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A B S T R A C T

3,4-dichloroaniline (3,4-DCA) and 4,4′-methylenedianiline (4,4′-MDA) have been widely used in manufacture of
many industrial and consumer products, and hence often detected in aquatic environment. Reproductive toxicity
of aniline and its derivatives in aquatic organisms has been suggested, however, knowledge on the endocrine dis-
ruption potentials and toxicological consequences of both anilines are not well understood, especially in fish. In
this study, we aimed to understand the effects of 3,4-DCA and 4,4′-MDA on sex hormone regulation and repro-
duction of adult zebrafish (Danio rerio). Following 21 d exposure, significant decreases of the reproduction were
observed at 0.38 mg/L 3,4-DCA, and 4.6 mg/L 4,4′-MDA. Moreover, plasma concentrations of testosterone (T)
and 17β-estradiol (E2) level were significantly decreased in both male and female fish following the exposure.
The sex hormone changes could be explained by the regulatory changes of the genes along the hypothalamic-pi-
tuitary-gonadal (HPG) axis, including significant down-regulation of steroidogenic acute regulatory protein (star)
and cytochrome P450 family 19 subfamily A (cyp19a) genes in the gonad. Moreover, inhibition of gonadotropin
hormone signaling and prostaglandin-endoperoxide synthase 2 (ptgs2) gene expression were observed, suggesting
potential disruption of oocyte maturation and ovulation by the exposure. Our observations indicate that 3,4-DCA
and 4,4′-MDA can impair reproduction of zebrafish potentially through disruption of steroid hormone synthesis
and ovulation.

© 2020

1. Introduction

Aniline is an aromatic amine family with hundreds of derivatives.
Among them, 3,4-dichloroaniline (3,4-DCA) and 4,4′-methylenediani-
line (4,4′-MDA) are two most widely used aniline derivatives, and are
classified as high volume production chemicals in several countries such
as USA, EU, and Korea (Di Girolamo et al., 2009; European Com-
mission, 2012, 2012; Ministry of Environment, 2007; Sihtmäe et
al., 2010; US EPA, 2009). 3,4-DCA has been used in herbicides, dyes,
and paints as precursors or intermediates (Mattarozzi et al., 2013;
Saleh et al., 2016; Yuan et al., 2017), and 4,4′-MDA in industrial
polyurethane, flexible and rigid foams, elastomers, adhesives, binders,
coating, and paints (Lewis, 2007; Mattarozzi et al., 2013).

Since 3,4-DCA can easily enter the environment not only during the
manufacturing processes but also following the application (European
Commission, 2006), this compound has been frequently detected in
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the environment especially in the water (Boulahlib et al., 2016; Ju-
rado-Sanchez et al., 2012; Saleh et al., 2016; Yao et al., 2011;
Zhao et al., 2001). In USA, 3,4-DCA has been detected in the Sope
Creek and Chattahoochee River at concentrations up to 68.2 ng/L (US
Geological Survey, 2012). As a building block of many chemicals, the
parent compounds of anilines that are used as herbicides and drugs are
also detected in the aquatic environment (Balakrishnan et al., 2012;
Sapozhnikova et al., 2013). For example, diuron, a parent compound
of 3,4-DCA, was detected in the harbor area at up to 230 ng/L, and up
to 1360 ng/L in the fishing port area of Jinhae Bay, Korea (Kim et al.,
2014).

While environmental occurrences have seldom been reported,
4,4′-MDA can also enter the environment through industrial effluents
or through leaching from the consumer materials such as rubber prod-
ucts and adhesives during the use. In addition, 4,4′-MDA can be gen-
erated from the residual isocyanates remaining in polyurethane adhe-
sive (Campanella et al., 2015; Pezo et al., 2012; Rubio et al.,
2014). Once released into the environment, 4,4′-MDA can bind cova-
lently with the organic matters in the soil and sediment, and therefore is
not readily degradable in the environment (ATSDR, 1998). This aniline
derivative is included in the human biomonitoring for European Union
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(HBM4EU) as one of priority chemicals for biomonitoring (HBM4EU,
2017).

3,4-DCA was reported to affect the development and reproduction
of aquatic organisms, and its toxicity was greater than that of its par-
ent herbicide, i.e., diuron (Bozena and Danuta, 1998; Palau-Casel-
las and Hutchinson, 1998; Ramos et al., 2002). In a freshwater
cladoceran, Daphnia magna, 3,4-DCA influenced reproduction rate and
the age of first reproduction, at the concentration as low as 9 μg/L (Tru-
betskova and Lampert, 2002). In a freshwater rotifer, Brachionus ca-
lycforus, significant decreases of net reproductive rate, generation time,
and reproduction were observed at 2.5 mg/L (Ferrando et al., 1993).
3,4-DCA has also been reported to cause dose-dependent growth retar-
dation and malformation in a larval rare minnow (Gobiocypris rarus)
(Zhu et al., 2013).

In addition, experimental evidences suggest endocrine disruption po-
tentials and associated consequences of the aniline derivatives (Holm
et al., 2015). For example, estrogenic effect of 3,4-DCA, i.e., increased
17β-estradiol (E2) in female and decreased testosterone (T) in male fish,
was observed in Nile tilapia (Oreochromis niloticus) (Pereira et al.,
2015, 2016). Previously, we have reported significant decreases of T
and E2 concentrations in adult male zebrafish (Danio rerio) along with
down-regulation of some steroidogenic genes following 14 d exposure
to 3,4-DCA and 4,4′-MDA (Bhuiyan et al., 2019). However, there re-
mains a significant knowledge gap on the detailed mechanism of sex
hormone disruption induced by the aniline derivatives, and their effects
on reproduction.

The purpose of this study was to investigate the effects of 3,4-DCA
and 4,4′-MDA on sex hormone regulation and reproduction in adult ze-
brafish. Zebrafish has been frequently used for investigating sex hor-
mone disruption and related mechanisms by exposure to environmental
chemicals (Ji et al., 2013; Liu et al., 2012; Ma et al., 2012; Segner,
2009; Sohn et al., 2016; Wang et al., 2015). The results of this study
will help understand the endocrine disruption potentials induced by the
exposure to two most widely used anilines, and attract follow-up inves-
tigations on ecological consequences of 3,4-DCA and 4,4′-MDA exposure
in aquatic ecosystem.

2. Material and methods

2.1. Chemicals

3,4-DCA (CAS No. 95-76-1, purity: ≥98%) and 4,4′-MDA (CAS No.
101-77-9, purity: ≥97%) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). As a solvent, dimethyl sulfoxide (DMSO) was used. The final
concentration of DMSO in the exposure media was set at 0.005% (v/v).

2.2. Zebrafish maintenance and exposure

Both male and female adult zebrafish (wild type, 6 months old) were
purchased from a commercial vendor (Green Fish, Seoul, Korea). The
fish were then acclimated in the laboratory at least for 15 d before be-
ing used for the experiment. The water temperature was maintained
at 26 ± 1 °C, and the photoperiod was set at 14:10 h light:dark. The
exposure concentrations for 3,4-DCA were determined at 0.024, 0.12,
and 0.6 mg/L; and for 4,4′-MDA were 0.2, 1.0, and 5.0 mg/L, in addi-
tion to water control (C) and solvent control (SC), based on the results
of preliminary range-finding experiments. For the range-finding experi-
ments, fish were exposed to each target compound for 7 d at several se-
rially diluted concentrations (three replicates per concentration, five fish
per replicate). The exposure media was renewed, and the fish survival
was checked daily during the range-finding tests. The concentrations at
which less than 10% of fish died were chosen as the experimental con-
centrations for the definitive tests.

For a fish short-term reproduction assay, OECD test guideline 229
was followed, with minor modifications on the fish sex ratio and water

renewal (OECD, 2009). The fish were fed with freshly hatched Artemia
nauplii twice a day. During the exposure, about 90% of the exposure me-
dia were renewed daily with freshly prepared media. The water quality
parameters including dissolved oxygen, conductivity, temperature, and
pH were monitored between the media renewal.

Before the exposure, the pairs of fish were allowed to mate for 7 d
to confirm similar fecundity across the mating pairs. For exposure, eight
replicates per treatment or control were prepared, with two male and
two female fish in a replicate (Fig. 1). During the exposure duration, the
number of embryos produced (reproduction) was counted every morn-
ing approximately 30 min after the lighting. At the conclusion of the
21 d exposure, fish were sacrificed, and the samples including blood,
brain, and gonad were sampled. The fish blood was collected from the
caudal vein using a capillary tube. Because of the limited sample vol-
ume, the blood samples from four fish of the same sex, obtained from
two replicates, were pooled for one measurement. For each treatment
or control, therefore, four pooled blood samples were prepared. The
pooled blood was then centrifuged (8000 rpm for 10 min at 4 °C) and
the plasma was separated and stored at −80 °C. Brain and gonad sam-
ples were also pooled: The samples collected from three fish of the
same sex, randomly obtained from two replicates, were pooled (n = 4
per treatment). These pooled organs were stored at −80 °C until analy-
sis for gene transcription. This work was approved by the Institutional
Animal Care and Use Committee (IACUC) of Seoul National University
(SNU-190114-5).

2.3. Chemical analysis in fish exposure media

The test chemicals were measured in the fish exposure media be-
tween water renewal, i.e., at the beginning (0 h) and after the 24 h of
the exposure (Bhuiyan et al., 2019). Briefly, 1 mL of the media was
sampled, and analyzed using an ultra-high pressure liquid chromatog-
raphy (UHPLC) system (Nexera, Shimadzu Corporation, Kyoto, Japan)
coupled with API 4500 Triple Quadrupole Mass Spectrometry System
(AB SCIEX, Ontario, Canada). Details of analytical procedures are de-
scribed in Bhuiyan et al. (2019) The limit of detection was 0.22 ng/
mL for 3,4-DCA, and 0.15 ng/mL for 4,4′-MDA. The average concentra-
tions of the 0 h and 24 h water measurements were used for presenta-
tion of the results throughout this study (Table S1; Bhuiyan et al.,
2019).

2.4. Measurement of sex hormones and related gene expressions

Two sex hormones, i.e., E2 and T, were measured in the blood
plasma of male and female zebrafish. Commercial kits employing en-
zyme-linked immunosorbent assay (ELISA) (Cayman Chemical; E2 [Cat
No. 582251] and T [Cat No. 582701]) were used for this purpose.
Briefly, hormone extraction was performed using 10 μL of fish plasma.
The plasma was diluted to 400 μL with ultrapure water. Then, 2 mL of
diethyl ether, an extraction solvent, was added to the diluted sample

Fig. 1. Experimental design to investigate the effects of 3,4-DCA and 4,4′-MDA on sex hor-
mone regulation and reproduction of adult zebrafish following 21 d exposure.
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and the sample was centrifuged (2100 g, 10 min). After the centrifuga-
tion, the upper layer was collected. This extraction procedure was re-
peated twice. The extraction solvent of the entire samples was evap-
orated under the nitrogen flow. The dried samples were diluted with
120 μL EIA buffer and used for the hormone measurement (Ji et al.,
2010).

For major genes of hypothalamic-pituitary-gonadal (HPG) axis, the
tissue samples, i.e., brain and gonad, were homogenized before the
total RNA isolation. The extraction of total RNA was carried out us-
ing RNeasy mini kit (Qiagen, Valencia, CA, USA) following the manu-
facture's instruction. The complementary DNA (cDNA) was synthesized
with 100 ng/μL of the extracted RNA, using an iScriptTM cDNA syn-
thesis kit (BioRad, Hercules, CA, USA). The concentration and purity
of the extracted RNA and synthesized cDNA were confirmed by mea-
suring absorbance of 260 and 280 nm using Epoch™ microplate reader
(BioTek, Winooski, VT, USA). Light Cycler 480 (Roche Applied Sci-
ence, Indianapolis, IN, USA) was employed for qRT-PCR. As a refer-
ence gene, β-actin was selected, because this gene was found most sta-
ble among three candidate housekeeping genes of β-actin, ribosomal pro-
tein L8 (rpl8), and 18s ribosomal RNA (18srrna) following the exposure
to both anilines in brain and gonads of male and female fish (results not
shown). The relative transcription of each target gene was normalized
with that of β-actin. The expression level was calculated by the thresh-
old cycle (Ct) number using the ΔΔCt method (Livak and Schmittgen,
2001). The primer sequences of the genes investigated in this study
were based on Ji et al. (2013), and this information is shown in Ta-
bles S2 and S3.

2.5. Statistical analysis

Shapiro-Wilk's test and Levene's test were used for assessment of nor-
mality of data and homogeneity of variances, respectively. Log-transfor-
mation was performed on the data which did not follow a normal distri-
bution. To compare the differences between the treatments and the con-
trol, one-way analysis of variance (ANOVA) followed by Dunnett's test
was conducted. All the statistical analyses were carried out using SPSS
23.0 for Windows (SPSS Inc., Chicago, IL, USA). The P < 0.05 was con-
sidered as statistically significant.

3. Results

3.1. Effects on reproduction

At the maximum experimental concentration, both 3,4-DCA and
4,4′-MDA showed significant reduction in embryo production per
spawning event (Fig. 2A). In addition, the cumulative number of em-
bryos and the number of spawning events significantly decreased at the
highest concentration of each chemical (Fig. 2B and C). Between the
control and solvent control, the reproduction was not different (data not
shown).

3.2. Plasma sex hormones

The levels of both sex hormones were altered after the exposure to
3,4-DCA and 4,4′-MDA, in both male and female zebrafish. In male fish,
significant decreases in T and E2 level were observed at 0.38 mg/L of
3,4-DCA, and 0.58 and 4.6 mg/L of 4,4′-MDA (Fig. 3A and B). In addi-
tion, a decrease of E2 level was observed at 4.6 mg/L of 4,4′-MDA. In
female fish, decrease of both T and E2 was also observed. For 3,4-DCA,
the extent of E2 decrease was greater than T in both male and female
fish, and therefore E2/T ratios decreased by the exposure. For 4,4′-MDA
exposure, T decrease was much greater in the male fish, and therefore
higher E2/T ratio was observed (Fig. 3C).

3.3. Regulation of major steroidogenic genes in the HPG axis

Following exposure to both aniline derivatives, significant regula-
tory changes were observed for major steroidogenic genes in both sexes
(Figs. 4 and 5; Tables S4 and S5). The transcriptional changes of
major genes observed for each sex and organ following exposure to
3,4-DCA and 4,4′-MDA are summarized in Figs. 4 and 5, respectively.

3.3.1. Brain
A significant up-regulation of gonadotropin releasing hormone 2 (gn-

rh2) gene was observed in both male and female brain at the highest
exposure level of 4,4′-MDA. However, following 3,4-DCA exposure, this
gene was up-regulated only in the female brain (Figs. 4 and 5). For gn-
rh3 gene, 4,4′-MDA exposure resulted in different pattern of regulatory
change by sex, i.e., down-regulation in male, and up-regulation in fe-
male (Fig. 5). Following exposure to 3,4-DCA at 0.38 mg/L, gnrh3 gene
was up-regulated in the male fish (Fig. 4).

Following exposure to 3,4-DCA, two pituitary genes (gnrhr2 and gn-
rhr4) were up-regulated in the male fish, but gnrhr1 was up-regulated
only in the female at the highest exposure level (Fig. 4). Similarly, fol-
lowing exposure to 4,4′-MDA, gnrhr1 gene was up-regulated, whereas
gnrhr2 was down-regulated in the male (Fig. 5). A significant down-reg-
ulation of follicular stimulating hormone β (fshβ) was observed in the
male fish following exposure to both anilines. The fshβ gene was also
down-regulated in the female following 3,4-DCA exposure. In addition,
luteinizing hormone β (lhβ) gene was down-regulated by 4,4′-MDA expo-
sure. The cyp19b gene was down-regulated in both male and female fish
upon the exposure to both compounds. A significant down-regulation of
estrogen receptor α (erα) was observed in the female by both the com-
pounds, while erα, er2β, and androgen receptor (ar) genes were signifi-
cantly up-regulated following 4,4′-MDA exposure. The expression of erα,
er2β, and ar genes were not affected in the male fish following 3,4-DCA
exposure.

3.3.2. Gonad
Significant transcriptional changes were observed for several major

genes in the testis and ovary at the highest experimental concentra-
tion of each compound (Figs. 4 and 5). After exposure to 3,4-DCA,
fshr gene was down-regulated only in the ovary while no changes were
observed for lhr gene in both male or female gonads. Following expo-
sure to 4,4′-MDA, lhr gene was down-regulated in both testis and ovary,
while fshr gene was significantly down-regulated in the testis but up-reg-
ulated in the ovary. The 3-hydroxy-3-methylglutaryl-CoA reductase a (hm-
gra) gene was down-regulated in the testis, but no changes were ob-
served in the ovary. A significant up-regulation was observed for hmgrb
gene in the ovary by 4,4′-MDA exposure. The star and cyp19a genes were
significantly down-regulated in both male and female gonad after ex-
posure to both compounds. In addition, significant down-regulations of
cytochrome P450 family 11 subfamily A (cyp11a) and 17β-hydroxysteroid
dehydrogenase (17βhsd) were observed by 3,4-DCA and 4,4′-MDA expo-
sure, respectively. A significant up-regulation of 3βhsd and cyp17a genes
were also observed in both male and female gonads following 4,4′-MDA
exposure. On the other hand, ptgs2 gene, which is related to oocyte mat-
uration and ovulation, was significantly down-regulated in both testis
and ovary by 4,4′-MDA, and in the testis by 3,4-DCA (Fig. 5).

4. Discussion

Significant decrease in reproduction (Fig. 2), disruption of sex hor-
mone regulation (Fig. 3), and alteration of several HPG genes (Figs. 4
and 5) observed in this study demonstrate sex hormone disrupting po-
tential of 3,4-DCA and 4,4′-MDA in zebrafish. This study, for the first
time, reports impaired reproduction of zebrafish by 3,4-DCA or 4,4′-
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Fig. 2. Effects of 21 d exposure to 3,4-DCA and 4,4′-MDA on the reproduction of zebrafish. A: Embryo production/per breeding tank/spawning; B: Cumulative embryo production/breed-
ing tank); C: Spawning events/breeding tank. One breading tank represents two pairs of zebrafish (n = 8). Asterisk represents a significant difference (p < 0.05) from solvent control (SC).

MDA exposure, and suggests sex hormone disruption as potential under-
lying mechanism. Endocrine disruption effects of 3,4-DCA and 4,4′-MDA
were suggested previously (Bhuiyan et al., 2019; Pereira et al.,
2015, 2016), but information on the detailed mechanisms of sex hor-
mone disruption and its consequences on reproduction was limited.

Impairment of reproductions in zebrafish by exposure to 3,4-DCA
and 4,4’-MDA (Fig. 2) could be supported by alteration of sex hormone
balance (Fig. 3). In addition to the changes in E2 and T levels, altered
E2/T ratio would provide an information on overall direction of disrup-
tion in sex hormone balance: For instance, decreased E2/T ratio can be
interpreted as androgenic or anti-estrogenic activity. The E2/T ratio has
been used to indicate sex hormone abnormality and linked to impaired
fecundity of the fish (Ji et al., 2013; Kwon et al., 2016; Orlando
et al., 2004; Shang et al., 2006). Increase of E2/T ratio observed
in the male fish exposed to 4,4′-MDA is in line with our previous re-
ports on male zebrafish and human adrenal carcinoma cell (H295R cell
line) (Bhuiyan et al., 2019). The opposite direction of E2/T ratio in
the female fish implies that endocrine disruption effects of 4,4′- MDA
could be sex-dependent. The decrease of E2/T ratio observed in the

male fish exposed to 3,4-DCA, which was repeatedly confirmed in an-
other experiment (Fig. S1), requires careful interpretation because this
observation is different from our previous observation in the male ze-
brafish exposed to the same compound for 14 d (Bhuiyan et al., 2019).
The discrepant results could be explained by difference in exposure lev-
els or duration between these studies; in Bhuiyan et al. (2019), the
significant increase in E2/T ratio was detected only at the highest ex-
posure concentration (1.9 mg/L) while the E2/T ratio was not signifi-
cantly changed at the lower concentrations (0.035–0.38 mg/L), which
are within the same concentration range where the decreasing trend of
E2/T ratio was observed in the present study.

Among the genes in HPG axis, transcriptional changes of go-
nadotropin hormones may provide insight on underlying mechanism of
reduced reproduction of the fish. Secretion of gonadotropins is regu-
lated by gonadotropin-releasing hormones (GnRHs) in hypothalamus,
and therefore GnRHs play important roles in the reproduction of ver-
tebrates (Okuzawa et al., 2003; Tsutsumi and Webster, 2009).
Up-regulations of gnrh genes (gnrh2 and gnrh3) along with corresponding
gonadotropin releasing hormone receptors (gnrhr1, gnrhr2, and gnrhr4) ob
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Fig. 3. Changes in (A) testosterone (T), (B) 17β-estradiol (E2) concentrations, and (C) E2/T ratio measured in the plasma of male and female zebrafish following 21 d exposure to 3,4-DCA
or 4,4′-MDA. Bar represents the mean and the error bar shows SD of four replicates for each concentration. Asterisk represents a significant difference (p < 0.05) from solvent control
(SC).

served following 3,4-DCA exposure (Fig. 4) clearly show that a go-
nadotropin hormone signaling is altered by this compound. Similarly,
up-regulation of gnrh2 in both male and female fish, and sex-dependent
regulatory changes of the gnrh genes (Fig. 5) suggest that 4,4′-MDA
could also alter the release of gonadotropin hormones in the fish.

Two gonadotropin hormones, i.e., fsh and lh, bind to their gonadal
receptors, and regulate steroidogenesis and gametogenesis in the fish
(Kumar and Trant, 2001; Kwok et al., 2005). The fsh and lh regulate
spermatogenesis in male (Ohta et al., 2007; Schulz et al., 2010), and
vitellogenesis and oocyte maturation, respectively, in female fish (Clel-
land and Peng, 2009). In this study, both fshβ and fshr genes were
down-regulated by 4,4′-MDA exposure (Fig. 5). Following 3,4-DCA ex-
posure, fshβ, lhβ, and fshr genes were also down-regulated in the male,
while up-regulation of fshr and down-regulation of lhr gene were ob-
served in the female (Fig. 4). Our observations suggest that the expo-
sure to anilines might influence spermatogenesis and oocyte maturation
in the fish, potentially leading to impairment of reproduction.

The sex hormone changes observed in this study is supported by the
regulatory alterations of the steroidogenic genes (Figs. 3–5). In the pre-
sent study, significant decreases of T and E2 concentrations (Fig. 3A and
B) were accompanied by the down-regulation of star and

cyp19a genes in both sexes following the exposure to both anilines
(Figs. 4 and 5). Steroidogenic acute regulatory protein (star) initiates
steroidogenic pathway, by catalyzing a rate-limiting transportation of
cholesterol into inner membrane of mitochondria (Muthulakshmi et
al., 2018). Therefore, significant down-regulation of star may result in
decreased cholesterol uptake and eventually lead to reduced syntheses
of overall steroid hormones including T and E2. Both down-regulations
of star gene and reduction of T and E2 levels are in line with a previous
report in male zebrafish and H295R following 3,4-DCA and 4,4′-MDA
exposure (Bhuiyan et al., 2019).

Aromatase enzyme, cyp19a, is essential for the conversion of T to
E2, and hence plays an important role in regulation of E2 level in ze-
brafish (Fenske and Segner, 2004; Kwon et al., 2016; Uchida et
al., 2004). In the present study, down-regulation of cyp19a by both ani-
lines (Figs. 4 and 5), therefore explains decreased E2/T ratio observed
in most cases except 4,4′-MDA in the male fish (Fig. 3C). While signifi-
cant increase of E2/T ratio observed in the male fish following 4,4′-MDA
exposure warrants further investigation, both sex hormones were simi-
larly decreased in the male fish.

The pattern of transcriptional changes of the other steroidogenic
genes, e.g., hydroxyl methyl glutaryl CoA reductase genes (hmgra and hm
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Fig. 4. Effect on the major gene expression related to sex hormone regulation through the
HPG axis of zebrafish followingfoll exposure to 3,4-DCA. Each box represents gene expres-
sion change of a treatment group from the male or female fish (refer to the legend on the
upper right corner of the graph). The direction of gene expression change is indicated by
color (Red: significant up-regulation; blue: significant down-regulation; grey: no signifi-
cant change). Detailed changes of gene transcription can be found in Table S4 of Sup-
porting Information. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 5. Effect on the major gene expression related to sex hormone regulation through the
HPG axis of zebrafish upon exposure to 4,4′-MDA. Each box represents gene expression
change of a treatment group from the male or female fish (refer to the legend on the up-
per right corner of the graph). The direction of gene expression change is indicated by
color (Red: significant up-regulation; blue: significant down-regulation; grey: no signifi-
cant change). Detailed changes of gene transcription can be found in Table S5 of Sup-
porting Information. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

grb), cyp11a, 3βhsd, cyp17a, and 17βhsd, were different between the ani-
lines, suggesting different modes of steroidogenic alteration. In the fish
exposed to 4,4′-MDA, transcriptional changes of hmgra and hmgrb genes
suggest impaired cholesterol supply as this enzyme is responsible for
rate-controlling of the mevalonate pathway that produces the choles-
terol (Wang et al., 2015). Up-regulation of these steroidogenic genes
can be understood as compensation for reduced T and E2 levels, but
this observation is not consistent with the results of the 14 d exposure
(Bhuiyan et al., 2019). Perhaps longer exposure period in the present
study would explain this discrepancy in the gene regulation. Down-reg-
ulation of 17βhsd, which encodes an enzyme responsible for the conver-
sion of androstenedione to T, may support the reduction of T and E2 lev-
els. On the other hand, expressions of those genes were rarely affected
following 3,4-DCA exposure, suggesting different response of the fish to
these compounds.

In addition, changes of cyclooxygenase gene expression after exposure
to both 3,4-DCA and 4,4’-MDA, may in part support the present obser-
vation of the impaired embryo production (Fig. 2). The cox enzyme cat-
alyzes prostaglandin synthesis in teleost follicles and is also responsible
for maturation of oocytes and ovulation (Lister and Van Der Kraak,
2008; Sorbera et al., 2001). The ptgs2 gene expression may influence
reproduction and can be affected by chemical exposure (Garcia-Reyero
et al., 2009; Carnevali et al., 2010). Previously, reduced reproduc-
tion in zebrafish caused by di-(2-ethylhexyl)-phthalate exposure was as-
sociated with expression of genes including ptgs2, which are involved
in oogenesis. In our study, down-regulation of cox2 (ptgs2) gene was
observed in both male and female fish gonads following exposure to
4,4′-MDA, and up-regulation was observed in the male fish by 3,4-DCA
exposure.

5. Conclusions

Both 3,4-DCA and 4,4′-MDA could influence sex hormone balance
and reproduction performance of zebrafish following 21 d exposure. Al-
tered steroidogenic regulatory pathway induced by exposure to both
aniline derivatives may explain hormonal disruption and possibly repro-
duction damage of zebrafish observed in the present study. Potential dis-
ruption of oocyte maturation and ovulation of the fish were also sug-
gested. Further investigations on consequences of longer-term exposure
to both anilines and transgenerational effects are warranted.
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