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ABSTRACT

Imazosulfuron is globally considered as a relatively safe herbicide that
controls plant growth by interfering with amino acid synthesis. It is stable, persists in

the soil, and has low toxicity; however, studies about the toxic effects of imazosulfuron
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on non-targeted aquatic vertebrates are scarce. In this study, imazosulfuron was able
to induce acute lethality on zebrafish embryos within 48 h. Imazosulfuron also had

adverse effects on heartbeats and induced abnormal development with pericardial
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edema and scoliosis. Moreover, apoptosis and oxidative stress were increased
by imazosulfuron in a dose-dependent manner. Thus, all our results showed that
imazosulfuron has toxic effects on zebrafish embryogenesis.
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INTRODUCTION

Sulfonylurea herbicides have been widely used in Eu-
rope and America since the 1970s due to their wide range
of action, high selectivity, and low toxicity (Blair and
Martin, 1988). Imazosulfuron is one of the sulfonylurea
herbicides used for broad-leaved weeds and grass, and in
crops, it exhibits high effectiveness even at low dosages
(Sondhia, 2008). Once it is absorbed by foliage or roots,
it interferes with amino acid synthesis and cell division,
leading to growth inhibition in plants (Hay, 1990). Recent-
ly, resistance to sulfonylurea herbicides has been reported
(Kuk et al., 2004). However, it is known that the solvent
used for imazosulfuron determines its absorption and re-
sidual rates in the soil; for example, acetonitrile percent-
age is inversely proportional to imazosulfuron absorption
rate in clay loam environments (Morrica et al., 2000).
Imazosulfuron accumulation in the soil could also affect

non-targeted bacteria; for example, sulfometuron methyl,
another sulfonylurea herbicide, inhibited Salmonella ty-
phimurium growth by interrupting acetolactate synthase
activity (LaRossa and Schloss, 1984). In addition, residual
sulfonylurea herbicides are only eliminated through three
water treatment steps including coagulation, activated
carbon absorption, and chlorine-based disinfection.
However, sulfonylurea may have been transformed into
more stable structures during the disinfection processes
and subsequently dissolved in drinking water (Wang et al.,
2015). Even with the risks associated with imazosulfuron
usage, there is a lack of studies on the toxic effects of
imazosulfuron in aquatic vertebrates.

Nowadays, mainstream toxicology focuses on the mo-
lecular changes due to various chemical treatments
rather than the detection of endpoint effects (Villeneuve
et al., 2014). As such, zebrafish has been used for stud-
ies involving molecular dynamics, real-time monitoring
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of external changes, and cellular changes. Large-scale
genetic screening of zebrafish served as a big step in un-
derstanding the molecular functions during vertebrate
development (Haffter et al., 1996). Currently, zebrafish
is an emerging alternative vertebrate animal model; they
are considered as a great model species because they are
transparent, relatively easy to maintain, have short gen-
eration time, and grow fast (Lieschke and Currie, 2007).
Their high fecundity also provides a larger sample size,
which improves reliability of the studies. In addition,
there is no need for invasive techniques or treatments
because zebrafish automatically absorb external chemi-
cals in the water (Garcia et al., 2016). Furthermore, a lot
of zebrafish genes and the patterns they exhibit during
development are conserved in vertebrates. Therefore, the
anatomical and physiological characteristics of the ze-
brafish are very similar to those of humans (Pickart and
Klee, 2014). Due to these advantages, various studies have
utilized the zebrafish model to evaluate heart, kidney, liv-
er, immune system, and neuron-related toxicity (Lieschke
and Currie, 2007). In previous studies, zebrafish showed
morphological and behavioral abnormalities in response
to commonly used herbicides including ametryn, 2,4-di-
chlorophenoxyacetic acid, and metamifop (Li et al., 2017;
Moura et al., 2018). However, there is no toxicological
study on the effects of imazosulfuron on zebrafish em-
bryos.

In this study, we investigated the toxic effects of ima-
zosulfuron on zebrafish embryos by detecting morpho-
logical and intracellular changes it caused. The specific
objectives of this study were to: 1) provide the toxicity
information of imazosulfuron on aquatic invertebrates; 2)
detect the pathological changes of zebrafish embryos in
response to imazosulfuron; and 3) discover the mecha-
nisms behind zebrafish death due to imazosulfuron. This
study and its results provide the first step in elucidating
the toxicological effects of imazosulfuron in aquatic ver-
tebrates.

MATERIALS AND METHODS

Zebrafish model and morphology

Wild-type zebrafish was obtained from the Zebrafish
Center for Disease Modeling (KNRRC, Chungnam Nation-
al University, Republic of Korea). We housed the zebraf-
ish following the guidelines of Korea University, which

required the temperature to be set at 28.5°C with 12-h
dark/light cycles. Imazosulfuron (Cat No. 32919, Sigma
Aldrich, USA) was incubated with zebrafish embryos until
48 hpf for all assays. Imazosulfuron was diluted in 0.003%
phenylthiourea (PTU), which was used to inhibit the ze-
brafish pigmentation. Viability, heartbeat, and zebrafish
morphologies were detected using the LEICA DM 2500
(Leica, Germany) microscope. Pericardial edema was
measured as boundary area and scoliosis were measured
as angle between the ear and tail using Image] software
(NIH, USA).

Detection of apoptotic cells in zebrafish

To detect apoptotic cells in zebrafish embryos, we
stained imazosulfuron pre-treated zebrafish with acridine
orange (5 pg/mlL) for an additional 1 h. After incubation,
embryos were washed in fresh medium, anesthetized, and
then placed on slides. The green fluorescence of apop-
totic cells was detected using an upright fluorescence mi-
croscope (ZEISS, Germany).

ROS production in zebrafish

Reactive oxygen species (ROS) generation in imazosul-
furon pre-treated embryos was quantified by staining the
embryos with 20 xg/mL of dichloro-dihydro-fluorescein
diacetate (DCFH-DA) green fluorescent dye for 1 h. Af-
ter incubation, embryos were washed, anesthetized, and
placed on the slides. The green fluorescence of oxidized
DCF was visualized using an upright fluorescence micro-
scope (ZEISS, Germany). Both staining and fluorescence
microscopy were performed in the dark. The intensity
of each image was analyzed using Image] software (NIH,
USA).

Statistical analysis

All data were evaluated using analysis of variance (ANO-
VA) reflecting the general linear model (PROC-GLM) of
the SAS program (SAS Institute, Cary, NC, USA). Statisti-
cal significance was set as a value of p < 0.05 between
groups. All data are shown as mean + SEM.

RESULTS

Anti-developmental effects of imazosulfuron on
zebrafish embryos
We observed the overall development of zebrafish em-
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bryos in response to imazosulfuron treatment (Fig. 1A)
and observed that it did not change body length, eye size,
or yolk sac (data not shown); however, imazosulfuron was
observed to induce pericardial edema (p < 0.01) and sco-
liosis (p < 0.01) in zebrafish embryos (Fig. 1B and 1C).

Lethal effects of imazosulfuron on zebrafish embryos

To investigate the lethal effects of imazosulfuron on
zebrafish embryos, we treated embryos with various con-
centrations of imazosulfuron for 48 h. Imazosulfuron
gradually decreased the viability of zebrafish embryos
(Fig. 2A): imazosulfuron at a dosage of 200 uM decreased
zebrafish viability to 78.3% (p < 0.01). From 20 pM, ima-
zosulfuron also decreased the heartbeat of embryos (Fig.
2B). The average number of heartbeats was 118 beats per
minute in 48 hpf embryos, and it decreased to 53 beats
per minute after 200 pM imazosulfuron treatment (p <
0.001). Apoptotic cells in the eyes and brain are shown
as green dots due to acridine orange staining (Fig. 2C).
Apoptotic cells were observed to increase in response to
imazosulfuron treatment, especially in the frontal part of
the embryos (Fig. 2D).

Oxidative stress mediated apoptosis on zebrafish
embryos

To verify the mechanism of apoptosis in zebrafish em-
bryos, we detected oxidative stress in response to ima-
zosulfuron treatment. We measured ROS production,
represented by green signals, in the embryos (Fig. 3A).

We therefore observed that imazosulfuron increased ROS
production in the eyes and yolk sac of the zebrafish em-
bryos (Fig. 3B). The results indicated that the generation
of ROS was gradually increased by imazosulfuron in a
dose-dependent manner and the ROS production espe-
cially increased in pericardial edema region of zebrafish
embryos.

DISCUSSION

Imazosulfuron is a sulfonylurea herbicide that inhibits
amino acid synthesis and plant development. It shows
higher selectivity, effectiveness, and safety, and is con-
sidered as a new post-emergence herbicide (Morrica et
al., 2001). According to the Pesticide Properties Database
(PPDB) from the University of Hertfordshire, it takes more
than 50 days for 50% of imazosulfuron to be degraded in
the soil, and 120 days are needed for 50% degradation
in sediment. Therefore, it has a high potential to affect
aquatic vertebrates and invertebrates. However, until now,
studies about the toxic effects and the mechanisms of
imazosulfuron on aquatic organisms are lacking. In this
study, we detected the anti-developmental effects of ima-
zosulfuron on zebrafish embryos with heart dysfunction
and scoliosis. Furthermore, imazosulfuron decreased the
viability of embryos by ROS-related apoptosis.

During embryogenesis, heart formation has a role in
blood circulation, nutrition, and energy delivery to grow-
ing cells. If heart development is damaged, several patho-
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Fig. 1. The morphological changes of zebrafish embryos. (A) Abnormal development of zebrafish embryos was detected by LEICA DM
2500. Pericardial edema (B) and scoliosis (C) in response to the imazosulfuron treatment were detected by LEICA DM 2500 and ana-
lyzed by Imagel software. Scale bar represents 0.5 mm. For these experiments, 20 embryos were used per dosage (*p < 0.05 and **p

<0.01).
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Fig. 2. The lethal effects of imazosulfuron treatment on zebrafish embryos. (A) The dose-dependent viability of zebrafish embryos in
response to imazosulfuron treatment. (B) Heartbeats were counted in 48 hpf zebrafish embryos after imazosulfuron treatment. (C)
The apoptotic cells in zebrafish embryos were visualized with acridine orange staining and was observed as a green signal. Arrows in-
dicate the apoptotic cells in the anterior part of the embryos. (D) The graph shows relative green fluorescence compared to vehicle-
treated zebrafish embryos. For these experiments, 20 embryos were used per dosage (*p < 0.05, **p < 0.01 and ***p < 0.001).

logical results including growth failure, edema, or even ment induced spine malformation in zebrafish embryos.
death might occur (Anderson, 1996). Imazosulfuron treat- Early-stage scoliosis hampered tail bending, which is the
ment of zebrafish embryos induced pericardial edema, first step required for zebrafish locomotion and escape
and this heart malformation resulted in a decrease in the responses. This kinked tail is a common result of toxicity
number of heartbeats. Moreover, imazosulfuron treat- on zebrafish embryos (Godoy et al., 2015). Spine develop-
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Fig. 3. Oxidative stress on zebrafish embryos in response to imazosulfuron treatment. (A) ROS production was detected as green flu-
orescence with oxidized DCF in zebrafish embryos. (B) The intensity of green fluorescence is shown as a graph. Scale bar represents 0.5
mm. For these experiments, 20 embryos were used per dosage (***p < 0.001).

ment is known to be related with kinesin family member
6 (kif6) and protein tyrosine kinase 7 (ptk7) in zebrafish
(Buchan et al., 2014; Hayes et al., 2014). Both heart dys-
function and scoliosis in the present study implied that
acute dosages of imazosulfuron caused anti-developmen-
tal effects of in zebrafish embryos.

Aside from anti-developmental effects, imazosulfu-
ron also gradually decreased the viability and number of
heartbeats of zebrafish embryos. We also detected that
imazosulfuron induced the apoptosis of embryos, es-
pecially in the anterior part and in the eyes and brain.
The eyes and brain contain diverse types of glial cells,
including optic nerve, retina, neural crest cells, neurons,
and astrocytes (Eason et al., 2017). Synthesized organotin
compounds induced pyknosis and visual problems with
normal retina apoptosis in zebrafish (Biehlmaier et al.,
2001). Retina apoptosis decreased retinoic acid synthesis
and inhibited the growth and migration of neural crest
cells (Matt et al., 2008). In addition, sulfonylurea com-
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pounds showed high affinity to the axon terminals of
neurons in the substantia nigra compared to the cell bod-
ies in the brain (DunnMeynell et al., 1997). Even though
we did not characterize each apoptotic cell, apoptosis in
the eyes and brain due to imazosulfuron treatment im-
plied that imazosulfuron has lethal toxicity on zebrafish.
It is well known that excessive oxidative stress induces
apoptosis in cells. Spontaneous ROS accumulation leads
to oxidative stress damage on the body and induces vari-
ous diseases in the eyes (Kruk et al., 2015). For example,
one of the organotin compounds, trimethyltin chloride,
dramatically increased ROS generation and histopatho-
logical abnormalities in the eyes of zebrafish embryos;
this is because eyes are directly exposed organs (Kim et
al., 2019). Moreover, sulfonylureas such as glibenclamide,
glimepiride, and nateglinide also generate intracellular
ROS and lead to apoptosis in pancreatic f-cells (Sawada
et al., 2008). Likewise, imazosulfuron increased ROS gen-
eration by 384% in the eyes compared to normal zebrafish
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embryos. The results from the present study thus suggest
that imazosulfuron has anti-developmental effects and can
cause lethal toxicity in zebrafish during embryogenesis.

CONCLUSION

In this study, we discovered the acute toxic effects of
imazosulfuron on zebrafish. Imazosulfuron induced mal-
formation of the heart and spine without causing changes
in other organs. Furthermore, it induced oxidative stress-
related apoptosis in zebrafish embryos. Thus, the results
from this study show, for the first time, the pathological

effects of imazosulfuron during zebrafish embryogenesis.
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