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are largely unknown. Here, we investigated the long-term effects of 2,6-DCBQ on gonadal de-
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velopment by exposing zebrafish from 15 to 180 days postfertilization (dpf). Following expo-
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sure to 2,6-DCBQ (20 and 100 μg/L), female-specific effects including delayed puberty onset,
retarded ovarian growth and breakdown of the zona radiata were observed, resulting in sub-
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fertility in adult females. Adverse effects in folliculogenesis disappeared two months after

2,6-DCBQ

cessation of 2,6-DCBQ administration. In contrast, no adverse impacts were noted in male

Anti-estrogenic effects

testes. The effects on females were associated with significant reduction in 17β-estradiol

Folliculogenesis

(E2) level, suggesting a role for 2,6-DCBQ in anti-estrogenic activity. E2 level change in blood

Reproductive toxicity

was further supported by dysregulated expression of genes (cyp19a1a, fshb, kiss3, esr2b, vtg1,

Zebrafish

and vtg3) related to the hypothalamic-pituitary-gonad-liver (HPGL) axis. The present study

HPGL-axis

demonstrates for the first time that 2,6-DCBQ induces reproductive impairments in female
zebrafish through disrupting 17β-estradiol level.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Disinfection by-products (DBPs) are undesirable but are produced by unavoidable reactions of disinfectants in source
waters (Richardson et al., 2007; Hrudey and Charrois, 2012).
Over 600 DBPs have been identified in disinfected water
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(Richardson and Postigo, 2015), some of which were reported
to be linked to increased risks of cytotoxicity, genotoxicity,
asthma and skin rashes, bladder and colon cancer in humans
(Richardson and Postigo, 2012; Mazhar et al., 2020; Richardson
and Kimura, 2016; Plewa and Wagner, 2015; Villanueva et al.,
2004; Beane Freeman et al., 2017; Rahman et al., 2010). To date,
some of DBPs (haloacetic acids, chlorite, trihalomethanes and
bromate) have limits set by the U.S. Environmental Protection
Agency based on occurrence and toxicity-based evidence (Li
and Mitch, 2018; National primary drinking water regulations,
2006). Therefore, further studies are required to examine the
possible health risks of new DBPs exposure (Plewa and Wagner, 2015; Richardson and Plewa, 2020). As an emerging haloDBP, halobenzoquinones (HBQs) are frequently detected in tap
water and plant effluents (Zhao et al., 2010). For instance,
2,6-dichloro-1,4-benzoquinone (2,6-DCBQ), a typical HBQ, has
been frequently identified in aquatic environment at concentrations up to 275 ng/L in drinking water and 299 ng/L in swimming pool water in China or in the United States respectively
(Qin et al., 2010; Zhao et al., 2012; Li et al., 2021; Wang et al.,
2013).
2,6-DCBQ and the other three typical HBQs [2,6-dibromo-pbenzoquinone (2,6-DBBQ), 2,6-dichloro-3-methyl-1,4-benzoquinone (2,6-DC-3-MBQ) and 2,3,6-trichloro-1,4-benzoquinone
(2,3,6-TriCBQ)] were identified as new DBPs in 2010. 2,6-DCBQ
continues to receive attention due to its high toxic potency
and wide occurrence in drinking water (Zhao et al., 2010).
Studies based on quantitative structure-toxicity relationship
(QSTR) analysis demonstrated that 2,6-DCBQ is a potential
carcinogen (Bull et al., 2011). A strong in vitro cytotoxicity
of 2,6-DCBQ has been verified in a variety of cell lines such
as T24 human bladder cancer cell line and Chinese hamster ovary (CHO) cell line. Follow-up studies showed that 2,6DCBQ caused a series of adverse effects such as oxidative DNA
damage in E. coli cells, increase carcinogenic risk and inducing gene mutations (Chen et al., 2015). In addition, a study
in a related HBQ, 2,6-DBBQ, demonstrated that reactive oxygen species (ROS)-mediated oxidative stress pathways were
associated with inflammatory response pathways in nontransformed human cells (Procházka et al., 2019). Recent studies with larval zebrafish indicated that 2,6-DCBQ exposure resulted in significant teratogenicity including spinal malformation, tail deformity, cardiac edema and developmental delay
(Wang et al., 2018). Adverse effects of 2,6-DCBQ were also observed in oxidative stress [upregulated ROS and downregulated superoxide dismutase (SOD) production], DNA damage
(increased 8- hydroxydeoxyguanosine contents), lipid peroxidation [increased malondialdehyde (MDA) production] and
apoptosis occurrence (increased caspase-3 expression) in zebrafish (Sun et al., 2019). Besides, a recent study showed that
2,6-DCBQ exposure resulted in impairments in cardiovascular
and brain systems in adult zebrafish (Xiao et al., 2021). Another study in C. elegans also showed that 2,6-DCBQ exposure
caused lethality, reduction in respiration rate and DNA damage (Zuo et al., 2017). Although previous studies demonstrated
the potential toxicity of 2,6-DCBQ in different animal models
and indicated that 2,6-DCBQ induced toxicity mainly results
from ROS, a comprehensive understanding of the 2,6-DCBQ
toxicity and its potential mechanisms have not yet been fully
described, especially in the reproductive system.
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Reproductive development of animals plays important
roles in predicting environmental population stability. Epidemiologic studies have found that chlorinated water DBPs
exposure is closely linked to reproductive toxicity such as
adverse pregnancy outcomes, urinary tract anomalies and
semen quality (Reif et al., 1996; Graves et al., 2001; Luben
et al., 2007). Moreover, in mammalian models, evidence indicated that exposure to DBPs induces reproductive impairments including delayed follicle development, retarded fetal
growth and spermatotoxicity (Jeong et al., 2016; Tardiff et al.,
2006; Gonsioroski et al., 2020). To date, no research has been
conducted on the reproductive toxicity of 2,6-DCBQ in vivo.
Therefore, the potential risks associated with 2,6-DCBQ may
need to be concentrated on its possible reproductive effects in
fish.
Recently, the zebrafish has become one of the top leading
animal models to study reproductive toxicology (Dang, 2016).
It offers a number of advantages such as labile sex determination and gonad differentiation, fast development, and
amenability for pharmacological treatment (Santos et al.,
2017). In addition, aquatic environments are usually the ultimate sinks of DBPs. They accumulate in fish body tissues to
cause more harmful effects by biomagnification, thereby making fish an ideal model for studying the effects of DBPs on reproduction.
The present study aims to explore the impacts of 2,6-DCBQ
exposure on reproductive development of zebrafish, by evaluating phenotypic factors (body growth, gonadosomatic index,
GSI), sex ratio, histology of gonad, sex steroid hormones and
fecundity. We also investigated the possible mechanisms underlying 2,6-DCBQ impacts on key genes expression related
with HPGL axis. The findings of this study will help improve
our understanding of 2,6-DCBQ toxicity on fish reproductive
system.

1.

Materials and methods

1.1.

Chemicals

2,6-Dichloro-1,4-benzoquinone (2,6-DCBQ, CAS: 697-91-6, 98%
purity) and anesthetic (MS-222) were purchased from SigmaAldrich (St. Louis, MO). Zebrafish E2 enzyme-linked immunosorbent assay (ELISA) kit was supplied by GE Healthcare
(Piscataway, NJ). 2,6-DCBQ was dissolved in 100% methanol to
make a stock solution of 20 mg/ml and it was stored at -20°C.
Reconstituted treatment water contained methanol at a concentration less than 0.05% (V/V).

1.2.
Measurement of 2,6-DCBQ concentrations in
exposure solutions
The concentration of 2,6-DCBQ in each group was measured
at each sampling timepoint (2, 4 and 6 month). Briefly, 100 mL
water sample (n = 3) of each group was collected at the beginning (0 hr) and prior to water renewal (24 hr), stored at -80°C for
analysis. Water samples were condensed by freeze-drying, resuspended by methanol and vortex for 3 min, and centrifuged
at 12,000 r/min for 10 min. Waters Acquity UPLC I-Class FTN
system coupled to a Waters XEVO TQD tandem-quadrupole
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mass spectrometer (UPLC-MS/MS, Waters, Manchester, UK)
equipped with positive electrospray ionization (ESI) mode was
used for separating and quantifying 2,6-DCBQ. In details, separations were performed on a Waters Acquity UPLC BEH C18
(2.1 mm × 50mm, 1.7 μm) column. The mobile phase consisted
of (A) 0.1% formic acid in water and (B) 0.1% formic acid in
acetonitrile. The flow rate was 0.3 mL/min. The column was
equilibrated at 30°C, and the injection volume was 10 μL. The
limit of detection (LOD) was 1 μg/L.

1.3.

Zebrafish rearing and maintenance

Zebrafish line (AB strain) used in this study were bred and
maintained in our laboratory. The fish line was housed in a
recirculating aquaculture system (Z-A-D5, HAISHENG, China)
at 28 ± 1 ◦ C. Fish were fed twice per day with commercial dry
fish food (Nissin Marubeni) and live brine shrimp (Artemia)
at satiation level. All experiments were approved by the Animal Ethics Committee of Xuzhou Medical University and in
accordance with the Guide for the Care and Use of Laboratory
Animals of National Institutes of Health.

1.4.

Experimental design and sample collection

An impact evaluation of 2,6-DCBQ on sex differentiation, gonadal development and maturation was provided by collecting and maintaining newly fertilized eggs from wildtype (WT)
fish until the fish were acclimated to the treatment conditions (15 dpf). Juvenile fish at 15 dpf were randomly assigned
into groups (25 fish/group, 3 replicates) and exposed to vehicle
control, 20 and 100 μg/L 2,6-DCBQ. The 2,6-DCBQ treatments
were conducted in tanks containing 10 L water from 15 to 180
dpf, the period covering the process of gonadal development
including gonadal differentiation, puberty onset and sexual
maturation (Appendix A Fig. S1). We refreshed the water daily
to keep the 2,6-DCBQ concentration at a relatively constant
level. At 180 dpf (termination of treatment), the left fish were
moved to clean water until 240 dpf for further investigation
of reversibility of 2,6-DCBQ effects on female reproduction.
The 2,6-DCBQ dosages (20 and 100 μg/L) used here for studying reproductive effects were 60- and 12-fold lower than the
24 h-LC50 value (1200 μg/L) of 2,6-DCBQ in zebrafish embryos
(Wang et al., 2018).
Sample collections were conducted as follows: (1) The fish
from each group were randomly selected and euthanized with
MS-222 (200 mg/L). Each fish undergone photographic recording and body size measurement (weight and standard length).
Additionally, GSI values were calculated by the ratio of gonad
weight/body weight at 60 dpf in each group. (2) The fish were
used for section to assess the phenotype by histological observation at 60, 120, 180 and 240 dpf. (3) Four fish were randomly
picked from each group at 180 dpf for hormone and gene expression analysis.

1.5.

Blood E2 determination

Blood sampling (10-15 μL per fish) via the cardiac puncture
technique was refered to the procedures reported in our previous study (Song et al., 2020). Blood samples were incubated
(4°C, 30 min) first and afterwards centrifuged for 10 min at

5000 r/min. E2 levels were measured by ELISA kit (Neogen Corporation). We diluted the supernatant with ELISA buffer at
1:50. Following steps were conducted according to kit instructions, including enzyme conjugate, wash, substrate and incubation. The absorbance of the reaction solution was read on
the Infinite M200 PRO microplate reader (TECAN, Männedorf,
Switzerland) at 450 nm. Concentration values were calculated
by comparing absorbance of samples with a standard curve,
using the analysis tool provided by the kit’s website. Four female and male fish (180 dpf) were sampled for control and
100μg/L 2,6-DCBQ treatment group for analysis.

1.6.

Fertility test

The impacts of 2,6-DCBQ on fertility were investigated by pairing six exposed males from each group (2,6-DCBQ 20, 100 μg/L
and negative control) to untreated females, respectively. New
WT males and females were used each time. The spawning ratio refers to the ratio of spawned fish number/6 test fish. Each
group was counted ten times and the test was repeated alternate day from 150 to 170 dpf.
Accordingly, three exposed females (2,6-DCBQ 20, 100 μg/L)
were also selected to be paired to untreated WT males. The
total eggs produced by each group (three pairs) were counted,
and the test was repeated for 20 consecutive days at 2 days
interval. The fertilization rate refers to the ratio of fertilized
embryos/spawned embryos at 5 hpf. Survival rate and hatching rate were also calculated at 72 hpf.

1.7.
RNA extraction and quantitative Real-Time PCR
(qRT-PCR)
At 180 dpf, different tissues were homogenised and total RNA
was extracted by TRIzol (Invitrogen, Carlsbad, CA) as previously reported (Kwok et al., 2005, Chen and Ge, 2013). The
integrity of RNA samples (intact rRNA 28S/18S) was checked
by 1% agarose gel electrophoresis. Reverse transcription (RT)
reaction was conducted using Invitrogen SuperScript II. PCR
tubes were put on to a thermal cycler for a 2 hr-incubation at
37°C.
The gene expression analysis for HPGL axis was determined by qRT-PCR using ABI 7500 real-time system (ThermoFisher Scientific, Waltham, MA). The qRT-PCR procedures
were under the following conditions: 95°C 15 min and 38 cycles of 95°C for 20 sec, 72°C for 30 sec, and 84°C for 8 sec, followed by a melt curve analysis. The gene ef1α was chosen as a
housekeeping gene for normalization of results. Each sample
run in triplicate and data analysis followed the 2−Ct method
(Livak and Schmittgen, 2001). The specific primers used in
qPCR were listed in Appendix A Table S2.

1.8.

Histological analysis and sex ratio

20 sampled fish/time point (60, 120 and 180 dpf) were subjected to histology. The whole fish or gonads were dissected
and quickly fixed in 4% PFA solution for at least 24 hr, followed
by dehydration in ascending series of ethanol and infiltration
in paraffin (Leica, Wetzlar, Germany). Using Leica RM2235 microtome, the samples were sectioned at a thickness of 5- to 6μm. Standard hematoxylin and eosin (H&E) staining was per-
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formed for the sections from each block. Subsequent dehydration and mounting were conducted with Canada balsam.
All stained sections were examined and recorded under the
BX43 microscope with DP74 digital camera (OLYMPUS, Tokyo,
Japan). Histological sex determination was performed after 60
dpf based on sex ratios calculated.
The effects of long-term 2,6-DCBQ exposure on folliculogenesis were quantified by follicle composition in different stages, including PG, primary growth (stage I); PV, previtellogenic (stage II); EV, early vitellogenic stage (early stage
III); MV, mid-vitellogenic stage (mid stage III); LV, late vitellogenic stage (late stage III); FG, full-grown stage (stage IV)
(Chen and Ge, 2013; Liu et al., 2018; Li et al., 2011). Five individuals were examined and analysed at each time point and
each fish was averaged through three separate sections.

1.9.

Fluorescence in situ hybridization (FISH)

Briefly, the heads from adult fish (180 dpf) were fixed in 4%
PFA overnight, followed by dehydration, wax dipping, paraffin embedded, and sectioned longitudinally (5 μm). fshβ cDNA
of zebrafish was amplified with specific primers (Appendix A
Table S2). The amplicon was then purified and used as template for in vitro transcription, by fluorescein RNA labeling
kit (Roche, Mannheim, Germany), to prepare fshβ RNA probe.
FISH was conducted with the anti-sense RNA probes of fshβ
on the pituitary sections as previous reported (Chen et al.,
2017). The fluorescence signal was detected by the TSA Plus
Fluorescein/cy5/TMR System (PerkinElmer, Waltham, MA) and
recorded under the BX43 microscope with DP74 digital camera
(OLYMPUS, Tokyo, Japan).

1.10.

Statistical analysis

Data analysis and statistics were conducted by GraphPad
Prism 6 (GraphPad Software, San Diego, CA). The significance
of differences between the control and 2,6-DCBQ exposed zebrafish in expression levels of genes were analysed by Student’s t-test. Comparisons of differences among groups, including body growth, GSI, follicle composition, reproductive
performance, were conducted through one-way ANOVA analysis of variance followed by the Tukey multiple comparison
test. Values represent mean ± SEM unless otherwise stated.
p<0.05 was used to reflect statistical significance. All data are
representative of multiple independent trials (n≥3).

2.

Results

2.1.

Analysis of 2,6-DCBQ in treatment water samples

The actual concentrations of 2,6-DCBQ were measured before
(T24) and just after (T0) the refreshed treatment water samples at 60, 120 and 180 dpf. As shown in Appendix A Table S1,
concentrations in the solvent-control were below LOD. For the
treatment groups, the measured concentrations were consistent with nominal concentrations at T0 (89.1%-111.54%) but
were decreased at T24. Moreover, the concentration decrease
magnitude gradually increases with zebrafish growth. For sim-
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plification, the nominal concentrations were used to represent
the concentrations of 2,6-DCBQ in the following results.

2.2.
Effects of 2,6-DCBQ on body growth, sexual
differentiation, and gonadal development
To exclude the possibility that 2,6-DCBQ treatment scheme we
adopted cause significant toxicological effects, we examined
zebrafish body growth first (Fig. 1A-B). In general, neither body
length (BL) nor body weight (BW) differed significantly at low
(20 μg/L) and high (100 μg/L) 2,6-DCBQ concentrations compared with the control group at 60 dpf (F=1.94, p= 0.163 for
BL; F=0.226, p=0.799 for BW). To explore the effects on sexual
differentiation, we examined sex ratios at 60 dpf. Long-term
exposure to 2,6-DCBQ had no effects on the gonadal differentiation and sex ratio at the test concentrations (Fig. 1C). It
is worth noting that the GSI for female ovaries showed a significant decline with the increase of 2,6-DCBQ concentrations,
suggesting smaller ovaries of treated animals than those from
control group (Fig. 1D), but no significant alterations in the GSI
for male testes.

2.3.

Effects of 2,6-DCBQ on folliculogenesis

To examine whether 2,6-DCBQ exposure leads to disorders of
gonadal development, we performed histological analyses at
60, 120 and 180 dpf, time points at which that match up the
gonadal differentiation, puberty onset and maturation.
When examined at 60 dpf, all the control animals exhibited
normal folliculogenesis as expected. In contrast, long-term exposure to 2,6-DCBQ led to a significant suppression of ovarian
development and puberty onset (PG-PV transition). In teleosts,
the major landmark of puberty onset for females is the appearance of cortical alveoli in PV follicles, which occurs on
average 45 dpf. As shown in Fig. 2A, all ovaries in the 2,6DCBQ high group (100 μg/L) were arrested at PG stage. The low
concentration (20 μg/L) also seemed effective in postponing
female puberty onset by developmental delay of PV follicles.
However, the control individuals contained large numbers of
PV follicles, a marker used for puberty onset.
To identify whether 2,6-DCBQ interferes with ovarian maturation, we did further investigation on gonadal development
at 120 dpf. As shown in Fig. 2B, control ovaries showed all essential phases of folliculogenesis from the primary stage (PG)
to the full-grown (FG) stage whereas the follicles from 2,6DCBQ high concentration group were primarily arrested at PG
stage. In contrast, 2,6-DCBQ low concentration group exhibited that follicles could reach to or beyond the PV stage, sign
of pubertal onset. In addition, follicles with breakdown of the
zona radiata were observed in treatment groups. Effects of
2,6-DCBQ exposure on folliculogenesis were also confirmed by
quantitative analysis at 60 dpf, 120 dpf (Fig. 2C-D).
We subsequently extended the observation time of gonadal development to 180 dpf to explore whether the ovaries
in treated groups eventually mature. As shown in Fig. 3A, 2,6DCBQ exhibited a more prominent and long-lasting effect on
folliculogenesis in high concentration group. Although FG follicles can be observed in the high concentration group, the ratio of FG numbers is notably lower than that observed in the
control group and the low concentration group (Fig. 3B). To be

14

journal of environmental sciences 117 (2022) 10–20

Fig. 1 – Effects of 2,6-DCBQ exposure on body growth, sex determination and gonadal development. (A-B) Body length and
body weight were evaluated after 2,6-DCBQ exposure at 60 dpf. 2,6-DCBQ treatment started (0, 20 and 100 μg/L) from 15 dpf
to 60 dpf. One-way ANOVA was performed to analyze the data (F=1.94, p= 0.163 for BL; F=0.226, p=0.799 for BW, n = 10). (C)
Sex ratios of zebrafish in response to 2,6-DCBQ treatment from 15 to 60 dpf. Data represent mean ± SEM of 3 independent
experiments (n = 3). (D) Gonadosomatic index (GSI) values for control and 2,6-DCBQ-treated fish. The values represent mean
± SEM (n = 6) and letters indicate statistically significant difference among samples (p < 0.05).

Fig. 2 – Effects of 2,6-DCBQ on female puberty onset and sexual maturation. (A) Gonadal histology of zebrafish treated with
2,6-DCBQ (0, 20 and 100 μg/L) from 15 to 60 dpf. Individuals 1–5 are representative control group and 2,6-DCBQ groups,
respectively. The follicle activation was blocked after 45 days exposure to 2,6-DCBQ. (B) Histological assessment of gonads in
zebrafish exposed to 2,6-DCBQ (0, 20 and 100 μg/L) from 15 to 120 dpf. Individuals 1–5 are representative control group and
2,6-DCBQ groups, respectively. 2,6-DCBQ treatment significantly inhibits the maturation of ovarian. Black arrows indicate
breakdown of the zona radiata. (C-D) Follicle composition in the ovaries of control and 2,6-DCBQ-treated groups at 60 and
120 dpf respectively. The values represent mean ± SEM (n = 5). Letters indicate statistically significant difference among
samples (a-b for PG, a’-b‘ for PV and a“-b” for EV, p < 0.05).
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Fig. 3 – Effects of long-term 2,6-DCBQ exposure on ovary and secondary sexual characteristics. (A) Urogenital papilla, body
color and gonadal histology of fish from 2,6-DCBQ exposure group at 180 dpf. Red arrows indicate urogenital papilla. (B)
Ratio of FG follicle in ovaries of 2,6-DCBQ exposure group at 180 dpf. The retardation of follicle development persisted to
adult stage with decreased percentages of mature follicles. Letters indicate statistically significant difference among
samples (n = 5) (p<0.05). (C) Ratio of FG follicle in ovaries of 2,6-DCBQ exposure group at 240 dpf, two months after drug
cessation (180–240 dpf). The impairments of 2,6-DCBQ on ovarian appeared reversible in the absence of treatments. The
values represent mean ± SEM (n = 5). FG, full growth. ns, not statistically significant. Black arrows indicate breakdown of the
zona radiata.
noted, no obvious effects on secondary sexual characteristics
(SSCs) after long-term 2,6-DCBQ treatment were observed at
180 dpf, all females in treatment groups showing a protruding
urogenital papilla with a round body shape (Fig. 3A).
To test whether the adverse effects on folliculogenesis
were reversible, we examined the exposed fish at 240 dpf, two
months after termination of 2,6-DCBQ exposure. The ratios of
FG follicle between 2,6-DCBQ and control groups showed no
significant differences (Fig. 3C). The results indicated that the
impairments of 2,6-DCBQ on ovarian appeared reversible in
the absence of treatments.
Interestingly, 2,6-DCBQ showed gender-specific effects on
gonadal development, no obvious impairments were observed
on spermatogenesis. The testes in the 2,6-DCBQ treated
groups showed an entire range of spermatogenesis from spermatogonia to mature spermatozoa (Appendix A Fig. S2).

2.4.
Effects of 2,6-DCBQ on reproductive performance and
E2 level
To test whether long-term exposure to 2,6-DCBQ might cause
adverse effects on reproduction, we evaluated the fecundity of
treated females paired with untreated males and the spawn-

ing ratio of treated male by mating with untreated female. For
the fecundity (Fig. 4A), females from 2,6-DCBQ treated groups
were all fertile, however, the production of eggs was significantly lower than the control group. For the spawning ratio
of males, 2,6-DCBQ treated males were able to induce spawning in untreated females (Fig. 4B). After spawning, the eggs
fertilized by the follicles from 2,6-DCBQ treated females and
males showed normal developmental potential, similar with
the control group (Fig. 4C). No significant differences between
control and treatment groups were also found in survival and
hatching rates of F1 embryos (Fig. 4D-E).
It’s widely assumed that endogenous estrogens are essential for folliculogenesis. Therefore, we tested the serum estradiol level to clarify whether the observed reproductive toxicity of 2,6-DCBQ is linked with sex hormone disorders. The E2
levels were remarkably decreased in treated females but no
difference was observed between treated males and control
males (Fig. 4F).

2.5.
Effects of 2,6-DCBQ on transcription of genes related
to reproduction
To decipher the mechanism underlying reproductive impairments in 2,6-DCBQ treated females, we performed qPCR to
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Fig. 4 – Effects of 2,6-DCBQ on reproductive performance and E2 levels. (A) Fertility test of female fish treated with 2,6-DCBQ
(20 and 100 μg/L). Three females from each treatment group were randomly selected and paired to untreated males. The egg
number was calculated every other day (from 150 to 170 dpf, n = 10) (B) Spawning ratios of male fish treated with 2,6-DCBQ.
Six treated male fish from each treatment group were randomly selected and paired to untreated WT females, n = 10. The
spawning refers to the ratio of spawned fish number/ 6 test fish. (C-E) Rates of fertilization, survival and hatching of
embryos by fish from 2,6-DCBQ treatment groups, n = 10. (F) Serum estradiol levels in fish treated with 2,6-DCBQ. E2 levels
of adult fish (6 months) treated with 2,6-DCBQ. The values represent mean ± SEM (n = 4). One-way ANOVA with Tukey HSD
was performed to analyze the data. Letters indicate statistically significant difference among samples (p < 0.05).

quantify the mRNA levels of key hypothalamic-pituitarygonadal-liver (HPGL) axis genes at 180 dpf.
In adult females exposed to 2,6-DCBQ, the transcription
of brain gnrh2, gnrh3 and kiss1 remained unchanged, but
that of kiss2 was significantly increased (Fig. 5). Two master
gonadotrophic hormones released from the pituitary gland,
follicle-stimulating hormone (FSH) and luteinizing hormone
(LH), play critical role in reproductive development. A notable decrease in the transcription of fshb was observed in
2,6-DCBQ treated females compared with the solvent group,
but 2,6-DCBQ did not show significant effect on lhb expression. In the ovary, the transcription of fshr, lhcgr, cyp19a1a
and esr2b showed a remarkable downregulation upon exposure to 2,6-DCBQ, but there were no significantly altered
mRNA levels of sox9a and sox9b between 2,6-DCBQ and
control groups (Fig. 5). In addition, hepatic transcription of
vtg1 and vtg3 were significantly downregulated in treatment
group.
The decrease of fshb expression was further confirmed by
fluorescence in situ hybridization (FISH) in the pituitary. Fewer
fshb-expressing cells in the pituitary of 2,6-DCBQ treated females were detected compared with the solvent group (Fig. 6).
Transcription of genes related to male reproduction was
also examined, even though no significant impairments on
testis. In males, exposure to 2,6-DCBQ significantly enhanced
the transcription of amh, while no effects were observed for
expression of dmrt1 and gsdf (Fig. 5).

3.

Discussion

As an emerging disinfection by-product, 2,6-DCBQ is frequently detected in diverse chlorinated waters (swimming
pools, drinking water) at concentrations potentially threatening the health of aquatic organisms. Herein, we used zebrafish
as the model organism to assess 2,6-DCBQ induced disorders
of reproductive development and to reveal its possible mechanism. Our results showed that 2,6-DCBQ performed adverse
effects on female folliculogenesis at multiple endpoints via reducing plasma E2 level, indicating an anti-estrogenic activity
of 2,6-DCBQ. Meanwhile, the 2,6-DCBQ exposure strongly suppressed the transcription of fshb, cyp19a1a, fshr, lhcgr, esr2b and
vtg1 in the HPGL axis of females. This demonstrated that 2,6DCBQ could alter the transcription of genes associated with
the reproductive endocrine system and affect gonadal development in female zebrafish.
To explore the effects of 2,6-DCBQ on reproductive development, we first examined the GSI values, a common indicator of environmental pollutant inducing gonadal impairment (Hutchinson et al., 2006). A specific significant decrease
in GSI values for females but not males exposed to 2,6DCBQ suggests that this chemical leads to gender-specific effects on gonadal development. The alterations of GSI values
are usually accompanied by histological changes in gonads
(Louiz et al., 2009). Therefore, histological examinations of go-

journal of environmental sciences 117 (2022) 10–20

17

Fig. 5 – Effects of 2,6-DCBQ on transcription of genes related to reproduction in zebrafish exposed to 2,6-DCBQ 100 μg/L from
15 to 180 dpf. Data represent mean ± SEM of 4 independent experiments. ∗ p < 0.05, and ∗∗ p < 0.01. ns, not significant.

Fig. 6 – FISH assay on fshb expression in female zebrafish pituitary exposed to 2,6-DCBQ (100 μg/L) from 15 to 180 dpf.
Compared with control, 2,6-DCBQ exposure remarkably downregulated fshb expression (green color). DAPI (blue) represents
the nuclei.
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nads at different stages were conducted to further confirm
2,6-DCBQ induced reproductive impairments. As expected, a
concentration-dependent suppression of folliculogenesis was
found after long-term treatment of 2,6-DCBQ. The follicle activation was blocked after 45 days exposure to 2,6-DCBQ, resulting in pubertal delay or failure even at low exposure concentration (20 μg/L). When examined at 120 dpf, even though
follicles could reach to or beyond the PV stage (sign of pubertal onset) in treatment groups, follicle development in 2,6DCBQ groups still delayed compared to that of control group.
To be noted, the retardation of follicle development persisted
to adult stage with decreased percentages of mature follicles
at 180 dpf. Interestingly, the effects of folliculogenesis seem to
be reversible. Our data provide strong evidence that long-term
exposure to 2,6-DCBQ can significantly suppress the process
of folliculogenesis but the impairment is not permanent. For
male, 2,6-DCBQ did not exhibit obvious effects on testes for
no difference in spermatogenesis was observed between the
control and 2,6-DCBQ treatment groups.
The reproductive performance of aquatic species is related
to maintain the stability of animal population and aquatic
ecosystems (Nassar and Fahmy, 2016; Arcand-Hoy and Benson, 1998). Here, we found that the suppression of ovarian development in 2,6-DCBQ exposure groups resulted in a significant decrease in fecundity. Our data showed compelling evidence for the adverse effects of 2,6-DCBQ on ovarian development and reproductive capacity.
In vertebrates, estrogens are well noted to be indispensable in promoting folliculogenesis and maintaining reproductive capacity (Baroiller et al., 1999; Guiguen et al., 2010). Our
previous study showed that all individuals without ovarian
aromatase (cyp19a1a-/-) were males due to lack of endogenous estrogen, supporting the understanding that E2 is essential for driving ovarian formation and development (Song
et al., 2020; Lau et al., 2016). Other investigations revealed that
chemicals with anti-estrogenic activity, such as fluorene-9bisphenol, fadrozole, and semicarbazide, disrupt ovarian development and maturation through suppression of endogenous estrogen production (Mi et al., 2019; Takatsu et al.,
2013; Yu et al., 2016). Here, we found that long-term exposure to 2,6-DCBQ significantly downregulated serum E2 level,
suggesting that female reproductive impairments were mediated by decreasedestrogen levels. Interestingly, alterations in
E2 levels showed gender specificity in the present study, probably due to the diversity in reproductive characteristics of females and males, thus leading to the respective phenotypic
differences to chemicals (Cummings et al., 2007; Manach et al.,
2016).
Reduction of E2 levels in females has been related with
alterations in the HPGL axis (Hachfi et al., 2012). Our results
showed that genes in the HPGL axis related to reproductive development (cyp19a1a, fshb, fshr, lhcgr, kiss3, esr2b, vtg1, and vtg3)
were notebly altered after 2,6-DCBQ exposure. In the hypothalamus, 2,6-DCBQ exposure increased the expression level of
kiss3 and gnrh3 in female treatment group. It’s well known that
kiss, gnrh and other neuropeptides interact to regulate reproductive system in zebrafish via affecting the synthesis and release of FSH and LH (Somoza et al., 2020). Here, the upregulation of kiss3 expression may reflect a negative feedback effect
of the reduced E2 and gonadotropin levels.

Gonadotropins (FSH and LH) and sex steroid hormones
(E2 and T) are key hormones in the HPGL axis (Kwok et al.,
2005). Here, we found that 2,6-DCBQ inhibited the expression of fshb in female pituitary. FSH is essential for promoting production of estradiol in females, FSH-deficient zebrafish
(fshb-/-) displaying a significant delay of ovary development
(Zhang et al., 2015). Therefore, the suppression of fshb expression after 2,6-DCBQ treatment may decrease E2 level, leading
to the delay of folliculogenesis and impairment of fecundity.
In zebrafish, the ovarian aromatase (cyp19a1a) mainly responsible for producing endogenous estrogen (Lau et al., 2016).
Alteration of aromatase expression has been regarded as a
key indicator for the endocrine disruption after chemical exposure (Cheshenko et al., 2008). As expected, 2,6-DCBQ treatment significantly downregulated the expression of cyp19a1a,
resulting in the reduction of E2 level. Correspondingly, the
inhibition of E2 level downregulated the expression of vitellogenin (VTG), which provides nutrients through blood circulation for oocyte maturation and yolk biosynthesis (Clelland
and Peng, 2009). The disruption of VTG also explained well
that the percentages of mature follicles were obviously reduced in adult females after 2,6-DCBQ treatment. Similar
studies have shown that environmental pollutants impair the
ovarian development though inhibiting the VTG (Li et al.,
2020; King Heiden et al., 2006; Xiao et al., 2018). Additionally, our study also showed a reduction of transcription levels
of esr2b in adult females, which was consistent with the decreased E2 levels. We therefore suggest that the dysregulation
of cyp19a1a, fshb, fshr, lhcgr, esr2b and vtg involves in mediating
adverse effects of 2,6-DCBQ on female reproductive development.

4.

Conclusion

This study indicated that 2,6-DCBQ exerted anti-estrogenic
effects by decreasing plasma E2 concentrations in female
zebrafish. Dysregulation of the expression of reproductionrelated genes, including cyp19a1a, fshb, fshr, lhcgr, kiss3, esr2b,
vtg1, and vtg3, contribute to the reduction of plasma E2 level.
Therefore, long-term 2,6-DCBQ exposure induced a significant
retardation of folliculogenesis in female and would eventually affect their reproductive performance. The findings of the
present study provide new insight into the adverse effects of
2,6-DCBQ on reproductive development. Given the widespread
use of 2,6-DCBQ, its existence in the aquatic environment
and the risk of reproductive impairments on aquatic animals
should call attentions.
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