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Abstract: Some herbicides exert hormetic or biphasic non-monotonic dose-response (NMDR),
which is one of the major challenges for ecological risk assessment (ERA) of pesticides pollution. In
this study, fish embryo toxicity test (FET) with Javanese medaka (Oryzias javanicus) to sublethal
concentration of diuron was determined. Inverted U-shape heart rate was observed at 3 days post-
exposure (dpe) and 7 dpe. However, at 13 dpe the heart rate (104 + 2.90 heartbeat/min.) decreased
in 10.00 mg.L! exposed-embryos. At 20 dpe, hatchability and survival rate were reduced in 5.00
mg.L' and 10.00 mg.L! exposed groups. Hormetic developmental deformities were observed in
embryo-larvae of Javanese medaka. The results revealed a biphasic effect of low concentrations of
diuron on some morphological and physiological features of Javanese medaka embryo-larvae,
which might be attributed to endocrine disruption of this herbicide. Further studies to support these
effects were recommended.

Keywords: hormesis; developmental toxicity; endocrine disruptor; herbicide; ecological risk
assessment (ERA)

1. Introduction

For some years, pesticides have greatly benefited humans in agriculture and the control of
infectious diseases [1]. Diuron is a herbicide for different crops [2]. Diuron, 3-(3,4-Dichlorophenyl)-
1,1-dimethylurea, which is commonly called Dynex, is also used as an alternative booster biocide that
was introduced by the paint industries. Diuron is used in the coating to prevent biofouling of marine
organisms on submergible structures of water vessels [3]. Diuron is commonly detected at lower
concentrations (ng/L to ug/L), but higher concentrations (mg/L) have been found for example,
drainage water from farmlands [4,5,6] . Diuron concentration up to 6,742 ng/L was detected in waters
around the UK [7]. It replaces organotin-based paint that was banned because of its deleterious
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effects on non-target species [8]. However, high application and detection of different pesticides in
water have resulted in aquatic pollution, which affects the health of non-target organisms [9].

Stock of fish is extremely dependent on environmental factors that are encountered during early
development [10]. Diuron was observed to be highly persistent in the marine environment [11]. In
teleosts, diuron and its degradation products at 5 ug.L' and 200 pg.L' affect morphological,
biochemical, physiological and behavioural features of Oreochromis niloticus [12]. It is suspected to be
an endocrine disrupting chemical (EDC) and it may likely result in toxic developmental effect [13,
14]. Diuron and some other phenylurea herbicides have exerted in vitro endocrine disrupting effects
on neurohypophysis cells [15]. Even though the endocrine disruption ability of this chemical is not
clear, there are some indications that diuron has aryl hydrocarbon receptor (AhR)-mediated trans-
activation effect in vivo and in vitro [16]. As AhR depends on the ligand transcription factor, it
controls the genetic factor involved in xenobiotic metabolism, production, and differentiation of cells
[16]. More toxicity effects of diuron were observed in phytoplankton as compared to other aquatic
organisms [17, 18]. Despite its high application as booster biocides in water vessels, runoff from ureic
herbicides used on croplands is the major source of diuron in aquatic ecosystems [19].

Non-monotonic dose-response (NMDR) relation is also known as hormesis or biphasic. Various
chemical and physical stressors usually induce it in different experimental systems [20]. Hormesis
linked to herbicides was early reported in the 1950s [21]. NMDR describes a pattern with reversal
response between low and high doses of a chemical or other substance [22, 23]. A typical biphasic
NMDR was observed in some organisms such as prokaryotic organisms, fungi, plants, vertebrates,
and invertebrates exposed to pesticides [21, 24]. Some experiments with EDCs showed NMDR
relation, with comparatively high frequency to non-EDCs [25, 26].

Javanese Medaka (Oryzias javanicus) is distributed all year round in estuaries, freshwater and
marine ecosystems in Peninsular Malaysia, Thailand, Singapore, and Indonesia [27]. This fish is one
of the excellent aquatic vertebrate-models for in vivo biological research [28]. It is commonly used in
numerous studies as a model [29, 30]. Javanese Medaka has all the aspects of 3Rs (reduction,
refinement, and replacement) in animal research [31]. Another advantage of using this species as an
aquatic animal-model is euryhaline organism [32], and its sensitivity to EDCs and some other
toxicants during the early stage of life [29, 30, 33]. A new estuarine model, inland silversides (Menidia
beryllina) have also been used both in the laboratory and field research to evaluate endocrine
disrupting effects [34, 35].

Embryonic development is an energy-demanding process [36], therefore any process that will
interfere with this can cause life-threatening effects. Javanese Medaka has transparent embryo, with
small genome size, and transgenic construction [37]. In addition to these conceptual features, there
are many technical features such as external development [38]. According to the study knowledge,
there is no report on the hormetic non-monotonic dose-response (NMDR) of diuron during the early
development of Javanese medaka. Therefore, this study aims to evaluate response of Javanese
medaka to sublethal toxicity of diuron, a potential endocrine disrupting chemical (EDC) during the
early-life stage.

2. Materials and Methods

2.1. Source of chemicals

Diuron (1, 1-dimethyl, 3-(3',4'-dichlorophenyl) urea) of analytical grade (= 98% purity, CAS: 330-
54-1) was purchased from Sigma-Aldrich Co. (St. Louis, MO 63103 USA). Dimethyl sulfoxide
(DMSO); 99.9%, CAS: 67-68-5 was obtained from Friedemann Schmidt Chemical, Kajang, Selangor,
Malaysia.
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2.2. Javanese medaka broodstocks culture and maintenance

Wild strains of Javanese medaka were obtained from an estuary in Sepang (2°37’15.38”N,
101°42’38.33"" E), Selangor, Malaysia. They were maintained and cultured to various generations in
a recirculating system under suitable conditions (temperature; 26 + 1°C, pH; 7.8 - 8.0, DO; 5.4 mg.L-
1- 6.0 mg.L-!, photoperiod; 14:12 h light/dark illumination) [39] for over a year in Javanese Medaka
Mass Culture Laboratory, Department of Biology, Universiti Putra Malaysia. The fish were fed ad
libitum twice daily with newly hatched (< 24 h post-incubation) nauplii of Artemia salina. The
culturing of this brine shrimp was based the methods described by Shaala et al. [40]. The system
water (~ 50%) was changed and filters were washed twice monthly to reduce the removal of useful
microbiota.

2.3. Preparation of the concentrations and exposure

Diuron stock concentration (100 mg.L!) was prepared with the dilution water (artificial brackish
water) [38] made with 24 h aerated ‘Instant Ocean® salt solution (21.6 + 0.3 %o environmentally
relevant). As reported by OECD [41], two control and five treatment groups were used, namely
control (dilution water, solvent (0.01% v/v dimethyl sulfoxide; DMSO), 0.60 mg.L-1, 1.25 mg.L-1, 2.50
mg.L1, 5.00 mg.L1, and 10.00 mg.L", the highest concentration (10.00 mg.L") was selected based on
no-observed effect concentration (NOEC) of 96 h acute toxicity, each group had 3 replicates.
Fertilized eggs at ~5 h post-fertilization (hpf) of stage 8 were collected from F2-parents of the wild
strains [42]. Healthy embryos were selected by viewing under a stereomicroscope (Olympus CX31
2D, Japan) to avoid using unfertilized or abnormal egg. The embryos were rinsed with the dilution
water, sterilized with 0.3% (w/v) and 0.00001% (w/v) salt solution (Instant Ocean®) and methylene
blue, respectively for 2-5 minutes [39], and then transferred into crystallization dishes (100 mL) of
various nominal concentrations of diuron. The embryos (n = 30) were individually exposed to avoid
cross-contamination [43] in a 24-well plate which contained 2.0 mL of a particular concentration and
incubated at 26 +1 °C on a 14 h light :10 h dark photoperiod [40], at light intensity of 837 lux. Newly
prepared test concentrations replaced ~ 90% of the test concentrations daily [44].

2.4. Fish embryo toxicity (FET)

Morphological/physiological endpoints observed were heart rate, hatching rate and survival
rate [41, 44]. Heart rate (beats/min.; n = 8) was counted at 3-day post-exposure (3 dpe; onset of
heartbeat), 7 dpe (structures were clearly observed) and 13 dpe (24 h to first hatching) by using a
stopwatch to evaluate the effect on the heartbeat of developing embryo at different concentrations.
Proportions of hatched-embryos (%; n = 30) in the various treatment groups were recorded daily
from the day the first hatchling was observed (12 dpe) to the day of termination (20 dpe). The
average survival rate (%; n =30) of the groups were recorded daily. The proportion of embryo-larvae
(%; n = 30) with fully detached tail, coagulated embryo, formed major organs (head, eye, tail, and
heart), low pigmentation (melanism), well-developed eyes, somite formed, scoliosis and blood
circulation of embryos in different exposed-groups at 10 dpe were determined. Due to the
transparency of the embryo, the developmental features were observed and photographed with a
camera-mounted Leica™ microscope (Leica Microsystem, Germany).

2.5. Ethical statement

The fishes were sampled, handled and treated according to the methods approved by the
Institutional Animal Care and Use Committee, Universiti Putra Malaysia (AUP No.: R006/2016). All
experiments were conducted following the mentioned guidelines and regulations.

2.6. Statistical analysis
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Shapiro-Wilk normality test and one-way ANOVA (parametric) or Kruskal Wallis test (non-
parametric) were used. GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, USA) was used to
analyze all the data with Dunnett’s and Dunn's multiple comparisons tests, respectively at p < 0.05.
Values were presented as mean + SEM. Error bar = SEM.

3. Results
3.1. Heart rate

There was a statistically significant difference in heart rate (heartbeats/min.; HBpM) between the
control and treatment groups (H (6) = 24.47, p < 0.001), with mean rank score of 12.83, 20.50, 16.58,
37.00, 28.42, 27.25 and 7.92 for control, solvent, 0.6 mg.L, 1.25 mg.L-1, 2.50 mg.L-!, 5.00 mg.L-!, and
10.00 mg.L" respectively. After 7 dpe, a significant difference was observed, (H (6) =26.13, p <0.001)
at 2.50 mg.L", where the heart rate was the highest at 136 +2.53 HBpM, as compared to other groups,
in which the mean ranking were 18.25 (control), 18.00 (solvent), 16.92 (0.60 mg.L), 32.50 (1.25 mg.L-
1), 37.58 (2.50 mg.L1), 20.75 (5.00 mg.L!) and 6.50 (10.00 mg.L"). A significant decrease in heart rate,
F (6, 35) = 15.13, p < 0.001) was also observed at 13 dpe as compared to both solvent and control
groups, with 104 + 2.90 HBpM for 10.0 mg.L" treatment group. (Figure 1). The heart rate at 3 -7 dpe
showed a hormetic-like effect. However, at 13 dpe only the highest (10.00 mg.L") was significantly
lower than the other groups.
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Figure 1. Heart rate (n = 3) of Javanese medaka embryo at 3, 7 and 13 dpe to diuron.
*%* =p <0.001, a significant difference from control. Error bar = SEM.

3.2 Hatchability

Hatchability (%) was significantly different between the control and exposed groups (H (6) =
19.58 , p <0.003), where the mean ranking score for control, solvent, 0.6 mg.L, 1.25 mg.L, 2.50 mg.L-
1,5.00 mg.L' and 10.00 mg.L* were 16.5, 19.5, 11.0, 15.0, 8.0, 3.5, 3.5 , respectively. There was no
hatching (0%) in the 10.00 mg.L! exposed-embryos. Only 3.3% embryos hatched in the 5.00 mg.L!
exposed group hatched at the end of the exposure (20 dpe) (Figure 2).
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Figure 2. Hatching rate (n = 3) of Javanese medaka embryos at 20 days after
exposure to sub-lethal concentrations of diuron. **=p <0.01 a significant difference
from control. Error bar = SEM.

3.3. Survival rate

A significant survival rate (%), (H (6) =16.9, p <0.003) between the treatment groups, with mean
rank scores for control (17), solvent (15.17) 0.6 mg.L* (4.33), 1.25 mg.L* (17), 2.50 mg.L* (12.67), 5.00
mg.L1 (5.5) and 10.00 mg.L-1(5.33) (Figure 3) at 20 dpe. The similar response pattern at low (0.6 mg.L-
1) and high concentrations (5.00 mg.L-* and 10.00 mg.L-» implied non-monotonic effect on the survival
rate.

1009 ¥ T T T - . T T",—T"/—' 15— ",—f "—7“,—7'3—' 15— ",—7 X

¢

Control

Solvent

0.60 mgL™*
1.25 mgL™*
250 mgL™"
5.00 mgL'1
10.00 mgL™*

80

LR

o
o
1

Survival (%)

IS
o

201

T T T T T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Day post exposure (dpe)

Figure 3. Survival rate (n = 10) of developing embryo-larvae of Javanese medaka
at 20 days after exposure to low concentrations of diuron.

3.4. Diuron in Fish Embryo Acute Toxicity

The proportion (%; n = 30) of morphological (fully detached tail, embryo coagulation, formation
of major organs (head, eye, tail, and heart) head malformation, pigmentation; melanism, well-
developed eyes, somite formation, scoliosis) and physiological (blood circulation) features of
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different exposed-groups at 10 dpe. Embryos exposed to 0.6 mg.L?, 5.00 mg.L, and 10.00 mg.L* had
similar response patterns; 3%, 3% and 10% coagulated, respectively. The major organs formed in 0.6,
5.00 mg.L-! and 10.00 mg.L* -were 40 - 60%. The low pigmentation (30 - 63%), fully developed eye
(37% - 63%), low somite formation (23% - 47%), scoliosis (30% - 47%) were observed in 0.60 mg.L-!,
5.00 mg.L? and 10.00 mg.L' exposed-group, respectively (Figure 4). Other morphological
characteristics observed in the embryo included yolk-sac oedema, pericardial oedema in the embryo-
larval development (Figure 5 and Figure 6).
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Figure 4. Non-monotonic developmental responses (n = 30) of diuron-exposed
Javanese medaka embryos after 10 days. n = 30.

(c) e

Figure 5. Morphological defects in Javanese medaka embryos (a-e) at 10 dpe exposed to
diuron (a) coagulated; 5.0 mg.L! (b) normal (c) 0.6 mg.L"' (d) 5.0 mg.L* (e) 10.0 mg.L.
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YSE, yolksac oedema; LP, low pigmentation; TC, tail curvature; AHD, abnormal head
development; PED, pericardial oedema; SC, scoliosis.

Figure 6. Morphological defects in Javanese medaka fry-sac larvae (a-f) at 2 dph
exposed to diuron (a) normal (b and c) 2.5 mg.L! (d) 5.0 mg.L! (e and f) 0.6 mg.L-.
YSE, yolk-sac oedema; LP, low pigmentation; TC, tail curvature; AHD, abnormal
head development; PE, pericardial oedema; SC, scoliosis, CT, coiled tail ST, short tail;
TFD, tail fin degradation.

4. Discussion

High population growth results in increased food production thereby high demand and
application of herbicides, which indirectly ended up in non-target organisms, causing negative
biological effects [45]. Direct application of diuron into aquatic ecosystem during the embryonic or
early post-embryonic development of fish would pose potential negative effects [46]. In this study,
hormetic-like non-monotonic dose-response (NMDR) of diuron, a potential endocrine disruptor, one
of the pesticides banned in Europe [47] during the first early development of Javanese medaka
(Oryzias javanicus) was revealed based on some endpoints observed. The heart rate, hatchability,
survival rate, and developmental deformities in Javanese medaka embryo-larvae exposed to diuron
were evaluated. NMDR was reported across multitudinous chemicals including herbicides in some
organisms, in the same way, the response was highly different among species which driven
researchers to several interpretations of the causes [48, 49]. Diuron containing residues in lakes and
ponds might result into death of fish and invertebrates that are more sensitive [46].

According to Moreira et al. [35], salinity has affected the levels of thyroid hormone of diuron
exposed estuarine fish Menidia beryllina. This indicated that salinity might have played a significant
role on hormonal activities of Oryzias javanicus embryos in this study. In the present study, the heart
rates at 3 dpe and 7 dpe were in NMDR pattern. However, at 13 dpe, the highest tested concentration
(10.00 mg.L?), there was a monotonic decrease in heart rate. The heart rate response pattern implied
stress exerted by diuron on cardiac activity. The heart rate in this study contradicted the findings of
[50], which observed no significant effect between non-exposed (control) group and diuron-exposed
zebrafish (Danio rerio) embryos. However, embryo exposed to diuron metabolite (3,4-dichloroaniline)
causes low heart rate [51]. The malfunction of the heart rate during the early embryonic stage may
result in a lifetime effect as the embryo develops. Li et al. [52] have reported a vital concern on the
assessment of cardiac activity during the early developmental stage of Japanese medaka (Oryzias
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latipes). The inverted U-shape in heart rate (i.e. low dose initiation and high dose inhibition) in this
study was commonly associated with EDCs which was reported in [53]. Moreira et al. [35] reported
a U-shaped effect of diuron on thyroid hormone of an estuarine fish Menidia beryllina. This indicate a
potential endocrine disrupting effect of diuron on the physiological development of Javanese medaka
embryos as observed in this study.

The hatchability observed at higher sublethal diuron concentrations (5.00 and 10.00 mg.L-!) were
monotonic. In the embryo-larval development, the effects of xenobiotics on hatching rate is due to
the exertion of toxicity response which disturbs enzymatic pathways in morphological and
physiological processes at this vital stage of their life cycle. The delay in the hatching rate of the
diuron-exposed embryos in this study was in line with Spencer et al. [54], which reported that
exposure of Japanese medaka (Oryzias latipes) to tetrachloroethylene (PCE), a potential EDC delayed
hatching. Kao et al. [55] demonstrated that the survival rate and hatching rate of Danio rerio embryos
were considerably unaffected after exposure to diuron in comparison to the control group. Call et al.
[46]reported that diuron between 2.6 - 78 pg/L had no significant effect on hatchability and growth
of Pimephales promelas embryo at 60 dph. However, 78 ug/L at 60 dpe shown a significant increase
in mortality or deformities of newly hatched Pimephales promelas larvae at 15.0% and 2.2% for exposed
and control groups, respectively, similarly the survival rate of the larvae in control group (24.5 %)
and exposed group (7.5%) was significantly reduced [46]. Moreover, Stoss and Haines [56] observed
that toluene also an endocrine active chemical had delayed and reduced the hatching rate of Japanese
medaka (Oryzias latipes). Furthermore, study by Wisk and Cooper [57] affirmed a concentration-
dependent reduction in the hatching rate of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) exposed
Japanese medaka (Oryzias latipes) embryos.

The morphological and physiological deformities observed in this study indicate NMDR of the
tested concentrations. The deformities were in line with the early hypotheses which indicated that
some of the responses to chemical stressors at low concentration are the basis on which the hormesis
was centred [21, 58, 59] . This result agrees with the study of Velki et al. [50], which observed that 96h
exposure of zebrafish (Danio rerio) embryos to diuron had induced abnormalities during the
development such as, pigmentation, head and tail deformities, yolk sac oedema or pericardial
oedema and underdevelopment. Kao et al. [55] also reported that Danio rerio embryos exposed to
25mg/L diuron showed deformities including spinal curvature, pericardial edema at 48 hpe.
Schuytema and Nebeker [60] and Moreira et al. [35] reported that diuron induces deformities in
embryos and tadpoles of some species of frogs and other aquatic organisms. The extent of the
stimulating responses observed for assorted toxic chemicals and species have a range of 30% and 60%
more than the control [61].

Early life sensitivity is likely due to small size, abnormal morphological and physiological
changes, elevated metabolic rate, low energy storage, low migration capabilities and their high
dependence on ambient environmental factors [10,62, 63].

This result implied a high vulnerability to mortality when the environmental conditions were
not favourable as compared to the adult stage [10,62, 63]. The NMDR characterized by some
xenobiotics at low concentrations is one of the major challenges in (eco)toxicological risk assessment
of both micro-pollutant and macro-pollutant of environmental concern. Therefore, the standard
methods used in establishing safe exposure limits for humans and the environment by extrapolation
from high dose testing might not be applicable to NMDR [61, 64, 65]. Studies by Calabrese and Blain
[48] and Calabrese and Baldwin [64] observed that more than 9,000 examples of hormetic effects by
pesticides, pharmaceuticals, or radiation, and all were independent of dose for a particular substance.
Nowadays, NMDR relation is repeatedly observed in experimental research studies as compared to
that in the last decade [26, 66, 67].

There is an increase in reports on research studies that are being precisely designed on the
monotonic or NMDR relation for EDCs and other toxicants. Many types of nonlinear, non-monotonic
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responses to EDCs have now been confirmed [68, 69]. The EDCs alter the modes of action in sensitive
endocrine tissues, thereby affecting physiological systems, which can also cause exposure-related
changes in the normal hormonal regulatory mechanism of negative feedback, hence, may affect the
dose-response relation, in the same way, depending on the exposure period. However, EDCs can act
through receptor-mediated mechanisms which make them active at very low doses and are usually
nonlinear. Moreover, this finding follows the report of Darbre [69]. which indicated that for some
EDCs, low dose effect may not be extrapolative of high dose effect, due to difference in mechanism
of action at low and high doses [69].

Therefore, NMDR relation is reported regularly, which may affect the ecological risk assessment
of some toxic chemicals to non-target organisms. It is also known that irrespective of the mechanism
behind NMDR, its occurrence alone defies the traditional method of risk assessment [26, 53].
Environmentally relevant doses of exposure are involved in every aspect of ecological risk
assessment (ERA) for environmental monitoring and policymaking. There is an argument on whether
low dose NMDR should be considered helpful or destructive for risk assessment [70]. It is important
to avoid declining findings just by mismatching the notion of classical toxicology, the Paracelsus’
“the dose makes the poison” which implies the dose-dependent response [53, 68, 71, 72, 73].

5. Conclusions

Javanese medaka as a model has diverse advantages that would provide more information on toxicity
response patterns to EDCs and other emerging environmental pollutants of public and ecosystem
health concerns. Most of the endpoints (except hatchability) observed in this study have revealed a
biphasic-like NMDR effect of diuron. The endpoint involved; heart rate, hatching rate, survival rate,
and structural deformities during the early development stage of Javanese medaka. This study
provides more output to the few existing data on exogenous chemical substances with a potential
effect on hormonal activities during the early-life stage of fish, and a biphasic response pattern, which
is one of the key challenges that hinder ecological risk assessment (ERA) in aquatic pollution
monitoring. The authors recommend further studies with this species or different species that will
include multi-generation, other biomarkers, gene expression proofiling and aryl hydrocarbon
receptor (AhR) mechanisms to support the hormetic-like NMDR and other unknown effects of diuron.
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