins associated with mitochondrial function 
(Figs. 2A, B and C). We hypothesized that DM likely disrupted ATP 
synthesis and overall cellular energy homeostasis. To test this hypoth
esis, energy metabolism during oxidative phosphorylation in cells 
exposed to 100 μM DM for 48 h was assessed using a fluorescence-based 
Seahorse XF analyzer. DM treatment led to decrease in oxygen con
sumption rates (OCR), basal respiration, maximal respiration, and ATP 
production (Figs. 3A, B, C, and D). However, the spare respiratory ca
pacity (SRC) and proton leak were unaffected by DM treatment (Figs. 3E 
and F), suggesting that while mitochondrial bioenergetic function was 
impaired, the integrity of the inner mitochondrial membrane was 

Fig. 1. Effect of pesticide exposure on cell morphology, metabolic activity, and cell viability. (A) Representative images of SH-SY5Y cells after 48 h of incubation 
with 0 μM DM (control), 0.1 % DMSO, and 100 μM DM, respectively. Scale bars: 100 μm. (B) MTT assay was assessed to evaluate cellular metabolic activity in SH- 
SY5Y cells treated with DM at 25, 50, and 100 μM for 24 h and 48 h. (C) Live cell count of SH-SY5Y cells treated with 100 μM DM for 24 and 48 h, measured using the 
TC10™ Automated Cell Counter. Cell viability was assessed based on membrane integrity using trypan blue. Live cell numbers are presented as a proportion of the 
total cell count. The data represent the mean ± SEM (n = 3–5). (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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largely preserved.
Despite the maintained membrane integrity, mitochondrial mem

brane potential was significantly depolarized in cells treated with DM 
for 48 h (Figs. 3G and H). Additionally, MitoSOX™ Red staining 
revealed a marked increase in mitochondrial superoxide production 

both 24-h and 48-h DM-exposed cells, indicating elevated oxidative 
stress within the mitochondria (Figs. 3I and J).

Fig. 2. Effect of DM treatment on mitochondrial function and cellular metabolic process. (A) The heatmap illustrates the expression levels of 45 proteins in both 
control and DM-treated cells, clustered based on clustered based on z-score-normalized individual label-free quantitation (LFQ) values from three independent 
experiments. (B) GO enrichment network of genes significantly altered following 48-h DM treatment was constructed using GOnet. In the network, orange ellipses 
indicate genes identified from the dataset, and green rectangles represent GO terms that are significantly enriched. Interaction network and GO term analysis of 
mitochondrial protein are shown as follows; electron transport chain (GO:0022900), mitochondrial ATP synthesis coupled electron transport (GO:0042775), 
mitochondrial gene expression (GO:0140053), oxidative phosphorylation (GO:0006119), metabolic process (GO:0046034), metabolic process (GO:0008152), 
mitochondrial gene expression (GO:0140053), generation of precursor metabolites and energy (GO:0006091), and cellular metabolic process (GO:0044237). (C) 
Differential protein expression levels (log2FC), calculated from the label-free quantitation (LFQ) values from three independent experiments, in DM-treated cells 
compared to the untreated control are shown. (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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3.3. DM exposure increased senescence-related protein expression and 
disrupted cell cycle process

Impaired energy metabolism is known to be associated with cellular 
senescence and aging since mitochondrial respiration and ATP produc
tion decrease with age (Miwa et al., 2022; Wiley and Campisi, 2021). 
The cellular senescence markers were, thus, assessed in cells exposed to 
100 μM DM for 48 h.

Under the treatment of DM at 100 μM for 48 h, a substantial 
expression of p21, a cellular senescence marker, was detected, with a 
notable decrease in expression of p53 (Fig. 4A). The result suggests that 
DM exposure induced p53-independent activation of p21. DM also 
elevated the activation of p38 mitogen-activated protein kinase (MAPK) 
involving in the apoptotic and senescence-signaling pathway (Fig. 4A). 
To further investigate the effect of DM on cellular senescence, SA-β-gal 
was used as a marker of senescence-like activity (Fig. 4B). The findings 

Fig. 3. Effect of dimethoate on ATP production and mitochondrial membrane potential. Mitochondrial respiration function parameters of SH-SY5Y cells exposed to 
DM were assessed using the Seahorse XFe96 extracellular flux analyzer. (A) The oxygen consumption rate (OCR) changes are illustrated. (B–F) Bar charts display 
mitochondrial respiration changes in DM-treated cells, including basal respiration (B), maximal respiration (C), ATP production (D), spare respiratory capacity (E), 
and proton leak (F). (G–H) Mitochondrial membrane depolarization was analyzed using the Muse® MitoPotential Kit. (G) Representative profiles show depolarized 
live/dead cells, live cells, and dead cells. (H) Bar charts present the percentages of live, dead, and total depolarized cells. (I) Representative fluorescent images of 
control and DM-treated cells at 24 and 48 h are shown. (J) Quantification of MitoSOX™ fluorescence intensity is presented for each condition, exhibiting mito
chondrial superoxide levels. Data represent the mean ± SEM (n = 3–4). Significant differences are denoted as *p < 0.05, **p < 0.01, ***p < 0.001.
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indicated that DM treatment significantly enhanced SA-β-gal activity 
compared to the untreated cells (p < 0.001). Moreover, cell cycle 
analysis revealed an increase in cells during the G0/G1 phase after DM 
treatment (p < 0.05), representing cell cycle arrest (Fig. 4C). Cell cycle 
regulators such as CDK13 (log2FC, − 1.4) were downregulated by DM 
treatment (Fig. 5). Notably, DM exposure led to the upregulation of 
proteins that inhibit cell cycle progression such as KMT2E (log2FC, 

4.89), but downregulated several proteins involved in promoting cell 
cycle progression including KMT2D (log2FC, − 2.53), EHMT1 (log2FC, 
− 5.29), EZH2 (log2FC, − 5.20), ASH1L (log2FC, − 4.18), DNMT1 
(log2FC, − 1.27), INO80 (log2FC, − 5.23) and PKMYT1 (log2FC, − 2.24) 
(Figs. 5A and B). The results indicated that DM treatment potentially 
accelerated senescence-related changes, further supporting the link be
tween impaired mitochondrial function, reduced energy metabolism, 

Fig. 4. Effects of DM exposure on cell cycle regulation and markers associated cellular senescence. (A) Effects of DM exposure for 48 h on p21, p53 and p-p38/ p38 
MAPK protein expressions were analyzed by Western blot. (B) SA-β-gal staining was carried out to detect senescent cells, comparing untreated controls with those 
treated with 100 μM DM for 48 h. The percentage of SA-β-gal-positive cells was quantified and compared to untreated controls. Scale bars: 100 μm. (C) Flow 
cytometry was employed for cell cycle analysis. Data are presented as mean ± SEM (n = 3–4), and significance is denoted as *p < 0.05, **p < 0.01, *** p < 0.001, and 
**** p < 0.0001 compared to the control group.
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and the onset of cellular senescence. Furthermore, the proteins regu
lating DNA damage response (DDR) including HSF1 (log2FC, 6.16), 
DHX9 (log2FC, 3.24) and SMCHD1 (log2FC, 4.58) were substantially 
increased in DM-treated cells (Fig. 5B). In contrast, the proteins involved 
in DNA repair mechanism and genome integrity including POLQ 
(log2FC, − 1.35), DDIAS (log2FC, − 1.13), BRCA1 (log2FC, − 5.63) and 
CBX8 (log2FC, − 6.40) were downregulated by DM treatment (Fig. 5B). 
Overall, DM exposure induced cells to express protein markers involved 
in DDR, cell cycle arrest and senescence.

3.4. Dimethoate induces early-stage apoptosis in SH-SY5Y cells

To determine whether DM induces apoptosis, we performed a flow 
cytometry-based assay to quantify cells that actively underwent 
apoptosis. Previously, CYP treatment has been reported to cause cell 
death via apoptotic processes (Promthep et al., 2022), and thus, CYP- 
treated cells were used as a positive control (Figs. 6A and B). Our re
sults showed that DM treatment significantly increased the proportion of 
cells in early-stage apoptosis, but not in late-stage apoptosis, compared 
to the control group (Figs. 6A and B). Interestingly, DM exposure also 
resulted in a notable increase in Bcl-2, an anti-apoptotic protein 
(Fig. 6C). This suggests that DM-treated cells may develop resistance to 

Fig. 5. Proteins marker related to cell cycle regulation and DNA damage responses (DDR). (A) GO enrichment network of genes significantly altered after 48-h DM 
treatment was generated using GOnet. Orange ellipses represent genes identified in the dataset, while green rectangles denote significantly enriched GO terms, 
including cell cycle regulation (GO:0051726), DNA repair (GO:0006281), response to DNA damage stimulus (GO:0006974), histone lysine methylation 
(GO:0034968), and chromatin organization (GO:0006325). Edges denote associations between genes and their enriched GO terms. (B) Differential protein expression 
levels (log2FC) significantly different between DM-treated and control groups were calculated from the LFQ values performed in three independent experiments. (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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apoptosis, potentially shifting toward a senescent phenotype. Despite 
the upregulation of Bcl-2, the Bax/Bcl-2 ratio was significantly elevated, 
indicating the activation of pro-apoptotic signaling (Fig. 6C). In addi
tion, the cleaved caspase-3 levels were increased in DM-treated cells, 
further supporting the initiation of apoptotic pathways, even though 
progression to late-stage apoptosis was not observed.

3.5. DM treatment altered protein expressions of energy-sensing mediators

Given that DM treatment reduced ATP levels (Fig. 3), suggesting 
metabolic stress, we hypothesized that nutrient-sensing mechanisms 

might be activated as a compensatory response. To investigate this, a 
targeted label-free nano-LC QTOF analysis using SWATH was employed 
to identify and quantify proteins involved in cellular responses to 
nutrient levels. Six proteins of interest–PRKAB1, RPTOR, MTOR, SIRT1, 
BECN1, and RHEB–were assessed. Consistent with ATP depletion, 5’- 
AMP-activated protein kinase (AMPK) subunit beta-1 (PPKAB1) was 
significantly upregulated, indicating activation of the AMPK signaling 
pathway (Figs. 7A and B). This increase was accompanied by elevated 
Beclin-1 (BECN1) levels, a key regulator of autophagy typically upre
gulated in response to energy stress. (Figs. 7A and B). However, no 
significant changes were detected in the protein expression of RPTOR, 

Fig. 6. Effect of DM treatment on cell death and apoptotic markers (A) The apoptotic profiles of control cells, 100 μM CYP-treated cells, and 100 μM DM-treated cells 
after 48 h of treatment are shown. (B) Percentages of live cells, early apoptosis, late apoptosis and total apoptosis are shown. (C) Effects of DM treatment on Bax, Bcl- 
2 and Cl-caspase 3 protein expressions were analyzed by Western blot. Data are presented as mean ± SEM, and significance is denoted as *p < 0.05, *** p < 0.001 
and **** p < 0.0001 compared to the control group.
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MTOR, SIRT1, and RHEB in DM-treated cells.
To validate these finding, Western blot analysis was performed. 

Although phosphorylated AMPK (p-AMPK) levels were elevated, the 
expression of downstream autophagy-related markers including phos
phorylated mTOR (p-mTOR), p-Beclin-1, and the LC3-II/I ratio were 
significantly reduced (Fig. 7C), indicating a suppression of autophagic 
activity.

Collectively, these results suggest that while DM-induced ATP 
depletion activates AMPK signaling, it does not fully engage the down
stream autophagy machinery. This incomplete adaptive response, in 

conjunction with mitochondrial dysfunction, early apoptosis, and 
senescence-related changes, may contribute to heightened neuronal 
vulnerability under DM exposure.

4. Discussion

DM exerts its primary toxic effects by inhibiting AChE, leading to 
excessive accumulation of acetylcholine at synapses and neuromuscular 
junctions (Fukuto, 1990). This overstimulates cholinergic signaling and 
results in neurotoxicity (Tarbah et al., 2007). However, emerging 

Fig. 7. DM treatment affects protein expressions in energy-sensing pathways. (A) A targeted label-free nano-LC QTOF analysis using SWATH. Letters “a” and “b” 
show statistical differences at p < 0.001 compared to the control group. A diamond shape marks the “mean” on the box plot. (B) Protein-protein interactions and 
functional enrichment (GO term analysis) were determined using the STRING database. Edge colors represent interaction sources: blue (co-occurrence), black (co- 
expression), purple (experimental evidence), light green (text mining), and light blue (curated databases). (C) Effects of DM treatment on protein levels of AMPK, 
mTOR, Beclin-1 and LC3B were analyzed by Western blot. (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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evidence indicates that organophosphates may also target other cellular 
processes, including mitochondrial function, especially under chronic or 
sublethal exposure conditions (Nazam et al., 2020; Chen et al., 2017; 
Leung and Meyer, 2019). Mitochondria have been hypothesized to be 
another molecular target of organophosphates, due to their diverse 
adverse outcomes observed from chronic exposures (Leung and Meyer, 
2019). Previously, DM and chlorpyrifos, another organophosphate, have 
been reported to cause mitochondrial fragmentation, mitochondrial 
membrane depolarization, and reduced intracellular levels of ATP 
(Nazam et al., 2020; Chen et al., 2017).

Here, we found that several mitochondria proteins including 
COX6A1, MT-ATP6 and TK2 were decreased by DM treatment, without 
affecting overall cell viability at sublethal concentrations (Fig. 1C). 
These proteins are critical for ATP production through oxidative phos
phorylation (Figs. 2A–C). Specifically, mtATP6 encoding the F0 portion 
of ATP synthase subunits is responsible for the proton channel function 
to transfer the proton back into the matrix (Jonckheere et al., 2012). 
Consistently, DM exposure led to decreased oxygen consumption rates, 
reduced basal and maximal respiration, and impaired ATP production 
(Figs. 3A–D). Moreover, mitochondrial membrane depolarization and 
elevated superoxide levels were observed (Figs. 3G–J), markers 
commonly associated with ATP depletion, apoptotic signaling and 
oxidative stress (Guo et al., 2013; Tiwari et al., 2002).

Given that mitochondrial dysfunction and energy depletion are 
established triggers of cellular senescence (Miwa et al., 2022), we next 
examined whether DM exposure could induce a senescence-like state. 
Our results showed elevated p38 MAPK activation, increased p21 
expression, and higher SA-β-gal activity (Figs. 4A and B), indicating a 
senescence-like phenotype. The activation of p38 MAPK has been 
demonstrated to mediate the induction of p21 and promote cellular 
senescence induced by H2O2 in human fibroblasts and melanocytes (Hou 
et al., 2022; Luo et al., 2011). p21 acts as a cell cycle inhibitor when 
localized in the nucleus, while the cytoplasmic p21 exhibits an anti- 
apoptotic effect upon phosphorylation (Ping et al., 2006). Activation 
of p21 has been reported in a p53-independent manner (Fang et al., 
1999; Wang et al., 1999) and protects cells from the cytotoxic effects of 
radiation and toxic substances (Jung et al., 2010; Poluha et al., 1996). 
The activation of p21 commits the cell to growth arrest, which occurs 
through the binding of p21 to CDK4/6 to inactivate it. As a result, Rb 
remains bound to the transcriptional factor E2F1, preventing the cell 
cycle from progressing to the S phase. Senescence cells were reported to 
be resistant to cellular apoptosis, partly due to low expression level of 
p53 and the upregulation of anti-apoptotic protein Bcl-2 (Childs et al., 
2014; Sanders et al., 2013).

Consistent with a senescence-prone state, DM treatment also led to 
downregulation of several epigenetic regulators that promote cell cycle 
progression, including KMT2D, EHMT1, EZH2, ASH1L and DNMT1 
(Figs. 5A and B). Depletions of these proteins have been associated with 
cell cycle arrest, senescence and apoptosis (Ito et al., 2018; Lee et al., 
2021; Lv et al., 2019; Yu et al., 2022). DM also suppressed the expression 
of INO80 and PKMYT1, the negative regulator of mitotic entry 
(Nakajima et al., 2008). The deficiency in these proteins caused defects 
in genome integrity and DNA damage (Nakajima et al., 2008; Hur et al., 
2010). In addition, DM exposure dramatically increased the levels of 
proteins related to DNA damage signaling including HSF1, DHX9 and 
SMCHD1 (Vančevska et al., 2020; Fujimoto et al., 2017; Chakraborty 
and Hiom, 2021). On the contrary, the proteins related to DNA damage 
responses including POLQ, DDIAS, BRCA1 and CBX8 were down
regulated by DM treatment (Fig. 5B). Previous studies showed that 
dysregulations of these proteins resulted in sensitivity to genotoxic 
stresses, genome instability and cell death (Yousefzadeh and Wood, 
2013; Wang et al., 2013; Won et al., 2017; Suberbielle et al., 2015; Oza 
et al., 2016).

Interestingly, despite signs of early apoptotic signaling, DM-treated 
cells resisted late-stage apoptosis (Figs. 6A and B). Markers of 
apoptosis initiation, such as Bax, cleaved caspase-3, and an elevated 

Bax/Bcl-2 ratio, were upregulated. However, execution of apoptosis was 
incomplete, suggesting a block in downstream apoptotic processes. The 
concurrent increase in Bcl-2 expression may represent a compensatory 
anti-apoptotic mechanism, helping cells resist cell death under meta
bolic stress (Fig. 6C). This balance between pro- and anti-apoptotic 
signaling likely contributes to a shift toward senescence, a state 
frequently observed under chronic stress conditions and characterized 
by metabolic dysfunction and cell cycle arrest.

We also found evidence of impaired autophagic responses in DM- 
treated cells (Fig. 7A and C). These findings suggest that adaptive 
mechanisms, such as AMPK activation and mTOR inhibition are engaged 
to counteract DM-induced energy depletion. Normally, energy stress 
activates AMPK and inhibits mTOR, promoting autophagy as a cyto
protective mechanism. In our study, DM exposure led to AMPK activa
tion and mTOR inhibition, yet autophagy markers such as 
phosphorylated Beclin-1 and LC3-II/I ratios were reduced (Fig. 7C), 
indicating impaired autophagic flux. This insufficient autophagy may 
exacerbate cellular vulnerability by limiting the cell’s ability to clear 
damaged organelles and proteins. One possible explanation is that DM 
disrupts the interplay between p38 MAPK and mTOR pathways, both of 
which are central regulators of the stress response. Such interference 
could blunt the protective benefits of autophagy and reinforce the shift 
toward senescence.

5. Conclusions

DM exposure did not induce cell death but led to cell cycle exit, 
senescence, and compromised energy production (Fig. 8). We demon
strate that DM impairs oxidative phosphorylation by downregulating 
key mitochondrial proteins and reducing ATP production, leading to 
metabolic stress. This stress response triggers early apoptotic signaling 
and oxidative damage, but instead of progressing to apoptosis, cells 
exhibit features of senescence, including p38 MAPK activation, p21 
upregulation, and increased SA-β-gal activity. Notably, DM-treated cells 
show resistance to late-stage apoptosis and downregulation of critical 
epigenetic and DNA repair regulators, suggesting a compromised ca
pacity for genome maintenance. Furthermore, although AMPK activa
tion and mTOR inhibition are engaged as adaptive responses, impaired 
autophagic flux may exacerbate cellular vulnerability and reinforce the 

Fig. 8. DM exposure induces a senescence-like state in SH-SY5Y cells. SH-SY5Y 
cells treated with 100 μM DM for 48 h exhibit hallmarks of senescence, 
including upregulation of p21 and increased SA-β-gal activity, accompanied by 
a G0/G1 cell cycle arrest. DM exposure triggered p53-independent p21 acti
vation, and apoptosis resistance was observed through elevated Bcl- 
2 expression.
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senescence-like state. These results highlight the long-term conse
quences of DM on cellular metabolism and aging, with implications for 
neurotoxicity and aging-related pathologies. Given these potential im
pacts on cellular health, particularly in neuronal cells, this study sug
gests the need for heightened monitoring of dimethoate levels in 
environments. Reduced use and strict regulation of DM in agricultural 
and industrial settings may help to minimize these long-term health 
risks. Public awareness and ongoing assessment of exposure limits could 
further contribute to safeguarding against its harmful effects, particu
larly for vulnerable populations.
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