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Abstract

Pesticides enter the environment through runoff and leaching and this raises public concern about effects on non-target organisms.
Imidacloprid (IMI) a synthetic pesticide, has an unstable half-life, metabolized in minutes to weeks in the water. To evaluate the effects
of IMI on the zebrafish liver, we conducted proteomic, molecular and biochemical analysis in a multi-level approach, to highlight the
complementary features regarding the results of each method. Adult zebrafish were =vposed to 60 mg/L IMI for 48 hours and were
evaluated using nLC-MS/MS for proteins, g-PCR analysis for expression of cat, gpx. p.*. ache, along with CAT and AChE enzyme
activities and GSH and MDA assays. Based on proteomics, the regulation of ar tioxi 'ant and immune responses, as well as gene
transcription were significant processes affected. Apoptosis and ER stress pathw., ~ weie upregulated and there was a down-regulation
of cat and gpx genes. There was also elevated CAT activity and GSH and deci ~aser. MDA. Additionally, elevated AChE activity and
up regulation of ache expression was observed. The multi-approach results n.tuded regulators of antioxidant, xenobiotic response and
neuro-protective related proteins (genes and enzymes), which overall reficsted harmful effects of IMI. Consequently, this study
highlights the effects of IMI on zebrafish liver and reveals new potentiar ~‘uvmarkers. In this respect, evaluated outcomes reveal the
complementary features emphasizing the importance of studying ch-micals using several methods. Our study provides deeper insights
for future work in ecotoxicological studies regarding IMI and conti 't ute (0 existing toxicity literature.

Introduction

Environmental sensitivity is extensively common; to evaluate »ollutant effects, particularly on nontarget organisms, a single approach
is not adequate, and a multiple approach is needed. Ec toxicological studies are designed to evaluate how environmental pollutants
affect nontarget organisms to support policies tha’ pro ~ot humans and wildlife (Groh and Suter, 2015a). These pollutants generate
persistent and severe ecological problems and cr..~eq.~atly cause public concern (Bruckmann et al., 2022; Luo et al., 2021c; Wang et
al.,, 2017; Zhang et al., 2021). In agricultural . nplications, neonicotinoid insecticides are the most widely used synthetic pesticides
(Topal et al., 2017a). During agricultural acu ities, it is possible to encounter accidents, misusages, spills and/or leakages. Widespread
pesticide applications in agricultural areas, ~s these pollutants are introduced into the environment via runoff and leaching, are
emerging as a threat to the ecological hai.~r: in aquatic environments (Topal et al., 2017a). Imidacloprid (IMI) is a frequently used
insecticide, and its principal charac eristi; is acting as a nicotinic acetylcholine receptor (nAChR) agonist that targets cholinergic
neurotransmission (Luo et al., 2021,

IMI has a relatively long half-life in soil (Bonmatin et al., 2015; N W Thunnissen et al., 2020), high water solubility (610 mg/L in 20
°C H20; log Kow=0.57) and high potential to reach water (Nyman et al., 2013). Consequently, in aqueous samples, imidacloprid is
reasonably stable to hydrolysis at environmentally relevant pH values (Yoshida, 1989) yet undergoes rapid photolytic degradation
(Tisler et al., 2009). As an important feature, following IMI reaching the water bodies, the dissipation time of 50% (DT50) of IMI
solely relies on photolysis and was reported as 1.2 days (although it ranges (Smit and Jong, 2014). Hence, it has the potential to
accumulate in soils and leach to surface water and groundwater (Hladik et al., 2018). Moreover, current studies have revealed detected
IMI concentrations of up to 320 pg/L worldwide in the Netherlands close to agricultural areas (Dijk et al., 2013; Morrissey et al., 2015).
The reported estimated values of accidental spill-off and/or leakages were 1.8 to 7.3 mg/L (N W Thunnissen et al., 2020), and the
measured surface water concentrations were 14 pg L-1 to 0.3 mg L-1 (Wu et al., 2018a) Altogether, these characteristics result in
nontarget freshwater organisms being easily exposed and adversely affected by IMI (N W Thunnissen et al., 2020). Likewise, previous
studies proved the existence of IMI residuals in water bodies, thus possibly causing various adverse effects on nontarget aquatic
organisms (Anderson et al., 2015; Luo et al., 2021c; Morrissey et al., 2015; Struger et al., 2017; N. W. Thunnissen et al., 2020)



These pollutants (insecticides) stimulate oxidative stress by constituting reactive oxygen species (ROS), followed by oxidative damage
and significant damage to cell structures (Zhu et al., 2023). Moreover, they affect macromolecules, which leads to oxidative damage in
nucleic acids, lipids, and proteins (Topal et al., 2017b; Zhang et al., 2018).

Zebrafish are frequently used to evaluate the adverse effects of pesticides due to their easy care, low cost, small size, susceptibility to
environmental alterations, and high genomic similarities to human genes (Li et al., 2022). Furthermore, zebrafish is recommended as an
essential biological model by the Organization for Economic Cooperation and Development (OECD) (Li et al., 2022; McGrath and Li,
2008; OECD, 1992). The fish liver is a decisive organ for systemic regulation and a principal organ for detoxification to eliminate
pathogens, toxic substances, and metabolic wastes, along with sustaining the physiological functions (Chen et al., 2017) used in
toxicology studies.

Previous studies have promoted biochemical (mostly enzymatic such as catalase (CAT), acetylcholinesterase (AChE) but also
malondialdehyde (MDA) and glutathione (GSH) content responses) and molecular (g. 2 expression alterations) analyses to investigate
and highlight the adverse effects of pesticides. Likewise, recent studies of IMI adverse « “fects assessment on zebrafish have focused
mainly on evaluating the responses via biochemical (Guerra et al., 2021; Queiroz e. al., . 021; Kayhan et al., 2019; Shukla et al., 2017)
and molecular approaches (Sposito et al., 2018; Zhang et al., 2021)) and both L.~ eval., 2021c, 2021a). Nevertheless, as a recently
preferred approach, (Reinwald et al., 2022) investigated the effects of IMI 'vi.> several other pesticides by toxicogenomic profiling.
Nevertheless, observations of IMI-responsive protein functions and knowledy. of whether they function consistently during the stress
process are absent. Nevertheless, frequently preferred approaches do no* rena. r the intricacy of the cell response that is a combination
of alterations in protein expression and controlled posttranslational modifica.'ans of proteins (Zhang et al., 2017). However, proteomics
has the advantage of ensuring details about protein abundances, steli: ties, turnover rates, posttranslational modifications, and protein—
protein interactions, consequently conveying precise and revi=v.-d iaformation (Groh and Suter, 2015a). Proteins are the most
prominent in vivo targets of oxidants, with almost 70% of ~li ~xidized molecules being proteinaceous in oxidatively stressed cells
(Truong and Carroll, 2013). Because proteomics car prcvide itemized data on protein quantity, stability, revolution speed,
posttranslational modifications, and protein—protein interacti.ns (Groh and Suter, 2015a), we first focused on proteomic outcomes.

The data mining studies indicated a lack and need fr. « mpiementary analyses and multiapproach experience throughout the evaluation
of the effects of IMI on zebrafish liver. To date, the e ferts of IMI have not been studied via proteomic approaches, and this study is the
first to evaluate these effects. In addition to the -«dva. *ageous features of the proteomic approach, integrating/complementing it with the
other two, molecular and biochemical app~ache~ would strengthen the insight into the responses of organisms to environmental
pesticides. To test the links between the efic~ts ¥ insecticide exposure on the zebrafish liver proteome, transcript, and activity levels of
the specific components of the oxidative “tres; response, we focused on an experimental design comprised of multiapproach analyses.
We anticipate that this model will cortrib. te to filling the knowledge gap regarding the limits of pesticide effects. This study's objective
was to add profound insights iiitc ne.**~.de-IMI effects on the nontarget organism's zebrafish liver by conducting a multiapproach
comprised of proteomic, molecular, ar 1 biochemical complementary analyses.

2. Materials and methods

2.1 Zebrafish maintenance and experimental design

Healthy adult zebrafish (Danio rerio) weighing between 0.25 g and 0.30 g were purchased from a regional supplier and acclimatized to
a 28 £1 °C aquarium with a photoperiod of 12:12 h (light-dark) while fed commercial food (Tetrabits Complete, Germany) twice a day
and with freshly hatched Artemia nauplii once a day for two weeks. Water was changed daily to dispose of metabolic waste. The rules
of the "Marmara University Institutional Animal Ethics Committee” were applied while experiments were carried out to sustain the
welfare of the subjected animals.

Ecotoxicological studies observing the effects of IMI previously reported LC50 values of IMI for adult zebrafish 48 h acute exposure as
305.43 (288.93-333.14) mg a.i. L-1(Chang et al., 2020), 186900 ug/L (N W Thunnissen et al., 2020). Moreover, (Tisler et al., 2009)
tested a range of acute exposure concentrations for 24 and 48 h (10, 40, 60, 80, 160, and 320 mg L-1) and stated that the solution
stability of IMI did not change up to 70 mg L™ during 22 days of exposure. In addition, following IMI reaching the water bodies,
although it ranges (Smit and Jong, 2014), the dissipation time of 50% (DT50) of IMI solely relies on photolysis and is reported as 1.2



days from the monitored water column (Colombo et al., 2013; Smit and Jong, 2014). Based on the abovementioned studies and
literature review (Chang et al., 2020; Luo et al., 2021a; Reinwald et al., 2022; Scheil and Kohler, 2009; N W Thunnissen et al., 2020;
Tisler et al., 2009; Wu et al., 2018a)' we chose the sublethal test concentration as 60 mg/L for 48 h. Furthermore, we tested the 60 mg/L
concentration for 48 h exposure and observed no mortality. In this study, we note that our aim was not to quantify the LC50 and/or
EC50 concentration values of IMI but to gain information about the effects of relatively high sublethal concentrations of the mentioned
pesticide.

After the acclimatization period, zebrafish were randomly divided into two groups (30 fish each) of IMI treatment and control. The fish
were maintained in 10 L tanks with a stocking density of three fish per liter. The stock solution was freshly prepared in aquarium water
as a 1:10 serial dilution to 60 mg/L and stirred at 20 °C. As soon as the exposure period finished, we dissected the adult fish on ice and
placed the tissues in tubes that were on dry ice. Afterward, we immersed the sample tubes in liquid nitrogen for a very short time,
placed them in a freezer at -80 °C and stored them until the experiments were carried out. The same protocol was applied to control
adult fish. During the exposure duration, no fish mortality was observed.

2.2 Proteomic analysis

2.2.1 Protein extraction and pooled sample preparation

The proteomics experiments were performed with three biological pooled san.~les, with each pool containing three zebrafish livers
(n=9) and two technical replicates (for the control and treated groups). Samoi. nreparation was conducted with respect to prior studies
(Simsek et al., 2022) with minor modifications. In short, the biological noole 1 replicates of treated and untreated groups of zebrafish
liver samples were transferred into precooled Eppendorf tubes and centriicaed at 4 °C at 2000 x g for 10 minutes with 30 second
pauses, and the supernatant was removed. Then, 2D rehydration bu?ic.- was added to the samples (8 M urea, 2 M thiourea, 4% CHAPS,
30 mM Tris pH 8.5, and protease inhibitor cocktail). Stainless s.-<l F.eads of 0.2 mm size were used to lyse the samples, and the
samples were homogenized by a Next Advance (USA) ho~nge ~izer. Then, they were centrifuged at 4 °C 15.000 x g for 30 min 3
times. The solubilized protein-containing supernatants were transferred into fresh Eppendorf tubes. After that, by performing a
Bradford assay (Bio-Rad, USA), protein concentrations +~ere determined (Yanar, et al., 2023) using a NanoDrop ND-1000
spectrophotometer (Thermo Scientific, USA), and the ~roteins were stored at -80 °C. The homogenous sample pool was prepared by
mixing equal amounts of protein from each sample o\ ~ si.gle tube, and the concentration was measured once more by Qubit Protein
Assay (Thermo Fisher Scientific, USA) for further as: ay'..

2.2.2 Liquid chromatography (LC) tandem M s/Ms 1nalysis and MS data analysis

Equal amounts of protein from each pooleu ~an,,le were digested using an in-solution tryptic digestion and guanidination kit following
the manufacturer’s protocol (Thermo k. her MA, USA) for identification by nLC-MS/MS. Digested peptides were analyzed in
duplicate by nLC-MS/MS using ar Ul mate 3000 RSLC nanosystem (Dionex, Thermo Fisher Scientific, USA) coupled to a Q
Exactive mass spectrometer (T.ie.mu “isher Scientific USA) with an electrospray ion source, and the system was controlled by
Xcalibur 4.0 software as described by ‘Akpinar et al., 2021).

Proteome Discoverer SEQUEST (version 2.2, Thermo Fisher Scientific, USA) software was used to analyze raw MS/MS fragmentation
spectra and then searched against the UniProt/Swissprot Danio rerio reference proteome database with all isoforms (txid7955). To
identify the proteins, the setting parameters were selected as explained by (Albayrak, et al., 2022). The filtered retrieval results by the
software were as follows: if their probability was > 95 and 99% and consisted of two or more identified peptides, then the peptide and
protein identifications were accepted. The false discovery rate (FDR) threshold was set to 0.01 (strict), and the target FDR (relaxed)
was 0.05 using the Percolator node.

2.2.3 Bioinformatics analysis

Student's t-test was performed to determine the statistical significance (p value < 0.05) of the protein quantitation data. Hierarchical
clustering analysis and heatmap, principal component analysis (PCA) and PCA score plotting, and volcano plot analysis with graphics
and significance of the protein quantitation were performed using GraphPad Prism 9.1.0 (La Jolla, CA, ABD) software. The functional
enrichment analysis was performed as DEP classification based on gene ontology (GO) categories in an online database
(http://www.geneontology.org) (Carbon et al., 2021). Fisher’s exact test and Bonferroni correction for multiple testing were selected to



adjust the derived p values, and p< 0.05 was considered significantly enriched. The GO terms grouped into ontologies as biological
process (BP), cellular component (CC), and molecular function (MF). The gProfiler enrichment analysis (Raudvere et al., 2019) was
performed online (https://biit.cs.ut.ee/gprofiler/gost) with the selected g:SCS threshold and p< 0.05 as the user threshold. Pathway
enrichment analysis was performed based on_KEGG, Reactome and Panther pathway enrichment analyses using KOBAS online tools
(http://kobas.cbi.pku.edu.cn/)) (Bu et al., 2021) with a threshold of p<0.05. The protein—protein interaction (PPI) network associated
with molecular changes was constructed using the Search Tool for the Retrieval of Interacting Genes database (http://www.string-
db.org) (STRING v11). The confidence score was selected as >0.9 and used as the cut-off criterion. The first and second shells were
selected as five interactors.

2.3 Gene expression analysis-Q-PCR assay

2.3.1 RNA isolation and g-PCR analysis

PCRs were performed with three biological pooled samples within each pool contain.» j three zebrafish livers (n=9) and two technical
replicates (for the control and treated groups). Suitable primers were designed usine the “hermo Fisher OligoPerfect Primer Designer
(https://apps.thermofisher.com/apps/oligoperfect) application and analy: ~d with the IDT Oligo  Analyzer
(https://lwww.idtdna.com/calc/analyzer). The target genes were catalase (cat), g'ata.Mone peroxidase (gpx), acetylcholinesterase (ache)
and pregnan x (pxr), while glyceraldehyde-3-phosphate dehydrogenase-G/.P."H ‘gapdh) and actin (8-actin) were internal control
housekeeping genes. The primers are listed in Supp. Table 6. The expressicn levels of the target and internal control genes were
measured by quantitative real-time PCR. B-Mercaptoethanol (Merck, Ge*many) was prepared for the total RNA extraction of zebrafish
liver tissues, and RNA isolation was performed using the PureLinkTM RN«~. Mini Kit (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s protocol. The quality and quar.a. - of isolated RNA were evaluated by calculating the OD260
nm/OD280 nm ratio on a Cytation 3 multimode reader. RNA sem, ’< v.lues between 1.8 and 2.0 were accepted as suitable for further
cDNA reverse transcription with a High-Capacity cDNA P~ +ei_~ Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA)
following the protocol. Quantitative real-time PCR using sYB R Green gPCR mix and qRT-PCR analyses were performed on a Roche
LightCycler 96 (Roche- Switzerland) PCR detection system. 'n brief, after an initial step at 95 °C for 15 s, annealing at 60 °C for 15 s
and extension at 72 °C for 1 min were performed. The . mplifications were conducted with 40 cycles, and the annealing temperature (60
°C) was also set as the melting point for our prime’s. “\n «mplification melting curve assay was performed between 60 °C and 95 °C
with an increment of 0.15 °C/second to verify the reac tic 1 specificity. PCR efficiency calculated for all primers. The relative expression
data were normalized to the geometric mean ct the >vo housekeeping genes (gapdh and f-actin). The relative expression levels were
calculated with the AACt method (Hellemar- et a... 2008; Vandesompele et al., 2002). Both relative expression levels and fold change
presented graphics performed by Graph Pau Prism software (v9, San Diego, CA, USA).

2.4 Biochemical analysis

2.4.1 Tissue homogenate preparatic*

Ten zebrafish (n=10) each for the control and IMI-treated groups were sacrificed by applying hypothermia. To prepare homogenate, the
liver tissues taken from the freezer were thawed on ice and transferred into sterile 2 ml tubes with 1:10 (w/v) cooled homogenate buffer
consisting of sodium phosphate and sucrose. Then, samples were fragmented in a homogenizer with the help of glass beads. The
amount of tissue diluted was determined in advance by preroutine trials. The samples were centrifuged at 10,000 x g for 30 minutes at
4 °C. Then, with caution, the supernatant was transferred to new tubes, and the pellets were discarded. The biochemical analyses were
performed manually following the steps of the protocols.

2.4.2 Oxidative stress-related biomarker assays

CAT is an antioxidant enzyme that catalyzes the transformation of hydrogen peroxide to water and is detected by a decrease in
absorbance at 240 nm. The reduction in absorbance in 1 minute is a marker of catalase activity (Aebi, 1984). The GSH assay was
performed to determine the GSH content, formed by the reaction of DTNB and sulfhydryl groups' light absorption of the colored
product at 412 nm determined spectrophotometrically and evaluated in nmol GSH/g protein (Beutler, 1975).



MDA content assessment was conducted based on the (Ledwozyw et al., 1986) method where read at 532 nm. The data are expressed
as nmol MDA/g protein. AChE enzyme activity measured by the (Ellman et al., 1961)method. AChE activity was assessed at a
wavelength of 412 nm and calculated in U/mg protein. To determine the protein amount in the liver tissue of zebrafish (Bradford, 1976)
at 595 nm 15 minutes after mixing with reagent, the counter absorbance was recorded, and the protein amount was expressed in pg/pl.
The steps followed to calculate the statistics of the biochemical parameters as the data first checked for normality and distribution by
calculating the Shapiro—Wilk test. Then, Student’s t test was used to determine the significance and a p value <0.05 was accepted as
significant. The data analyzed are presented as the mean + standard deviation (n=10). Data analyses and plots were generated with
Graph Pad Prism software (v9, San Diego, CA, USA). The p values were shortened with the following symbols: * p< 0.05, ** p< 0.01,
*** p< 0.001, **** p<0.0001 and ns: nonsignificant.

3. Results
3.1 Proteomic analysis

3.1.1 An overview of IMI exposure effects on the liver proteome

In this study, we identified a total of 958 quantifiable proteins in zebrafish liver [~«e, The differentially expressed protein (DEP)
threshold was set as p < 0.05. The DEPs above the threshold were grouped int » two categories and named as if FC > 2 upregulated if
not downregulated. Due to the abovementioned criteria, a total of 86 (52 u,;-eguiated and 44 downregulated) differentially expressed
proteins (DEPs) were identified and are listed in Table 1 with their accessiu> number, regulation trend, FC, and p values. In addition,
the DEPs of p <0.05 with ranging FC and short definitions are listed in S.ono!:mentary data Table 3. (It is crucial to state the MS data
analyzer program is able to measure and report fold change of maxim.m1ul90 as the highest value both for up and down regulated
proteins.) Among these significant 86 proteins, 20 (%23.26) were u~rejulated by 1000 FC, and 11 (%12.79) were downregulated by
1000 FC in the control group, as shown in Fig. 1-A pie chart. Ir ‘his Luper, we refer to these extremely up- and downregulated DEPs as
extremely upregulated (EU-DEPs) and extremely downr.gutea (ED-DEPs). In addition, we detected proteins that were not that
extreme but still significant, with 32% (37.21) upregulate.' /“C >2-50) and 23% (26.74) downregulated (FC <0.5-0.01), as shown in
Fig. 1A. Selected proteins included in EU-DEPs wcre lysozyme, sulfurtransferase, Aldh9alb protein, hemoglobin, catenin, trypsin,
glutaredoxin, and carboxypeptidase B1 proteins. The nro.ins involved in ED-DEPs were 60S ribosomal protein, Derlin, glutathione S-
transferase and eukaryotic translation initiation factr t.wever, we underline the selected DEPSs higher than the threshold with FCs of
50.35, 18.03, 10.67 and 9.97 for trypsin, glutarru.vin, Cyb5a protein and carboxypeptidase B1, respectively. In addition, we detected
eukaryotic translation initiation factor-3, ox:‘sw.vol-binding protein and epimin with an FC of 0.001 as downregulated DEPs. The
regulation trends of the 86 DEPs with p< 0 0> ~re shown in Table 1, and the proteins involved in EU and ED-DEPs are listed with their
brief definition in Supp. Table 1.

PCA was performed to evaluate the uan ‘tative repeatability, as the two-dimensional scatter plot indicated considerable repeatability
(Fig. 1-C). The cumulative propor.."n ur variances was 27.65% for PCA1 and 41.50% for PCA 2. PCA intended to spot the largest
origin of variation in the data that is r ot based on groups. The absence of a remarkable difference between them does not indicate the
absence of significant variation (Valdés et al., 2021). In addition, the volcano plot in Fig. 1C shows an overview of the differential
expression of all proteins identified. The heatmap based on the expression patterns of 26 DEPs demonstrated a similar relationship
among the samples and a tendency for upregulated expression from the control to treated groups (Fig. 1D).

3.1.2 Functional Enrichment Analysis of DEPs

We performed GO analysis via the gProfiler enrichment web service to classify clusters of BP, MF, and CC. As shown in Fig. 2A, GO
(BP) terms of upregulated DEPs (EU-DEPs and upregulated DEPs together) were mapped as relevant to ROS (reactive oxygen species)
metabolic process and response to xenobiotic stimulus. In terms of MF, catalytic and antioxidant activities and binding function were
significant. For the CC classification, the most significantly mapped enrichment terms were cytoplasm and intracellular anatomical
structure. Additionally, as shown in Fig. 2B, GO (BP) terms of downregulated proteins (ED-DEPs and downregulated DEPs together)
were mapped as relevant to metabolic processes (e.g., lipid, monocarboxylic acid, oxoacid), but only 8% of them were mapped as
related to lipid biosynthetic processes. Additionally, catalytic activity with 90% enrichment percent dominated the (MF) enrichment
analysis with the mapped terms oxidoreductase and activities.



3.1.3 Pathway enrichment analysis of DEPs

The pathway enrichment analysis was performed following the functional enrichment analysis, while significant protein functions were
expected to be reflected by the pathway enrichment. To analyze 86 DEPs in detail, they were grouped into two groups: upregulated and
downregulated. Afterward, they mapped separately on the KOBAS online web service to generate KEGG, Reactome, and Panther
pathways, as shown in Fig. 3. The enrichment results (p values and ratios) of the up- and downregulated pathways are listed in Supp.
Tables 3 and 4. The upregulated pathways were mainly related to sulfur metabolism (sulfur relay system), cellular metabolism
(ubiquinone and other terpenoid-quinone biosynthesis), cellular catabolic process (other glycan degradation), and antioxidant activity
(ascorbate and aldarate metabolism), as shown in Fig. 3A. The other upregulated pathways were involved in amino acid metabolic
processes (histidine metabolism and function), cell—cell junctions (tight junctions), oxidative metabolism (beta-alanine metabolism),
and cell—cell signaling pathways (Wnt signaling pathway).

As shown in Fig. 3B. The downregulated pathways were involved in gene expression (pi. *ein processing in endoplasmic reticulum and
cap-dependent translation initiation), transporter activity (one carbon pool oy i late and primary bile acid biosynthesis),
oxidoreductase activity (butanoate metabolism) and cellular processes (biosynt..~is _7 unsaturated fatty acids, fatty acid elongation,
GABA synthesis and ABC-family protein-mediated transport). Moreover, thev vere involved in the metabolism of xenobiotics by the
cytochrome P450 pathway, as shown in Fig. 3B.

3.1.4 Protein—Protein Interaction Analysis of DEPs

STRING software was used to map and analyze the protein—pre*~in interactions of 86 DEPs. To simplify the interpretation and
presentation, the EU-DEPs and Up-DEPs were combined into ¢ grjup, and the same process was performed for ED-DEPs and
Down-DEPs. Then, they were separately analyzed for PPI & alysis as up- and downregulated, as presented in Fig. 4A-4B. The
upregulated protein interactions were mainly between riFosor . biugenesis and the structural constituents of ribosomes, as shown in
Fig. 4A. Moreover, the upregulated proteins involved in caw. "vtic, hydrolase, and oxidoreductase activities were mapped and are shown
in Fig. 4A. The downregulated protein interactions were mainly between the proteins involved in gene expression and cellular
component biogenesis, as presented in Fig. 4B.

3.2 Effects of IMI on the expression levels of the sei.~ted genes

The expression profiles and fold changes ~f v = cat, ache, gpxr and pxr genes are shown in Fig. 5. The statistically downregulated
genes were the cat and gpxr genes comgred 1. the control (p<0.005), and the pxr gene was insignificantly downregulated, whereas the
ache gene was significantly upregulat:u \"<u.0005). The regulatory pattern is presented as the log2-fold change in Fig. 5.

3.3 Effects of IMI on the selected bioc emical parameters

As shown in Fig. 6, CAT (p<0.0005) and AChE (p<0.05) enzyme activities significantly increased compared to the control. The GSH
content also significantly increased (p<0.05). Furthermore, the MDA level and total protein amount significantly decreased (p<0.05).

In this study, after we grouped the results according to the cutoff criteria, we analyzed the proteomic outcomes via bioinformatics
online applications. Bioinformatics analyses are mainly based on the enrichment of proteins and pathways. Furthermore, we tested the
statistical significance of the gene expression and biochemical parameter results.

4. Discussion

Widely used IMI residuals (Morrissey et al., 2015; N W Thunnissen et al., 2020) that possibly cause various adverse effects on
nontarget aquatic organisms were found in water bodies. Consequently, these studies shed light on other researchers; (Luo et al., 2021c)
reported the effect of IMI on zebrafish gut and intestine exposed to 100 and 1000 pg/L IMI for 21 days, and (N W Thunnissen et al.,
2020) reported the ecological risks of IMI to aquatic species at the assessed concentrations (N W Thunnissen et al., 2020). Among



several studies performed with the biochemical and gene expression approaches concurrently on zebrafish examining IMI effects
(Guerra et al., 2021; Luo et al., 2021b; Queiroz et al., 2021; Shukla et al., 2017b; Sposito et al., 2018; Zhang et al., 2021), we chose
(Reinwald et al., 2022) because it was unique in that it studied with an omic; transcriptomic approach analyzing the adverse effects of
five pesticides (one of them was IMI) on (even though) zebrafish embryos exposed to 15, 30 and 60 mg/L IMI for 96 h duration.
According to data mining studies, there seems to be a requirement for complementary analyses of multiapproach studies on the effects
of IMI on zebrafish liver. We chose a multiapproach study design to comprehend to what extent IMI affected zebrafish liver in the
context of the proteome, with the selected transcript and activity levels of the oxidative stress response components. Therefore, we
carried out a multiapproach experimental design comprising proteomics molecular and biochemical analyses.

4.1 Evaluation of IMI effects by the proteomic approach

To interpret the proteomic approach outcomes of the liver exposed to IMI, we analyzed the crucial functions of the proteome. The
mapped upregulated protein terms were linear with our expectations, such as ROS me 3holic process, cellular response to a xenobiotic,
and response to xenobiotic stimulus, which were considerably upregulated. In line with 1.~se outcomes, we found that catalytic activity
(Fig. 3.) notably upregulated with other molecular defense systems, such as ox dore fuctase, antioxidant, and hydrolase activities
(Araljo et al., 2022; Gao et al., 2022; Kwon et al., 2022; Lin et al., 2018; Men..ald et al., 2022; Tierbach et al., 2018). The
downregulated proteins in this study were involved in lipid and organic a~ic me!abolic processes with notably high catalytic and
oxidoreductase activities. Similarly, (Lin et al., 2018) detected downregulate. oroteins related to microtubule-based processes, protein
polymerization, and oxygen transport.

The second parameter to interpret the proteomic approach outcome< o, the hiver exposed to IMI was the prominent pathways of the
liver proteome. The upregulated proteins mapped to pathways sp ciric ly linked with catalytic, transporter, antioxidant metabolism,
cellular process, molecular function regulator, binding, cellulai rocesses, immune system, antimicrobial activity, energy metabolism,
and cell communication biological functions (Fig. 3); we 7.iter) reteu this as a marginal response that emerged as upregulation of stress-
related pathways, and initiation of these pathways altoge™.er eventually caused significant damage. Based on these findings, we
underlined that IMI has disruptive effects on the i.nctioning of many systems, at most defense, energy metabolism and neuro-
protective systems of the organism. In line with our s*'dy, ‘Pifia et al., 2019) investigated the effects of an acetylcholinesterase inhibitor
used as a pesticide and showed upregulated stress-as,ociated pathways with downregulated proteins related to the nervous system. A
similar study with zebrafish liver exposed to tae esucide dieldrin reported its response as altered pathways related to centrosome
separation, glucose/energy metabolism, and tl.e 1...mune system (Simmons et al., 2019).

The downregulated enriched pathways *ere \ lated to gene expression, neuroprotective and antioxidant activities, response to stress,
and folding quality control. While th_ . ~ouc of action of IMI is acting as a nicotinic acetylcholine receptor (nAChR) agonist in the
central nervous system (Luo et #° 2.?1a’, the downregulation of the neuroprotective pathway was expected. Thus, we emphasize the
neurodegenerative effect, yet furthe. studies should be performed on the zebrafish brain. On the other hand, we observed both
upregulation of the antioxidant r....abolism pathway and downregulation of the xenobiotic stimulus response, which seemed
contradictory at first, but we considered this result to be an indicator of the maximum stress level reached.

Second, we emphasize the adverse effects of IMI on protein quality-related endoplasmic reticulum (ER) stress. We determined that the
stress resulting from exposure to IMI is high enough to stimulate crucial defense systems of the organism. Hence, we observed that
lipid process and folding quality pathways were downregulated, as these pathways are controlled by the ER (Gao et al., 2022). Stress
conditions affect the ER and its functions and thus result in protein import exceeding the protein folding capacity, which initiates the
unfolded protein response (Kaokhum et al., 2022). Consequently, the inability to overcome ER stress gives rise to cellular dysfunction,
cell death, apoptosis, and diseases such as neurodegeneration and cancer (Kaokhum et al., 2022) suppressing almost all defense
mechanisms of organisms, thus being in danger of significant disorders (Horzmann et al., 2018; Sirmen et al., 2021) and survival
(Vieira et al., 2020). In short, with this study, it has been determined that the stress resulting from exposure to IMI is high enough to
stimulate crucial defense systems of the organism.



In our study, we identified several unanticipated proteins involved in the two marginal groups named EU-DEPs and ED-DEPs (Supp.
Table 1). As a necessary step to clarify selected proteins involved in EU-DEPs, we first observed thiosulfate sulfurtransferase (TST)
due to its importance in sulfide (H2S) metabolism and the degradation of ROS. Accordingly, our study was in line with (Al-Dahmani et
al., 2022)' who reported that excessive amounts of dissolved thiosulfate in tissue lead to the blocking of mitochondrial cytochrome
complex IV, hence causing sulfide-induced oxidative stress. Therefore, we can underline its importance as an IMI adverse effect
primarily as oxidative stress.

Palmitoylation, the EU-DEPs (Supp. Table 1), is the posttranslational addition of a fatty acid chain to proteins that affects protein
stability and function, membrane transport, and subcellular localization, while PPT1 depalmitoylation activity is considered necessary
for protein degradation (Xie et al., 2022). The palmitoylation/depalmitoylation reaction regulates subcellular localization, and its
disrupted regulation could lead to neurodegenerative disorders (Hong et al., 2020). Palmitoylation of the transistent receptor in
neuronal-striatal cells was shown by (Hong et al., 2020) and stated as a response to abnormal oxidative stress that ROS could cause cell
death. Although, in this study, we performed on the liver, not the brain, we interpret the observed high palmitoyl-protein thioesterase
expression as a response of cells to neonicotinoid insecticide and possibly an indicator ~f oxidative stress-related neurodegenerative
disorder.

ROS production is accepted to be related to the Wnt/R-catenin signaling p-thw.y and is known for its vital role in regulating
cardiovascular development (Li et al., 2021, 2020). However, we observed . nth upregulation of oxidative stress-related proteins and
extreme upregulation (EU) of the catenin protein (Supp. Table. 1). Howeve: contrary to our results, (Huang et al., 2020) stated that
upon exposure to the herbicide, zebrafish embryos responded by inhibiting ine Wnt signaling pathway and downregulating its target
gene (b-catenin). This contrast may arise from the developmental '="'a1 of the organism (Glaberman et al., 2017) or the difference in
pesticide modes of action. As a crucial role, the Wnt/R-catenin s.7 iali g pathway protects tissues and organs from oxidative stress-

induced apoptosis (Huang et al., 2020; Zancan et al., 2015) 7. 'is, the extreme upregulation of catenin protein was considered, as it
could probably initiate oxidative stress in conjunction witr apo stosis protective mechanisms.

Clarifying the selected proteins involved in ED-DEF. is also a necessity (Supp. Table. 2). The first protein in this group was folate,
which is essential for nucleic acid and protein synthezi< w.*h DNA repair and methylation pathways. Folate deficiency was observed to
induce oxidative stress (Chen et al., 2018). We mzaesuied ED-regulated cytoplasmic C1 tetrahydrofolate (C1-THF) synthase, which
inhibits its role in repairing oxidative DNA dariay> and concluded that IMI exposure could both induce oxidative stress and lead to
diseases due to unrepaired DNA damage.

Derlin included in ED-DEPs (Supp. Tak'e. 2, ’s the key player in endoplasmic reticulum (ER) protein quality control, while ER stress
reduction is pivotal since if not, cells 1. *ia.. multiple apoptotic pathways that lead to cell death (Li et al., 2019). In our analysis, we
tracked (ED)-regulated derlinl p- ~tei lev:ls in line with (Li et al., 2019), who also found that knockdown of derlinl inhibited the cell
proliferation and migration that conu “huted to apoptosis in cancer. Hence, we state that extreme downregulation of derlinl inhibits ER
stress control mechanisms and poss:-.y initiates apoptosis in cells, resulting in diseases such as cancer and neurodegenerative disorders
(Kandel and Neal, 2020). However, further specific analyses were mandatory to be sure whether apoptosis was triggered.

The oxysterol-binding protein (OSBP) family is a sensor and transporter of sterol that regulates lipid/cholesterol metabolism and
steroid hormone synthesis (Wang et al., 2019), and one of its members is Oxysterol-binding protein like-2. We observed ED regulation
of oxysterol-binding proteins (Supp. Table. 2), and parallel with (Wang et al., 2019) conducted their experiment on Osbpl2 knock-out
cells and assessed that reduction of this protein was associated with significantly increased ROS levels followed by mitochondrial
damage. In addition, a lack of oxysterol-binding protein causes increased cholesterol biosynthesis by suppressing the AMPK signaling
pathway, known as the energy sensor, which is responsible for sustaining energy homeostasis by coordinating efficacious metabolic
responses to reduced energy availability (Collodet et al., 2019). With this result, we consider that IMI exposure prevented the
stimulation of metabolic reprogramming and adjustments in the prolonged regulation of specific transcription factors and coactivators
by suppressing the AMPK signaling pathway, therefore causing distortions in energy metabolism and presumably endangering the
survival of the organism in the long term.



4.2 Evaluation of IMI effects by oxidative stress-related biomarker analyses

In this study, we detected that the cat gene was downregulated, inconsistent with the elevated CAT enzyme activity. In line with our
findings, (Ni et al., 2019) observed downregulated cat gene expression and increased CAT enzyme activity in their study of antibiotic-
exposed zebrafish. A similar study of zebrafish exposed to IMI (Luo et al., 2021c) reported downregulated cat gene expression levels
and elevated CAT enzyme activity, in line with our measurements. In contrast to our downregulated gpx gene expression level and
elevated GSH level, they detected decreased GSH content and gpx gene expression levels. Hence, we assume that this difference is due
to the different exposure amounts and/or exposure durations. The discrepancies between the expression levels of genes encoding
antioxidant enzymes and their activities could be because of the multiple gene clusters encoding an enzyme, the presence of multiple
gene copies, the time delay impact between transcription and translation, and/or posttranslational modifications (Chen et al., 2017; Ni et
al., 2019). Taken together, we derive that increased CAT activity and GSH content could be the guarding and flexible reply to oxidative
stress induced by the studied pesticide (Chen et al., 2017).

The pregnane X receptor (PXR; NR1I2) regulates CYP3A4 expression and functicns in the biotransformation of endogenous
substances and drugs, consequently initiating the transcription of other genes invol 'ed 1 the metabolism, transport, and elimination of
xenobiotics (Bresolin et al., 2005). The latest reports indicated its participation ... the (egulation of P450 genes and elicited crosstalk
between zebrafish aryl hydrocarbon receptor (AhR) and PXR, thus suggestin¢ a vole .n the detoxification of xenobiotics (Creusot et al.,
2021). In this study, we observed nonsignificant upregulation of pxr gene exy. "ession. Similar results were observed by (Bresolin et al.,
2005) zebrafish exposed to a synthetic steroid and antianginal, resultin. in \significant upregulation of the pxr gene. Therefore, we
suggest that the increase in the expression of the pxr gene level was an inu ~ator of a triggered antioxidant system. Since these results
were similar to other antioxidant markers, we concluded that the =:* yene is suitable to be evaluated as a marker in environmental
toxicology studies.

During an attack of ROS on macromolecules, lipid per.xid: tion (LPO) occurs to form lipid peroxides, such as malondialdehyde
(MDA), which affects the permeability and fluidity of the .- (| membrane, thus causing changes in cell structure and function (Jiao et
al., 2020). To determine the degree of LPO as an indi.~tor of oxidative stress, MDA is frequently used in toxicology studies (Kayhan et
al., 2020; Ni et al., 2019). In this study, we obserd . statistically significant decrease in MDA levels. Likewise, a low dose of
herbicide affected zebrafish liver and decreased MO s cuntent, as reported by (Esmer Duruel, et al., 2021). Nevertheless, (Luo et al.,
2021a) measured the effects of IMI by applyiny a.“erent doses and detected an insignificant uptrend of MDA levels with significant
elevation of CAT activity (only for high do:e e."nosure group) along with unchanged GSH levels. Unlike our study, they observed
consistency between cat enzyme and CAT ac.vity. The reasons for the discrepancy between their and our results may be the tissue
chosen, the duration of pesticide expoc'ire, ..ad the differences in pesticide doses applied. However, decreased MDA levels with
increased CAT and GSH levels (7> @ unserved) may induce apoptosis through endogenous antioxidant depletion and lipid
peroxidation accumulation (Dor et o'.. ©.018). In addition, increased CAT activity (as in our study) could probably scavenge H,0O,,
prevent cell membrane peroxidation ¢ © unsaturated fatty acids, and assist in reducing MDA content.

Acetylcholinesterase (AChE) activity alterations are accepted as a vital biomarker of neurotoxicity; therefore, AChE enzyme activity
assays are frequently performed in ecotoxicology studies. In the present study, we observed upregulation of ache gene expression,
which was consistent with the elevation of AChE enzyme activity. However, the effects of IMI on the brain tissue of rainbow trout
were assessed by (Topal et al., 2017b), similarly observed an increase in CAT activity but a decrease in AChE activity. The difference
could be due to the selection of different species and/or the duration and quantity of the pesticide applied. A similar finding from
(zZhang et al., 2021) highlighted the increased activity of AChE and interpreted this as a potential neurotoxicity in larval zebrafish
exposed to IMI. Although the AChE enzyme is acknowledged as a target of neonicotinoid insecticides in the brain and muscle tissues
(Benli and Celik, 2021), the results of this study contribute to the literature with its data that liver tissue may also be the target of IMI.
Moreover, increased AChE activity is considered a marker and regulator of apoptosis, while its pharmacologic inhibitors prevent
apoptosis (Benli and Celik, 2021). Evaluated in conjunction, the present study propounded that IMI has a toxic effect on zebrafish that
could probably lead to apoptosis and physiological impairments in many functions (Zhang et al., 2021).

4.3 Evaluation of IMI effects by complementary analyses of multiple approaches



In the current study, we carried out a complementary analysis to fill in the knowledge gaps on the adverse effects of IMI on the
zebrafish liver model organism. In addition, this is the first study to evaluate IMI effects via a proteomic approach. Thus, proteins are
the most prominent in vivo targets of oxidants in oxidatively stressed cells (Truong and Carroll, 2013). However, enzymatic activity
alterations reflect the response of organisms to interventions at the biochemical level and ensure timely precaution for xenobiotic stress
(Wu et al., 2018b). However, proteomics can provide information on the mechanisms of toxicity at low levels of organization
(Reinwald et al., 2022) and is discerned as being "closer to phenotype", thus mirroring the exact activity in the cells and ensuring direct
links to the processes and defense mechanisms regulated (Groh and Suter, 2015b). Based on the features above, the effects of IMI were
studied using proteomics, biochemical, and molecular approaches, while it was estimated that a multiapproach would complement and
reveal detailed elicit crucial outcomes.

Concise sums up of the proteomic results mainly highlighted the upregulation of xenobiotics and stress responses, antioxidant and
binding activities, cell communication, and the immune response. In addition, upregulated ache gene expression with increased CAT
and AChE enzyme activities and GSH content were highlighted. The upregulated en. ‘chment analysis results were consistent with the
oxidative stress parameter outcomes. The most prominent ones were triggered oxidative “tress and antioxidant systems. The observed
increased CAT enzyme activity and GSH content results were in accordance with tt. 2 pro 2omic outcomes. Additionally, AChE enzyme
and gene alterations highlighted possible adverse effects, such as neurodegener-.u. ™ uisorder, while elevated AChE enzyme activity is
one of the indicators of neurodegenerative disorder. Although we observed th~ € *fect’, of IMI on the liver tissue but not the brain, future
studies should focus on brain tissue to be sure about the impact of neurodeaer. *rative adverse effects. In addition, critical consequences
of oxidative stress-induced apoptosis have emerged, but this result also np<2ds » be confirmed by other assays specific for apoptosis.

We observed downregulation of lipid metabolic processes, cat~! *ic and oxidoreductase activities, gene expression, transporter
activities, ER stress translation and signaling, neurological disorde.s an'| cat, gpx, and pxr gene expression levels with decreased MDA
levels. The up- and downregulated enrichment results comnic mented each other. For instance, the results of both downregulated
xenobiotic stimulus response and upregulated antioxidati*.e ps -amecers were in line and indicated that the organism hit the maximum
stress level that was also in line with the biochemical out. mes. However, among the downregulated proteome, the most noticeable
results were related to the regulation of protein foldiny, and transporting pathways since altered protein quality controlling mechanisms
would ultimately and possibly lead to the initiatic:. »f .noptosis and neurodegenerative disorders. Furthermore, in this study, we
observed disrupted energy metabolism that eventuaiiy pcssibly inhibits energy homeostasis.

Our second and third approaches were mole cui.” and biochemical markers evaluated together because the two methods were more
likely to complement each other. Howeve~ oo results were inconsistent CAT-cat and GSH-gpxr antioxidative stress gene enzyme
association. The reasons for the inconsictenci -3 between the mRNA and protein levels could be due to the following: 1- very varied
levels of MRNA and protein synthes’s u aradation, 2- proteins have half-lives that range by orders of magnitude and are thus usually
longer lived, 3- their expressior. 'ev.!s ran quickly alter during responses to stress, and 4- the vast majority of genes have early
expression characteristics and are the, ~fore expressed at the onset of exposure (Groh and Suter, 2015b).

Overall, we are aware of the rising challenges of applying omics approaches in ecotoxicological research, such as reproducibility, due
to the lack of standardized analysis (Reinwald et al., 2022). Likewise, the vast amount of proteins identified (even only significant
ones) not only causes challenges in the interpretation but also makes it difficult to integrate the outcomes with relatively few gene and
enzyme stress markers. Therefore, it would be beneficial if further studies focused on integrating the interpretations of proteomic
approaches with evaluations of the broad range of genes and biochemical parameters, not only with the stress-related genes and
biomarkers but also with the more specific ones like immune response, neurodegenerative disorders and apoptosis.

Conclusion

In summary, we conducted proteomics, molecular and biochemical analysis multiapproach experiments to fill the gaps in the literature
regarding the effects of insecticide-IMI exposure on aquatic nontarget organisms with the secondary aim of highlighting the
complementary features of each method. The observed prominent outputs were the altered functions of the antioxidant, immune
responses, and gene transcription proteins and their related pathways. Moreover, an apparent trend was observed toward the regulation



mechanisms that risk the organism's survival in the long term by slowing down defense mechanisms such as apoptosis and ER stress.
The results emphasize that these pathways and protein regulation may cause irreversible nervous system disorders and diseases such as
cancer. We hope that these data will encourage future studies to explore defense mechanisms and focus on nontraditional new
candidate biomarkers to obtain deeper insights into the exposure effects of insecticides. In this respect, we report that our observations
revealed complementary features of these methods, thus underlining the importance of studying multiple approaches and considerably
reflecting the crucial harmful effects of IMI. Therefore, we anticipate that this study may provide deeper insights for future
ecotoxicological studies.
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Fig. 1 An overview of IMI exposure effects on the zebrafish liver proteome is shown. A- Pie chart shows the distribution of 86 DEPs in the liver proteome (p< 0.05). B-
Volcano plot shows 957 identified proteins. A threshold of log10 p>2 (corresponding to adjusted p<0.01) and log2 FC>2 was set. Protein values above the threshold
were considered to be differentially expressed. Non-DEPs are represented by gray dots, while Down-DEPs and Up-DEPs are represented by blue and red triangles,
respectively. The EU-DEPs and ED-DEPs are represented by bigger red and blue triangles, respectively. C- Principal Component Analysis (PCA) was performed on the
proteins that met the criteria of p< 0.05 and FC< 0.05-FC>2, which included both EU-DEPs and ED-DEPs. The score graphic shows the variance of four primary groups
of DEPs (p< 0.05). D- Heatmap of 26 DEPs (p<0.0001), excluding EU-DEPs and ED-DEPs, shows a similar relationship among the samples and a tendency for
upregulated expression from control to treated groups.
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The results show in bar plots of enrichment ratios and dot plots of the nc *ative 10g10 p-values. The analysis threshold was p<0.05 for the species Danio rerio.
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Fig. 4 Protein-protein interactions (PPI) of 86 DEPs were mapped and a ~lv_.ed using STRING software. The EU-DEPs and Up-DEPs were merged into an upregulated
group, while the ED-DEPs and Down-DEPs were merged into a downregula. > group. Both groups were analyzed separately to create PP1 and shown as A- Upregulated
and B- Downregulated.
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Fig. 5 Oxidative stress-related genes were selected as cat, ache, gsh, pxr. Bar plots show the relative gene expression profiles and log2 fold changes of the selected genes,
respectively A, B, C, D, and E (* p<0.05, ** p<0.005, *** p<0.0005 and ns: nonsignificant).
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Fig. 6 Biochemical oxidative stress-related parameters were selected: CAT enzyme activity, MDA level, GSH content, AChE enzyme activity, and protein amount. Bar
plots show the parameters of A- CAT enzyme activity, B- MDA level, C- GSH content, D-AChE enzyme activity, D- Protein amount (* p<0.05, **** p<0.00005 and ns:
nonsignificant).

Table 1 Regulation trends of 86 differentially expressed proteins (DEPs) (p< 0.05) with their accession numbers, fold changes, a. d aci. ‘= values are listed.

Regulation Accession No Fold Change P-Value Reo'ation. Accession No Fold Change P-Value
uP AOA2R8RWIS 1000 3.1E-16 uP Q5TYY5 34 2.7E-02
uP Q32PK8 1000 3.1E-16 Ur AOAOG2KZR6 33 3.3E-02
uP F1R8J6 1000 3.1E-16 uP Q6P5J0 32 3.9E-02
uP E7FCV8 1000 3.1E-16 uP AOAOR4IM99 32 3.9E-02
uP F1QVX3 1000 31 '6 uP AlL259 32 4.0E-02
uP AOALD5NSPY 1000 3716 uP Q6PHD8 32 4.1E-02
uP AOA2RBRQT4 1000 3.1k .6 uP QBDH80 32 4.1E-02
uP F1QLV5 1000 3.1E-16 uP F1QCNO 32 4.2E-02
uP ADA2R8QIV1L 1000 3.1E-16 upP QBPFT7 31 5.3E-02
UP F1Q9R5 1000 3.1E-16 DOWN Q6P6E7 0.4 4.8E-02
uP F1R9R1 100 3.1E-16 DOWN Q7ZURS 0.4 4.5E-02
UP Q6AZCO 000 3.1E-16 DOWN Q7T390 0.4 4.2E-02
uP AOA2R8QRM9 100 3.1E-16 DOWN Q8AWS2 0.4 4.2E-02
uP AOA2R8PVJ3 1000 3.1E-16 DOWN F2wz27 0.4 4.1E-02
UP Q4Vv8Q9 1000 3.1E-16 DOWN F1R5R0 0.4 4.1E-02
uP QOP4B4 1000 3.1E-16 DOWN Q7zVs4 0.4 4.1E-02
UP B2GT49 1000 3.1E-16 DOWN Q5TZG1 0.4 3.9E-02
uP Q62ZM13 1000 3.1E-16 DOWN ADA2RBQAAY 0.4 2.5E-02
uP AQIRWO 1000 3.1E-16 DOWN ETF427 0.3 1.2E-02
uP F1QWDO 1000 3.1E-16 DOWN Q7ZWB4 0.3 1.0E-02
UP QYDDE1 50.4 3.1E-16 DOWN F1Q8C3 0.3 6.8E-03
UP F1QLM7 18.0 3.6E-13 DOWN QO08BF2 0.3 5.1E-03
uP Q6IMWT7 11.7 1.9E-09 DOWN F1QMBO 0.2 2.9E-04
UP ABWGS0 10.7 9.8E-09 DOWN Q6DHBY 0.2 2.3E-04
UP F1IQIN9 10.0 3.1E-08 DOWN Q6IMW8 0.2 1.0E-04
uP QILYB7 8.6 3.7E-07 DOWN Q5BLE6 0.2 2.8E-05
uP Q7ZVA4 8.1 8.9E-07 DOWN AOAOR4JBEG 0.2 2.1E-05

uP Q7zZU89 7.8 1.7E-06 DOWN AOAOR4IXFS 0.2 1.1E-05




upP F1QUN8 7.6 2.3E-06 DOWN Q7sXI0 0.2 1.1E-05

upP Q7ZZA3 7.6 2.3E-06 DOWN B5DDPO 0.1 2.2E-08
upP Q6PHT72 6.5 1.9E-05 DOWN AOAON4SU47 0.1 4.7E-09
upP Q66177 6.2 3.6E-05 DOWN Q6IQR6 0.011 3.1E-16
upP Q5RKM9 5.9 7.2E-05 DOWN Q6DI12 0.001 3.1E-16
upP F8wa4Jj1 5.8 8.7E-05 DOWN F1R8Q3 0.001 3.1E-16
upP AO0A2R8RIY4 5.0 5.5E-04 DOWN Q6DGMO 0.001 3.1E-16
upP B3DFS9 4.8 8.4E-04 DOWN F1Q4W3 0.001 3.1E-16
upP Q6PHI8 4.6 1.5E-03 DOWN AO0A2R8QDFO 0.001 3.1E-16
upP E9QDIL 43 3.0E-03 DOWN Q7SXZ5 0.001 3.1E-16
upP Q4VBTS8 4.2 3.3E-03 DOWN F1QQW9 0.001 3.1E-16
upP AS5PF59 4.2 3.8E-03 DOWN P17561 0.001 3.1E-16
upP BBASM6 4.2 3.8E-03 DOWN . MA0R4ISN6 0.001 3.1E-16
upP Q503E6 3.8 8.9E-03 DOWN F6P8R2 0.001 3.1E-16
UP F8W3C3 3.7 1.1E-02 DOWN Q7T2A5 0.001 3.1E-16
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Highlights

-Imidacloprid affects zebrafish liver proteor e, >xidative stress related genes and biochemical parameters.

- Imidacloprid affects the catalytic, hydro ase 2nd oxidoreductase activities in an upward direction.

- Imidacloprid affects the gene express:ion .nd cellular compartment biogenesis in a downward direction.

- Proteomic, molecular and biochemi~al ai.alysis complement each other and are beneficial in evaluating the results

together.



