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ABSTRACT Norflurazon is widely used on agricultural lands and has a high potential
to pollute water sources. However, its effects on fish have not been fully elucidated.
The purpose of our study was to determine whether norflurazon adversely affects
the developmental stage of zebrafish, which are frequently used as a model system
to evaluate the environmental impact of pollutants. Norflurazon interfered with the
hatching of zebrafish embryos and induced several sublethal deformities including
body length reduction, increased yolk sac volume, and enlargement of the pericardial
region. We further examined the cardiotoxicity of norflurazon in the flk1:eGFP
transgenic zebrafish line. The vascular network, mainly in the brain region, was
significantly disrupted in norflurazon-exposed zebrafish. In addition, due to the failure
of cardiac looping, norflurazon-exposed zebrafish had an abnormal cardiac structure.
These developmental abnormalities were related to the apoptotic process triggered
by norflurazon. Overall, the present study demonstrated the non-target toxicity of
norflurazon by analyzing the hazardous effects of norflurazon on developing zebrafish.
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INTRODUCTION

Herbicide use in agricultural production may potentially
contaminate groundwater or surface water and adversely
affect non-target species. Therefore, analysis of the eco-
toxicological effects of herbicides is important to preserve
the aquatic ecosystem. Norflurazon, which is categorized
as a pyridazinone herbicide, has been applied to pre-
emergent weed management since 1974 (Sathishkumar et
al., 2016). Due to its water solubility (28 mg/L), norflura-
zon use on agricultural lands has the potential to leach to

groundwater and surface water (Wilson and Koch, 2013).
Wilson et al. (2007) reported that 8,480 mg of norflurazon
escaped from the applied site when sprayed at 7.7 kg/ha.
Moreover, around 6-8 months were required for norflura-
zon to be degraded to 50% of its original concentration in
aquatic environments.

Considering the possibility of water pollution, some
studies have analyzed the toxicity of norflurazon towards
aquatic organisms. For example, the planarian Polycelis
felina exposed to 200 uM norflurazon for 3 days showed
lower survivability. In addition, locomotive defects and
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abnormal morphologies such as depigmentation and
acephalia were observed after 14 days of treatment with
lower concentrations of norflurazon (0.2, 2, and 20 uM)
(Horvat et al., 2005). Therefore, we hypothesized that
norflurazon might also adversely affect fish and analyzed
its effects on a zebrafish model to verify our hypothesis.

Toxicity assessment using zebrafish embryos has been
suggested as a promising method to demonstrate the im-
pact of environmental toxicants (An et al., 2021; Ha et
al., 2021). Various studies have confirmed that reactivity
to toxicants is highly similar between zebrafish and other
fish species (Busquet et al., 2014; Birke and Scholz, 2019).
In addition, because of its rapid development and trans-
parency, experiments with zebrafish embryos provide
time and cost benefits (Glaberman et al., 2017).

In the present study, the survival and hatching rates of
zebrafish embryos were measured following norflurazon
treatment. In addition, morphological endpoints in toxic-
ity tests and cardiovascular abnormalities in norflurazon-
treated zebrafish were examined. To determine which
cellular response may contribute to the reduced viability
and deformities of norflurazon-treated zebrafish, we in-
vestigated whether norflurazon triggers apoptotic cell
death in developing zebrafish. Overall, we conducted a
toxicity assessment of norflurazon using a zebrafish mod-
el and found that norflurazon may negatively affect the
aquatic ecosystem.

MATERIALS AND METHODS

Experimental organism

Adult wild-type (AB strain) and transgenic (flk1:eGFP)
zebrafish lines acquired from the Zebrafish Organogen-
esis Mutant Bank (Kyungpook National University, Korea)
were maintained as previously reported (Park et al., 2021).
Parental zebrafish were separately kept overnight and ex-
posed to light to stimulate mating in the following morn-
ing. After 1 h following the onset of spawning, zebrafish
embryos were collected, washed, and kept at 28C prior to
subsequent experiments. All experiments using zebrafish
were performed following approved guidelines and regu-
lations of Institutional Animal Care and Use Committee at
the Animal Ethics Committee in Korea University.

Herbicide exposure
After 6 h of fertilization, which is the beginning of gas-

trulation (D’Costa and Shepherd, 2009), normally devel-
oped embryos (n=12 for each concentration) were select-
ed and exposed to norflurazon (catalog number: 34364;
Sigma-Aldrich, St. Louis, MO, USA). Norflurazon powder
was diluted in dimethyl sulfoxide and further diluted to
0, 50, and 100 uM in embryo medium containing phenyl-
thiourea to observe zebrafish embryos without visual in-
terference due to pigmentation. Experimental concentra-
tion of norflurazon was determined by referring its LC50
value in other fish species (Munn and Gilliom, 2001). The
same volume of dimethyl sulfoxide (0.02%) was diluted
in the same medium as a vehicle control. Embryos were
transferred to each well of a 24-well plate containing the
norflurazon solution. The solution was replaced daily to
maintain a specific concentration.

Evaluation of toxicological endpoints

From 24 h to 96 h of norflurazon treatment, the number
of live and hatched embryos was recorded. The coagula-
tion of embryos or absence of a heartbeat was used as
an indicator of dead embryos. After 96 h of treatment,
other sublethal endpoints were evaluated using an opti-
cal microscope (DM 2500; Leica, Wetzlar, Germany). In
brief, the image of each live larva was captured under the
microscope following immobilization with tricaine (cata-
log number: A5040; Sigma-Aldrich) and mounting with
methylcellulose (catalog number: K390; Amresco, Solon,
OH, USA). Image analyses were conducted using Image]
software (NIH, Bethesda, MD, USA).

Visualization of the vasculature in norflurazon—-treated
zebrafish

Transgenic flk1:eGFP zebrafish were examined follow-
ing norflurazon treatment to analyze the effects of nor-
flurazon on the cardiovascular system. Immobilization of
zebrafish was carried out in the same method as evalu-
ation of toxicological endpoints for the imaging of ze-
brafish exposed to norflurazon for 96 h. Each image was
captured under an upright microscope (Axio Imager M1;
Zeiss, Oberkochen, Germany) and further analyzed with
Image] software.

Visualization of apoptotic cell death in norflurazon-
treated zebrafish

After 96 h of treatment, norflurazon-treated zebraf-
ish were stained with 5 pg/mL acridine orange (catalog
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number: A3568; Life Technologies, Carlsbad, CA, USA) for
1 h to visualize apoptotic cells with green fluorescence.
Immobilization of zebrafish was carried out in the same
method as evaluation of toxicological endpoints, and Axio
Imager M1 was used to capture images. Captured images
were further analyzed with Image] software.

Statistical analysis

All graphs represent the mean and standard deviation
of the experimental data from toxicity tests. Statistical
analyses of the data were performed by one-way ANOVA
based on the general linear model of SAS software (SAS
Institute, Cary, NC, USA). A p value below 0.05 was de-
fined as statistically significant.

RESULTS

Norflurazon causes sublethal alterations in developing
zebrafish

To determine whether norflurazon has sublethal effects
on developing zebrafish, we treated zebrafish embryos
with 0, 50, and 100 pM norflurazon and recorded the
number of surviving embryos at 96 h post-fertilization
(hpf). The survival rates following norflurazon exposure
did not show statistically significant differences (Fig. 1A).
However, the proportion of unhatched live zebrafish
embryos was markedly increased following norflurazon
exposure. At 72 hpf, 86.1 = 9.6% of zebrafish embryos
hatched following 0 uM norflurazon treatment, whereas

only 19.4 + 9.6% and 11.1 + 4.8% of zebrafish embryos
hatched following 50 uM and 100 uM norflurazon treat-
ment, respectively (p < 0.001). The hatching rate of ze-
brafish embryos exposed to 100 uM norflurazon at 96
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Fig. 1. Overall sublethal effects of norflurazon on zebrafish in the developmental stage. (A) Percentage of surviving zebrafish em-
bryos at 96 h post-fertilization (hpf) following norflurazon treatment. Error bars represent standard deviations from triplicate data.
(B) Percentage of hatched zebrafish embryos at 24, 48, 72, and 96 hpf. Error bars represent standard deviations from triplicate data.
(C) Overall morphology at 96 hpf of zebrafish exposed to norflurazon. Scale bar represents 500 um. (D) Representative image show-
ing morphological abnormalities induced by norflurazon treatment. Green arrow: body length, quantified in (E). Blue arrow: yolk sac
area, quantified in (F). Orange arrow: pericardial area with cardiac edema, quantified in (G). Bar graphs present the (E) relative body
length, (F) relative yolk sac area, and (G) relative pericardial area of the treatment group compared with the vehicle group. Asterisks
denote the significance level: *p < 0.05, **p < 0.01, and ***p < 0.001.
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hpf was similar to the rate at 72 hpf (Fig. 1B). In addition,
norflurazon induced several sublethal morphological
changes (Fig. 1C). The relative length of the total body
was reduced to 82.1 £ 4.7% in the 100 uM norflura-
zon group (Fig. 1E). The 50 uM and 100 pM norflurazon
groups had a larger yolk sac size compared with that of
the O uM norflurazon group (p < 0.05 and p < 0.001) (Fig.
1F). Enlargement of the pericardial area, which indicates
edema, was observed in the 100 pM norflurazon treat-
ment group (p < 0.01) (Fig. 1G).
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The cardiovascular system of developing zebrafish is
disrupted by norflurazon exposure

Considering that pericardial edema is one of the com-
mon characteristics of heart failure (Chen, 2013), we hy-
pothesized that norflurazon might negatively affect the
cardiovascular network. To confirm this hypothesis, the
flk1:eGFP transgenic line was used to observe the cardio-
vascular structure under a fluorescence microscope. Ir-
regularities in the brain vasculature and cardiac structure
were clearly observed following norflurazon exposure (Fig.
2A). The density of the vasculature in the brain region was
reduced to 69.1 £ 16.2% and 32.7 + 9.7% in the 50 uM
and 100 uM norflurazon groups, respectively (p < 0.001)

Brain vasculatures

Fig. 2. Evaluation of the cardiovascular
structure following norflurazon treat-
ment. (A) Captured images of flk1:eGFP
zebrafish at 96 h post-fertilization (hpf).
White arrow: central artery (CtA). Yel-
low arrow: bulbus arteriosus (BA). Blue
arrow: sinus venosus (SV). Scale bar
represents 300 um. (B) Density of the
brain vasculature determined with an
image of norflurazon-treated flk1:eGFP
zebrafish. The ‘Area’ tool in Image] was
used to quantify the area occupied by
blood vessels, (C) SV-BA distance quan-
tified with an image of norflurazon-
treated flk1:eGFP zebrafish using the
‘Length’ tool in Image). Asterisks denote
the significance level: **p < 0.01 and
***n < 0.001,
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100 - Fig. 3. Analysis of apoptotic cell death
following norflurazon treatment. (A)
50 - Captured images of zebrafish stained
with acridine orange (A.O) at 96 h post-
0 - fertilization (hpf). Scale bar represents
0 50 100 300 ym. (B) Green fluorescence inten-

Norflurazon (uM) sity representing the number of stained
apoptotic cells, The fluorescence in-
tensity was quantified with an image of
norflurazon-treated zebrafish incubated
with acridine orange using ImageJ soft-
ware, Asterisks denote the significance

level: **p < 0.01 and ***p < 0.001.
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(Fig. 2B). In addition, the 100 uM norflurazon group
showed a longer distance between sinus venosus (SV) and
bulbus arteriosus (BA), implying an interrupted process
of cardiac looping (p < 0.01) (Fig. 2C). Collectively, these
results demonstrated the cardiovascular toxicity of norflu-
razon during zebrafish development.

Norflurazon triggers apoptotic cell death in developing
zebrafish

To identify the cellular response responsible for the
acute toxicity of norflurazon, we stained norflurazon-
treated zebrafish with acridine orange, which intercalates
with DNA strands and emits green fluorescence (Smirnova
et al., 2021) (Fig. 3A). As several deformities were mainly
observed in the posterior region of zebrafish previously,
we focused on detecting apoptotic cell death in this re-
gion. The fluorescence intensity was 1.2-fold higher in
the 50 puM norflurazon group compared with the vehicle
group (p < 0.01), and it was 1.5-fold higher in the 100
uM norflurazon group (p < 0.001) (Fig. 3B). These results
indicated that the acute toxicity of norflurazon might be
mediated by the apoptotic process.

DISCUSSION

In the present study, we evaluated the toxicity of nor-
flurazon towards zebrafish in the developmental stage.
The hatching ability of zebrafish embryos exposed to
norflurazon was significantly impaired. Moreover, several
sublethal deformities and cardiovascular defects were ob-
served in norflurazon-treated zebrafish larvae. The acute
toxicity of norflurazon towards zebrafish was accompa-
nied by apoptotic cell death.

Considering the extensive usage of pesticides and the pos-
sibility of water contamination, several studies have inves-
tigated the hazardous effects of pesticides on aquatic non-
target organisms. In this study, a zebrafish model was used
to assess the toxicity of the herbicide norflurazon, which is
considered as a potential water pollutant owing to its physi-
cochemical properties (Horvat et al., 2005). For example,
residual norflurazon was detected up to 3.9 mg/L in surface
waters from south Florida (Schuler and Rand, 2008). In ad-
dition, 1,684 mg and 8,480 mg of norflurazon was runoff to
non-target sites when 4.4 kg/ha and 7.7 kg/ha of norflura-
zon applicated in flatwoods (Wilson et al., 2007). While
these concentrations not accurately reflect exact exposure

180

concentration to fish. Thus, further research revealing ex-
posure amount on fish should be conducted.

We found that norflurazon caused several developmen-
tal defects in zebrafish larvae. Norflurazon reduced the
hatching rate of embryos. Unsuccessful hatching is fre-
quently observed in response to extrinsic stressors and
can be caused by reduced movement due to functional
or structural malformation (Hill et al., 2005, Horzmann et
al., 2020). This result cannot explain whether norflurazon
only delays hatching period or induces lethality by hatch-
ing inhibition because hatching ratio was not measured
after 96 hpf. However, belatedly hatched larvae usually
have lower viability due to developmental deformities
(Kiiciikoglu et al., 2013, Zoupa and Machera, 2017). Thus,
we suggest that norflurazon might also reduce viability of
zebrafish by hatching inhibition. In addition, sublethal
deformities such as body length reduction and yolk sac
enlargement occurred following norflurazon treatment. A
shorter length is mainly associated with the irregular de-
velopment of the skeletal or muscular system (Zoupa and
Machera, 2017). A larger yolk sac volume suggests that
the normal utilization of nutrients in the yolk is hampered
by norflurazon treatment (Sant and Timme-Laragy, 2018).
In addition, excessive fluid accumulated in the pericardial
area in norflurazon-exposed zebrafish.

Pericardial edema is one of the symptoms used to con-
firm the cardiovascular toxicity of chemicals (Zoupa and
Machera, 2017). We revealed that norflurazon exposure
induced not only massive pericardial edema but also an
irregular brain vasculature and heart structure in zebraf-
ish. During normal vascularization, migrated precursor
cells form primordial hindbrain channels (PHBCs), and
central arteries (CtAs) are subsequently sprouted from
PHBCs (Gupta et al., 2021). In this study, an irregular
cranial vasculature, mainly a reduction in CtAs, was ob-
served following norflurazon treatment. This malforma-
tion might result from the altered transcriptional level of
genes related to vegf signaling and chemokines, which are
crucial for embryonic vascularization (Fujita et al., 2011).
However, further studies are needed to elucidate the de-
tailed mechanisms underlying vascular deformities. In
addition, norflurazon-exposed zebrafish showed a longer
SV-BA distance, which indicates a lack of cardiac loop-
ing. The correct bending of the heart tube, referred to as
cardiac looping, leads to the asymmetrical arrangement
of the ventricle and atrium (Desgrange et al., 2018). In the
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current study, the linear alignment of the ventricle and
atrium, quantified as the distance between the SV and BA,
was increased by norflurazon treatment. This structural
malformation can lead to various heart conditions (Tes-
sadori et al., 2021). Collectively, our results suggest that
norflurazon might adversely affect aquatic organisms by
inducing the malfunction of the cardiovascular network.
Apoptosis is a cellular process induced by multiple
external stimuli. As demonstrated in previous studies,
various pesticides could trigger the apoptotic process
through several mechanisms such as oxidative stress and
metabolic alterations. For example, deltamethrin was
found to impair defense systems against oxidative stress,
resulting in reduced viability and malformation with
apoptosis (Parlak, 2018). Paraquat exposure was also ob-
served to trigger oxidative stress in a similar manner and
induce cell death by modulating the transcriptional levels
of genes associated with apoptosis (Wang et al., 2016).
Changes in endogenous metabolites induced by imazalil
and imazalil-M were found to be involved in apoptosis
induction in developing zebrafish (Huang et al., 2022).
Therefore, identifying the detailed mechanisms of norflu-
razon-mediated apoptosis might provide in-depth knowl-
edge for predicting its effects on non-target organisms.

CONCLUSION

Overall, the present results demonstrated the toxic ef-
fects of norflurazon on zebrafish in the developmental
stage. Zebrafish exposed to norflurazon in the embry-
onic stage showed impaired hatchability, pathological
phenotypes including a shortened body length, yolk en-
largement, and severe edema in the cardiac region, and
structural impairment of the cardiovascular system. These
developmental defects were mediated by apoptotic cell
death. Overall, our study demonstrated the effects of nor-
flurazon on a zebrafish model, suggesting that it could be
a threat to the aquatic ecosystem.
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