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ABSTRACT

Di-(2-ethylhexyl) phthalate (DEHP) is a well-known endocrine disruptor and it is ubiquitously distributed in the
environment. However, very few studies have investigated the effects of short-term exposure to environmentally
realistic concentrations of DEHP during early developmental stages and its chronic effects. This study monitored
the long-term effects of transient exposure to DEHP in early life stages (F, generation) and its subsequent fer-
tilization success in F; generation using Japanese medaka, Oryzias latipes, as model organism. Embryos (4 h post-
fertilization, 4 hpf) of Japanese medaka were exposed to 0.001 ppb, 0.1 ppb, or 10 ppb DEHP for 21 days and
returned to control water (without DEHP) for maturation (4 months old). At day 9 of the exposure study,
mortality was significantly increased in medaka embryos (before hatching) treated with 0.001 ppb and 10 ppb
DEHP. Continual exposure of young hatchlings for an additional 12 days (a total of 21 days of exposure) resulted
in a significant increase in mortality in fish exposed to 0.001 ppb, 0.1 and 10 ppb DEHP. Significant reduction in
egg production was observed in adult female medaka (4 months old) with prior exposure to 0.1 ppb and 10 ppb
DEHP for 21 days during early development. Fertilization and hatching success were also significantly reduced
in breeding pairs with prior exposure to 0.001 ppb, 0.1 ppb and 10 ppb DEHP during early life stage. Histological
analysis of adult male gonads revealed a significant decline in mature sperm count accompanied by an increase
in interstitial space in fish exposed to 0.1 ppb and 10 ppb DEHP during early development. Likewise, the amount
of vitellogenic (mature) oocytes observed in the ovaries of adult female with transient exposure to 0.1 ppb and
10 ppb DEHP was significantly reduced when compared with the solvent control group. Our data suggest that
transient exposure to ultra low concentrations of DEHP during sensitive time windows of development results in
irreversible reproductive impairment which may impact fish populations negatively.

1. Introduction

In orderto increase the flexibility of rigid polymers, such as poly-

out very easily and pollutes the environment. Due to its estrogenic and
anti-androgeniceffects, in the past two decades, many studies have in-
vestigated the effects of DEHP on the reproductive systems in mam-

vinyl chloride, pthalate esters are commonly employed as plasticizers
by the plastic industry. These chemicals are commonly found in wire
and cables, self-adhesives, medical devices, cosmetics, food packages
and many househould and personal care products [1]. Phthalate esters
are well-known endocrine disrupting chemicals and their effects on
male fertility (altered sperm count and motility), reproductive diseases
in men and women (cryptorchidism and endometriosis), cardiovascular
diseases, obesity, respiratory and behavioral problems have been well
documented [2]. As one of the most widely used plasticizer, di-(2-
ethylhexyl) phthalate (DEHP) is produced at more than 2 million tons
annually [3]. Since DEHP is non-covalently bound to plastics, it leaches
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malian species [4,5]. Although a few studies have reported inhibitory
effects of DEHP on the aquatic organisms, these experiments were often
conducted at extremely high concentrations, i.e., ppm levels, which
cannot mimic the real environmental conditions these aquatic organ-
isms are exposed to. For example, disturbance of spermatogenesis and
peroxisome proliferation was reported in zebrafish injected with
5000 mg/kg DEHP intraperitoneally [43], and long-term exposure to
0.5ppm DEHP has been shown to suppress immune function and
spermatogenesis in Japanese medaka and catfish [6-8]. Since the
highest dissolvable concentration of DEHP in water is reported to be
around 3 ppb [9], ecotoxicological studies concerning the effects of
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Table 1
Reported DEHP concentrations found in the surface waters in China and some
countries in Europe in the past two decades.

Location DEHP (ppb) Reference
China

Guangzhou (Urban lakes) 0.17 [10]
Jiulong River 0.79 - 10.9 [11]
Three Gorges Reservoir 0.004 - 1.17 [12]
Yangtze River, Wuhan Region 0.034-91.22 [13]
Yangtze River Estuary 0.61 - 28.55 [14]
Thailand 8.64 [15]
Europe

Rieti District, Italy 4.30 [16]
Berlin, Germany 2.27 [17]
Germany 0.05 - 0.06 [18]
Greece 0.93 [18]
Dutch coast, the Netherland 0.28 - 0.65 [19] [20];

DEHP ought to be conducted at environmentally realistic concentra-
tions, so that policy makers can make effective measures to better
protect our environment based on relevant data. Table 1 summarizes
ranges of DEHP concentrations which have been detected in the water
column in China and Europe in the past two decades. In China, DEHP in
the water column was found to range from 0.004 ppb to 90 ppb and
between 0.05 ppb-4.3 ppb in some parts of Europe (Table 1).

Although DEHP has been shown to impair reproduction, reduce
sperm quality and lower testosterone levels in several fish species, such
as zebrafish, goldfish and fathead minnow, majority of these studies
only looked at the effects of DEHP on the adults [21,22]; Golsan et al.,
(2015). Since DEHP is a well-known endocrine disruptor, more em-
phasis should be placed on its effects on early development. In this
study, embryos of Japanese medaka were used to assess the effects of an
exposure to DEHP for the reasons that (i) embryos and larval fish have
limited ability to migrate to cleaner water; (ii) many organs and phy-
siological systems are still undergoing rapid development in these early
developmental stages; and (iii) lack of fully developed phase I and
phase II detoxification systems in the developing organs may lead to a
reduced detoxification and elimination of toxicants [23]. Exposure to
DEHP during these sensitive windows of development may result in
adverse effects of high magnitudes, leading to irreversible damage and
ultimately affecting the fitness of adult fish and the population. Cur-
rently, the potential long-term effects of transient exposure to en-
vironmentally realistic concentrations of DEHP to embryos and young
hatchlings remain poorly investigated.

In this study, embryos of Japanese medaka, Oryzias latipes, were
exposed to three concentrations of DEHP (0.001 ppb, 0.1 ppb and
10 ppb) for 21 days since 4 h post fertilization (4 hpf). The objectives of
the present study were to investigate (i) if exposure to environmentally
realistic concentrations of DEHP affect survival of embryos and young
hatchlings, and the time fertilized eggs requires to hatch (hatching
time), (ii) if transient exposure to environmentally realistic concentra-
tions of DEHP during early developmental stages permanently affects
reproduction success in adult fish in terms of egg production, fertili-
zation and hatching success; and (iii) if transient exposure to en-
vironmentally realistic concentrations of DEHP during early life stage
permanently alters oogenesis and spermatogenesis. Japanese medaka
was chosen as the model-organism due to (i) the transparency of the
medaka’s eggs allows embryonic development to be observed without
sacrificing the embyros; (ii) extensive information is available of the
physiology, embryology and genetics of Japanese medaka, and (iii), the
ease of culture of this species in the laboratory, such as daily spawning,
external fertilization and relatively short generation time (approxi-
mately 3 months) [24,25].
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2. Methods

All animal procedures were conducted in accordance and approved
by the UIC Animal Care and Use Committee.

2.1. Chemicals

DEHP was obtained from Dr. Ehrenstorfer GmbH (Germany, ana-
lytical grade). Stock solutions of DEHP (5 ppb, 500 ppb and 50 ppm)
were prepared by dissolving DEHP in acetone (Sigma Aldrich,
Germany, analytical grade), and the final acetone concentration in the
exposure water was 0.02 % (v/v), i.e., 200 pl of each stock solution
(5ppb, 500 ppb and 50 ppm) was added into 1L embryo rearing
medium (ERM) to prepare 0.001 ppb, 01 ppb and 10 ppb DEHP working
grade solutions. Solvent control contained acetone only.

2.2. Animals and exposure studies

Adult Japanese medaka, Oryzias latipes, were cultured in flow-
through tanks under a constant 14h/10h light/dark cycle at
24 = 2°C, with pH maintained at 7.4 * 2. Adult fish were fed twice
daily with Otohime Fish Diet (PTAqua, Japan) and fresh Artemia nauplii.
During breeding, adult medaka, i.e., breeding pairs (1 male and 1 fe-
male), were raised in 1X Embryo Rearing Medium (ERM) prepared by
diluting 25 mg of neomycin sulfate, 50 pl stock solution (35 % w/v) of
sodium thiosulfate, 125 pl Amquel® and 200 pl of stock solution (0.1 %
w/v) of methylene blue in 1L of pure water.

2.2.1. Range-finding test

Eggs from 10 breeding pairs were pooled and sorted using stereo-
microscope (Leica, USA). Transparent eggs with doubled membrane
(approximately 4 hpf) were assigned to petri dishes each containing 30
fertilized eggs for exposure study. Preliminary range finding test on
DEHP on embryonic toxicity were conducted by exposing 4 hpf em-
bryos to 0.0001 ppb, 0.001 ppb, 0.01 ppb, 0.1 ppb, 1 ppb and 10 ppb
DEHP, with control and solvent control groups for 9 days (i.e., prior
hatching). Nominal concentration was used in all cases. Solutions were
renewed daily throughout the 9-day exposure period and a total of 90
fertilized eggs (30 eggs/petri dish, 3 petri dishes per group, n = 3) were
used for each control and treatment groups. Based on the results ob-
tained from the range finding test, subsequent long-term monitoring (5
months) on the effects of transient exposure to DEHP during early de-
velopmental stages were conducted in survived hatchlings with prior
exposure to 0.001 ppb, 0.1 ppb and 10 ppb DEHP.

2.2.2. Long-term study

Fertilized eggs (4 hpf) were exposed to control group, solvent con-
trol group (acetone at a final concentration of 0.02 % [v/v]), 0.001 ppb
DEHP, 0.1 ppb DEHP and 10 ppb DEHP treatment groups for 21 days.
Nominal concentration was used in all cases. Solutions were renewed
daily throughout the 21-day exposure period and a total of 90 fertilized
eggs (30 eggs/petri dish, 3 petri dishes per group, n = 3) were used for
each control and treatment groups. After 21-day exposure, surviving
larvae/young hatchlings were returned to ERM (minus DEHP and sol-
vent) and flow-through tanks for maturation (to reach 4 months of age).
Temperature, light/dark cycle, pH and feeding regimes were identical
as those used for brood stocks.

2.3. Reproduction study

At 4 months old, adult medaka which have been transiently exposed
to DEHP during early development were arranged in breeding pairs for
the reproduction study. To breed, one male and one female adult me-
daka were placed in 1 L of 1X ERM and were allowed to breed freely for
40 days. Five pairs of adult fish (n = 5) were used for each control and
treatment groups with ERM renewed daily. Eggs were collected twice
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daily 1h after the mating pairs were fed with fresh Artemia nauplii.
Stereomicroscope was used to record the number of eggs produced and
fertilization success (i.e., the presence of double membrane as perivi-
telline space could be observed after successful fertilization) per
breeding pair. Fertilized eggs were placed in petri dishes containing 1X
ERM and observed for hatching success (9-day observation period).
ERM was renewed daily and dead embryos were discarded.

2.4. Morphological analysis

At the end of the experiment, five male (n = 5) and five female
(n = 5) adult medaka (approximately 5 months old) for each control
and treatment groups were dissected. Their gonads were fixed in 4 %
paraformaldehyde, dehydrated in graded ethanol series, cleared in xy-
lene and embedded in paraffin. Tissues were sectioned at 5 pm thick-
ness and stained by Hematoxylin and Eosin for morphological analysis
using a Leica light microscope (Leica, USA). Images of male and female
gonads were captured by SPOT Insight Color Digital Camera with SPOT
Software (SPOT, USA). Image Pro Plus (IPP) 6.0 (Media Cybernetics,
USA) was used to manually point count different cell types. Five images
(20X magnification for ovaries and 40X magnification for testes) were
captured randomly per fish and used for quantitative analyses. A digital
grid mask (24*18 = 432) intersection points from IPP was super-
imposed on each image. For testes, spermatocyte/spermatogonia,
spermatids/spermatozoa and interstitial space were counted in red,
blue and green dots, respectively. For ovaries, stage I oocytes (perinu-
cleolar oocyte), stage II oocytes (cortical alveolus stage) and stage III
oocytes (vitellogenic oocytes) were counted in red, green and blue dots,
respectively.

Percentage of each cell type was calculated using the formula

% cell type = dots superimposed on the cell type /all dots super-
imposed on testis or ovary per image

2.5. Statistical analysis

One-way analysis of variance was used to test the null hypotheses
that exposure to different waterborne concentrations of DEHP did not
cause significant changes in (i) mortality and hatching success of em-
bryos and hatchlings during the 9-day and 21-day exposure periods; (ii)
spermatogenesis in adult male medaka transiently exposed to DEHP
during early development; and (iii) oogenesis in adult female medaka
transiently exposed to DEHP during early development. Two-way
analysis of variance was used to test the null hypothesis that transient
exposure to different concentrations of DEHP during early develop-
mental stages do not cause significant changes in the amount of (i) eggs
produced, (ii) eggs fertilized and (iii) eggs hatched by these adult fish. If
a significant difference (p < 0.05) between the controls and DEHP
treatment groups was identified, pairwise comparisons between each
individual treatment and control groups were carried out using the
Holm-Sidak method. Likewise, whenever significant difference (p <
0.05) was detected within the same control and/or treatment group,
pairwise comparisons on the amount of eggs produced, amount of eggs
fertilized and successful hatch outs were carried out using the Holm-
Sidak method. In cases where data failed to follow Gaussian distribu-
tion, logio or arcsin squart root transformation would be performed
prior to analysis. Statistics were performed using the statistical software
SigmaPlot, Version 12 (Systat, USA). Graphs were plotted using
Graphpad Prism, Version 7.00 (Graphpad Software, Inc.).

3. Results
3.1. Mortality of 9 days old embryos

Background mortality was found at 1.7 + 1.7 % for both the
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Fig. 1. Mortality of medaka embryos after exposure to 0.0001 ppb-10 ppb
DEHP for 9 days since 4 hpf. Data are expressed as mean + standard error
(n = 3). *p < 0.05 vs. control and solvent control.

control and solvent control groups at day 9 of the exposure study
(Fig. 1). Day 9 was chosen in this experiment for the detection on
embryonic toxicity as it is close to the hatching stage of Japanese me-
daka, before the fry escaped from the protection of the chorion [26].
Mortality was significantly increased in embryos exposed to 0.001 ppb
(18.3 = 1.7 %) and 10 ppb DEHP (21.3 * 1.3 %) when compared
with the controls (p = 0.05) (Fig. 1). No significant difference in
mortality was observed between the controls and other DEHP treatment
groups after 9 days of exposure (Fig. 1). Due to these preliminary
findings, subsequent experiments were conducted on 0.001 ppb,
0.1 ppb and 10 ppb DEHP treatment groups only.

Although hatching delay was observed in embryos treated with
0.001 ppb, 0.1 ppb and 10 ppb DEHP, no significant difference was
detected between the treatments and the control groups (p > 0.5)
(Fig. 2).

3.2. Mortality of 21 days old hatchlings

Significant increase in mortality was observed in hatchlings exposed
to 0.001 ppb, 0.1 ppb and 10 ppb DEHP for 21 days since 4 hpf, with
mortalities recorded at 55.0 + 6.0 %, 56.0 = 5.6 % and 59.7 + 9.4
%, respectively, when compared with the solvent control (26.7 + 3.3
%) (Fig. 3).
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Fig. 2. Average hatching time of medaka embryos exposed to 0.001 ppb,
0.1 ppb or 10 ppb DEHP. Data are expressed as mean * standard error (n = 3).
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Fig. 3. Mortality of 21-day old medaka hatchlings upon exposure to 0.001 ppb,
0.1 ppb and 10 ppb DEHP since 4 hpf. Data are expressed as mean * standard
error (n = 3). * p < 0.05 vs. control and solvent control.

3.3. Reproduction study on adult fish with prior exposure to DEHP during
early development

After exposure to 0.001 ppb, 0.1 ppb or 10 ppb DEHP for 21 days,
survived hatchlings were returned to 1X ERM (minus DEHP and
acetone) for maturation. At approximately 4 months old, a 40-day
breeding study was performed on the survived adult medaka to de-
termine if prior DEHP exposure affected reproduction success of the
adult fish. Fig. 4 shows the number of eggs produced per female me-
daka per breeding pair (i.e., 1 male and 1 female) in a 40-day study
period. Each female medaka produced, on average, 164 * 14 and
141 * 19 eggs during the 40-day study period in the control and sol-
vent control group, respectively. On average, 113 *+ 16, 89 + 9, and
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Fig. 4. Reproduction success of adult fish with prior exposure to 0.001 ppb,
0.1 ppb or 10 ppb DEHP during early developmental stages. Total number of
eggs produced, total number of eggs fertilized and total number of successful
hatch outs per breeding pair were analyzed over a 40-day study period. Data
are expressed as mean * standard error (n = 5). Differences detected between
no. eggs produced, no. eggs fertilized and no. successful hatch outs within the
same control/treatment group marked with the same English letter (i.e., a, b)
are not significantly different between one another (p > 0.05). The same
endpoint measurement (i.e., no. eggs produced, no. eggs fertilized or no. of
successful hatch outs by breeding pair with/without prior exposure to different
concentrations of DEHP) marked with the same roman number (i.e., i, ii, iii and
iv) indicated no significant difference was detected between the controls and
other DEHP treatment groups (p > 0.05).
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64 + 14 eggs were produced per female medaka which has been
transiently exposed to 0.001 ppb, 0.1 ppb or 10 ppb DEHP, respectively,
during early development (i.e., from 4 hpf to 21 days old hatchling)
(Fig. 4). Significant reductions in egg production were detected in fe-
male fish transiently exposed to 0.1 ppb and 10 ppb DEHP during early
development, these reductions accounted for a 37 % (0.1 ppb DEHP)
and 55 % (10 ppb DEHP) decrease from the total amount of eggs pro-
duced by each female medaka in the solvent control group during the
40-day study period. The reduction in egg productions appeared to be
dose-dependent.

Number of eggs successfully fertilized by breeding pairs with prior
exposure to 0.001 ppb. 0.1 ppb and 10 ppb DEHP during early devel-
opment were significantly lower than those of the control and solvent
control groups (Fig. 4). Moreover, significant declines were detected
between the number of eggs produced and eggs fertilized in breeding
pairs with prior exposure to 0.001 ppb, 0.1 ppb and 10 ppb DEHP
during early development while no significant difference was detected
among the control groups (Fig. 4). Percentage of fertilization success,
i.e., no. eggs fertilized/no. eggs produced*100, was observed at 95 = 2
% and 90 * 2 % for the control and solvent group over a 40-day study
period, respectively (Fig. 5). Transient exposure to 0.001 ppb, 0.1 ppb
and 10 ppb DEHP during early development significantly reduced fer-
tilization success to 62 = 2 %, 55 % = 2 % and 49 = 5 %, respec-
tively, when compared with an over 90 % success rate in both control
groups (Fig. 5).

Hatching success, in terms of number of successful hatch outs, was
significantly reduced in breeding pairs with prior exposure to
0.001 ppb, 0.1 ppb and 10 ppb DEHP when compared with those of the
control and solvent control groups (Fig. 4). Hatch rates (i.e., no. of
successful hatchings/no. of eggs produced*100) by each breeding pair
during the 40-day study period were found at 90 = 5 % and 82 * 10
% for the control and the solvent control group, respectively (Fig. 5).
Transient exposure to 0.001 ppb, 0.1 ppb and 10 ppb DEHP during early
development significantly reduced hatch rates to 54 = 5%, 51 = 5%
and 47 = 11 %, respectively, when compared with the control and
solvent control groups (Fig. 5).
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Fig. 5. Fertilization and hatching success in adult fish transiently exposed to
0.001 ppb, 0.1 ppb or 10 ppb DEHP during early development. Percentage of
fertilization success and hatch out success per breeding pair were analyzed over
a 40-day study period. Data are expressed as mean * standard error (n = 5).
Differences detected between % fertilization success and hatch rate within the
same control/treatment group marked with the same English letter (i.e., a) are
not significantly different between one another (p > 0.05). The same endpoint
measurement (i.e., % fertilization success, or % hatch rate) marked with the
same roman number (i.e., i or ii) indicated no significant difference was de-
tected between the controls and other treatment groups (p > 0.05).
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Although within each treatment group (0.001 ppb, 0.1 ppb and
10 ppb DEHP), the number of successful hatch outs was significantly
lower than the number of eggs produced by the breeding pair (Fig. 4),
no significant difference was detected between the number of eggs
fertilized (% fertilization success) and number of successful hatch outs
(% hatch out) within each treatment group (Figs. 4 and 5).

3.4. Effects of DEHP on oogenesis

Histological analysis revealed that pre-exposure to 0.1 ppb and
10 ppb DEHP during early development significantly affected oogenesis
in female medaka (Fig. 6b and 7 ). Transient exposure to DEHP sig-
nificantly increased the percentage of stage I oocytes (perinucleolar
oocytes) in female gonads from 29.9 = 4.0 % in the solvent control
group to 49.5 *+ 3.2 % in the 0.1 ppb DEHP and 68.2 = 9.5 % in the
10 ppb DEHP treatment group (Fig. 7). Although the percentage of
stage II oocytes (cortical alveolar oocytes) was not significantly dif-
ferent between the solvent control and the treatment groups, percen-
tage of stage III oocytes (vitellogenic oocytes) was significantly reduced
from 21.7 *= 5.3 % in the solvent control to 3.6 * 0.8 % in the 0.1 ppb
DEHP and 2.2 + 1.3 % in the 10 ppb DEHP treatment groups (Fig. 7).
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Fig. 7. Ovary maturation stages in gonads of female medaka transiently ex-
posed to 0.001 ppb, 0.1 ppb and 10 ppb DEHP during early development. Data
are expressed as mean *+ standard error (n = 5). Percentage of eggs in the
same maturation stage (i.e., stage I, II or III) between different control and
treatment groups marked with the same roman number (i, i, iii or iv) are not
significantly different from one another (p > 0.05).
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Fig. 6. Light micrographs (H&E stain) of the gonads of 5-month
old female medaka transiently exposed to DEHP during early de-
velopment. (a) Solvent control and (b) 0.1 ppb DEHP treatment
group. I, stage I oocytes (perinucleolar oocytes); II, stage IT oocytes
(cortical alveolar oocytes); III, stage III oocytes (vitellogenic oo-
cytes); L, liver. Scale bar = 20 um.

3.5. Effects of DEHP on spermatogenesis

A histo-morphological inspection of testes revealed that transient
exposure to DEHP during early development significantly reduced
mature sperm (spermatozoa and spermatids) count from 27 * 4 % in
the control and 24 = 6 % in the solvent control to 14 * 4 % and
13 = 6 % in the 0.1 ppb and 10 ppb DEHP treatment group, respec-
tively (Figs. 8a—e and 9 ). The lumen (L) of the seminiferous tubules was
filled with mature sperm and the tubules were bounded by a thin
basement membrane in testes of male fish collected from the control
and solvent control groups (Fig. 8a and b), while an increase in lumen
(L) void of mature sperm was observed in fish exposed to 0.001 ppb,
0.1 ppb and 1oppb DEHP (Fig. 8c—e). Although no significant difference
was observed in the percentage of spermatocytes between the solvent
control and DEHP treatment groups, significant thickening of inter-
stitial tissue was observed in male medaka previously exposed to 10 ppb
DEHP (21 = 3 %) during early development when compared with the
control (13 * %) and solvent control group (11 = 1 %) (Figs. 8e and
9).

4. Discussion

In the past two decades, majority of studies focused on the acute
effects of DEHP in murine species [3,9,27];. Unlike mammals, aquatic
organisms are exposed to waterborne pollutants continuously, making
them more susceptible to DEHP toxicity than terrestrial animals. Due to
its low water solubility, aquatic organisms are more likely to be exposed
to extremely low concentrations of DEHP (in ppb range, rather than in
ppm range). Compared with the adult fish, embryos and young
hatchlings are more sensitive to endocrine disruptors because of their
limited motility, lower body lipid contents and still rapidly developing
organ systems. However, little information is available on the long-term
effects of DEHP upon its short-term exposure during early develop-
mental stages. Since DEHP is a well-known endocrine disruptor, the
adverse effects of DEHP on larval toxicity and fish reproduction was
investigated in this study by exposing embryos to environmentally
realistic concentrations of DEHP for 21 days with subsequent long-term
monitoring of its effects in adult fish.

4.1. Effects of ultralow doses of DEHP on embryonic toxicity

In contrast to most toxicological studies which exhibit monotonic
dose-response relationship (i.e, linear relationship), non-monotonic
dose response was observed in 9-day old medaka embryos exposed to
0-10 ppb DEHP. At the high end of the exposure spectrum, i.e., 10 ppb
DEHP, mortality was significantly higher than that of the control
groups. As the dose diminished, i.e., 0.01 ppb-1 ppb DEHP, mortality of
9-day old medaka embryos decreased to that of the control level.
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Fig. 8. Light micrographs (H&E stain) of the gonads of 5-month old male medaka transiently exposed to 0.001 ppb, 0.1 ppb and 10 ppb DEHP during early de-
velopment. (a) control, (b) solvent control, (¢) 0.001 ppb DEHP, (d) 0.1 ppb DEHP and (e) 10 ppb DEHP. Arrows indicate interstitial tissues; L, lumen of tubule; S,

spermatids / spermatoza. Scale bar = 5 pm.

Further reduction in DEHP concentration, i.e., at 0.001 ppb, however,
resulted in significantly higher mortality than those of the control
groups (Fig. 1). Non-monotonic dose-response relationships have been
reported in a few occasions, particularly with studies investigating the
effects on radiation and endocrine disruptors [28]. Hooker et al., [29]
reported x-ray induced mutations in the spleen of pKZ1 mice followed
triphasic dose response relationship. Likewise, higher rates of apoptosis
were found in zebrafish embryos irradiated with ultra-low doses of
microbeam protons or x-ray when compared with those irradiated with
low doses, with the rates of apoptosis climbed again at high doses of
irradiation [30,31]. It is important to note that Andrade et al. [32]
reported similar triphasic (or J-shaped) dose-response relationship
when investigating the effects of DEHP exposure on aromatase activity
in Waster rats. Aromatase activity plays a critical role in brain sexual
differentiation. Significant inhibition was only detected in Waster rats
when postnatal day 1 males were exposed to ultralow doses (0.135 and
0.405mgDEHP/kg/day) or high doses (15, 45 and 405mgDEHP/kg/
day) of DEHP, with no significant difference detected in the low to
medium doses. Our data also supports a triphasic dose response re-
lationship between DEHP concentrations and the mortality of 9-day old

medaka embryos. Although many data could explain the toxic response
at high-dose exposure, little is known on the mechanisms of toxicity at
ultra-low dose exposure. It has been proposed that damage at ultra-low
doses may result in molecular alteration that goes undetected and
hence, unrepaired (i.e., a threshold has to be triggered to initiate repair
mechanisms) [33]. It is plausible that when 4 hpf medaka embryos
were exposed to ultra-low dose of DEHP (0.001 ppb), molecular da-
mages started to occur but went undetected. As cells continued to di-
vide during embryogenesis, such damages accumulated and eventually
halted the development of the embryo and resulted in death. Our
findings raise the issue on the adequacy of routine hazard assessment
protocols to detect these ultra-low dose effects. More importantly, as
current regulation on chemicals are based on the assumption that all
chemicals exhibit monotonic dose-response relationship, the lack of
linear relationship between DEHP at ultra-low concentrations on em-
bryotoxicity makes it difficult to predict the health effects at low doses
using the result from high-dose exposure studies. The triphasic dose-
response relationship is an intriguing area of investigation which has
significant implications in environmental and health risk assessment.
Significantly higher mortality was observed in medaka hatchings
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Fig. 9. Different stages of spermatogenesis in testes of male medaka transiently
exposed to 0.001 ppb, 0.1 ppb and 10 ppb DEHP during early development.
Data are expressed as mean *+ standard error (n = 5). The same cell type be-
tween different treatment groups marked with the same roman number are not
significantly different between one another (p > 0.05).

exposed to 0.001 ppb, 0.1 ppb and 10 ppb DEHP 21 days since 4 hpf
(Fig. 3), which contradicted to those reported by Chikae et al. [34] and
Yang et al. [35], in which no significant increase in mortality was ob-
served in medaka hatchlings/frys exposed to 0.01 ppb—200 ppb DEHP
for 21 days. One major difference which could account for such dis-
crepancy could be that both Chikae et al. [34] and Yang et al. [35]
exposed hatched frys to DEHP, while in this study, embryos were ex-
posed to DEHP since 4 hpf. The high sensitivity of medaka embryos
(stage 1-39, before hatching stage) to DEHP could be the result of rapid
development of organs. Since DEHP is an endocrine disruptor, its pre-
sence in the embryos would lead to hormonal imbalance, upsetting cell
proliferation, apoptosis and differentiation, and eventually death of the
embryos. Reduced sensitivity of young hatchlings/frys to DEHP could
be the result of a more developed detoxification system. Nonetheless,
current results confirmed that DEHP readily crosses the chorion and
exerts its negative effects on the embryos.

Although a few studies have reported significant delays in hatch out
time in medaka embryos exposed to 0.1-1 ppb DEHP [36,35], no sig-
nificant change in hatch out time was detected between embryos ex-
posed to different DEHP treatment groups and the control groups in this
study (Fig. 2). Since the statistical power (0.386) of the performed test
(one way ANOVA) was below 0.8 in this study, insignificant findings
should therefore be carefully interpreted as to prevent Type II error.
DEHP has been reported to reduce secretion of hatching enzymes in
zebrafish embryos via upsetting the hypothalamus-pituitary-axis (HPT
axis) [37]. It is possible that exposure to ultralow levels of DEHP could
also have affected the HPT axis in embryos of Japanese medaka,
thereby reducing the release of hatching enzymes leading to delayed
hatching.

4.2. Effects of early exposure to DEHP on adult fish reproduction

Throughout the study period (approximately 5 months in length),
no significant difference was found between the control and solvent
control group in terms of mortality, reproduction success (i.e., eggs
produced by each breeding pair, fertilization success and hatch rates)
and morphological analyses of the gonads of male and female medaka,
indicating that 0.02 % v/v acetone has neglectable effect on Japanese
medaka. Transient exposure to 0.001 ppb, 0.1 ppb and 10 ppb DEHP
during early development significantly reduced egg production in 4
month-old female medaka (Fig. 4). Similar findings have been reported
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in several fish species, including zebrafish, guppy, marine medaka and
Chinese rare minnow, upon exposure to bisphenol A, DEHP, MEHP and
17 a-ethinylestradial (EE2) as adults [6,21,38-42]. Reduction in ovu-
lation and oocyte maturation has been reported in adult female zeb-
rafish exposed to 20 ppb and 40 ppb DEHP for 3 weeks via an up-reg-
ulation of bone morphogenetic protein 15 (BMP15) and a down-
regulation of cyclooxygenase (COX)-2 [21]. It is possible that transient
exposure to ultralow levels of DEHP during early development may
have resulted in irreversible up-regulation of BMP15 and down reg-
ulation of COX-2 in female Japanese medaka, which prevented ma-
turation and ovulation of oocytes, thus a decline in egg production. This
hypothesis is in alignment with our histo-morpholoical findings, i.e.,
the percentage of stage I immature oocytes found in the ovaries has
significantly increased from 30 % in the solvent control group to 69 %
in the 10 ppb DEHP treatment group, whereas the formation of stage III
vitellogenic oocytes (i.e., mature oocytes) has decreased significantly
from 22 % in the solvent control group to 2 % in the 10 ppb DEHP
treatment group (Fig. 7).

Transient exposure to 0.001 ppb, 0.1 ppb and 10 ppb DEHP during
early development not only resulted in permanent reduction in egg
production in adult female fish, fertilization success of eggs produced
by these breeding pairs (both males and females with prior exposure to
DEHP) was also significantly reduced (Fig. 4). The reduction could be
explained by either a decline in the quality and/or quantity of eggs and
sperms. A decrease in sperm quality and quantity upon exposure to
DEHP has been documented in several fish species, such as Chinese rare
minnow, goldfish, rainbow trout, zebrafish, as well as the marine me-
daka [6,42-47]. Histo-morphological analysis of this study reveals a
significant reduction in the quantity of mature sperms (i.e., spermatids/
spermatozoa) in the gonads of male medaka with prior exposure to
DEHP during early development, suggesting that less sperms were
available for fertilization, leading to a decline in fertilization success
(Fig. 8 & 9). DEHP has been shown to alter the expressions of several
key proteins which are responsible for spermatogenesis, for example,
exposure of DEHP to adult fish has been reported to alter the expression
of 11 ketotestosterone [46], boule gene [47], peroxisome proliferator-
activated receptor (PPAR) responsive genes [43], cyp19a in testes, and
plasma 17f-estradiol and testosterone levels [6,42,48]. Exposure to
ultralow doses of DEHP during early development may have triggered
similar molecular changes in the gonads of male medaka, leading to a
reduced sperm production. Our study clearly shows that short-term
exposure to ultralow levels of DEHP during early development irre-
versibly damaged spermatogenesis of adult male fish.

Although exposure to DEHP has been shown to increase reactive
oxygen species (ROS) production by reducing sperm motility and in-
hibiting follicle growth in mice and rats [49-52], such proposed me-
chanism of toxicity may not be applicable in this study. Adult fish
(approx. 4-5 months old) used for the reproduction study were only
transiently exposed to DEHP during the first three weeks of develop-
ment (i.e., from 4 hpf to 21 days old), and were raised in the absence of
DEHP for 4 months before further analyses on reproduction success and
histo-morphology were performed. Thus, no DEHP should be presence
in the fish’s system to cause any direct oxidative damages. However, it
could be possible that transient exposure to ultralow levels of DEHP
during early development could permanently alter the expression of
some pro-apoptotic and anti-apoptotic factors which play important
roles in oogenesis and spermatogenesis. It is worthwhile to study the
rate of apoptosis and expression of these pro- and anti-apoptotic genes
in the gonads of adult fish with prior exposure to DEHP in future study.

Although the reduction in the number of eggs laid by female fish
and fertilization success could be explained by the adverse effects of
DEHP on the actions of sex steroid hormones resulting in the inhibition
of oogenesis (Fig. 7) and spermatogenesis (Fig. 9), such phenomena
could also be the result of altered sexual behaviors. Many studies have
reported suppressed courtship activities, i.e., dancing, following,
floating and crossing, in fish exposed to endocrine disrupting chemicals.
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For examples, altered sexual behaviors have been reported in adult fish,
such as zebrafish and medaka, exposed to high concentrations of en-
docrine disruptors and/or 17a-ethinylestradiol ([53-56]). It is worth
investigating if transient exposure to ultra-low doses of DEHP during
early developmental stages could irreversibly affect sexual behaviors in
the adults. Since olfaction (detection of pheromone) and vision (male
and female coloration) play important parts in fish sexual behaviors and
reproduction, further study could investigate the effects of transient
exposure to DEHP during early life stages on the development of the
neuro-endocrine system for sexual behaviors.

In this study, significant reductions in egg production and fertili-
zation success were observed in adult fish transiently exposed to DEHP
during early development (Fig. 4). Our results contradicted with those
reported by Foran et al. [57] and Bhandari et al. [41], in which ex-
posure of Japanese medaka to EE2 or bisphenol A (BPA) during em-
bryonic development resulted in no change in fertilization success of
the Fy adults. Foran et al. [57] exposed hatched larvae to EE2 at con-
centrations ranged from 0.0002 to 2 ppb for 2 weeks, while Bhandari
et al. (2015) exposed 8 hpf eggs to 100 ppb BPA or 0.05 ppb EE2 for 7
days. Results of this study suggest that exposure to ultralow doses
DEHP, which believes is 100 times less potent than EE2 [58], in early
stages of development (from 4 hpf to 21 days old) is more harmful to
adult reproduction success in Fy generation than by exposure to EE2 or
young hatchlings alone. It is worth noting that in this study, although
significant reductions in egg production and fertilization success were
observed in adult fish transiently exposed to DEHP during early de-
velopment, hatch rates (i.e., no. successful hatch out/no. successful
fertilization) were not significantly affected (Fig. 4). Results of this
study imply that although transient exposure to DEHP during early
development irreversibly inhibited spermatogenesis and oogenesis in
the adult fish (Fy), development of embryos (F; generation) did not
appear to be affected, as almost all fertilized eggs managed to hatch out
successfully (Fig. 5). Although lately, transgenerational effects have
been reported in zebrafish and Japanese medaka exposed to high levels
of BPA [41,59], the transgenerational effects on transient exposure to
environmentally realistic concentrations of DEHP and other endocrine
disruptors on the F;, F5 and F3 generations remain virtually unknown.
Recently, exposure to DEHP has been found to significantly alter the
expression of certain genes in the male gonads via DNA methylation on
their promoter regions, thereby reducing sperm quantity and quality
[48,60]. Further studies should be conducted to investigate if transient
exposure to ultralow doses of DEHP during early development also
results in similar DNA methylation statuses and whether these altera-
tions are reversible or not in later generations as to provide a better
understanding on the mode of actions of DEHP on fish development and
reproduction.

5. Conclusion

To better protect the environment and human health, the Canadian
Council of Ministers of the Environment recommends an upper limit of
16 ppb DEHP in surface water [61] and the World Health Organization
recommends an upper limit of 8 ppb DEHP in drinking water [62].
Results of this study clearly demonstrated that transient exposure to
0.001 ppb DEHP (8000 times lower than the WHO guideline and 16,000
times lower than the CCMC guideline) during sensitive time windows of
development irreversibly affected adult fish reproduction via upsetting
oogenesis and spermatogenesis. Therefore, more studies are urgently
needed to provide a better understanding on the effects of transient
exposure to ultralow/environmentally realistic doses of DEHP on em-
bryonic development and their subsequent effects on the adult re-
production, so as to adequately protect sensitive environmental species,
our ecosystem and human health.

Toxicology Reports 7 (2020) 200-208

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Author contributions

B.B.H.Y., and A.B.Q designed the experiment. A.B.Q. performed the
experiments. B.B.H.Y. and A.B.Q. analyzed dat. All authors prepared
and reviewed the manuscript.

CRediT authorship contribution statement

Bonny Bun Ho Yuen: Conceptualization, Writing - review &
editing, Funding acquisition. Anna Boya Qiu: Visualization,
Validation, Investigation, Methodology, Formal analysis. Bruce Hao
Chen: .

Acknowledgements

We would like to thank Dr. Doris Au, Associate Professor from the
Department of Chemistry, City University of Hong Kong, for generously
providing Japanese medaka to make this study feasible. This work was
supported by the UIC research grant R201308 and R201806.

References

[1] I Katsikantami, S. Sifakis, M.N. Tzatzarakis, E. Vakonaki, O.1. Kalantzi,

A.M. Tsatsakis, A.K. Rizos, A global assessment of phthalates burden and related
links to health effects, Environ. Int. 97 (2016) 212-236, https://doi.org/10.1016/j.
envint.2016.09.013.

1. Katsikantami, V. Karzi, M.N. Tzatzarakis, S. Sifakis, P. Xezonaki, E.K. Vakonaki,
A. Rizos, B. Izotov, T. Burykina, A.M. Tsatsakis, Biomonitoring of phthalate meta-
bolites and bisphenols in amniotic fluid from pregnant women in Greece, Toxicol.
Lett. (2018), https://doi.org/10.1016/j.toxlet.2018.06.714.

M.D. Shelby, NTP-CERHR monograph on the potential human reproductive and
developmental effects of di (2-ethylhexyl) phthalate (DEHP), NTP CERHR MON
(2006).

S. Pennanen, K. Tuovinen, H. Huuskonen, V.M. Kosma, H. Komulainen, Effects of 2-
ethylhexanoic acid on reproduction and postnatal development in wistar rats,
Toxicol. Sci. (1993), https://doi.org/10.1093/toxsci/21.2.204.

M. Shirota, Y. Saito, K. Imai, S. Horiuchi, S. Yoshimura, M. Sato, T. Nagao, H. Ono,
M. Katoh, Influence of di-(2-ethylhexyl)phthalate on fetal testicular development by
oral administration to pregnant rats, J. Toxicol. Sci. (2005), https://doi.org/10.
2131/jts.30.175.

T. Ye, M. Kang, Q. Huang, C. Fang, Y. Chen, H. Shen, S. Dong, Exposure to DEHP
and MEHP from hatching to adulthood causes reproductive dysfunction and en-
docrine disruption in marine medaka (Oryzias melastigma), Aquat. Toxicol. (2014),
https://doi.org/10.1016/j.aquatox.2013.10.025.

A. Arukwe, O.R. Ibor, A.O. Adeogun, Biphasic modulation of neuro- and interrenal
steroidogenesis in juvenile African sharptooth catfish (Clarias gariepinus) exposed
to waterborne di-(2-ethylhexyl) phthalate, Gen. Comp. Endocrinol. (2017), https://
doi.org/10.1016/j.ygcen.2017.09.007.

L. Yuan, M. Li, F. Meng, Y. Gong, Y. Qian, G. Shi, R. Wang, Growth, blood health,
antioxidant status, immune response and resistance to Aeromonas hydrophila of
juvenile yellow catfish exposed to di-2-ethylhexyl phthalate (DEHP), Comp.
Biochem. Physiol. Part - C Toxicol. Pharmacol. (2017), https://doi.org/10.1016/j.
cbpc.2017.08.004.

Office of Environmental Health Hazard Assessment, Toxicological Profile for Di-(2-
ethylhexyl) Phthalate (DEHP), (2009).

F. Zeng, K. Cui, Z. Xie, M. Liu, Y. Li, Y. Lin, Z. Zeng, F. Li, Occurrence of phthalate
esters in water and sediment of urban lakes in a subtropical city, Guangzhou, South
China, Environ. Int. (2008), https://doi.org/10.1016/j.envint.2007.09.002.

R. Li, J. Liang, Z. Gong, N. Zhang, H. Duan, Occurrence, spatial distribution, his-
torical trend and ecological risk of phthalate esters in the Jiulong River, Southeast
China, Sci. Total Environ. (2017), https://doi.org/10.1016/j.scitotenv.2016.11.
190.

L. Lin, L. Dong, X. Meng, Q. Li, Z. Huang, C. Li, R. Li, W. Yang, J. Crittenden,
Distribution and sources of polycyclic aromatic hydrocarbons and phthalic acid
esters in water and surface sediment from the Three Gorges Reservoir, J. Environ.
Sci. (China). (2018), https://doi.org/10.1016/].jes.2017.11.004.

F. Wang, X. Xia, Y. Sha, Distribution of phthalic acid esters in Wuhan section of the
Yangtze River, China, J. Hazard. Mater. (2008), https://doi.org/10.1016/j.jhazmat.
2007.10.028.

Z.M. Zhang, H.H. Zhang, J. Zhang, Q.W. Wang, G.P. Yang, Occurrence, distribution,
and ecological risks of phthalate esters in the seawater and sediment of Changjiang

[2]

[3]

[4]

[5

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]


https://doi.org/10.1016/j.envint.2016.09.013
https://doi.org/10.1016/j.envint.2016.09.013
https://doi.org/10.1016/j.toxlet.2018.06.714
http://refhub.elsevier.com/S2214-7500(19)30567-0/sbref0015
http://refhub.elsevier.com/S2214-7500(19)30567-0/sbref0015
http://refhub.elsevier.com/S2214-7500(19)30567-0/sbref0015
https://doi.org/10.1093/toxsci/21.2.204
https://doi.org/10.2131/jts.30.175
https://doi.org/10.2131/jts.30.175
https://doi.org/10.1016/j.aquatox.2013.10.025
https://doi.org/10.1016/j.ygcen.2017.09.007
https://doi.org/10.1016/j.ygcen.2017.09.007
https://doi.org/10.1016/j.cbpc.2017.08.004
https://doi.org/10.1016/j.cbpc.2017.08.004
http://refhub.elsevier.com/S2214-7500(19)30567-0/sbref0045
http://refhub.elsevier.com/S2214-7500(19)30567-0/sbref0045
https://doi.org/10.1016/j.envint.2007.09.002
https://doi.org/10.1016/j.scitotenv.2016.11.190
https://doi.org/10.1016/j.scitotenv.2016.11.190
https://doi.org/10.1016/j.jes.2017.11.004
https://doi.org/10.1016/j.jhazmat.2007.10.028
https://doi.org/10.1016/j.jhazmat.2007.10.028

B.B.H. Yuen, et al.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

River Estuary and its adjacent area, Sci. Total Environ. (2018), https://doi.org/10.
1016/j.scitotenv.2017.11.070.

S. Sirivithayapakorn, K. Thuyviang, Dispersion and ecological risk assessment of di
(2-ethylhexyl) phthalate (DEHP) in the surface waters of Thailand, Bull. Environ.
Contam. Toxicol. (2010), https://doi.org/10.1007/s00128-010-9980-5.

M. Vitali, M. Guidotti, G. Macilenti, C. Cremisini, Phthalate esters in freshwaters as
markers of contamination sources - a site study in Italy, Environ. Int. (1997),
https://doi.org/10.1016/50160-4120(97)00035-4.

H. Fromme, T. Kiichler, T. Otto, K. Pilz, J. Miiller, A. Wenzel, Occurrence of
phthalates and bisphenol A and F in the environment, Water Res. (2002), https://
doi.org/10.1016,/50043-1354(01)00367-0.

E. Yuwatini, N. Hata, S. Taguchi, Behavior of di(2-ethylhexyl) phthalate discharged
from domestic waste water into aquatic environment, J. Environ. Monit. (2006),
https://doi.org/10.1039/b509767c.

A.D. Vethaak, J. Lahr, S.M. Schrap, A.C. Belfroid, G.B.J. Rijs, A. Gerritsen,

J. DeBoer, A.S. Bulder, G.C.M. Grinwis, R.V. Kuiper, J. Legler, T.A.J. Murk,

W. Peijnenburg, H.J.M. Verhaar, P. DeVoogt, An integrated assessment of estro-
genic contamination and biological effects in the aquatic environment of The
Netherlands, Chemosphere. (2005), https://doi.org/10.1016/j.chemosphere.2004.
12.053.

W.J.G.M. Peijnenburg, J. Struijs, Occurrence of phthalate esters in the environment
of the Netherlands, Ecotoxicol. Environ. Saf. (2006), https://doi.org/10.1016/j.
ecoenv.2005.07.023.

O. Carnevali, L. Tosti, C. Speciale, C. Peng, Y. Zhu, F.Maradonna, DEHP impairs
zebrafish reproduction by affecting critical factors in oogenesis, PLoS One (2010),
https://doi.org/10.1371/journal.pone.0010201.

J. Crago, R. Klaper, A mixture of an environmentally realistic concentration of a
phthalate and herbicide reduces testosterone in male fathead minnow (Pimephales
promelas) through a novel mechanism of action, Aquat. Toxicol. (2012), https://
doi.org/10.1016/j.aquatox.2011.12.021.

A. Mohammed, Why are early life stages of aquatic organisms more sensitive to
toxicants than adults? New Insights into Toxicity and Drug Testing, (2013), https://
doi.org/10.5772/55187.

J. Wittbrodt, A. Shima, M. Schartl, Medaka - A model organism from the Far East,
Nat. Rev. Genet. (2002), https://doi.org/10.1038/nrg704.

S. Padilla, J. Cowden, D.E. Hinton, B. Yuen, S. Law, S.W. Kullman, R. Johnson,
R.C. Hardman, K. Flynn, D.W.T. Au, Use of Medaka in toxicity testing, Curr. Protoc.
Toxicol. (2009), https://doi.org/10.1002/0471140856.tx0110s39.

T. Iwamatsu, Stages of normal development in the medaka Oryzias latipes, Mech.
Dev. (2004), https://doi.org/10.1016/j.mod.2004.03.012.

AK. Hotchkiss, C.V. Rider, C.R. Blystone, V.S. Wilson, P.C. Hartig, G.T. Ankley,
P.M. Foster, C.L. Gray, L.E. Gray, Fifteen years after “wingspread” - environmental
endocrine disrupters and human and wildlife health: where we are today and where
we need to go, Toxicol. Sci. (2008), https://doi.org/10.1093/toxsci/kfn030.

L.N. Vandenberg, Non-monotonic dose responses in studies of endocrine disrupting
chemicals: Bisphenol a as a case study, Dose-Resp. (2014), https://doi.org/10.
2203/dose-response.13-020.Vandenberg.

A.M. Hooker, M. Bhat, T.K. Day, J.M. Lane, S.J. Swinburne, A.A. Morley, P.J. Sykes,
The linear no-threshold model does not hold for low-dose ionizing radiation,
Radiat. Res. (2004), https://doi.org/10.1667/rr3228.

V.W.Y. Choi, E.H.W. Yum, T. Konishi, M. Oikawa, S.H. Cheng, K.N. Yu, Triphasic
Low-dose Response in Zebrafish Embryos Irradiated by Microbeam Protons, J.
Radiat. Res. (2012), https://doi.org/10.1269/jrr.11146.

E.Y. Kong, S.H. Cheng, K.N. Yu, Biphasic and triphasic dose responses in zebrafish
embryos to low-dose 150 kV X-rays with different levels of hardness, J. Radiat. Res.
(2016), https://doi.org/10.1093/jrr/rrw026.

A.J.1 Andrade, S.W. Grande, C.E. Talsness, K. Grote, A dose-response study fol-
lowing in utero and lactational exposure to di-(2-ethylhexyl)-phthalate (DEHP):
non-monotonic dose-response and low dose effects on rat brain aromatase activity,
Toxicology. 227 (2006) 185-192, https://doi.org/10.1016/j.tox.2006.07.022.

E. Calabrese, Dose-response: a fundamental concept in toxicology, in: Hayes’ Princ,
Methods Toxicol, 6th ed., (2014), https://doi.org/10.1201/b17359-5.

T.E. Chikae, Hatano M1, Ikeda Y, Morita R, Hasan Y, Effects of bis(2-ethylhexyl)
phthalate and benzo[a]pyrene on the embryos of Japanese medaka (Oryzias la-
tipes), Env. Toxicol Pharmacol. 16 (2004) 141-145, https://doi.org/10.1016/j.
etap.2003.11.007.

W.K. Yang, L.F. Chiang, S.W. Tan, P.J. Chen, Environmentally relevant concentra-
tions of di(2-ethylhexyl)phthalate exposure alter larval growth and locomotion in
medaka fish via multiple pathways, Sci. Total Environ. (2018), https://doi.org/10.
1016/j.scitotenv.2018.05.312.

M. Chikae, R. Ikeda, Y. Hatano, Q. Hasan, Y. Morita, E. Tamiya, Effects of bis(2-
ethylhexyl) phthalate, y-hexachlorocyclohexane, and 17B-estradiol on the fry stage
of medaka (Oryzias latipes), Environ. Toxicol. Pharmacol. (2004), https://doi.org/
10.1016/j.etap.2004.04.004.

P.P. Jia, Y.B. Ma, C.J. Lu, Z. Mirza, W. Zhang, Y.F. Jia, W.G. Li, D.S. Pei, The effects
of disturbance on Hypothalamus-Pituitary-Thyroid (HPT) axis in zebrafish larvae
after exposure to DEHP, PLoS One (2016), https://doi.org/10.1371/journal.pone.
0155762.

E.J. Kim, J.W. Kim, S.K. Lee, Inhibition of oocyte development in Japanese medaka
(Oryzias latipes) exposed to di-2-ethylhexyl phthalate, Environ. Int. (2002), https://
doi.org/10.1016/50160-4120(02)00058-2.

C. Huang, Z. Zhang, S. Wu, Y. Zhao, J. Hu, In vitro and in vivo estrogenic effects of
17a-estradiol in medaka (Oryzias latipes), Chemosphere. (2010), https://doi.org/
10.1016/j.chemosphere.2010.04.010.

208

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Toxicology Reports 7 (2020) 200-208

V.R.T. Zanotelli, S.C.F. Neuhauss, M.U. Ehrengrubera, Long-term exposure to bis(2-
ethylhexyl) phthalate (DEHP) inhibits growth of guppy fish (Poecilia reticulata), J.
Appl. Toxicol. (2010), https://doi.org/10.1002/jat.1468.

R.K. Bhandari, F.S. VomSaal, D.E. Tillitt, Transgenerational effects from early de-
velopmental exposures to bisphenol A or 17a-ethinylestradiol in medaka, Oryzias
latipes, Sci. Rep. (2015), https://doi.org/10.1038/srep09303.

Y. Guo, Y. Yang, Y. Gao, X. Wang, B. Zhou, The impact of long term exposure to
phthalic acid esters on reproduction in Chinese rare minnow (Gobiocypris rarus),
Environ. Pollut. (2015), https://doi.org/10.1016/j.envpol.2015.04.005.

T.M. Uren-Webster, C. Lewis, A.L. Filby, G.C. Paull, E.M. Santos, Mechanisms of
toxicity of di(2-ethylhexyl) phthalate on the reproductive health of male zebrafish,
Aquat. Toxicol. (2010), https://doi.org/10.1016/j.aquatox.2010.05.015.

A. Hatef, S.M.H. Alavi, A. Abdulfatah, P. Fontaine, M. Rodina, O. Linhart, Adverse
effects of bisphenol A on reproductive physiology in male goldfish at en-
vironmentally relevant concentrations, Ecotoxicol. Environ. Saf. (2012), https://
doi.org/10.1016/j.ecoenv.2011.09.021.

B. Corradetti, A. Stronati, L. Tosti, G. Manicardi, O. Carnevali, D. Bizzaro, Bis-(2-
ethylexhyl) phthalate impairs spermatogenesis in zebrafish (Danio rerio), Reprod.
Biol. (2013), https://doi.org/10.1016/j.repbio.2013.07.003.

M. Golshan, A. Hatef, M. Socha, S. Milla, I.A.E. Butts, O. Carnevali, M. Rodina,
M. Sokotowska-Mikotajczyk, P. Fontaine, O. Linhart, S.M.H. Alavi, Di-(2-ethyl-
hexyl)-phthalate disrupts pituitary and testicular hormonal functions to reduce
sperm quality in mature goldfish, Aquat. Toxicol. (2015), https://doi.org/10.1016/
j-aquatox.2015.03.017.

S. Ahmadivand, H. Farahmand, L. Teimoori-Toolabi, A. Mirvaghefi, S. Eagderi,

T. Geerinckx, S. Shokrpoor, H. Rahmati-Holasoo, Boule gene expression underpins
the meiotic arrest in spermatogenesis in male rainbow trout (Oncorhynchus mykiss)
exposed to DEHP and butachlor, Gen. Comp. Endocrinol. (2016), https://doi.org/
10.1016/j.ygcen.2015.05.011.

Y.B. Ma, P.P. Jia, M. Junaid, L. Yang, C.J. Lu, D.S. Pei, Reproductive effects linked
to DNA methylation in male zebrafish chronically exposed to environmentally re-
levant concentrations of di-(2-ethylhexyl) phthalate, Environ. Pollut. (2018),
https://doi.org/10.1016/j.envpol.2017.11.025.

D.K. Agarwal, S. Eustis, J.C. Lamb IV, Effects of di(2-ethylhexyl) phthalate on the
gonadal pathophysiology, sperm morphology, and reproductive performance of
male rats, Environ. Health Perspect. VOL. 65 (1986) 343-350, https://doi.org/10.
2307/3430202.

A. Agarwal, S. Gupta, R.K. Sharma, Role of oxidative stress in female reproduction,
Reprod. Biol. Endocrinol. 3 (2005) 1-21, https://doi.org/10.1186,/1477-7827-3-28.
W. Wang, Z.R. Craig, M.S. Basavarajappa, R.K. Gupta, J.A. Flaws, Di (2-ethylhexyl)
phthalate inhibits growth of mouse ovarian antral follicles through an oxidative
stress pathway, Toxicol. Appl. Pharmacol. (2012), https://doi.org/10.1016/j.taap.
2011.11.008.

X. Li, E.F. Fang, M. Scheibye-Knudsen, H. Cui, L. Qiu, J. Li, Y. He, J. Huang,

V.A. Bohr, T.B. Ng, H. Guo, Di-(2-ethylhexyl) phthalate inhibits DNA replication
leading to hyperPARylation, SIRT1 attenuation, and mitochondrial dysfunction in
the testis, Sci. Rep. 4 (2014) 1-9, https://doi.org/10.1038/srep06434.

M. Soffker, C.R. Tyler, Endocrine disrupting chemicals and sexual behaviors in fish
a critical review on effects and possible consequences, Crit. Rev. Toxicol. (2012),
https://doi.org/10.3109/10408444.2012.692114.

P.Y. Lee, C.Y. Lin, T.H. Chen, Environmentally relevant exposure of 17a-ethiny-
lestradiol impairs spawning and reproductive behavior in the brackish medaka
Oryzias melastigma, Mar. Pollut. Bull. (2014), https://doi.org/10.1016/j.
marpolbul.2014.04.013.

Y. Huang, G. Zhu, L. Peng, W. Ni, X. Wang, J. Zhang, K. Wu, Effect of 2,2’,4,4’-
tetrabromodiphenyl ether (BDE-47) on sexual behaviors and reproductive function
in male zebrafish (Danio rerio), Ecotoxicol. Environ. Saf. (2015), https://doi.org/
10.1016/j.ecoenv.2014.09.037.

Y. Li, C. Wang, F. Zhao, S. Zhang, R. Chen, J. Hu, Environmentally relevant con-
centrations of the organophosphorus flame retardant triphenyl phosphate impaired
testicular development and reproductive behaviors in Japanese Medaka (Oryzias
latipes), Environ. Sci. Technol. Lett. (2018), https://doi.org/10.1021/acs.estlett.
8b00546.

C.M. Foran, B.N. Peterson, W.H. Benson, Transgenerational and developmental
exposure of Japanese Medaka (Oryzias latipes) to ethinylestradiol results in endo-
crine and reproductive differences in the response to ethinylestradiol as adults,
Toxicol. Sci. (2002), https://doi.org/10.1093/toxsci/68.2.389.

J. Legler, L.M. Zeinstra, F. Schuitemaker, P.H. Lanser, J. Bogerd, A. Brouwer,
A.D. Vethaak, P. DeVoogt, A.J. Murk, B. Van DerBurg, Comparison of in vivo and in
vitro reporter gene assays for short-term screening of estrogenic activity, Environ.
Sci. Technol. (2002), https://doi.org/10.1021/es010323a.

A. Akhter, M. Rahaman, R. toSuzuki, Y. Murono, T. Tokumoto, Next-generation and
further transgenerational effects of bisphenol A on zebrafish reproductive tissues,
Heliyon. (2018), https://doi.org/10.1016/j.heliyon.2018.e00788.

M. Tian, L. Liu, J. Zhang, Q. Huang, H. Shen, Positive association of low-level en-
vironmental phthalate exposure with sperm motility was mediated by DNA me-
thylation: a pilot study, Chemosphere (2019), https://doi.org/10.1016/j.
chemosphere.2018.12.155.

CCME (Canadian Council of Ministers of the Environment), Canadian water quality
guidelines for the protection of aquatic life: Summary table. Updated December,
2007, Can. Environ. Qual. Guidel. (1999).

World Health Organisation (WHO), WHO Guidelines for Drinking-water Quality -
Third Edition, (2008), https://doi.org/10.1016/51462-0758(00)00006-6.


https://doi.org/10.1016/j.scitotenv.2017.11.070
https://doi.org/10.1016/j.scitotenv.2017.11.070
https://doi.org/10.1007/s00128-010-9980-5
https://doi.org/10.1016/S0160-4120(97)00035-4
https://doi.org/10.1016/S0043-1354(01)00367-0
https://doi.org/10.1016/S0043-1354(01)00367-0
https://doi.org/10.1039/b509767c
https://doi.org/10.1016/j.chemosphere.2004.12.053
https://doi.org/10.1016/j.chemosphere.2004.12.053
https://doi.org/10.1016/j.ecoenv.2005.07.023
https://doi.org/10.1016/j.ecoenv.2005.07.023
https://doi.org/10.1371/journal.pone.0010201
https://doi.org/10.1016/j.aquatox.2011.12.021
https://doi.org/10.1016/j.aquatox.2011.12.021
https://doi.org/10.5772/55187
https://doi.org/10.5772/55187
https://doi.org/10.1038/nrg704
https://doi.org/10.1002/0471140856.tx0110s39
https://doi.org/10.1016/j.mod.2004.03.012
https://doi.org/10.1093/toxsci/kfn030
https://doi.org/10.2203/dose-response.13-020.Vandenberg
https://doi.org/10.2203/dose-response.13-020.Vandenberg
https://doi.org/10.1667/rr3228
https://doi.org/10.1269/jrr.11146
https://doi.org/10.1093/jrr/rrw026
https://doi.org/10.1016/j.tox.2006.07.022
https://doi.org/10.1201/b17359-5
https://doi.org/10.1016/j.etap.2003.11.007
https://doi.org/10.1016/j.etap.2003.11.007
https://doi.org/10.1016/j.scitotenv.2018.05.312
https://doi.org/10.1016/j.scitotenv.2018.05.312
https://doi.org/10.1016/j.etap.2004.04.004
https://doi.org/10.1016/j.etap.2004.04.004
https://doi.org/10.1371/journal.pone.0155762
https://doi.org/10.1371/journal.pone.0155762
https://doi.org/10.1016/S0160-4120(02)00058-2
https://doi.org/10.1016/S0160-4120(02)00058-2
https://doi.org/10.1016/j.chemosphere.2010.04.010
https://doi.org/10.1016/j.chemosphere.2010.04.010
https://doi.org/10.1002/jat.1468
https://doi.org/10.1038/srep09303
https://doi.org/10.1016/j.envpol.2015.04.005
https://doi.org/10.1016/j.aquatox.2010.05.015
https://doi.org/10.1016/j.ecoenv.2011.09.021
https://doi.org/10.1016/j.ecoenv.2011.09.021
https://doi.org/10.1016/j.repbio.2013.07.003
https://doi.org/10.1016/j.aquatox.2015.03.017
https://doi.org/10.1016/j.aquatox.2015.03.017
https://doi.org/10.1016/j.ygcen.2015.05.011
https://doi.org/10.1016/j.ygcen.2015.05.011
https://doi.org/10.1016/j.envpol.2017.11.025
https://doi.org/10.2307/3430202
https://doi.org/10.2307/3430202
https://doi.org/10.1186/1477-7827-3-28
https://doi.org/10.1016/j.taap.2011.11.008
https://doi.org/10.1016/j.taap.2011.11.008
https://doi.org/10.1038/srep06434
https://doi.org/10.3109/10408444.2012.692114
https://doi.org/10.1016/j.marpolbul.2014.04.013
https://doi.org/10.1016/j.marpolbul.2014.04.013
https://doi.org/10.1016/j.ecoenv.2014.09.037
https://doi.org/10.1016/j.ecoenv.2014.09.037
https://doi.org/10.1021/acs.estlett.8b00546
https://doi.org/10.1021/acs.estlett.8b00546
https://doi.org/10.1093/toxsci/68.2.389
https://doi.org/10.1021/es010323a
https://doi.org/10.1016/j.heliyon.2018.e00788
https://doi.org/10.1016/j.chemosphere.2018.12.155
https://doi.org/10.1016/j.chemosphere.2018.12.155
http://refhub.elsevier.com/S2214-7500(19)30567-0/sbref0305
http://refhub.elsevier.com/S2214-7500(19)30567-0/sbref0305
http://refhub.elsevier.com/S2214-7500(19)30567-0/sbref0305
https://doi.org/10.1016/S1462-0758(00)00006-6

	Transient exposure to environmentally realistic concentrations of di-(2-ethylhexyl)-phthalate during sensitive windows of development impaired larval survival and reproduction success in Japanese medaka
	Introduction
	Methods
	Chemicals
	Animals and exposure studies
	Range-finding test
	Long-term study

	Reproduction study
	Morphological analysis
	Statistical analysis

	Results
	Mortality of 9 days old embryos
	Mortality of 21 days old hatchlings
	Reproduction study on adult fish with prior exposure to DEHP during early development
	Effects of DEHP on oogenesis
	Effects of DEHP on spermatogenesis

	Discussion
	Effects of ultralow doses of DEHP on embryonic toxicity
	Effects of early exposure to DEHP on adult fish reproduction

	Conclusion
	Declaration of Competing Interest
	Author contributions
	CRediT authorship contribution statement
	Acknowledgements
	References




