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Abstract: Chronic exposure to heavy metals such as Pb, As, and MeHg can be associated with an increased risk of
developing neurodegenerative diseases. Our in vitro bioassays results showed the potency of heavy metals in the
order of Pb<As<MeHg on hippocampal cells. The main objective of this study was combining in vitro label free
proteomics and systems biology approach for elucidating patterns of biological response, discovering underlying
mechanisms of Pb, As, and MeHg toxicity in hippocampal cells. The omics data was refined by using different
filters and normalization and multilevel analysis tools were employed to explore the data visualization. The
functional and pathway visualization was performed by using Gene ontology and Pathvisio tools. Using these all
integrated approaches, we identified significant proteins across treatments within the mitochondrial dysfunction,
oxidative stress, ubiquitin proteome dysfunction, and mRNA splicing related to neurodegenerative diseases. The
systems biology analysis revealed significant alterations in proteins implicated in Parkinson’s disease (PD) and
Alzheimer’s disease (AD). The current proteomics analysis of three metals support the insight into the proteins
involved in neurodegeneration and the altered proteins can be useful for metal-specific biomarkers of exposure and
its adverse effects.
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Abbreviation: AD= Alzheimer’s disecase, APP= Amyloid precursor protein, AR =Amyloid-beta, CAM=
Calmodulin, ETC= Electron transport chain, , GAD= glutamate decarboxylase, Glu= Glutamate, GO= Gene
ontology, LFQ= Label free quantification, LTP= Long term potentiation, MAPK= Mitogen-activated protein kinase,
MAO-A= Monoamine oxidase A, NMDA= N-methyl D-aspartate, OD= Optical density, ORA= over-representation
analysis, PD= Parkinson’s disease, PS= Phosphatidyl serine, PI= Propidium iodide, PKC= protein kinase-C, ROS=
Reactive oxygen species ,UPS= Ubiquitin proteasome System



1. Introduction

Many environmental pollutants have been associated with human diseases [1]. Among various pollutants, heavy
metals contribute to a great proportion of air, soil and water pollution and cause major health problems to human
beings [2-4]. An increased worldwide industrialisation [5] has led to higher levels of pollution by potent neurotoxins
such as lead (Pb), arsenic (As), and methyl mercury (MeHg) [6]. Both environmental and occupational exposures to
any of the three metals are of significant toxicological concern [7, 8]. Their multiple industrial, domestic,
agricultural, medical, and technological applications have led to their wide spreading in the environment [9, 10].
Heavy metal exposure can occur through contaminated air, food, water, and/or hazardous occupations [11-14]. The
toxicity of heavy metals depends on several factors including dosage, route of exposure and chemical species, as
well as on the age, gender, genetics, and nutritional status of exposed individuals [15-17]. Human exposure to three
heavy metals (Pb, As, and MeHg) can disrupt brain function [18, 19], and increase the risk of diseases such as
Alzheimer’s disease (AD) and Parkinson’s disease (PD) [20-22].

These three heavy metals (Pb, As, and MeHg) are well known potent toxicants, and humans are exposed to each
one of them via different routes [23, 24]. Firstly, the main routes of exposure for Pb are inhalation and ingestion [25,
26]. Inhalation exposure to Pb is a much more efficient route of absorption than ingestion [27, 28]. Pb metal is
relatively common in the environment, and its toxicity impacts the children health [29]. Pb exposure in the
workplace is responsible for a wide range of adverse effects, mainly on the brain [30]. Secondly, humans are
exposed to various forms of As mainly via oral consumption of contaminated water, food or drugs [31, 32]. As
metal can also enter the body via inhalation, which is particularly important for certain types of occupational
exposure [33-35]. Also As metal is rapidly absorbed, distributed and stored in different body organs such as liver,
kidney, and lung. Moreover, it can easily cross the blood brain barrier (BBB) and accumulate in the brain [36, 37].
Reported studies state that As metal has been directly linked to neurodegenerative diseases [38]. These findings
raised concern over As induced neurotoxicity in humans [39-41]. However, the underlying molecular mechanisms
not clear. Finally, MeHg contamination is possible through consumption of fish and other seafood [42, 43]. In
humans, MeHg accumulates in kidneys and neurological tissues [44]. It is well known that ingested MeHg can
interact with proteins due to its strong affinity to sulphur (-SH) containing functional groups, and cause organ
dysfunction in the central nervous system [45, 46].

In the past few years, many studies have been conducted to understand the mechanisms underlying Pb, As and
MeHg toxicity on the hippocampus region of the brain [47-49] Exposure to Pb and MeHg have significant effects on
the human brain [50, 51]. Many reported evidence linked As exposure with developmental neurotoxicity [52].
Recently, Karri et al. reported that Pb, As, and MeHg exposure induce damage to the hippocampus region of the
brain [53]. However, the risk level depends on exposure intensity and metal nature in the brain [39, 54]. Basha et al.
observed that developmental exposure to Pb exhibits latent effects [20], through the epigenetic interaction of Pb with
amyloid precursor protein (APP) gene causing neurodegeneration at an older age. As can disrupt the cognitive
function of the brain in children [52]. MeHg directly disrupts the mitochondrial function by generating an
uncontrolled release of Ca*? [55], resulting in the dysregulation of the mitochondrial electron transport chain (ETC)
[56] and causes the cell death. MeHg effect on mitochondria could be a potential cause of neurodegenerative
diseases [57].

Most of the reported studies focused on the effects of metals on the brain in a generalized manner [46, 52, 58]. In the
past few years, substantial improvements in toxicogenomics knowledge have led to an increase in the application of
proteomics and systems biology knowledge to answer these mechanistic biological questions [59, 60]. To assess the
biological effects of heavy metals, we are conducting studies engaging a systems toxicology approach that combines
evaluation of classical toxicological endpoints with extensive molecular measurements and pathway analysis
approaches [61-64]. The main goal of this project was taking advantage of high throughput proteomic technologies
and systems biology tools for assessing the neurotoxicity mechanism of Pb, As, and MeHg on the hippocampal
cells. We choose the mouse hippocampal HT-22 cell line due to the known sensitivity of chronic Pb, As, and MeHg



exposure and relevant to the disease [65]. Here, a label-free quantitative proteomics approach [66] was used to
detect the effects of Pb, As, and MeHg exposure at the protein level by using a non-cytotoxic dose (ICyg) of each
metal to avoid secondary cytotoxic responses. The differential protein expression patterns involved in the heavy
metal toxic response were quantified to deeply reveal the integrative molecular network of protein response to heavy
metal stress. The proteomics data were integrated with a systems biology approach [67], in which the analysis tools
Pathvisio, GO-elite, and Cytoscape were used to provide a more global view of the molecular ] changes elicited by
heavy metals in hippocampal cells [68, 69].

2. Materials and Methods

2.1. Chemicals

Lead chloride (PbCl, [CAS no: 7758-95-4]), Sodium metaarsenite (NaAsO, [CAS no: 7784-46-5]), Methyl mercury
chloride (MeHgCl, [CAS no: 115-09-3]), Dimethyl sulphoxide (DMSO [D5879]), 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl tetrazolium bromide (MTT [M5655]), trypsin (TrypLE [Gibco: 12604013]), and proteomics reagents:
Urea (GE HealthCare, Life Sciences, CAS Number: 57-13-6), Sodium Dodecyl Sulphate (SDS) (Merck, CAS
Number: 151-21-3), Ammonium Hydroxide (Fluka, CAS Number: 1066-33-7), Dithiothreitol (GE HealthCare, Life
Sciences, CAS Number: 3483-12-3), lodoacetamide (GE HealthCare, Life Sciences, CAS Number: 144-48-9),
Formic Acid (Merck, CAS Number: 64-18-6), Acetonitrile (HPLC grade) (Fisher Chemical, CAS Number: 75-05-
8), and Water (HPLC grade) (Fisher Chemical, CAS Number: 7732-18-5) are analytical grade and purchased from
Sigma-Aldrich Quimica, S.L-Madrid (Spain).

2.2. Cell line and Reagents

The HT-22 cells have been used as a hippocampal neuronal cell model in numerous studies [70]. The HT-22 cells
were a generous gift from Dr. David Schubert (The Salk Institute, La Jolla, CA). HT-22 cells were maintained in
Dulbecco’s modified eagle’s medium (DMEM [D6429]) containing 10% fetal bovine serum (FBS Gibco [10500-
064]), 100 U/mL penicillin, and 100 ug/mL streptomycin (Pan-Biotech- Germany) in a humidified incubator with
5% CO, in air at 37° C. For all the experiments cells were grown at 70-80% confluence. The cells were cultured in
75 cm? cell culture flasks. For experimental purpose, cells were plated at 0.56 x 10° cells/mL and grown for 24 hours
(hrs.) before the metal treatment. Duplicates wells of cells were treated with 10 exposure levels of Pb, As, and
MeHg ranging from 10 to 100 uM, 0.4 to 4.2 uM, and 0.6 to 12 uM, respectively; due to the 8 days exposure-
period, medium containing the given concentration was refreshed at 2 days interval in order to maintain the metal
exposure along time. Metal stock solutions 100X was prepared in deionized distilled water (for poorly soluble PbCl,
< 0.5% DMSO was added) and sterilized by filtration through 0.2 pum and different concentrations of a working
solution for each individual metal were prepared by prior dilution of the stock solution in phosphate buffered saline
(pH = 7.4) and then applying 10% working solution on DMEM culture medium.

2.3. Cytotoxicity

The MTT assay was carried out using a modification of the method of Mossman [71]. The HT-22 cells were seeded
in 96-well plates. After 24 hrs, when the cells had reached a confluence of 70-80%, they were exposed for 8 days to
various concentrations of Pb, As, and MeHg. After the incubation period, the medium was aspirated and MTT
working solution of 0.5 mg/mL was added to each well. The absorbance of the solubilized reduced MTT was then
measured in a microtiter plate spectrophotometer reader at a wavelength of 570 nm. The measured optical density
(OD) values were converted to percent of cell viability (%) with respect to control. The cell viability results were
used for calculating the sub-lethal dose (IC4,) of each metal for apoptosis and proteomics studies.

2.4. Analysis of apoptosis by annexin V-FITC/ Propidium iodide (PI)



To evaluate the translocation of phosphatidylserine (PS) from inner leaflets to outer leaflets of the plasma
membrane, annexin V-FITC apoptosis detection kit (BD Pharmingen, Poland) was utilized. In this kit, annexin V
and propidium iodide (PI) were used to distinguish the apoptotic and necrotic cells from the viable cells. According
to the manufacture’s protocol, the exponentially proliferating cells were exposed to the ICy, to IC3 of heavy metals
in culture plate at a density of 0.56 x 10%/mL during 8 days; control cells were made without chemical. Cells were
harvested by trypsinization, washed twice with ice cold PBS (pH = 7.4). Thereafter, cells were centrifuged at 1200
rpm for 5 min at 4°C, resuspended in 1mL 1X binding buffer and then 100 pL of the solution was transferred to a 5
mL culture tube, and 5 pL of both annexin-V and Pl was added to the samples. After staining, cells were incubated
for 15 minutes in the dark place at room temperature. Finally, cells were re-washed with 400 pL 1X binding buffer
and analyzed by flow cytometry (Beckman coulter, Germany). Three independent experiments were performed.

2.5. Protein extraction and digestion

For the proteomics study, the exponentially proliferating HT-22 cells were exposed to the selected sub-lethal dose
(ICy0) of each heavy metal at a density of 0.025 x 10%mL during 8 days; control cells were made without chemical
exposure. Pb, As, and MeHg treatment (and control culture) protein was extracted from HT-22 cells with 200 pL
lysis buffer (8M urea, 0.1% SDS, 50 mM ammonium bicarbonate [ABC]) and quantified using the Micro BCA™
Protein Assay Kit (Thermo Scientific). 30 pg of protein from each sample was digested in a filter assisted sample
preparation (FASP) approach. The volume corresponding to 30 ug of protein was adjusted to 270 uL with 8M
Urea/50 mM ABC. The reduction was done with 20 mM dithiothreitol (DTT) treatment for 1h 30 min at 32° C.
Samples were then alkylated using 30 mM of iodoacetamide (IAA) and incubated in the dark for 30 min at room
temperature. Afterwards, samples were loaded in 10 kDa filters (Amicon) and centrifuged for 30 min, 12,0009 at
room temperature followed by two washes with 300 pL 1M urea/50 mM ABC by centrifugation (30 min, 12,000g,
room temperature) in order to remove interferents and establish optimal pH (7.5-8.5) and urea concentration for
proteins to be denatured. The filter remaining material was resuspended in 400 pL 1 M urea/50 mM ABC. Digestion
was done in two steps: an initial digestion with 1:30 (w/w) porcine trypsin 0.25 pg/pL (Sequence grade modified
trypsin, Promega) for 3 hrs at 32°C followed by a digestion with 1:50 (w/w) trypsin 0.25 pg/uL for 16h at 32°C.
Peptides were eluted by centrifugation (12,0009 for 15 min at room temperature) and the filters were cleaned with
200 puL 50 mM ABC by centrifugation at 12,000g for 15 min at room temperature. Samples were prepared for
chromatographic analysis. Briefly, peptides resuspended in 100 pL of 1% formic acid (FA) were charged in the tip
columns (previously washed with 70% acetonitrile [ACN] in 0.1 % FA and equilibrated with 0.1% FA) by
centrifugation (300 x g for 1 min 30 sec). Columns were washed twice with 100 uL 0.1% FA by centrifugation
(300g for 1 min) and then peptides were eluted in 2 x 100 uL of 70% ACN / 0.1% FA by centrifugation (300g for 1
min). The peptides were dried in speed vacuum (Eppendorf) and stored at 20 °C until LC-MS analysis.

2.6. LC-MS/MS analysis

The peptide mixtures were resuspended (1% FA, 2% ACN) and the volume corresponding to 500 ng of protein was
analysed by an LTQ-Orbitrap velos mass spectrometer (Thermo Fisher Scientific). Peptide mixtures were injected
into the capillary column (75 umx 25 ¢m) in full loop mode and separated by a 5 um C18 column using a nano-
acquity liquid chromatography system (Waters). Peptides were eluted with a linear gradient of 1-35 % buffer B
(0.1% FA, 100% ACN) for 150 min, followed by 35-45 % buffer A for 20 min (0.1% A). The mass spectrometer
was operated in positive ion mode (source voltage 2000V) and data-dependent manner. The full MS scans were
performed in the Orbitrap at the range of 300-1,700 m/z at a resolution of 60,000. For MS/MS scans, the 15 most
abundant ions with multiple charge states were selected for collision induced dissociation (CID) fragmentation
following one MS full scan.

2.7. Label-free quantitative (LFQ) data analysis using Progenesis QI software

Proteomics quantitative data analysis was done by using Progenesis QI data analysis software v4 (Non-Linear
Dynamics, Waters, U.S.). lon feature matching was achieved by aligning consistent ion m/z and retention times.
Peptide abundances were calculated as the area under the MS peak for every matched ion feature. Progenesis label



free quantification (LFQ) was done using non-conflicting unique peptides and protein grouping, and the software
normalization algorithm was applied to all proteins. Mascot search results were filtered based on peptide ion score>
40 and contaminants were removed and abundances were normalized to all proteins. A total of 428,801 spectra were
obtained from the LFQ LC—MS/MS proteomic analysis of samples including a control and test samples. After data
filtering to eliminate low-scoring spectra 27,088 peptides were retained and used for protein identification. Total
3,140 proteins were quantified from 27,088 peptide ions. Only the proteins quantified with minimal 2 peptides were
included in the further statistical analysis.

2.8. Protein identification

Proteins identification was done using Mascot search engine (v. 2.3.01). All MS/MS spectra passing an arbitrary
cut-off in the Progenesis software were included in the list used to perform the search against SwissProt Mouse
database using the Mascot search program (Matrix Science, London, UK, www.matrixscience.com). The following
criteria were applied: (1). trypsin as an enzyme; (2). allowed two missed cleavages; (3). variable modifications,
acetyl (N-terminus, protein) and oxidation (M); Carbamidomethyl (C) fixed modification and (4). Peptide tolerance,
+10 ppm (MS); MS/MS tolerance, + 0.6 Da.

2.9. Statistical analysis

Label free quantitative data was submitted to T-test method (p < 0.05) using Microsoft excels in order to find out
significant differences among the treatments and control. Data were further curated applying the following filters:
minimum 1.2-fold change and p-value< 0.05. Meaboanalyst 3.0 (http://www.metaboanalyst.ca) programme was
used for presenting the unsupervised data in the principal component analysis (PCA), volcano plot, and hierarchical
clustering analysis.

2.10. Systems biology analysis

In our systems biology analysis three main steps were included for the quantitative functional interpretation of
proteomics data. The first step was aimed to identify the statistically significant proteins by using the T-test method.
The next step was to identify significantly altered functional Gene Ontology (GO) categories using GO analysis. The
altered GO terms and the differentially expressed proteins in these GO terms were visualized in a network to
identify the links between the terms. In the final step, the changes in protein expression were visualized in selected
pathways related to neurodegenerative diseases.

2.10.1. Functional interpretation of significantly altered genes using GO analysis

GO-Elite (http://www.genmapp.org/go_elite/), a flexible and powerful tool for GO functional analysis [72] was used
to find altered biological processes, molecular functions, and cellular components based on changes in proteins
expression. GO-Elite performs an over-representation analysis (ORA) on any structured ontology annotations, or
biological identifiers (e.g. gene, protein or metabolite) [73]. The program utilizes the structured nature of biological
ontologies to report a minimal set of non-overlapping terms called as pruned terms. Pruning is the process of
intelligently examining the hierarchical structure of ontology, such as GO, and comparing the ORA scores of
enriched terms based on their relationships to each other. Highly related terms highlighted by ORA are considered to
be redundant with each other. Hence, pruning is used to select the highest scoring term among a set of related terms,
while retaining any distinct related terms. GO-Elite ranks each analyzed pruned GO term according to a Z-score
along with a p-value [74]. Significantly altered categories were identified based on the p value <0.05, Z-score >
1.96, and a minimum of 3 proteins changed within each specific GO term. The results were visualized as networks
linking the GO terms and differentially expressed proteins in the GO terms using the network analysis tool
Cytoscape [75]. In addition, on the GO-protein network in Cytoscape, the log2 fold change (log2FC) between each
metal exposure group and control were visualized.

2.10.2. Pathway visualization
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Pathvisio [76] is a commonly used pathway editor, visualization, and analysis software for omics based
experiments. First, the required curated mus musculus pathway collection was obtained from Wikipathways
(http://www.wikipathways.org) [77]. Pathway analysis was performed in Pathvisio version 3.2.4
(http://www.pathvisio.org) to interpret and visualize the molecular changes on a pathway level. In the present study,
we visualized the changes in proteins after metal exposure in biological pathways relevant to neurodegeneration
processes in which a minimum of 3 proteins was changed. The log2FC and p-value were shown on pathways using
the visualization module in Path Visio. A flow chart of experimental label free proteomics and systems biology is
shown in the supplementary file 1 (Figure 1.1)

3. Results and Discussion

To characterize the proteomics changes of Pb, As, and MeHg individually on mouse hippocampal HT-22 cells
during 8 days of exposure, firstly we performed cell viability studies by using the MTT assay. The cell confluence
(80-85%) was stable until 8 days exposure; consequently, we considered the 8 days exposure as chronic for further
mechanistic studies. As expected, all three metals showed concentration and time-dependent cytotoxic effect.
Results and discussion for Pb, As and MeHg cytotoxicity experiments at chronic conditions were reported by Karri
et al [65]. Upon the Pb exposure (10-100uM)) cell death was significantly lower indicating that sensitivity of
hippocampal cells towards Pb is relatively low. Previous studies reported that As showed cytotoxicity even at a
micromolar concentration [78], and similar results were observed in HT-22 cells treated during 8 days. However,
MeHg (I1Cs, =0.6uM) showed high potency in hippocampal cells (HT-22) compared to Pb (ICso=74.3 uM) and As
(IC50=0.8 uM) The obtained MeHg results were consistent with previous studies in cerebellar granule cells [79].

The obtained 8 days exposure MTT results were useful for further mechanistic based assays such as apoptosis to
know the chronic risk of heavy metals on HT-22 cells. For that purpose, in a previous study, cells were treated with
a range of 1Cy4 to 1C3 concentrations (LM), and results were reported in Karri et al. [65]. This report confirmed that
Pb induced apoptosis process was low in HT-22 cells and agreement with reported studies in (Figure 1) [80]. The
other two metals, As and MeHg, showed significant effects even at low concentration of exposure [81, 82]. The
results of the present study show that non-cytotoxic (1C,) apoptosis mechanism also similar to cell viability in the
potency of metal. The selecting sub lethal (non-cytotoxic) concentration effects suggest that for the three metals, the
necrotic process was not initiated under mild stress conditions. The MTT and apoptosis results indicate that the
toxicity potency of metals on hippocampal cell follows: MeHg>As>Pb. Figure 2 shows the apoptosis effect of Pb,
As, and MeHg onHT-22 cells after 8 days of exposure.

The findings from the MTT and apoptosis assay are interesting for extending further to mechanistic experiments to
find the underlying molecular mechanisms. The high throughput label free omics analysis could be helpful for
understanding the complete overview of metal induced stress in hippocampal cells and also validate the potency of
metals in HT-22 cells by analysing the protein expression. Here, we selected the 1Cy/sub lethal concentration of Pb,
As, and MeHg (63.50 pM, 0.09 pM, and 0.42 uM) on HT-22 cells for omics studies.

3.1. Identification and quantification of proteins in HT-22 cells by using the label free proteomic analysis

In order to identify new molecular pathways related to heavy metal neurotoxicity, we have used a proteomics label-
free quantitative approach with sub lethal (ICyo) concentration in 8 days exposure. The quantitative analysis was
performed by Progenesis QI software as explained in the methods section 2.7. In total 3,140 proteins were quantified
from 27,088 peptide ions. From them, 2161 proteins were identified with a minimum of 2 peptides. Only the
proteins with at least two unique identified peptides were retained for further quantification analysis. The
unsupervised PCA was performed by using the normalized proteins (=2 unique peptide) that were present in all four
(n=4) replicates (Figure 2A). The first principal component (PC1: 55.1%) describes the largest variation in the
dataset in which the samples spread the most in the variable space. The second component (PC2: 13.2%) describes
the next largest variation and is orthogonal to the first component. The third component describes the last largest
variation (PC3: 6.3%). Figure 2A highlights clustering or pattern formations in a three-dimensional space which
provides a view of the similarities and dissimilarities among the samples. For each individual metal, we extracted


http://www.wikipathways.org/
http://www.pathvisio.org/

the proteins showing significant changes in abundance when compared to control cells (547, 1249 and 1156 proteins
for Pb, As, and MeHg, respectively). The resulting proteins of the three metal treatments were compared in a venn
diagram and shown in Figure 2B. We found that 373 proteins commonly altered due to metal exposure.
Interestingly, some proteins were exclusively altered due to the exposure to each metal: 70 for Pb, 244 for As and
193 for MeHg. The experimental groups (control, Pb, As and MeHg) were clustered based on the log standard
abundance of the unsupervised data with the ward’s hierarchical clustering algorithm. The clusters clearly separated
according to the expression level in each replicate as shown in Figure 2C, and the spot maps of MeHg are
distinguished the most from the other spot maps. Differences were also found between the controls, MeHg and As;
Pb and Control were very close in the cluster. We can notice the clear presence of a group of proteins that are
systematically upregulated (red) and down regulated (green) in treatment Vs control. Volcano plot presents the
protein expression response to Pb, As and MeHg, respectively (Figure 3). The replicates for the four study groups
were averaged and ratios for each metal treatment group to control were calculated. To ease visualization of
proteome alterations, ratios (or fold change; FC) were log(2) transformed and plotted against —log(10) transformed
ANOVA p-values (Figure 4, A-C) The presented pink dots (log(2)FC >0.26 or <0.26 and p-value< 0.05) were
considered as differentially expressed among each metal treated and control comparison. A total of 547, 1249 and
1156 proteins were found to respond to Pb, As, and MeHg exposure respectively. Among them, 347, 563, 632
proteins were significantly down regulated, while 200, 686, 524 proteins were significantly upregulated by Pb, As,
and MeHg respectively.
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Figure 1: Representative dot plots showing the apoptosis effect of Pb, As, and MeHg to HT-22 cells upon 8 days of
exposure at sub lethal experimental concentration (n=3). C= Control, Pb= 63.50 uM, As= 0.42 uM, MeHg= 0.09



MM. Lower left (LL)/ E3 = Live cells (Annexin V—/ PI-), Lower right (LR)/ E4 = Early apoptotic cells (Annexin V
+/ P1-), Upper right (UR)/ E2 = Late apoptotic (Annexin V+/ PI+), Upper left (UL)/ E1 = Necrotic cells (PI+).
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Figure 2: A. Diagram presenting the principle component analysis (PCA) score plot (PC1, PC2, and PC3) of the
unsupervised proteomic profiles of HT-22 cell B. Venn diagram showing the overlap between significantly changed
(p< 0.05) proteins in Ph, As, and MeHg metals. C. Heat map for hierarchical Euclidean clustering of normalized

protein expression of the experimental groups (control, Pb, As, and MeHg).



| o Figure 3: Volcano plot showing protein expression

C alteration after exposure to Pb (A), As (B), and MeHg (C)
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~ ' L:, : ‘ per protein t-test (p< 0.05). The scattered points represent
- i ‘ proteins.

3.2. Functional classification and enrichment analysis of protein data by using GO —Elite

The functional interpretation and the pathway analysis of protein expression are always challenging. The application
of GO mapping and pathway analysis with omics data to interpret the complex protein expression profiles in the
context of the molecular pathways [83]. This study demonstrated that GO analysis by using GO—Elite method for
the functional interpretation of proteomics data. Our GO results contain multiple files, in that over-representation
analysis (ORA) pruned list are most informative to understand the GO terms and proteins functional relation
(supplementary file 1), which includes all summary term statistics and associated gene symbols. The ability to
determine in which GO terms differentially expressed proteins are overrepresented provides an ideal model to gain
an understanding of what GO classes are altered after metal exposure. The pruned ORA list contains the GO terms;
i) are pruned to only include non-redundant information and ii) are significantly altered based on changes in protein
expression. The GO-Elite results represent a global picture of biological processes, cellular components, and
molecular functions that are significantly altered at the protein level after treatment of Pb, As and MeHog.
Relationships between all regulated proteins and pruned terms can also be easily visualized as networks in cytoscape
using the pruned sif file. We showed global networks (supplementary file 2) of the all pruned GO terms with protein
expression, which gives an overview of all the significantly expressed proteins and which can be helpful to
determine the heavy metal’s impact on HT-22 cells proteome. For instance, by observing the GO terms and protein
expression relation, we found that Pb metal impact was very low while As and MeHg showed a greater impact on
HT-22 cells. A major challenge in the GO interpretation of omics data is the functional interpretation and the linking
of potentially altered proteins to most relevant disease processes. However, from the overview of the network file, it
was difficult to relate the results to specific neurodegeneration processes.

Using the GO hierarchical classification system, we identified enriched processes within the collection of genes
identified as significantly altered by Pb, As, and MeHg exposure. Generally, ORA GO terms are crucial to evaluate
the significant GO processes with respect to metal exposure. We observed that the obtained GO processes were
different for each metal exposure; although few of them were linked to neurodegenerative diseases. Table 1 shows
the different GO processes for Pb. As and MeHg related to neurotoxicity in HT-22 cells. Regarding Pb, proteins
related to cysteine-type endopeptidase inhibitor activity involved in the regulation of caspase related apoptosis are
downregulated after Pb exposure, which indicates that the apoptosis process was initiated by Pb in HT-22 cells.



Some studies suggested the importance of the JAK/STAT pathway for the survival of neurons [84]. This pathway
has a pro-apoptotic nature in cerebellar granule neurons [85]. Thus, the Pb exposure in HT-22 cells initiated the cell
death through apoptosis. In relation to As metal (Table 1), oxidative stress and transition metal ion homeostasis GO
processes are critically acclaimed to metal toxicity. The regulation of oxidative stress is indicated by the
upregulation of antioxidant proteins, super oxide dismutase 1 (SOD1), reduced glutathione (GSH) and the neuronal
part GO term are indicated by the amyloid precursor protein (APP), and parkin7 (PARKY) protein expression that is
critical for the neurodegenerative diseases. Most enriched and relevant to neurotoxicity in MeHg are the GO terms:
pyruvate metabolic process, spliceosomal and transition metal ion homeostasis. In AD, the process of p-amyloid
(AP) misfolding and plaque aggregation is greatly influenced by alterations in the transition metal ion homeostasis
[86]. Transition metal ions can influence the APP metabolism [87]. We found in relation to the transition metal ion
homeostasis GO term, that APP protein expression is differently altered by MeHg (down regulated) than by As (up
regulated), which indicates that heavy metal exposure controls the APP expression but in opposite ways best
supporting the underlying mechanism of the AD by As.

Our data demonstrate that GO analysis constitutes a powerful unbiased approach to define the biological pathways
altered in mice HT-22 hippocampal cells in response to heavy metals exposure. The GO processes shown in Table 3
for the three metals (Pb, As, and MeHg) suggests that the involved proteins are sensitive indicators of metal induced
response in association with neurotoxicity. GO based omics data analysis can provide profoundly important and
novel information in toxicity mechanism. However, we are currently facing the difficult challenge of how
quantitatively to interpret the differentially expressed proteins. As presented in Table 3, the conventional GO
process terms do not provide any quantitative information about current data on metal-induced neurotoxicity. Thus,
we integrated the selected pruned GO processes in a Cytoscape framework to evaluate functional relations between
the proteins, as illustrated in Figures 5, 6, and 7 for Pb, As, and MeHg, respectively. This analysis can useful to
visualize how each protein with its significant change in expression connects to the neurotoxicity GO terms. In
particular, we were able to show the effects of the metal on the protein expression profiles in HT-22 cells as
presented by Pb, As, and MeHg networks. We quantitatively assessed the absolute magnitude of change in
expression levels associated with significant proteins within enriched GO terms at IC4,. It was observed that MeHg
caused the most prominent changes in protein abundance than other two metals. So that, here we will mainly focus
on the MeHg induced damage in HT-22 cells which is critical to evaluate the relationship between the protein
expression and AD and PD; the other two metals (Pb and As) are discussed in a comparative manner.



Figure 4: Interaction of differentially expressed proteins and selected GO classes after Pb exposure. The network is
based on the selection of the pruned GO terms and was visualized in Cytoscape. The network includes over-
represented GO terms and associated differentially expressed proteins. The changes in protein expression are
coloured as a gradient going from blue (=downregulated) to red (=upregulated) and GO terms are coloured in green.




Figure 5: Interaction of differentially expressed proteins and selected GO classes after As exposure. The network is
based on the selection of the pruned GO terms and was visualized in Cytoscape. The network includes over-
represented GO terms and associated differentially expressed proteins. The changes in protein expression are
coloured as a gradient going from blue (=downregulated) to red (=upregulated) and GO terms are coloured in green.

Figure 6: Interaction of differentially expressed proteins and selected GO classes after MeHg exposure. The
network is based on the selection of the pruned GO terms and was visualized in Cytoscape. The network includes
over-represented GO terms and associated differentially expressed proteins. The changes in protein expression are
coloured as a gradient going from blue (=downregulated) to red (=upregulated) and GO terms are coloured in green.

Table 1: Statistically significantly changed GO terms related to neurotoxicity in HT-22 cells for Pb, As and MeHg

Pb
Ontology-I1D Ontology Name Ontology Type Changed Measured Ontology Z Score
genes
G0:0043028 cysteine-type molecular 5 5 36 3.8
endopeptidase function
regulator activity
involved in
apoptotic process
G0:0046426 negative biological process 3 3 12 2.9

regulation of JAK-
STAT cascade




G0:0045738 negative biological process 3 4 8 2.2
regulation of DNA
repair
G0:0034719 SMN-Sm protein cellular 6 11 17 2.2
complex component
G0:0097458 neuron part cellular 46 141 927 2.0
component
As
Ontology-1D Ontology Name Ontology Changed Measured Ontology Z Score
Type
G0:0032088 negative biological 8 8 63 2.4
regulation of NF- process
kappaB
transcription
factor activity
G0:1902882 regulation of biological 7 7 27 2.2
response to process
oxidative stress
G0:0007265 Ras protein signal biological 19 24 99 2.1
transduction process
G0:0055076 transition metal biological 12 14 99 2.0
ion homeostasis process
G0:0097458 neuron part cellular 95 141 927 2.3
component
MeHg
Ontology-1D Ontology Name Ontology Changed Measured Ontology Z Score
Type
G0:0006090 pyruvate Biological 18 21 55 2.9
metabolic process process
G0:0050877 neurological biological 31 43 1863 2.4
system process process
G0:0055076 transition metal biological 12 14 99 2.4
ion homeostasis process
G0:0043028 cysteine-type molecular 5 5 36 2.0
endopeptidase function
regulator activity




involved in
apoptotic process
G0:0005687 U4 snRNP cellular 8 9 10 2.1
component
G0:0005683 U7 snRNP cellular 5 5 8 2.0
component
G0:0005689 U12-type Cellular 13 13 25 3.3
spliceosome component
complex

3.3. Pathway analysis: visualization of pathways relevant to heavy metal (Pb, As, and MeHg) induced
neurodegeneration in HT-22 cells

Pathway analysis was used to further explore the complex interactions in a biological system and to discover the
relations between differentially expressed proteins and their relevance to (AD, and PD. In general, toxicological
studies related to Pb, As and MeHg have proposed few common predominant mechanisms that relate to
neurotoxicity. The obtained results suggest that for AD and PD the pathways: mRNA regulation/splicing, ubiquitin
proteasome system (UPS), oxidative stress, electron transport chain (ETC) dysfunction, are the most affected by
MeHg and As exposure; however, the Pb metal impact was low. Notable proteins found in the ETC dysfunction,
oxidative stress, mRNA splicing process, and UPS degradation also relate to AD and PD. Table 2 shows the
pathways that significantly changed proteins relevant to neurodegeneration process in HT-22 cells.

Table 2: Six pathways showed significantly changed proteins relevant to neurodegeneration process in HT-22 cells.

Pb As MeHg
Pathway measured (n) positive (r) positive (r) positive (r)

Electron transport chain 31 12 17 21

MRNA processing 191 51 104 115
Proteasome degradation 40 9 18 7
Alzheimer’s disease pathway 17 3 9 20
Parkinson’s disease pathway 10 1 7 6
Oxidative stress 12 4 9 7

(*Measured (n) is the number of gene products in the pathways that are measured in the Pb, As and MeHg data sets;
positive (r) is the number of differentially expressed proteins in the presented pathway for each metal)

3.3.1. Effect of Pb, As and MeHg on mitochondrial electron transport chain (ETC) dysfunction
The mitochondrion is a critical regulator of neuronal cell death [88]; a failure of one or more of the mitochondrial
ETC enzymes generates reactive oxygen species (ROS), and leads to neuronal death [89]. It is a tempting to




speculate that the modification of ETC proteins leads to depletion of ATP production in HT-22 cells. We found
protein dysregulation in all complexes of the ETC, suggesting a broad toxicity of metals on ETC of HT-22 cells. As
shown in Figure 7, MeHg treatment (IC,p) induced significant alteration of proteins in complex 1-V. The pattern of
protein expression alerted by As in the ETC pathway was similar to that of MeHg. In the present study, cytochrome
c oxidase (COX)/complex-1V and F; Fy-ATPase activities seemed highly dysregulated by the MeHg and As
exposure. MeHg is known to directly disrupt the mitochondrial activity by generating the uncontrolled release of
Ca*? from the mitochondria and inhibiting phosphorylation, Yee et al. reported that MeHg inhibits the mitochondrial
ETC in a cultured brain cell line [90]. The findings of mitochondrial ETC damage due to MeHg and As metal
exposure is an agreement with previously reported results in AD patients from post mortem hippocampus [91]. The
reduced activity of F; Fo-ATPase (complex-V) could compromise the ATP production and induce the generation of
ROS leading to neuronal cell death [92]. The ETC dysfunction after metal exposure in HT-22 cells seems to
correlate with the previously reported findings of Valla et al. [93]. Reported studies for deficiency in the activity of
the mitochondrial ETC NADH dehydrogenase (complex 1) in PD [94], which is in an agreement with ETC
dysfunction in the HT-22 cells. Our findings confirm that the metals disrupt the ETC functionin HT-22 cell, and that
may relate to energy deficiency, a characteristic feature of both AD and PD [95]. The observed ETC changes raise
further questions [96]. Not only direct effects of ETC function, but also other proteins (hext section) involved in AD
and PD can also impact various mitochondrial functions [97]. There is no evidence that any of the Pb, As, and
MeHg metals directly produce only mitochondria based neurodegeneration processes [98], although other pathways
present the direct or indirect relation to ETC dysfunction.
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Figure 7: Changes in protein expression in electron transport chain (ETC) pathway in response to Pb, As and MeHg
in HT-22 cells. The pathway changes in protein expression are visualized as log2 fold change comparing treatment
with control expression. In addition, the significance level of these changes is indicated by p values. Red indicates a
higher level of expression in the treatment. The changes in protein expression are coloured as a gradient going from



blue (=downregulated) over white (unchanged) to red (=upregulated) and p values < 0.05 are coloured in green and
p values > 0.05 are in white. Grey indicates that the selection criteria were not met, but the protein is measured.

3.3.2. Effect of Pb, As, and MeHg on ROS mediated oxidative stress

The present results (Figure 8) indicate that generation of ROS can relate to ETC damage and monoamine oxidase A
(MAO-A) elevation in the HT-22 cells. The presented oxidative stress pathway gives an adaptive response in HT-22
cells to maintain redox homeostasis to fight against the heavy metal induced stress. We found that MAO-A protein
expression in HT-22 cells in the all three metals, MAO-A participates in the degradation of amines and thereby
controls neurotransmitter levels in the brain [99]. In the present study, MAO-A expression changed in a
contradictive manner among three metals; As (downregulation) while Pb and MeHg (upregulation), which indicates
that Pb and MeHg might be enhancing the monoamine metabolism in HT-22 cells. The obtained MAQO-A expression
in MeHg is in disagreement with reported MeHg effect in vitro embryo culture experiments [100]. As metal also
showed that MAO-A expression was opposite to reported studies, instead of upregulation the effect was
downregulated [101]. Pb altered mitogen-activated protein kinase (MAPK) functions leading to the production of
ROS causing neuronal cell death [102]. The relationship between AD and increased enzyme activity for MAO has
been known for a long time; MAO-A protein activity levels are elevated in the AD [103]. The MAO-A elevated AD
brain is subjected to increased oxidative stress resulting from ROS [104]. Thus, the MAO-A activity could be altered
by Pb, As and MeHg indirectly through the changes in -SH groups [105]. The results support that MAO-A may be a
useful biomarker for Pb, As and MeHg on the hippocampal cells. The MAPKSs plays an important role in the
cascades of cellular responses evoked by extracellular stimuli such as the heavy metal exposure [106]. Our results
demonstrated a significant alteration in MAPKs mediated oxidative stress response (Figure 8). The induction of
antioxidant and phase Il detoxifying enzymes acts as an important defensive mechanism against heavy metal
induced stress in HT-22 cells.

Pb, As and MeHg in HT-22 cell line induced significant effects in MAPKs mediated oxidative stress response such
as anti-oxidant proteins, hemeoxygenasel (HMOX1), NAD (P)-H dehydrogenasequinonel (NQOL1), glutathione
disulfide reductase (GSR), superoxidedismutasel (SOD1), superoxide dismutase2 (SOD2), catalase (CAT),
thioredoxin reductasel(TXNRD1), glutamate cysteine ligase catalytic (GCLC) subunit, and metallothionein-
1(MT1). All proteins are involved in the activation of antioxidant activity in HT-22 cells supporting the heavy
metals stress. The increase in the antioxidant proteins is a compensating mechanism for the decrease in the ATP
producing due to ETC dysfunction in HT-22 cells. In contrast to Pb metal; MeHg and As significantly alter some
forms of antioxidant and detoxification enzyme which indicates clearly the higher potency of As and MeHg. Also,
MeHg and As induce significant upregulation of GSR and SOD2; although CAT protein expression was observed
similarly in both Pb and As. The obtained results show that expression/fold change of antioxidant proteins depends
on the potency of each metal; MeHg considerably alters the normal pattern of antioxidant elements expression than
other two metals. Biochemically MeHg has high affinity to sulphur (-SH) containing molecules, mainly targeting
cysteine containing proteins [107].

Oxidative stress has been implicated in the wide variety of biological reactions such as cell death in the central
nervous system [108]. ROS induced oxidative stress has been demonstrated to activate members of the MAPKS via
phosphorylation [109] and it is also implicated in neurodegenerative disorders [110]. Thus, heavy metal induced
ROS can elicit oxidative stress that can be the main cause to trigger various neurodegenerative diseases [111, 112].
ROS is also well known to cause mitochondrial dysfunction and induces cell death in neurons [113]. Previous
studies indicated that MeHg disrupts cellular redox homeostasis and the mitochondrial ETC, via excessive
generation of ROS [114, 115]. The disruption of ETC function can also correlate with various proteins in oxidative
stress such as MT1, SOD, GSH, CAT, HMOX1, and NQO1. Oxidative stress has been shown not only to initiate the
onset of disease but also exacerbates specific diseases like AD and PD [116].
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Figure 8: Changes in protein expression in oxidative stress pathway in response to Pb, As and MeHg in HT-22
cells. In the pathway, changes in protein expression are visualized as log2 fold change comparing treatment with
control expression. In addition, the significance level of these changes is indicated by p values. Red indicates a
higher level of expression in the treatment. The changes in protein expression are coloured as a gradient going from
blue (=downregulated) over white (unchanged) to red (=upregulated) and p values < 0.05 are coloured in green and
p values > 0.05 are in white. Grey indicates that the selection criteria were not met, but the protein is measured.

3.3.3. Effect of Pb, As, and MeHg on UPS pathway

In addition to selective damage of ETC and oxidative stress in HT-22 cells, UPS may also contribute to
neurodegeneration processes [117]. The UPS is essential for the non-lysosomal degradation and clearance of short-
lived, misfolded, mutant, and damaged proteins in eukaryotic cells. Structural and functional deficits in the 26/20S
proteasome can lead to AD, and PD [118, 119]. The UPS is a highly conserved cellular pathway that plays an
important role in the selective degradation of cellular proteins that are essential for the regulation of a variety of vital
cellular functions [120]. Disruption of this system can have significant downstream effects on critical cellular
functions. In Figure 9, Pb, As and MeHg metal showed nonspecific proteasome alterations of proteasome subunits
of the 20S catalytic core and the 26S (PA700) regulatory complex. The pattern of expression in UPS is metal
specific with relevance for neurodegeneration. For instance, ubiquitin carboxyl-terminal esterase L3 (UCHL3)
expressions were upregulated in the As exposure, although the other two metals (Pb and MeHg) had no effect.
UCHLS is a deubiquitinating enzyme that is involved in the pathogenesis of both AD and PD [121]. Recently, an
increased amount of oxidatively modified UCHLS3 in the brains of the AD and PD patients, compared to normal
brains was reported [122]. Ubiquitin-like modifier activating enzyme 1 (UBAL) is a key regulator of protein
homeostasis and expression of UBAL is essential for cell survival. Our results suggest that Pb, As, and MeHg metal
upregulates the UBAL expression in HT-22 cells. Moreover, UBAL canbe sequestered into PD disease associated
protein aggregates [123]. Additionally, for MeHg, we observed downregulation of the NEDD4 (ubiquitin E3 ligase/
parkin), which indicates that MeHg has a significant impact on the number of protein targets in HT-22 cells. In
contrast, Pb and As metal upregulates the NEDD4 protein in UPS pathway. NEDD4 plays a crucial role in



ubiquitination; this enzyme enhances the cell survivability by decreasing the apoptosis process in HT-22 cells. We
found that the expression was downregulated during MeHg exposure, which indicates the UPS dysfunction. The
accumulation of parkin specific substrates, as a consequence of the loss of NEDD4 activity, might underlie the
damage of dopaminergic neurons [124]. Other proteins in the PD pathway (Figure 12) such as SEPT-5 and
ATAXIN-2 have interaction/connection with NEDD4 function and also play a key role in PD (both proteins are
upregulated in PD pathway). This upregulation process can decrease the NEDD4 activity of the proteasome after
MeHg exposure in the hippocampal cell line. We found the bunch of proteins dysregulation in the proteasome 26
subunit, in which the PSMC5 protein has a critical role in the degradation of unfolded proteins. The expression was
downregulated in HT-22 cells after MeHg exposure but upregulated with Pb and As.

Overall, the UPS pathway disruption shows that most of the protein expression was similar for all three metals
(except NEDD4 expression). The findings with the UPS pathway clearly show that the potency and molecular
mechanism related to PD is different for the three metals. For instance, comparisons of the protein expression level
between the three metals by omics data revealed the common targets in the UPS of the HT-22 cells but the way of
influence/interaction on the protein is different. Pb, As and MeHg treatment in HT-22 cells induced significant
alteration of UPS pathway proteins, including the significant alterations in the proteasome 26S regulatory and 20S
catalytic core unit and in the ubiquitin enzyme system (UBAL, NEDD4, and UCHL3), which are highly essential for
protein quality control during normal cell function. MeHg effect on E3 ligase enzyme was reported in human cell
lines [125, 126]. This report suggests that MeHg induces the cellular accumulation of certain proteins that cause
neurodegeneration. Mouse neuronal HT4 cells treated with toxic metals have been reported to induce accumulation
of ubiquitination with a decrease in cell viability [127]. This report also shows the critical role of the UPS in the
removal of proteins that are oxidatively modified and suggests that accumulation of ubiquitinated proteins in the
HT- 22 cells contributes to an overall toxicity. In Figure 9, the comparison of alterations in protein expression
between the metals Pb, As, and MeHg revealed both common and unique targets in the UPS. Although the
involvement of the UPS pathway might be different among various cell types, results from this omics data strongly
support that the disruption of the UPS function is involved in metal-induced neurotoxic effects and denotes the
potential protein targets in this pathway. Several studies have identified the critical role of the UPS in the metal
induced toxicity [128-132]. It is clear that alterations in UPS function are key factors in the final development of AD
and PD; more research is needed to elucidate the exact mechanisms and order of events concerning the role of the
UPS in neurodegenerative diseases.

3.3.4. Effect of Pb, As, and MeHg on mRNA splicing pathway

Alternative splicing is one of the most important mechanisms to generate a large number of mMRNA and protein
isoforms from the low number of human genes [133]. It is a widespread gene regulatory process by which exons of
primary transcripts (pre-mRNAS) are spliced into different arrangements to produce structurally distinct mMRNA
variants [134]. This mechanism of gene product plays a critical role in cell function [135]. It is estimated that more
than 75% of genes in the human genome are alternatively spliced in the central nervous system [136]. Dysregulation
of alternative splicing has been linked to the number of human diseases including neurodegenerative diseases [137].
The spliceosome is a complex of five small nuclear ribonucleoprotein particles (snRNP: U1, U2, U4, U5, and U6)
and numerous protein factors. In Figure 10showed snRNP bind to the pre-mRNA in a sequential manner, following
the binding of U4/U6, U5 tri-snRNP, the spliceosome undergoes extensive structural remodelling leading to the
release of U1, U2 subunits, and activation of the spliceosome [138-140]. In Figure 10, we addressed the impact of
Pb, As and MeHg on splicing and the relationship between neurological disease and the regulation of alternative
splicing. Alternative splicing is particularly applicable in the present results, because of the great number of protein
changes observed in the mRNA processing. In addition, we identified several components of the U1 small nuclear
ribonucleoprotein (U1 snRNP) alterations in HT-22 cells. Our findings demonstrated a unique damage of splicing in
HT-22 cells. The functional consequences of these observations can reflect the neurodegeneration processes [141].
We found that Ulsnrp70K (U1 small nuclear ribonucleoprotein 70 kDa) protein expression was upregulated in As
metal exposure; the other two metals have no significant effect. This protein has a critical role in the APP protein
metabolism [142]. The alterations of U1snRNP are in agreement with discovered U1 snRNP defect in the AD brain
[143]. We found U2 snRNP protein dysregulation with all three metal exposures. A reported study denoted that the



mutation in U2 snRNP genes causes defects in pre-mRNA splicing, leading to neurodegeneration [144]. Our results
showed a high number of altered proteins in the U2snRNP unit, and U2 snRNP plays an essential role in the
formation of the catalytically active spliceosome by base pairing with both the intron branch point and the U6
SnRNA [145]. The last functional tri-protein (U4, U5, and U6) system function was downregulated in HT-22 cells,
which indicates the mechanism of splicing is completely altered by heavy metal exposure. Additionally, we found
abnormal changes in the serine/arginine rich proteins (SR) Sfrs1, Sfrs2, Sfrs3, Sfr5, and Sfr6; SR proteins are one
family of splicing factors involved in the alternative splicing of tau protein. The changes in SR proteins probably
influence the regulation of the alternative splicing of the tau gene [146]. In that way, heavy metal induced protein
alterations in SR proteins may contribute to the AD by controlling the tau protein expression [147]. The present
findings enable mechanistic insight into how aberrant changes in alternative transcript expression occur in the AD
and highlight the susceptibility network of splice-regulatory proteins which can potentially link the number of
susceptibility pathways [148]. Taken together, these observations imply that alterations in sSnRNP accumulation and
consequently pre-mRNA splicing can contribute to the etiology of multiple neurodegenerative disorders [149].
Alternative splicing is tissue specific and especially important for brain tissue, thus the metal disrupted spliceosome
has a big impact in HT-22 cells.
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Figure 9: Changes in UPS in response to Pb, As, and MeHg in HT-22 cells. In the pathway, changes in protein
expression are visualized as log2 fold change comparing treatment with control expression. In addition, the
significance level of these changes is indicated by p values. Red indicates a higher level of expression in the
treatment. The changes in protein expression are coloured as a gradient going from blue (=downregulated) over
white (unchanged) to red (=upregulated) and p values < 0.05 are coloured in green and p values > 0.05 are in white.
Grey indicates that the selection criteria were not met, but the protein is measured.
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Figure 10: Changes in mRNA splicing in response to Pb, As and MeHg in HT-22 cells. In the pathway, changes in
protein expression are visualized as log2 fold change comparing treatment with control expression. In addition, the
significance level of these changes is indicated with p values. Red indicates a higher level of expression in the
treatment. The changes in protein expression are coloured as a gradient going from blue (=downregulated) over
white (unchanged) to red (=upregulated) and p values < 0.05 are coloured in green and p values > 0.05 are white.
Grey indicates that the selection criteria were not met, but the protein is measured.

3.4.5. Effect of Pb, As, and MeHg on Alzheimer Disease (AD) pathway

The AD is a complex, irreversible neurodegenerative disease characterized by the impairment of cognitive function.
In the present study, it is conceivable that the observed alterations in the AD specific proteome of HT-22 cells could
cause the alterations in the APP. Our findings in Pb and As comply with a previous study that showed an increased
hippocampal and cortical APP protein processing causing cognitive dysfunction [150]. Also, we observed
significant changes in CAPN1 and CAPN2 (calcium-dependent, and non-lysosomal cysteine proteases). It’s known
that calpains is implicated in neuronal cell death and long term potentiation (LTP) in the hippocampus [151]. In our
study, CAPN2 expression was upregulated by MeHg and As, which clearly suggests the AD relationship with heavy
metals exposure. Previously it was reported that CAPN2 can improve survival of hippocampal neurons [152]. The
other protein, low-density lipoprotein receptor-related proteinl (LRP1 protein) was upregulated with As and MeHg.
LRPI is implicated in the effective clearance of AP from the brain. It indicates that HT-22 cells compensate for the
AP clearance through the LRP1 protein [153]. NEDD8-activating enzyme E1 regulatory subunit (NAE1/APPBP1)
expression was found in As exposure, that binds to the APP protein carboxyl-terminal domain [154], results in
neuronal cell death [155]. The AD is also characterized by the activation of apoptotic pathways. However, the
hypothesis that apoptosis plays a role in AD neurodegeneration remains controversial. Caspase activation can occur
independent of cell death and may be neuroprotective [156, 157]. CASP8 expression was found altered after the As



exposure, which leads to the receptor mediated apoptotic pathway to activate CASP3 within neurons of the AD
brain [158]. We found that expression of CASP3 that indicates that HT-22 cell death may be initiated in an
apoptosis-dependent manner. Generally, Pb, As and MeHg predominantly induce CASP3 like protease activity in
brain cell culture [159-161] The activation of CASP3 is known to an enhanced generation of alternative presenilin
cleavage fragments in the AD, but exactly not clear [162]. Here, we found CASP3 expression in relation to tau
protein in the AD pathway (Figure 11) which is entirely different from the metal induced apoptosis assumption
[163] and thus, may contribute to cellular demise in a different manner [164].We also found that heavy metals
induced AD in relation to other pathways. For instance, APP dysregulation can be possibly due to mitochondrial
ETC, oxidative stress, transition metal ion homeostasis, and mRNA splicing. These AD related a protein has been
previously discussed in other pathways sections 3.3.1, 2, 3, and 4. For instance, the impairment of mitochondrial
function has been well known in AD patients [165]. ETC dysfunction (Figure 7) and reduced ATP have an immense
impact on brain metabolism [166]. PCR analysis revealed that the downregulation of mitochondrial proteins of
complex- 1 in AD brain, suggesting energy deficits in AD brains [167]. In addition, several in vitro studies of APP
and mitochondrial function have reported that APP expression affects the mitochondrial DNA and proteins, leading
to impairments of the ETC [168, 169]. With As and MeHg we found that the transition metal ion homeostasis GO
term represents a process necessary for the correct functioning of antioxidant systems in the cell [170]. Biometals
such as iron (Fe), zinc (Zn) and copper (Cu) play an important role in several neurodegenerative disorders [171]. As
and MeHg are such toxic metal which influences the essential metal transportation that relates to AP aggregation
[172], and also Fe, Pb and Mn and their mixture may raise the risk of PD [173]. The expression of APP in the brain
suggests these metals could have a direct or indirect role in neuronal metal homeostasis [174], for instance, Cu
deficiency downregulates APP transcription [175]. The association between APP and transition metals such as Fe
and Cu lead to the generation of hydrogen peroxide, exacerbating the oxidative damage [176]. Few studies have
investigated the link between alternative splicing dysregulation, and AD progression [177]. Evidence of abnormal
mitochondrial ETC gene expressions from our studies suggests that APP in AD pathway may affect mitochondrial
function, which generates ROS, ultimately leading to oxidative damage [178, 179]. However, the precise
mechanistic link between mitochondrial oxidative damage and abnormal APP processing by heavy metals has not
been elucidated. Further studies are needed to support the mechanistic link between abnormal mitochondrial gene
expression and oxidative damage in AD progression by heavy metal exposure.

3.4.6. Effect of Pb, As, and MeHg on Parkinson Desease (PD) pathway

PD is the second most prevalent progressive neurodegenerative disease [180]. In this study, several proteins are
showed differential expression relates to PD. The pathway analysis of metal exposure on HT-22 cells proved
particularly valuable for PD because we found significantly changed proteins belonging to the PD pathway. These
PD related proteins also appeared in other pathways, for instance, ETC dysfunction, oxidative stress, UPS pathway,
and mRNA splicing. A detailed study of the PD pathway (Figure 12) made it plausible that the observed alterations
at the protein level in HT-22 cells could be related to PD such as PARK7, CYCS (cytochrome ¢, somatic), and
CASP3 as key regulators of proteins for cell homeostasis. We found that the expression was upregulated by the three
metals treatment, which clearly shows that HT-22 cells are under stress. Also, other proteins such as UBE2L3
(Ubiquitin-conjugating enzyme E2 L3), SEPT-5 (septin), and ATAXIN-2 protein expression was altered in the PD
pathway. SEPT-5 protein interacts with NEED4 in PD. Indeed, we found that As and MeHg altered UBAL and
NEDD4 (Figure 9) expression, respectively, in the UPS pathway. This SEPT-5 upregulation in MeHg can decrease
the activity of NEDD4 resulting in lower ubiquitin proteasome degradation in the hippocampal cell line. In As
exposure, the interaction mechanism between NEDD4 and SEPT-5 proteins is entirely opposite to MeHg. NEDD4
has been intimately linked to mitochondrial quality control, which evidence suggests that PARK7, ATP13A2, and
FBXO7 may also be involved [181]. In our data, the expression of CYCS and CASP3 were upregulated by the three
metals. The loss of mitochondrial membrane potential and translocation of CYCS into the cytosol lead to cell death
[182]. In parallel, PARKY protein is upregulated, which will protect the cells from the apoptosis stress. PARK7 has
been thought as an endogenous redox sensor, which prevents the cell from stress-induced apoptosis [183]. Thus,



PARKTY is believed to be protective against oxidative stress in PD brains [184]. PARK7 expression in HT-22 cells
was suggested to be related to the oxidative stress and dopaminergic neurodegeneration [185].

The expression pattern of PARK7, CYCS and CASP3 supports that the three metals affect mitochondrial function
which is relevant to PD, with the potency in order of Pb<As<MeHg. The pattern of expression of interlinked
proteins in the PD and UPS pathways of the MeHg and As metal exposures is somehow different. As metal
significantly upregulates the UBA1 and NEDD4 and downregulates SEPT-5 in HT-22 cells. Thus, UBA1 might be
sequestered into disease associated protein aggregates, also shown for lewy bodies in As exposure models of PD
[186]. For MeHg, we observed downregulation of NEDD4 (Figure 10). NEED4 has a role of the E3 ubiquitin ligase,
participating in the proteasome degradation system [187], of which the loss of function allows the formation of these
toxic aggregates in neurons. Target proteins of MeHg treatment in HT-22 cells related to PD suggest a direct relation
to the UPS pathway. The downregulated NEDD4 proteins during MeHg exposure is critical for inducing the indirect
way of PD by affecting the UPS function. The results of our proteomics analysis using hippocampal HT-22 cells
strongly suggest that the disruption of UPS function is an important mechanism in metal induced neurotoxicity.
Moreover, additional evidence supports not only the important role of NEED4 as an E3 ligase in PD but also this
protein can lead to mitochondrial impairment in the brain [188]. Our findings comply with the previous report that
NEDDA4 protein expression can correlate to alternative splicing defects, which is one of the reasons for PD [189].

The heavy metal induced PD is likely to be multifactorial; ETC dysfunction, oxidative stress, and the impairment of
UPS dependent protein degradation have been identified as the main processes associated with PD [190]. Our
findings confirm that the metals disrupt the ETC pathway in HT-22 cell and influence the PARK7, and NEDD4
expression [191]. We found that NEED4 expression was downregulated in the MeHg exposure, which correlates
with previously reported alternative splicing defects and PD [188](Tan et al., 2005). We also found that the heavy
metal induces oxidative stress and mitochondrial dysfunction, which is directly or indirectly related to PD [192,
193]. Our results also support that As and MeHg treatments highly influence the ETC, oxidative stress and UPS
pathway which are relevant to the PD pathway [194]. Finally, PD is associated with a number of biochemical
abnormalities, in which the UPS and ETC plays a major role. Indeed, inhibition of proteasomal function has been
shown to cause oxidative stress and mitochondrial dysfunction [195-199].
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Figure 11: Changes in AD in response to Pb, As, and MeHg in HT-22 cells. In addition, the significance level of
these changes is indicated with p values. Red indicates a higher level of expression in the treatment. The changes in
protein expression are coloured as a gradient going from blue (=downregulated) over white (unchanged) to red
(=upregulated) and p values < 0.05 are coloured in green and p values > 0.05 are in white. Grey indicates that the
selection criteria were not met, but the protein is measured.



Tide: Pasinsons Discase Py

Sarumor's Sseasa eves

Avalshilty: CCBY 20
Last modified: 10162003
Orpamiser Vios mascules
(E! LewyBogy | Toxicly Miochondrial Dysfuncien
= T‘\ﬂw
=) ) i [ g [ wag2 )
| )
e (e e - (ED
| e
= = =
Doganing owcation . '.n:ymp.m;z, compatents C-
r—.';ﬂ @—X—D Ub Proseoseeme System Dysfenctizn <—x—@ =
Ouidative Stress > Targats for Us degradation -~ e
Y &
Apeptzus Patyway ) g
aph 12
Mkt ;
e ) (i
Coset R
s Apoptose Pathway 4
Cell Death
S W o () T

Dopaminergic Neurcn

Figure 13: Changes in Parkinson’s disease in response to Pb, As, and MeHg in HT-22 cells. In addition, the
significance level of these changes is indicated by p values. Red indicates a higher level of expression in the
treatment. The changes in protein expression are coloured as a gradient going from blue (=downregulated) over
white (unchanged) to red (=upregulated) and p values < 0.05 are coloured in green and p values > 0.05. Grey
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Figure 14: Proposed potential underlying neurotoxicity mechanisms of Pb, As, and MeHg. Metals exposure cause
proteomic alterations in hippocampal cells including the proteins related to energy metabolism, oxidative stress,
UPS, PD, AD (+ sign enhance the damage, - sign ATP depletion)

4. Conclusions and Future Directions

Chronic exposure to the toxic metals Pb, As, and MeHg has been associated with the neurological degeneration.
Nowadays, knowledge of neurodegenerative diseases has advanced rapidly, and the field holds great promise for
improving the understanding and the eventual treatment of disease. To date, this study is the first report of
comparative heavy metals neurotoxicity assessment by using the omics and systems biology tools. For the
proteomics analyses, we selected sub lethal toxic concentrations (ICyo) of each metal on HT-22 cells on 8 days
exposure as a chronic. Omics based analysis concentration of testing chemical has had a critical role for the success
of this study. If the chemical concentration is too high, the secondary effects could mask the primary response. Thus,
preliminary cytotoxicity, genotoxicity, and apoptosis observations were used to select the defined concentration. The
functional interpretation of protein expressions is always challenging. In this study, we employed both GO analysis
and Pathvisio approaches for systems biology analysis. Using these integrated tools, we identified significant protein
expression changes across treatments related to AD, PD pathways. Our results confirmed that GO and Pathvisio
analysis is a powerful approach to generate an unbiased view of the functional protein alterations by heavy metals.
The application of such quantitative interpretation of toxicogenomics data is likely to become increasingly useful for
evaluating the mechanistic similarity of novel chemicals.

The current study describes toxicity profile in the form of protein expression that is observed in response to toxic
metals exposure. These changes may provide further insight into mechanisms underlying the development of metal-
induced diseases. These proteins are also candidate biomarkers of metal exposure that could potentially be used
diagnostically in molecular and epidemiologic studies. The findings from our results have greatly expanded
understanding of the role of mitochondria in the pathogenesis of neurodegenerative diseases. Mitochondrial ETC
dysfunction, oxidative stress, UPS dysfunction and mRNA splicing changes occur early in all major
neurodegenerative diseases, and there is strong evidence that this dysfunction has a causal role in disease
pathogenesis. Greater improvement of these pathways will be required to understand fully the pathogenesis of



neurodegenerative disorders. Both Pathvisio and GO interpretation integrated systems biology supports that the
potency of heavy metals is as follow: Pb<As<MeHg. In summary, the comparison of protein expression among Pb,
As and MeHg revealed both common and unique protein targets that relate to neurodegenerative diseases. The
involvement of mRNA splicing and the UPS pathway are new findings. The results of our proteomics analysis
strongly suggest that the disruption of MRNA splicing, UPS, ETC and oxidative stress plays a crucial role in metal
induced neurodegenerative diseases. Obviously, the utility of toxicogenomics has promising advantages on
assistance and refinement of the risk assessment process, particularly the dose response analysis.

Future work will focus on using these data to explore basic neurodegeneration mechanisms of metals and the
toxicity of their mixtures to generate new hypotheses. Although relatively less toxic doses (IC1o) were used in the
current analysis, a wide dose range study including an environment relevant dose is needed to further examine the
association of metal exposure and its neurodegeneration. These heavy metal response patterns may shed new light
on the mechanisms of toxic metal induced neurodegeneration, and may also be useful for the development of
molecular biomarkers of exposure in mechanistic studies and risk assessment
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