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Abstract

At present, the concentration of environmental pollutants, such as pesticides and antibiotics exposed in environment, espe-
cially in aquatic environment is increasing. Research on environmental pollutants has exploded in the last few years. How-
ever, studies on the combined effects of pesticides and antibiotics on fish are rare, especially the toxic damage to gill tissue
is vague. In this paper, cypermethrin (CMN) and sulfamethoxazole (SMZ) were analyzed and found that there was a strong
correlation between the pathways affected by the first 30 genes regulated by CMN and SMZ, respectively. Therefore, the
toxic effects of CMN (0.651 pg L™!) and/or SMZ (0.3 pg L™") on grass carp gill were studied in this paper. Histopathology,
quantitative real-time PCR, and other methods were used to detect the tissue morphology, oxidative stress level, inflamma-
tion, and apoptosis-related indicators of the fish gills after exposure of 42 days. It was found that compared with the single
exposure (CMN/SMZ) group, the combined exposure (MIX) group had a more pronounced oxidative stress index imbalance.
At the same time, nuclear factor-xB (NF-kB) signal pathway was activated and immuno-inflammatory reaction appeared
in MIX group. The expression of tumor necrosis factor (TNF-a) in the rising range is 2.94 times that of the C group, while
the expression of interleukin 8 (IL-8) is as high as 32.67 times. This study reveals the harm of CMN and SMZ to fish, and
provides a reference and basis for the rational use of pesticides and antibiotics.
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Introduction

In recent years, the use of pesticides on a global scale, and
antibiotics is increasing (Chen et al. 2015; Klein et al. 2018).
In 2018, the use of pesticides in Argentina alone reached
170,000 tons (http://www.fao.org/faostat/en/). Meanwhile,
antibiotics are also used a lot. In 2013 alone, the total use of
antibiotics in China reached 162,000 tons, and this number is
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still increasing (Ying et al. 2017). After entering the ecologi-
cal cycle, these excessive organic matters become organic
pollutants, enter rivers and oceans through rain water and
the atmosphere, eventually accumulate in aquatic organisms,
and threaten human health through the food chain (Chen
et al. 2018; Omwenga et al. 2016; LL Zhao et al. 2021).
Cypermethrin (CMN) is a broad-spectrum and efficient
insecticidal pyrethroid insecticide (Sparks et al. 2021).
CMN residues are widespread in fruits, vegetables, air, and
water (Bedi et al. 2013; Bedi et al. 2015), and can restrain
cholinesterase activity and induce nerve cell decomposition
(Raszewski et al. 2015). Sulfamethoxazole (SMZ) is widely
found in various water environments and is considered to
be one of the main antibiotic pollutants (Chen and Zhou
2014; Harada 2018). Environment-related concentrations of
CMN and SMZ were able to inhibit the antioxidant capacity
of organisms and threaten developmental health (Guo et al.
2021; Limbu et al. 2018; Martin et al. 2018). Fish exposed
to environmental pollutants will cause damage to the tis-
sues and organs of the body (Soltanian and Fereidouni 2017,
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HJ Zhao et al., 2020a, b). Therefore, we assume that gill,
as the first organ in contact with the external environment,
long-term exposure to environment-related concentrations
of CMN and SMZ can cause gill tissue damage.

Numerous studies have suggested that oxidative stress is
a potential way of pesticide and antibiotics induced toxic-
ity (Lushchak et al. 2009; Qiu et al. 2020). Under normal
circumstances, the redox in the body is in a dynamic bal-
ance, but when the cell is stimulated by the outside, the
level of reactive oxygen species (ROS) rises, leading to the
occurrence of oxidative stress (Chen and Maltagliati 2018).
NF-E2-related factor 2 (Nrf2) signaling pathway is one of
the main ways to protect cells from oxidative damage. Nrf2
gains activity by dissociating from inhibitory cytoplasmic
protein Kelch-like ECH-associated protein 1 (Keapl) to acti-
vate antioxidant-related genes in the nucleus (Lu et al. 2016).
Studies have displayed that when the body experiences oxi-
dative stress, Nrf2-Keapl signaling pathway is activated
(Bellezza et al. 2018). CMN can activate the Nrf2 signaling
pathway to protect the central nervous system (Zhou et al.
2020). SMZ produces cytotoxicity by stimulating the pro-
duction of reactive oxygen species and aryl hydroxylamine
metabolites. It irritated the sea urchin to generate oxida-
tive stress and eventually destroyed the sea urchin’s defense
mechanism (Ragusa et al. 2017). The legally farmed dose of
SMZ may enhance the oxidative stress, inflammation, and
apoptosis levels of largemouth bass (Xie et al. 2020). How-
ever, the effect of CMN and/or SMZ on the Nrf2 pathway of
grass carp gills is still unclear.

Nuclear factor-kB (NF-kB) signaling pathway plays a key
role in inducing gene expression. NF-kB participates in a
variety of biological processes including inflammation and
apoptosis (X Wang et al., 2021a). Interleukins (IL-6/8/10,
etc.) push forward an immense influence on immune inflam-
mation and can mediate the transmission of inflammatory
signals (Li et al. 2021). At present, it is generally believed
that apoptosis is caused by the highly regulated cysteine pro-
tease caspase cascade, and Caspase-3 is just downstream of
the entire cascade and is the executor of apoptotic process
(Guerin et al. 2021). Apoptosis has been found as an impor-
tant mechanism of CMN toxicity (Zhou et al. 2021), which
could not only caused male reproductive toxicity (Wang
et al., 2021b) but also caused liver damages in grass carp
(Ctenopharyngodon idella) through NF-«xB signal pathway
(H Zhao et al. 2021b). Environmental concentration of SMZ
could up-regulate the expression of inflammatory factors and
activated apoptosis signals, thus causing cascade damage to
the intestines of grass carp (Y Wang et al. 2021a). However,
in aquatic organisms, there is still a lack of corresponding
research on how the combined use of CMN and SMZ can
cause inflammation and apoptosis.

Grass carp is one of the “four domestic fish” in China,
and it is an important freshwater fish in aquaculture (Y

Wang et al. 2021a). In this study, grass carp was used as the
experimental model to study the toxicity and toxicological
mechanism of environmental concentrations of CMN and/
or SMZ from a comprehensive point of view. The effects of
CMN and/or SMZ on gene-gene interaction and phenotype
were studied, and the changes of gill tissue structure and
physiological indexes were detected by experimental model.
Strive to truly reflect the effects of CMN and/or SMZ on
aquatic organisms in the water environment, and provide a
new basis for standardizing the use of antibiotics, pesticides,
and healthy culture of freshwater fish.

Materials and methods
Chemicals and animals

MS-222 and CMN (No. 52315-07-8, purity of 98%), and
SMZ (No. 1196157-90-0, purity of 99.8%) were purchased
from Sigma Chemical Co. (St Louis, Missouri, USA). CMN
and SMZ were dissolved in 99% pure dimethyl sulfoxide
(DMSO) and stored in dark at 4 °C.

A total of 120 juvenile grass carps with an average body
weight of 105.45 +5.68 g (Harbin Aquaculture Farm) were
adapted in the laboratory for 2 weeks (Y Wang et al. 2021b).
Grass carps (C. idella) were reared with dechlorinated tap
water in a 500 L indoor circulation tank. The whole experi-
ment lasted for 42 days with 12 h light/dark period. The
water temperature was controlled at 27.0+ 1.5 °C, the dis-
solved oxygen content of water was greater than 6.0 mg L™!,
the ammonia nitrogen content was lower than 0.05 mg L™,
the nitrite nitrogen content was lower than 0.06 mg L~!, and
the pH value was 7.0-8.0.

Experimental design

The study was conducted under the supervision of the Ani-
mal Protection and Utilization Management Committee of
Northeast Forestry University. One hundred and twenty
healthy grass carps were randomly divided into 4 groups,
namely control (C) group, CMN group, SMZ group, and
CMN + SMZ (Mix) group, with 3 replicates in each group.
According to some current environmental-related concentra-
tion studies (Chen and Zhou 2014; Zhao et al., 2020a) and
environmental surveys (Wang et al. 2018; Zhou et al. 2016),
the concentration of aerial CMN is 0.32-9.04 pg m® ~!,
while the common concentration of CMN in water is
0.01-0.68 ng L~!. The concentration of SMZ in the river
ranges from 34 to 859 ng L~!, and the common concentra-
tion of SMZ is 259.6-385 ng L™!. Referring to the concen-
trations used in previous studies, the final concentrations of
CMN and SMZ were set to 0.651 pg L' and 0.30 pg L™!
respectively in this study, and this concentration has been
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shown to cause chronic poisoning (Y Wang et al. 2021a; H
Zhao et al. 2021a).

During the entire experiment, dechlorinated tap water
with the same exposure concentration was replaced every
48 h. Water samples were collected at exposure times of
1, 14, 28, and 42 days, and the concentrations of CMN
(Enzyme-linked Biotechnology, China) and SMZ (REA-
GENLLC, USA) were detected with ELISA kit. During the
whole experiment, the deviation of the actual average con-
centration of CMN and SMZ from the nominal concentra-
tion was less than 10%, which was relatively stable. After
42 days of exposure, the grass carp was anesthetized with
MS-222 (10 mg L") and the gill tissue was separated and
stored at —80 °C. No death of grass carp was found through-
out the experiment.

Histopathological observation

After 42 days exposure, the extracted gill tissue of each
group was fixed with 4% paraformaldehyde and made into
paraffin sections with a thickness of 4 mm. The tissue sec-
tions were stained with hematoxylin-eosin (H&E) and
observed under a microscope (Olympus, Japan) for histo-
logical analysis.

Oxidative stress index detection

Use Nanjing Jiancheng Biological Company (NJJCBIO,
China) testing kits, and follow the instructions to process
the tissue for testing, including superoxide dismutase (SOD),
malondialdehyde (MDA), and glutathione (GSH) content.

Real-time fluorescence quantitative PCR

Using TriZol reagent (Invitrogen, USA) to extract total RNA
from the gill tissue, total RNA was measured (260 nm) spec-
trophotometer nano concentration, and RNA quality was
detected (260/280 nm, 260/230 nm). qPCR was performed
with HiScript II Q Select RT Super Mix kit (Vazyme Bio-
tech Co., Ltd.) to obtain cDNA. Use FastStart Universal
SYBR Green Master reagent (Roche) and Light Cycler®
480 (Roche, Switzerland) system to complete the experi-
ment. Using 2724T method of data analysis.

Find mRNA sequences on National Center of Biotechnol-
ogy Information (NCBI, https://www.ncbi.nlm.nih.gov/) and
use Integrated Device Technology (IDT, https://sg.idtdna.
com/pages) to conduct primer design. Finally, the primer is
identified using the BLAST (https://blast.ncbi.nlm.nih.gov/
blast.cgi) function on the NCBI website, the primers shown
in Table S1.

@ Springer

Immunoblotting analyses

The nucleoprotein and plasma protein extraction kit (Wan-
leibio, China) was used to extract NF-xB proteins from the
gill tissue. The remaining proteins were extracted from the
gill tissue using RIPA lysate (add 100 mg tissue to a mix-
ture of 990 pL RIPA lysis buffer and 10 pL PMSF), and
the supernatant was collected, quantified with a BCA kit
(Beyotime, China), and stored at —80 °C. Western blot and
digital imaging equipment (General Electric, USA) were
used to detect the signal, and Image-J software was used
for quantitative analysis. Primary antibodies include Cas-
pase-3, Caspase-9, Bcl-2-associated X (Bax), B cell lym-
phoma-2 (Bcl-2), inhibitory protein of nuclear factor of
kappa B-alpha (IkB-a), p-ikBa, histone H3 (H3), NF-xB
(cytosol) (Wanleibio, China), and f-actin (Abclonal,
China).

Selection and enrichment analysis of differential
genes

Using DTC database (http://ctdbase.org), the differential
genes under the action of CMN and SMZ were selected, and
the genes of top 30 (if there are less than 30 genes, select all
of them) were selected for follow-up analysis according to
the order for P value from large to small. The selected genes
were enriched and analyzed by gene ontology (GO), Kyoto
gene and genome encyclopedia (KEGG), and Metascape
(http://metascape.org/gp/index.html#/main/step1). Accord-
ing to the reference (Sendra et al. 2021), the GO results were
divided into three categories according to biological process
(BP), cellular component (CC), and molecular functional
(MF).

The top 50 genes (if there are less than 50 genes, select
all of them) affected by CMN and SMZ were mixed, and the
duplicate genes were removed to get a new gene list. After
the mixed gene list, the online software Metascape was used
for term enrichment analysis, and the interaction network
between genes was generated. The online software STRING
11.0 (http://string-db.org/) was used to generate the interac-
tion network of the proteins corresponding to the mixed gene
list, and the k-means algorithm was used to mark them as
different paths (specific reference: Zhao et al., 2020b).

Statistical analysis

IBM SPSS 22.0 (Version 22.0, Inc., Chicago, IL, USA) soft-
ware was used to analyze the experimental data. One-way
analysis of variance was adopted, and the data results passed
the Tukey test. All the data in this article (F <0.05, P <0.05)
were statistically significant, and all values were expressed
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as the mean + SD value. GraphPad Prism 5.0 (version 5.01,
Inc., La Jolla, USA) was used to draw statistics.

Result
Results of data analysis

According to the results of GO analysis (Fig. 1), it is found
that the gene changes caused by CMN and SMZ have some-
thing in common in cell process, cell composition, and
molecular function, indicating that the physiological changes
caused by CMN and SMZ may be similar.

In order to determine whether there are similarities
between them in the mechanism of action, we carried out
signal pathway enrichment analysis (Fig. 2) of differential
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Fig. 1 GO analysis results. A—C GO analysis of the top 30 differential genes of CMN. D-F GO analysis of the top 30 differential genes of SMZ.

BP, biological process; CC, cell components; MF, molecular function
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Fig.2 The results of pathway enrichment analysis. A The results of
KEGG pathway enrichment analysis of the top 30 differential genes
affected by CMN. B The results of KEGG pathway enrichment
analysis of the top 30 differential genes affected by SMZ. C The rich

analysis (Fig. 3A), the proteins related to oxidative stress,
inflammation, and apoptosis are at the center. After enrich-
ing the differential genes (Fig. 3C), it was found that the
P values of oxidative stress, apoptosis, and inflammation-
related pathways were low, indicating that the combined use
of CMN and SMZ is very likely to affect these three physi-
ological processes.

Histological observation of gills

In the case of CMN and/or SMZ exposure (Fig. 4, Table 1),
the gill tissue has obvious pathological changes, and the gill
tissue damage under the combined exposure is clearly more
serious than the single exposure. According to the Histol-
ogy Alteration Index (HAI) index (Rosety-Rodriguez et al.
2002; Salamat et al. 2013) calculation result (Table S2), the
histopathological changes of the CMN group and the SMZ
group have met moderate changes. The HAI fraction of the
MIX group is up to 131, which represents the gill been irre-
versible damage.
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term bar graph of the top 30 differential genes affected by CMN was
colored by P value. D The rich term bar graph of the top 30 differen-
tial genes affected by SMZ was colored by P value

The control group (Fig. 4A) has normal morphology,
clear structure, and neatly arranged gill lamella. Gill epi-
thelial hyperplasia, cell swelling, and epithelial cell shed-
ding occurred in the CMN single exposure group (Fig. 4B),
and even local hyperemia and inconspicuous gill lamella
structure (gill lamella fusion). The SMZ single exposure
group (Fig. 4C) shows cell hyperplasia, edema, hyperemia,
and curved gill lamella. The necrosis of the gill epithelium
was more serious in the MIX group (Fig. 4D), with more
vacuoles in the middle of the gill lamella, and the overall
structure gradually deviated from the normal shape.

The effect of CMN and/or SMZ on the oxidative
stress of gills

As shown in Fig. 5, compared with the control group, the
use of CMN and/or SMZ significantly reduced the activity
of SOD and the content of GSH, and significantly increased
the content of MDA. And compared with CMN or SMZ
alone, the MIX group has a stronger ability to induce MDA
production, which is 1.9 times that of the control group. It is
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Fig.3 Interaction analysis and enrichment analysis of the list of the
top 50 differential genes affected by CMN and SMZ. A Analysis of
protein-protein interaction corresponding to genes. B The interaction

suggested that the mixed use of CMN and SMZ reduces the
antioxidant capacity of grass carp gill tissue and aggravates
oxidative damage.

The effect of CMN and/or SMZ on the Nrf2-Keap1
pathway and inflammatory factors

Testing the mRNA expression level of the Nrf2-Keapl
pathway (Fig. 6) to study the mechanism of oxidative stress
induced by CMN and SMZ. According to the test results,
the MIX group significantly increased the expression level
of Keapl and decreased the expression level of Nrf2. At
the same time, the expression levels of HO-1 and NQO1

between genes was analyzed by P value staining. C Rich term bar
chart, colored by P value

in the MIX group were also obviously decreased compared
with the individual exposure group. It is suggested that the
combined use of CMN and SMZ can curb the Nrf2-Keap1
signaling pathway and decrease the antioxidant capacity.
The expression level of NQO1 has not been suppressed very
seriously.

Studies have described those pesticides and/or antibiot-
ics can induce inflammatory effects in the body (F Wang
et al. 2020a; Zhao et al., 2020a). In order to verify whether
the combined use of the two can cause inflammation in the
gill tissue of grass carp, we performed qRT-PCR detection
of related inflammatory factors. Compared with group C,
the combined use of CMN and SMZ made inducible nitric
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Fig.4 The effect of CMN and/or SMZ on the histological structure of
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Table 1 Statistics table of tissue pathology in SMZ and/or CMN group
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hyperemia; GL, curved gill lamella. Black pentagram: marginal canal
dilation. Green pentagram: chlorine cell hyperplasia

Group Gill histopathological alterations
Stages 1 Stages 11 Stages 111
CMN group Hypertrophy and hyperplasia of gill epithelium; lamellar fusion. Hemorrhage; rapture of lamellar epithelium. /
SMZ group  Hypertrophy and hyperplasia of gill epithelium; lamellar epithe- Hemorrhage; rapture of lamellar epithelium; /
lial lifting and edema. chloride cells hyperplasia.
MIX group  Marginal canal dilation. Hemorrhage; rapture of lamellar epithelium; Necrosis and

cell degenera-
tion.

chloride cells hyperplasia.

oxide synthase (iNOS) (5.27 times), tumor necrosis factor
(TNF-a) (2.94 times), and IL-1p (9.84 times), IL-6 (3.41
times), and IL-8 (32.67 times) mRNA levels increased, and
the anti-inflammatory factor interleukin 10 (IL-10) (0.21
times) expression decreased (Fig. 6), indicating that the gill
tissue of the grass carp had an inflammatory response.

The effect of CMN and/or SMZ on NF-kB

Through the changes in protein levels (Fig. 7), compared
with the control group, the expression of IkB-a (0.76 times)

@ Springer

was significantly reduced in the MIX group, and the expres-
sion of p-IkBa (2.26 times) was increased. These results
indicate that IxB-a is activated. The level of NF-kB protein
increased in the nucleus and decreased in the cytoplasm.
These phenomena indicate that NF-xB is activated and
transferred to the nucleus to activate the NF-kB signaling
pathway. The transcription level of inflammatory factors
(Fig. 6A-F) is consistent with the expression of NF-kB, and
the trend is identical, suggesting that the combined use of
CMN and SMZ may trigger an inflammatory response by
activating the NF-kB signaling pathway.
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The influence of CMN and/or SMZ on apoptosis

To investigate the relationship between the exposure (CMN
and/or SMZ) and apoptosis, we examined the expression
of apoptosis-related genes at the protein level, and the
results are shown in Fig. 8. Compared with the control
group, whether CMN or SMZ exposure is alone or joint, the
expression levels of apoptosis-related proteins (Bax, Cas-
pase-3, and Caspase-9) increased significantly. It was also
observed that Bcl-2 was significantly inhibited at the level
of transcription and translation. According to the experi-
mental results, the change trend of Bax/Bcl-2 protein ratio
is consistent with the expression trend of Caspase-3 and
Caspase-9 protein. The expression level of the experimen-
tal groups is higher than that of the control group, and the
MIX group is much higher than the single exposure group. It
suggests that the MIX group is more toxic to the tissues and
causes more serious damage. The change trend of apoptosis-
related proteins is the same as that of nuclear factor NF-xB
(Fig. 7C-D), suggesting that apoptosis may be triggered by
the activation of NF-kB signaling pathway.

Discussion

The law of natural ecology makes the aquatic system rich
in a variety of low concentrations of pollutants (Edwards
et al. 1986). Therefore, compared with land animals and
birds, aquatic organisms are more likely to be affected by
compound pollutants. Gills are the respiratory organs of fish,
and they complete gas exchange when blood flows through
here. The morphological change of gill is an indicator of
early toxicity (Fiedler et al. 2020). From the results of this
experiment, the interaction between CMN and SMZ can be
observed obviously. In other words, the toxicity of CMN was
enhanced by adding SMZ, and many studies by Zhao et al.
proved this conclusion (H Zhao et al. 2021a; Zhao et al.,
2020a). Wang et al. (2021c) concluded that the mixture of
CMN and difenoconazole has stronger toxicity, suggesting

the relationship between mixed pollutants and biological
health risk. The same results were found in the combined
exposure study of SMZ and bisphenol AF (Kwon et al.
2016). Generally, the organic matter in the environment will
enhance each other. Up to now, many studies have proved
that pesticides and antibiotics may increase the toxicity of
other organic pollutants in the environment, but the specific
mechanism should be explored for more in-depth study of
molecular and metabolic pathways.

Liu et al. found that zebrafish exposed to an environment
containing SMZ can consume SMZ through daily activities
and cause oxidative stress and inflammation in healthy fish
(Liu et al. 2020). GSH is commonly found in various organ-
isms and is the most important antioxidant. GSH scavenges
free radicals in the body through the oxidative dehydrogena-
tion of sulfhydryl (-SH) in the molecular structure (Aldini
et al. 2018). When the free radicals and peroxidation prod-
ucts in the tissue exceed the regulatory ability of GSH, GSH
forms GSSG after the oxidative dehydrogenation of the -SH
group. And the content of total GSH in the tissue decreased
(Moreno-Sanchez et al. 2018). In this study (Fig. 5), CMN
and/or SMZ significantly decreased the content of GSH,
indicating that a large number of free radicals and peroxida-
tion products were produced in gill tissue. SOD maintains
the oxidation balance in the body by converting superoxide
free radicals into hydrogen peroxide, and is a ubiquitous
antioxidant enzyme (Sakamoto and Imai 2017). Generally,
strength of the antioxidant ability in the organism can be
judged by the content of SOD (Qu et al. 2019). MDA is
the final product of lipid peroxidation. It can not only affect
the function of mitochondria but also aggravated the dam-
age to cell membrane (Tsikas 2017). MDA accumulates in
a time-dependent manner under oxidative stress (Y Wang
et al. 2020c). According to the results of Fig. 5, the content
of MDA increased significantly in the MIX group while the
content of SOD was consumed. After observing the results
of the oxidative stress indicators detection, it was found that
the exposure of CMN and/or SMZ caused oxidative stress in
the tissues. Simultaneously, it was observed that the change
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of the index in the MIX group was more obvious than that in
the CMN or SMZ group, indicating that the MIX group had
a synergistic effect to some extent and caused more serious
damage. Similar results have been found in some literature
(Aderemi et al. 2018). Zhao et al. found that the combined
use of antibiotics and pesticides aggravated the oxidative
stress of the carp spleen and damaged the immune system
(Zhao et al., 2020a). In addition to fish, pesticides and anti-
biotics can also affect the behavior of shrimp, restrain neuro
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NQO1 HO-1

SMZ exposure on the transcription of Nrf2 and its downstream target
genes (F<0.05, *: 0.01 <P<0.05, **: P<0.01)

enzyme activity, and induce oxidative stress (Huynh et al.
2010). These studies confirm that our evidence is reliable.
The Nrf2-Keapl signaling pathway is the main anti-
oxidant pathway in the body, which can resist the damage
caused by toxic substances (Casalino et al. 2007), and main-
tain the body’s oxidative balance (Copple et al. 2008). Nor-
mally, when the organism is subjected to oxidative stress,
the Nrf2-Keapl signaling pathway is activated and Nrf2 is
released into the nucleus (Qiu et al. 2020). Nrf2 entering
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the nucleus further promoted the production of antioxidant
products such as HO-1 and NQOI1 (Chen et al., 2020a; Kas-
par and Jaiswal 2010), and induce antioxidant reactions
(Kaspar et al. 2009; Zhong et al. 2015). However, in the
results of this study, it was found that the Nrf2-Keap1 sign-
aling pathway was inhibited (Fig. 6G). This may be due to
the combined toxicity of CMN and SMZ beyond the body’s
own regulatory capacity. The Nrf2 pathway has a certain
protective ability, but this protective effect is very limited.
The protective effect of the Nrf2 pathway depends on the
dose of toxic substances and the exposure time to organisms

(Zhou et al. 2020). The gill is the first organ of the fish that
encounters the external environment. Long-term exposure
to poisons puts the gill tissue in a continuous stress state,
produces excessive free radicals, and restrains the Nrf2-
Keapl signaling pathway (David et al. 2017). In the study
of Wang et al. also found that antibiotics can curb the expres-
sion of zebrafish gills antioxidant-related genes (F Wang
et al. 2020a). When the antioxidant products in the organism
try to restore the oxidative balance but fail, inflammation
and apoptosis are triggered (Chi et al. 2021; Y Wang et al.
2020b).
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TNF-a is an inflammatory cytokine produced by mac-
rophages or monocytes during acute inflammation. It can
induce tissue damage by inducing the production of ROS,
and induce cell necrosis and apoptosis (Balkwill 2006).
Studies have demonstrated a critical role in NF-kB signal-
ing pathway in induced inflammation (Ji et al. 2019). Many
studies have shown that antibiotics or pesticides can cause
oxidative stress and inflammation in healthy organisms.
Gentamicin can cause severe nephrotoxicity by inducing
oxidative stress and inflammation (Ince et al. 2020). Dietary
exposure to CMN changes the lipid homeostasis and energy
metabolism in the salmon liver (Fuller et al. 2021). Oxida-
tive stress can have a cascade reaction with NF-kxB, which
in turn triggers inflammation (Wang et al. 2017a). Pesti-
cides can amplify the inflammatory response by increasing
the levels of iNOS and cyclooxygenase-2 (COX-2) (Cupic
Miladinovic et al. 2021). The iNOS/NF-kB cascade reaction
produces peroxynitrate, which in turn increases the toxicity
of pesticides (Chi et al. 2018). From our results, it was found
that the protein expression level of NF-kB-related molecules
increased (Fig. 7). Meanwhile, the protein expression level
of IkB-a decreased and its corresponding phosphorylation
level increased, which proved that NF-xB played a role
(Fang et al. 2021) and produced high expression of TNF-a
(Fig. 6D), which proved that the combined exposure to CMN
and SMZ can activate the NF-kB signaling pathway and
cause inflammation. Combined with the results of Fig. 6E,
the content of iNOS in the MIX group was significantly
increased, and the combined toxicity enhancement of CMN
and SMZ may be achieved through the cascade reaction of
iNOS and NF-kB.

Studies have shown that environmental pollutants can
activate cell apoptosis through the NF-«xB signaling path-
way (Arab-Nozari et al. 2020; Chen et al., 2020b). Bcl-2
family of proteins is key regulator of apoptosis, which
plays a crucial role in maintaining the homeostasis (Sid-
diqui et al. 2015). Among them, the pro-apoptotic proteins
Bax and Bak can initiate the caspase cascade reaction,
which is the programmed cell death (Edlich 2018). The
caspase cascade can activate the mitochondrial stress path-
way (Guo et al. 2019). When cytochrome c in the mito-
chondria is released and interacts with Apaf-1, Caspase-9
will be activated and works. Caspase-3 is located down-
stream of the entire caspase cascade, acting as an effector
of the reaction and a target for cell lysis (Fan et al. 2005).
Therefore, in apoptosis caused by common environmental
pollutants, the up-regulation of caspase family proteins
and the down-regulation of Bcl-2 proteins can be seen
(Wang et al. 2017b). Combined with the results of Fig. §,
we can find that the apoptotic pathway plays a role under
the exposure of CMN and/or SMZ. Studies have shown
that environmental toxins can also activate cell apoptosis
through oxidative stress (Zhang et al. 2021). It is known
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that sulfa drugs can induce the production of ROS by
accumulating corresponding metabolites, and then acti-
vate cell apoptosis and necrosis (Elzagallaai et al. 2020).
These indicate that SMZ may induce apoptosis through
oxidative stress. CMN can cause apoptosis and affect the
cell cycle through the selective toxicity of enantiomers (Ji
et al. 2021). From the results of Fig. 8, we observed that
the change of apoptosis index was more obvious when
CMN was used in combination with SMZ than when it was
used alone. Referring to the conclusions of other research-
ers (Elzagallaai et al. 2020; Ji et al. 2021), CMN and SMZ
may induced apoptosis through different ways, resulting in
an increase in apoptotic effect.

From the point of view of big data, after analyzing the
possible mechanism and results of CMN and/or SMZ, we
found that the combined use of CMN and SMZ could cause
strong oxidative stress, inflammation, and apoptosis at the
same time. By establishing the experimental model of long-
term exposure to environmental concentrations of CMN and
SMZ in fish gill, we found that CMN and/or SMZ could
reduce the activity of antioxidant enzymes, inhibit Nrf2-
keap1 signal pathway, and destroy the antioxidant system of
gill tissue. Then activated NF-xB signal pathway, to induce
inflammatory cytokines and inflammation, finally caused
cell apoptosis. At the same time, compared with the con-
trol group and single exposure group, the toxicity of MIX
group was stronger and the damage to gill tissue was more
apparent. These experimental results support the conclusion
drawn by big data and prove that the combined use of pes-
ticides and antibiotics at environmental concentrations is
harmful to organisms. Furthermore, it is inferred that the
organisms living in the polluted water environment are dam-
aged by environmental pollutants.

Conclusion

In general, our research demonstrated that long-term expo-
sure to SMZ (0.651 pg L™!) and/or CMN (0.3 pg L™!) can
cause redox imbalance in gill tissue, trigger inflammation
and apoptosis, and cause tissue damage. We found that the
combined exposure to CMN and SMZ caused more seri-
ous damage than single exposure, and this damage may be
achieved by activating the NF-xB signaling pathway and
inhibiting the Nrf2 signaling pathway. Our research showed
for the first time that environment-related concentrations of
CMN and SMZ could damage gill tissue and provided a new
basis for the combination of pesticides and antibiotics, help-
ing for the study of environmental pollutants.
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