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Abstract 
2,6-Dichloro-1,4-benzoquinone (2,6-DCBQ), a disinfection by-product fre-
quently detected in drinking water, exhibits significant toxicity. However, it 
remains unregulated due to a lack of toxicological data. This study aims to 
generate toxicological data on 2,6-DCBQ and elucidate its mechanisms of tox-
icity in T24 bladder cancer cells. T24 cells were exposed to 10 - 250 μM 2,6-
DCBQ. Cell viability was assessed using the CCK-8 assay to calculate the IC50. 
Cytotoxic effects at concentrations approximating 1/4 IC50, 1/2 IC50 and IC50 
concentrations were evaluated using a lactate dehydrogenase (LDH) cytotox-
icity detection kit. Oxidative stress levels were quantified via malondialdehyde 
(MDA) assay. RNA-seq was employed to analyze changes in gene expression 
and signaling pathways in T24 cells following 2,6-DCBQ exposure. The results 
showed that 2,6-DCBQ exposure resulted in a dose-dependent reduction in 
T24 cell viability and increased mortality. Higher doses induced oxidative 
damage. Transcriptomic analysis revealed abnormal upregulation of mitoph-
agy-related genes and downregulation of genes associated with the insulin sig-
naling pathway in T24 cells. In conclusion, exposure to 2,6-DCBQ induces 
oxidative damage leading to cell death in T24 cells, with mitophagy-related 
pathways and the insulin signaling pathway identified as key contributors. 
These findings are limited to the bladder cancer cell model and further studies 
are needed to extrapolate to normal bladder tissue or human health.  
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1. Introduction 

Drinking water disinfectants possess strong oxidizing properties and can chemi-
cally react with naturally occurring organic matter (NOM) to produce disinfec-
tion by-products (DBPs) [1]-[3]. The human body primarily absorbs DBPs 
through drinking water and skin contact (e.g., showering and swimming) [4]-[6]. 
Exposure to DBPs has been linked to numerous adverse human health effects, in-
cluding developmental defects and the risk of bladder cancer [7]-[10]. However, 
only a few DBPs, such as trihalomethanes (THMs) and haloacetic acids (HAAs), 
are regulated [11]. Recent studies have indicated that many unregulated DBPs 
may be the culprits driving DBP toxicity [12] [13]. 

As an emerging class of DBPs, halobenzoquinones (HBQs) have garnered more 
attention due to their higher toxicity compared to THMs and HAAs. Quantitative 
structure-toxicity relationship (QSTR) analysis predicts that HBQs are potential 
bladder carcinogens [14] [15]. It is estimated that the lowest observed adverse ef-
fect level (LOAEL) for HBQs is 10,000 times lower than that of some regulated 
DBPs [16]. To date, 12 HBQs have been identified in drinking water, among which 
2,6-dichloro-1,4-benzoquinone (2,6-DCBQ) has been proven to be the most toxic 
and abundant DBP [16] [17]. Multiple studies have found that the cytotoxicity 
and genotoxicity of 2,6-DCBQ are significantly higher than those of other HBQs 
[18] [19]. 

Chen et al. evaluated the effects of 2,6-DCBQ exposure on zebrafish and found 
that it disrupts the homeostasis of the antioxidant system, causing tissue edema 
and inflammatory cell infiltration in the brain and heart, and altering the VEGF 
and NOD-like receptor signaling pathways in adult zebrafish [20]. In mammals, 
exposure to 2,6-DCBQ leads to reduced antioxidant enzyme activity in mice and 
inhibits the transcription of key genes in the Nrf2-KEAP1 pathway, resulting in 
increased oxidative stress levels [21]. Thus, exposure to 2,6-DCBQ can cause an 
imbalance between oxidation and antioxidation in the body, leading to oxidative 
damage. However, its potential mechanism of action remains unclear. 

Transcriptomic sequencing can reveal the effects of toxins on gene expression 
by studying gene transcription and transcriptional regulation patterns in cells, 
screening differentially expressed genes and key signaling pathways, and thus ex-
ploring the toxicity mechanisms of toxins more deeply. Given the high detection 
rate and high toxicity of 2,6-DCBQ, elucidating its key mechanism of damage to 
the body is an important public health task. Therefore, this study evaluated the 
toxic effects of 2,6-DCBQ on the bladder cancer cell line T24, and conducted tran-
scriptomic sequencing on T24 cells after exposure to 2,6-DCBQ to identify key 
signaling pathways involved in its toxic effects. 

2. Materials and Methods 
2.1. Standard Product 

The 2,6-DCBQ standard was purchased from Aladdin (China). It was dissolved in 
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methanol (HPLC grade, Fisher Scientific) to a stock concentration of 100 mM and 
stored in a sterile brown glass vial at −20˚C. The final methanol concentration in 
all treatment groups (including the control) was adjusted to 0.1% (v/v) by diluting 
the stock with culture medium. The control group received 0.1% methanol with-
out 2,6-DCBQ to exclude solvent effects. 

2.2. Cell Culture 

The human bladder epithelial cancer cell line T24 was obtained from Procell Life 
Science & Technology Co., Ltd. (Wuhan, China) and cultured in RPMI 1640 sup-
plemented with 10% fetal bovine serum (Procell, Wuhan, China) and 1% penicil-
lin/streptomycin (Invitrogen, USA), and placed in a cell incubator at 37˚C with 
5% CO2. 

2.3. Cell Viability 

According to the manufacturer’s instructions, the cell viability was determined 
using the CCK8 cell proliferation-toxicity assay kit (DOJINDO, Japan). Specifi-
cally, T24 cells were seeded at a density of 7500 cells per well and cultured for 24 
hours before cell viability testing. Based on previous research results [22], cells 
were treated with 10 - 250 μM 2,6-DCBQ for 24 hours, followed by the addition 
of CCK8 reagent and continued incubation in a 37˚C incubator for 1 hour. The 
absorbance was measured at 450 nm using a microplate reader. Based on the cell 
viability assay results, a curve depicting the changes in T24 cell viability under 
different concentrations of 2,6-DCBQ exposure was plotted, and the IC50 was cal-
culated. According to the IC50 results, the subsequent exposure doses of 2,6-DCBQ 
were determined, with the high-dose group (H group) at IC50, the intermediate-
dose group (M group) at 1/2 IC50, and the low-dose group (L group) at 1/4 IC50. 

T24 cells were seeded at a density of 7500 cells per well (100 μL), and after 24 
hours of culture, the medium containing three different doses of 2,6-DCBQ was 
replaced and treated for another 24 hours. According to the manufacturer’s in-
structions, the cytotoxicity of 2,6-DCBQ was measured using a lactate dehydro-
genase cytotoxicity assay kit (Beyotime, Shanghai, China).  

2.4. Detection of Cellular Oxidative Stress Levels 

The levels of malondialdehyde (MDA) adducts in T24 cells from three 2,6-DCBQ-
treated groups were determined using a lipid oxidation (MDA) detection kit. T24 
cells were seeded at a density of 7500 cells per well (100 μL) and cultured for 24 
hours before the medium was replaced with one containing different doses of 2,6-
DCBQ. After 24 hours of exposure to 2,6-DCBQ, cell samples were pretreated and 
MDA adducts were detected according to the instructions provided in the kit. 

2.5. Cellular Transcriptomics Sequencing 

Transcriptome sequencing and data analysis were completed by Wuhan Kangce 
Technology Co., Ltd. (Wuhan, China). 
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2.5.1. RNA Extraction, Library Preparation, and Sequencing 
Seed T24 cells in a 10 cm cell culture dish and replace the medium with one con-
taining three different doses of 2,6-DCBQ after 24 hours of culture. After 24 hours 
of exposure to 2,6-DCBQ, total RNA was extracted from T24 cells using TRIzol 
Reagent (Invitrogen, USA) according to the method described by Chomczynski 
et al. [22]. After RNA extraction, DNaseI was used for DNA digestion. The integ-
rity of RNA was determined by measuring the A260/A280 ratio using a 
NanodropTM OneC spectrophotometer (Thermo Fisher Scientific Inc, USA) and 
confirmed by 1.5% agarose gel electrophoresis. Finally, qualified RNA was quan-
tified using the Qubit3.0 and QubitTM RNA Broad Range Assay kit (Life Tech-
nologies, USA). 

According to the manufacturer’s instructions, the KCTM Stranded mRNA Li-
brary Prep Kit for Illumina® (Wuhan Kangce Technology Co., Ltd., China) was 
used to prepare a stranding RNA sequencing library using 2 μg of total RNA. The 
PCR products corresponding to 200 - 500 bps were enriched and quantified, and 
finally sequenced on a PE150 model DNBSEQ-T7 sequencing instrument (MGI 
Tech, China). 

2.5.2. Transcriptome Data Analysis 
1) Filtering and annotation of raw sequencing data 
The raw sequencing data were first filtered using Trimmomatic (version 0.36) 

to discard low-quality reads and trim reads contaminated by adapter sequences. 
Clean reads were then mapped to the reference genome of GRCh 38.87 using 
STRA software (version 2.5.3a). Reads mapped to the exon regions of each gene 
were counted using featureCounts (Subread-1.5.1; Bioconductor), and the num-
ber of reads per kilobase per million mapped sequences (RPKM) for each gene 
was calculated. 

2) Differentially expressed gene screening 
Use the edgeR package (version 3.12.1) in R language to screen genes with dif-

ferential expression between groups, using raw count data as input. Genes with a 
false discovery rate (FDR) < 0.05 and |log2 fold change| > 1 were considered sig-
nificantly differentially expressed. The statistical significance of gene expression 
differences is determined by P < 0.05 and logFC > 1 or logFC < −1. 

3) Pathway analysis 
GO functional enrichment analysis and KEGG pathway analysis were con-

ducted using KOBAS software (version: 2.1.1). GO enrichment annotations and 
KEGG pathway analysis results were obtained from biological process (BP), mo-
lecular function (MF), and cellular component (CC). Statistically significant en-
richment was determined with an FDR < 0.05 (replacing the original P-value-only 
threshold). 

3. Results 
3.1. Effect of 2,6-DCBQ on the Viability of T24 Cells 

To test the effect of 2,6-DCBQ on the viability of T24 cells and to explore suitable 
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exposure concentrations for subsequent experiments, we assessed the changes in 
T24 cell viability after exposure to 10 - 250 μM 2,6-DCBQ for 24 hours, based on 
previous research findings. The results are shown in Figure 1(a). Exposure to 2,6-
DCBQ significantly reduced the cell viability of T24 cells, and this reduction was 
dose-dependent. The IC50 calculated from the T24 cell viability curve after 24 
hours of exposure to 2,6-DCBQ was 114.0 (109.6 - 118.0) μM. To set approximate 
low, medium, and high exposure doses, we selected 25 μM, 50 μM, and 100 μM, 
which roughly correspond to 1/4 IC50 (28.5 μM), 1/2 IC50 (57 μM), and IC50 (114 
μM), respectively, given the convenience of dose preparation and consistency with 
previous studies. These doses are referred to as low-dose (L, 25 μM), medium-
dose (M, 50 μM), and high-dose (H, 100 μM) groups throughout the study, and 
subsequently measured lactate dehydrogenase (LDH) activity. The results are 
shown in Figure 1(b). As the concentration of 2,6-DCBQ increased, the activity 
of LDH gradually increased (P < 0.01), indicating that within the exposure range 
of 0 - 100 μM, 2,6-DCBQ caused T24 cell death in a dose-dependent manner. In 
summary, 2,6-DCBQ has a significant toxic effect on T24 cells, and this effect is 
dose-dependent. 
 

 

Figure 1. Reduced viability and oxidative damage in T24 cells after 24 hours of exposure to 2,6-DCBQ. Note: (a) represents the 
viability curve of T24 cells after exposure to 2,6-DCBQ at different concentrations. (b) illustrates the percentage of cytotoxicity 
calculated based on LDH enzyme activity after exposure to 2,6-DCBQ, where the percentage of cytotoxicity (%) = (absorbance of 
treated sample − absorbance of sample control well)/(absorbance of maximum enzyme activity of cells − absorbance of sample 
control well) × 100. (c) shows the changes in MDA adduct levels in each exposure group relative to the control group after exposure 
to 2,6-DCBQ. All values are expressed as mean ± standard deviation. Each experiment was set up with six biological replicates, and 
one-way ANOVA was used for inter-group difference analysis, followed by Dunnett’s test for pairwise comparisons. *P < 0.05, **P 
< 0.01, ***P < 0.001, ****P < 0.0001. 

3.2. 2,6-DCBQ Causes Oxidative Damage to T24 Cells 

We further examined the content of malondialdehyde (MDA) adducts in T24 cells 
after exposure to 2,6-DCBQ. The results are shown in Figure 1(c). Compared with 
the control group (1.00 ± 0.05), the MDA adduct levels in the H group (1.81 ± 
0.34) were significantly increased (P < 0.05), while there was no statistical differ-
ence in MDA adduct levels between the L and M groups. This result suggests that 
at high doses, 2,6-DCBQ causes lipid peroxidation damage in T24 cells, but such 
direct oxidative damage was not detected at lower doses under the present assay 
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conditions. 

3.3. Exposure to 2,6-DCBQ Causes Changes in the Transcriptomic 
Profile of T24 Cells 

Transcriptome sequencing was performed on T24 cells exposed to different doses 
of 2,6-DCBQ for 24 hours. The quality of the sequencing data is shown in Table 
1. The clean reads obtained from each sample ranged from 69,082,156 to 199,819,894, 
and the proportion of bases with quality greater than Q30 in the clean reads was 
greater than 97.8%. 
 

Table 1. Summary of transcriptome sequencing data. 

Sample 
Original 
sequence 

number (bp) 

Original 
sequence 
Q20 (%) 

Original 
sequence 
Q30 (%) 

Original 
sequence 

GC content (%) 

Quality control 
sequence 

number (bp) 

Original 
sequence 
Q20 (%) 

Original 
sequence 
Q30 (%) 

Quality control 
sequence 

GC content (%) 

efficient 
(%) 

C1 134051482 98.58 95.76 49.72 121,859,674 99.49 97.94 49.51 90.91 

C2 156750638 98.60 95.78 49.75 142,669,500 99.47 97.88 49.57 91.02 

C3 171627734 98.62 95.89 49.69 156,445,236 99.49 97.95 49.51 91.15 

L1 219894194 98.57 95.74 49.69 199,819,894 99.47 97.88 49.54 90.87 

L2 156642100 98.62 95.89 49.81 142,982,156 99.49 97.96 49.55 91.28 

L3 151420592 98.60 95.84 49.66 137,770,448 99.49 97.96 49.54 90.99 

M1 127163540 98.60 95.81 49.64 115,680,686 99.49 97.95 49.41 90.97 

M2 169330836 98.60 95.83 49.43 154,103,978 99.49 97.96 49.38 91.01 

M3 117864454 98.61 95.85 49.69 107,433,556 99.49 97.94 49.38 91.15 

H1 143433254 98.63 95.88 49.61 130,746,082 99.49 97.95 49.49 91.15 

H2 76344352 98.52 95.58 49.40 69,082,156 99.46 97.84 49.2 90.49 

H3 137823086 98.61 95.84 49.69 125,551,130 99.48 97.94 49.58 91.10 

 
Under the principal component scores of 21.57% and 16.11%, it can be ob-

served that the control group and the three 2,6-DCBQ exposure groups are clearly 
separated, suggesting that 2,6-DCBQ exposure causes changes in the transcrip-
tome of T24 cells. Cluster analysis was performed on the differentially expressed 
genes of all samples. Firstly, the samples from each group were well clustered to-
gether. Additionally, we found that the direction of differential gene expression 
changes in Group L and Group M was similar, while it differed from the gene 
expression pattern in the highest dose Group H. Volcanoes plots were used to 
show the changes in gene expression under different doses of 2,6-DCBQ exposure. 
Compared to the control group, 963, 1180, and 979 genes were significantly up-
regulated, and 366, 409, and 795 genes were significantly downregulated (FDR < 
0.05, |log2FC| > 1) after exposure to low, intermediate, and high doses of 2,6-
DCBQ, respectively. In summary, we obtained high-quality gene expression data 
of T24 cells through transcriptome sequencing, and found that 2,6-DCBQ expo-
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sure leads to significant changes in the transcriptome of T24 cells. 

3.4. Exposure to 2,6-DCBQ Induces Upregulation of  
Mitophagy-Related Genes and Downregulation of Insulin 
Signaling Pathway Genes 

To further investigate the alterations in biological functions of T24 cells after ex-
posure to DCBQ, we conducted GO functional classification annotation and 
KEGG pathway analysis on the differentially expressed genes of T24 cells after 
exposure to 2,6-DCBQ. In the GO functional classification annotation, the upreg-
ulated differentially expressed genes in Group L, M, and H were enriched in 304, 
261, and 310 gene-related functions, respectively, while the downregulated differ-
entially expressed genes were enriched in 273, 281, and 339 gene-related func-
tions, respectively. Venn diagrams were used to statistically analyze the common 
gene-related functions enriched by the upregulated and downregulated differen-
tially expressed genes in the three exposure groups. Among them, there were 42 
common gene-related functions enriched by the upregulated differentially ex-
pressed genes in the three exposure groups, and 49 common gene-related func-
tions enriched by the downregulated differentially expressed genes. Among the 42 
common gene-related functions enriched by the upregulated differentially ex-
pressed genes, we identified multiple functions related to mitochondrial autoph-
agy, such as mitochondrial autophagy, positive regulation of autophagy, autoph-
agosome, autophagosome assembly, macroautophagy, and autophagy. Among the 
49 common gene-related functions enriched by the downregulated differentially 
expressed genes, we identified multiple functions related to insulin, such as insu-
lin-like growth factor I binding, insulin-like growth factor II binding, regulation 
of the insulin-like growth factor receptor signaling pathway, negative regulation 
of the insulin-like growth factor receptor signaling pathway, positive regulation 
of the insulin-like growth factor receptor signaling pathway, and proliferation of 
type B pancreatic cells. 

Similarly, in the KEGG pathway analysis, the upregulated differential genes in 
Group L, Group M, and Group H enriched 24, 25, and 31 gene-related pathways, 
respectively, while the downregulated differential genes enriched 24, 25, and 21 
gene-related pathways, respectively. Venn diagrams were used to statistically an-
alyze the common gene-related pathways enriched by the upregulated and down-
regulated differential genes in the three exposure groups. Among them, the three 
exposure groups had 6 common gene-related pathways enriched by the upregu-
lated differential genes and 3 common gene-related pathways enriched by the 
downregulated differential genes. The common gene-related pathways enriched 
by the upregulated differential genes included mitochondrial autophagy-animal, 
ferroptosis, autophagy-animal, ABC transporter, ECM-receptor interaction, com-
plement, and coagulation cascade, while the common gene-related pathways en-
riched by the downregulated differential genes included mitochondrial autoph-
agy-animal, autophagy-animal, and pathogenic Escherichia coli infection. In 
summary, through GO functional enrichment analysis and KEGG pathway anal-
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ysis, we found that after exposure to 2,6-DCBQ, the expression of mitochondrial 
autophagy-related genes in T24 cells was upregulated, while the expression of in-
sulin-related genes was downregulated (Figure 2). 
 

 

Figure 2. GO functional enrichment analysis of each dose group. Note: (a) represents the Venn diagram for the statistical analysis 
of the number of KEGG pathways associated with upregulated differential genes across various dose groups. (b) represents the Venn 
diagram for the statistical analysis of the number of KEGG pathways associated with downregulated differential genes across various 
dose groups. (c) represents the KEGG pathway analysis diagram for upregulated differential genes across various dose groups. (d) 
represents the KEGG pathway analysis diagram for downregulated differential genes across various dose groups. L: Low-dose 2,6-
DCBQ exposure group; M: Medium-dose 2,6-DCBQ exposure group; H: High-dose 2,6-DCBQ exposure group. 

4. Discussion 

It is important to note that these findings are derived from a bladder cancer cell 
line; extrapolation to normal bladder tissue or human health outcomes requires 
further validation. 

Given the high detection rate and high toxicity of 2,6-DCBQ, its potential harm 
to human health cannot be ignored. In this study, we established a cell exposure 
model using human bladder cancer T24 cells and systematically evaluated the 
toxic effects of 2,6-DCBQ. Our results demonstrated that 2,6-DCBQ significantly 
reduces T24 cell viability in a dose-dependent manner, induces oxidative damage 
at high doses, and profoundly alters the transcriptomic profile even at lower doses 
where direct lipid peroxidation was not detected. Through bioinformatic analysis, 
we identified that mitophagy-related pathways were abnormally upregulated, 
while the insulin signaling pathway was downregulated, providing new insights 
into the molecular mechanisms underlying 2,6-DCBQ toxicity. 

First, we determined the IC50 of 2,6-DCBQ on T24 cells to be 114.0 (109.6 - 
118.0) μM after 24 h of exposure, which is close to the findings reported by Du et 
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al. [23]. Based on this result, three exposure concentrations (25, 50, and 100 μM) 
were selected to represent low, medium, and high doses. LDH release assays fur-
ther confirmed a dose-dependent increase in cytotoxicity. These results indicate 
that T24 cells are sensitive to 2,6-DCBQ, suggesting that exposure to this disinfec-
tion by-product may pose a risk to bladder health. The consistency of our cyto-
toxicity data with previous studies [23] supports the reliability of our experimental 
model. 

Oxidative stress is considered a major mechanism underlying the toxicity of 
many environmental pollutants, including 2,6-DCBQ [24]-[26]. To evaluate oxi-
dative damage, we measured the level of malondialdehyde (MDA) adducts, a 
marker of lipid peroxidation. Interestingly, a significant increase in MDA was ob-
served only in the high-dose group (100 μM), but not in the low- or medium-dose 
groups. This finding suggests that 2,6-DCBQ may preferentially induce DNA or 
protein damage rather than lipid peroxidation at lower concentrations. As dis-
cussed by previous researchers, MDA is not always the most sensitive biomarker 
for all types of oxidative stress [27]. Therefore, future studies should consider 
measuring 8-hydroxy-2’-deoxyguanosine (8-OHdG) for DNA oxidative damage 
or protein carbonyl content for protein damage to better capture the full spectrum 
of 2,6-DCBQ-induced oxidative injury. 

Transcriptome sequencing is a powerful tool to uncover the molecular events 
triggered by exogenous chemicals [28]. Our RNA-seq analysis revealed that 2,6-
DCBQ exposure led to marked changes in the transcriptomic landscape of T24 
cells. Principal component analysis clearly separated control and treated groups, 
and clustering analysis showed that the low- and medium-dose groups exhibited 
similar gene expression patterns, while the high-dose group displayed a distinct 
profile. This divergence may indicate that under higher concentrations, surviving 
T24 cells activate adaptive or tolerance responses, leading to a different transcrip-
tional program. 

GO and KEGG enrichment analyses of differentially expressed genes provided 
functional insights. Notably, genes involved in mitophagy (mitochondrial autoph-
agy) were consistently upregulated across all exposure groups. Mitophagy is a se-
lective autophagic process that eliminates damaged or dysfunctional mitochon-
dria, thereby maintaining cellular energy homeostasis and redox balance [29]. 
However, excessive or dysregulated mitophagy can be detrimental. It may reduce 
mitochondrial quality and quantity, impair energy supply, and trigger the release 
of mitochondrial DNA and other pro-inflammatory components, leading to cel-
lular dysfunction, inflammatory responses, or even cell death [29]-[32]. Moreo-
ver, abnormal mitophagy can influence apoptosis and necrosis pathways, altering 
the mode of cell death [33]. The upregulation of mitophagy-related genes in our 
study suggests that excessive mitophagy may contribute to the cytotoxic effects of 
2,6-DCBQ in T24 cells. This is consistent with a previous study by Liu et al., who 
reported that 2,6-DCBQ induced oxidative stress and promoted the mitochon-
drial apoptosis pathway in human neuroblastoma SH-SY5Y cells [24]. 
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In contrast, genes related to the insulin signaling pathway were significantly 
downregulated in all treatment groups. The insulin signaling pathway plays a cen-
tral role in regulating glucose, lipid, and protein metabolism, as well as cell growth 
and differentiation [34]. Inhibition of this pathway is frequently observed upon 
exposure to oxidative stress-inducing agents, such as arsenic [35]. Mechanisti-
cally, oxidative stress can promote serine/threonine phosphorylation of insulin 
receptor substrate (IRS) proteins, reducing tyrosine kinase activity of the insulin 
receptor and impairing downstream signal transduction [36]. It can also activate 
stress-sensitive kinases (e.g., PKC, JNK, NF-κB, IKK), which interfere with key 
mediators like PI3K, Akt, mTOR, and FOXO [37]. Furthermore, oxidative stress 
reduces the expression and membrane translocation of GLUT4, decreasing insu-
lin-stimulated glucose uptake [38], and increases lipid metabolites such as DAG 
and ceramide, which further inhibit insulin signaling and promote lipolysis and 
fatty liver [39]. Thus, the downregulation of insulin-related genes observed in our 
study is likely a consequence of 2,6-DCBQ-induced oxidative stress, and this may 
represent a key pathway linking DBP exposure to metabolic dysregulation. Sup-
porting this notion, Yang et al. also found that 2,6-DCBQ exposure in zebrafish 
embryos led to significant downregulation of insulin-related signaling pathways 
[40]. 

This study has several limitations. First, all experiments were conducted in the 
T24 bladder cancer cell line; normal bladder epithelial cells or in vivo models are 
needed to confirm the physiological relevance of our findings. Second, the tested 
concentrations, while informative for mechanistic studies, are higher than typical 
environmental levels of 2,6-DCBQ. Third, our conclusions regarding “mitophagy 
activation” and “insulin signaling suppression” are based on transcriptomic en-
richment analyses and lack direct functional validation (e.g., measurement of au-
tophagic flux, mitochondrial membrane potential, or insulin-stimulated glucose 
uptake). Therefore, our wording has been carefully chosen to reflect upregulation 
of mitophagy-related genes and downregulation of insulin pathway genes rather 
than confirmed functional activation or suppression. Future studies employing 
pharmacological inhibitors, gene knockdown, or rescue experiments are war-
ranted to establish causality. 

In summary, this study provides comprehensive toxicological data on 2,6-
DCBQ using the human bladder cancer cell line T24. We demonstrate that 2,6-
DCBQ reduces cell viability and increases mortality in a dose-dependent manner, 
with high-dose exposure inducing oxidative damage. Transcriptomic analysis fur-
ther reveals that 2,6-DCBQ dysregulates gene expression, leading to abnormal up-
regulation of mitophagy-related genes and suppression of the insulin signaling 
pathway. These findings advance our understanding of the molecular mechanisms 
underlying 2,6-DCBQ toxicity in bladder cancer cells and highlight potential bi-
omarkers and therapeutic targets. Given the widespread presence of 2,6-DCBQ in 
drinking water, our results also provide scientific evidence to support future reg-
ulatory risk assessments and policy formulation, while recognizing the need for 
validation in normal cells and at environmentally relevant concentrations.  
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