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A B S T R A C T   

The disinfection of drinking water generates hundreds of disinfection byproducts (DBPs), including haloaromatic 
DBPs. These haloaromatic DBPs are suspected to be more toxic than haloaliphatic ones, and they are currently 
not regulated. This work investigates their toxicity and ability to interfere with estrogen synthesis in human 
placental JEG-3 cells, and their genotoxic potential in human alveolar A549 cells. Among the haloaromatic DBPs 
studied, halobenzoquinones (2,6-dichloro-1,4-benzoquinone (DCBQ) and 2,6-dibromo-1,4-benzoquinone 
(DBBQ)) showed the highest cytotoxicity (EC50: 18–26 μg/mL). They induced the generation of very high 
levels of reactive oxygen species (ROS) and up-regulated the expression of genes involved in estrogen synthesis 
(cyp19a1, hsd17b1). Increased ROS was linked to significant depletion of polyunsaturated lipid species from inner 
cell membranes. The other DBPs tested showed low or no significant cytotoxicity (EC50 ≥ 100 μg/mL), while 
2,4,6-trichloro-phenol (TCP), 2,4,6-tribromo-phenol (TBP) and 3,5-dibromo-4-hydroxybenzaldehyde (DCHB) 
induced the formation of micronuclei at concentrations much higher than those typically found in water (100 μg/ 
mL). This study reveals the different modes of action of haloaromatic DBPs, and highlights the toxic potential of 
halobenzoquinones, which had a significant impact on the expression of placenta steroid metabolism related 
genes and induce oxidative stress, implying potential adverse health effects.   

1. Introduction 

The use of chlorine for water disinfection has been a valuable 
resource to eliminate waterborne diseases. However, the interaction of 
chlorine with the organic matter and the inorganic ions (e.g., bromide, 
iodide) present in water results in the unintended formation of a wide 
spectrum of disinfection byproducts (DBPs) (e.g., haloacetic acids, tri-
halomethanes, nitrosamines, haloacetonitriles, haloacetamides, and 
haloaromatic compounds, among others) (Richardson and Postigo, 
2015). Exposure to many of these DBPs is a cause of concern due to their 
adverse effects in human health (Richardson et al., 2007). In this regard, 
DBP exposure has been associated with increased incidence of bladder 
cancer, miscarriage, and developmental effects in epidemiological 
studies (Grellier et al., 2015; Villanueva et al., 2014). 

Haloaromatic DBPs in chlorinated water are formed by the reaction 
of chlorine with aromatic compounds (e.g. phenols, hydroxybenzoic 

acids) present in the humic fraction of natural organic matter (NOM). 
During chlorination, these aromatic structures may release from NOM 
and be the target of electrophilic halogenation (Jiang et al., 2020). 
Haloaromatic DBPs further decompose into aliphatic ones, such as 
haloacetic acids (HAAs) and trihalomethanes (THMs), although detailed 
data on stability of aromatic DBPs is lacking (Liu et al., 2020). Haloar-
omatic DBPs have been frequently detected in chlorinated tap water at 
the ng/L level; however, they are rarely quantitatively determined 
because of the complexity of their analysis and the lack of analytical 
standards for many of them (Hu et al., 2018; Lou et al., 2021b; Tao et al., 
2020; Zhang et al., 2019, 2018; 2020). The haloaromatic fraction con-
stitutes about 30% of the total organic halogenated material found in 
chlorinated water (Han et al., 2021). However, its toxicity has been 
scarcely addressed, even though they are suspected to be more toxic 
than haloaliphatic DPBs (Liu and Zhang, 2014). In fact, several studies 
have shown that the overall toxicity of chlorinated water samples is 
often dominated by aromatic halo-DBP fractions, probably due to their 
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considerably higher potential to bioconcentrate and generate reactive 
oxygen species in the organism (Liu et al., 2020; Wang et al., 2018). 
When considering the toxicity of haloaromatic DBPs, it is noteworthy 
that, similar to haloaliphatic DBPs, it tends to decrease in the order 
iodinated > brominated ≫ chlorinated compounds (Liu et al., 2020). 
Although for benzoquinones, higher toxicity has been reported for 
chlorinated compounds compared to brominated ones (Li et al., 2015). 

As for the toxicity of the various haloaromatic DBP classes, extensive 
research has been conducted on halobenzoquinones. 2,6-Dichloro-1,4- 
benzoquinone (DCBQ) demonstrated significant cytotoxicity and gen-
eration of reactive oxygen species (ROS) in human colon and liver 
cancer cells (Hung et al., 2019). Additionally, halobenzoquinones 
exerted neurotoxicity by inducing cell cycle arrest in human neural stem 
cells (hNCS) (Fu et al., 2017). Besides, their genotoxic and carcinogenic 
potential is supported by the ability of their transformation byproducts 
(hydroxybenzoquinones) to cause DNA damage (Li et al., 2015). Simi-
larly, halobenzoquinones showed developmental toxicity manifested as 
malformations in zebrafish larvae, heart malformations, curved spines, 
and failed inflation of the gas bladder, which was partially attributed to 
increased ROS production (Wang et al., 2018). Quinone-induced 
oxidative stress resulted in oxidative damage to proteins and DNA, 
leading to the formation of DNA adducts, and possibly the oxidation of 
lipids, although the latter has not been investigated in depth (Du et al., 
2014). 

Understanding the mode of action for DBPs is still needed, particu-
larly for adverse developmental effects, like spontaneous abortion, low 
birth weight or cardiovascular malformations, often related to DBP 
exposure (Colman et al., 2011). Non animal models (NAMs) based on the 
use of specific cell lines can generate valuable information on the mode 
of action of chemicals and include dose-response studies. For instance, 
the use of human placental cells revealed that bromodichloromethane 
inhibited the secretion of human chorionic gonadotropin (hCG) in 
trophoblast cells at concentrations in the range of those reported in 
human blood (0.082 μg/L) (Chen et al., 2004). In another study, halo-
acetic acids decreased the expression of the steroidogenic gene hsd17b1 
involved in the synthesis of estradiol in JEG-3 placental cells 
(Pérez-Albaladejo et al., 2023). Placental cells retain a functional es-
trogen receptor and the mechanisms for regulating the expression of 

genes involved in steroidogenesis. This characteristic renders them an 
ideal model to investigate the endocrine disruption potential of exoge-
nous compounds (Karahoda et al., 2021). As for genotoxicity, the human 
alveolar cell line A549 is a good model to detect micronucleus formation 
during mitosis, as a consequence of DNA damage. This cell line has 
shown good sensitivity to exposure to haloacetic acids, among other 
pollutants (Barillet et al., 2010; Pérez-Albaladejo et al., 2023). More-
over, alveolar cells, by their nature, are of relevance to assess the toxicity 
of volatile and semi-volatile DBPs. Inhalation of less volatile DBPs, such 
as haloacetic acids, may be a relevant exposure pathway in specific 
environments where they present high concentrations in the gas phase 
(e.g., indoor areas intensively disinfected (Lou et al., 2021a) or indoor 
swimming pools (Yang et al., 2018)). 

In this context, this work aimed at increasing the knowledge on the 
toxicological potential of haloaromatic DBPs. Built upon previous 
studies, our hypothesis was that haloaromatic DBPs would exhibit 
reprotoxic and genotoxic properties in human cells, and that some of 
them, particularly halobenzoquinones, would induce oxidative stress. 
To test this hypothesis, ten chlorinated and brominated analogues 
belonging to five different chemical classes, namely benzoquinone, 
hydroxybenzaldehyde, benzoic acid, salicylic acid, and phenol were 
selected (Table S1). Their toxicity, and ability to induce the generation 
of ROS, and regulate the expression of genes involved in the metabolism 
of steroids in placenta was determined in JEG-3 cells, while their gen-
otoxic potential was assessed in A549 lung cells. Emphasis was placed on 
exploring the lipidome of JEG-3 cells following exposure to hal-
obenzoquinones to assess potential effects on lipid oxidation and/or 
disregulation of lipid metabolism. This work applies for the first time a 
lipidomic approach to explore the reprotoxic modes of action of hal-
obenzoquinones in human placental cells. 

2. Material and methods 

2.1. Chemicals and reagents 

Eagle’s Minimum Essential Medium (MEM), L-glutamine, sodium 
pyruvate, nonessential amino acids, penicillin and streptomycin, phos-
phate buffered saline with Ca and Mg (DPBS), and trypsin-EDTA 0.25 % 

List of acronyms 

AB Alamar Blue 
CE Cholesterol ester 
Cer Ceramide 
CFDA-AM 5-carboxyfluorescein diacetate acetoxymethyl ester 
cyp19a1 Cytochrome P450 family 19 subfamily A member 1 
DBBQ 2,6-dibromo-1,4-benzoquinone 
DBHB 3,5-dibromo-4-hydroxybenzaldehyde 
DBHBA 3,5-dibromo-4-hydroxybenzoic acid 
DBPs Disinfection by products 
DBSA 3,5-dibromo-salicylic acid 
DCBQ 2,6-dichloro-1,4-benzoquinone 
DCHB 3,5-dichloro-4-hydroxybenzaldehyde 
DCHBA 3,5-dichloro-4-hydroxybenzoic acid 
DCSA 3,5-dichloro-salicylic acid 
DG Diacylglycerols 
DMEM Dulbecco’s Modified Eagle Medium 
DMSO Dimethyl sulfoxide 
DPBS Phosphate buffered saline with Ca and Mg 
FBS Fetal bovine serum 
gapdh Glyceraldehyde-3-phosphate dehydrogenase 
H2DCF-DA 2′,7′-dichlorodihydrofluorescein diacetate 
hsd17b1 Hydroxysteroid 17-beta dehydrogenase 1 

hsd17b12 Hydroxysteroid 17-beta dehydrogenase 12 
hsd3b1 Hydroxy-delta-5-steroid dehydrogenase, 3 beta- and 

steroid delta-isomerase 1 
LPC Lyso - phosphatidylcholine 
LPE Lyso - phosphatidylethanolamine 
MEM Eagle’s Minimum Essential Medium 
PBS Phosphate-buffered saline 
PC Phosphatidylcholines 
PC-O Phosphatidylcholine -plasmanyl 
PC-P Phosphatidylcholine -plasmalogen 
PE Phosphatidylethanolamines 
PE-O Phosphatidylethanolamine -plasmanyl 
PE-P Phosphatidylethanolamine -plasmalogen 
PI Phosphatidylinositol 
PLS-DA Partial least square - discriminant analysis 
PS Phosphatidylserine 
ROS Reactive oxygen species 
RSD Relative standard deviation 
SIN-1 3-morphoolinosydnonimine 
SM Sphingomyelin 
TBP 2,4,6-tribromophenol 
TCP 2,4,6-trichlorophenol 
TG Triacylglycerols 
VIP Variable influence on the projection  
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were from Gibco BRL Life Technologies (Paisley, UK). Dulbecco’s 
Modified Eagle Medium (DMEM), fetal bovine serum (FBS), 2′,7′- 
dichlorodihydrofluorescein diacetate (H2DCF-DA), bisbenzimide 33342 
Hoechst, and dimethyl sulfoxide (DMSO) were from Merck (Darmstadt, 
Germany). Alamar Blue (AB), 5-carboxyfluorescein diacetate acetox-
ymethyl ester (CFDA-AM), and 3-morphoolinosydnonimine (SIN-1) 
were obtained from Invitrogen (Paisley, UK). High purity analytical 
standards (>97 %) of the selected haloaromatic DBPs were obtained 
from Merck (2,6-dichloro-1,4-benzoquinone (DCBQ), 3,5-dichloro-4- 
hydroxybenzaldehyde (DCHB), 3,5-dibromo-4-hydroxybenzaldehyde 
(DBHB), 3,5-dichloro-4-hydroxybenzoic acid (DCHBA), 3,5-dichloro- 
salicylic acid (DCSA), 3,5-dibromo-salicylic acid (DBSA), 2,4,6-trichlor-
ophenol (TCP), 2,4,6-tribromophenol (TBP)) and Carbosynth (Compton, 
UK) (2,6-dibromo-1,4-benzoquinone (DBBQ) and 3,5-dibromo-4- 
hydroxybenzoic acid (DBHBA)) (Table S1). 

2.2. Cell culture 

Human placental choriocarcinoma JEG-3 cells (ATCC HTB-36) were 
routinely grown in MEM supplemented with 5 % FBS, 1 mM sodium 
pyruvate, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 1.5 g/L 
sodium bicarbonate, 50 U/mL penicillin and 50 μg/mL streptomycin. 
Human alveolar carcinoma A549 cells (ATCC CCL-185) were main-
tained in DMEM supplemented with 10 % FBS, 4 mM L-glutamine, 50 U/ 
mL penicillin and 50 μg/mL streptomycin. Both, JEG-3 and A549 cells 
were incubated at 37 ◦C and 5 % CO2 in a humidified incubator. When 
90 % confluence was reached, cells were dissociated with 0.25 % 
trypsin-EDTA for subculturing and experiments. 

2.3. Analysis of cell viability 

JEG-3 cells were plated at a density of 4 × 104 cells per well in a 96- 
plate well (Nunclon Delta Surface, Thermo, Roskilde, Denmark), incu-
bated overnight and exposed for 24 h to different concentrations of the 
selected haloaromatic DBPs or 0.1 % DMSO (solvent control). After 
washing with phosphate-buffered saline (PBS), cells were incubated for 
60 min in a solution of 5 % Alamar Blue (AB) and 4 μM CFDA-AM in 
mineral medium (Leibovitz L-15/ex). The fluorescence of AB and CFDA- 
AM were measured in a Tecan Infinite M Plex plate reader (Männedorf, 
Switzerland) at the excitation/emission wavelengths of 530/590 and 
485/530 nm, respectively. Cell viability was expressed as a percentage 
of the fluorescence measured in solvent control cells. 

2.4. Reactive oxygen species (ROS) 

The ability of haloaromatic DBPs to induce the production of ROS in 
JEG-3 cells was investigated using H2DCF-DA as a substrate, as 
described in Pérez-Albaladejo et al. (2023). JEG-3 cells seeded in 
96-well plates (4 × 104 cells/well) were washed with PBS and incubated 
for 30 min in a solution of 20 μM H2DCF-DA. After removing this so-
lution, cells were exposed to different concentrations of DBPs, 5 μM 
SIN-1 (positive control) or 0.1% DMSO (solvent control). The fluores-
cence was read after 15, 30, 60 and 120 min of exposure at the excita-
tion/emission wavelengths of 485/528 nm in a Tecan Infinite M Plex 
reader. ROS production was expressed as a percentage of the fluores-
cence measured in solvent control cells. Three independent experiments 
were performed in different days, and six replicates per plate were 
analyzed. 

2.5. Analysis of gene expression 

JEG-3 cells were plated in 6-well culture plates (106 cells/well) and 
exposed for 24 h to 5 μg/mL of DBPs in a final concentration of 0.1% 
DMSO. RNA isolation was carried out with TRIzol™ (Invitrogen Life 
Technologies, Carlberg, Denmark). The purity and quantity of the RNA 
were determined using a NanoDrop™ 8000 spectrophotometer (Thermo 

Scientific). The obtained RNA (5 μg) was treated with DNase I (Ambion, 
Austin, TX, USA) as described in Pérez-Albaladejo et al. (2023). Taqman 
Gene Expression Assays (Applied Biosystems, Thermo Fisher Scientific, 
Inc) were used to quantify the expression levels of cyp19a1 (cytochrome 
P450 family 19 subfamily A member 1), hsd3b1 (hydroxy-delta-5-steroid 
dehydrogenase, 3 beta- and steroid delta-isomerase 1); hsd17b1 
(hydroxysteroid 17-beta dehydrogenase 1); hsd17b12 (hydroxysteroid 
17-beta dehydrogenase 12); and gapdh (glyceraldehyde-3-phosphate 
dehydrogenase, used as the reference gene). The relative mRNA abun-
dance of each gene was calculated using the 2-ΔΔCp method (Livak and 
Schmittgen, 2001). 

2.6. Micronuclei formation in A549 cells 

Cells were seeded in 6-well plates (1.5 × 105 cells/well in 2 mL 
DMEM) containing 3 glass coverslips (Ø 12 mm; Marienfeld, Germany) 
as described in Pérez-Albaladejo et al. (2023). Cells were exposed to 
non-toxic concentrations of DBPs for 48 h, 0.25 μM mitomycin C (pos-
itive control) or 0.1 % DMSO (solvent control). After exposure, cells 
were washed, fixed with 4 % formaldehyde for 30 min, and stained with 
5 μM bisbenzimide (Hoechst 33342). Then, the coverslips were mounted 
with Vectashield H-1000 (Vector Laboratories, CA, USA). Images of each 
coverslip were obtained with an EVOS M7000 Cell Imaging System 
(Thermo Fisher Scientific). Individual images were taken in an area of 
the coverslip in the automated mode with autofocus; the images were 
then tiled and exported to Celleste 5.0 Image Analysis Software for the 
automatic counting of the nuclei. Micronuclei were manually counted 
on individual images following the criteria described in Fenech (2000). 

2.7. Analysis of lipids 

JEG-3 cells were seeded in 24-well plates (105 cells/well), and after 
24-h attachment, they were exposed to 0.5, 1 and 5 μg/mL of selected 
haloaromatic DBPs (DBBQ and DCBQ), or 0.1 % DMSO (solvent control). 
The haloaromatic DBPs and exposure concentration for lipid analysis 
were selected based on the high levels of ROS induction observed for 
these compounds. After 24 h of exposure, cell pellets were collected and 
stored at − 80 ◦C as described in Pérez-Albaladejo et al. (2019). Lipids 
were extracted with ethyl acetate (500 μL); the mixture was vortexed for 
1 min, incubated for 30 min at room temperature, and 
ultrasound-extracted for 5 min and the supernatant collected. This 
extraction cycle was repeated twice. The solvent was evaporated under a 
gentle stream of N2 and the extracts were stored under argon atmo-
sphere at − 80 ◦C. Flow injection analysis of reconstituted lipid extracts 
was conducted in an Orbitrap-Exactive mass spectrometer (Thermo 
Fisher Scientific) as described in (Pérez-Albaladejo et al., 2019). These 
analyses were done using a constant flow rate (50 μL/min) of methanol: 
dichloromethane (80:20, v/v) and full scan mass acquisition (m/z 
200–2000) and in positive (ESI+) and negative (ESI-) electrospray 
ionization modes. The duration of the analytical run was 2 min. Mass 
spectra were processed using Xcalibur 2.1 (Thermo Fisher Scientific, 
Bremen, Germany) and the lipid species were quantified (pmol/105 

cells) relative to internal standards. Based on the MS response observed 
for the internal standard mixture, only sodium adducts [M + Na+] were 
considered for ESI+, and single negatively charged ions [M-H] in ESI− . 
Mass peaks considered in ESI + corresponded to triacylglycerols (TG), 
diacylglycerols (DG), phosphatidylcholines (PC), PC-plasmanyl 
[PC-O]/PC- plasmalogen [PC-P]. In ESI-, phosphatidylethanolamines 
[PE], PE-plasmanyl [PE-O]/PE-plasmalogen [PE-P], phosphatidylser-
ines [PS], and phosphatidylinositol [PI] were identified. The internal 
standards used in the quantification process included 16:0D31–18:1 
phosphatidylcholine, 17:0 lyso-phosphatidylcholine, 15:0–18:1D7 
diacylglycerol, 1,2,3–17:0 triacylglycerol, 16:0D31 sphingomyelin, 
16:0D31 ceramide, 16:0D31–18:1 phosphatidylethanolamine, 
16:0D31–18:1 phosphatidylserine, and 16:0D31–18:1 phosphatidyli-
nositol (Avanti Polar Lipids, Inc., Alabama, USA). The relative standard 
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deviation (RSD) of the internal standards through the analytical batch 
ranged from 17 % to 30 % except for 1,2,3–17:0 triacylglycerol, which 
was comparatively higher (43 %). RSD of 10 no consecutives injections 
of external standards was satisfactory ranging from 8 % (PC) to 21 % 
(PS). 

2.8. Statistical analysis 

Dose-response curves and concentrations causing 50 % decline on 
cell viability (EC50) were calculated with Sigmaplot 13.0. Significant 
differences from controls were determined using one-way ANOVA with 
Dunnett’s post-hoc test using SPSS Statistics 27.0. Level of significance 
was set at p < 0.05. Lipid profiles were analyzed using Metaboanalyst 
5.0 (Pang et al., 2021). Prior to multivariate analysis, data were auto 
scaled by mean-centering and dividing by the standard deviation of each 
variable. Partial least square - discriminant analysis (PLS-DA) was per-
formed to compare the lipid profile of control and exposed cells, and to 
identify discriminant lipids based on the variable influence on the pro-
jection (VIP) parameter. The goodness of fit (R2) and the predictive 
ability of the model (Q2) were calculated to assess the quality of the 
multivariate approach. Volcano plots based on fold-change values > 1.5 
and a significance threshold of p < 0.05 (Student t-test) were used to 
visualize the significance and magnitude of the changes. 

3. Results 

3.1. Cytotoxicity and ROS generation 

Cell viability was assessed with two fluorescent reagents that esti-
mate the metabolic activity (AB) and membrane impairment (CFDA- 
AM) of cells. The most cytotoxic compounds were halobenzoquinones 
(DBBQ, DCBQ), and DBHB, with EC50 values between 22 and 33 μg/mL. 
The remaining DBPs tested showed no cytotoxicity in JEG-3 cells at 
concentrations below 100 μg/mL (Table 1). 

The generation of ROS was particularly high in cells exposed to 
0.5–10 μg/mL halobenzoquinones (DBBQ and DCBQ), with up to 80-fold 
induction observed after 15 min of exposure to 10 μg/mL. Over the 
course of the 180-min exposure period, ROS generation gradually 
decreased by up to 50-fold (Fig. 1). Exposure of JEG-3 cells to hal-
ophenols (TBP, TCP; 5–10 μg/mL) resulted in an increase in ROS gen-
eration (1.5–2.5-fold). Similarly, DCSA, DBHBA and DCHBA caused a 
slight increase (up to 1.5-fold) in ROS (Fig. 1), while DBSA, DBHB and 
DCHB did not significantly increase ROS production. 

3.2. Gene expression in JEG-3 cells 

Halobenzoquinones were the compounds with the highest ability to 
up-regulate the expression of cyp1a1 in JEG-3 cells after 24 h of exposure 
(up to 130-fold), far followed by DBHB (3-fold), DBSA (2.5-fold), DCHB 
(2-fold), and DCSA (1.5-fold) (Fig. 2A). The phenolic compounds (TBP, 
TCP) and halohydroxybenzoic acids (DBHBA, DCHBA) did not induce 
the expression of cyp1a1 (Fig. 2A). Additionally, DBBQ and DCBQ 

significantly up-regulated the genes involved in estrogen synthesis in 
JEG-3 cells, with cyp19a1 showing a 2-fold increase and hsd17b12 
exhibiting a 5-fold increase, whereas the expression of hsd17b1 was up- 
regulated by the remaining compounds, reaching a maximum of 2.5-fold 
induction (Fig. 2B). An overview of the expression of all these genes in 
control JEG-3 cells is given in Fig. S1 (Supplementary info). 

3.3. Analysis of micronuclei in A549 cells 

The genotoxic potential of haloaromatic DBPs was assessed by 
counting the micronuclei formed during the mitosis of exposed cells. The 
frequency of micronuclei induced by the positive control mitomycin 
(0.25 μM) was 28.4 ± 0.96 ‰, whereas control cells (0.1 % DMSO) had a 
micronuclei frequency of 1.84 ± 0.12 ‰ (for details see Table S2). 
Among the investigated DBPs, TBP and TCP showed significant geno-
toxicity when tested at a high concentration (100 μg/mL), inducing a 
frequency of micronuclei formation (29–31 ‰) comparable to that 
detected for mitomycin at a concentration 1000-fold lower. DBHB also 
induced the formation of micronuclei (17.5 ± 6.88 ‰) at the highest 
concentration tested (100 μg/mL) (Table S2). 

3.4. Lipidome of JEG-3 cells 

The lipidomic analysis identified 98 lipid species across 12 lipid 
subclasses, including cholesterol esters (CE), ceramides (Cer), DG, lyso- 
phosphatidylcholines (LPC), PC, PC-P, PE, phosphatidylglycerols (PG), 
PI, PS, sphingomyelins (SM), and TG in JEG-3 cells. The PLS-DA showed 
a segregation among lipid profiles of control cells and those exposed to 
the lowest concentration of DCBQ (0.5 μg/mL) (R2 = 0.951; Q2 = 0.659; 
41.7 % covariance). The lipids responsible for this discrimination were 
mainly membrane lipids (up-regulation of PCs, PC-P/PC-Os, LPCs, SMs; 
down-regulation of PEs) (for details see Fig. S2). When cells were 
exposed at a higher concentration of DCBQ (1 μg/mL), and additional 
down-regulation of PIs was detected. In contrast, no clear discrimination 
between the lipidome of control and exposed cells was induced by 
exposure to the brominated analog (DBBQ) at 0.5 μg/mL, while a weak 
discrimination was evidenced at 1 μg/mL by PLS-DA (R2 = 0.906; Q2 =
0.005; 36.5 % covariance). Similarly to DCBQ, the discriminant lipids in 
the case of DBBQ were membrane lipids (up-regulation of PC-P/PC-Os, 
LPEs, SMs; down-regulation of PEs, PIs) (Fig. S2). 

The univariate analysis confirms the findings of the PLS-DA and 
demonstrates a stronger impact of the chlorinated compound (DCBQ) 
compared to the brominated one (DBBQ) on the lipidome of placental 
cells. No significant changes were detected in the lipid composition of 
cells exposed to 0.5 μg/mL DBBQ. However, concentrations of 1 and 5 
μg/mL DBBQ resulted in a decrease in certain species of PEs, PIs, and 
PSs, along with an increase in monounsaturated and/or saturated SMs, 
PC-Os, and LPCs (Fig. 3A and B). On the other hand, even at the low 
concentration of 0.5 μg/mL, the chlorinated compound DCBQ produced 
a similar but much stronger effect. The volcano plots highlighted a 
decrease in several species of PEs, as well as PIs and PSs, all of them 
mainly located in the inner part of the lipid bilayer. Like the brominated 
benzoquinone DBBQ, exposure to the chlorinated compound resulted in 
an increase of monounsaturated and saturated SMs, LPCs, and PC-Os 
even at the lowest concentrations tested (Fig. 3C, D and E). 

4. Discussion 

This study aimed to investigate the toxicological potential of hal-
oaromatic byproducts formed during water disinfection, which are not 
currently regulated, but frequently detected at the ng/L to μg/L in dis-
infected waters (Kali et al., 2021; Yang et al., 2019). To address this 
research goal, we employed a battery of cell-based assays to evaluate 
various aspects, including cytotoxicity, generation of ROS, genotoxicity, 
ability to regulate the expression of steroidogenic genes, and potential to 
modulate the lipid composition of the cells. 

Table 1 
Concentrations of 2,6-dichloro-1,4-benzoquinone (DCBQ), 2,6-dibromo-1,4- 
benzoquinone (DBBQ) and 3,5-dibromo-4-hydroxybenzaldehyde (DBHB) lead-
ing to a 50 % decrease in cell viability (EC50) in JEG-3 cells after 24-h exposure. 
EC50 values are expressed as mean (μg/mL) ± SD of three independent experi-
ments, six replicates each. No decrease in cell viability was detected for other 
compounds tested at a maximum concentration of 100 μg/mL. AB: Alamar Blue; 
CFDA-AM: 5-carboxyfluorescein diacetate acetoxymethyl ester.  

Compound EC50 (AB) EC50 (CFDA-AM) 

DCBQ 28.6 ± 2.79 26.2 ± 1.92 
DBBQ 26.2 ± 1.61 22.2 ± 1.95 
DBHB 26.0 ± 2.66 32.9 ± 0.71  
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Among the 10 compounds tested, halobenzoquinones (DBBQ, DCBQ) 
and DBHB showed the highest cytotoxicity, with EC50 values ranging 
from 22 to 33 μg/mL, corresponding to 83–162 μM. These concentra-
tions are five to six orders of magnitude higher than those commonly 
detected in swimming pool or tap water, respectively. Our findings are 
consistent with the cytotoxicity data obtained for halobenzoquinones in 
T24 bladder cancer cells after 24 h of exposure (EC50 values of 142 μM 
and 95 μM for DBBQ and DCBQ, respectively) (Li et al., 2014), although 
DBBQ was slightly more toxic than its chlorinated analogue in placental 
cells. On the other hand, the cytotoxicity of halobenzoquinones in 
CHO–K1 cells was significantly higher (EC50 values of 26 and 32 μM for 
DBBQ and DCBQ, respectively) compared to the placenta and bladder 
cell models, with the brominated analogue showing slightly higher 
toxicity than the chlorinated one. Interestingly, halobenzoquinones and 
DBHB were less toxic than bromoacetic acid and iodoacetic acid, but as 
toxic or even more toxic than other haloacetic acids, including the 
regulated CAA, in human placental cells (7.5 to > 250 μM) 
(Pérez-Albaladejo et al., 2023). 

Oxidative stress has been identified as one of the main mechanisms 

of halobenzoquinones-induced cytotoxicity due to production of intra-
cellular reactive oxygen species (ROS), depletion of the cellular anti-
oxidant glutathione (GSH), inhibition of cellular antioxidant enzymes, 
and oxidative damage to DNA and proteins in Chinese hamster ovary 
(CHO–K1) cells (Li et al., 2014, 2016). Similarly, both DBBQ and DCBQ 
triggered a substantial increase in ROS production (80-fold) in human 
placental cells, significantly disrupting their cell redox status. In line 
with the cytotoxicity data, DCBQ induced more ROS formation in cells 
exposed at the lowest concentration (0.5 and 1 μg/L) compared to 
DBBQ. However, this trend shifted at the highest concentrations tested 
(5 and 10 μg/L). Trihalophenols (TBP, TCP) also showed a notable ca-
pacity to induce the generation of ROS (up to 2.5-fold). 

Elevated ROS levels can damage components of cell membranes, 
including lipid bilayer, causing substantial alterations in membrane 
permeability and integrity, and consequently, compromising membrane 
functionality. Accordingly, the lipidomic analysis evidenced that expo-
sure to halobenzoquinones resulted in the depletion of polyunsaturated 
lipid species that constitute the cytosolic part of the cell membranes, 
namely PIs, PEs, and PSs. It is known that oxygen radicals react with 

Fig. 1. Generation of reactive oxygen species (ROS) in JEG-3 cells after exposure to haloaromatic DBPs. Results are shown as fold induction over control cells, as 
mean ± SEM of at least three plates, each with 6 replicates. *Significant differences from control cells (dotted line). DBBQ: 2,6-dibromo-1,4-benzoquinone, DBHB: 
3,5-dibromo-4-hydroxybenzaldehyde, DBHBA: 3,5-dibromo-4-hydroxybenzoic acid, DBSA: 3,5-dibromo-salicylic acid, DCBQ: 2,6-dichloro-1,4-benzoquinone, DCHB: 
3,5-dichloro-4-hydroxybenzaldehyde, DCHBA: 3,5-dichloro-4-hydroxybenzoic acid, DCSA: 3,5-dichloro-salicylic acid, TBP: 2,4,6-tribromophenol, TCP: 2,4,6- 
trichlorophenol. 

Fig. 2. Relative expression of (A) cyp1a1, and (B) genes involved in the biosynthesis of estrogens in JEG-3 cells exposed to 5 μg/mL of haloaromatic DBPs for 24 h. 
Results are expressed as fold induction ± SEM (n = 8). *Significant differences from control cells (dotted line). DBBQ: 2,6-dibromo-1,4-benzoquinone, DBHB: 3,5- 
dibromo-4-hydroxybenzaldehyde, DBHBA: 3,5-dibromo-4-hydroxybenzoic acid, DBSA: 3,5-dibromo-salicylic acid, DCBQ: 2,6-dichloro-1,4-benzoquinone, DCHB: 
3,5-dichloro-4-hydroxybenzaldehyde, DCHBA: 3,5-dichloro-4-hydroxybenzoic acid, DCSA: 3,5-dichloro-salicylic acid, TBP: 2,4,6-tribromophenol, TCP: 2,4,6-tri-
chlorophenol, cyp19a1: Cytochrome P450 family 19 subfamily A member 1, hsd17b1: hydroxysteroid 17-beta dehydrogenase 1, hsd17b12: hydroxysteroid 17- 
beta dehydrogenase 12, hsd3b1: hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 1. 
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lipids containing carbon-carbon double bonds, especially poly-
unsaturated fatty acids that conform phospholipids (Martemucci et al., 
2022). As a consequence, there was a significant decrease in PEs, PSs, 
and PIs containing 1 to 3 double bonds and 34 to 38 carbons, along with 
an increase in saturated and monounsaturated SMs (16:0, 24:0; 24:1) 
and ether-linked PCOs (34:0, 36:1). These alterations could be attrib-
uted to the excess of ROS generated by both DBBQ and DCBQ and the 
elevated susceptibility of double bonds to oxidative modification. But 
also, these changes suggest that exposure to halobenzoquinones has led 
to increased catabolism of PEs, probably to form PCs via the phospha-
tidylethanolamine N-methyltransferase (PEMT) pathway, and increased 
synthesis of SMs from PCs (Li et al., 2006). The consequences of these 
changes for placenta physiology are not yet fully undestood. It is 
important to note that SMs, PEs, PIs, and PSs are essential components of 
cell membranes, contributing both to the structure (membrane curva-
ture, integrity, and fluidity) and function (cell signaling), and that 
changes in these lipids may affect membrane functionality. Thus, 
SM-rich microdomains have been implicated in chemoresistance. The 

balance Cer/SMs also plays a crucial role in regulating various inflam-
matory responses, and SMs are believed to be important for the activa-
tion of inflammatory cells (Taniguchi and Okazaki, 2021). It is also 
interesting to highlight that preeclampsia chorionic arteries exhibit a 
higher content of SM16:0, 18:0, C24:0 compared to normotensive ar-
teries, and increased levels of SMs have been detected in both tissue and 
plasma during preeclampsia (Del Gaudio et al., 2020; Dobierzewska 
et al., 2017). 

In addition to alterations in the lipidome, exposure to DBBQ and 
DCBQ resulted in a remarkable 100-fold induction in the expression of 
cyp1a1. This points to the activation of the aryl hydrocarbon receptor 
(AhR) by both halobenzoquinones, leading to increased expression of 
cyp1a1, which codifies for a CYP1A isoenzyme responsible for the 
oxidative metabolism of halobenzoquinones as well as a wide array of 
xenobiotics in placenta cells. In addition, both DBBQ and DCBQ were 
found to induce the expression of cyp19a1 in placental cells, while the 
rest of DBPs investigated did not modulate the expression of this gene 
involved in the aromatization of androgens into estrogens. This contrasts 

Fig. 3. Volcano plots that evidence differences in the lipid profile of JEG-3 cells exposed to various concentrations (0.5, 1 and 5 μg/ml) of the halobenzoquinones 2,6- 
dibromo-1,4-benzoquinone (DBBQ) (A, B) and 2,6-dichloro-1,4-benzoquinone (DCBQ) (C, D, E). Statistical significance (p-value; Student’s t-test) and fold-change 
(FC) are plotted on the y and x axes, respectively. The lipids highlighted in red (up-regulated) or blue (down-regulated) are significantly different (FC > 1.5; p 
< 0.05). LPC: lyso-phosphatidylcholine; PC-O: phosphatidylcholine-plasmanyl, PE: phosphatidylethanolamine, PI: phosphatidylinositol, PS: phosphatidylserine, SM: 
sphingomyelin. (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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with a previous study by Koch and Sures (2018) that reported that 9 μM 
TBP (3 μg/mL) had the capacity to stimulate cyp19a1 gene expression in 
H295 human placental cells. However, this effect was not detected in 
JEG-3 cells. Interestingly, in our study, not only halobenzoquinones, but 
the other investigated DBPs, up-regulated the expression hsd17b1, which 
encodes for a cytosolic enzyme that catalyzes the metabolism of estrone 
to estradiol. More recently, transcriptomic studies have revealed alter-
ations in the expression of androgen and estrogen-related genes in 
HepG2 cells after exposure to halophenolic DBPs (Li et al., 2023). These 
findings collectively highlight the complex and multifaceted impact of 
DBPs on gene expression, particularly in the context of hormonal 
regulation. These effects were observed at concentrations that are not 
environmentally relevant. However, due to the continuous exposure to 
DBPs and the complex mixtures of often unknown byproducts/meta-
bolites to which individuals are exposed, these findings should serve as a 
call to further investigate the potential role of DBPs, particularly DBBQ 
and DCBQ, as endocrine disruptors. 

While oxidative stress has been proposed as a pivotal mechanism 
underlying the cytotoxicity and genotoxicity induced by quinones 
(Sheng and Lu, 2017), our study did not detect a significant increase in 
micronuclei formation in A549 cells. This may be attributed to the long 
exposure time (48 h) compared to the short half-life of hal-
obenzoquinones in the culture medium (40 min in the case of DCBQ, as 
reported by Hung et al. (2019)). The instability of halobenzoquinones in 
culture medium may also have implications for the observed effects on 
cytotoxicity, lipid disruption and gene expression. Thus, the findings 
cannot be attributed exclusively to the tested halobenzoquinones but 
rather to their transformation byproducts, namely 
halo-hydroxyl-benzoquinones, which are stable in water and less toxic 
than halobenzoquinones (Wang et al., 2014). 

In our study, trihalophenols were identified as the most genotoxic 
among the haloaromatic compounds tested, capable of inducing chro-
mosomal damage and the formation of micronuclei in A549 lung cells 
after 48 h of exposure. However, these effects were observed at con-
centrations of 100 μg/mL (equivalent to 90 μM), significantly exceeding 
the concentrations of TBP detected in drinking water. Jansson and 
Jansson (1992) were the first to report the genotoxicity of TCP, 
observing 55 ‰ micronuclei formation in Chinese hamster V79 cells 
exposed for 24 h at 90 μg/mL. More recently, Liu et al. (2013) found a 
significant increase in micronucleus formation in erythrocytes of fish 
exposed to TCP over a period of 28 days. Both, TCP and TBP are widely 
used in various applications; for instance, TCP serves as an intermediate 
in the production of highly chlorinated phenols and is used as a pre-
servative and pesticide, whereas TBP is used as a flame-retardant. 
Consequently, these chemicals may enter the environment, and organ-
isms may be exposed through various sources beyond chlorinated water. 
Thus, TCP and TBP have been detected in wild organisms as well as in 
human blood and cord blood, at concentrations in the range of pg/g 
(Johnson et al., 2021; Koch and Sures, 2018). It is important to mention 
that these concentrations are below the levels that had a significant 
genotoxic effect in our study. Furthermore, it is worth noting the lower 
genotoxicity of haloaromatic DBPs in comparison to haloacetic acids, 
which induced the generation of micronuclei at 30 to 50-fold lower 
concentrations (Pérez-Albaladejo et al., 2023). 

5. Conclusions 

This study underscores the toxicological concern posed by hal-
obenzoquinones in terms of generation of elevated ROS levels and sig-
nificant alterations in placental cell lipid profiles, notably the loss of 
polyunsaturated lipid species. Although at concentrations in excess 
compared with the ones detected in swimming pool or tap water, all 
tested DBPs notably induced the expression of hsd17b1, potentially 
leading to an increased production estradiol. An estrogenic effect that 
was particularly prominent for halobenzoquinones, as they also induced 
an upregulation cyp19a1 expression. Given that water disinfection yields 

a mixture of numerous DBPs at variable and generally low concentra-
tions, further investigation into the synergistic effects of DBP mixtures is 
essential for a comprehensive understanding of DBP exposure and po-
tential risks to organisms. Furthermore, as lifetime exposure of humans 
to these DBP mixtures may be significant, the assessment of chronic 
toxicity effects remains a critical area for future research. This study 
highlights the complexity of DBP toxicity and emphasizes the impor-
tance of continued investigation into their environmental and health 
implications. 
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