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Abstract
Flubendiamide is a widely used diamide insecticide with many adverse effects on environmental organisms. This study 
assessed its bioaccumulation and toxicity effects in zebrafish (Danio rerio) using LC-MS/MS. The concentrations of fluben-
diamide in the whole zebrafish increased in the early stages and achieved steady levels at 14 days. The bioconcentration 
factors (BCFs) of flubendiamide was 1.125-2.011. Although flubendiamide did not significantly affect the growth phenotypes 
of zebrafish, it significantly changed the hepatic somatic index (HSI) of zebrafish. Histopathological analysis showed that 
flubendiamide could cause structural damage to the liver tissue of zebrafish. Further physiological and biochemical analysis 
showed that flubendiamide significantly changed the activity of catalase (CAT) and the contents of malondialdehyde (MDA) 
and glutathione (GSH) in liver of zebrafish. Moreover, flubendiamide significantly changed the mRNA expression levels of 
cell apoptosis-related genes, including p53, puma, caspase-3, caspase-9, apaf-1, and bax in liver of zebrafish. In summary, 
these results indicate that flubendiamide can cause liver damage by inducing oxidative stress and apoptosis in the liver of 
zebrafish. This study provides a background for further safety evaluation of flubendiamide to aquatic organisms.
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Introduction

Diamide insecticides are broad-spectrum and high-efficiency 
pesticides widely used in agricultural production (Teixeira 
and Andaloro 2013). As a result, they are ubiquitous in 
the natural environment (Caboni et al. 2008; Sharma et al. 
2014; Song et al. 2019) and pose potential toxicity risks 
to environmental organisms. Previous studies have shown 
that diamide insecticides exist in aquatic ecosystems (Song 
et al. 2019). For instance, Song et al. found that the concen-
trations of chlorantraniliprole in farmland water and water 

sediments were 0.01~0.09 μg/L and 0.24~0.56 μg/L, respec-
tively. Therefore, the toxicity risks of diamide insecticides 
in aquatic organisms have attracted much attention (Bar-
bee et al. 2010). However, available research on the toxic-
ity effects of diamide insecticides on fish is very limited. 
Flubendiamide (CAS: 272451-65-7) is one of the earliest 
applied diamide insecticides. Moreover, flubendiamide has 
adverse effects on environmental organisms (Sarkar et al. 
2014). Chronic sub-lethal flubendiamide exposure can 
induce cell apoptosis in larval imaginal discs of Drosophila 
melanogaster (Sarkar et al. 2017). Liu et al. (2017) found 
that flubendiamide causes oxidative stress and DNA dam-
age in earthworms (Eisenia fetida). Meanwhile, long-term 
flubendiamide exposure induces oxidative stress in water 
buffalo (Bubalus bubalis) calves (Ranjan et al. 2018). A pre-
vious study showed that μg/L of flubendiamide can seriously 
affect the survival, reproduction, and growth of Daphnia 
magna (Cui et al. 2017). These studies suggest that fluben-
diamide has adverse effects on aquatic organisms. Therefore, 
it is necessary to conduct a toxicological study of flubendi-
amide on aquatic organisms.

Responsible Editor: Bruno Nunes

 * Xiaojun Chen 
 cxj@yzu.edu.cn

1 School of Horticulture and Plant Protection, Yangzhou 
University/Joint International Research Laboratory 
of Agriculture & Agri-Product Safety (Yangzhou 
University), Jiangsu Yangzhou 225009, China

2 State Key Laboratory of Environmental Criteria and Risk 
Assessment, Chinese Research Academy of Environmental 
Sciences, Beijing 100012, China

/ Published online: 3 December 2021

Environmental Science and Pollution Research (2022) 29:26900–26909

http://orcid.org/0000-0002-0832-6123
http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-021-17868-7&domain=pdf


Zebrafish (Danio rerio) is commonly used as a repre-
sentative aquatic organism because it is easily available, 
less costly, sensitive to chemicals, and has a short life cycle. 
Zebrafish also have a high degree of conservation in the 
structure and function of genes and proteins. As a result, 
it is widely used in the toxicity assessment of environmen-
tal pollutants (Jia et al. 2020, 2021, Liu et al. 2022, Tian 
et al. 2021). No study has reported the toxicological effects 
of flubendiamide on zebrafish. Oxidative stress character-
izes the damage caused by pesticides to organisms. Anti-
oxidant enzymes remove reactive oxygen species (ROS) in 
organisms. Pesticides can disturb the balance of oxidizing 
substances and antioxidant systems, leading to excessive 
ROS production, thus causing biological damage (Hirooka 
et al. 2010; Li et al. 2018). Some studies have also shown 
that pesticides can affect the expression level of apoptosis-
related genes in organisms (Jin et al. 2011; Teng et al. 2019). 
This study aimed to assess the bioaccumulation behaviors 
of flubendiamide in zebrafish using LC-MS/MS analysis. 
The toxic effects of flubendiamide on zebrafish were also 
assessed via physiological and biochemical, histopathologi-
cal, and gene expression analysis. Therefore, this study can 
help to further understand the potential risks of flubendi-
amide to aquatic organisms, thus providing a theoretical 
basis for a comprehensive assessment of the environmental 
health risks associated with flubendiamide.

Materials and methods

Reagents

Flubendiamide (analytical standards, purity > 99.0%) was 
obtained from Sigma-Aldrich (Sigma, USA). All other 
chemicals were of analytical grade and were obtained from 
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

Zebrafish maintenance

Four-month-old male zebrafish (AB wild-type strain) were 
obtained from Yangzhou aquarium supermarket (Yangzhou, 
China) and maintained at a regular 14-h photoperiod and 26 
± 2 °C temperature. The fish were fed once a day on a com-
mercial diet. Every 15 zebrafish were randomly put in a 10-L 
glass tank with 5 L oxygen-enriched water. All zebrafish 
were acclimated for two weeks before experiments.

Zebrafish exposure and sample collection

The zebrafish were exposed to flubendiamide (0.1, 0.5, and 
1.0 mg/L) based on the 96 h  LC50 value (> 30 mg/L) of 
our previous study (Supporting information S1). The con-
trol group was exposed to 0.1% DMSO. For flubendiamide 

bioaccumulation, each treatment had 60 zebrafish (three 
replicates). The exposure media were changed every 48 h 
and the experimental conditions were consistent with the 
adaptation period. All zebrafish were fed on commercial fish 
feed once a day during the exposure period. Five zebrafish 
and 5-mL water samples were collected from each treatment 
group before changing the exposure media on days 1, 3, 5, 7, 
10, 14, 17, and 21, then stored at − 20 °C. For toxicological 
effect analysis, zebrafish were sampled on the 7th and 14th 
days. For biochemical analysis, two zebrafish were obtained 
from each sample, then stored at − 20 °C. For histopatholog-
ical analysis, three zebrafish were collected from each treat-
ment group, anesthetized on ice, and dissected to retrieve 
the liver tissue and stored in tissue fixative. For the qPCR 
analysis, at least six zebrafish were obtained from each treat-
ment group, anesthetized on ice, then dissected to obtain 
liver samples, pooled as one sample and stored at − 80 °C. 
Each treatment group had three biological replicates.

Determination of growth indexes

Five zebrafish were obtained from each treatment group on 
the 7th and 14th days, then body weight and length were 
measured. The zebrafish were anesthetized on ice and dis-
sected to obtain liver tissues. The weight of the liver tissues 
was then determined. The growth factors (K-factors) and 
hepatic somatic index (HSI) were calculated using Eqs. (1) 
and (2), respectively.

Extraction and determination of flubendiamide

Sample extraction and purification Each whole zebrafish 
was freeze-dried in a vacuum freeze drier (FD-1B-50, Bei-
jing Boyikang Instruments Co. Ltd) at temperature < − 80 
°C and vacuum < 5 Pa for 24 h, then grounded using a tis-
sue grinder. The zebrafish samples (0.5 g) were put into 
10-mL centrifuge tubes, 5 mL of acetonitrile was added, 
then ground for 5 min using a tissue grinder. Flubendiamide 
was added to the blank zebrafish samples to final concentra-
tions of 0.1, 1.0, and 10 mg/kg. Sodium chloride (0.2 g) and 
1 g of anhydrous magnesium sulfate were added into the 
samples, then agitated in a rotary shaker at 5000 rpm for 5 
min. The supernatant (2 mL) was collected into a new glass 
tube containing 50 mg of C18 and agitated in a rotary shaker 
at 5000 rpm for 5 min. The supernatant (1 mL) was collected 
and concentrated to dryness. Finally, the extracts were re-
dissolved into 1 mL of acetonitrile, filtered using a 0.22-μm 
membrane, and subjected to LC-MS/MS chromatographic 

(1)K − factors = bodyweight∕Bodylength3 × 100

(2)HIS = Liver weight∕Body weight × 100
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analysis. Moreover, water samples (5 mL) were collected 
into 50-mL centrifuge tubes, then flubendiamide was added 
to the blank water samples to final concentrations of 0.1, 
1.0, and 10 mg/L. Subsequently, 5 mL of n-hexane was used 
for shaking extraction (repeated thrice). The organic phases 
were combined and collected in a new centrifuge tube and 
concentrated with nitrogen to dry. Finally, the extracts were 
re-dissolved into 2 mL of acetonitrile, then filtered using 
a 0.22-μm membrane for LC-MS/MS chromatographic 
analysis.

Flubendiamide determination via LC‑MS/MS Flubendiamide 
concentrations in zebrafish and water were analyzed using 
liquid chromatography-mass spectrometry (LC-MS/MS) 
according to the previous research (Chen et al. 2012). The 
detailed analysis method of flubendiamide is shown in the 
supporting information S1.

Biochemical indicators and histopathology analysis

Malondialdehyde (MDA) and glutathione (GSH) contents 
and superoxide dismutase (SOD), catalase (CAT), and glu-
tathione peroxidase (GPx) activities in liver samples were 
detected using the MDA (Product ID: A003-1-2), GSH 
(Product ID: A006-2-1), SOD (Product ID: A001-3-2), CAT 
(Product ID: A007-1-1), and GPx (Product ID: A005-1-2) 
assay kits, respectively, from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China) following the manufac-
turer’s instructions. The liver tissues from each treatment 
group were randomly selected for histopathological analysis. 
The liver tissues were fixed in 4% formaldehyde solution, 
paraffin-embedded, sectioned then stained with hematoxy-
lin-eosin (H&E).

RNA extraction and qPCR analysis

TRIzol reagent was used to extract total RNA from 20 mg 
of zebrafish liver samples. The RNA samples (1.5 μg) were 
then reverse transcribed into cDNA using Fast Quant RT 
kit (with gDNase). After two-fold dilution of the cDNA 
with dd-H2O, SuperReal PreMix Plus (SYBR Green) kit 
was used to perform real-time fluorescent quantitative PCR 
analysis via the Bio-Rad CFX 96 PCR system (Bio-Rad, 
USA). Each sample contained three technical replicates. 
TRIzol reagent (Product ID: DP405), Fast Quant RT Kit 
(Product ID: KR116), and SuperReal PreMix Plus kit (Prod-
uct ID: FP205) were obtained from Tiangen Biochemical 
Technology (Beijing, China). The above analysis methods 
were conducted following the manufacturer’s instructions. 
β-actin was used as an internal reference gene. The cycle 
threshold (Ct) method was used for homogenization. The 
PCR primers were obtained from Sangon Biotech (Shanghai, 
China.). The primer sequences are listed in Table S2.

Statistical analysis

The bioconcentration factor (BCF) of flubendiamide in 
zebrafish was estimated using the following Eq. (3):

C zebrafish C water is the concentration of flubendiamide in 
the zebrafish at steady state and in the exposure solution, 
respectively.

Data are expressed as mean ± standard deviation (SD). 
One-way ANOVA was performed using SPSS 19.0 (IBM, 
USA) to compare the statistical differences between different 
treatment groups. GraphPad Prism version 6.0 (Graph Pad) 
was used for graphical illustrations. Asterisk (*) indicates a 
statistically significant difference between the control (CK) 
and treatment groups (p < 0.05).

Results

Optimal conditions for flubendiamide detection 
using LC‑MS/MS

The highest flubendiamide sensitivity was obtained using 
methanol and 10 mmol/L ammonium acetate aqueous 
solution containing 0.1% acetic acid as mobile phases at 
the MRM negative mode. The m/z 214 and m/z 254 were 
selected as the qualitative and quantitative ions of fluben-
diamide, respectively. The collision energies of ion pairs 
681/214 and 681/254 were − 45 eV and − 20 eV, respec-
tively. The selected ionization chromatography of flubendi-
amide is shown in Fig. S1. Furthermore, the fortified recov-
eries of flubendiamide from the zebrafish and water samples 
are listed in Table S2. The fortified recoveries of flubendi-
amide in water and zebrafish samples were 82.58–97.36% 
(relative standard deviation 2.95–3.29%) and 80.16–87.95% 
(relative standard deviation 1.55–3.24%), respectively. 
Therefore, the method can be used to study flubendiamide 
bioaccumulation in zebrafish.

Flubendiamide bioaccumulation in zebrafish

The bioaccumulation effects of flubendiamide in zebrafish 
in the 0.1, 0.5, and 1.0 mg/L flubendiamide treatment 
groups showed a similar trend. Flubendiamide concentra-
tions in zebrafish increased from day 1 to 5, then decreased 
from day 5 to 7. Subsequently, flubendiamide concentra-
tions increased after day 7, reaching a steady stage at 14 
days (Fig. 1A, Table S3). The flubendiamide concentration 
changes in zebrafish may be due to the balance between 
bioaccumulation and metabolism. Moreover, flubendiamide 

(3)BCF = Czebraf ish∕Cwater
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concentration in water was stable. The actual flubendiamide 
concentrations in the 0.1, 0.5, and 1.0 mg/L treatment groups 
were 0.0958 ± 0.0040, 0.4970 ± 0.0084, and 1.0200 ± 
0.0720 mg/L, respectively (Fig. 1B, Table S4). The BCFs 
of flubendiamide in zebrafish in the 0.1, 0.5, and 1.0 mg/L 
treatment groups at 14 days were 2.011, 1.125, and 1.444, 
respectively (Fig. 1C, Table S5).

Effects of flubendiamide on the growth phenotypes 
of zebrafish

Flubendiamide did not significantly alter the body weight 
and length of zebrafish after 7 and 14 days of exposure com-
pared with the control group (Fig. 2A, B). This study further 
assessed the effect of flubendiamide on the growth phenotype 
of zebrafish using growth factors (K-factors). Similarly, fluben-
diamide did not significantly affect K-factors of zebrafish 
(Fig. 2C). Particularly, 1.0 mg/L flubendiamide significantly 
increased hepatic somatic index (HSI) of zebrafish after 14 
days compared with the control group (Fig. 2D). In contrast, 

the HSI did not significantly change in other treatment groups. 
These results indicate that flubendiamide exposure may 
adversely affect the liver tissues of zebrafish. Therefore, we 
conducted a histopathological analysis of liver samples after 
zebrafish exposure to flubendiamide for 14 days (Fig. 3). The 
cytoplasm of the liver in the control group was uniform, with 
a regular round nucleus located in the center of the liver cells. 
However, the liver tissues were significantly damaged after 
flubendiamide exposure. Several massive micro- or macro-
vesicular intracellular lipid droplets occurred in the fluben-
diamide treatment groups. Furthermore, the degrees of liver 
cell pathology increased with increasing flubendiamide con-
centration. These results further indicate that flubendiamide 
exposure can cause liver malfunction in zebrafish.

Effects of flubendiamide on liver oxidative stress 
of zebrafish

This study evaluated the effect of flubendiamide on liver 
oxidative stress of zebrafish by measuring the enzymatic 

Fig. 1  The concentration of flubendiamide in zebrafish (A) and water (B) samples and bioconcentration factors (BCFs) of flubendiamide in 
zebrafish (C). Data were expressed as mean ± SD
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Fig. 2  Effects of flubendiamide exposure on growth phenotypes of zebrafish. (A) Body weight, (B) body length, (C) K-factors, and (D) hepatic 
somatic index (HSI). Data were expressed as mean ± SD. *p < 0.05 compared with the control group

Fig. 3  Histological changes in livers from zebrafish exposure to flubendiamide
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activities of SOD, CAT, and GPx and the contents of MDA 
and GSH. Flubendiamide did not significantly change SOD 
and GPx activities after 7 and 14 days of exposure (Fig. 4). 
In contrast, 1.0 mg/L flubendiamide significantly increased 
CAT activity after 14 days of exposure compared with the 
control group (Fig. 4B, E). The 1.0 mg/L flubendiamide also 

significantly decreased GSH contents after 14 days of expo-
sure compared with the control group. Flubendiamide (1.0 
mg/L) significantly increased MDA content after even days 
of exposure. Moreover, MDA contents were significantly 
increased after 14 days of 0.1, 0.5, and 1.0 mg/L flubendi-
amide exposure compared with the control group (Fig. 4E). 

Fig. 4  Effects of flubendiamide exposure on oxidative stress in liver of zebrafish. (A, B and C) the activities of SOD, CAT and GPx, (D and E) 
the contents of GSH and MDA. Data were expressed as mean ± SD. *p < 0.05 compared with the control group
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These results indicate that flubendiamide can change the 
content or activity of biomarkers related to oxidative stress 
in the liver tissues of zebrafish.

Effects of flubendiamide on liver cell apoptosis 
of zebrafish

This study assessed the effects of flubendiamide on cell 
apoptosis in zebrafish liver by detecting the mRNA expres-
sion levels of apoptosis-related genes, such as apaf-1, 
p53, puma, caspase-3, caspase-9, bcl-2, and bax (Fig. 5). 
Flubendiamide (1.0 mg/L) significantly increased the mRNA 
expression levels of apaf-1 and bax after seven days of expo-
sure (Fig. 5A, G). The 0.5 and 1.0 mg/L flubendiamide expo-
sure significantly increased the mRNA expression levels of 
caspase-9 (Fig. 5E). Furthermore, 0.1, 0.5, and 1.0 mg/L 
flubendiamide significantly increased the mRNA expression 
levels of puma compared with the control group (Fig. 5C). 
Flubendiamide (0.5 and 1.0 mg/L) significantly increased 
the mRNA expression levels of apaf-1 and caspase-9 after 
14 days of exposure (Fig. 5A, E). Particularly, the mRNA 
expression levels of p53, puma, caspase-3, and bax were 
significantly increased in the 0.1, 0.5, and 1.0 mg/L fluben-
diamide groups compared with the control group (Fig. 5B, 
C, D, G). However, flubendiamide did not significantly affect 
the mRNA expression levels of bcl-2 after 7 and 14 days of 
exposure.

Discussion

The bioaccumulation experiment showed that zebrafish 
had a low bioaccumulation capacity for flubendiamide 
based on classification standards of bioaccumulation 
capacities (Jia et al. 2017). Meanwhile, HIS significantly 
increased significantly after 14 days of 1.0 mg/L fluben-
diamide exposure. The liver tissue is the largest gland in 
vertebrates, and it plays a crucial role in the metabolism 
of carbohydrates, fats, proteins, vitamins, and hormones 
(Qiu et al. 2019). Furthermore, histopathological analysis 
confirmed that flubendiamide damaged the liver structure 
in zebrafish. Several studies have shown that liver tissue 
damage is often accompanied by oxidative stress (Meng 
et al. 2019, 2021; Wang et al. 2015). Herein, CAT activ-
ity in zebrafish liver significantly changed after flubendi-
amide exposure. CAT is an important antioxidant enzyme 
that can efficiently catalyze  H2O2 into water and oxygen. 
Besides, it can scavenge free radicals and protect against 
cell damage in organisms (Zhang et  al. 2018). These 
results indicate that flubendiamide can destroy the anti-
oxidant enzyme system of zebrafish. Furthermore, fluben-
diamide significantly decreased GSH content in zebrafish 
liver. GSH is an important regulatory metabolite in cells. 

The decreased GSH content is a potential early activation 
signal of apoptosis, leading to subsequent generation of 
oxygen free radicals, thus promoting cell apoptosis (Meng 
et al. 2019). Importantly, MDA is a product of lipid per-
oxidation and is usually used to reflect the degree of oxi-
dative damage (Gupta et al. 2009). MDA content signifi-
cantly increased after flubendiamide exposure, indicating 
that flubendiamide can induce oxidative stress in zebrafish 
liver. Increased MDA may also severely damage cell mem-
branes (Teng et al. 2019). Herein, flubendiamide caused 
structural damage to the liver tissue of zebrafish. Previous 
studies have also shown that flubendiamide can induce oxi-
dative stress in earthworms and buffalo calves (Liu et al. 
2017; Ranjan et al. 2018). Meanwhile, flubendiamide can 
induce oxidative stress and produce cytogenotoxic effects 
and histoarchitectural changes in the spleen of rats (Mandil 
et al. 2020).

Oxidative stress and lipid peroxidation may lead to apop-
tosis (Teng et al. 2019). Herein, flubendiamide altered the 
mRNA expression of various cell apoptosis related-genes. 
Increased mRNA expression of p53 and puma can induce 
apoptosis (Wang et al. 2004; Yu and Zhang 2008). caspase-3 
and caspase-9 are the key genes essential to apoptosis (Soen-
gas et al. 1999). However, apaf-1 can activate the mRNA 
expression of caspase-3 and caspase-9 (Zimmermann et al. 
2001). Herein, flubendiamide significantly increased the 
mRNA expression levels of p53, puma, caspase-3, cas-
pase-9, and apaf-1 in zebrafish liver. Bax is the target gene 
of p53 and can promote the release of cytochrome C from 
mitochondria. Bcl-2 can inhibit cell apoptosis. Both bax and 
bcl-2 belong to the bcl-2 protein family and are antagonis-
tic proteins (Pena-Blanco and Garcia-Saez 2018). Bax can 
inhibit the bcl-2 expression, thus alleviating cell apopto-
sis inhibition. Therefore, the decreased ratio of expression 
levels of bcl-2/bax can affect the cell apoptosis inhibition 
effect (Whiteman et al. 2007). Herein, flubendiamide sig-
nificantly decreased the ratios of expression levels of bcl-2/
bax in zebrafish liver. These results suggest that flubendi-
amide can regulate the expression of apoptosis-related genes 
in zebrafish liver. In conclusion, flubendiamide can cause 
liver damage in zebrafish by inducing oxidative stress and 
cell apoptosis. Similarly, several studies have assessed the 
toxic effects of pesticides on zebrafish liver. Atrazine can 
cause oxidative stress, thus leading to liver dysfunction in 
zebrafish (Jin et al. 2010). Cypermethrin can also cause oxi-
dative stress, DNA damage, and apoptosis in zebrafish liver 
(Jin et al. 2011). Although this study indicates that flubendi-
amide can cause oxidative stress and apoptosis in zebrafish 
liver tissues, the underlying mechanism is unclear. Histo-
pathological analysis showed that flubendiamide induced 
increased lipid accumulation in liver tissue. However, fur-
ther studies are needed to assess whether lipid accumulation 
is related to oxidative stress and apoptosis.
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Conclusion

The results of this study indicate that flubendiamide has 
a low bioaccumulation ability in zebrafish. In addition, 
flubendiamide can significantly alter CAT activity and the 

levels of GSH and MDA in zebrafish liver. Also, flubendi-
amide can significantly change the mRNA expression of 
apoptosis-related genes in zebrafish liver. Therefore, this 
study provides better understandings of the toxic effects 
of flubendiamide on zebrafish through oxidative stress and 

Fig. 5  Effects of flubendiamide 
exposure on the mRNA expres-
sions of apoptosis related genus 
in liver of zebrafish. (A) apaf-1, 
(B) p35, (C) puma, (D) cas-
pase-3, (E) caspase-9, (F) bcl-
2, (G) bax, and (H) bcl-2/bax. 
Data were expressed as mean ± 
SD. *p < 0.05 compared with 
the control group
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apoptosis, thus enhancing the evaluation of the biological 
effects of flubendiamide on aquatic vertebrates.
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