
RESEARCH ARTICLE

Hongzhou Yao1
& Xiao Xu1

& Ying Zhou1,2
& Chao Xu3

Received: 19 January 2018 /Accepted: 29 May 2018 /Published online: 6 June 2018
# Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Isopyrazam (IPZ) is a broad spectrum succinate dehydrogenase inhibitor fungicide. Little is known about its potential ecological
risks of aquatic organisms recently. The present study examined the embryonic development effects of zebrafish exposed to IPZ
under static condition using a fish embryo toxicity test. The lowest observed effect concentration of IPZ was 0.025 mg/L in 4-day
exposure. Developmental abnormalities, including edema, small head deformity, body deformation and decreased pigmentation,
and mortality were observed in zebrafish embryos of 0.05 mg/L and higher concentrations, which shown concentration depen-
dency. The heart rate of zebrafish was disrupted by IPZ. Moreover, enzyme and gene experiments shown that IPZ exposure
caused oxidative stress of zebrafish. Furthermore, it induced a decrease of succinate dehydrogenase (SDH) enzyme activity and
gene transcription level in zebrafish larvae. It can be speculated that IPZ may have a lethal effect on zebrafish, which is
accompanied by decreased SDH activity, oxidative stress, and abnormality. These results provide toxicological data about the
IPZ on aquatic non-target organisms, which could be useful for further understanding potential environmental risks.
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Introduction

Agricultural chemicals have been shown to play an important
role in social development. However, numerous studies illus-
trate that these compounds enter the environment, especially
aquatic systems, alongwith multi-component chemical Bcock-
tails,^ and could pose different threats to non-target organisms
(Mnif et al. 2011; Avetta et al. 2014; Bunzel et al. 2015;
Fernández et al. 2015).

Isopyrazam (IPZ), 3-(difluoromethyl)-1-methyl-
N-[1,2,3,4-tetrahydro-9-(1-methylethyl)-1,4-methano-
naphthalen-5-yl]-1H-pyrazole-4-carboxamide, is a broad
spectrum fungicide which inhibits mitochondrial respiration
by binding to succinate dehydrogenase (SDH, so-called com-
plex II in the mitochondrial respiration chain) in the inner
mitochondrial membrane of cells. SDH is a fundamental com-
ponent of the tricarboxylic cycle, within the mitochondrial
electron transport chain (Keon et al. 1991). Succinate dehy-
drogenase inhibitor (SDHI), as stated by the Fungicide
Resistance Action Committee, includes eight chemical classes
recently and is a group of fungicides which act against spore
germination, germination tube growth, mycelial growth, and
sporulation of fungal growth (FRAC 2017; Avenot and
Michailides 2010; Scalliet et al. 2012; Abad-Fuentes et al.
2015). IPZ is one of the SDHIs with pyridinyl-ethyl-
benzamides and belongs to the ortho-substituted phenyl am-
ides class of fungicides (Fig. 1), which have been widely used
in agriculture against diseases affecting bananas, peppers, to-
matoes, and other vegetable crops. Previous study reported
that IPZ has the potential to play an important role in the
management of gray mold with median effective concentra-
tion (EC50) values of 0.07 and 0.68 mg/L for the inhibition of
Botrytis cinerea spore germination and mycelial growth,
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respectively (Song et al. 2016). Another report showed that
IPZ has protective and curative activity against Podosphaera
xanthii, with EC50 values of 0.04 and 0.05 mg/L, respectively,
and exhibited a long duration of efficacy against cucumber
powdery mildew at 60 mg/L (He et al. 2017).

Several SDHIs have been detected in the environment
(Tanabe et al. 2001; Tsuda et al. 2009; Smalling et al.
2013; Gulkowska et al. 2014). For example, boscalid, a
SDHI, has been detected in surface water in the USA
(Reilly et al. 2012), in headwater streams in Denmark
(Rasmussen et al. 2013), and in a coastal lagoon in Spain
(Moreno-González et al. 2013). Previous works have dem-
onstrated that IPZ could be long-term maintained in aquatic
ecosystems, with degradation half-life (DT50) values in the
water-sediment systems maintained in the dark of greater
than 1 year, and was fairly to very slightly degradable in
soils under aerobic laboratory conditions with the DT50

values in the range of 40–976 days (Hand and Oliver
2010; APVMA 2018). IPZ only moderately degradation
fast in a photolysis study in buffered pure water (DT50 >
60 days), although it was susceptible to both direct and
indirect photodegradation and metabolism by algae and
macrophytes (DT50 values of 11 and 37 days) (Hand and
Oliver 2010; Hand and Moreland 2014). Moreover,
existing studies have shown that this kind of chemicals
can be hazardous to non-target organisms. For example,
fluopyram, another SDHI, could cause increased incidence
of thyroid and hepatic tumor formation in mammals
(Tinwell et al. 2014; Rouquie et al. 2014). Thifluzamide, a
SDHI, displayed toxicity toward embryos, larvae, and adult
zebrafish, and the 96-h median lethal concentration (LC50)
values were 3.08, 3.52, and 4.19 mg/L, respectively (Yang
et al. 2016a, b). Therefore, the potential threat of pesticides
has attracted much attention, and SDHIs may be of concern
due to possible long-term effects on aquatic organisms
(Reilly et al. 2012).

The zebrafish embryo model has been extensively used in
developmental toxicity researches, and many pioneering stud-
ies suggest that in many cases, there are very similar toxico-
logical effects in zebrafish embryos and humans (Hill et al.
2005; Selderslaghs et al. 2012; Strähle et al. 2012; Driessen et
al. 2015; Stengel et al. 2018). The mortality, edema, hatching

rate, heart rate, and so on are usefully parameters in the em-
bryo toxicity test (Hermsen et al. 2011; Noyes et al. 2016;
Wang et al. 2017). Oxidative stress has the potential to become
an important subject in chemicals induced aquatic toxicity,
and many toxicity effects induced by pesticide may be directly
involved in this process (Di Giulio et al. 1989; Lushchak
2011; Blahová et al. 2013). Andrade et al. (2016) showed that
carbendazim, a benzimidazole fungicide, elicited several de-
velopmental anomalies and GST increased in zebrafish em-
bryos with 96 h-LC50 of 1.75 mg/L. Thifluzamide was report-
ed to cause oxidative damage in zebrafish embryos (Yang et
al. 2016a). The heart is the first functional organ developed in
zebrafish, heart development is an extremely sensitive pro-
cess, and heart rate has become an important toxicology end-
point in embryonic development testing (Glickman and Yelon
2002; Sarmah and Marrs 2016). Previous study showed that
difenoconazole could inhibit the heart rate of zebrafish embry-
os and cause significant pericardial edema at 2.0 mg/L (Mu et
al. 2016). Fong et al. (2016) tested benzophenone-2 exposure
to zebrafish embryos and reported that the enlarged yolk was
due to the impaired lipid metabolism and poor blood circula-
tion was due to the decreased heart rate.

IPZ is classified as BLikely to be Carcinogenic to
Humans^ based on increased incidence of uterine endome-
trial adenocarcinomas and liver hepatocellular adenomas in
female rats and increased incidence of thyroid follicular
cell adenomas and/or carcinomas in male rats (EPA
2017). The stable induction of tissue specific miRNAs
(miR200a, 200b, and 429) by liver non-genotoxic carcin-
ogens may serve as early predictors (biomarkers) of
hepatocarcinogenic potential. Plummer et al. (2018) re-
ported that a statistically significant dose-dependent in-
crease in miRNAs 200a, 220b, and 429 in both male and
female rats under IPZ exposure. Another study also found
that IPZ and other six pesticides showed treatment-related
increases in endometrial adenocarcinomas for rats com-
bined chronic toxicity and carcinogenicity studies
(Yoshida et al. 2015). Besides, Wu et al. (2018) reported
that IPZ induced lethal and malformations including mi-
crocephaly, hypopigmentation, somite segmentation and
narrow fin of Xenopus tropicalis embryos, with the LC50

and the median teratogenic concentration of 2.87 and
0.31 mg/L, respectively. IPZ was practically non-toxic to
birds and mammals on an acute basis, while was very
highly acutely toxic to fish with a 96-h LC50 of
25.8 μg ac/L for the Cyprinus carpio, and 21-day EC50

of 53 μg ac/L for the Daphnia magna, but the toxicology
knowledge of IPZ to zebrafish and underlying mechanisms
is limited (APVMA 2018). Against this background, the
present study examined the lethal effect, hatching rate,
malformation, heart rate, oxidative stress, and SDH activ-
ity in zebrafish embryos for evaluation of the developmen-
tal effects of IPZ on early-life zebrafish.

Fig. 1 Molecular structure of isopyrazam
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Materials and methods

Chemicals

The IPZ (purity ≥ 99%) was provided by Dr. Chengrong Ding
from the Zhejiang University of Technology (Hangzhou,
China). Stock solution of IPZ was prepared in DMSO (purity
≥ 99.9%, Aladdin, China) and stored at 4 °C in a refrigerator.
The remaining chemicals or solvents used in this study were at
least of analytical grade or relevant biochemical grade except
for special instructions. Exposure solutions were prepared by
diluting the stock solution in zebrafish culture medium to
achieve working solutions with a final DMSO concentration
of 0.1% (v/v) in all DMSO control and treatment groups.

Zebrafish maintenance

Adult zebrafish (AB strain) were maintained following the
standard procedures (27.0 ± 1 °C, 12:12-h light:dark cycle)
and fed twice daily with live brine shrimp as previously de-
scribed (Tu et al. 2013). Zebrafish embryos were obtained by
natural breeding of spawning groups at a sex ratio approxi-
mately of 1:1 in a glass tank, with spawning occurring after
the light was turned on the next morning. After spawn,
zebrafish embryos were collected and cleaned three times with
embryo medium. The fertilized and normal embryos were
inspected and staged for the exposure experiment after being
checked under an inverted microscope (Leica, Germany)
(Westerfield 1995).

Embryo exposure and microscope observations

According to the procedure specified by OECD TG 236
(OECD 2013), the normal fertilized embryos, 6 h post-
fertilization (hpf), were randomly distributed in 24-well mi-
croplates and exposed to various concentrations of IPZ (0,
0.025, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, and 0.5 mg/L) with 20
embryos per dose group at 27.0 ± 0.5 °C. The exposure solu-
tion in each well was renewed daily. Embryos were cultivated
for 4 days post-fertilization (dpf) and observed under an
inverted microscope to examine developmental information.
Death of zebrafish was defined according to four apical ob-
servations: coagulation of fertilized eggs, lack of somite for-
mation, lack of detachment of the tail bud from the yolk sac,
and lack of heartbeat (Braunbeck et al. 2005, 2015; Busquet et
al. 2014). All fish were treated humanely and with regard for
alleviation of suffering. Heartbeat measurement was recorded
for 30 s on 2 dpf with the inverted microscope, as heart rate is
an important toxicological endpoint in embryonic test (De
Luca et al. 2014). The generation of reactive oxygen species
(ROS) was determined through a membrane-permeable fluo-
rescent dye 2′,7′-dichlorodihydrofluorescin diacetate
(H2DCFDA) (Aladdin, China) at 60 hpf (Hermann et al.

2004; Olivari et al. 2008). Briefly, larvae were washed twice
in culture medium and maintained with H2DCFDA solution
(0.5 mg/L) for 30 min in the dark, then washed with culture
medium three times, anesthetized with 0.03% tricaine
(Aladdin, China), and observed under a fluorescence micro-
scope (Nikon, Japan). Ten live larvae per group were used in
the ROS staining and analyzed by an image processing pro-
gram ImageJ (National Institutes of Health, USA).

Biochemical analysis

To investigate whether the activity of common biomarkers
relative to oxidative stress and tricarboxylic cycle was
changed in zebrafish, 4 dpf live larvae of DMSO control and
IPZ treat groups (0.05, 0.1, 0.2, and 0.3 mg/L) were prepared
for measured glutathione S-transferase (GST) activity, gluta-
thione (GSH) concentration, superoxide dismutase (SOD) ac-
tivity, malondialdehyde (MDA) level, and SDH activity.
These biomarkers were determined and calculated using the
relevant assay kits from Nanjing Jiancheng Bioengineering
Institute (Jiancheng, China) according to the manufacturer’s
directions. Moreover, soluble protein content was determined
according to the method of Bradford (1976) with bovine se-
rum albumin (Aladdin, China) as a standard. All biomarker
concentrations were normalized to its protein content respec-
tively. This assay was run in triplicate.

Gene expression analysis

A total of 30 larvae were anesthetized and collected per con-
centration on 4 dpf, and washed three times with physiological
saline. To isolate total RNA from tissue of zebrafish, these
larvae were homogenized in TRIzol Reagent (Invitrogen,
USA) according to the manufacturer’s protocols. After RNA
extraction, quality of total RNAwas evaluated by the ratio of
absorption at 260 and 280 nm using a ND5000 spectropho-
tometer (BioTeke, China). Reverse transcription reactions to
synthesize cDNA were performed with ReverTra Ace qPCR
RT Kit (Toyobo, Japan), according to the manufacturer’s in-
structions. Quantitative real-time PCR was carried out on
Mastercycler® ep realplex real-time PCR (Eppendorf,
Germany), with the THUNDERBIRD SYBR® qPCR Mix
kit (Toyobo, Japan). The amplification protocol consisted of
the following phases: initial denaturation for 1 min at 95 °C,
followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min.
The primer sequences (Table S1) for β-actin, catalase (cat),
glutathione peroxidase 1a (gpx1a), superoxide dismutase 1
(sod1), superoxide dismutase 2 (sod2), and succinate dehy-
drogenase complex, subunit B, iron sulfur (Ip) (sdhb) were
based on previous reports (Cambier et al. 2009; Jin et al.
2010). The relative expression levels were calculated with
the B2−ΔΔCt method^ according to a previous report (Livak
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and Schmittgen 2001), and β-actin was used to standardize
the results as an internal control.

Statistical analysis

The data were analyzed by IBM SPSS Statistics 25 (IBM,
USA). Mortality data was used to statistically estimate the
LC50 and calculated by probability regression analysis. All
values were illustrated as the means with standard deviation
(SD) except for special instructions. For biomarker concentra-
tion measurements, one unit (U) of GST activity was
expressed as the quantity of the enzyme that reduced the glu-
tathione concentration of the reaction system by 1 μM per
minute. One U of SOD activity was expressed as the quantity
of the enzyme that inhibited half of the photoreduction of
luminol of the reaction system per minute. One U of SDH
activity was expressed as the quantity of the enzyme that re-
duces the absorbance of the reaction system by 0.01 per min-
ute. The statistically significant differences between DMSO
control and treatment groups were evaluated by one-way anal-
ysis of variance, followed by Dunnett’s post hoc test.
Differences were considered significant if p < 0.05 between
control and treatment.

Results

Developmental toxicity

A large suite of developmental abnormalities and mortality
induced by IPZ were observed for 4 dpf exposure experiment.
No significant difference was found between the results of the
culture medium control group and the DMSO group (data not
shown). Here, the solvent group was used for the control
group. A concentration-response effect on mortality was
shown in zebrafish embryos exposed to IPZ within 4 days,
with mortality rate increased with exposure concentration
(Fig. 2). As the data show, average percent mortality signifi-
cantly increased to higher than 50% after exposure to 0.2 mg/
L or higher concentrations. Besides, 0.025- and 0.05-mg/L
IPZ exposure did not show a significant difference inmortality
with control. The statistical result showed that the 96-h LC50

value of IPZ on zebrafish embryos was 0.234 (0.217–0.253)
mg/L within 95% confidence intervals. In general, the visible
developmental effect of IPZ on zebrafish embryo was concen-
tration and time dependently.

At 72 hpf, significant difference was found of hatching rate
between control and IPZ exposure groups (Fig. 3). Results
shown that no significant difference between 0.1 mg/L and
lower concentration groups with control at 72 hpf, with almost
embryos were hatched. Meanwhile, a significant decrease was
found in 0.15 mg/L and higher concentration groups, within a

lower 80% hatching rate. No hatched embryo could be found
in the 0.4-mg/L group.

Obvious embryo and larvae malformations were observed
from IPZ exposed groups from 0.05 mg/L and higher concen-
tration groups, including edema, microcephaly, body defor-
mation (spinal deformity and tail tip curved), incomplete swim
bladder inflation, and hypopigmentation (Figs. 4 and 5).
Although no evident malformation in the control and 0.025-
mg/L groups, 55% showed deformity in the 0.05-mg/L group,
and all fish showed morphological abnormality in 0.1-, 0.2-,
and 0.3-mg/L groups. The heart rate was significantly influ-
enced after IPZ exposure at 48 hpf (Fig. 6 and Video S1).
Embryo heart rates increased in the 0.025- and 0.05-mg/L
groups, and decreased in the 0.1, 0.2, and 0.3-mg/L groups,
were on average 74, 84, 91, 64, 51, and 46 times/30 s of ten
embryos from the control, 0.025-, 0.05-, 0.1-, 0.2- and 0.3-
mg/L groups, respectively.

ROS in vivo analysis

As shown in Fig. 7, green fluorescence emitted by 2′,7′-
dichlorofluorescin (DCF) in larvae was shown in all test
groups. The results demonstrated that ROS production detect-
ed by H2DCFDA staining was apparent higher in IPZ expo-
sure groups, especially around the heart, intestinal, and brain
area at 60 hpf. The DCF fluorescence in the 0.025-, 0.05-,
0.1-, 0.15-, and 0.2-mg/L groups were about 1.7-, 2.1-, 2.2-,
2.8-, and 2.9-fold of the control, respectively.

Biotransformation and antioxidant enzymes

As shown in Fig. 8, biomarkers which related to oxidative
stress and intracellular energy conversion system, GST, SDH,
SOD, GSH, and MDAwere changed in live zebrafish larvae of

Fig. 2 Mortality rate of zebrafish embryos after exposure to different
concentrations of IPZ on 4 dpf. The asterisk (*) indicate significant
difference at p < 0.05 between the control and exposure group
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IPZ exposure relative to the control group on 4 dpf. The MDA
concentration in larvae after exposure to IPZ increased with
fungicide concentration and was significantly higher (p <
0.05) in all IPZ exposure groups. Especially in 0.1- and 0.2-
mg/L exposure groups, the MDA concentrations were about
2.3- and 3.0-fold over the control, respectively. SOD activity
in exposure groups was significantly higher than that in the
control group, except the 0.2-mg/L group, and displayed a clear
increase with fungicide concentration in lower concentrations.
Activity of GST in 0.025-, 0.05-, and 0.1-mg/L exposure
groups showed a significant increase, about 1.3, 1.6, and 1.3
times that in the control group, respectively, except that in the
0.2-mg/L group. The GSH concentration in larvae showed a
significant increase of 0.05- and 0.1-mg/L IPZ groups, at about
1.4- and 1.3-fold over the control. However, no significant
difference in the concentration of GSH in live larvae was found
between 0.025 and 0.2 mg/L compared with the control on 4

dpf. The SDH activity showed significant decrease in exposure
groups: 27.80, 28.24, 18.68, and 17.46 U/mg protein of
0.025 mg/L, 0.05 mg/L, 0.1 mg/L and 0.2 mg/L IPZ, respec-
tively, while in the control group was 32.86 U/mg protein.

Gene expression

As shown in Fig. 9, the transcription level of the oxidative
stress-associated gene cat, gpx1a, sod1, and sod2 was upreg-
ulated, and the SDH expression-associated gene sdhb de-
creased after IPZ exposure compared to the control group on
4 dpf. The expression levels were about 1.55- and 1.16-fold of
cat, 1.08- and 1.11-fold of gpx1a, 1.07- and 1.12-fold of sod1,
1.08- and 1.13-fold of sod2, and 0.93- and 0.92-fold of sdhb in
the 0.05- and 0.1-mg/L IPZ exposure groups, respectively,
compared to the control group.

Fig. 3 Hatching percentage of
zebrafish embryos at 72 hpf after
exposed to different
concentrations of IPZ. The
asterisk (*) indicate significant
difference at p < 0.05 between the
control and exposure group

Fig. 4 Comparison of zebrafish
larvae on 4 dpf. a–f were from
control, 0.025, 0.05, 0.1, 0.2, and
0.3 mg/L, respectively
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Discussion

In the present study, we provide evidence that zebrafish em-
bryos exposed to IPZ triggered a series of developmental ef-
fects, even lethality. Although there is no significant differ-
ence of hatch and survival between the 0.05 mg/L and control
group, 55% of fish in the 0.05 mg/L group showed malforma-
tion, which demonstrated that malformation in the embryo
provides a more sensitive endpoint than hatching rate and
lethality.

The results revealed that IPZ caused edema, arrhythmia,
and blood flow reduction in developing zebrafish, which
indicated that this substance possibly influences cardiac
development of the zebrafish embryo. The enlargement
of the heart became evident over time, resulting in an enor-
mously big heart which even came out with a string-like
structure and fibrillate. We also found that the heart

contracts in a chaotic and irregular fashion in the higher
exposure groups. Pericardial edema was a sensitive end-
point of zebrafish embryo following exposure to IPZ.
These symptoms may be related to changes in expression
of genes like weak beat (web), stretched (str), santa (san),
legong (leg), and slip jig (sli), as reported (Chen et al.
1996).

In addition, we observed that IPZ exposure induced a
noticeable change of oxidative stress-related biomarkers.
An obviously concentration-dependent increase in MDA,
indicating that lipid peroxidation had occurred, and oxida-
tive stress intensity was increasing with IPZ concentration.
An interesting result was that, the activity of SOD was
clearly increased after IPZ exposure, but showed a notice-
able decrease on 0.2 mg/L group to the 0.1 mg/L. SOD is
produced as a by-product of oxygen metabolism, which
plays a crucial role in catalyzing ROS into ordinary molec-
ular oxygen and hydrogen peroxide (McCord and
Fridovich 1969; Stowe and Camara 2009). Meanwhile, a
significantly decrease of GST and GSH activity on 0.2 mg/
L group to the 0.1 mg/L were observed. GST can catalyze
GSH to xenobiotic substrates, and GSH is an important
antioxidant which can prevent damage to important cellu-
lar components caused by reactive oxygen species (Sies
1999; Townsend and Tew 2003; Massarsky et al. 2017).
Above phenomenon indicated that IPZ exposure possibly
induced an antioxidant response to toxicant stress, and 0.2-
mg/L exposure induced overwhelmed antioxidant capacity
in zebrafish larvae, leading to a downregulation of the de-
toxifying system (Sies 1986; Blahová et al. 2013). Zhu
et al. (2014) reported that fluconazole, myclobutanil, and
triflumizole caused the SOD activity of rare minnow
embryos increased after exposure to 1.0 mg/L, while was
decreased when the exposure dose reached 2.0 mg/L. Mu
et al. (2016) found that difenoconazole caused expression
level of Zn/Cu-SOD increased in the 0.5 mg/L group,

Fig. 5 Comparison of zebrafish
larvae (partial enlargement) on 4
dpf. a–fwere from control, 0.025,
0.05, 0.1, 0.2, and 0.3 mg/L,
respectively

Fig. 6 Heart beat rate of zebrafish embryos after IPZ exposure on 2 dpf.
The asterisk (*) indicates significant difference at p < 0.05 between the
control and exposure group
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while downregulated for the 2.0 mg/L group at 96 hpf.
Similarly, Wiegand et al. (2001) reported that 5 mg/L atra-
zine induced GST activity increased in zebrafish, while
decreased in higher concentrations. In addition, testing
the expression of the encoding genes is considered to be
an effective method of determining oxidative stress, and
here the upregulated transcription level of gene which re-
lates to CAT, GPx, GST, and SOD also indicated that IPZ
could trigger oxidative stress response of zebrafish embry-
os. It was the same as the result of in vivo ROS images. It
should be mentioned that the 0.2 mg/L is close to the 96-h
LC50 value of IPZ on zebrafish embryos (0.234 mg/L).
Oxidative stress is believed to occur when there is an im-
balance in the biological oxidant-to-antioxidant ratio,
which is a complex phenomenon involved in physiological
and pathological processes (Mittler 2002; Jones 2006; Sies
2015). Recently, a number of reports focused on the link
between oxidative stress enzyme activities and the related
gene expression, proved that pesticides can induce

oxidative stress in zebrafish and other aquatic test models
(Lushchak 2011; Han et al. 2016; Moura et al. 2017).

Moreover, we found that both SDH enzyme activity and
relative RNA transcription level in zebrafish larvae decreased
with increasing IPZ exposure, which provide evidence for the
first time, to our knowledge, that intracellular energy conver-
sion system of zebrafish was affected by IPZ. Similarly, a
recent study found that the thifluzamide, one of SDHIs, in-
duced abnormal spontaneous movement, slow heartbeat,
hatching inhibition, growth regression, morphological defor-
mities, and oxidative stress on zebrafish embryos (Yang et al.
2016a). The negative changes in SDH activity and mitochon-
drial structural damage were suggested and might be respon-
sible for oxidative damage, cell apoptosis, and inflammation
on zebrafish lead by thifluzamide, which would facilitate the
action of these factors in cell death and might play a crucial
role during toxic events (Yang et al. 2016a, b).

Increased oxidative stress can induce damage to the cellular
structure and potentially destroy tissues. However, ROS are

Fig. 8 Activities and levels of
MDA, SOD, GST, GSH, and
SDH of zebrafish larvae after
exposed to IPZ on 4 dpf. The
asterisk (*) indicates significant
difference at p < 0.05 between the
control and exposure group

Fig. 7 Comparison of ROS fluorescence of zebrafish larvae (60 hpf). Relative fluorescence values are presented using the control as standard, and the
asterisk (*) indicates significant difference at p < 0.05 between the control and exposure group
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needed for adequate cell function, including the production of
energy by the mitochondria (Uttara et al. 2009). On the one
hand, compounds which induce apoptosis are either oxidants
or stimulators of cellular oxidative metabolism; on the other
hand, many inhibitors of apoptosis have antioxidant activities
or enhance cellular antioxidant defenses (Buttke and
Sandstrom 1994). SDH embedded in the internal membrane
of mitochondrion is involved in the key route of glucose me-
tabolism, which is the only enzyme that participates in both
the citric acid cycle and the electron transport chain, and is
essential in energy support system of many organisms
(Hederstedt and Rutberg 1981; Oyedotun and Lemire 2004).
Reports showed that change of SDH in organisms could im-
pair several normal functions even result in disease, including
ROS formation (Hatefi 1985; Niemann and Müller 2000;
Yankovskaya et al. 2003; Xiao et al. 2016). Thus, it can be
speculated that zebrafish development could be affected by
IPZ, including lethal effect. Besides, SDH activity decrease,
oxidative stress, and abnormality were accompanied with this
effect. However, further studies should be performed to help
understand the mechanisms of IPZ effects on zebrafish
development.

Conclusion

There is limited knowledge about the effects of IPZ exposure,
and this study finds the adverse effects on early-life zebrafish.
These results indicate that zebrafish embryos are sensitive to
low levels of fungicide in aquatic environment, and IPZ is
very toxic to aquatic life which should be labeled as acute
toxicity category 1 with a 96-h LC50 lower than 1 mg/L
(EPA 2004). Exposure to IPZ could alter the morphological
and physiological abnormalities of zebrafish, which may af-
fect its populations. The present study provides information

on the heart rate disruption and oxidative stress of zebrafish
triggered by IPZ. In addition, it provides evidence of IPZ
induced decrease of SDH activity in zebrafish larvae. In con-
clusion, these study results will help our understanding of IPZ
effects on early-life zebrafish. Furthermore, further studies are
recommended for understanding how IPZ effects on zebrafish
and other non-target organisms.
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