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h i g h l i g h t s
� Chinese rare minnows were exposed to imidacloprid and nitenpyram for 60 days to investigate the neurotoxic responses.
� Imidacloprid and nitenpyram impacted the Chinese rare minnow brain tissues' oxidative stress.
� A 2.0mg/L imidacloprid exposure caused an increase in the 8-OHdG content.
� Both 0.5 and 2.0mg/L imidacloprid exposure caused an increase in the AChE activity in Chinese rare minnow brain tissues.
� A 2.0mg/L nitenpyram exposure induced the inhibition of the AChE activity in the Chinese rare minnow brain tissues.
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a b s t r a c t

Imidacloprid and nitenpyram are widely used neonicotinoid pesticides worldwide and were observed to
adversely affect non-target aquatic organisms. In this study, the toxic effect of imidacloprid and niten-
pyram on the brain of juvenile Chinese rare minnows (Gobiocypris rarus) was investigated by deter-
mining the oxidative stress, 8-hydroxy-2-deoxyguanosine (8-OHdG) content and acetylcholinesterase
(AChE) activity. The superoxide dismutase (SOD) activities did not significantly change after long-term
exposure to imidacloprid and nitenpyram. A noticeable increase of catalase (CAT) activities was
observed on the brain tissues under 0.1mg/L imidacloprid and under all nitenpyram treatments
(p< 0.05). The malondialdehyde (MDA) content increased markedly under 2.0mg/L imidacloprid and
0.1mg/L nitenpyram treatments (p< 0.05). The glutathione (GSH) content in the brain significantly
increased under 0.5 and 2.0mg/L imidacloprid (p< 0.05). A significant decrease was observed in the
mRNA levels of Cu/Zn-sod under 2.0mg/L imidacloprid and those of cat under 0.1 and 0.5mg/L niten-
pyram (p< 0.05). The mRNA levels of gpx1 clearly decreased under 2.0mg/L imidacloprid and under
0.1mg/L nitenpyram (p< 0.05). The treatments of 0.1 and 0.5mg/L nitenpyram decreased cat expression
levels markedly (p< 0.05). 2.0 mg/L imidacloprid raised the 8-OHdG content. The AChE activities
increased markedly under 0.5 and 2.0mg/L imidacloprid while clearly decreasing under 2.0mg/L
nitenpyram (p< 0.05). Therefore, our results indicate that imidacloprid and nitenpyram might cause
adverse effects on juvenile Chinese rare minnows brain. Notably, imidacloprid had greater impacts on
juvenile rare minnows compared to nitenpyram.
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Abbreviations

8-OHdG 8-hydroxy-2-deoxyguanosine
AChE acetylcholinesterase
SOD superoxide dismutase
CAT catalase
MDA malondialdehyde
GSH glutathione
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1. Introduction

Neonicotinoids, a class of systemic neuro-active pesticides,
which are similar to nicotine, are the most widely used to protect
agricultural plants from insects (Natalia and M, 2016; Tomizawa
and E, 2003). In recent years, conventional pesticides, such as py-
rethroid, organophosphorus and carbamate insecticides, have been
replaced by neonicotinoids (Tankiewicz et al., 2010). Currently,
neonicotinoids are applied to most corn crops and to half of all
soybean crops, and they are used in large quantities on other
vegetation, such as fruit and vegetables (Cimino et al., 2017).
Neonicotinoids preferentially bind to the insect's nicotine acetyl-
choline receptor (nAChR) of the central nervous system (Taylor and
Z, 1994). This binding causes insects' unusual excitement, whole
body spasm, paralysis or even death (Yamamoto and J, 1999).
Because of neonicotinoids' high insecticidal activity against sucking
insects (Adak et al., 2012), wide insecticidal spectrum (Uneme,
2011), low toxicity to mammals and aquatic animals (Jeschke
et al., 2013), good physical properties of the system and the
appropriate field stability (Limay-Rios et al., 2016), they have
become important hot spots of new pesticides. In recent years,
conventional pesticides, such as pyrethroid, organophosphorus and
carbamate insecticides, have been replaced by neonicotinoids
(Tankiewicz et al., 2010). With the increase in neonicotinoid ap-
plications, a series of neonicotinoids, such as imidacloprid, niten-
pyram, acetamiprid, thiamethoxam, dinotefuran, and thiacloprid,
were researched and developed. The global sales of neonicotinoids
was 3.335 billion in 2014, while imidacloprid (in terms of prepa-
ration) accounted for 7/20. Data were taken from http://www.
chyxx.com/industry/201703/504983.html. As the first commer-
cialized neonicotinoid (Tomizawa and Casida, 2005), imidacloprid
is currently sold in various forms, including liquids, granules, dusts
and packages, that can be dissolved in water (Liu et al., 2016). As an
insecticide, nitenpyram can be used both in agricultural and vet-
erinary applications (Maddison et al., 2008). Moreover, with the
ban of several classes of neonicotinoids in the European Union and
other markets, the use of nitenpyrammight gradually increase (Shi
et al., 2011). Studies have indicated that concentrations of neon-
icotinoids in surface waters were as high as 320 mg/L (Morrissey
et al., 2015; Prosser et al., 2016), which exceeded the environ-
mental standards (from 0.0083 to 1.05 mg/L) according to the CCME
(2007). Thus, it is exigent to investigate the effects caused by imi-
dacloprid and nitenpyram on aquatic organisms. With the
increasing use of neonicotinoids and its long residual activity, the
adverse effects of neonicotinoids on aquatic agricultural ecosys-
tems have become apparent (Adak et al., 2012; Kobashi et al., 2017).
The acute and chronic effects of neonicotinoids on the aquatic
invertebrate community ecology thresholds were below 0.2 and
0.035mg/L, respectively. However, more than 3/4 of the water
samples collected worldwide exceeded the acute effect and chronic
effect threshold (Chretien et al., 2017). The adverse effects of
neonicotinoids (such as imidacloprid and nitenpyram) in low
concentration (0.1e10mg/L) on non-target organisms have been
reported in previous studies (Jemec et al., 2007; Liu et al., 2017;
Wright et al., 2015). Liu et al. (2017) reported that the toxicity of
dinotefuran showed obvious dose- and time-dependent effects on
earthworms. Yan et al. (2016) introduced that thiamethoxam (0.30,
1.25, and 5.00mg/L) could induce oxidative stress and DNA damage
on exposed zebrafish. Significant DNA damage in the zebrafish liver
was observed after 7 d of exposure to nitenpyram (above 1.2mg/L)
treatments (Yan et al., 2015). Oxidative stress and DNA damage in
zebrafish were also observed after 28 d of exposure to imidacloprid
(0.3, 1.25, and 5mg/L) (Ge et al., 2015). Topal et al. (2017a, b)
introduced the neurotoxic responses in brain tissues of rainbow
trout exposed to imidacloprid (5mg/L, 10mg/L, 20mg/L) after 21 d
exposure. Stoughton (2008) indicated that invertebrate survival
and growth might be reduced by imidacloprid at chronic, low-level
exposure. Though the toxicities of imidacloprid and nitenpyram on
many organisms have been studied, ecotoxicological studies on
non-target aquatic organisms are still scarce compared to those
investigating other pesticides. Moreover, little is known regarding
the toxicity of imidacloprid and nitenpyram on Chinese rare min-
nows (Gobiocypris rarus). Therefore, we selected to investigate the
potential adverse influence of imidacloprid and nitenpyram on
juvenile Chinese rare minnows in our study.

The acute toxicity caused by imidacloprid and nitenpyram on
fish has been studied previously (Tomizawa and Casida, 2005),
whereas their chronic toxicity on Chinese rare minnows at low
concentrations has not been thoroughly elucidated to date. More-
over, according to Shi et al. (2011), if the use of nitenpyram exceeds
that of imidacloprid in the future, a comparison of the impacts of
these two pesticides is therefore warranted.

In this study, juvenile Chinese rare minnows were exposed to
different concentrations (0.1, 0.5 and 2.0mg/L) of imidacloprid and
nitenpyram for 60 d. The rare minnow is a Chinese native species
that is acknowledged to be sensitive to toxic stress and is a suitable
emerging model organism for aquatic toxicity testing (Guo et al.,
2015; Liang and Zha, 2016). Four oxidative stress biomarkers (su-
peroxide dismutase (SOD), catalase (CAT), glutathione (GSH), and
malondialdehyde (MDA), as well as mRNA expression levels of
antioxidant genes (Cu/Zn-sod, Mn-sod, cat, gpx1, gclc), and 8-OHdG
content and AChE activity in the brain were collected and analysed
to assess the effects of imidacloprid and nitenpyram on the juvenile
rare minnows.

2. Materials and methods

2.1. Chemicals

Imidacloprid (1e6 (chloro - 3 - pyridylmethyl) - N - nitro-
imidazolidin - 2 - ylideneamine; purity> 96%) and nitenpyram ((E)
- N - (6 - Chloro - 3 -pyridylmethyl)- N - ethyl - N' - methyl - 2 -
nitrovinylidenediamine; purity >95%) were purchased from J&K
Chemical Ltd. (USA). Stock solutions were prepared by dilutionwith
acetone (purity> 99.9%; Sinopharm, China) to a final concentration
of less than 0.01%.

2.2. Culture conditions of the test animal

Two-month-old rare minnows (body weights and lengths were
0.28± 0.17 g and 24.36± 0.73mm, respectively) were bred from
our own laboratory and were cultured in a flow-through system
with dechlorinated tap water (the pH and water temperature were
7.5± 0.3 and 25± 1 �C, respectively). The experimental fish were
acclimated to the experimental conditions for two weeks. The fish
were fed commercial food pellets (Trea, Germany) and Artemia
nauplii twice daily and were maintained in a 16: 8 light: dark cycle
(Chen et al., 2016).
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2.3. Experimental design

Juvenile Chinese rare minnows, selected randomly from the
acclimatized fish, were used in this experiment. All experiments
were performed within the same conditions as the culture condi-
tions. The fish were exposed to imidacloprid and nitenpyram at
concentrations of 0.1, 0.5 and 2.0mg/L. Besides, in these experi-
ments, acetone served as the solvent control. At each exposure
level, 30 healthy fishes were randomly separated into a container.
Three replicates were collected per treatment. All of the water in
each aquarium was replaced daily with fresh dechlorinated tap
water dosed with the initial concentration of each pesticide. The
exposure durationwas 60 d and the fish were fed daily. No fish died
during the exposure experiment.

2.4. Pretreatment of the brain tissue

After 60 d of exposure, the brains of the juvenile fish from each
aquarium were homogenized in 0.1M PBS (0.14M NaCl, 2.68mM
KCl, 0.01M Na2HPO4, and 1.76mM KH2PO4, pH 7.4), except a
portion of the tissues in Protein Remover M (provided by Beyotime
Institute of Biotechnology, China) were placed on ice. The homog-
enate was centrifuged at 10000 g at 4 �C for 15min to obtain the
supernatant. Next, the supernatant was used to determine the
oxidative stress, 8-OHdG content and AChE activity. Triplicate
samples from each treatment group were collected and measured.

2.5. Oxidative stress assays

The supernatant was used to assay for SOD, CAT activities, MDA
and GSH contents using commercial kits (Beyotime Institute of
Biotechnology, China) according to previous studies (Jin et al., 2010,
2015). In each exposure system, 10 brains were used for each in-
dicator. The MDA and GSH concentrations were expressed as nmol/
mg protein, while the SOD and CAT activities were expressed as
unit/mg tissue and unit/mg protein, respectively. For all of the
oxidative indexes, three replicate samples from each treatment
group were collected and measured.

2.6. Gene expression analysis

Quantitative real-time PCR (qRT-PCR) was used to test the
differentially expressed genes. In each exposure system, 5 fishes
were randomly applied to this analysis. After exposure, the fresh
brain used for the RNA extractionwas collected andwashed 3 times
with pure water, and the tissues were homogenized by TRIzol
(Ambion, American) immediately (10 brains/1mLTRIzol). Oligo-dT-
primed cDNA was synthesized using the M-MLV Reverse-
Transcriptase Kit (Invitrogen, American). The primers for the anti-
oxidant genes (Cu/Zn-sod, Mn-sod, cat, gpx1, gclc) were reported in
previous studies (Wu et al., 2014; Yuan et al., 2014). The qRT-PCR
was performed using a DNA Master SYBR Green I (Roche,
Shanghai, China) with an ABI 7500 real-time quantitative PCR
system. The differences were calculated according to the 2�DDCt

comparative quantization method using b-actin as an internal
control (Chen et al., 2016).

2.7. 8-OHdG expression assays

A competitive ELISA analysis kit was used according to the
manufacturer's introductions (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) and the study from Fang et al. (2015) to
detect the brain 8-OHdG content. At each exposure level, 5 brains
were applied to this analysis. Enzyme labelling reagent (form the
kit) were added into pre-treated brain tissues and standard,
respectively. After the action of colour-substrate, different OD
values from different exposure system were measured. Triplicate
samples from each treatment group were collected and measured.
The OD value was measured at 450 nm and within 15min after the
addition of the termination fluid. The 8-OHdG content was calcu-
lated according to the standard curve and expressed in arbitrary
units (ng/mg protein).

2.8. AChE activity assays

For the detection of brain acetylcholinesterase (AChE) activity, a
competitive commercial kit was used according to the manufac-
turer's introductions (Beyotime Institute of Biotechnology, China). 5
fishes were used for this assay at each exposure level. Pre-treated
brain tissues and other reagents were added in turn. After the
biochemical reaction, different OD values from different exposure
system were measured. All enzyme assays were evaluated in trip-
licate, and at least three independent experiments were performed.
The OD value was measured at 450 nm. The AChE activity was
calculated according to the standard curve and expressed as unit/
mg protein).

2.9. Statistical analyses

All statistical analyses were performed using SPSS 22.0 (SPSS,
Chicago, IL, USA). A one-way ANOVA test was used to evaluate the
significant differences of the biological parameters between the
control group and the treatment groups. Post hoc comparisons were
made using Tukey's test. The data are expressed as the
mean± S.E.M. （standard error of mean）in which P values of
<0.05 were considered to be statistically significant.

3. Results

3.1. Antioxidant capacity

The antioxidant enzyme activities of the juvenile rare minnow
brain in response to imidacloprid and nitenpyram are described in
Fig. 1. The results show that the SOD activities had no significant
change after long-term exposure to imidacloprid and nitenpyram
(Fig. 1A). A noticeable increase in the CAT activities on the brain
tissues was observed under 0.1mg/L imidacloprid and under all
nitenpyram treatments (p< 0.05) (Fig. 1B). Meanwhile, significant
increases in the CAT activities were observed under 0.1mg/L imi-
dacloprid and under all nitenpyram treatments. For the MDA con-
tent, a marked increase was observed under 2.0mg/L imidacloprid
and 0.1mg/L nitenpyram treatments (p< 0.05). The GSH content in
the brain tissues was unchanged under all nitenpyram treatments
while significantly increased under 0.5 and 2.0mg/L imidacloprid
treatments (p< 0.05).

3.2. mRNA levels of antioxidant genes

The effects of imidacloprid and nitenpyram on the transcription
of the antioxidant genes of the juvenile fish brain are shown in
Table 1. Under 2.0mg/L imidacloprid treatments, the expressions
levels of Cu/Zn-sod and gpx1 were reduced significantly (p< 0.05).
Under 0.1 and 0.5mg/L nitenpyram treatments, cat expression
levels markedly decreased (p< 0.05), while gpx1 expression levels
also decreased (p< 0.05).

3.3. 8-OHdG content test assay

The effects of imidacloprid and nitenpyram on the 8-OHdG
content of juvenile rare minnow brains are shown in Fig. 2. The



Fig. 1. Oxidative damage assays: GSH content (A), CAT activity (B), MDA content (C) and SOD activity (D) in the brains of juvenile rare minnows exposed to various doses of
imidacloprid and nitenpyram. All data are indicated as the mean± S.E.M. A Tukey's test was carried out with a significant difference (p< 0.05). Different letters above the columns
indicate statistically significant differences compared to control and Intra-groups.
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8-OHdG content in the juvenile rare minnows did not change
significantly after exposure to nitenpyram. After exposure to
2.0mg/L imidacloprid, the 8-OHdG content significantly increased
compared to the control (p< 0.05).
Table 1
Expression of antioxidant genes: Mn-Sod, Cu/Zn-Sod, GCLC, CAT and GPx in brain of larva
Values were normalized against b-actin (used as a housekeeping gene) and represented t
test): p < 0.05(*) compared to control was carried out.

mRNA expression control Imidacloprid

0.1mg/L 0.5mg/L

Mn-Sod 1.00± 0.19 0.74± 0.15 0.61± 0.23
Cu/Zn-Sod 1.00± 0.15 1.10± 0.11 1.01± 0.05
GCLC 1.00± 0.09 0.64± 0.15 1.01± 0.10
CAT 1.00± 0.03 0.79± 0.15 0.70± 0.08
GPx 1.00± 0.08 0.98± 0.13 0.90± 0.07
3.4. AChE activity test assay

The effects of imidacloprid and nitenpyram on the AChE activity
in the brain tissue are shown in Fig. 3. The AChE activities increased
markedly under 0.5 and 2.0mg/L imidacloprid (p< 0.05), and the
l rare minnow exposed to various concentrations of imidacloprid and nitenpyram.
he mean mRNA expression value ± S.E.M. Statistical evaluation by ANOVA (Duncan's

Nitenpyram

2.0mg/L 0.1mg/L 0.5mg/L 2.0mg/L

0.67± 0.10 0.64± 0.21 0.89± 0.08 0.80± 0.12
0.52 ± 0.16* 0.94± 0.13 1.02± 0.04 1.08± 0.21
0.97± 0.16 0.96± 0.20 0.88± 0.21 1.02± 0.17
0.65± 0.17 0.59 ± 0.07* 0.53 ± 0.02* 0.64± 0.19
0.65 ± 0.08* 0.61 ± 0.03* 0.71 ± 0.01* 0.83± 0.12



Fig. 2. Effects of various doses of imidacloprid and nitenpyram on the 8-OHdG content in the brains of juvenile rare minnows. Each value is the mean± S.E.M. Different letters
indicate significant differences compared to control and Intra-groups (p< 0.05 ANOVA, Tukey's test).
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AChE activities under 2.0mg/L imidacloprid were lower than that
under 0.5mg/L imidacloprid. An obvious decrease in the brain
AChE activity was observed under 2.0mg/L nitenpyram (p< 0.05).
4. Discussion

Based on the previous experience of the effects of imidacloprid
and nitenpyram on other non-target aquatic organisms, this study
investigated the potential adverse effects of chronic exposure to 0.1,
0.5, 2.0mg/L imidacloprid and nitenpyram on juvenile rare
minnow brains by evaluating the oxidative stress, gene transcrip-
tion, 8-OHdG content and AChE activity.

Oxidative stress may lead to oxidative damage in nucleic acids,
lipids, and proteins and may even induce a change in antioxidant
genes (Liu et al., 2008; Wu et al., 2014), which occurs as a conse-
quence of an imbalance between antioxidant and prooxidant sys-
tems (Topal et al., 2017a, b). Unique systems in organisms can
protect themselves against the oxidative damage. The SOD and CAT
activities and the MDA and GSH contents are relevant oxidative
stress biomarkers in said unique systems. Accordingly, the ex-
pressions of antioxidant genes (Cu/Zn-sod, Mn-sod, cat, gpx1, gclc) in
juvenile rare minnows brains was also determined in this study. In
this study, the increased SOD activity under 2.0mg/L nitenpyram
and the increased CAT activities under 0.1mg/L imidaclopris and
under all nitenpyram treatments might illustrate that after long-
term exposure, O2

$- had been converted to H2O2 by the SOD;
thus, more CAT was needed to convert the H2O2 into H2O and O2
(Niu et al., 2013; Oruc, 2012). The present results are similar to
those of Liu et al. (2017), who studied the influence of dinotefuran
on earthworms (Eisenia fetida) at concentrations of 0.1, 0.5, 1.0 and
2.0mg/kg. MDA is the final decomposition product of lipid perox-
idation, which may severely damage the cell membrane and is the
most damaging process in living organisms (Chen et al., 2011;
Łuczaj et al., 2016). The increase of the MDA content might indi-
cate that imidacloprid and nitenpyram may have caused lipid
peroxidation in the brains of the juvenile rare minnows. As an
antioxidant, the total depletion of the GSH can result in cell
degeneration due to the toxin's oxidative stress (Zhang et al., 2008).
The results of the variation of the GSH content are in agreement
those of Dong et al. (2013) and (Yan et al., 2016). In fish brain tissue,
the improvement of the GSH content might be caused by the
degradation of neonicotinoids according to the combination of



Fig. 3. Effects of various doses of imidacloprid and nitenpyram on AChE activity in
brains of juvenile rare minnows. Each value is the mean± S.E.M. Different letters
indicate significant differences compared to control and Intra-groups (p< 0.05 ANOVA,
Tukey's test).
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pesticides catalysed by the GST. In imidacloprid treatments, the
expression levels of the Cu/Zn-sod increased at the lowest con-
centration but decreased at the highest concentration. This obser-
vation might be made because 2.0mg/L imidacloprid had an
adverse effect on the fish's brain. Both the cat and gpx1 expression
were decreased after exposure. The observed lower gene expres-
sion in the brain might be due to the accumulation of antioxidant
molecules from the neonicotinoid insecticides at an early exposure
stage, whichmay compensate for the lower antioxidant activities at
the more developed stages (Karami et al., 2017; Nelis et al., 1988).
However, the mechanisms underlying the oxidative stress bio-
markers' responses and the antioxidant genes' expressions across
longer exposure durations requires further study.

One of the sensitivity indicators used for oxidative DNA damage
is the concentration of 8-OHdG (Thompson et al., 1999), which is
the major product of DNA oxidation (Nadja C. de Souza-Pinto et al.,
2001). The obtained results indicate that the 8-OHdG content
significantly increased under 2.0mg/L imidacloprid. It is obvious
that the increase in the 8-OHdG content in the brainwas a response
to oxidative damage (Anjana Vaman et al., 2013). Though antioxi-
dant defence systems, such as the SOD and CAT, were working, the
pesticides still caused oxidative damage to the fish brain tissue. This
conclusion is similar to that of Livingstone (2001). Figs. 1C and 2
indicate that the changes in the MDA and 8-OHdG contents were
similar in imidacloprid treatments. Thus, lipid peroxidation might
be associated with 8-OHdG because of the relationship between 8-
OHdG and MDA. Moreover, with the concentration decrease of the
SOD and CAT activities under the imidacloprid treatments, the 8-
OHdG contents showed concentration increases. Thus, 8-OHdG
might also be associated with SOD and CAT activities, which
agrees with the findings of Zhang et al. (2004). However, future
studies on imidacloprid and nitenpyram are required to confirm
their adverse effects on juvenile Chinese rare minnows.

As previously discussed, neonicotinoids binding to the insect
nicotine acetylcholine receptor of the central nervous system can
lead to insect death. Kirby et al. (2000) indicated that AChE inhi-
bition occurring in the brain causes alterations in behaviour. In the
present study, 0.5 and 2.0mg/L imidacloprid increased the AChE
activities in fish brain tissues markedly (p< 0.05). It might because
imidacloprid could act on the acetylcholine receptor in juvenile
Chinese rare minnow brains, and in order to suppress excitement,
the AChE activity need to be increased to reduce acetylcholine.
According to Jin et al. (2004), the increase of the AChE activities
might be able to inhibit cell proliferation and promote apoptosis in
the brain tissues. However, 2.0mg/L nitenpyram caused significant
AChE inhibition in the brain p< 0.05). A possible explanation may
be that nitenpyram exposure may be causing destruction to
cholinergic neurons, and as a result, the AChE activity decreased.
The different results between imidacloprid and nitenpyram might
account for different toxic mechanisms, which require further
study.

5. Conclusions

Both imidacloprid and nitenpyram were observed to induce
oxidative stress and alter the antioxidant genes expression levels in
juvenile Chinese rare minnow brains. Imidacloprid might be
neurotoxic by promoting AChE activities, and nitenpyram can be
neurotoxic by inhibiting AChE activities. Imidacloprid caused brain
DNA damage when the 8-OHdG content increased under 2.0mg/L
treatments. Imidacloprid might be more acutely toxic than niten-
pyram. According to our results, the differences in ecotoxicity be-
tween imidacloprid and nitenpyram could be observed in juvenile
Chinese rare minnows. Therefore, further research is warranted to
investigate the similarities and differences among different neon-
icotinoids and different aquatic non-target organisms to provide
constructive policy advice on evaluating alternative options for pest
control.
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