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disorder and Alzheimer’s disease-associated mutations
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Epidemiological studies have proven that exposure to Arsenic (AS) leads to the development of many neurological disorders.
However, few studies have investigated its molecular mechanisms in the brain. Our previous work has revealed nitric oxide (NO)-
mediated apoptosis and SNO reprogramming in the cortex following arsenic treatment, yet the role of NO and S-nitrosylation (SNO)
in AS-mediated neurotoxicity has not been investigated. Therefore, we have conducted a multidisciplinary in-vivo study in mice
with two different doses of Sodium Arsenite (SA) (0.1 ppm and 1 ppm) in drinking water. We used the novel SNOTRAP-based mass
spectrometry method followed by the bioinformatics analysis, Western blot validation, and five different behavioral tests.
Bioinformatics analysis of SA-treated mice showed significant SNO-enrichment of processes involved in mitochondrial respiratory
function, endogenous antioxidant systems, transcriptional regulation, cytoskeleton maintenance, and regulation of apoptosis.
Western blotting showed increased levels of cleaved PARP-1 and cleaved caspase-3 in SA-treated mice consistent with SA-induced
apoptosis. Behavioral studies showed significant cognitive dysfunctions similar to those of Autism spectrum disorder (ASD) and
Alzheimer’s disease (AD). A comparative analysis of the SNO-proteome of SA-treated mice with two transgenic mouse strains,
models of ASD and AD, showed molecular convergence of SA environmental neurotoxicity and the genetic mutations causing ASD
and AD. This is the first study to show the effects of AS on SNO-signaling in the striatum and hippocampus and its effects on
behavioral characteristics. Finally, further investigation of the NO-dependent mechanisms of AS-mediated neurotoxicity may reveal
new drug targets for its prevention.
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INTRODUCTION
Arsenic (AS) is a metalloid that is widely distributed in the air,
water, and land [1]. New studies suggest the presence of AS in
baby food and rice. The level of arsenic present in rice is mainly
dependent on the country of origin and species of rice [2]. It
ranges from 0.11 mg/kg to 0.2 mg/kg while the maximum
accepted level of AS in rice-related products is 0.1 mg/kg
according to the European Union [3]. Different processing or
cooking methods of rice can reduce the AS contamination [2, 3]. It
has also been used in medicine to treat syphilis, yaws, and
amoebic dysentery [4], and recently to treat leukemia [5]. People
can be exposed to a substantial level of inorganic AS by drinking
contaminated water, manufacturing processes, eating rice-based
food products, and smoking tobacco [6, 7]. AS can cause severe
brain damage, and it is responsible for cognitive defects in
children [8] in different countries such as Bangladesh [9, 10],
Mexico [11, 12], and West Bengal, India [13].
The effects of AS on the nervous system have not received as

much attention as its association with cancer, genotoxicity, and
cellular disruption [14]. The toxic effects of AS on the nervous
system can be manifested in encephalopathy [15, 16], peripheral
neuropathy involving sensory and motor neurons [17, 18], sensory
effects including ascending weakness and paralysis (in severe
poisoning) [19], and other brain disorders. Oxidative stress and
overproduction of reactive oxygen species (ROS), such as

superoxide, hydroxyl radical, and hydrogen peroxide (H2O2), play
an essential role in AS-induced brain damage [20–22]. Exposure to
AS also suppresses the antioxidant defense system like glu-
tathione and cytochrome C systems, superoxide dismutase (SOD),
and catalase, thus exacerbating oxidative damage to DNA
(deoxyribonucleic acid), proteins, and lipids [23]. AS-induced ROS
production is largely driven by mitochondrial dysfunction [20].
Mitochondrial respiratory chain complexes I and III can contain
electrons derived from NADH and ubiquinone that may interact
directly with oxygen-generating ROS [24, 25]. Another primary
source of mitochondrial ROS can be the loss of cytochrome C by
mitochondria [26]. Oxidative damage to polyunsaturated fatty
acids by lipid peroxidation has been widely accepted as a general
mechanism for the toxic effects of AS [27]. AS-induced lipid
peroxidation and generation of ROS have been suggested to be
the leading cause of genotoxicity in laboratory animals [28, 29].
Along with oxidative stress, nitrosative stress represents another

important cause of brain damage. Nitric oxide (NO) and H2O2

reciprocally enhance the production of each other [30]. Super-
oxide can rapidly interact with NO, leading to peroxynitrite
production that breaks down DNA, lipid, and protein during
oxidative stress [31, 32]. Other NO-related cell damage processes
can be associated with proteins S-nitrosylation (SNO), tyrosine
nitration, and S-nitrosoglutathione (GSNO) formation [33–36]. SNO
represents the post-translational modification, in which a nitroso
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group is incorporated into a reactive cysteine thiol of the protein
and forms a nitroso-thiol group [37, 38]. Under physiological
conditions, SNO participates in protein localization, axonal
transport, maintenance of synaptic plasticity, and regulation of
various neuronal pathways [14, 23]. Recently, we have determined
the SNO-proteins and found that there are significant differences
in the brain between WT male and female mice [39], young and
aged mice [40], and between different brain regions such as the
striatum, cortex, and hippocampus [41]. These studies point to the
importance of S-nitrosylation in maintaining normal cellular
homeostasis and function. However, an increase in NO and SNO
signaling may cause severe damage to the brain. We and others
have shown its involvement in Autism Spectrum Disorder (ASD)
[42], Alzheimer’s Disease (AD) [43, 44], Parkinson’s disease (PD)
[45], and in other psychiatric and neurological disorders [46].
Importantly, we have recently reported that a low dose of AS in
drinking water leads to a reprogramming of SNO in the cortex of
mice. AS led to a Ca2+ release in cortical neurons and activation of
NO-mediated apoptosis in cultured primary neurons [47].
The role of SNO in AS-mediated neurotoxicity, however, has not

been thoroughly investigated. In this study, bioinformatics
analysis suggested the involvement of SNO in sodium arsenite
(SA)-induced damage to mitochondrial respiration and synaptic
vesicle transport in the hippocampus and striatum regions
accompanied by impairments of endogenous antioxidant systems,
transcriptional regulation, cytoskeleton maintenance, and regula-
tion of apoptosis. SA also caused behavioral deficits similar to
those observed in ASD and AD mouse models. Recently, we
compared between both ASD and AD mouse models and showed
shared molecular mechanisms [48]. Finally, a comparative analysis

of the SNO-proteome revealed similarities in the modulation of
biological processes observed in SA-treated mice and the two
different mutations that lead to ASD and AD pathologies. Figure 1A
describes the flowchart of our current study.

MATERIAL AND METHODS
Materials
SNOTRAP was purchased from Spirochem AG (Basel, Switzerland). All
primary and HRP conjugated secondary antibodies were purchased from
Cell Signaling Technology (Danvers, MA, USA). Other general chemicals
were purchased from Sigma Aldrich (St. Louis, MO, USA) and Bio-Rad
Laboratories (Haifa, Israel).

Animal housing and tissue dissection
The guidelines of the Institutional Animal Care Committee of The Hebrew
University (Jerusalem, Israel) were followed in this study. The study
protocols have been approved by the joint ethics committee (IACUC) of
The Hebrew University (AAALAC internationally accredited institution) and
Hadassah Medical Centre. Juvenile (6–8-week-old) male C57BL/6NTac
(Taconic Laboratories) mice were used in this study. The animals were kept
at room temperature (RT) of 23 °C in a 12-hour light/dark cycle and fed ad
libitum with standard mouse chow and water. SA was added to drinking
water ad libitum for one month at two different doses (0.1 ppm and 1
ppm). Mice of the control group drank SA-free water. After 1 month, mice
were sacrificed, and tissues were collected as described previously [42].
Briefly, the entire striatum and hippocampus were isolated and transferred
to liquid nitrogen for storage at −80 °C. The two regions were studied for
their well-established role in several neurological disorders [49–53]. Mice
were randomly selected for tissue dissection, and the samples were also
prepared in a similar way. The ASD and AD mouse models used in this
study are described elsewhere [42, 44]. The following five groups of mice

Fig. 1 Systems biology analysis of the SNO-proteome. A Schematic workflow for the SNOTRAP-based mass spectrometry analysis of control
and SA-treated mice groups followed by large-scale systems analysis, bioinformatics, biochemical, and behavioral studies. B Venn Diagram
representing the striatal SNO-proteins identified in control and SA-treated groups. C Venn Diagram representing the hippocampal SNO-
proteins identified in control and SA-treated groups. D BP analysis, conducted on the striatal SNO proteins that are exclusive to each of the
control and both SA-treated groups. E BP analysis, conducted on the hippocampal SNO proteins that are exclusive to each of the control and
both SA-treated groups. * Bars represent the –log10 of the Benjamini corrected false discovery rate (FDR).
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were employed in this study: 0.1 ppm, 1 ppm, Shank3, tau P301S, and
control wild-type (WT) C57BL/6NTac mice. For the behavioral and
biochemical tests, 5 mice of WT and SA-treated group were used. For
MS lysate preparation, for each group, 3 striatal and 3 hippocampal tissue
samples from 3 different mice were pooled into each of the six replicates
[44].

Brain tissue homogenization and samples preparation for
Mass Spectrometry and Western blot analysis
Tissues were homogenized in freshly prepared lysis buffer (250mM HEPES-
NaOH, pH 7.7, 0.1 mM neocuproine, 1 mM EDTA, 1% Triton x-100, 10 mM
iodoacetamide (IAM), 1% protease inhibitors cocktail) on ice using Teflon
pestle and a Jumbo Stirrer (Thermo Fisher Scientific, Waltham, MA, USA).
The homogenates were centrifuged (10,000×g for 10 mins at 4 °C). The
supernatant was collected, and protein concentration was estimated by
Bicinchoninic Acid (BCA) Protein Assay. Negative controls were generated
by treatment with 5 mM Tris(2-carboxyethyl) phosphine hydrochloride
(TCEP) for 30mins at 37 °C after sample mixing. Next, in the presence of
2.5% SDS, samples were alkylated with 10mM IAM in the dark at 37 °C.
After alkylation, samples were washed twice with 3 times volumes of 6 M
Urea (in 50mM HEPES, pH 7.7) and once with 50mM HEPES (pH 7.7) by
centrifugation (5000×g for 30 min at 4 °C) with 10 kDa molecular weight
cut-off (MWCO) spin filters pre-rinsed, once with water (Sartorius AG,
Göttingen, Germany). After centrifugation, SNOTRAP labeling stock
solutions (in 40% acetonitrile (ACN)) were added to all samples to reach
a final concentration of 1.5 mM (in 50mM HEPES buffer at pH 7.7) to
selectively convert SNO to stable disulfide-iminophosphorane. All samples
were incubated at RT for 2 hrs in SNOTRAP solution. After SNOTRAP
labeling, excess reagents were removed by three continuous bouts of
washings with 50mM HEPES (pH 7.7) buffer with 10 kDa MWCO spin filters.
Each sample was incubated after ultrafiltration with 200 μl pre-rinsed
Streptavidin agarose beads (Thermo Fisher Scientific, Waltham, MA, USA)
for 1 hr at RT with gentle shaking. The beads were washed with washing
buffer (50mM HEPES, 150 mM NaCl, 0.05 % SDS, pH 7.7) three times, then
with a washing buffer (50 mM HEPES, pH 7.7) three times. Proteins were
eluted (with 10mM TCEP in 50mM HEPES, pH 7.7) after washing, and then
alkylated with 10mM iodoacetamide (IAM). Protein samples were then
trypsinized (Promega, Madison, WI, USA) at 37 °C for 4 hrs and
subsequently desalted with C18 StageTips as previously described [54].
For Western blot experiments, the striatal tissue was homogenized and
sonicated in RIPA buffer (Sigma Aldrich, St Louise, MI, USA, Cat. No. R0278)
containing a protease and phosphatase inhibitor cocktail, sonicated,
centrifuged at 4 °C, and a supernatant was collected. Protein content was
measured in the supernatant using BCA protein assay (Sigma Aldrich, St
Louise, MO, USA).

Materials and reagents for Mass Spectrometry
The materials and reagents for Mass Spectrometry (MS) were procured
from the following companies: Biotin-PEG3-propionic acid (Chem Pep Inc,
Wellington, FL, USA), Vivapsin 10 kDa MWCO spin filters (Sartorius AG,
Göttingen, Germany), sequencing-grade modified trypsin (Promega,
Madison, WI, USA), and protease inhibitors cocktail, ACN, distilled water
(Sigma-Aldrich, St. Louis, USA). SNOTRAP-biotin synthesis and nuclear
magnetic resonance analysis were performed as previously described [55].
All samples were prepared at room temperature in the dark.

Mass Spectrometry analysis
Water with 0.1% FA was used as mobile phase A, and ACN with 0.1%
formic acid (FA) was used as mobile phase B. Protein digests were analysed
on an Agilent 6550 Nano-HPLC-Chip/MS system, coupled with a micro-
autosampler, a capillary, and nanoflow pump, as well as the Chip-Cube that
interfaces LC modules and the MS instrument. Peptides were loaded onto
the enrichment column from the autosampler at a constant flow of 2.5 μL/
min provided by the capillary pump. A 50-min gradient started at 3% B at
300 nL/min and increased to 35% B from 2 to 35min, to 60% B at 40min,
to 90% B at 45min, and then held for 2.5 min, followed by a 2.5 min post-
run at 3% B. Positive-ion MS spectra were acquired in the 1,700 Da
extended dynamic range mode (2 GHz) using the following setting:
electrospray ionization capillary voltage, 1,800 V; fragmentor, 360 V;
Octopole radio frequency peak, 750 V; drying gas, 13 L/min; drying
temperature, 225 °C. Data were acquired at a rate of 6 MS spectra
per second and 3 MS/MS spectra per second in the mass range of m/z
300–1,700 for MS and 50–1,700 for MS/MS, then stored in centroid mode.

The maximum number of precursors per cycle was 20, with a threshold of
5,000 ions in a precursor abundance-based scan speed in peptide isotope
model, with +2, +3, and above charge-state preference, and with active
exclusion after 1 spectrum and released after 0.15min. Fragmentation
energy was applied at a slope of 3.1 V/100 Da with a 1.0 offset for doubly
charged precursors, 3.6 V/100 Da with a −4.8 offset for triply and multiply
charged precursors. Mass accuracy was maintained by using an internal
reference ion m/z 1221.9906. Agilent MassHunter Workstation software
was used for data acquisition. MS data processing was conducted as
described in our previous study [42].

Western blots
For Western blot (WB) assays we used a set of equipment from Bio-Rad
Laboratories (Hercules, CA, USA). The protein content in the samples was
estimated and then subjected to polyacrylamide gel electrophoresis
followed by wet transfer onto a PVDF membrane. Non-specific sites were
blocked by either 5% dried skimmed milk or 5% BSA in tris-buffered saline
(135mM NaCl, 2.5 mM KCl, 50mM Tris, and 0.1% Tween 20, pH 7.4) for 2 h
at room temperature. PVDF membranes containing transferred proteins
were incubated with a primary antibody overnight at 4 °C in shaking
conditions. The following primary antibodies (all from Cell Signaling
Technology, Danvers, MA, USA) were used: anti-P-m-TOR (1:1000 dilution,
Cat number #5536), anti-m-TOR (1:1000 dilution, Cat number #2983), anti-
Beta Actin (1:1000 dilution, Cat number #3700), anti-cleaved PARP (1:2000,
Cat number #94885), anti-cleaved caspase 3 (1:1000, Cat number #9661),
anti-p62 (1:1000, #88588), anti LC3 (1:1000, Cell signaling technology Cat
number #3868) for overnight at 4 °C. After exposure to primary antibodies,
the membranes were washed with TBST buffer and incubated with anti-
mouse/rabbit-horseradish peroxidase-conjugated secondary antibody for
1 hr at RT. Specific binding of the protein of interest was detected using
ECL substrate (Bio-Rad Laboratories, Hercules, CA, USA). The bands were
visualized with the Bio-Rad Chemidoc imaging system (Hercules, CA, USA).

Behavioral tests analysis
Open field test. The motor activity of mice was tested in an open field
consisting of a white plastic arena (60 cm × 60 cm) with a floor divided into
10 cm × 10 cm squares. In the first session (habituation) the mouse was
introduced to the field for 5 min. On the next day, the mouse was placed in
the same field, and the number of squares that the mouse crossed during
a 5min session was counted [56].

Object recognition test. This test, as described in Amal et al. [56], utilizes
the tendency of mice to explore novel stimuli. The test consisted of two
parts: a familiarization session and a test session. In all, 24 hrs before these
sessions, the mice were allowed to explore the arena without objects for
5 min to habituate to their surroundings. During the first 5 min session, the
mice were left to explore two identical objects that could be found at
constant locations, 15 cm from the sidewalls, in the already familiar plastic
arena. 24 hrs later, the mice were introduced to the arena for a test session
in which one of the familiar objects was replaced with a novel object.
Exploration was defined as directing the nose to the object at a distance of
≤1 cm and/or touching the object with the nose. The time spent by the
mouse in exploring each object was recorded for 5 min. The arena and the
objects were cleaned with alcohol after each session.

Novel object exploration test. As described in Tyler and Allan [8], the test
began with a familiarization session for the mice to explore the apparatus
for 5 min. After the first session, a novel object was placed in the center
area. The time spent by the mouse in exploring the novel object was
recorded for 5 min. Afterward, the arena and the objects were cleaned with
alcohol after each session.

Elevated plus maze test. The elevated plus-maze consists of four arms
(30 × 5 cm), two open, and the other two closed. The platform was made of
white plexiglass. The apparatus was elevated 45 cm above the floor. The
test, described in Walf and Frye [57], was initiated by placing the mouse on
the central platform of the maze, facing one of the open arms, and letting
it move freely. Each session lasted 5min. The time spent in the close and
open arms was recorded.

Three-chambered social test. A three-chamber social test was performed
as described in Silverman et al. [58] with some modifications. The social
test apparatus consisted of a transparent acrylic box divided into three
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chambers. Two cylindrical wire cages were placed, one in chamber 1 and
the other in chamber 2. For the sociability test, the test animal was
introduced to the middle chamber and allowed to adjust for 5 min. Then,
an unfamiliar mouse was introduced into a wire cage in one of the side-
chambers, and the other side-chamber remained empty. The time spent by
the test mouse exploring the wire cage with an unfamiliar mouse inside
was recorded for 5 min.

Statistics and bioinformatics. For analysis of functional enrichment of
Cellular Compartments (CC), Biological Processes (BP), and Molecular
Functions (MF), we uploaded the lists of all S-nitrosylated proteins into
MetaCore (Thomson Reuter, MetaCore™ version 6.34 build 69200 software).
A search tool for the retrieval of interacting Genes/Proteins (STRING,
version 10.0) was used to analyse the protein-protein interaction of SNO-
proteins (http://string-db.org) [59]. High confidence interactions
(score > 0.7) from the neighborhood, gene fusion, co-occurrence, co-
expression, experiments, databases, and text-mining lists were used. The
quantification was based on the ion intensity of the peptides. We used
Benjamini-Hochberg correction [60] on the p-value to generate False
Discovery Rate (FDR), and processes/terms with FDR values below 0.05
were included. Cytoscape version 3.3.0 software was used for the
visualization of protein-protein interaction. GraphPad PRISM 8 software
was utilized to generate schematic figures, heatmaps, and perform the
statistical analysis. Mean and Standard Error of the mean (SEM) were
calculated for the Western blots and behavioral experiments. Unpaired
two-tailed t-tests were conducted with P-values < 0.05.

RESULTS
To test the effects of SA on the SNO-proteome in the striatum and
hippocampus in a dose-dependent manner, we profiled the SNO-
proteome in the two SA-treated groups of mice, 0.1 ppm, 1 ppm,
and in the non-treated control group using SNOTRAP-based mass
spectrometry technology. This was followed by bioinformatics
analysis. We also conducted a large-scale quantitative analysis of
the shared S-nitrosylated proteins between the control vs 0.1 ppm
group and the control vs 1 ppm group. Next, we investigated the
protein level of cleaved PARP-1 and cleaved caspase-3 to assess
apoptosis. Then, behavioral experiments were conducted to test
whether exposure to SA can induce cognitive alterations. Finally,
we carried out a comparative analysis of the SNO-proteome
between SA-treated mice and two mouse models of ASD and AD.

SA leads to an increase in the number of S-nitrosylated
proteins in the hippocampus and striatum
We identified 436 S-nitrosylated proteins in the striatum region of
the brain, in which 36 S-nitrosylated proteins are exclusive to the
control group; 139 proteins were exclusive to the 0.1 ppm group;
129 proteins were identified only in the 1 ppm group. Along with
this, we found 17 shared SNO proteins between 0.1 ppm and
1 ppm groups (Fig. 1B). A total of 317 S-nitrosylated proteins were
also found in the hippocampus region, in which 64 belonged
exclusively to the control group, 53 to the 0.1 ppm group, and 86
to the 1 ppm group. 10 S-nitrosylated proteins appeared to be
shared between 0.1 ppm and 1 ppm groups (Fig. 1C). For the
detailed lists of S-nitrosylated proteins in the striatum and
hippocampus of all groups, see Supplementary Tables 1 and 2,
respectively.

Bioinformatics analysis of the SNO-proteome in the striatum
Large-scale bioinformatics analysis was performed to better
understand the involvement of biological and functional pro-
cesses of SNO proteins in the striatum following SA treatment.
Gene ontology (GO) analysis, including BP, CC, and MF of both
treated groups, showed significant enrichment of many processes
that are mainly involved in neuronal, mitochondrial, and cellular
respiratory functions.
In the control group, BP analysis revealed the enrichment of a

receptor guanylyl cyclase signaling pathway (FDR= 0.0298), inner
mitochondrial membrane organization (FDR= 0.0150), ATP

biosynthetic process (FDR= 0.0145), cristae formation (FDR=
0.0093), and mitochondrial ATP synthesis-coupled proton trans-
port (FDR= 0.0093) (Fig. 1D). MF analysis of the control group
showed enrichment of interleukin-8 receptor binding (FDR-
0.0011), small molecule binding (FDR= 0.0018), ATP binding
(FDR= 0.0042), syntaxin-1 binding (FDR= 0.0114), and calcium-
induced calcium release activity (FDR= 0.0350) (Supplementary
Fig. S1A). CC analysis revealed that SNO proteins were functionally
enriched in different cellular locations, such as smooth endoplas-
mic reticulum (FDR-0.0088), intracellular organelle (FDR= 0.0088),
and cytoplasmic part (FDR= 0.0126) (Supplementary Fig. S1B).
More details about GO analysis of the control striatal group are
presented in Supplementary Table 3.
BP analysis of the 0.1 ppm group revealed the enrichment of

regulation of metal ion transport (FDR= 0.0001), nervous system
development (FDR= 0.0001), regulation of membrane potential
(FDR= 0.0001), regulation of cell communication (FDR= 1.7548E-
06), and modulation of chemical synaptic transmission (FDR=
8.84E-07) (Fig. 1D). MF analysis showed the enrichment of nitric
oxide synthase regulator activity (FDR= 0.0030), calcium channel
inhibitor activity (FDR= 0.0033), G protein-coupled glutamate
receptor binding (FDR= 0.0043), nitric-oxide synthase binding
(FDR= 0.0067), and chaperone binding (FDR= 0.0154) (Supple-
mentary Fig. S1A). CC analysis showed the presence of SNO
proteins in different cellular localizations such as intracellular
organelle part (FDR= 3.078E-07), cell projection (FDR= 3.613E-
07), and plasma membrane-bounded cell projection (FDR= 3.61E-
07) (Supplementary Fig S1B). See Supplementary Table 4 for more
details about GO analysis of 0.1 ppm, striatal group.
BP analysis of 1 ppm group showed enrichment of acetyl-CoA

biosynthetic process (FDR= 2.1866E-07), respiratory electron trans-
port chain (FDR= 9.80E-08), tricarboxylic acid cycle (FDR= 5.91E-
08), oxidation-reduction process (FDR= 3.11E-08), vesicle-mediated
transport (FDR= 2.36E-09), exocytosis (FDR= 1.28E-11), and aero-
bic respiration (FDR= 1.48E-12) (Fig. 1D). Key S-nitrosylated
proteins that are present in these biological processes are citrate
synthase, isocitrate dehydrogenase, and malate dehydrogenase.
We have discussed their importance in the Discussion section. MF
analysis reveals the enrichment of nucleoside-triphosphatase
activity (FDR= 6.45E-09), protein binding (FDR= 1.34E-07), perox-
iredoxin activity (FDR= 1.58E-05), cadherin binding (FDR= 1.58E-
05), and ATPase activity (FDR= 3.78E-05) (Supplementary Fig. S1A).
CC analysis showed the presence of SNO proteins in myelin sheath
(FDR= 8.34E-31), mitochondrial part (FDR= 6.91E-14), mitochon-
drion (FDR= 1.04E-12), and cytoplasmic part (FDR= 7.078E-10)
(Supplementary Fig. S1B). See Supplementary Table 5 for more
details about GO analysis of 1 ppm striatal group.

Bioinformatics analysis of the SNO-proteome in the
hippocampus
BP analysis of the hippocampus of the Control group also
demonstrated the enrichment of different processes involved in
various signalings such as import across the plasma membrane
(FDR= 3.7631E-05), neurotransmitter transport (3.6004E= 05),
neuron cell–cell adhesion (FDR= 4.4649E-06), vesicle localization
(FDR= 0.0038), and synapse organization (FDR= 0.0038) (see
Fig. 1E). CC analysis showed the localization of S-nitrosylated
proteins in neuron part (FDR= 6.38E-05), axon (FDR= 0.0007),
synapse part (FDR= 0.0007), and presynapse (FDR= 0.0034)
(Supplementary Fig. S1C). See Supplementary Table 6 for more
details about GO analysis of this group.
BP analysis of 0.1 ppm group showed the functional enrichment

of regulation of mismatch repair (FDR= 0.0008), histone H3-T6
phosphorylation (FDR= 0.0086), regulation of response to nutri-
ent levels (FDR= 0.0131), ERBB2 signaling pathway (FDR=
0.01482), regulation of DNA metabolic process (FDR= 0.0148),
regulation of synaptic vesicle cycle (FDR= 0.0152), and histone
modification (FDR= 0.0299) (Fig. 1E). Key S-nitrosylated proteins
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that are present in these biological processes are histone lysine
demethylase, N-terminal acetyltransferase 50, profilin, protein
tyrosine kinase 7 (PTK7), spectrin, myelin basic protein, beta fodrin,
actinin alpha 1, F-actin etc. We have discussed their importance in
the Discussion section. CC analysis showed enrichment of
S-nitrosylated proteins in retromer complex (FDR= 0.0052),
cytosol (FDR= 0.0052), the extrinsic component of endosome
membrane (FDR= 0.0293), and ubiquitin ligase complex (FDR=
0.0316) (Supplementary Fig. S1C). See Supplementary Table 7 for
more details about GO analysis of the 0.1 ppm group.
BP analysis of 1 ppm group reveals the functional enrichment of

response to cytokine (FDR= 7.15E-06), postsynapse organization
(FDR= 7.15E-06), nervous system development (FDR= 1.74E-06),
vesicle-mediated transport (FDR= 9.68E-07), phosphorylation
(FDR= 9.37E-07), cellular response to toxic substance (FDR=
1.85E-07), and cytoskeleton organization (FDR= 2.62E-12)
(Fig. 1E). CC analysis showed S-nitrosylated proteins in various
cellular locations such as cytoskeleton (FDR= 1.32E-07), extra-
cellular exosome (FDR= 1.48E-07), extracellular vesicle (FDR=
1.48E-07), and extracellular organelle (FDR= 1.48E-07) (Supple-
mentary Fig. S1C). See Supplementary Table 8 for more details
about GO analysis of the 1 ppm group.

Protein–protein interaction network analysis of the SNO-
proteome
Physical interaction analysis was conducted on the SNO proteins
of the 1 ppm SA-treated group of mice both in the striatum and
hippocampus. Following the exposure to 1 ppm of SA, the SNO
proteins formed a distinct network in the striatum (Supplementary
Fig. S2A) that showed the involvement of AS in several processes
related to mitochondrial energy generation, such as aerobic
respiration, oxidation-reduction process, acetyl-CoA biosynthetic
process, respiratory electron transport chain, and TCA. In the
hippocampus, the SNO proteins formed a network (Supplemen-
tary Fig. S2B) involved in the regulation of neuronal processes
such as post-synapse organization, nervous system development,
vesicle-mediated transport, and cellular defense systems (e.g.,
response to cytokine, toxic substances, and phosphorylation).
Network analysis of the 0.1 ppm groups did not reveal significant
clusters.

Pathway analysis of the SNO proteins in striatum and
hippocampus
We conducted pathway analysis to identify the affected patholo-
gical signaling pathways following 0.1 ppm and 1 ppm SA
exposure. In the striatum, pathway analysis revealed significant
enrichment of “Synaptic vesicle fusion and recycling in nerve
terminals” pathway in the 1 ppm treated group (FDR= 0.0003743)
but this pathway was not significantly SNO-enriched in the
0.1 ppm group (FDR= 0.1671), which emphasizes the dose-
dependent effect of SA (Supplementary Fig. S3 and Supplemen-
tary Table 9). In the hippocampus of the 0.1 ppm and 1 ppm SA-
treated groups, the pathway “mTORC2 downstream signaling” was
SNO-enriched with FDR of 0.0439 and 0.0005, respectively
(Supplementary Fig. S4 and Supplementary Table 10). See also
Supplementary Tables 9 and 10 for the lists of enriched pathways
in the SA-treated groups in the two brain regions.

Quantitative analysis of SNO-proteome in striatum and
hippocampus
We conducted a large-scale quantitative analysis to understand
and visualize the extent of changes that occur under the exposure
to SA in a dose-dependent manner. We hypothesized that
increasing the dose of SA leads to an increase in S-nitrosylation
intensity. To visualize these quantitative differences, we built a
Volcano plot and heat map of the SNO proteins in the striatum
and hippocampus of untreated (control) and treated mice (0.1
ppm and 1 ppm) (Fig. 2 and Supplementary Figs. S5 and S6).

In the striatum, a total of 111 proteins shared between the
control and the 1 ppm groups were tested. The analysis reveals a
total of 50 proteins significantly more abundant in the 1 ppm
group (Fold Change (FC) > 1.3 and p < 0.05; Fig. 2A). Heat maps
visualize the differences in the relative abundance of the
proteins shared between the control and 1 ppm groups
(Fig. 2B) and between the control and 0.1 ppm groups of mice
(Supplementary Fig. S5B). GO analysis of the upregulated
proteins in the 1 ppm group showed that they are involved in
the biological processes related to mitochondrial functioning.
Thus, the following biological processes were found to be
upregulated in this group: mitochondrial transport (FDR=
0.0070), TCA cycle (FDR= 0.0006), NADH metabolic processes
(FDR= 0.0003), pyruvate biosynthetic processes (FDR= 2.81E-
08), glycolytic processes (FDR= 1.91E-08), and ATP metabolic
processes (FDR= 7.08E-11) (Fig. 2C). Figure 2D presents the
clustering analysis of the upregulated proteins. 30 proteins
appeared to be shared between the control and the 0.1 ppm
group. Among them, 14 proteins were more abundant in 0.1
ppm of SA (Supplementary Fig. S5A). A small but significant
difference was observed in the hippocampus between the
shared proteins of the control and 1 ppm group (Supplementary
Fig. S6A). The relative abundance of proteins shared between
the control and 0.1 ppm group was slightly but significantly
higher in the latter mice (Supplementary Fig. S6B).

Western blot analysis of apoptotic and autophagic markers in
striatum
GO analysis showed significant SNO-enrichment of mitochon-
drial regulation processes. Meanwhile, it has been shown that
excessive NO and SNO could be responsible for neuronal cell
death [61]. We, therefore, conducted Western blot analysis of
the marker proteins of apoptosis (cleaved PARP-1 and cleaved
caspase 3; Fig. 3) and autophagy (p-62, LC3, and P-mTOR;
Supplementary Fig. S7) in the brain of control and the two SA-
treated groups of mice. Western blot analysis showed a higher
protein level of cleaved PARP-1 in 0.1 ppm and 1 ppm SA-
treated animals in the striatum region compared to the control
group (Fig. 3B). Cleaved caspase3 was also increased in SA-
treatment groups compared to control (see Fig. 3C). These
findings indicate activation of apoptosis in the striatum region
following exposure of mice to SA in drinking water. We
investigated the protein level of autophagy biomarkers (LC3,
p-62, and p-mTOR) in all groups, but no significant changes were
found (see Supplementary Fig. S7).

Effects of arsenic consumption on mouse behavior
To test whether the neurotoxic effects of low doses (0.1 and
1 ppm) of SA lead to cognitive behavioral dysfunctions, we
conducted a large set of behavioral tests in the SA-treated and
non-treated groups. Still, the link between AS, NO, and behavior
need to be investigated in future studies. First, motor activity
[56] was tested and no significant difference among the groups
was found (Fig. 4A). Next, we tested the memory, learning, and
tendency of the mice to explore novel stimuli. In the novel
object recognition test (NOR, Fig. 4B), the SA-treated mice
failed to differentiate between the novel and previously
encountered objects, while the control group spent signifi-
cantly longer time exploring the new object. To confirm this
behavioral pathology, we also conducted a novel object
exploration (NOE) test and found that mice of the 1 ppm
group spent significantly shorter time exploring a novel object
than the control mice (Fig. 4C). The three-chamber sociability
test was conducted to determine abnormal social interaction
[58]. We found no significant difference between the SA-treated
groups and control mice (Fig. 4D). An elevated plus maze test
used to investigate anxiety [57]. It also showed no difference
among the three groups (Fig. 4E).
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Comparative bioinformatics analysis between SA-treated mice
and ASD and AD mouse models
Previous studies showed similarities between environmentally and
genetically induced neurological disorders. In particular, resem-
blances between SA treatment and autism spectrum disorder
(ASD) and Alzheimer’s disease (AD) pathologies are manifested in
the behavioral dysfunctions. We conducted a comparative analysis
of the SNO-proteome of SA-treated mice, ASD, and AD mouse
models [42, 44]. First, the overlapped SNO proteins between the
SA-treated mice, Shank3 ASD mutant mice, and P301S AD mutant
mice were identified (Fig. 5). The BP analysis of the shared SNO-
proteins between SA-treated mice and the ASD mouse model
revealed enrichment of “nervous system development” (FDR=
1.1868E-14), “synaptic vesicle recycling” (FDR= 1.8814E-12), “neu-
ron differentiation” (FDR= 8.9563E-11), “response to stress” (FDR
= 2.1834E-10), and “Wnt signaling pathway” (FDR= 2.7245E-10)
(Fig. 5A). Full details of the GO analysis of SA-treated vs. ASD mice
can be found in Supplementary Table 11. BP analysis of the shared
proteins between SA-treated mice and AD mouse model showed
enrichment of the “engulfment of the apoptotic cell” (FDR=
4.254E-05), “central nervous system development” (FDR= 4.643E-
05), “cerebral cortex GABAergic interneuron differentiation” (FDR
= 5.021E-05), “regulation of neuron maturation” (FDR= 8.186E-
05), “cellular response to environmental stimulus” (FDR= 0.0002),
and “motor neuron axon guidance” (FDR= 0.0002) (Fig. 5B). Full
results of GO analysis of SA-treated vs. AD mice are presented in
Supplementary Table 12. Heat maps analysis of the shared cortical

proteins between arsenic and Shank3 mutant group and between
arsenic and P301S mutant group are shown in Supplementary Fig.
8. Supplementary Tables 13 and 14 show the ion intensity of the
shared proteins between As and the two models.

DISCUSSION
We have investigated the involvement of NO in SA-induced
neurotoxicity as well as the effects of SA on cognitive functions. A
novel SNOTRAP-based MS method with bioinformatics analysis
was employed to identify S-nitrosylated proteins in 0.1 ppm and
1 ppm SA-treated mice compared to the SA-free control group.
This study revealed reprogramming of the SNO-proteome profile
in both striatum and hippocampus following the SA treatment. GO
analysis of SNO-proteins in SA-treated groups showed upregula-
tion of S-nitrosylated proteins in both brain regions, which
resulted in changes in various biological and functional pathways.
This goes along with the previous Tannenbaum Lab study that
showed that SA significantly increases Ca2+ influx followed by
activation of nNOS which promotes protein SNO [47]. We further
looked for the molecular convergence of SA exposure, an
environmental factor of neurotoxicity, and the genetically
modified mouse models of ASD and AD.
The presence of SA in drinking water led to S-nitrosylation of

key proteins in the striatum region. Some of these proteins were
found to be associated with the pathology of AD, PD, and ASD.
Thus, microtubule-associated protein 1B (MAP-1B), which is

Fig. 2 Quantitative analysis of the SNO-proteins in Striatum of 1 ppm group. A Volcano Plot analysis was conducted on the striatal shared
SNO proteins between the control and 1 ppm group. The X-axis represents the fold change (log2(FC)) that was calculated as the difference in
the relative abundance of each protein in both tested groups, divided by the relative abundance of the protein in control [FC= (Relative
abundance(SA)− Relative abundance (control))/(relative abundance(WT))]. The Y-axis represents the −Log10 of the p-value. The black
horizontal line represents a significance level of P-value= 0.05. The two fragmented vertical lines represent the threshold of the FC= 1.3.
Proteins that are upregulated in the 1 ppm group appear on the right side of the plot with statistical significance of p-value < 0.05 and FC >
1.3. B Heat map analysis representing the differential relative abundance of the shared SNO-proteins in the control vs 1 ppm group. The
relative abundance scale was normalized by –log10. C BP analysis conducted on the upregulated SNO proteins in the 1 ppm group as
compared to the control group. D Clustering analysis of upregulated SNO proteins in the 1 ppm group as compared to the control group.
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responsible for cytoskeleton stabilization and axonal extension
[62], was S-nitrosylated following the exposure of mice to SA.
Meanwhile, SNO of this protein is found to be involved in the
progression of AD [63]. Tau and stargazin, key proteins of AD
pathology [64], were also S-nitrosylated in SA-treated mice. This
observation implies that SA may lead to NO-related molecular
alterations similar to those observed in AD and ASD pathologies
[64].
S-nitrosylation of the key mitochondrial proteins following SA

treatments may affect the mitochondrial energy generation
process, which is one of the most common phenomena in

neurological disorders [65]. Neuronal cells demand higher energy
for adequate functioning and synaptic activity compared to other
cell types. They are also more susceptible to mitochondrial
metabolism defects [57]. Recently our group reported that SNO
regulates mitochondrial function in Shank3 mouse model of ASD
[66]. In our current study, we found that among the proteins
S-nitrosylated following SA treatment, there are proteins involved
in the metabolic processes in mitochondria. These proteins were
citrate synthase, isocitrate dehydrogenase, and malate dehydro-
genase, which are critical for TCA (Krebs) cycle [67, 68]. Nakamura
and Lipton have found that NO may compromise brain energy

Fig. 4 Behavioral tests to examine cognitive deficits. A Motor activity shows no significant differences between the groups. B In the novel
object recognition test, the SA-treated mice failed to differentiate between the novel and previously encountered objects while the control
group spent significantly more time exploring the new object. C In the novel object exploration test, the 1 ppm group spent significantly less
time exploring a novel object than control mice. D In a three-chamber sociability test, there is no significant difference between the SA-
treated groups and control mice. E An elevated plus-maze test showed no difference among the three groups.

Fig. 3 Western blot validation of the apoptotic biomarkers. A Representative Western blot of striatal homogenate from control, 0.1 ppm
group and 1 ppm groups show a significant difference in the protein level of cleaved PARP 1 (molecular weight-89) and cleaved caspase 3
(molecular weight-17) in the striatum of 0.1 ppm and 1 ppm group as compared with the control group. The quantitative analysis is shown in
B for cleaved PARP 1 and in C for cleaved caspase 3 in all groups. The data are presented as mean values ±SEM (n= 5). Two-tailed t-tests was
conducted.
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metabolism via aberrant SNO of key enzymes in the TCA cycle,
including the three above-mentioned enzymes [68] that we found
to be S-nitrosylated by SA. SNO of these proteins usually results in
inhibition of their activity [69]. Therefore, we suggest that SA
treatment impairs the mitochondria respiratory pathways leading
to neuropathological consequences [70]. Defective mitochondria
produce high levels of reactive nitrogen and oxygen species (RNS
and ROS). Our data also revealed that SA leads to the formation of
SNO of proteins involved in the cellular defense system against
ROS and RNS. We found that SA caused SNO of hexokinase (a
redox-sensitive glycolytic enzyme), mitochondrial creatine kinase
(responsible for energy homeostasis), mitochondrial superoxide
dismutase 2, peroxiredoxin, glutathione S-transferases (antiox-
idant enzymes), DJ1 (sensor of oxidative stress), polyubiquitin, and
heat shock protein 70 (chaperon proteins). Consequently,
S-nitrosylation induced by SA might be responsible for increased
oxidative stress in neurons, which further leads to cell death as
reported in AD and PD [71–74]. To confirm the effects of SA
exposure on mitochondrial respiration, metabolism, and oxidative/
nitrosative stress, additional experiments need to be carried out in
the future.
BP analysis of the SNO-proteins in the hippocampus region

showed the enrichment of biological processes involving cytos-
keleton remodeling, which is known to be involved in a variety of
neurological disorders such as PD, AD, and Huntington’s disease
[75, 76].
Dysfunction of cytoskeleton remodeling is a key pathological

feature in many neurological disorders [77]. Several cytoskeleton
remodeling proteins appeared to be S-nitrosylated following SA
treatment. One of them was profilin, an actin-binding protein,
which is involved in synaptogenesis and regulates adult spine
plasticity [78]. Profilin becomes inhibited under S-nitrosylation [77].
Meanwhile, reduced activity of this protein has been reported in
patients with Fragile X syndrome representing the most common
cause of ASD [78]. Inhibition of profilin may be responsible for
aberrant regulation of adult spine plasticity. PTK7, which was also
S-nitrosylated, is a receptor that regulates the polarity, movement,
and migration of cells [79]. SNO-PTK7 reduces its catalytic activity
[80] and may lead to different developmental disorders [79]. Many
other cytoskeleton proteins, such as spectrin, myelin basic protein,
beta fodrin, actinin alpha 1, F-actin, microtubule-actin cross-linking
factor 1 (MACF1), plakoglobin, and others were also S-nitrosylated.

We suggest that aberrant SNO of cytoskeleton proteins induced by
SA may be responsible for the development of neurological
disorders [77].
Our BP analysis of SNO-proteins in striatum shows the

involvement of apoptotic-related processes in the SA-induced
neurotoxicity. Therefore, we performed Western blot analysis to
measure the protein levels of the biomarkers of apoptosis and
DNA damage such cleaved poly (ADP-ribose) polymerase-1 (PARP-
1) and cleaved caspase-3. PARP-1 is a nuclear protein, which plays
a major role in repairing DNA damage, transcription, regulation of
astrocyte and microglial function, long-term memory, and aging
[81–83]. Caspases (cysteine-dependent aspartate specific pro-
teases) are responsible for the initiation and execution of
apoptosis within a cell. Cleavage of PARP-1 by caspase 3 is a
hallmark of apoptosis [84–86], which has been implicated in
several neurological diseases (e.g. cerebral ischemia [87], AD [88],
multiple sclerosis [89], PD [90], traumatic brain injury [91], and ASD
[92, 93]). AS resulted in a dose-depended increase in the levels of
cleaved PARP-1 and also increased the levels of cleaved caspase-3
(Fig. 3) indicating activation of apoptosis. We suggest that the SNO
of key apoptotic proteins during exposure to AS may converge
into cell death. This hypothesis is supported by our previous study
that shows that exposure of primary neuronal culture to AS
brought about NO-mediated apoptosis manifested in the
enhanced TUNEL reaction [47]. This is consistent with the data
of others as well [61].
SA-induced S-nitrosylation of several other key proteins that are

reported to be involved in the AD pathogenesis, such as protein
kinase c (PKC) [71–74, 94], cullin-5 [95], and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) [96, 97]. The S-nitrosylated
GAPDH also participates in apoptotic cell death [98].
We performed a large-scale behavioral tests in mice to test

whether SA-related aberrant SNO signaling leads to behavioral
deficits. SA treatment resulted in some behavioral deficits similar
to that of AD [99, 100] and ASD [101, 102]. We found that the SA-
treated mice were not able to differentiate between familiar and
new objects, which shows a defect in novelty-seeking, learning,
and memory. These mice were also less interested in the novel
object compared to the control group in the NOE test. These
behavioral abnormalities are common to many neurological
disorders including AD [99, 100] and ASD [101, 102]. We suggest
that the NO and SNO-dependent abnormal alterations of the key

Fig. 5 Comparative analysis between SA-treated mice and ASD/AD mouse models. BP analysis was conducted on the shared cortical SNO
proteins between A) SA-treated group and the Shank3 mutant group; B) SA-treated group and P301S mutant group. * Bars represent the
–log10 of the Benjamini corrected false discovery rate (FDR).
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biochemical and biological processes in the brain (discussed
above) led to the behavioral deficits of SA-treated mice. To
confirm this hypothesis, NO manipulations followed by behavioral
examinations need to be carried out in the future.
To examine the NO-related mechanisms shared between SA and

both ASD and AD mouse models and test the molecular
convergence between the environmental factor, AS in drinking
water, and the genetic mutations causing AD and ASD pathology,
we have conducted a comparative bioinformatics analysis of the
SNO-proteome. In particular, we identified biological processes
enriched by S-nitrosylation that are common to SA-treated and the
Shank3 mutant mice. We found processes such as “neurogenesis”,
“Wnt signaling pathway” [103] and “nervous system development”,
which are known to be involved in neurodevelopmental and
behavioral abnormalities [104, 105]. BP analysis also revealed that
SNO enrichment of “motor neuron axon guidance,” “engulfment of
the apoptotic cell,” and “response to environmental stimulus,” were
common to both SA-treated mice and the P301S transgenic mouse
model of AD. This is consistent with the previous works [106–108]
that point to the involvement of these processes in neurodegen-
eration and cell death. Collectively, the results of this study imply
that both the environmental (AS) and genetic factors (Shank3 and
P301S mutations) may lead to aberrant SNO signaling affecting
common biological processes and pathways that might contribute
to neuropathology.
In conclusion, this multidisciplinary study explores for the first

time the effects of low doses of AS on SNO signaling in the striatum
and hippocampus. It also examines the AS effects on the biological
processes involved in neuropathology and behavioral deficits. AS
induced S-nitrosylation of key proteins implicated in mitochondrial
respiratory function, endogenous antioxidant systems, transcrip-
tional regulation, cytoskeleton maintenance, and regulation of
apoptosis. Dysfunction of these proteins caused by aberrant
S-nitrosylation results in the impairment of neurodevelopmental
processes, neuronal functions, and neuronal cell viability, which are
features that also observed in ASD and AD pathology. Unsurpris-
ingly, exposure of mice to SA in drinking water led to some but not
all behavioral deficits, which are known in ASD and AD pathologies.
In some studies, NOS inhibitors are found to be protective in
neurodegenerative disorders such as PD [109, 110], AD [111, 112],
cerebral hypoxia-ischemia [113], and in other toxic insults [113]. NOS
inhibitors are also reported to be an effective antidepressants [114].
Here we suggest that the use of NOS inhibitors can be an effective
therapeutic strategy against NO-mediated neurotoxicity. Further
investigation of these mechanisms is likely to reveal new potential
drug targets for the treatment of AS-mediated neurotoxicity.

REFERENCES
1. Rosado Jorge L, Ronquillo D, Kordas K, Rojas O, Alatorre J, Lopez P, et al. Arsenic

exposure and cognitive performance in Mexican schoolchildren. Environ Health
Perspect. 2007;115:1371–5.

2. Meharg AA, Sun G, Williams PN, Adomako E, Deacon C, Zhu Y-G, et al. Inorganic
arsenic levels in baby rice are of concern. Environ Pollut. 2008;152:746–9.

3. Kumarathilaka P, Seneweera S, Ok YS, Meharg A, Bundschuh J. Arsenic in cooked
rice foods: assessing health risks and mitigation options. Environ Int.
2019;127:584–91.

4. Tchounwou P. Development of Public Health Advisories for Arsenic in Drinking
Water. Reviews on Environmental Health. 1999. p. 211.

5. Rousselot P, Labaume S, Marolleau J-P, Larghero J, Noguera M-H, Brouet J-C,
et al. Arsenic trioxide and melarsoprol induce apoptosis in plasma cell lines and
in plasma cells from myeloma patients. Cancer Res. 1999;59:1041.

6. Ferreccio C, Yuan Y, Calle J, Benítez H, Parra RL, Acevedo J, et al. Arsenic, tobacco
smoke, and occupation: associations of multiple agents with lung and bladder
cancer. Epidemiology 2013;24:898–905.

7. Ravenscroft P, Brammer H, Richards K. Health Effects of Arsenic in Drinking
Water and Food. Arsenic Pollution. John Wiley & Sons, Inc.; 2009. p. 157–212.

8. Tyler CR, Allan AM. The effects of arsenic exposure on neurological and cog-
nitive dysfunction in human and rodent studies: a review. Curr Environ Health
Rep. 2014;1:132–47.

9. Wasserman GA, Liu X, Parvez F, Ahsan H, Factor-Litvak P, van Geen A, et al.
Water arsenic exposure and children’s intellectual function in Araihazar, Ban-
gladesh. Environ Health Perspect. 2004;112:1329–33.

10. Nahar MN, Inaoka T, Fujimura M, Watanabe C, Shimizu H, Tasmin S, et al. Arsenic
contamination in groundwater and its effects on adolescent intelligence and
social competence in Bangladesh with special reference to daily drinking/
cooking water intake. Environ Health Prev Med. 2014;19:151–8.

11. Calderón J, Navarro ME, Jimenez-Capdeville ME, Santos-Diaz MA, Golden A,
Rodriguez-Leyva I, et al. Exposure to arsenic and lead and neuropsychological
development in Mexican children. Environ Res. 2001;85:69–76.

12. Rocha-Amador D, Navarro ME, Carrizales L, Morales R, Calderón J. Decreased
intelligence in children and exposure to fluoride and arsenic in drinking water.
Cad Saude Publica. 2007;23:S579–87.

13. von Ehrenstein OS, Poddar S, Yuan Y, Mazumder DG, Eskenazi B, Basu A, et al.
Children’s intellectual function in relation to arsenic exposure. Epidemiology
2007;18:44–51.

14. Rodrıguez V, Jimenez-Capdeville ME, Giordano M. The effects of arsenic expo-
sure on the nervous system. Toxicol Lett. 2003;145:1–18.

15. Chakraborti D, Mukherjee SC, Pati S, Sengupta MK, Rahman MM, Chowdhury UK,
et al. Arsenic groundwater contamination in Middle Ganga Plain, Bihar, India: a
future danger? Environ Health Perspect. 2003;111:1194–201.

16. Beckett W, Moore J, Keogh J, Bleecker ML. Acute encephalopathy due to
occupational exposure to arsenic. Br J Ind Med. 1986;43:66.

17. Murphy MJ, Lyon L, Taylor J. Subacute arsenic neuropathy: clinical and elec-
trophysiological observations. J Neurol Neurosurg Psychiatry. 1981;44:896–900.

18. Bleecker M. Toxic peripheral neuropathy. In: Rom W, Markowitz S, editors.
Environmental and Occupational Medicine. Hagerstown, MD: Lippincott Wil-
liams & Wilkins; 2007. p. 643.

19. Donofrio PD, Wilbourn AJ, Albers JW, Do LR, Salanga V, Greenberg HS. Acute
arsenic intoxication presenting as guillainbarréa‐like syndrome. Muscle Nerve.
1987;10:114–20.

20. Hassani S, Yaghoubi H, Khosrokhavar R, Jafarian I, Mashayekhi V, Hosseini M-J,
et al. Mechanistic view for toxic effects of arsenic on isolated rat kidney and
brain mitochondria. Biologia 2015;70:683–9.

21. Mishra D, Mehta A, Flora SJS. Reversal of arsenic-induced hepatic apoptosis with
combined administration of DMSA and its analogues in guinea pigs: role of
glutathione and linked enzymes. Chem Res Toxicol. 2008;21:400–7.

22. Kalia K, Narula GD, Kannan GM, Flora SJS. Effects of combined administration of
captopril and DMSA on arsenite induced oxidative stress and blood and tissue
arsenic concentration in rats. Comp Biochem Physiol C Toxicol Pharmacol.
2007;144:372–9.

23. Mishra D, Flora SJS. Differential oxidative stress and DNA damage in rat brain regions
and blood following chronic arsenic exposure. Toxicol Ind Health. 2008;24:247–56.

24. Ježek P, Hlavatá L. Mitochondria in homeostasis of reactive oxygen species in
cell, tissues, and organism. Int J Biochem Cell Biol. 2005;37:2478–503.

25. Muller FL, Liu Y, Van, Remmen H. Complex III releases superoxide to both sides
of the inner mitochondrial membrane. J Biol Chem. 2004;279:49064–73.

26. Pasdois P, Parker JE, Griffiths EJ, Halestrap AP. The role of oxidized cytochrome c
in regulating mitochondrial reactive oxygen species production and its per-
turbation in ischaemia. Biochem J. 2011;436:493–505.

27. Schlenk D, Wolford L, Chelius M, Steevens J, Chan KM. Effect of arsenite,
arsenate, and the herbicide monosodium methyl arsonate (MSMA) on hepatic
metallothionein expression and lipid peroxidation in channel catfish. Comp
Biochem Physiol C Pharmacol Toxicol Endocrinol. 1997;118:177–83.

28. Nordenson I, Beckman L. Is the genotoxic effect of arsenic mediated by oxygen
free radicals? Hum Heredity. 1991;41:71–3.

29. Yager JW, Wiencke JK. Inhibition of poly (ADP-ribose) polymerase by arsenite.
Mutat Res/Rev Mutat Res. 1997;386:345–51.

30. Zhao J. Interplay among nitric oxide and reactive oxygen species: a complex
network determining cell survival or death. Plant Signal Behav. 2007;2:544–7.

31. Deckel AW. Nitric oxide and nitric oxide synthase in Huntington’s disease. J
Neurosci Res. 2001;64:99–107.

32. Matsubara K, Higaki T, Matsubara Y, Nawa A. Nitric oxide and reactive oxygen
species in the pathogenesis of preeclampsia. Int J Mol Sci. 2015;16:4600–14.

33. Jaffrey SR, Erdjument-Bromage H, Ferris CD, Tempst P, Snyder SH. Protein S-nitro-
sylation: a physiological signal for neuronal nitric oxide. Nat Cell Biol. 2001;3:193–7.

34. Smith BC, Marletta MA. Mechanisms of S-nitrosothiol formation and selectivity
in nitric oxide signaling. Curr Opin Chem Biol. 2012;16:498–506.

35. Stamler JS, Lamas S, Fang FC. Nitrosylation: the prototypic redox-based sig-
naling mechanism. Cell 2001;106:675–83.

36. Stamler JS, Simon DI, Osborne JA, Mullins ME, Jaraki O, Michel T, et al.
S-nitrosylation of proteins with nitric oxide: synthesis and characterization of
biologically active compounds. Proc Natl Acad Sci USA 1992;89:444–8.

37. Hess DT, Matsumoto A, Kim SO, Marshall HE, Stamler JS. Protein S-nitrosylation:
purview and parameters. Nat Rev Mol Cell Biol. 2005;6:150–66.

M.K. Tripathi et al.

9

Translational Psychiatry          (2022) 12:127 



38. Doulias PT, Greene JL, Greco TM, Tenopoulou M, Seeholzer SH, Dunbrack RL,
et al. Structural profiling of endogenous S-nitrosocysteine residues reveals
unique features that accommodate diverse mechanisms for protein
S-nitrosylation. Proc Natl Acad Sci USA 2010;107:16958–63.

39. Khaliulin I, Kartawy M, Amal H. Sex differences in biological processes and
nitrergic signaling in mouse brain. Biomedicines 2020;8:124.

40. Kartawy M, Khaliulin I, Amal H. Systems biology reveals reprogramming of the S-
nitroso-proteome in the cortical and striatal regions of mice during aging
process. Sci Rep. 2020;10:13913.

41. Hamoudi W, von Lendenfeld F, Kartawy M, Mencer S, Suloh H, Khaliulin I, et al.
Regional differences in S-nitrosylation in the cortex, striatum, and hippocampus
of juvenile male mice. J Mol Neurosci. 2021;71:2383–92.

42. Amal H, Barak B, Bhat V, Gong G, Joughin BA, Wang X, et al. Shank3 mutation in
a mouse model of autism leads to changes in the S-nitroso-proteome and
affects key proteins involved in vesicle release and synaptic function. Mol
Psychiatry. 2020;25:1835–48.

43. Togo T, Katsuse O, Iseki E. Nitric oxide pathways in Alzheimer’s disease and
other neurodegenerative dementias. Neurol Res. 2004;26:563–6.

44. Amal H, Gong G, Gjoneska E, Lewis SM, Wishnok JS, Tsai LH, et al. S-nitrosylation
of E3 ubiquitin-protein ligase RNF213 alters non-canonical Wnt/Ca+2 signaling
in the P301S mouse model of tauopathy. Transl Psychiatry. 2019;9:44.

45. Sircar E, Rai SR, Wilson MA, Schlossmacher MG, Sengupta R. Neurodegeneration:
impact of S-nitrosylated Parkin, DJ-1 and PINK1 on the pathogenesis of Par-
kinson’s disease. Arch Biochem Biophys. 2021;704:108869.

46. Tripathi MK, Kartawy M, Amal H. The role of nitric oxide in brain disorders:
Autism spectrum disorder and other psychiatric, neurological, and neurode-
generative disorders. Redox Biol. 2020;34:101567.

47. Amal H, Gong G, Yang H, Joughin BA, Wang X, Knutson CG. et al. Low doses of
arsenic in a mouse model of human exposure and in neuronal culture lead to
S-nitrosylation of synaptic proteins and apoptosis via nitric oxide. Int J Mol Sci.
2020;21:3948.

48. Mencer S, Kartawy M, Lendenfeld F, Soluh H, Tripathi MK, Khaliulin I. et al.
Proteomics of autism and Alzheimer’s mouse models reveal common alterations
in mTOR signaling pathway. Transl Psychiatry. 2021;11:480.

49. Anand KS, Dhikav V. Hippocampus in health and disease: an overview. Ann
Indian Acad Neurol. 2012;15:239–46.

50. Selden N, Geula C, Hersh L, Mesulam M-M. Human striatum: chemoarchitecture
of the caudate nucleus, putamen and ventral striatum in health and Alzheimer’s
disease. Neuroscience 1994;60:621–36.

51. Kish SJ, Shannak K, Hornykiewicz O. Uneven pattern of dopamine loss in the
striatum of patients with idiopathic Parkinson’s disease. New Engl J Med.
1988;318:876–80.

52. Martella G, Meringolo M, Trobiani L, De Jaco A, Pisani A, Bonsi P. The neuro-
biological bases of autism spectrum disorders: the R451C-neuroligin 3 mutation
hampers the expression of long-term synaptic depression in the dorsal striatum.
Eur J Neurosci. 2018;47:701–8.

53. Schalbroeck R, van Velden FHP, de Geus-Oei L-F, Yaqub M, van Amelsvoort T,
Booij J, et al. Striatal dopamine synthesis capacity in autism spectrum disorder
and its relation with social defeat: an [18F]-FDOPA PET/CT study. Transl Psy-
chiatry 2021;11:47.

54. Rappsilber J, Mann M, Ishihama Y. Protocol for micro-purification, enrichment,
pre-fractionation and storage of peptides for proteomics using StageTips. Nat
Protoc. 2007;2:1896–906.

55. Seneviratne U, Nott A, Bhat VB, Ravindra KC, Wishnok JS, Tsai L-H, et al.
S-nitrosation of proteins relevant to Alzheimer’s disease during early stages of
neurodegeneration. Proc Natl Acad Sci USA. 2016;113:4152–7.

56. Amal H, Fridman-Rozevich L, Senn R, Strelnikov A, Gafni M, Keren O, et al. Long-
term consequences of a single treatment of mice with an ultra-low dose of
Delta9-tetrahydrocannabinol (THC). Behav Brain Res. 2010;206:245–53.

57. Walf AA, Frye CA. The use of the elevated plus maze as an assay of anxiety-
related behavior in rodents. Nat Protoc. 2007;2:322–8.

58. Silverman JL, Yang M, Lord C, Crawley JN. Behavioural phenotyping assays for
mouse models of autism. Nat Rev Neurosci. 2010;11:490–502.

59. Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J, et al.
STRING v10: protein–protein interaction networks, integrated over the tree of
life. Nucleic Acids Res. 2015;43:D447–D52.

60. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc Ser B (Methodol).
1995;57:289–300.

61. Ghasemi M, Mayasi Y, Hannoun A, Eslami SM, Carandang R. Nitric oxide and
mitochondrial function in neurological diseases. Neuroscience 2018;376:48–71.

62. Tortosa E, Galjart N, Avila J, Sayas CL. MAP1B regulates microtubule dynamics by
sequestering EB1/3 in the cytosol of developing neuronal cells. EMBO J.
2013;32:1293–306.

63. Stroissnigg H, Trancíková A, Descovich L, Fuhrmann J, Kutschera W, Kostan J,
et al. S-nitrosylation of microtubule-associated protein 1B mediates nitric-oxide-
induced axon retraction. Nat Cell Biol. 2007;9:1035–45.

64. Seneviratne U, Nott A, Bhat VB, Ravindra KC, Wishnok JS, Tsai L-H, et al.
S-nitrosation of proteins relevant to Alzheimer’s disease during early stages of
neurodegeneration. Proc Natl Acad Sci USA. 2016;113:4152.

65. Norat P, Soldozy S, Sokolowski JD, Gorick CM, Kumar JS, Chae Y, et al. Mito-
chondrial dysfunction in neurological disorders: Exploring mitochondrial trans-
plantation. npj Regen Med. 2020;5:22.

66. Kartawy M, Khaliulin I, Amal H. Systems biology reveals S-nitrosylation-
dependent regulation of mitochondrial functions in mice with Shank3 muta-
tion associated with autism spectrum disorder. Brain Sci. 2021;11:677.

67. Chouchani ET, Hurd TR, Nadtochiy SM, Brookes PS, Fearnley IM, Lilley KS, et al.
Identification of S-nitrosated mitochondrial proteins by S-nitrosothiol difference
in gel electrophoresis (SNO-DIGE): implications for the regulation of mito-
chondrial function by reversible S-nitrosation. Biochem J. 2010;430:49–59.

68. Nakamura T, Lipton SA. ‘SNO’-storms compromise protein activity and mito-
chondrial metabolism in neurodegenerative disorders. Trends Endocrinol
Metab. 2017;28:879–92.

69. Fatania HR, Eid Al-Nassar K, Thomas N. Chemical modification of rat liver
cytosolic NADP+-linked isocitrate dehydrogenase by N-ethylmaleimide Evi-
dence for essential sulphydryl groups. FEBS Lett. 1993;322:245–8.

70. Prakash C, Soni M, Kumar V. Mitochondrial oxidative stress and dysfunction in
arsenic neurotoxicity: A review. J Appl Toxicol. 2016;36:179–88.

71. Newton AC. Protein kinase C: structure, function, and regulation (*). J Biol Chem.
1995;270:28495–8.

72. Choi H, Tostes RC, Webb RC. S-nitrosylation Inhibits protein kinase C-mediated
contraction in mouse aorta. J Cardiovasc Pharmacol. 2011;57:65–71.

73. Lucke-Wold BP, Turner RC, Logsdon AF, Simpkins JW, Alkon DL, Smith KE, et al.
Common mechanisms of Alzheimer’s disease and ischemic stroke: the role of
protein kinase C in the progression of age-related neurodegeneration. J Alz-
heimers Dis. 2015;43:711–24.

74. Callender JA, Newton AC. Conventional protein kinase C in the brain: 40 years
later. Neuronal Signal. 2017;1:NS20160005.

75. Jeppesen DK, Bohr VA, Stevnsner T. DNA repair deficiency in neurodegenera-
tion. Prog Neurobiol. 2011;94:166–200.

76. McMurray CT. Hijacking of the mismatch repair system to cause CAG expansion
and cell death in neurodegenerative disease. DNA Repair (Amst).
2008;7:1121–34.

77. Horenberg AL, Houghton AM, Pandey S, Seshadri V, Guilford WH. S-nitrosylation
of cytoskeletal proteins. Cytoskeleton 2019;76:243–53.

78. Michaelsen-Preusse K, Zessin S, Grigoryan G, Scharkowski F, Feuge J, Remus A,
et al. Neuronal profilins in health and disease: Relevance for spine plasticity and
Fragile X syndrome. Proc Natl Acad Sci USA. 2016;113:3365–70.

79. Berger H, Wodarz A, Borchers A. PTK7 faces the Wnt in development and dis-
ease. Front Cell Dev Biol. 2017;5:31.

80. Hess DT, Stamler JS. Regulation by S-nitrosylation of protein post-translational
modification. J Biol Chem. 2012;287:4411–8.

81. Bürkle A, Brabeck C, Diefenbach J, Beneke S. The emerging role of poly(ADP-
ribose) polymerase-1 in longevity. Int J Biochem Cell Biol. 2005;37:1043–53.

82. Chiarugi A, Moskowitz MA. Poly(ADP-ribose) polymerase-1 activity promotes NF-
kappaB-driven transcription and microglial activation: implication for neurode-
generative disorders. J Neurochem. 2003;85:306–17.

83. Sung YJ, Ambron RT. PolyADP-ribose polymerase-1 (PARP-1) and the evolution
of learning and memory. Bioessays 2004;26:1268–71.

84. Kaufmann SH, Desnoyers S, Ottaviano Y, Davidson NE, Poirier GG. Specific
proteolytic cleavage of poly(ADP-ribose) polymerase: an early marker of
chemotherapy-induced apoptosis. Cancer Res. 1993;53:3976–85.

85. Tewari M, Quan LT, O’Rourke K, Desnoyers S, Zeng Z, Beidler DR, et al. Yama/
CPP32 beta, a mammalian homolog of CED-3, is a CrmA-inhibitable protease that
cleaves the death substrate poly(ADP-ribose) polymerase. Cell 1995;81:801–9.

86. Mashimo M, Onishi M, Uno A, Tanimichi A, Nobeyama A, Mori M, et al. The 89-
kDa PARP1 cleavage fragment serves as a cytoplasmic PAR carrier to induce AIF-
mediated apoptosis. J Biol Chem. 2021;296:100046.

87. Moroni F, Chiarugi A. Post-ischemic brain damage: targeting PARP-1 within the
ischemic neurovascular units as a realistic avenue to stroke treatment. FEBS J.
2009;276:36-45. https://doi.org/10.1111/j.1742-4658.2008.06768.x.

88. Love S, Barber R, Wilcock GK. Increased poly(ADP-ribosyl)ation of nuclear pro-
teins in Alzheimer’s disease. Brain 1999;122:247–53.

89. Meira M, Sievers C, Hoffmann F, Bodmer H, Derfuss T, Kuhle J, et al. PARP-1
deregulation in multiple sclerosis. Mult Scler J Exp Transl Clin.
2019;5:2055217319894604.

90. Lee Y, Kang HC, Lee BD, Lee Y-I, Kim YP, Shin J-H. Poly (ADP-ribose) in the
pathogenesis of Parkinson’s disease. BMB Rep. 2014;47:424–32.

M.K. Tripathi et al.

10

Translational Psychiatry          (2022) 12:127 

https://doi.org/10.1111/j.1742-4658.2008.06768.x


91. Gilliams-Francis KL, Quaye AA, Naegele JR. PARP cleavage, DNA fragmentation, and
pyknosis during excitotoxin-induced neuronal death. Exp Neurol. 2003;184:359–72.

92. Dong D, Zielke HR, Yeh D, Yang P. Cellular stress and apoptosis contribute to the
pathogenesis of autism spectrum disorder. Autism Res. 2018;11:1076–90.

93. Eftekharian MM, Komaki A, Oskooie VK, Namvar A, Taheri M, Ghafouri-Fard S.
Assessment of apoptosis pathway in peripheral blood of autistic patients. J Mol
Neurosci. 2019;69:588–96.

94. Kaleli HN, Ozer E, Kaya VO, Kutlu O. Protein kinase C isozymes and autophagy
during neurodegenerative disease progression. Cells 2020;9:553.

95. Simó S, Jossin Y, Cooper JA. Cullin 5 regulates cortical layering by modulating
the speed and duration of Dab1-dependent neuronal migration. J Neurosci.
2010;30:5668.

96. Muronetz VI, Barinova KV, Stroylova YY, Semenyuk PI, Schmalhausen EV.
Glyceraldehyde-3-phosphate dehydrogenase: Aggregation mechanisms and impact
on amyloid neurodegenerative diseases. Int J Biol Macromol. 2017;100:55–66.

97. Mohr S, Stamler JS, Brüne B. Mechanism of covalent modification of
glyceraldehyde-3-phosphate dehydrogenase at its active site thiol by nitric
oxide, peroxynitrite and related nitrosating agents. FEBS Lett. 1994;348:223–7.

98. Hara MR, Agrawal N, Kim SF, Cascio MB, Fujimuro M, Ozeki Y, et al. S-nitrosylated
GAPDH initiates apoptotic cell death by nuclear translocation following Siah1
binding. Nat Cell Biol. 2005;7:665–74.

99. Zhang R, Xue G, Wang S, Zhang L, Shi C, Xie X. Novel object recognition as a
facile behavior test for evaluating drug effects in AβPP/PS1 Alzheimer’s disease
mouse model. J Alzheimer’s Dis. 2012;31:801–12.

100. Martinez-Coria H, Yeung ST, Ager RR, Rodriguez-Ortiz CJ, Baglietto-Vargas D,
LaFerla FM. Repeated cognitive stimulation alleviates memory impairments in
an Alzheimer’s disease mouse model. Brain Res Bull. 2015;117:10–5.

101. Sungur AÖ, Stemmler L, Wöhr M, Rust MB. Impaired object recognition but
normal social behavior and ultrasonic communication in Cofilin1 mutant mice.
Front Behav Neurosci. 2018;12:25.

102. Brielmaier J, Matteson PG, Silverman JL, Senerth JM, Kelly S, Genestine M, et al.
Autism-relevant social abnormalities and cognitive deficits in engrailed-2
knockout mice. PLoS ONE. 2012;7:e40914–e.

103. Kwan V, Unda BK, Singh KK. Wnt signaling networks in autism spectrum dis-
order and intellectual disability. J Neurodev Disord. 2016;8:45.

104. Packer A. Neocortical neurogenesis and the etiology of autism spectrum dis-
order. Neurosci Biobehav Rev. 2016;64:185–95.

105. Randolph-Gips M, Srinivasan P. Modeling autism: a systems biology approach. J
Clin Bioinform. 2012;2:17.

106. Kanaan NM, Pigino GF, Brady ST, Lazarov O, Binder LI, Morfini GA. Axonal
degeneration in Alzheimer’s disease: when signaling abnormalities meet the
axonal transport system. Exp Neurol. 2013;246:44–53.

107. Alberghina L, Colangelo AM. The modular systems biology approach to inves-
tigate the control of apoptosis in Alzheimer’s disease neurodegeneration. BMC
Neurosci. 2006;7:S2.

108. Cohen-Mansfield J, Marx MS, Thein K, Dakheel-Ali M. The impact of stimuli on
affect in persons with dementia. J Clin Psychiatry. 2011;72:480–6.

109. Ferrante RJ, Hantraye P, Brouillet E, Beal MF. Increased nitrotyrosine immunor-
eactivity in substantia nigra neurons in MPTP treated baboons is blocked by
inhibition of neuronal nitric oxide synthase. Brain Res. 1999;823:177–82.

110. Hantraye P, Brouillet E, Ferrante R, Palfi S, Dolan R, Matthews RT, et al. Inhibition
of neuronal nitric oxide synthase prevents MPTP-induced parkinsonism in
baboons. Nat Med. 1996;2:1017–21.

111. Fernandez AP, Pozo-Rodrigalvarez A, Serrano J, Martinez-Murillo R. Nitric oxide:
target for therapeutic strategies in Alzheimer’s disease. Curr Pharm Des.
2010;16:2837–50.

112. de la Monte SM, Chiche J, von dem Bussche A, Sanyal S, Lahousse SA, Janssens
SP, et al. Nitric oxide synthase-3 overexpression causes apoptosis and impairs
neuronal mitochondrial function: relevance to Alzheimer’s-type neurodegen-
eration. Lab Invest. 2003;83:287–98.

113. van den Tweel ER, van Bel F, Kavelaars A, Peeters-Scholte CM, Haumann J,
Nijboer CH, et al. Long-term neuroprotection with 2-iminobiotin, an inhibitor of
neuronal and inducible nitric oxide synthase, after cerebral hypoxia-ischemia in
neonatal rats. J Cereb Blood Flow Metab. 2005;25:67–74.

114. Wegener G, Volke V. Nitric oxide synthase inhibitors as antidepressants. Phar-
maceuticals (Basel). 2010;3:273–99.

ACKNOWLEDGEMENTS
We acknowldege the Satell Family Foundation for their generous support.

AUTHOR CONTRIBUTIONS
MKT: data analysis, biochemical analysis, and writing manuscript; MK: data analysis;
SG: data analysis; HA: behavioral analysis, writing manuscript, and project supervision.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41398-022-01890-5.

Correspondence and requests for materials should be addressed to Haitham Amal.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

M.K. Tripathi et al.

11

Translational Psychiatry          (2022) 12:127 

https://doi.org/10.1038/s41398-022-01890-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Arsenic alters nitric oxide signaling similar to autism spectrum disorder and Alzheimer&#x02019;s disease-associated mutations
	Introduction
	Material and methods
	Materials
	Animal housing and tissue dissection
	Brain tissue homogenization and samples preparation for Mass Spectrometry and Western blot analysis
	Materials and reagents for Mass Spectrometry
	Mass Spectrometry analysis
	Western blots
	Behavioral tests analysis
	Open field test
	Object recognition test
	Novel object exploration test
	Elevated plus maze test
	Three-chambered social test
	Statistics and bioinformatics


	Results
	SA leads to an increase in the number of S-nobreaknitrosylated proteins in the hippocampus and striatum
	Bioinformatics analysis of the SNO-proteome in the striatum
	Bioinformatics analysis of the SNO-proteome in the hippocampus
	Protein&#x02013;nobreakprotein interaction network analysis of the SNO-proteome
	Pathway analysis of the SNO proteins in striatum and hippocampus
	Quantitative analysis of SNO-proteome in striatum and hippocampus
	Western blot analysis of apoptotic and autophagic markers in striatum
	Effects of arsenic consumption on mouse behavior
	Comparative bioinformatics analysis between SA-treated mice and ASD and AD mouse models

	Discussion
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




