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• Exposure to DBP mixture did not affect 
the viability of A549 cells. 

• Increased ROS generation and micro-
nuclei formation detected in exposed 
cells. 

• Increased accumulation of TGs detected 
in lung cells after exposure to the 
mixture. 

• DBP mixture exposure altered the lip-
idomic composition of extracellular 
vesicles.  
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A B S T R A C T   

Complex mixtures of disinfection by-products (DBPs) are present in disinfected waters, but their mixture toxicity 
has been rarely described. Apart from ingestion, DBP exposure can occur through inhalation, which may lead to 
respiratory effects in highly exposed individuals. However, the underlying biological mechanisms have yet to be 
elucidated. This study aimed to investigate the toxicity of a mixture of 10 DBPs, including haloacetic acids and 
haloaromatics, on human alveolar A549 cells by assessing their cytotoxicity, genotoxicity, and impact on the cell 
lipidome. A DBP mixture up to 50 μM slightly reduced cell viability, induced the generation of reactive oxygen 
species (ROS) up to 3.5-fold, and increased the frequency of micronuclei formation. Exposure to 50 μM DBP 
mixture led to a significant accumulation of triacylglycerides and a decrease of diacylglycerides and phospha-
tidylcholines in A549 cells. Lipidomic profiling of extracellular vesicles (EVs) released in the culture medium 
revealed a marked increase in cholesterol esters, sphingomyelins, and other membrane lipids. Overall, these 
alterations in the lipidome of cells and EVs may indicate a disruption of lipid homeostasis, and thus, potentially 
contribute to the respiratory effects associated with DBP exposure.   
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1. Introduction 

Water disinfection aims to kill or inactivate pathogens that cause 
water-borne diseases (Richardson and Plewa, 2020). However, the use 
of chemicals for this purpose (e.g., chlorine, chloramines, chlorine di-
oxide, ozone) unintentionally results in the formation of disinfection by- 
products (DBPs) after their reaction with the organic and inorganic 
matter present in the water (Richardson, 2011). Trihalomethanes 
(THMs) and haloacetic acids (HAAs) are the DBP classes mostly formed 
in chlorinated water (Hu et al., 2021), and thus, the most investigated 
ones. Research on THMs and HAAs has led to the inclusion of four THMS 
(THM4) and five HAAs (HAA5) among the very few DBPs regulated in 
drinking water in the USA (USEPA, 2010) and the European Union 
(European Commission, 2020), and practically, worldwide. Neverthe-
less, the enhanced sensitivity and specificity of advanced analytical 
techniques and detection methods have allowed researchers to uncover 
the formation of hundreds (over 700) of chemical compounds in dis-
infected water (Li and Mitch, 2018). Some of these newly discovered 
DBPs have been reported to be more toxic than regulated DBPs (Jeong 
et al., 2012; Li and Mitch, 2018; Richardson and Plewa, 2020). Non- 
regulated emerging DBPs include halogenated and non-halogenated 
nitrogen-containing compounds, iodinated compounds, and haloar-
omatic compounds, among others (Richardson et al., 2010; Kosaka et al., 
2017; Yang et al., 2019). The haloaromatic fraction constitutes about 30 
% of the total organic halogenated material (TOX) present in chlorinated 
water (Han et al., 2021). 

Nowadays, only about 15 % of the known DBPs have been toxico-
logically characterized, and none of them can individually explain the 
increased risk of bladder cancer (Cantor et al., 2010) and adverse 
developmental effects (Tardiff et al., 2006) reported in epidemiological 
studies (Hrudey, 2009; Villanueva et al., 2015). Thus, it is likely that 
these effects may result from the mixture of known and yet unknown 
DBPs present in water, with ~70 % of the halogenated compounds in 
chlorine-disinfected water still unidentified (Li and Mitch, 2018). 
Intriguingly, several studies have shown that exposure to multiple DBPs 
may result in synergistic effects on cytotoxicity, oxidative response, and 
genotoxicity (Pereira et al., 1997; Lu et al., 2018; Chen et al., 2019; Liu 
et al., 2022). Conversely, antagonistic effects have also been reported in 
certain cases (Lu et al., 2018). 

In addition to drinking water, exposure to DBPs through dermal 
absorption or inhalation raises concerns (Nuckols et al., 2005; Font- 
Ribera et al., 2010; Cardador and Gallego, 2011; Chowdhury, 2013). 
The inhalation pathway is relevant not only for volatile DBPs, but also 
for less volatile DBPs (e.g. haloacetic acids) that can be highly concen-
trated in the air of intensively disinfected indoor areas (Lou et al., 2021) 
or indoor swimming pools (Yang et al., 2018). Exposure to DBPs at in-
door pools has been associated with a higher prevalence of respiratory 
effects, such as asthma or other airway symptoms, among swimmers and 
pool workers (Thickett et al., 2002; Goodman and Hays, 2008; Villa-
nueva and Font-Ribera, 2012; Chu et al., 2013; Fornander et al., 2013). 
While no significant changes in immune or genotoxic markers (Pedersen 
et al., 2009; Font-Ribera et al., 2010, 2019) and lung damage markers 
(Llana-Belloch et al., 2016) have been observed after swimming in 
chlorinated pools, acute changes in cytokine and chemokine secretion 
patterns have been reported (Vlaanderen et al., 2017). The possible 
underlying cause of the observed respiratory effects may be the 
disruption of surfactant homeostasis in lung cells due to DBP exposure, 
an area that requires further investigation. Notably, type 2 cells in the 
alveoli play a crucial role in the biosynthesis and recycling of surfactant 
lipids, which are essential for respiration (Zemski Berry et al., 2017; 
Agudelo et al., 2020). This hypothesis gains support from previous 
studies where several pollutants have been shown to disrupt surfactant 
homeostasis in lung cells (Sánchez-Soberón et al., 2018; Rossner et al., 
2020). Among these lipids, phospholipids play an important role in lung 
inflammation and are essential to reduce surface tension in alveoli, 
thereby facilitating gas exchange (Zemski Berry et al., 2017). 

This study delves into the understudied area of complex mixtures of 
DBPs and their toxicity through inhalation. It addresses this knowledge 
gap by assessing the toxicity of a mixture of ten DBPs, encompassing 
both haloaliphatic and haloaromatic DBPs, on human alveolar type 2 
lung cells. Among the haloaliphatic DBPs, the widely investigated mono- 
haloacetic acids (HAAs), viz., iodoacetic (IAA), bromoacetic (BAA), and 
chloroacetic acid (CAA), were prioritized. The most abundant HAA in 
chlorinated DBP mixtures, dichloroacetic acid (DCAA), and HAAs that 
are expected to be toxic due to the presence of iodine in their structure 
(chloroiodoacetic acid (CIAA) and diiodoacetic acid (DIAA)) were also 
selected. As previously noted, HAAs is a major DBP class in chlorinated 
water, included in most drinking water regulations worldwide. The 
selected haloaromatic DBPs included four emerging DBPs belonging to 
three different chemical classes: 2,6-dichloro-1,4-benzoquinone 
(DCBQ), 2,4,6-trichlorophenol (TCP), 2,4,6-tribromophenol (TBP), and 
3,5-dibromo-4-hydroxybenzaldehyde (DBHB). DCBQ, TCP, and TBP 
have shown elevated toxicity compared to other DBPs, including regu-
lated ones (Li et al., 2015; Miao et al., 2022; Pérez-Albaladejo et al., 
2024). Since concentrations of individual aliphatic and aromatic DBPs 
vary several orders of magnitude in disinfected waters, depending on the 
source of water, disinfectant used, and disinfection conditions, exposure 
tests were conducted at equimolar concentrations of the individual DBPs 
(1–5 μM), with a maximum total DBP concentration of 50 μM. It is worth 
noting that DCAA levels in swimming pool waters can reach up to 2400 
μg/L (18.61 μM) (Yeh et al., 2014), whereas maximum concentrations in 
drinking water are commonly 100 times lower (Kargaki et al., 2020). In 
this context, this study aimed at uncovering the mechanisms behind the 
toxic effects associated with DBP inhalation by assessing cytotoxicity, 
the generation of reactive oxygen species (ROS), genotoxicity, and 
changes in the lipidome of human alveolar type 2 lung cells. 

2. Materials and methods 

2.1. Chemicals and solutions 

Dulbecco’s Modified Eagle Medium-high glucose (DMEM) was from 
Sigma-Aldrich (Merck, Darmstadt, Germany), fetal bovine serum (FBS), 
penicillin, streptomycin, 0.25 % trypsin-ethylenediaminetetraacetic 
acid (EDTA), and Dulbecco’s phosphate-buffered saline with Ca and 
Mg (DPBS) were from Gibco-BRL Life Technologies, (Paisley, Scotland, 
UK). 2′,7′-Dichlorodihydrofluorescein diacetate (H2DCF-DA), 3-mor-
pholinosydnonimine hydrochloride (SIN-1), Alamar Blue (AB), and 5- 
carboxyfluorescein diacetate acetoxymethyl ester (CFDA-AM) were 
from Invitrogen (Paisley, UK). Dimethyl sulfoxide (DMSO) and bisben-
zimide 33342 Hoechst were purchased from Sigma-Aldrich. Salts to 
prepare phosphate-buffered saline (PBS), viz., NaCl, KCl, Na2HPO4, and 
KH2PO4, were obtained from Merck, Darmstadt, Germany. 

The internal standards for lipidomic analyses, namely 16:0-d31–18:1 
phosphatidylcholine (PC), 17:0 lysophosphatidylcholine (LPC), C18 
(Plasmalogen)-18:1 (d9) phosphatidylcholine (PC-P), 16:0-d31–18:1 
phosphatidylethanolamine (PE), 16:0-d31–18:1 phosphatidylserine 
(PS), 16:0-d31–18:1 phosphatidylinositol (PI), d31–18:1 phosphatidyl-
glycerol (PG), 16:0d31 sphingomyelin (SM), 16:0d31 ceramide (Cer), 
1,3–17:0-d5 diacylglycerol (DG), 1,2,3–17:0 triacylglycerol (TG), and 
16:0 cholesteryl-d7-ester (CE) were acquired from Avanti Polar Lipids, 
Inc. (Alabama, US). 

As for the selected DBPs, IAA, BAA, CAA, DCAA, DCBQ, TCP, TBP, 
and DBHB were purchased from Sigma-Aldrich, whereas CIAA and DIAA 
were obtained from CanSyn Chem. Corp (Toronto, Canada). The stock 
solution mixture of 10 DBPs was prepared in DMSO at a concentration of 
10 mM. This solution contained the individual DBPs at a concentration 
of 1 mM. Detailed information on selected DBPs is presented in Table S1. 

2.2. Cell culture 

The human alveolar epithelium adenocarcinoma cell line A549 
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(CCL-185™, ATCC, LGC Standards SLU, Barcelona, Spain) was cultured 
in DMEM supplemented with 10 % inactivated FBS, and penicillin- 
streptomycin (10 U/mL-10 μg/mL). Cells were maintained in a humid-
ified incubator at 37 ◦C and 5 % CO2 atmosphere. For experiments, cells 
were trypsinized (0.25 % w/v) and seeded when they reached 90 % 
confluence. 

2.3. Cell viability 

AB and CFDA-AM were used to evaluate the effect of the DBP mixture 
on cell viability (Schirmer et al., 1997). A549 cells (5 × 104 cells/well) 
were seeded in 96-well plates and incubated overnight. The cells were 
subsequently exposed to five different concentrations of the DBP 
mixture (3, 6.25, 12.5, 25, and 50 μM) or 0.5 % DMSO (solvent control) 
in a serum-free medium for 48 h. In additional experiments, cells were 
exposed to individual DBPs at a fixed concentration of 5 μM. After 
exposure, cells were washed with PBS and incubated with 100 μL of a 
reaction mix containing 5 % AB and 4 μM CFDA-AM for 30 min at 37 ◦C 
and 5 % CO2. Then, the emitted fluorescence was measured in a 
microplate reader (Tecan- Infinite® M Plex, Tecan Trading AG, 
Switzerland) at the wavelength pairs of 530/590 nm and 485/530 nm 
for AB and CFDA-AM, respectively. Additionally, the background fluo-
rescence of blanks (n = 6), e.g., wells containing serum-free medium 
with AB and CFDA-AM but devoid of cells, was also measured. The 
fluorescence values of the treatment groups were adjusted by subtract-
ing the corresponding blank values. Finally, the percentage of cell 
viability was calculated relative to the fluorescence values of the solvent 
control. Three independent experiments with six replicates were per-
formed per treatment. 

2.4. Generation of reactive oxygen species (ROS) 

A549 cells (5 × 104 cells/well) were seeded in 96-well plates and 
incubated for 24 h. After washing with PBS (pH 7.4), cells were incu-
bated with 20 μM H2DCF-DA in DPBS supplemented with 10 mM 
glucose (DPBS-Glu) for 30 min at 37 ◦C as described in LeBel et al. 
(1992). Then, the solution was removed, and cells were washed with 
PBS and exposed to 3–50 μM DBP mixture, 0.1 % and 0.5 % DMSO 
(solvent controls) or 1 μM SIN-1 (positive control), all diluted in DPBS- 
Glu. In additional experiments, cells were exposed to individual DBPs at 
a fixed concentration of 5 μM. The fluorescence of oxidized dichloro-
fluorescein was measured after 15, 30, 60, and 120 min of exposure in an 
Infinite® M Plex microplate reader at 485/528 nm. Results were 
expressed as the fold change over the basal fluorescence measured in 
cells exposed to the solvent (0.5 % DMSO) (Pérez-Albaladejo et al., 
2023). Each experiment was performed in triplicate, with six technical 
replicates per plate. 

2.5. Micronuclei frequency 

The ability of the DBP mixture to induce genotoxicity was estimated 
by the frequency of micronuclei in exposed A549 cells, as previously 
described with some modifications (Schnell et al., 2013). Briefly, A549 
cells (1 × 105 cells/well) were seeded in 6-well plates containing 3 glass 
coverslips (Ø 12 mm; Marienfeld, Germany) per well. After a 24 period 
of attachment, cells were exposed to the DBP mix (50 μM), 0.5 % DMSO 
(solvent control), or 0.25 μM mitomycin C (positive control) for 48 h. 
The doubling time of A549 cells under the assay conditions was 34 h. 
Thus, a 48-hour exposure period was deemed sufficient for the cells to 
undergo division. 

Next, cells were fixed with 4 % formaldehyde, stained with 5 μM 
bisbenzimide Hoechst 33342, and the coverslips mounted with Vecta-
shield® H-1000 (Vector Laboratories, CA, USA). From each slide, 100 
tiff-data images (40× objective) were scanned and merged into a tiled 
image containing over 2000 cells using the EVOS M7000 Cell Imaging 
System (Thermo). Celleste 5.0 Image Analysis software was used to 

automatically count the nuclei in the tiled image. The software perfor-
mance was validated by manually counting the nuclei in selected tiff- 
data images. Micronuclei frequency was determined by manually eval-
uating 2000 nuclei from the tiff-data images. Only micronuclei with 
round or oval shapes, with a staining intensity similar to the nucleus, 
and completely separated from the nucleus were counted (Fenech, 
2000). 

2.6. Lipidomic analysis 

A549 cells (3 × 105 cells/well) were seeded in a 24-well plate and 
incubated overnight. The cells were then exposed to different concen-
trations of the DBP mixture (1, 10, and 50 μM) or 0.5 % DMSO (solvent 
control) in a serum-free medium. Eight replicates (8 wells) were 
considered for each experimental condition. After 24 h of exposure, the 
culture medium of each well was collected and kept on ice. The cells 
were washed with PBS, detached with 0.25 % trypsin, resuspended in 
PBS, and centrifuged at 2000-g for 15 min at 4 ◦C. The resulting pellet 
was collected and stored at − 80 ◦C under an argon atmosphere until 
extraction. The collected culture medium was centrifuged at 4 ◦C (2000- 
g for 10 min) to eliminate any remaining cells. Subsequently, the su-
pernatants underwent two additional rounds of centrifugation at 
10,000-g for 30 min, as reported by Xiao et al. (2014). The resulting 
supernatants, potentially enriched with extracellular vesicles (EVs), 
were stored at − 80 ◦C until extraction. 

Cell pellets were thawed on ice and processed as described in Mar-
queño et al. (2019). Briefly, ethyl acetate (0.5 mL) was added to the cell 
pellets, the mixture was vortexed, placed in an ultrasound water bath for 
1 min, and further incubated at room temperature for 30 min. The 
mixture was then centrifuged (2500-g for 10 min at 4 ◦C), and the su-
pernatant was collected. This process was repeated three times. The 
supernatants obtained were combined and dried under a gentle stream 
of nitrogen. The dried extracts were stored at − 20 ◦C in an argon at-
mosphere until analysis. 

The culture medium containing EVs was extracted using ethyl ace-
tate (200 μL of culture medium in 1 mL ethyl acetate). The mixture was 
shaken (100 rpm) at room temperature for 30 min, centrifuged (2500-g 
for 10 min), and the supernatant was collected. The extraction process 
was performed three times. The combined supernatants were evapo-
rated under a gentle stream of nitrogen, and the dried extracts were 
stored at − 20 ◦C under argon until analysis. 

Before ultra-high-performance liquid chromatography (UHPLC) – 
high-resolution mass spectrometry (HRMS) analysis of lipids, dried ex-
tracts of cell pellets and culture medium were reconstituted in 300 and 
100 μL of methanol, respectively, and the internal standards added at a 
final concentration of 50 pmol (PC-P, DG, and LPC), 100 pmol (TG and 
SM), or 200 pmol (PC, CE, Cer, PE, PS, PG, and PI). 

UHPLC-HRMS analysis was performed with an Elute UHPLC system 
coupled with an Impact II quadrupole time-of-flight (QToF) mass spec-
trometer (Bruker Daltonics, Bremen, Germany). Extracts (10 μL) were 
injected into an Acquity UPLC BEH C8 column (100 × 2.1 mm, 1.7 μm) 
(Waters, Ireland) kept at 30 ◦C. The mobile phases used were (A) water 
with 2 mM ammonium formate and 0.01 % formic acid, and (B) meth-
anol with 1 mM ammonium formate and 0.01 % formic acid. Lipid 
separation was conducted at a constant flow rate of 0.25 mL/min with a 
linear organic gradient: 0–0.6 min 80 % of B, 0.6–3 min B increased to 
90 %, 3–6 min 90 % of B, 6–14 min B increased to 99 %, 14–19 min 99 % 
of B, 19–22 min B decreased to 80 %, 22–25 min 80 % of B. Untargeted 
mass acquisition was carried out in positive electrospray mode with a 
capillary voltage of +4500 V and collision energy of 7 eV. The source 
desolvation temperature was set to 220 ◦C, the drying gas (N2) flow rate 
to 10 L/min, and the nebulizer gas (N2) pressure to 4 bar. The mass-to- 
charge ratio (m/z) scan range was 200–1200, and mass spectra were 
acquired at a rate of 12 Hz in auto MS/MS mode. External and internal 
mass calibration was based on sodium formate ion clusters. 

Data processing was performed with MetaboScape software (v. 2022, 
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Bruker Daltonics). The extraction of features, capturing important in-
formation such as m/z, chromatographic retention time, and intensity, 
was done using the T-Rex 3D algorithm. Processing parameters for 
feature extraction included an intensity threshold of >1000 counts to 
ensure the selection of significant peaks, a minimum peak length of 5 
spectra (acquisition points), a mass range of 200 to 1200 m/z, and a 
retention time range of 2–25 min. The annotation process involved 
evaluating accurate m/z isotopic patterns and MS/MS spectra based on 
fragmentation rules specific to lipid classes (Helmer et al., 2021). The 
precursor ion mass (m/z) tolerance was set to 5 ppm, the isotope pattern 
match (mSigma) value was set to 250, and the MS/MS match score was 
set to 400. The lipid species were commonly annotated using a stan-
dardized nomenclature, indicating the lipid class followed by the num-
ber of carbons and double bond equivalents. For some lipids, HRMS data 
combined with MS/MS fragmentation provided additional information, 
such as the fatty acid composition (e.g., PC 16:0_18:0). The resulting list 
of annotated lipids was exported for further quantification. Cer, LPC, PC, 
PC-P, PE, PS, SM, and sphingosines (SPB) were identified through their 
protonated molecular ion [M + H]+; while, CE, DG, PG, PI, and TG were 
detected through their corresponding ammonium adducts [M + NH4]+. 
Quantification of lipid species was performed using their respective in-
ternal standard, except for PC-plasmalogen/PC-plasmanyl (PC-P/PC-O) 
and SPB, for which PC-P and SM standards were used, respectively. The 
relative standard deviation (RSD) of the signal of each internal standard 
in the samples throughout the analytical batch was below 10 %, except 
for PI and PS that presented values of 12 % and 15 %, respectively 
(Table S2). 

2.7. Statistical analysis 

Statistical analyses were performed using SPSS software v25 (IBM, 
Chicago, IL, USA). The normal distribution of the data and the homo-
geneity of the variance were assessed using Shapiro–Wilk and Levene’s 
tests, respectively. Differences between control and exposed groups for 
ROS and micronuclei formation were evaluated using one-way ANOVA, 
followed by Tukey’s post-hoc test (P < 0.05). 

The online software Metaboanalyst 5.0 was used to analyze the lip-
idomic data (Pang et al., 2021). Missing values were imputed by 
substituting them with 1/5 of the minimal positive value of each vari-
able in the corresponding sample replicates, and data were normalized 
by auto-scaling. Partial least squares-discriminant analysis (PLS-DA) 
was used to differentiate between experimental groups. The lipids 
responsible for differentiation were selected based on their variable 
importance for the projection (VIP). The quality of the PLS-DA model 
was evaluated by using the R2 and Q2 values, which measure the ability 
to predict the internal correct classification in the experiment and the 
external predictability of the model, respectively. 

3. Results 

Upon exposing A549 cells to a mixture of DBPs at concentrations of 
up to 25 μM for 48 h, no significant changes in cell viability were 
observed (Fig. S1). However, a slight decrease in cell viability (7 %) was 
noted after exposure to 50 μM DBP mix (Fig. S1-A). Following exposure 
to individual DBPs, marginal decreases in cell viability were observed 
for TBP and DIAA (10 %; AB and CFDA-AM), and DCBQ (15 %; CFDA- 
AM) (Fig. S1–B) at 5 μM. 

Likewise, concentrations of the DBP mixture up to 12.5 μM did not 
induce the generation of ROS in A549 cells. However, when cells were 
exposed to higher concentrations, viz., 25 and 50 μM, increases up to 
1.5- and 4-fold in ROS production were observed after 15 min exposure, 
respectively. This increase in ROS generation persisted throughout the 
entire 180-min exposure period (Fig. 1-A). When cells were exposed to 
individual compounds at a fixed concentration of 5 μM, DCBQ induced a 
30-fold increase in ROS production after 15 min, while halophenols 
(TBP, TCP) and DBHB led to a moderate increase in ROS (2- to 2.5-fold). 

The other DBPs present in the mixture did not induce ROS when tested 
individually (Fig. 1-B). 

The genotoxicity assessment revealed that the DBP mixture at 50 μM 
induced the formation of micronuclei (31.7 ± 4.0 ‰) in A549 cells 
(Fig. S2). The frequencies of micronuclei formation in the positive 
control (cells exposed to 0.25 μM mitomycin C) and solvent control 
(cells exposed to 0.5 % DMSO) were 40.3 ± 12.0 ‰ and 7.4 ± 0.6 ‰, 
respectively. 

A comprehensive analysis of the lipidome of A549 cells revealed the 
presence of about 300 lipids (Table S3). Among them, PCs emerged as 
the most prevalent lipid species (Fig. S3-A). Specifically, PCs with acyl 
chains 16:0/16:0, 16:0_16:1, 16:0_18:1, 16:1_18:1, and 18:1_18:1 
accounted for 49 % of the total PCs detected (Fig. S4-A). Additionally, 
significant proportions of TGs and CEs were identified, comprising 16 % 

Fig. 1. ROS generation in A549 cells in the presence of (A) different concen-
trations of the DBP mixture; (B) individual DBPs at a concentration of 5 μM. The 
asterisk indicates significant differences from the solvent control (Tukey test, 
one-way ANOVA, p < 0.05). Data shown as the fold change relative to the 
solvent control (mean ± SD; n = 3 experiments; 6 replicates each). The red 
dotted line indicates control value. 
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and 12 % of the total lipids, respectively (Fig. S3-A). The dominant TG 
species, enriched in FAs 16:0_16:1_18:1, 16:0_18:1_18:1, 16:1_18:1_18:1, 
16:1_18:1_20:1, represented 34.5 % of the total TGs observed 
(Fig. S4–B). The most abundant CE species were CE 18:1 and CE 22:6, 
accounting for 55.5 % of the total CEs detected (Fig. S4–C). 

The lipidomic analysis of the culture medium, potentially enriched 
with extracellular vesicles, identified 93 lipids (Table S4), with a sig-
nificant enrichment of CEs followed by PCs, sphingolipids (SM, SPB, and 
Cer), and PEs (Fig. S3–B). The most abundant CEs were CE 18:1, 18:2, 
20:4. Among PCs, PC 16:0_18:1 and PC 18:0_18:1 were the predominant 
species, making up approximately 43 % of the total PCs. Furthermore, 
SM 18:1;O2/16:0 and SM 18:1;O2/24:1 represented about 57 % of the 
total SMs (Fig. S5A–C). 

When A549 cells were exposed to the mixture of 10 DBPs at con-
centrations of 1 and 10 μM (0.1 and 1 μM the individual components, 
respectively), no major changes in the relative abundance of the 
different lipid classes were observed (Fig. 2). Also, PLS-DA evidenced 
poor separation among exposed and control cells (Fig. S6). Conversely, 
exposure to a concentration of 50 μM of the mixture of DBPs (5 μM for 
each component) resulted in a significant accumulation of TGs. 
Furthermore, an increase of CEs, PC-P/PC-Os, and SPBs, and a decrease 
of DGs and Cer was observed with increasing exposure concentration of 
the DBP mixture (Figs. 2 and S7A–B). This contrasts with the results 
obtained in the lipidomic analysis of the culture medium, which evi-
denced an increase in the overall abundance of CEs, LPCs, PCs, PC-P/PC- 
Os, PEs, and SMs at the lowest concentration tested (1 μM of mixture); 
while no significant changes were observed at concentrations of 10 and 
50 μM. Interestingly, the levels of sphingosine-based lipids, including 
SPBs and Cers, remained relatively stable across all tested concentra-
tions (Fig. 3). 

The multivariate PLS-DA analysis revealed a clear differentiation 
between the lipidome of control cells and cells exposed to 50 μM of the 
DPB mixture (Fig. 4). The covariance explained by two components was 
68.5 % (R2 = 0.95 and Q2 = 0.88); and 126 lipids had VIP scores higher 
than 1 (Table S5). Among them, it was detected an up-regulation of TGs, 
many of them containing FA 18:1 (16:0_16:1_18:1, 16:0_18:1_18:1, 
16:0_18:0_18:1, 16:0_18:1_20:1, 16:1_18:1_18:1, 16:1_18:1_20:1, and 
18:1_18:1_20:1), and a concomitant decrease in DGs (16:0_26:0 and 
44:1) (Fig. 4). Additionally, the volcano plot unveiled identical findings, 
showing an accumulation of TGs and a decrease of DGs and PCs 
(18:1_26:1, 42:0, 42:1, and 44:1) in exposed cells (Fig. S8). 

4. Discussion 

This study assessed the toxic, genotoxic, and lipidomic alterations 
resulting from the acute exposure of human alveolar A549 cells to a 

mixture of selected DBPs, including IAA, BAA, CAA, DCAA, CIAA, DIAA, 
DCBQ, TCP, TBP, and DBHB. The exposure concentration range 1–50 μM 
for the DBP mixture (with a maximum of 5 μM of each DBP) had no 
strong effects on cell viability after 48 h. Only the highest tested con-
centration (50 μM) resulted in ~7 % reduction of cell viability. This 
effect was mainly driven by TBP, DIAA, and DCBQ. In a previous study, 
we found that IAA and BAA showed cytotoxicity in JEG-3 placental cells 
at a concentration of 5 μM after 24-hour exposure (EC10: 3.5 ± 0.2 μM 
for IAA, and EC10: 12.5 ± 1.8 μM for BAA), while CAA, CIAA, and DIAA 
were not cytotoxic at the highest tested concentration (500 μM) (Pérez- 
Albaladejo et al., 2023). IAA also emerged as the most toxic compound 
for CHO cells, inducing a toxic response at a concentration as low as 0.5 
μM after 72 h exposure, followed by BAA (2 μM), TBAA (5 μM), and 
DIAA (100 μM) (Richardson et al., 2008; Plewa et al., 2010). Regarding 
halophenols, TCP and TBP exhibited no cytotoxic effects in JEG-3 cells at 
concentrations below 300 and 500 μM, respectively, while DCBQ (EC50: 
28.6 ± 2.8 μM) and DBHB (EC50: 26.0 ± 2.7 μM) showed significant 
toxicity (Pérez-Albaladejo et al., 2024). The small discrepancies among 
studies suggest that, beyond experimental factors like exposure time, 
variation in sensitivity may be attributed to the distinct responses 
exhibited by the different cell lines. 

On the contrary, other studies have reported the toxicity of indi-
vidual DBPs at concentrations much higher than the ones tested in our 
study. For instance, EC50s of BAA, CAA, and DCAA were 10, 810, and 
7300 μM, respectively in CHO AS52 cells (Plewa et al., 2010). EC50s of 
CAA, BAA, IAA, and BDBQ ranged from 34 to 1200 μM in Caco-2 cells, 
(Procházka et al., 2015). Hall et al. (2020) reported EC50 values below 
50 μM for IAA and BAA, while CAA had an EC50 value of 100 μM in 
human breast adenocarcinoma cells (MCF7). Although some discrep-
ancies have been detected among studies depending on the cell type and 
exposure time, it is evident that the highest exposure concentration used 
in the present study (50 μM mixture, 5 μM of each DBP) is below all 
previously reported EC50 values, and it only induced marginal cytotox-
icity in A549 cells. 

Interestingly, ROS production in A549 cells was stimulated by 3.5- 
fold at the highest concentration of the DBP mixture (50 μM). The pre-
dominant drivers of ROS generation were DCBQ (30-fold induction), 
along with halophenols and DBHB (2 to 2.5-fold), indicating an additive 
effect of the components in the mixture. Previous studies have demon-
strated the oxidative potential of some individual DBPs, particularly 
HBQs (up to 80-fold) and haloacetonitriles (Hassoun and Ray, 2003; Du 
et al., 2013; Li et al., 2023; Pérez-Albaladejo et al., 2024). Consistent 
with our findings, trihalophenols (TBP, TCP) led to an increase of up to 
2.5-fold in the formation of ROS in human placenta JEG-3 cells (Pérez- 
Albaladejo et al., 2024) and a 4-fold increase in HepG2 cells (Li et al., 
2023). The reduction of cellular glutathione, a crucial antioxidant, 

Fig. 2. Lipidomic alteration in A549 cells exposed to 1, 10, and 50 μM of the DBP mixture. Data are presented as a fold-change over solvent control (mean ± S.D.; n 
= 8). The red dotted line indicates control value. The asterisk indicates significant differences from the solvent control (Tukey test, one-way ANOVA, p < 0.05). 
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might be a mechanism through which 3-MX and haloacetonitriles, such 
as dibromo- and dichloro-acetonitrile contribute to oxidative stress 
(Yuan et al., 2006; Li et al., 2022). DBPs could also activate the nuclear 
factor erythroid 2-related factor 2 (Nrf2) signaling pathway in HT22 
cells and HepG2 cells, which is a key regulator of cellular defense against 
oxidative stress injury (Wang et al., 2013; Li et al., 2022). 

The increase of ROS levels by DBP exposure might potentially lead to 
oxidative stress, and result in nucleic acid damage (Cemeli et al., 2006; 
Yuan et al., 2006; Du et al., 2013). Previous studies have linked the 
genotoxicity of mono-HAAs to oxidative stress (Cemeli et al., 2006; Ali 
et al., 2014). Additionally, exposure to four HBQs at concentrations 
ranging from 25 to 125 μM, resulted in increased levels of hydrox-
ydeoxyguanosine (8-OHdG), a biomarker of oxidative damage, and 
increased generation of ROS in T24 bladder cancer cells (Du et al., 
2013). Interestingly, exposure to 50 μM of the DBP mixture resulted in 
approximately a two-fold increase in the formation of micronuclei in 
A549 cells. This genotoxic effect was mainly driven by the presence of 

IAA, BAA, and DCBQ in the mixture (Pérez-Albaladejo et al., 2023, 
2024). Similarly, exposure to IAA, BAA, and CAA at concentrations of 
22 μM, 57 μM, and 3.42 mM, respectively, induced DNA damage in the 
human small intestine epithelial cell line FHs 74 (Attene-Ramos et al., 
2010). In a study by Kogevinas et al. (2010) the frequencies of micro-
nuclei formation in lymphocytes and urothelial cells showed a non- 
significant increase among swimmers. These findings underscore the 
importance of further research to better understand and mitigate the 
potential genotoxic and DNA-damaging effects of these compounds in 
various contexts, including environmental and occupational exposures. 

Apart from the ability of the mixture to generate ROS and induce 
potential genotoxic effects, significant alterations were observed in the 
lipidome of A549 lung cells. Cells exposed to 10 and 50 μM DBP mixture 
showed increased levels of PC-P/PC-Os. Furthermore, at the highest 
concentration tested (50 μM), an additional increase in TGs and CEs was 
observed, coupled with a simultaneous decrease of PCs and DGs 
(Fig. S8). PC-P/PC-Os may play a key role in the organization and 

Fig. 3. Lipid class variations observed in the culture medium/extracellular vesicles of cells exposed to different concentrations (1, 10, and 50 μM) of the DBP mixture. 
The data are presented as the fold-change relative to the solvent control (mean ± S.D.; n = 6). The control value is represented by a red dotted line. The asterisks 
indicate statistically significant differences compared to the solvent control group (Tukey test, one-way ANOVA, p < 0.05). 

Fig. 4. PLS-DA scores plot shows the discrimination between the cells exposed to 50 μM of the DBP mixture and the solvent control. VIP score plot shows the top 30 
most important lipid species identified by PLS-DA. Heatmap indicates the up-regulation (red) and down-regulation (blue) of the specific lipids in solvent control (SC) 
and exposed cells. 
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stability of lipid raft microdomains, e.g., cholesterol-rich membrane 
regions involved in cell signaling, but also a subset of these lipids (PC-Ps) 
may function as endogenous antioxidants, neutralizing free radicals and 
preventing oxidative damage (Dean and Lodhi, 2018). Thus, the 
observed increase in PC-P/PC-Os might be interpreted as a cellular de-
fense mechanism against the ROS generated by DBPs, but also a 
restructuring of plasma membranes due to exposure. Additionally, 
several studies have demonstrated that elevated levels of ether lipids in 
cancer cells are often associated with increased pathogenicity (Benjamin 
et al., 2013). 

The accumulation of neutral lipids, TGs and CEs, associated with 
lipid storage and the formation of lipid droplets within the cells, was 
particularly pronounced in lung cells exposed to the highest concen-
tration of the DBP mixture (50 μM). In contrast, PCs and DGs were 
markedly reduced (Fig. S8). The upregulation of intracellular TGs and 
CEs has been related to endoplasmic reticulum (ER) stress and the 
progression of hepatic steatosis, as well as various pathophysiological 
conditions (Cao and Kaufman, 2014; Werstuck et al., 2001). However, to 
the best of our knowledge, this is the first reported case of such upre-
gulation occurring in lung cells after exposure to DBPs. The increase in 
TGs combined with the decrease in DGs supports an increase in diac-
ylglycerol acyltransferase (DGAT) activity (Coleman, 2004). Moreover, 
the hydrolysis of PCs may have resulted in the release of fatty acids, 
which can be utilized in the synthesis of TGs (Testerink et al., 2009). 
Extensive lipid deposition has been detected in the lungs of animals with 
type 2 diabetes mellitus, along with other abnormalities that can impair 
lung mechanics and alveolar gas exchange (Foster et al., 2010). Romero 
et al. (2014) showed that chronic alcohol ingestion induces lipid syn-
thesis in the lungs, leading to a lung phenotype characterized by a 
marked accumulation of TGs. 

Furthermore, given the presence of PCs on the surface of lipid 
droplets, particularly in proximity to TGs, alterations in the PCs content 
can impact the dynamics of lipid droplets by influencing the PCs to TGs 
ratio (Guo et al., 2008). Thus, a decrease in PC biosynthesis during the 
increased TG accumulation results in the formation of larger lipid 
droplets, which enhances the overaccumulation of lipid droplets in the 
tissue (Krahmer et al., 2011; Listenberger et al., 2018; Wu et al., 2022). 
Moreover, the reduction of PCs induced by a mixture of DBP in lung cells 
may have an impact on the composition of lung surfactants, which are a 
complex mixture of phospholipids, mainly PCs and proteins, with a vital 
role in maintaining optimal respiratory function (Ishiguro et al., 2008). 
Thereby, an alteration of the phospholipid content of lung surfactants 
will alter normal hemostasis and function, causing respiratory problems 
(Rodríguez-Capote et al., 2006; Schmidt et al., 2002; Whitsett et al., 
2015). 

Regarding the culture medium, its lipid composition exhibited 
enrichment in CEs followed by PCs, sphingolipids (CMs, SPBs, and Cers), 
and PEs. In particular, some specific lipids, such as CE 20:4, 
SM18:1_16:0, SM 18:1_24:1, LPC 16:0, PC 16:0/16:0, PC16:0_20:4, PC 
16:0_22:5, PC 16:0_22:6, PC 18:0_18:1, PC 34:2, and PC 36:3 have 
previously been proposed as markers of lung cancer in exosomes and 
were attributed to the release of EVs by lung cancer cells (Hsu et al., 
2022). EVs secreted by various cell types have a role in intercellular 
communication by transferring bioactive molecules, including proteins, 
nucleic acids, and lipids, between cells (Mohan et al., 2020). Interest-
ingly, exposure of A549 cells to 1 and 50 μM DBP mixture elevated the 
concentration of some of these lipid markers including CE 20:4, SM 
18:1_16:0, SM 18:1_24:1, PC 18:0_18:1, and PC 34:2 (Fig. S9B–F). 

Surprisingly, the lowest concentration of the DBP mixture (1 μM) had 
a pronounced effect on the lipid content of EV enriched culture medium 
when compared to concentrations of 10 μM and 50 μM. The lowest 
concentration of DBPs resulted in a notable increase in the level of CEs, 
PCs, LPC, and SMs in the culture medium. Based on the available 
research on the influence of cholesterol on exosome release (Abdullah 
et al., 2021), it is reasonable to hypothesize that the alteration of cellular 
CE levels caused by DBPs can influence the release of EVs from the cells 

(Abdullah et al., 2021). In our study, the lowest concentration of DBPs 
leads to decreased levels of CEs in the cells (as depicted in Fig. S7-A), and 
possibly, increased EV release from the cells. Recent studies have 
revealed that changes in lipid mediators present in airway EVs may play 
a role in the development and persistence of chronic airway inflamma-
tion (Hough et al., 2018). This suggests the need to further investigate 
alterations in the EV lipidome, particularly considering the already 
established relationship between various disorders, such as atheroscle-
rosis, cancer, non-alcoholic fatty liver disease (NAFLD), obesity, and 
Alzheimer’s disease, and the dysregulation of lipid metabolism and 
altered exosome-mediated lipid communication (Wang et al., 2020). 
Thus, considering this evidence and our findings, we believe that 
chronic exposure to DBPs, at concentrations close to 50 μM (mixture 
concentration), but far below the EC50 for cytotoxicity, might increase 
the incidence of lung diseases. These could include conditions associated 
with impaired pulmonary function and immunity, as indicated by the 
chronic endoplasmic reticulum (ER) stress situation (Romero et al., 
2014). 

Overall, this study uncovers the potential health risks associated with 
exposure to complex mixtures of DBPs even at non-toxic concentrations. 
Although, it considers a mixture of ten DBPs, which is a very small 
fraction of the DBP mixtures present in disinfected waters, the selected 
mixture induced the generation of ROS, and led to DNA damage and 
significant changes in the lipid profile of lung cells. Such effects, namely 
increased concentrations of TGs, CEs and PC-P/PC-Os in cells, may have 
been associated with an increased risk of respiratory problems, such as 
asthma. The DBP concentrations that produced effects in this study were 
one to three orders of magnitude higher (depending on the compound) 
than those typically measured in drinking water (~20 times in the case 
of DCAA). However, DBP levels and hence DBP exposure are notably 
increased in certain environments, such as indoor swimming pools or 
chlorine-based cleaning facilities, where individual DBP levels in water 
may be similar to those tested in this study, or even higher for some of 
them. In such scenarios, inhalation of polar low-volatile DBPs may be a 
relevant exposure pathway; however, there is not sufficient information 
on the levels of emerging and low-volatile DBPs in the gas phase of these 
environments. The application of the lipidomic approach to assessing 
the mixture toxicity can help to enhance our understanding of the mo-
lecular mechanisms involved in DBP toxicity at the respiratory level, 
identify potential biomarkers, and shed light on the functional conse-
quences of DBP exposure. 
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