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ABSTRACT: Pesticides are increasingly used in combinations in crop protection,
resulting in enhanced toxicities for various organisms. Although protein
adductomics is challenging, it remains a powerful bioanalytical tool to check
environmental exposure and characterize xenobiotic adducts as putative toxicity
biomarkers with high accuracy, facilitated by recent advances in proteomic
methodologies and a mass spectrometry high-throughput technique. The present
study aims to predict the potential neurotoxicity effect of imidacloprid and λ-
cyhalothrin insecticides on human neural cells. Our protocol consisted first of 3D
in vitro developing neurospheroids derived from human brain tumors and then
treatment by pesticide mixture. Furthermore, we adopted a bottom-up proteomic-
based approach using nanoflow ultraperformance liquid chromatography coupled
with a high-resolution mass spectrometer for protein-adduct analysis with
prediction of altered sites. Two proteins were selected, namely, calcium-
calmodulin-dependent protein kinase-II (CaMK2) and annexin-A1 (ANXA1), as key targets endowed with primordial roles. De
novo sequencing revealed several adduct formations in the active site of 82-ANXA1 and 228-CaMK2 as a result of neurotoxicity,
predicted by the added mass shifts for the structure of electrophilic precursors. To the best of our knowledge, our study is the first to
adopt a proteomic-based approach to investigate in depth pesticide molecular interactions and their potential to adduct proteins
which play a crucial role in the neurotoxicity mechanism.
KEYWORDS: neurospheroids, brain tumors, tandem mass spectrometry, protein adductomics, untargeted-proteomic-based approach,
neurotoxicity, toxicity biomarkers, peptide sequencing

1. INTRODUCTION
Nowadays, humans are constantly exposed to a wide range of
physical stressors and environmental toxic chemicals, which
may be contributing factors to human hazardous health effects.
By way of illustration, pesticide mixtures are frequently used in
agricultural areas to improve productivity and reduce the cost
of crop pest treatment. However, their persistence and
pervasiveness in the environment along with their biotransfor-
mation products ensure the presence of such combinations in
foodstuffs which result in enhanced toxicities for various
organisms.1−10 Long-term occupational or nonoccupational
exposure to low doses of pesticides is of great concern to the
general population as they can have teratogenic, carcinogenic,
oncogenic, and mutagenic effects, as well as cause other

negative disorders, such as dermatological, gastrointestinal,
neurological, respiratory, and endocrine effects.11−20

In recent years, pyrethroid and neonicotinoid insecticides
have constituted the most widely used class of synthetic
pesticides since restrictions have been placed on various
methylcarbamate and organophosphorus insecticides due to
their increased mammalian toxicity and reduced effectiveness
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in pest resistance.21,22 Lambda-cyhalothrin (λ-CYH) is a new
generation type II synthetic pyrethroid, while imidacloprid
(IMD) is derived from the neonicotinoid pesticide class. These
two types of pesticides exhibit high-efficacy, broad-spectrum
practices on a wide range of insects, including resistance
strains,23 and low toxicity to mammals and birds.24−27 In our
Tunisian market, this mixture has swiftly emerged as one of the
safest and lowest-risk ones currently available in modern
agricultural practices.24−26

Previous toxicological studies on λ-CYH and IMD were
conducted on nontargeted organisms including animals
(rabbits, mice, insects, and bees)22,28−33 and aquatic creatures
(fish and carps)34,35 to either investigate the potential
neurotoxic effect of each pesticide alone28,36,37 or in
combination38−40 or assess their endocrine-disrupting activ-
ity,41 as well as genotoxicity,42 metabolic impairment, and
oxidative damage.37,43 However, there is a lack of studies about
their possible synergistic effects on human neuronal and glial
cellular systems, and the corresponding molecular mechanisms
of neurotoxicity are poorly understood.
Pesticides are known to induce toxicity at the cellular level

either by covalently binding macromolecules44 or through
alterations in redox homeostasis by the generation of oxidative
stress following the overproduction of reactive oxygen species
(ROS).45 Proteins, one of the major targets of oxygen free
radicals and other reactive species, may either encounter post-
translational modification (PTM) or be modified by covalent
adduct formation on its key amino acid side chains to initiate

toxicity via modification of its structure and/or cellular
function, which secondarily deregulates several cytological
processes and/or signaling pathways,46−49 alters tight
junctions,50,51 or damages all cell constituents including
protein chaperones, DNA, and lipids, leading to apoptotic or
necrotic cell death, lipid peroxidation, and metabolic
perturbation.11,52−56

Increased knowledge about the potential modification of a
target protein in a human sample by detecting and character-
izing covalent adducts formed after environmental xenobiotic
exposure allowed the gain of two potential benefits: first, a
better understanding of the underlying mechanism involved in
the toxicological condition, and second, their identification as
potential predictors or prognostic biomarkers gives insights
into environmental agents and endogenous processes inherent
to human genetics,46 as well as assessing toxicity outcomes and
designing treatment guidelines to be relevant in clinical
practice so that novel pharmaceuticals against the specific
biomarker targets will be developed.57,58

Cancer manifestation is a complex process as it involves
many steps including genetic modifications, associated
proteins, and signaling pathways. Annexins represent a group
of ca2+-related membrane-binding proteins involved in the
inflammatory process repair. They play a crucial role in the
glucocorticoid-mediated downregulation of the early phase of
the inflammatory response. They are also involved in the
structural organization of the cell via rearrangement of the

Figure 1. Schematic illustration of the full methodology by a shotgun proteomic-based approach for protein adductomics on a 3D human brain
tumor neurospheroid culture model.
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actin cytoskeleton and in intracellular signaling by cell
polarization and cell migration.59

Calcium/calmodulin (CaM)-dependent protein kinase-II,
CaMK (2A, 2B, and 2D) is a multimeric Ser/Thr protein
kinase derived from the most predominant proteins in the
brain. It is a member of the N-methyl-D-aspartate receptor
(NMDAR) signaling complex in excitatory synapses that
regulate the NMDAR-dependent potentiation of the AMPA
receptor and, therefore, excitatory synaptic transmission.60 It
autonomously acts after ca2+/calmodulin-binding and auto-
phosphorylation, and it is involved in synaptic plasticity,
neurotransmitter release, and long-term potentiation. It
regulates the migration of developing neurons and phosphor-
ylates the transcription factor FOXO3 to activate its transcrip-
tional activity.60,61

Proteomic-based approaches have been increased over
recent years in cancer-related fundamental science research
due to recent advances in mass spectrometry (MS) high-
throughput technology with powerful research algorithms,
which have facilitated the detection and characterization of
potential biomarkers related to exposure or toxic response with
high sensitivity and accuracy.46,58

The use of 3D in vitro growth of immortalized established
cell lines or primary cell cultures is regarded as a more
stringent and representative model used to perform viability
and cytotoxicity studies that could fill the gap between animal
models and conventional 2D monolayer cell cultures since
these latter are incapable of reproducing the complexity and
heterogeneity of clinical tumors growing with a specific
organization and architecture.62,63

Overall, the current study was designed and related to the
“protein adductomics” concept which is a component of
multiomic studies. It is derived from the “exposome” concept
that has emerged as a new science to reflect environmental
exposures throughout the human lifespan, by considering both
external (e.g., exogenous environmental agents) and internal
(e.g., endogenous cellular processes) components.64,65

In this topic, we have focused on the potential application of
an adductomic approach for the screening of xenobiotic
adducts on two proteins, ANXA1 and CaMK, as key targets
endowed with pivotal roles in human brain tumor patho-
genesis. We have first developed a 3D in vitro neurospheroid
model derived from human brain tumors and then assessed the
potential cytotoxicity effects of IMD and λ-CYH in a binary
mixture following 24 h of exposure at IC50. Further, we
adopted a bottom-up proteomic-based approach with nano-
flow ultrahigh-performance liquid chromatography coupled
with tandem mass spectrometry (UHPLC-MS/MS) in order
to identify and analyze protein adducts with predicted
alteration sites that involved molecular mechanisms. Figure 1
describes the full workflow adaptive methodology for protein
adductomics.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials

Imidacloprid (IMD), C9H10ClN5O2, N-(6-chloropyridin-3-
ylmethyl)-2-nitro-imino-imidazo-lidine (CAS number
138261-41-3), and Lambda-cyhalothrin (λ-CYH),
C22H19Cl2NO3 (CAS number 91465-08-6) were selectively
purchased as standard solutions of highest purity (≥98%) from
Merck KGaA (Germany) and Sigma-Aldrich Chemie GmbH.

The molecular structures of these molecules are shown in
Figure 1.
Stock solutions of pesticide mixtures were prepared by

diluting 150 mg/mL of IMD and 50 mg/mL of λ-CYH in
ultrapure water containing 0.01% DMSO (dimethyl sulfoxide)
(D8418, Sigma). Then, freshly serially diluted solutions were
prepared prior to cytotoxicity analysis.
Ultrapure water was prepared by a Millipore purification

system (Billerica, MA, USA).
Dulbecco’s phosphate buffered saline (PBS) (D8537),

Dulbecco’s modified Eagle’s medium−high glucose (DMEM)
(D5796), Ham’s nutrient mixture F12 (51651C), L-glutamine
(G7513), trypsin−EDTA (T4049), fetal bovine serum (FBS)
(F2442), 1% nonessential amino acid solution (NEAA)
(100X) (M7145), neuronal viability serum-free medium
supplements N2 (100X) (17502048, GIBCO) and B27
(SCM013), recombinant human epidermal growth factor
(EGF) (SRP3027), recombinant human basic fibroblast
growth factor (bFGF) (GF003AF), and 1% (v/v) penicillin/
streptomycin (P4333) were supplied from Sigma-Aldrich.
Single-cell ultralow attachment 60 mm primaria tissue

culture plates (353802) and 25 cm2 culture flasks (430639)
were from Corning Life Science (NY, USA). Corning Costar
TC-treated 24-well microplates (CLS3526) were purchased
from Sigma-Aldrich.

DL-dithiothreitol (DTT) (3483-12-3), iodoacetamide (IAA)
(144-48-9), formic acid (FA) (64-18-6), ammonium bicar-
bonate (1066-33-7), acetonitrile (ACN) (75-05-8), and
methanol (67-56-1) were from Sigma (St. Louis, MO, USA).
Trypsin (V5280) taken from the porcine pancreas was
purchased from Promega (Madison, WI, USA).
2.2. Ethical Consideration

The procedure carried out in this work was in accordance with
the Declaration of Helsinki. It was approved under CPP SUD-
0443/2022 by our Ethics Committee attached to the Habib
Bourguiba university hospital where this study was conducted.
Khemakhem et al. confirmed that our study is in accordance
with the code of ethics adopted by the World Medical
Association since it is only applied to patients (vulnerable
groups) and cannot be carried out in a nonvulnerable group.
The selected participants gave their consent to participate in

this research. Written informed consent was obtained from
each patient before they underwent any neurosurgery for the
possible risks of paralysis or mortality. Additional informed
consent was obtained from all individual participants for whom
identifying information is included in this article.
2.3. Sample Collection and Culture Conditions

Gliomas and meningiomas (MNGs) represent the most
common types of human brain tumors. Medulloblastoma
(MDB) is a rare cerebellar embryonal neoplasm that occurs
almost exclusively in children.
Our first preliminary experiments were conducted on diverse

MNG histological subtypes to check the neurotoxicity of our
selected molecules and identify the appropriate inhibitory
concentrations (IC50) of pesticides in a binary mixture. In the
same way, glioblastoma (GBM) and MDB neurospheroids
were developed to assess pesticide neurotoxicity using MS
analysis.
Cells were grown in triplicate experiments as neurospheres

were derived from six surgical specimens by adopting both
enzymatic and nonenzymatic dissociation protocols, as
described in the “Supporting Information” file.
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To further determine the self-renewal ability to form
secondary subspheres, primary spheres were gently dissociated
into single cells, plated into a single-cell ultralow attachment
plate, and maintained in the neural stem cell culture medium.
We manually inspected neurosphere growth under an

inverted phase Contrast microscope (MOTIC AE21, Motic
Incorporation Ltd. Hong Kong, China), equipped with an
Axiocam camera 208 [Sony CMOS image sensor color, rolling
shutter; square pixels of 1.85 μM side length; 3840 × 2160
pixel resolution; ultra HD (4K); 3 × 8 bits/pixel] (Zeiss,
France) at scale bars of 100 μm, 150, and 200 μm before
proceeding.
2.4. IHC Staining

Primary cell identity was confirmed prior to use by
immunohistochemical (IHC) staining for neuronal differ-
entiation markers such as NSE (neuron-specific enolase)
(IMGENEX, Cat# IMG-80398, RRID:AB_1151008), chro-
mogranin (Fitzgerald Industries International Cat# 10R-
C126ax, RRID:AB_1283819), synaptophysin (IMGENEX
Cat# IMG-80349, RRID:AB_1151989), GFAP (glial fibrillary
acidic protein) (IMGENEX, Cat# IMG-80134, RRI-
D:AB_1150393), and Ki67 proliferation marker (Bio-Rad
Cat# MCA289, RRID:AB_321740).
We also analyzed “stemness” gene expressions, including

CD133 (BD Biosciences Cat# 747569, RRID:AB_2744141),
CD44 (BD Biosciences Cat# 558739, RRID:AB_397098),
CD24 (BD Biosciences Cat# 555426, RRID:AB_395820),
Nestin (IMGENEX Cat# IMG-6492A, RRID:AB_2033866),
SOX1 (BD Biosciences Cat# 562224, RRID:AB_11154034),
SOX2 (BD Biosciences Cat# 560291, RRID:AB_1645334),
and βIII-tubulin (Promega Cat# G7121, RRID:AB_430874).
Both primary cells and multiple 3D spheroids were

harvested and processed into histological blocks that, after
standard fixation and embedding procedures, were sectioned to
produce slides for IHC staining; the detailed protocol is
described in the “Supporting Information” file.
2.5. Chemical Treatment

We have adopted the protocol described by Roper and Coyle
at the University of Nottingham, studying the effects of drug
cytotoxicity on in vitro 3D spheroid models.66 We visually
inspected plates under bright-field microscopy to assess the
growth and health of neurospheres.
Images were imported and analyzed using Image-Pro Plus

analyzer software, V7.0 (Media Cybernetics, Inc., Bethesda,
MD, USA) (www.adept.net.au/software/mediacy/ImagePro/
imageProPlus.shtml, RRID: SCR_007369).
After 7 days, when primary cultured cells reached the

optimal size of 250−350 μm in diameter, we measured the
coefficient of variation (CV) to confirm uniformity in spheroid
volume or size reproducibility prior to treatment.
Five serial diluted concentrations of pesticide binary

mixtures had been used ranging from 2.95 μM (754 ng/g)
to 0.59 mM (151 × 103 ng/g) of IMD and 0.55 μM (247 ng/
g) to 0.11 mM (49.5 ng/g) of λ-CYH, based on our
preliminary investigations conducted on MNGs to measure
appropriate cytotoxic inhibitory concentrations in human brain
tumor neurospheroids since cells are generally less sensitive in
3D compounds compared to 2D compounds.
We gently removed 100 μL of neurosphere medium from

each plate and added 100 μL of pesticide mixture and then
incubated it for 24 h in a humidified incubator at 5% CO2/37
°C. Three replicates per concentration were analyzed.

Untreated control cells were also used in each analysis by
changing 100 μL of media with 100 μL of 0.01% DMSO. At
the end of the exposure period, toxicity end points were
determined in both control and exposed neurospheroids.
2.6. Monitoring Spheroid Viability

Cell viability was performed by both the MTT assay and
microscopy to assess morphological changes and the
histopathological profiles of tumor tissues.
2.6.1. MTT Assay Viability. After 24 h of pesticide

treatment, neurospheroids seeded into 24-well microplates
were treated with 0.5 mg/mL MTT for 4 h. Following
incubation, dark blue formazan crystals were solubilized with
1:1 (v/v) DMSO/isopropanol. Each well was resuspended
until the dissolution of crystals. Then, the optical density was
measured at 570 nm by using a Spectramax plate reader
(Multiskan Spectrum, Thermo Electron Corporation). The
percent viability was expressed as the ratio of the absorbance in
the experimental wells to that of the control wells (set as
100%). A dose−response curve was generated and the IC50
value (concentration required for 50% growth inhibition) of
IMD and λ-CYH in a binary mixture was calculated using
nonlinear regression analysis.
2.6.2. Assessing Morphological Changes. The morpho-

logical changes in the shape and density of the spheroids after
pesticide exposure were evaluated by microscopy.
2.6.3. Histopathological Profile Analysis. Hematoxylin

and eosin (H&E) represents the combination of two
histological stains, namely, hematoxylin and eosin. Pieces of
tissues were collected, frozen at −20 °C, cut on a cryostat
rotary manual, a microtome that cuts frozen tissue (MICROM
HM 505 N), fixed, and stained with H&E, followed by rinsing
with water, 95° alcohol, and xylene before being fixed by
special glue stick preservation. The H&E-stained sections were
examined for histopathological analysis. This method was also
applied to assess cytotoxic responses based on tumor
neurospheroid proliferation following pesticide treatment.
2.7. Sample Preparation and Protein Extraction

After 24 h of pesticide treatment, our samples consisted of
three treated vs nontreated brain tumor spheroids; these were
harvested, pooled in a centrifuge tube, washed with cold PBS
at 4 °C, centrifuged at 2500g for 10 min, and then collected
and lyophilized by a freeze-dryer (CHRIST). Proteins were
extracted by the modified RIPA lysis buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, pH
8.0) containing 1× protease inhibitor cocktail (HALT,
Thermo scientific) and phosphatase inhibitor cocktail (1 mM
NaVO4, 50 nM NaF) (Thermo Scientific), then assayed by the
BCA kit after which 100 μg of proteins were reduced by 50
mM ammonium bicarbonate and 10 mM DTT at 56 °C for 1 h
and alkylated by 20 mM IAA in the dark for 1 h, and then
digested at 37 °C overnight by a free trypsin at a ratio of 1:50.
The extracted peptides were lyophilized and then resuspended
in 20 μL of 0.1% formic acid before analysis by MS.
2.8. Analysis by Nanoflow UHPLC-ESI-MS/MS

Samples were analyzed using a high-resolution mass spectrom-
etry that consisted of an Ultimate 3000 nano UPLC system
(Thermo Fisher Scientific, USA) with a Q Exactive HF hybrid
quadrupole-Orbitrap mass spectrometer (Thermo Fisher
Scientific, USA), an ESI nanospray source, and a higher
energy collisional dissociation (HCD) fragmentation mode.
The nanocolumn comprises a trapping column (PepMap C18,
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100 Å, 100 μm × 2 cm, 5 μm) and an analytical column
(PepMap C18, 100 Å, 75 μm × 50 cm, 2 μm). The loading
amount was 1 μg, and the total flow rate was 250 nL/min. The
mobile phase consisted of solvent A (0.1% formic acid in
water) and solvent B (0.1% formic acid in 80% acetonitrile) by
linear gradient: from 2 to 8% buffer B in 3 min, from 8 to 20%
buffer B in 56 min, from 20 to 40% buffer B in 37 min, and
then from 40 to 90% buffer B in 4 min.
The full scan was performed between 300 and 1650 m/z at a

resolution of 60 000 at 200 m/z. The automatic gain control
target for the full scan was set at 3 × 106. The MS/MS scan
was operated in the top 20 mode using the following settings:
resolution 15 000 at 200 m/z; automatic gain control target 1
× 105; maximum injection time 19 ms; normalized collision
energy at 28%; isolation window of 1.4 Th; charge state
exclusion: unassigned, 1, >6; dynamic exclusion 30 s.
2.9. Data-MS Analysis and Protein Identification

Raw MS files were analyzed and searched against a human
protein database based on the species of the samples using the
MaxQuant (V.1.6.1.14, RRID: SCR_014485) search engine.
The parameters were set as follows: protein modifications were

carbamidomethylation (C) (fixed) and methionine oxidation
(variable); the enzyme specificity was set to trypsin with two
maximum missed cleavages; the precursor ion mass tolerance
was 10 ppm; and the MS/MS fragment ion tolerance was 0.6
Da.
Proteins were identified with a high confidence interval at

95%, containing at least one identified peptide. The proteome
profiles between the two groups were compared using a false
discovery rate (FDR) ≤ 0.05 as the threshold to judge the
significance in protein expression maps’ difference. Only
proteins identified three times were considered. Proteins
were filtered into two categories, namely, “upregulated” with
positive values and “downregulated” with negative values,
based on the log 2 FC criteria and using the paired t-test with a
P value threshold of 0.05.
Scaffold (version 4.10.0, Proteome software, Inc., Portland,

OR) was used to validate the MS/MS based peptide and
protein identification.

Figure 2. Workflow depicting the process of a typical untargeted bottom-up proteomic approach-based MS analysis for the screening and
characterization of protein adducts: (1) dissociate tissues; lyse cells, denature proteins with, e.g., urea/detergents; (2) reduce disulfides with, e.g.,
DTT; alkylate cysteines with, e.g., IAA; (3) purify proteins by precipitation; (4) digest proteins with a protease; (5) resuspend peptides in a LC−
MS compatible solvent, e.g., 0.1% formic acid in water; (6) clean with, e.g., a C18 precolumn and run with UHPLC-MS/MS; (7) process raw data
by a suitable software package (MaxQuant); (8) perform database search for peptide spectrum matching and protein identification; (9) FDR
control and de novo sequencing: compare MS/MS spectra between treated and nontreated samples for manual interpretation; (10) Subtract m/z of
unmodified peptide from the m/z of the amino acid adduct; suggest elemental composition; (11) search for matching compounds (databases and
literature) and propose the structure. (2) DTT: DL-dithiothreitol; IAA: iodoacetamide; DDA: data-dependent acquisition mode; HCD: higher
energy collisional dissociation; MS1/MS2: tandem mass spectrometry; FDR: false discovery rate.
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2.10. Screening of Protein Adduct Formation by De Novo
Sequencing

To study proteins’ adduct formation, we adopted an
untargeted proteomic-based approach using high-resolution
tandem mass spectrometry. On this platform, the ionization
was performed in a positive-ion mode, and the mass
spectrometer was operated in the data-dependent acquisition
(DDA) mode, which selects the most abundant ions that give
the strongest signals in the first x tandem mass spectrometry
stage (MS1) to be fragmented and analyzed in the second
tandem mass spectrometry stage (MS2).
Proteins adducts were identified using de novo sequencing,

which consisted of comparing the MS/MS spectra of peptide
sequences between treated and nontreated spheroids. The
precursor parent ion of the tryptic peptide fragment was
singled out and analyzed in the second MS spectrum after
dissociation into smaller fragments to determine the amino
acid sequence of the peptide fragment and subsequently
identify the modification sites in the MS2 spectra.

This procedure of manual verification allowed the
classification of unknown compounds as adducts as well as
the determination of adduct masses by subtracting the m/z of
the unmodified amino acid from the m/z of the amino acid
adduct. Afterward, the calculated added masses were used to
propose the elemental compositions of adducts and to suggest
the likely structures and electrophilic precursors. The negative
added masses were assigned to truncations and deletions (ion
losses).
Adducts’ hypotheses about possible annotations were then

validated using database searching tools and calculator
softwares. The chemistry of the specific nucleophilic sites
and the presence of reactive functional groups (e.g., double
bonds, aldehyde, and epoxide) in the electrophilic structure to
form adducts had been also taken into consideration.
The full workflow schematic illustration of the shotgun

proteomic-based adaptive strategy in our case study of protein
adductomics is shown in Figure 2.

Figure 3. Immunohistochemical analysis for neuronal differentiation markers: (A) focally and weakly expressed cells to chromogranin (scale bar:
200 μm); (B) positive immunoreactivity to NSE (scale bar: 200 μm); (C) positivity to GFAP (scale bar: 200 μm); (D) positivity to synaptophysin
(scale bar: 400 μm); and (E) expression of protein Ki67 in tumor cells (scale bar: 400 μm).
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Figure 4. 3D neurospheroid culture model developed from human MDB stem-like cells before pesticide treatment. Representative images of 3D
spheroids’ growth captured by an inverted-phase Contrast microscope (MOTIC AE21, Motic Incorporation Ltd., Hong Kong, China) equipped
with an Axiocam camera 208 [Sony CMOS image sensor color, rolling shutter; square pixels of 1.85 μM side length; 3840 × 2160 pixel resolution;
ultra HD (4K); 3 × 8 bits/pixel] (Zeiss, France). Selected images were performed with a magnification of 100 and 200 μm. (A) For semiadherent
culture type, adapting the nonenzymatic cell dissociation protocol, MDB stem-like cells could proliferate and form within 5 days multipotent
floating cell clusters called primary spheres (left panels) that have self-renewal features and continuously form secondary subspheres after another
five added days of culture (middle panels). Both primary and secondary spheres could form daughter MDB adherent cells on day 15:
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2.11. Other Statistical Analysis

Data performed by GraphPad Prism software (Version.8, San
Diego, CA, USA) are expressed as mean values with ±standard
deviation (SD), and the statistical significance of differences

between counts was determined using the unpaired Student’s t-

test. P values ≤ 0.05 were statistically significant. For each

separate experiment, three replicates were carried out.

Figure 4. continued

morphologically, neurites begin to extend; the cells displayed spindle-form or polygonal to amorphous shapes and grow as adherent forms of cells
on culture dishes. (B) Enzymatic cell dissociation protocol: cultured tumor cells could more swiftly generate primary and secondary spheres but
with less developed and robust morphology than those isolated straight from the fresh tumor. (C) Microscopy analysis of MDB neurospheroids’
viability and morphology after treatment by pesticide mixture (imidacloprid + λ-cyhalothrin) at IC50 [30.33 μM (7754.2 ng/g) of IMD and 5.75
μM (2584.7 ng/g) of λ-CYH]: a high number of cells with large vacuoles and small round- and nonuniform-shaped cells (typical of cells being
detached from the plate). Cell density was greatly reduced, mainly presenting cellular debris.

Figure 5. Representative microphotographs of histopathology shown on H&E staining obtained from frozen sections of MDB spheroids before and
after 24 h of pesticide treatment (magnification ×100 and 200). (A) (H&E×100) and A′ (H&E×200): MDB with high cell density proliferation
over 4 days of culture. (B) (H&E×100) and B′ (H&E×200): moderate cell density proliferation after low dose of pesticide treatment at C1:2.95
μM (754 ng/g) of IMD + 0.55 μM (247 ng/g) of λ-CYH. (C) (H&E×100) and C′ (H&E×200): weak cell density proliferation with light
appearance of apoptotic and necrotic cells after a moderate dose of pesticide treatment at C2:5.9 μM (1508 ng/g) of IMD + 1.1 μM (494.8 ng/g)
of λ-CYH. (D) (H&E×100) and D′ (H&E×200): very weak cell density proliferation with diffuse appearance of apoptotic and necrotic cells after
high dose of pesticide treatment at C3:0.59 mM (150.8 × 103 ng/g) of IMD + 0.11 mM (49.5 × 103 ng/g) of λ-CYH.
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3. RESULTS

3.1. IHC Staining of MDB Brain Tumors

IHS for neuronal differentiation markers had shown positive
immunoreactivity to NSE and focal and weak cell expression to
chromogranin, synaptophysin, and GFAP. The expression of
protein Ki67, which is strongly associated with cellular
proliferation and widely used as a marker of the mitotic
index in tumors, was evaluated at 2% and increased to 30% in
anaplastic areas (Figure 3).
3.2. Isolation of MDB Tumor Stem-Like Cells and
Characterization of Sphere Formation and Stemness
Markers

For the semiadherent culture type, the nonenzymatic protocol
was adopted, and the dissociated cells derived from freshly
human surgical specimens were grown as colonies. After 3 days
of incubation, primary homogeneous tumor cells appeared in a
fusiform format and were arranged in multidirectional cultural
bundles. Then, growth factors were added to the medium. Two
days later, these primary cells gave rise to primary sphere
formation (Figure 4A, left panels).
Moreover, to check their self-renewal capacity, these primary

spheres were gently dissociated to single cells and maintained
in a stem cell culture medium in which after 5 days, we
observed secondary subsphere formation (Figure 4A, middle
panels), confirming that MDB stem-like cells are capable of
self-renewal. After five more days of culture, both primary and
secondary spheres could form daughter adherent cells (Figure
4A, right panels). In the same way, spheroids were generated
more swiftly using an enzymatic cell dissociation protocol,
leading to the development of a heterogeneous population of
cell proliferation in 10 days. Based on these two protocols, we
highly appreciated that the primary tumor sphere culture could
generate neurospheres with more developed and robust
morphology compared with those isolated straight from the
fresh tumor (Figure 4B). Thus, our further experiments were
only carried out on a 3D spheroid model isolated from
nonenzymatically dissociated cells.
Growth and morphological changes of neurospheres were

monitored for several days, regarding changes in shape and size
evolution. On day seven, spheroids reached diameters of 250−
350 μm. The CV was inferior to 20%, proving the
reproducibility in the spheroid size over three different
experiments.
Concerning an in-depth analysis of stemness features,

neurospheroids were analyzed by using IHC staining. In
particular, we considered (i) the expression of CD133, Nestin,
SOX1, and SOX2 as indicative of stemness markers; (ii) GFAP
and CD44 as astrocytic markers; (iii) CD24 and βIII-tubulin
as representative of neuronal progenitors or highly neuronal
differentiated cells, respectively. Results indicated positive
stemness gene expressions for Nestin, CD44, GFAP, βIII-
tubulin, and Ki67 but lack them for CD133+, SOX1, SOX2,
and CD24.
3.3. Assessment of Cell Viability and Proliferation
Following Pesticide Treatment

Besides MTT assay, cell viability and proliferation were also
monitored after 24 h of pesticide exposure by counting the
number of survival spheres. The surviving fraction represents
the number of neurospheres normalized to controls. Student’s
t-test was applied to indicate statistical significance (P < 0.05)
(Figure S1). Based on our previous experiments on MNG, the

IC50 value (required for 50% growth inhibition) of the
pesticide mixture calculated from the dose−response curve
using nonlinear regression analysis was 30.33 μM (7754.2 ng/
g) of IMD and 5.75 μM (2584.7 ng/g) of λ-CYH, respectively.
These concentrations were also suitable to assess cytotoxicity
responses to MDB after 24 h in the range of [IC30-IC60]
confirmed by histopathological analysis.
Photomicrographs of H&E-stained sections of cultured

MDB neurospheroids before and after treatment, illustrated
in Figure 5, were analyzed to assess their viability and
proliferation. The results showed that the viability was
decreased by increasing concentrations. This proves that
pesticides used in the mixture may interact to mitigate cell
density proliferation with the appearance of apoptotic and
necrotic cells. Microscopy analysis also confirmed significant
morphological changes brought about by pesticide treatment,
evidenced by the presence of large vacuoles and small round-
and nonuniform-shaped cells, with significant loss in density
and an increase in cellular debris (Figure 4C).
3.4. Identification and Characterization of Pesticide
−Adduct-Induced Alteration in CaMK2 and ANXA1
Proteins by Using De Novo Sequencing

The comparative analysis of dynamic proteomic profiles
between treated and nontreated spheroids revealed that both
ANXA1 and CaMK2 proteins were expressed at down-
regulation, which confirms their alterations induced by
pesticide treatment. Table 1 summarizes the expression profiles
of the selected proteins.

De novo sequencing revealed several alterations in the active
site of 82-ANXA1 by adduct formation (Figure 6, available on
PDF in the original format in the data repository) in
comparing the spectra of treated and nontreated spheroids.
The predicted added mass shifts were, namely, (+128.09 Da)
assigned as 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidi-
non (C6H12N2O), respectively, on the C-terminal of 97-Lys
(lysine), 96-Leu (leucine), 85-Leu, 89-Gly (glycine), 88-Thr
(threonine), and 86-Gln (glutamine) residues; (+128.59 Da)
on the C-terminal of 95-Thr residue; (127.59 Da) on the C-
terminal of 92-Leu residue; (+13.06 Da) on 93-Asp (aspartic
acid) residue; (31.04 Da) assigned as methyl-amine
(CH3NH2) on the C-terminal of 91-Pro (proline) residue;
(74.55 Da) on the C-terminal of 94-Glu (acid glutamic)
residue; (291.15 Da) assigned as tripelennamine hydrochloride
(C16H22ClN3) on the C-terminal of 84-Tyr (tyrosine); and
(+362.19 Da) on the C-terminal of 83-Ala (alanine) residue.
On the N-terminal of 85-Leu and 86-Gln residues, the added

mass shift of either (+113.08 Da) or (+241.1 Da) could be
predicted as 2-chloropyridine (C5H4ClN) and 1,3-dimethyl-5-
nitroimidazolium perchlorate (C5H8ClN3O6) adduct forma-
tion, respectively.
In the active site of 228-CaMK2 presented in Figure 7

(available on PDF in the original format in the data
repository), we also identified, by using peptide sequencing,
adduct formation that was envisaged by the added mass shifts
(+129.04 Da), (+87.03 Da), and (+147.07 Da) on the C-
terminal of 237-Glu, 235-Ser (serine), and 233-Phe (phenyl-
alanine) residues, respectively, which could be predicted as
difluoroaniline (C6H5F2N), propene-2-nitro (C3H5NO2), and
2-methoxyphenyl-acetonitrile (C9H9NO). The masses of b
ions were identical.
All of these modifications were detected in a triplicate

analysis. Peptide sequences and the predicted fragment ions
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are illustrated next to each tandem mass spectrum. Ion losses
such as dehydration and deamination induced by HCD
fragmentation are also mentioned.
Table 2 reports the calculated added mass shifts with the

predicted elemental composition and the possible adduct
structures or their corresponding electrophilic precursors.

4. DISCUSSION

4.1. Isolation of Tumor Stem-Like Cells from Human Brain
Medullobalstoma and Characterization of Sphere
Formation
Tumor stem-like cells can be defined as tumor-initiating cells
in a wide spectrum of malignant tumors.67−75 Cultured human
brain tumor cells could proliferate and generate multipotent
floating cell clusters called neurospheres.75,76 In a spheroid
model, cell aggregates in suspension generated 3D conforma-
tions that are not attached to an external surface of support.
These cells provided more biologically relevant data than 2D
monolayers due to the natural cell-to-cell interactions, hypoxia,
drug penetration, response to resistance, and the production of
an extracellular matrix.74,77

The aim of this study was achieved by applying the following
approaches: (i) collecting; (ii) establishing of primary cell
cultures; (iii) isolating neurospheres derived from these
primary cultures (primary neurospheres); and (iv) developing
secondary neurospheres or subspheres.
Prior to 3D spheroid generation, cells were grown under

their standard 2D culture conditions. A serum-free neuro-
sphere medium, containing supplements and growth factors,
was added to the maintenance of tumor stem-like cells with
properties similar to those of the primary tumor avoiding
spontaneous cell differentiation.66,78

After a 7 day culture period, spheres reached a size range of
250−350 μm in diameter. This size range represents the
optimal size for permitting drug perfusion and establishing
pathophysiological oxygen gradients throughout the sphe-
roid.77,79 A diameter greater than 500 μm was unsuitable since
it was characterized by hypoxic regions and necrotic centers.79

Before proceeding with cytotoxicity tests, since several
morphological parameters, such as spheroid volume and
shape, affect responses, and given that the number of exposed
cells may respond differently to the chemicals being a source of
variability, and due to the necessity of a preselection of tumor
spheroids of homogeneous volume and shape to reduce data
variability to a minimum, we have proved the reproducibility in
spheroid size by calculating the CV of spheroid volumes on
day 7 based on image analysis using Image-Pro Analyzer
software, which was described as a perfectly acceptable
alternative technique applied to cytometers.77 Our 3D
spheroids are therefore considered a valid model.
Characteristic features of tumor stem-like cells include

spherical formation, self-renewal to secondary neurospheres or
subspheres, and stem-like markers of their corresponding
parental tumors.80 In our study, the developed MDB
neurospheroids displayed enhanced self-renewal with the
expression of stemness and neuronal differentiation markers.
4.2. Effects of Pesticide Mixture on Neurospheroid
Proliferation and Viability
Histological staining performed before and after pesticide
treatment (Figure 5) allowed target validation by visualizing
tumor spheroid area proliferation and viability. This protocol
was suitable for the assessment of cytotoxic responses.T
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Our study revealed that pesticides used in the mixture may
interact to inhibit the proliferation of tumor tissue and weaken
neural cell density with the progressive appearance of
apoptotic and necrotic cells. These results were confirmed by
previous studies showing that pyrethroids may additionally
contribute in a notable way to the deleterious effects of
pesticide mixtures.81

Indeed, Alvim and Martinez (2019) have identified a
synergistic interaction between IMD and λ-CYH in both
blood and the liver to induce DNA damage, high protein
carbonylation, and lipid peroxidation and found that the result
of such interaction had led to an increased toxicity in shorter
time, proving that the effects of pesticides in mixture are

mainly due to the presence of a pyrethroid.82 In addition,
significant synergistic responses were also revealed by these
pesticides used in ternary and quaternary mixtures.83

The neurotoxicity effect was observed at concentrations
much higher than the reported average daily intake estimated
at 57 μg/kg body weight (bw)/day for IMD84 and 2.5 μg/kg
bw/day for λ-CYH.85 Based on the repeated dose toxicity
studies summarized by JMPR (Joint FAO/WHO Meeting on
Pesticide Residues; 2002), NOAEL (no observed effect level)
of 52.5 μg/kg bw/day applying the default uncertainty factor of
100 and NOAL of 0.5 mg/kg bw/day applying the default
uncertainty factor of 200 were, respectively, established for the

Figure 6. MS/MS spectra of the peptide sequence containing the active site of ANXA1 obtained after isolation and fragmentation of the tryptic
peptide precursor ion, respectively, for nontreated (A) and treated (B) spheroids. (A) [∼82AAYLQETGKPLDETLK97∼]3+ with MW (molecular
weight) 1775.93 Da, [M + 3H]3+ ion at the monoisotopic mass of 592.98 Th (average m/z = 593.36). (B) [∼82AAYLQETGKPLDETLKK98∼]3+
with MW 1904.03 Da, [M + 3H]3+ ion at the monoisotopic mass of 635.68 Th (average m/z = 636.02). The MS/MS spectra are available on PDF
original format in the data repository. Monoisotopic mass refers to the sum of atomic masses using the most abundant naturally occurring isotope
for each atom. Da: daltons; Th: Thomson. The 3D-structure of ANXA1 gene was from the Human Gene Database (Gene Card).
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assessment risk of IMD86 and λ-CYH on the basis of

neurotoxicity signs.87

Overall, these high cytotoxic concentrations make it unlikely

that any neurological alterations in environmental regulatory

human exposure.

4.3. Identification and Characterization of Adduct
Formation on CaMKII and ANXA1 Proteins by Using De
Novo Sequencing

For the study of proteins’ adduct formation, we advocated a
more pragmatic “fit-for-purpose” approach, which balances
methodological rigor with cost. Thus, we have adopted an
untargeted proteomic-based approach using a high-resolution
tandem mass spectrometry which has been the analytical
detection technique of choice for adduct measurement due to

Figure 7. MS/MS spectra of the peptide sequence containing the active site of CaMK2, [∼227AGAYDFPSPEWDTVTPEAK245∼]2+ obtained after
isolation and fragmentation of the tryptic peptide precursor ion of MW 2079.84 Da, [M+2H]2+ ion at the monoisotopic mass of 1040.97855 Th,
and average m/z = 1041.98 and 1041.48, respectively, for nontreated (A) and treated (B) spheroids. The MS/MS spectra are available on PDF
original format in the data repository. Monoisotopic mass refers to the sum of atomic masses using the most abundant naturally occurring isotope
for each atom. Da: daltons; Th: Thomson. The 3D-structure of CaMK2A gene (as an example from CaMK2 family) was from the Human Gene
Database (Gene Card).
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its high sensitivity and accuracy in providing both qualitative
and quantitative information, which have facilitated the
identification of thousands of modified proteins and xenobiotic
adduct formation in a single experiment.
Following this untargeted detection of adducts, the most

challenging is to identify the mechanistically important ones
due to the potential vastness in their structural diversity and
the lack of a common “handle” by which we can purify and
identify adducts. Indeed, compared with both metabolomics
and proteomics, there is neither commercial software nor a
specific database to evaluate adductomic data. The only
information available to formulate hypotheses on adduct
identities are a list of adducts detected, with their molecular
weights, estimated concentrations (by quantitative method),
and retention times.64,88 This procedure of manual identi-
fication or “de novo sequencing” is more time-consuming when
compared to automated approaches that apply recently
developed software packages, such as PepNovo+, PAEKS,
and especially UniNovo, which is reported to be the best in
facilitating the manual validation of Orbitrap MS data.89

The widespread use of these recent bioinformatic search
engines with powerful algorithms for protein search databases,
as well as the development of more robust workflows using
targeted or semitargeted scanning routines and the improve-
ment of enrichment strategies and chemical labels have
simplified and accelerated proteomics analysis. However, in
view of MS potential pitfalls, the manual interpretation is
rather straightforward and still needed data validation to avoid
false-positive data and obtain precise information on the

identity and the location of the modified amino acid within the
peptide, e.g., the identification of incorrectly assigned oxidation
to proline by de novo sequencing when using a probability-
based search engine, reviewed by Verrastro et al.90 Therefore,
we proceeded in our study with a manual identification of
protein adducts.
The accuracy of the calculated added mass relies on the type

of mass spectrometer and the database search engine
performance, which is our case study not only in adopting
the Q-Exactive hybrid quadrupole-Orbitrap tandem mass
spectrometry that provides more accurate data but also in
using MaxQuant software, as a famous platform for LC−MS/
MS shotgun proteomics that achieves peptide mass accuracies
with high sequencing coverage, thanks to its advanced
nonlinear recalibration algorithms.91

From an analytical standpoint, after elemental compositions
for unknown adducts are proposed, the validation of identities
can be assisted by other methods, such as database searching,
calculator software, and the comparison of measured and
predicted physicochemical properties. However, at some
stages, a synthetic reference compound would be needed to
confirm a particular adduct’s identity and to implicate the
corresponding electrophile.64

In our case study, to facilitate the hypothesis on possible
annotations, we have opted for some tools, namely, the
UNIMOD database that lists protein modifications (www.
unimod.org),92 the Molecular Formula finder, provided by
ChemCalc (http://www.chemcalc.org/mf_finder),93 and the
“Search for Species Data by Molecular Weight” given by the

Table 2. Protein Adductomics: The Suggested Adduct Formation on CaMKII and ANXA1 Proteins by Peptide Sequencing

proteins
observed m/z ions for
nontreated spheroids

observed m/z ions for
treated spheroids

added mass
shift (Da)

suggested elemental composition of added mass
shift by the NISTa database annotation

the active site of
82-ANXA1

1471.8 1599.895 +128.09 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-
pyrimidinon (C6H12N2O)

C-terminal of

1358.716 1486.811 85-Leu
1101.615 1229.71 86-Gln
1000.567 1128.662 88-Thr
260.1969 388.2918 89-Gly
147.1128 275.2078 96-Leu

97-Lys
361.2445 489.8395 +128.59 unknown C-terminalof

95-thr residue
605.8141 733.409 +127.59 unknown C-terminal of 9

2-Leu residue
605.8141 618.8821 +13.07 unknown C-terminal of

93-Asp
815.4509 846.4931 +31.04 methyl-amine (CH3NH2) C-terminal of

91-Pro
490.2871 564.8348 +74.55 unknown C-terminal of

94-Glu
1471.8 1762.959 +291.15 tripelennamine hydrochloride (C16H22ClN3) C-terminal of

84-Tyr
1471.8 1833.996 +362.19 unknown C-terminal of

83-Ala
306.1448 419.2289 +113.08 2-chloropyridine (C5H4ClN) N-terminal of

85-Leu
306.1448 547.2875 +241.14 1,3-dimethyl-5-nitroimidazolium perchlorate

(C5H8ClN3O6)
N-terminal of
86-Gln

the active site of
228-CaMK2

1046.515 1175.558 +129.04 difluoroaniline (C6H5F2N) C-terminal of
237-Glu

1272.611 1359.643 +87.03 propene-2-nitro (C3H5NO2) C-terminal of
235-Ser

1456.695 1603.764 +147.07 2-methoxyphenyl-acetonitrile (C9H9NO) C-terminal of
233-Phe

aNIST: National Institute of Standards and Technology.
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National Institute of Standards and Technologies (NIST)
(https://webbook.nist.gov/chemistry/mw-ser),94 which lists
species based on their input values.
Thus, using a likely composition, adduct structure, or the

corresponding precursor electrophiles has been suggested.
Concerning low-mass adducts, there are only a few possible
structures that facilitate the adduct identification process.
However, for molecular weights (MWs) of >70 Da, there are
many possibilities that make such annotations difficult.
Moreover, to validate the identities of mechanistically

important adducts since they can be formed by the
neurotoxicant in multiple nucleophilic residues on proteins,
we have searched the MEDLINE and ISI Web of Science
databases by using some key terms, namely, “adductomics”,
“adducts of calmodulin”, “adducts of Annexin”, and “adducts
detection in cell lines”, alone and in combination with other
keywords, such as “detection”, “intoxication”, “exposure”,
“adverse effects”, and “toxicity.” In addition, we have screened
for additional relevant studies including nonindexed reports in
applicable Internet resources.
As regards the predicted physicochemical properties, protein

adducts are usually covalent modifications formed via a
nucleophilic substitution in which reactive drugs are
metabolized in vivo to an electrophilic form by endogenous
(e.g., oxidative stress) or exogenous (e.g., diet) sources. These
reactive species which commonly have reactive functional
groups can attack nucleophilic atoms (especially O, N, and S)
at the side chains of amino acid residues, notably the sulfhydryl
group of cysteine and amine functionalities of histidine, lysine,
and N-terminal amino acids. Thus, adducts could be formed
either via nucleophilic substitution (the case of oxygen radicals
and epoxides) or via Michael addition (the case of α, β-
unsaturated carbonyl compounds) or as Schiff bases via
carbinolamine intermediates (the case of aldehydes). The
extent of adduct formation is included not only by the
nucleophilicity and pKa of the nucleophile atom to have free
electron pairs but also by the steric factors influencing the
access of reactive electrophilic sites to form covalent bonds.88

In summary, untargeted proteomic-based approaches remain
promising tools for protein adductomics. They tend to
complement the targeted methods rather than replacing
them. Indeed, approaches that combine both methods have
been proposed.90,95

4.4. Elucidation of the Neurotoxicity Mechanism Induced
by Pesticide Treatment

Several environmental pollutants can cause programmed cell
death or apoptosis in animals and humans.96,97 Brain tissue is
particularly vulnerable to oxidative damage due to its relatively
low antioxidant capacity, high consumption of oxygen, glucose,
and energy, large amounts of fatty acids, and high content of
easily oxidized substrates (preferred ROS targets).11

Xenobiotic toxicity is highly dependent on some defined
physicochemical characteristics which predict its potential
interaction with cell membranes and its ability to permeate
them. Based on the literature review, our selected molecules
exhibit low molecular weight and high liposolubility that can
easily be absorbed across all biological membranes, including
mitochondrial and hematoencephalic barriers.98 These char-
acteristics provide insights into their potential cytotoxicity to
target brain tissues.
Proteins, as one of the major targets for oxygen free radicals

and other reactive species, could be altered either via a direct

attack by free radicals (metal-catalyzed oxidation), or via
backbone oxidative cleavage, or via lipid peroxidation end-
products, such as isoketals, malondialdehyde, and 4-hydroxy-2-
trans-nonena, or via the reaction of reducing sugars or their
oxidation products.99 Although cells have developed antiox-
idant defense that protects them from free radicals,100 some of
them escape defense attacks and modify subcellular compo-
nents.101

Pesticides which cannot bind covalently to macromolecules
share as a possible mechanism of toxicity the ability to trigger
apoptosis through alterations in redox homeostasis generated
by oxidative stress following the net production of ROS,
especially in mitochondria, which can result in the onset of cell
dysfunction as an impairment of antioxidant enzyme function.
Furthermore, oxidative stress can be detrimental to several
interacting mechanisms including direct damage to crucial
molecular species, an increase in intracellular free Ca2+, and a
release of excitatory amino acids.11,102

By way of illustration, we report here the molecular targets
of the selected pesticide molecules.
Pyrethroids have the ability to bind and impair mammalian

voltage-gated channels, including sodium, calcium, and
potassium ions, which block their closure, leading to a
permanent depolarization of axonal membranes and paralysis
defining the insecticidal action.103,104 Pyrethroids can also
impair γ-aminobutyric acid (GABA) and glutamate receptors
as well as hormone receptors105,106 and affect drug transporters
which are key actors in the drug detoxification system such as
ATP-binding cassettes and solute carrier transporters which
include multidrug resistance-associated proteins (MRP)2,
breast cancer resistance proteins, organic anion transporter
polypeptides, multidrug and toxin extrusion transporters, and
organic cation transporters reported to be inhibited by allethrin
and tetramethrin.81

Pyrethroids were reported to affect DNA through peroxidase
action leading to the production of semiquinones and
quinones, which are capable of forming DNA adducts.107 In
addition, quinolones potentially affect the DNA topoisomerase
II, an enzyme that participates in DNA repair and
recombination, which may induce double-strand breaks
modifying the DNA topology.107 They were also reported to
induce nitric oxide (NO) that reacts with the superoxide
radical to form highly reactive peroxynitrite (ONOO−). The
latter provokes cellular damage by interacting with guanine,
leading to nitrative and oxidative DNA lesions, such as 8-NO2-
Gua and 8-oxo-deoxyguanosine (8-OHdG), respectively.107

Interestingly, λ-cyh was demonstrated to interact with enzymes
belonging to the purinergic system involved in the metabolism
of extracellular nucleotides and nucleosides.108

IMD, like other neonicotinoids, shares a structural similarity
and a common mode of action with the tobacco toxin nicotine.
Its toxicity was attributed to the alteration of neuro-
transmission in the nicotinic cholinergic nervous system in
that due to its hydrophobic character, it binds to the nicotinic
acetylcholine receptors at both neuronal and neuromuscular
junctions, resulting in prolonged stimulation, desensitization,
receptor blocking, and, thus, cell death.109

The identification of proteins affected by xenobiotic adduct
formation and the elucidation of the involved molecular
mechanism help to diagnose novel biomarkers and pave the
way for new therapeutic strategies to target neurotoxicity with
minimum side effects.
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Several toxicological research studies have focused on
diverse protein arrays. In our case study, to look for regulator
and effector proteins in cancer pathogenesis, ANXA1 and
CaMKII have been selected as key target proteins since both
are endowed with pivotal roles, implicated in calcium
homeostasis, and expressed in tumor progression and invasion.
Annexin-1 (ANXA1), a calcium-dependent phospholipid-

binding protein, is an old widely reported protein investigated
in a variety of different fields including cardiology, neurology,
endocrinology, and oncology. In fact, ANXA1 has long been
classified as an anti-inflammatory protein due to its control
over leukocyte-mediated immune responses. However, it is
now recognized to have multiple pathophysiological roles and
widespread effects beyond the immune system with
implications in maintaining the homeostatic balance within
the entire body due to its ability to affect cellular signaling,
hormonal secretion, fetal development, the aging process, and
disease development.110 However, its role to date is yet to be
fully unveiled.
Deregulated expression of ANXA1 has been involved in

tumorigenesis. They were associated with the development and
progression of a large number of cancers, namely, lung
cancer,111,112 colorectal cancer,113−115 hepatocellular carcino-
ma,116 melanomas,117 pancreatic cancers,118 and brain
cancers.119,120 High levels of ANXA1 promoted tumor invasion
and metastasis to be positively correlated with disease severity
and poor survival.60 Contrariwise, some cancers were
developed at downregulated ANXA1 expressions, such as
prostate cancer,121−123 esophageal carcinomas,123−126 lympho-
ma,127 larynx cancer,128 and nasopharyngeal carcinoma.129

ANXA1 is also endowed with a key role in the brain as it is
expressed in many neurovascular unit cells, including brain
endothelial cells, microglial cells, astrocytes, pericytes, and
neurons, where it provides neuroprotective and repair
functions.110 In our previously published study conducted on
IDH mutant high grade gliomas,119 we have identified the
annexin A protein family (ANXA1, ANXA2, ANXA4, ANXA5,
ANXA6, and ANXA7) altered by pesticide treatment and
expressed in tumor progression and metastasis as calcium-
regulatory proteins. Other recent studies have also involved the
role of ANXA1 in the development and progression of
malignant gliomas,60,120 especially GBM, by increasing the IL-8
expression through NF-κB (p65) activation, leading to the
immune escape in GBM.120

Hence, ANXA1 was assigned to act as an important
biomarker of diagnosis and prognosis for a variety of cancer
types. It was effectively selected as a FDA-approved therapeutic
target.60

CaMK2 also plays a vital role in promoting cancer
progression, including growth, proliferation, invasion, and
metastasis.130−132 In our recent publication dealing with IDH
mutant high-grade gliomas,119 we have emphasized the
potential role of CaMK2 that could be assigned as a prognostic
indicator of high-grade astrocytomas involved in tumor
invasion and metastasis. Indeed, He, Q and Li, Z (2021)
have reported the role of CaMK2γ as a potential candidate for
predicting GBM prognosis in which the altered transcript level
was more closely associated with the tumorigenesis and
recurrence of high-grade gliomas, compared to low-grade
astrocytomas.132 CaMK2 was also involved in regulating the
stemness of the GBM cells. The altered activity of CaMK2γ
abolished not only stem-like traits, such as cell growth and
neurosphere formation, but also the protein levels of GSC

stemness markers, such as CD133, Nanog, Sox2, and Oct4.132

Moreover, CaMK2γ was reported in the therapeutic resistance
found at overexpressions to enhance the chemoresistance of
liver cancer cells to 5-fluorouracil and that of ovarian cancer
cells to cisplatin.132

There are plenty of contradictory studies in the literature for
the role of CaMK2, found to be both pro-apoptotic133,134 and
anti-apoptotic.131 On the one hand, it was revealed that the
increased Ca2+ level resulting from reticulum endoplasmic
stress induced the expression of the FAS death receptor
through a pathway involving (CaMK2γ) and JNK (c-Jun N-
terminal kinase). It was also shown that CaMK2γ induced
mitochondrial-dependent apoptosis by releasing cytochrome c
and losing mitochondrial membrane potential. On the other
hand, CaMK2 is involved in cancer development, cell
migration, invasiveness, and metastasis development.131

Although the role of CaMK2 in cancer remains ambiguous,
as reported in different contradictory studies, there is most
evidence by informatics analysis for its critical role in cancer
development, metastasis, resistance, recurrence, and the
sustentation of GBM-cell stemness markers. Thus, CaMK2
may also be a novel promising approach for a therapy of IDH
mutant high-grade gliomas, e.g., calmodulin inhibitors were
reported to trigger the proteolytic processing of membrane
type 1 metalloproteinase to a bound-inactive form and to
enhance the tissue inhibitors of MMP expression levels,
resulting in a loss of migratory potential of U87MG cells.135

Overall, both selected proteins were proven to be affected by
stressors and to play critical roles in a variety of malignant
diseases. Consequently, they could be assigned for potential
therapeutic targets whose modulation presents new oppor-
tunities for diagnosis and treatment strategies,60,136 e.g.,
mediating the neurotoxicity effect through binding of specific
target nucleophiles in these key neuronal proteins.
Although protein adductomics is a challenging concept, it

remains a powerful bioanalytical tool for the verification of
xenobiotic exposure with high sensitivity and well-understood
toxicity mechanisms, facilitated by recent advances in
proteomic methodologies and MS high-throughput techniques.
Based on the literature review, previous studies have not yet

applied the use of proteomics-based approaches for screening
xenobiotic adducts that induce alteration in ANXA1 and
CaMKII proteins. Only a few reports on dysregulated CaMKII
activities induced by PTMs have been described. The CaMKII
activity upon stimulation by Ca2+/CaM is regulated by
phosphorylation on two highly conserved phosphosite sets in
the regulatory segment (Thr 286 and Thr 305/Thr 306).
CaMKII activation results in downstream phosphorylation and
several targets at the synapse.61 It was demonstrated that
CaMKII mutations at the highly conserved Thr residues in the
regulatory segment result in learning and memory impair-
ments.61 In addition to phosphorylation, other PTMs such as
methionine oxidation and serine glycosylation have been
reported at sites near the critical stimulatory phosphosite.
Covalent modification of 279-Ser by O-linked N-acetylglucos-
amine was reported under hyperglycemic conditions of
diabetes mellitus as key contributors of cardiopathological
conditions associated with diabetes.137

Thus, to the best of our knowledge, we report here for the
first time the mechanistic molecular interactions of two
pesticides to induce neurotoxicity effects in a 3D human
brain tumor neurospheroid model. On the basis of pesticide
chemical structures, we have summarized their most relevant
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mechanistic molecular interactions (Figure 8) to yield the
predicted adducts formed via nucleophilic substitution on the

C-terminal or N-terminal of amino acid residues in both active
82-ANXA1 and 228-CaMK2 sites, as described previously.

Figure 8. Summary of the most mechanistically important molecular interactions between pesticide molecules (λ-cyhalothrin and imidacloprid) to
yield the predicted protein adducts formed via a covalent bond that governs reactions between xenobiotic electrophiles and nucleophilic sites on
the C-terminal or N-terminal of amino acid residues in both 82-ANXA1 and 228-CaMK2 active sites.
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These modifications play a crucial role in the toxicity
mechanism since they impair protein active sites and/or
molecular structures and consequently impair their biological
roles, especially for those endowed with a pivotal function such
as our CaMK2 and ANXA1 case. The results of such
alterations can have toxicological impacts such as neurotoxicity
since a protein with adduct formation accumulates and reaches
a sufficient level for pathway failure, which ultimately causes
damage to submembrane organelles, metabolic pathways, or
cytological processes, leading to nerve injury and cell
apoptosis. Hence, the decreased level of CaMK2 could be
involved in the apoptegenic pathway signaling.
Overall, the neurotoxicity effect observed in our selected

pesticide molecules used in the mixture may be due to either
the added cytotoxicity effect of each molecule target or their
molecular interactions yielding protein adduct formation since
many neurotoxicants are electrophiles. Our study gives a bird’s
eye view that pyrethroids may additionally contribute in a
notable way to deleterious effects of pesticides used in mixture.

5. CONCLUSIONS
Protein damage or DNA modification by the reactive
intermediates of chemical carcinogens is a key early event in
the carcinogenic process as well as other chronic diseases.
Although many previous studies in the literature have

focused on the toxic effects of pesticides on human health risk
assessment processes, relatively little is known about the
potential interactions that may occur between pesticides in
mixture. For the majority, the corresponding molecular
mechanisms of neurotoxicity are poorly understood.
Toxicoproteomics, integrating proteomic knowledge into

toxicology, is gaining much research interest facilitated by
recent advances in MS instruments and bioinformatic tools,
which have allowed high-throughput analysis for the
simultaneous identification of thousands of modified peptides
with insights into alteration sites and characterization of
xenobiotic adducts, including their biological roles as well as
their application as putative biomarkers for toxicity diagnosis.
To the best of our knowledge, our study is the first

investigation that applied a 3D neurospheroid model with a
shotgun proteomic-based approach for assessing pesticide
mixture-induced neurotoxicity and elucidating the involved
molecular mechanism. Our findings gave the first evidence that
the neurotoxicity effect of IMD and λ-CYH used in a binary
mixture was related to their molecular interactions to yield
protein adducts by covalently binding small molecules. These
modifications play a crucial role in the toxicity mechanism
since they alter protein structures and therefore impair their
biological functions, especially for those endowed with a
pivotal role. Thus, neurotoxicity could be mediated through
the binding of specific target nucleophiles in key neuronal
proteins.
Although, the identification of protein adducts remains a

complicated and time-consuming procedure, combining
automated and manual interpretations/validations generally
leads to the best reliable information. The recent development
of specific databases, such as the Toxic Exposome Database
(T3DB) (http://www.t3db.ca)138 and the Exposome-Explorer
Database (http://exposome-explorer.iarc.fr)139 could also be a
relevant way for the evaluation of adductomic data. Moreover,
tremendous progress in the MS technology will facilitate
adductomics and address key bottlenecks in the identification

of protein modifications by decreasing detection limits and
improving mass accuracies.
Finally, despite some studies having yet to emerge, it is

anticipated that new insights into the importance of environ-
mental factors in the etiology of human diseases will ensue,
aiding us to monitor human exposures to hazardous health
effects to help take necessary preventive measures in order to
avoid the occurrences of such diseases.

6. APPENDICES

V r( m )
4
3

2 3= ×
(A)

CV in %
standard deviation of spheroid diameter

mean spheroid diameter
100= ×

(B)

V: volume, r: radius, CV: coefficient of variation
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■ ABBREVIATIONS
λ-CYH, lambda-cyhalothrin
3D, three-dimensional
ACN, acetonitrile
Ala, alanine
ANXA1, annexin-A1
Asp, aspartic acid
BFGF, basic human fibroblast growth factor
CaMK2, calcium calmodulin-dependent protein kinase-II
CV, coefficient of variation
DDA, data-dependent acquisition
DMEM, Dulbecco’s modified Eagle’s medium
DMSO, dimethylsulfoxide
DNA, deoxyribonucleic acid
DTT, DL-dithiothreitol
EDTA, ethylene diamine tetra-acetic acid
EGF, epidermal growth factor
ESI, electrospray ionization
FA, formic acid
FAS, fas cell surface death receptor
FDA, US Food and Drug Administration
FBS, fetal bovine serum
FDR, false discovery rate
FG, fold-change
FOXO3, forkhead box O3
GATA3, trans-acting T-cell-specific transcription factor
GFAP, glial fibrillary acidic protein
GBM, glioblastoma
Gln, glutamine
H&E, hematoxylin and eosin
HCD, higher energy collisional dissociation
IAA, iodoacetamide
IC50, the median inhibition concentration
IDH, isocitrate dehydrogenase
IHC, immunohistochemical
IMD, imidacloprid
JNK, c-Jun N-terminal kinase
Leu, leucine
Lys, lysine
MDB, medulloblastoma
MNG, meningioma
MS, mass spectrometry
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MTT, 3-[45-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide
MW, molecular weights
NEAA, nonessential amino acids
NO, nitric oxide
NOAEL, no observed effect level
NSE, neuron-specific enolase
PBS, phosphate buffered saline
Phe, phenylalanine
Pro, proline
PTMs, protein post-translational modification
ROS, reactive nitrogen species
SD, standard deviation
Ser, serine
SOX1, SRY-box transcription factor 1
Thr, threonine
Tyr, tyrosine
UHPLC, ultrahigh-performance liquid chromatography
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exposure of agricultural area residents to pesticides: pesticide
accumulation and evaluation of genotoxicity. Arch. Environ. Contam.
Toxicol. 2018, 75, 530−544.
(49) Abdel-Halim, K. Y.; Osman, S. R. Cytotoxicity and Oxidative
Stress Responses of Imidacloprid and Glyphosate in Human Prostate
Epithelial WPM-Y.1 Cell Line. J. Toxicol. 2020, 2020, 1−12.

(50) Lee, H. S.; Namkoong, K.; Kim, D. H.; Kim, K. J.; Cheong, Y.
H.; Kim, S. S.; Lee, W. B.; Kim, K. Y. Hydrogen peroxide-induced
alterations of tight junction proteins in bovine brain microvascular
endothelial cells. Microvasc. Res. 2004, 68 (3), 231−238.
(51) Hashimoto, K.; Oshima, T.; Tomita, T.; Kim, Y.; Matsumoto,
T.; Joh, T.; Miwa, H. Oxidative stress induces gastric epithelial
permeability through claudin-3. Biochem. Biophys. Res. Commun. 2008,
376 (1), 154−157.
(52) Subbarao Sreedhar, A.; Kalmár, É.; Csermely, P.; Shen, Y. F.
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