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Alzheimer’s disease (AD) is the most common neurodegenerative disorder characterized by early molecular events that influence
disease progression. Still, the molecular mechanisms caused by different mutations of AD are not understood. We have performed a
multidisciplinary study to investigate and compare the early stages of the pathology in two transgenic AD mouse models: P301S
and 5xFAD. Using SNOTRAP-based mass spectrometry, we assessed changes in S-nitrosylation, a nitric oxide-mediated post-
translational modification, of proteins in both models during their juvenile age. The increased levels of 3-nitrotyrosine confirmed
nitrosative stress in the mutant mice. Systems biology analysis revealed shared processes between the models, particularly in the γ-
aminobutyric acid (GABA)ergic and glutamatergic neurotransmission processes. In the P301S model, we identified 273
S-nitrosylated (SNOed) proteins in the cortex, with 244 proteins uniquely SNOed in the diseased mice. In the 5xFAD model, 309
SNOed proteins were identified. We have found altered proteins expression of different glutamate/GABA-related markers in the
cortex and hippocampus of both AD mouse models. Additionally, the phosphorylation levels of the mTOR signaling components
revealed hyperactivation of this pathway in P301S mice. Conversely, 5xFAD mice showed no significant changes in mTOR signaling
except for elevated phosphorylation of the ribosomal protein S6 in the cortex. Our findings revealed key molecular mechanisms in
the two AD mouse models during their early stages. These mechanisms could serve as potential biomarkers and therapeutic targets
for early-stage AD.
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INTRODUCTION
Alzheimer’s disease (AD) is a progressive and irreversible
neurodegenerative disorder characterized by the gradual decline
of cognitive functions, including memory loss [1–3]. It is the most
common form of Dementia and the 7th leading cause of death
worldwide. At least 55 million people live with AD or other types
of Dementia [3–5]. AD is a progressive disease characterized by
memory loss due to synaptic dysfunction and disrupted commu-
nication of neural circuits [6, 7]. Gradually, symptoms become
more severe, causing cognitive decline, including difficulties in
performing normal daily activities due to cortical neuron loss [8].
The underlying pathophysiology of this disease is still elusive. No
cure or early diagnostic tools for the risks of developing this
disease have been found. Clinical studies have revealed the
accumulation of extracellular misfolded amyloid-beta peptides as
the first specific hallmark of AD, followed by the accumulation of
intracellular hyper-phosphorylated tau protein starting from the
hippocampus and cortex regions as another neuropathological
hallmark of AD brains [9–12].
Studies have shown several mutations in the deterministic and

risk genes that contribute to AD and other neurodegenerative
diseases [13]. Animal models that express human-based mutations

are utilized to study the development and progression of diseases
[14]. In the current study, we used two well-established and widely
used mouse models of AD: 5xFAD and P301S. The 5xFAD model
expresses three human-based mutations in the APP gene: the
Swedish (K670N/M671L), Florida (I716V), and London (V717I)
mutations, and two mutations in the PSEN1 gene: M146L and
L286V mutations, leading to altered production of Aβ [15]. 5xFAD
mice exhibit severe amyloid pathology and show neuropathology
consistent with AD. The extracellular amyloid deposition appears
around two months, and cognitive impairment and synaptic loss
occur by four months of [16]. Recent studies revealed that in
5xFAD mice, tau levels and phosphorylation rates significantly
increase [17–20]. Furthermore, Aβ is believed to induce the hyper-
phosphorylation of tau protein - the later toxic event contributing
to the pathology - through activating several neuronal signaling
responses [21].
The P301S is the other model used in our study. It is a tauopathy

transgenic mouse model that overexpresses a coding missense
human-based mutation in the microtubule-associated protein tau
(MAPT) gene that changes the CCG codon to TCG and results in
impaired ability to promote microtubule assembly. P301S mice
exhibit intraneuronal neurofibrillary tangles (NFTs) in the cortex,
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hippocampus, and amygdala. Synaptic loss and microgliosis are
detected at three months, and neuronal loss and brain atrophy
occur later, at eight months of age [22, 23].
Nitric oxide (NO•) is a crucial signaling molecule in the central

nervous system that is highly implicated in neurological disorders,
including AD [24]. NO• is a free radical gas molecule that targets
proteins and affects their function. It is produced by the three
isoforms of NO• synthases: neuronal (nNOS), endothelial (eNOS),
and inducible nitric oxide synthases (iNOS) [25]. NO• can exert its
effect through different pathways, including the posttranslational
modification S-nitrosylation (SNO) and tyrosine nitration [26]. We
have investigated the role of NO and SNO in different neurological
disorders [2, 27–36]. In the brain, NO• is a multifunctional
neurotransmitter participating in synaptic activity and plasticity
regulation. Abnormal NO• activity affects learning processes and
memory functions [26]. Previous work by Amal et al. [22] found
significant changes in the S-nitrosoproteome of the P301S and
wild-type (WT) mice. Recently, we have provided a link between
NO• and the mechanistic target of the rapamycin (mTOR) signaling
pathway in the P301S mouse model of AD [1].
S-nitrosylation is a reversible modification where NO• reacts

with cysteine thiol, altering protein activity, localization, or
interactions with other proteins. Aberrant SNO is implicated in
neurodegenerative diseases [22, 37, 38]. A previous study
demonstrated that pathways mediating a series of aberrant SNO
reactions might play a crucial role in the etiology of neurodegen-
erative disorders [38]. Another study by Lipton et al. demonstrated
a direct link between S-nitrosylation and Alzheimer’s disease (AD)
pathology in human AD brains, tested in both male and female
subjects [33].
We have also investigated the link between NO• and mTOR

signaling, which is a kinase involved in the regulation of protein
homeostasis within the cells [39]. Several studies have provided
evidence of the mTOR implication in AD [40–43]. Studies have

shown that the levels of phospho(p)-mTOR and its downstream
targets are increased in the postmortem human AD brains
compared to control, indicating overactivation of this pathway
[44, 45].
In the current study, we aimed to investigate the role of NO•

and S-nitrosylation in two AD models at the early stages of the
disease progression using SNOTRAP-based mass spectrometry
(MS) technology [46]. To look at the shared processes enriched in
both models, we used systems biology analysis followed by
biochemical validation. We focused on the γ-aminobutyric acid
(GABA)ergic and glutamatergic systems and the mTOR pathway at
2 months of age [1]. The findings of this work contribute to our
understanding of the SNO’s impact on AD pathology and may
provide mechanistic insight into the altered pathways at the early
stages of AD progression.

MATERIALS AND METHODS
The workflow of this study is graphically presented in Fig. 1.

Animals
Whole Cortex and hippocampus were isolated from two-month-old male
P301S mice (Jackson Laboratory), [16] mice and respective wild-type
control mice (n= 4/5 in each group). The tissues were collected on ice,
immediately flash-frozen in liquid nitrogen, and stored at −80 °C. Approval
was granted by the Authority for Biological and Biomedical Models of The
Hebrew University and Tel-Aviv University. The approved ethical number
for this study, by Committee at the Hebrew University of Jerusalem is MD-
22-16988-3, and at Tel-Aviv University is 04-19-058.
All animal experiments were carried out in compliance with the

guidelines set by the Institutional Animal Care and Use Committee at
the Hebrew University of Jerusalem, Tel-Aviv University and the Associa-
tion for Assessment and Accreditation of Laboratory Animal Care
International. The study was conducted also in accordance with the
ARRIVE guidelines.

Fig. 1 Schematic workflow of the SNOTRAP-based MS analysis of P301S and 5xFAD samples followed by systems biology analysis and
biochemical validation using Western blot analysis. *Tg transgenic mice.
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Materials and reagents
High-capacity streptavidin was purchased from Thermo Scientific (Wal-
tham, Massachusetts, US). SNOTRAP was acquired from Sigma-Aldrich (St.
Louis, MO). Amicon ultra-10 centrifugal filter units were purchased from
Merck (US). For MS, acetonitrile (ACN), protease inhibitors cocktail, and
distilled water were purchased from Sigma-Aldrich. Biotin-PEG3-propionic
acid was obtained from Chem Pep Inc. (Florida, USA). Sequencing-grade
modified trypsin was purchased from Promega (Wisconsin, USA). The liquid
chromatography-mass spectrometry (LC-MS) and high-performance liquid
chromatography (HPLC) solvents were HPLC grade. SNOTRAP-biotin
synthesis and nuclear magnetic resonance (NMR) analysis were performed
as described previously [47]. A protease-phosphatase inhibitors cocktail
(#5872) for Western blot sample preparation was purchased from Cell
Signaling Technology (Danvers, MA, USA). Antibodies were purchased from
CST, Abcam (Cambridge, UK), and Santa Cruz Biotechnology (Dallas, TX,
USA).

SNOTRAP and mass spectrometry
Brain tissues were isolated from 2-month-old WT, P301S, and 5xFAD Tg
mice. The brain samples were immediately transferred into liquid nitrogen
and stored at− 80 °C for further analysis. For each biological replicate, 3
cortex and hippocampal tissue samples were prepared from 3 mice as
described previously [46]. The tissues were homogenized on ice in freshly
prepared lysis buffer: 250mM HEPES–NaOH, 0.1 mM neocuproine, 1 mM
EDTA, 1% TritonX, 20 mM Iodoacetamide (IAM), and 1% protease inhibitors
cocktail, pH 7.7. The homogenates were centrifuged at 17,000 g for 45 min
at 4 °C, the supernatant was collected, and protein concentration was
estimated by BCA (Bicinchoninic Acid) protein assay (Sigma Aldrich).
Samples were washed 3 times with 50mM HEPES (pH 7.7) by
centrifugation at 5000 g for 30 min at 4 °C with 10 K MWCO spin filters
pre-rinsed once with 50Mm HEPES. After the centrifugation, the SNOTRAP
labeling stock solution (in 50% ACN) was added to all samples to reach a
final concentration of 1.5 mM. This was conducted to convert SNO to
stable disulfide-iminophosphorane. All samples were incubated in the
SNOTRAP solution at 25 °C for 2 h. After the SNOTRAP labeling, reagents
were removed using 10 K filters by three consecutive washing with 50mM
HEPES (pH 7.7) buffer. After the ultrafiltration, each sample was incubated
with 200 μl pre-rinsed streptavidin agarose beads (Thermo Fisher
Scientific) for 2 h at room temperature with gentle shaking. The beads
were washed with washing buffer (50mM HEPES, 150 mM NaCl, 0.1% SDS,
pH 7.7) three times and then with washing buffer (50mM HEPES, pH 7.7)
three times. After washing, proteins were eluted (with 10mM TCEP in
50mM HEPES, pH 7.7) and then alkylated with 10mM IAM. Protein samples
were then trypsinized (Promega) at 37 °C for 4 h and then desalted with
C18 StageTips as described previously [48]. nanoLC-MS/MS Analysis was
done to test the SNOtrap samples. MS analysis was performed using a Q
Exactive Plus mass spectrometer (Thermo Fisher Scientific, Waltham, MA
USA) coupled online to a nanoflow UHPLC instrument, Ultimate 3000
Dionex (Thermo Fisher Scientific, Waltham, MA USA), as described
previously [31]. Mass spectra data were processed using the MaxQuant
computational platform, version 2.0.3.0, and analyzed as described
previously [31].

Systems biology analysis
For the gene ontology (GO) analysis, we used two databases. First, the list
of SNOed proteins was submitted to the search tool for the interacting
protein (STRING) database (https://string-db.org) to check whether these
proteins are involved in the biological processes implicated in AD
pathology. Next, we used IPA software to analyze the pathways that
might be regulated and governed by the SNOed proteins of each study
group. Eventually, we looked at the processes shared between the two AD
models. All terms with False Discovery Rates (FDR) values below 0.05 were
accepted.

Western blots (WB)
Sample preparation and protein estimation. The cortex and hippocampus
tissues were separately homogenized in RIPA buffer as described
previously [31] 30mm HEPES, pH 7.4, 150 mm NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 5 mm EDTA,
1 mm NaV04, 50mmNaF, 1mmPMSF, and 1% protease/phosphatase
inhibitors cocktail centrifuged for 45min at the speed of 17,000 g at
4 °C, the supernatant was collected, and protein content was measured
using the Bicinchoninic Acid (BCA) Protein Assay (Sigma-Aldrich).

Electrophoresis and immunoblotting
The samples were diluted with Laemmli sample buffer and electrophor-
esed according to the molecular weights of the proteins on 7.5% or 10%
polyacrylamide gels (Bio-Rad Laboratories Ltd, Haifa, Israel), and trans-
ferred to PVDF membrane (Bio-Rad Laboratories Ltd). The membranes
were blocked with 5% BSA or 5% skimmed milk in Tris-buffered saline with
Twin 20 buffer (TBS-T) containing: 135mM NaCl, 2.5 mM KCl, 50 mM Tris,
and 0.1% Tween 20, pH 7.4 for 2 h at room temperature (RT). The
membranes containing transferred proteins were incubated with primary
antibodies overnight at 4 °C in shaking conditions. After three washes with
TBS-T, the membranes were incubated with secondary antibodies for 2 h at
RT in shaking conditions. A clarity max Western ECL Substrate (Bio-Rad
Laboratories Ltd.) was used to visualize the protein bands. The bands were
captured using the ChemiDoc imaging system (Bio-Rad Laboratories Ltd).
The following antibodies were used: Primary antibodies: 3-nitrotyrosine
(Abcam, ab110282, dilution 1:2000), iNOS (Santa Cruz, SC-7271, dilution
1/1000), nNOS (CST, 4231S, dilution 1:1000), TSC2 (CST, 4308S, dilution
1:2000), AKT (CST, 9272S, dilution 1:1000), p-AKT (Ser473) (CST, 9271S,
dilution 1:1000), mTOR (CST, 2983S, dilution 1:1000), p-mTOR (Ser2448)
(CST, 5536S, dilution 1:1000), RPS6 (CST, 2317S, dilution 1:1000), p-RPS6
(Ser235/236) (CST, 4858S), GAD1 (CST, 41318S, dilution 1:1000), NR1(Ab-
cam, ab109182, dilution 1:1000), and VGAT (Abcam, ab235952, dilution
1:1000); Secondary antibodies: Anti-mouse IgG (CST, 7076S, 1/10000
dilution) and anti-rabbit IgG (CST, 7074S, 1/10000 dilution). Each group
contained five biological replicates. Each biological replicate was
comprised of individual cortex or hippocampus tissue.

Statistical analysis
The mean and standard error of the mean (SEM) were calculated for the
WB. An unpaired/independent two-tailed test was used for the western
blots. The data are presented as the mean ± SEM. *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, and ns = non‐significant. For the GO analysis we included
only processes/terms with FDR < 0.05, as calculated using the Benjamini-
Hochberg correction on the P-value according to the string database [49].
Bar graphs and statistical analysis were performed using Prism 9.3
(GraphPad Software, San Diego, CA).

RESULTS
SNOTRAP analysis-based mass spectrometry to identify the
S-nitrosylated proteins
The SNO data revealed shifts in the SNO levels, pattern, and
enrichment of several processes implicated in AD. Some processes
were exclusive to a specific AD model, and others were shared,
pointing to the possible early stages of the disease progression.
In the cortex of P301S mice, we identified 273 SNO proteins.

Among them, 244 proteins were SNOed only in the P301S mice
and 29 were shared between P301S and their WT counterparts. 82
proteins appear to be SNOed only in the WT mice, suggesting
they were de-nitrosylated in the mutant mice. In the hippocam-
pus, only 83 proteins were SNOed exclusively in P301S mice, and
6 SNO proteins were shared between the mutant and WT mice.
109 proteins were SNOed in the hippocampus of WT mice only
(Fig. 2A).
In the 5xFAD mice, we identified the shared SNO-proteins

between the diseased and the WT mice and quantified the levels
of S-nitrosylation. In the hippocampus, we found different SNO
pattern between the two groups. 226 SNO proteins were
upregulated and 83 were downregulated in 5xFAD mice (Fig. 2D).

Biological processes and pathways analysis revealed
enrichment of processes related to AD in P301S and
5xFAD mice
We performed GO analysis to provide biological insights to the
SNO-proteins and to understand whether the SNOed proteins
affect biological processes implicated in the pathology. Using the
STRING software, we generated a list of biological processes
affected by SNO in the two AD mouse models. The analysis
revealed enrichment of the processes known to be altered in AD.
In P301S mice, SNO-proteins appeared to be involved in several

processes related to the pathology, such as axonogenesis,
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neurogenesis, glutamic acid regulation, regulation of NMDA
receptor, metabolic and cell communication processes, apoptosis,
and cell survival (Fig. 2B). In 5xFAD mice, the analysis showed
enrichment of the processes implicated in AD, such as neurogen-
esis, aging processes, apoptosis, glutamate metabolic processes,
and response to misfolded proteins (Fig. 2E), revealing similarities
between the two models.
The pathways analysis exposed the pathways that may be

governed and regulated by the SNO proteins in the brains of AD
mice. We found SNO-enrichment of several pathways implicated
in the pathology in both models. In P301S, enriched processes
including GABA receptor signaling, calcium signaling, axonal
guidance, and synaptogenesis signaling pathway (Fig. 2C). While

in 5xFAD, the calcium signaling pathway, degradation of GABA,
autophagy of aggregates (aggrephagy), regulation of mTOR
complex 1, and glutamate metabolism pathways were enriched
(Fig. 2F).
Lastly, we looked at the shared biological features and found

similar processes and pathways including regulation of the
glutamatergic and GABAergic systems, apoptosis, and calcium
signaling pathways. Based on our SNO data (Fig. 2G), and due to
the critical role that GABAergic and glutamatergic systems play in
AD [50], we tested the levels of key biomarkers of these systems
using WB analysis to check whether, at the biochemical level, we
can uncover specific differences and changes between the two
models.

Fig. 2 Systems biology analysis of P301S and 5xFAD models. A Shifts in the SNO pattern in P301S mice compared to their WT counterparts.
The spheres contain the number of proteins S-nitrosylated in the mutant and WT mice or shared between the mutant and WT mice.
B Biological processes related to the pathology which were enriched in the P301S brains. C Pathways analysis that might be regulated by the
SNO-proteins in P301S brains. D Shifts in the SNO rates in 5xFAD mice compared to their WT counterparts. E Biological processes related to
the pathology which were enriched in the 5xFAD brains. F Pathways analysis that might be regulated by the SNO-proteins in 5xFAD brains.
G The shared processes related to AD that were enriched in both models.
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Increased nitrosative stress in AD mouse models
To examine other NO•-mediated effects in the brains of the AD
mouse models, we tested the levels of 3-nitrotyrosine (3-Ntyr), a
marker of NO• production and nitrosative/nitrative stress [51].
In P301S, we found a significant increase in 3-Ntyr levels in the

cortex (Fig. 3A & D), and hippocampus regions (Fig. 4A & D)
compared to the WT mice. A significant increase in the levels of
iNOS in both regions (Fig. 3A & B, Fig. 4A & B) was also found in
these mice. nNOS levels did not change in both regions,
consistent with the previous findings (Fig. 3A & C, Fig. 4A & C)
[22]. In 5xFAD mice, 3-Ntyr levels were significantly increased in

the hippocampus (Fig. 4E & H) but not in the cortex region (Fig. 3E
& H). iNOS levels were not changed in the cortex or the
hippocampus (Fig. 3E & F, Fig. 4E & F).

GABAergic and glutamatergic alterations at early stages of
the AD mouse models
Since we found that the GABAergic and glutamatergic systems
were enriched by SNO using systems biology analysis, we have
tested key biomarkers in both systems biochemically.
The glutamatergic marker, NR1, and the GABAergic markers,

glutamic acid decarboxylase 1 (GAD1), and vesicular GABA

Fig. 3 iNOS, nNOS and 3-Nitrotyrosine (3-Ntyr) levels in the cortices of P301S and 5xFAD mice, and their WT counterparts.
A Representative WB for iNOS, nNOS and 3-Ntyr of the cortices of P301S mice and their WT counterparts. B The relative abundance of iNOS
normalized to β-actin (a marker of protein loading). WT mice (n= 4), P301S mice (n= 4). C The relative abundance of nNOS normalized to
β-actin. WT mice (n= 5), P301S mice (n= 5). D The relative abundance of 3-Ntyr normalized to β-actin. WT mice (n= 5), P301S mice (n= 5).
E Representative WB for iNOS, nNOS, and 3-Ntyr prepared from the cortices of 5xFAD mice and their WT counterparts. F The relative
abundance of iNOS normalized to β-actin. WT mice (n= 5), 5xFAD mice (n= 5). G The relative abundance of nNOS normalized to β-actin. WT
mice (n= 5), P301S mice (n= 5). H The relative abundance of 3-Ntyr normalized to β-actin. WT mice (n= 5), 5xFAD mice (n= 5). An unpaired/
independent two-tailed test was used. *p ≤ 0.05, ns non significant.

Fig. 4 iNOS, nNOS and 3-Ntyr levels in the hippocampi of P301S and 5xFAD mice, and their WT counterparts. A Representative WB for
iNOS, nNOS and 3-Ntyr of the hippocampi of P301S mice and their WT counterparts. B The relative abundance of iNOS normalized to β-actin.
WT mice (n= 4), P301S mice (n= 4). C The relative abundance of nNOS normalized to β-actin. WT mice (n= 5), P301S mice (n= 5) D The
relative abundance of 3-Ntyr normalized to β-actin. WT mice (n= 4), P301S mice (n= 4). E Representative WB for iNOS, nNOS, and 3-Ntyr of
the hippocampi of 5xFAD mice and their WT counterparts. F The relative abundance of iNOS normalized to β-actin. WT mice (n= 5), 5xFAD
mice (n= 5). G The relative abundance of nNOS normalized to β-actin. WTmice (n= 5), 5xFAD mice (n= 5). H The relative abundance of 3-Ntyr
normalized to β-actin. WT mice (n= 4), 5xFAD mice (n= 4). An unpaired/independent two-tailed test was used. *p ≤ 0.05, ns non significant.
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transporter (VGAT), were tested. The levels of NR1 were altered in
both models. In the P301S, the tauopathy model, NR1 levels in the
cortex region were significantly increased (Fig. 5A & B), while in
the hippocampus significantly decreased compared to the WT
mice (Fig. 6A & B). In contrast, in the 5xFAD mice, NR1 levels were
significantly reduced in both the cortex and the hippocampus
regions compared to the WT mice (Fig. 5E & F, Fig. 6E & F). The
downregulation of NR1 was also confirmed previously in the
hippocampus of patients with sporadic AD [52].
The levels of VGAT in P301S mice were significantly decreased

only in the hippocampus (Fig. 6A & D), while in 5xFAD mice,
downregulation of this transporter was observed in both regions
compared to the WT mice (Fig. 5E & H, Fig. 6E & H). GAD1 levels
didn’t change in the P301S or the 5xFAD mice compared to their
WT counterparts (Fig. 5A & C, E & G Fig. 6A & C, E & G).

Altered mTOR signaling pathways in the AD mouse models
Our previous work has revealed a potential link between NO• and
the mTOR signaling pathway in autism spectrum disorder and AD
mouse models [1]. Here we aimed to investigate the activation
pattern of the mTOR signaling pathway in the diseased mice by
testing the levels of key critical components of this pathway: the
positive regulator of mTOR p-AKT (Ser473), the negative regulator
of mTOR, the catalytic subunit of the tuberous sclerosis complex 2
(TSC2), the activated form of mTOR p-mTOR (Ser2448), and the
downstream target of p-mTOR phospho-ribosomal protein S6 (p-
RPS6; Ser235) in the cortex (Fig. 7) and the hippocampus (Fig. 8).
We found a significant increase in the levels of p-AKT and

p-mTOR and a significant decrease in TSC2 levels in both regions
of the P301S mice compared to their WT counterparts (Figs. 7A–D
& 8A–D). P-RPS6 levels were significantly increased in the cortex
but not the hippocampus of these mice (Figs. 7E & 8E). However,

in both regions of 5xFAD mice, we did not find significant changes
in the levels of the mTOR pathway components (Figs. 7F–I & 8F–J),
except for p-RPS6 whose levels were significantly increased in the
cortex compared to the WT mice (Fig. 7J).
Collectively, these results indicate an overactivation of the

mTOR signaling pathway in both AD mouse models.

DISCUSSION
In this work, we performed a comparative study of the molecular
events corresponding to the early stages of AD in the P301S and
5xFAD AD models. We identified the S-nitrosylated (SNOed)
proteins and found major SNO pattern changes in AD mice in the
very early stages of the disease (Fig. 2A & D). Following the
acquisition of the SNO-proteome, we performed biochemical
validations using WB analysis to test the levels of 3-Ntyr [51]. Next,
we identified the processes shared between the two transgenic
mouse models using systems biology analysis. We focused on
specific processes that were SNO-enriched in the AD models
which included the GABAergic and glutamatergic neurotransmis-
sion processes, and the mTOR signaling pathway. The levels of
critical components of the mTOR pathway and the two GABAergic
and glutamatergic systems appeared to be significantly changed
in the brains of the mutant mice.
Our work suggests new insight into the effects of NO• on brain

functions in pathological conditions in addition to previous
studies [53–55]. SNO, which targets cysteine thiols of the proteins
[56], is a crucial posttranslational modification that manipulates
the protein functions [56]. Dysregulation of NO• production and
SNO is implicated in brain disorders such as AD, Parkinson’s
disease [57, 58], autism spectrum disorder, and neurodevelop-
mental disorders [46, 59].

Fig. 5 The levels of the glutamatergic and GABAergic system proteins in the cortices of P301S and 5xFAD mice, and their WT
counterparts. A Representative WB for NR1, GAD1, and VGAT of the cortices of P301S and WT mice. B The relative abundance of NR1
normalized to β-actin. WT mice (n= 5), P301S mice (n= 5). C The relative abundance of GAD1 normalized to β-actin. WT mice (n= 5), P301S
mice (n= 5). D The relative abundance of VGAT normalized to β-actin. WT mice (n= 5), P301S mice (n= 5). E Representative WB for NR1,
GAD1, and VGAT of the cortices of 5xFAD and WT mice. F The relative abundance of NR1 normalized to β-actin. WT mice (n= 4), 5xFAD mice
(n= 4). G The relative abundance of GAD1 normalized to β-actin. WT mice (n= 5), 5xFAD mice (n= 5). H The relative abundance of VGAT
normalized to β actin. WT mice (n= 4), 5xFAD mice (n= 4). An unpaired/independent two-tailed test was used, *p ≤ 0.05, ns non significant.
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Fig. 6 The levels of the glutamatergic and GABAergic system proteins in the hippocampi of P301S and 5xFAD mice, and their WT
counterparts. A Representative WB for NR1, GAD1, and VGAT of the hippocampi of P301S and WT mice. B The relative abundance of NR1
normalized to β-actin. WT mice (n= 4), P301S mice (n= 4). C The relative abundance of GAD1 normalized to β actin. WT mice (n= 5), P301S
mice (n= 5). D The relative abundance of VGAT normalized to β-actin. WT mice (n= 5), P301S mice (n= 5). E Representative WB for NR1,
GAD1, and VGAT of the hippocampi of 5xFAD and WT mice. F The relative abundance of NR1 normalized to β-actin. WT mice (n= 4), 5xFAD
mice (n= 4). G The relative abundance of GAD1 normalized to β-actin. WTmice (n= 5), 5xFAD mice (n= 5). H The relative abundance of VGAT
normalized to β-actin. WT mice (n= 4), 5xFAD mice (n= 4). An unpaired/independent two -tailed test were used, *p ≤ 0.05, **p ≤ 0.01, ns non
significant.*p < 0.05; **p < 0.01 vs. WT; ns non significant.

Fig. 7 The levels of the mTOR-related proteins in the cortices of P301S and 5xFAD mice, and their WT counterparts. A Representative WB
for p-AKT, AKT, TSC2, p-mTOR, mTOR, p-RPS6, and RPS6 of the cortices of P301S and WT mice. B The relative abundance of p-AKT normalized
for AKT and β-actin. WT mice (n= 5), P301S mice (n= 5). C The relative abundance of TSC2 normalized to β-actin. WTmice (n= 5), P301S mice
(n= 5). D The relative abundance of p-mTOR normalized to mTOR and β-actin. WT mice (n= 4), P301S mice (n= 4). E The relative abundance
of p-RPS6 normalized to RPS6 and β-actin. WT mice (n= 4), P301S mice (n= 4). F Representative WB for p-AKT, AKT, TSC2, p-mTOR, mTOR, p-
RPS6, and RPS6 of the cortices of 5xFAD and WT mice. G The relative abundance of p-AKT normalized to AKT and β-actin. WT mice (n= 5),
5xFAD mice (n= 5). H The relative abundance of TSC2 normalized to β-actin. WT mice (n= 5), 5xFAD mice (n= 5). I The relative abundance of
p-mTOR normalized to mTOR and β-actin. WT mice (n= 5), 5xFAD mice (n= 5). J The relative abundance of p-RPS6 normalized to RPS6 and
β-actin. WT mice (n= 4), 5xFAD mice (n= 4). An unpaired/independent two-tailed test were used, *p ≤ 0.05, **p ≤ 0.01, ns non significant.
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Our SNO data revealed shifts in the SNO pattern. In the cortex of
P301S mice, we identified 244 proteins were SNOed exclusively in
the diseased (mutant) mice. For example, clathrin coat assembly
protein (AP180) was S-nitrosylated in the P301S mice but not in
the WT. The decreased levels of AP180 have been linked to AD
[60, 61]. This protein binds to synaptic vesicle proteins, including
the vesicular glutamate transporters [62], that load glutamate into
synaptic vesicles and maintain the homeostasis of the glutama-
tergic system [63]. AP180 inactivation modulates the excitatory
neurotransmission by inhibiting synaptic vesicle recycling [62].
S-nitrosylation is a fundamental mechanism in the regulation of
cellular signaling by the conformational changes, activation, or
inhibition of the protein, and alteration of its localization [64].
Likewise, S-nitrosylation of AP180 may alter its function, implicat-
ing it in the regulatory mechanisms of the glutamatergic system.
We found that 82 proteins were SNOed in the cortex and 109 in

the hippocampus of the WT counterparts of P301S mice, suggesting
that these proteins underwent SNO in physiological conditions but
were being denitrosylated in the AD brains. For example,
neurogranin was SNOed only in the WT brains. It is a postsynaptic
protein that binds to Ca2+-free form of calmodulin [65]. This protein
is considered an AD marker once its levels are significantly reduced
in the brain [66]. Neurogranin modulates Ca2+/calmodulin-depen-
dent pathways, affecting activity-dependent synaptic plasticity and
long-term potentiation, which are critical for learning and memory
formation [67]. Previously, we showed that neurogranin is SNOed in
the juvenile WT male mouse cortex, striatum, and hippocampus [68].
This protein is found in the cell bodies and dendrites of neurons of
the cerebral cortex, hippocampus, and striatum of the rats’ brains
[69]. Neurogranin has a highly specialized function in the CNS due to
its specific localization [69]. We suggest that denitrosylation of
neurogranin prevents its SNO-dependent conformation and thus,
affects its localization and function [70], contributing to synaptic
dysfunction characteristic of AD.
In 5xFAD mice, we identified 226 SNO proteins that were

upregulated, and 83 others were downregulated in 5xFAD compared
to the WT mice. The up- or downregulation of the SNO-proteins
depend on either altered S-nitrosylation or changes in the

abundance of this protein. Glutamine synthase was SNOed in the
5xFAD mutant mice significantly higher than in the WT animals. It
has been shown that the SNO of glutamine synthase increases its
activity [71], and more glutamate is converted to glutamine, affecting
the glutamine/glutamate cycle. The levels of SNOed glutamate
dehydrogenase (Glud1, also known as GDH) were also elevated in
the diseased mice. The increased SNO of this protein is known to
cause its inhibition [71]. Glud1 converts glutamate to α-ketoglutarate,
a key molecule in the Krebs cycle [72]. Inhibiting the Glud1 activity
causes increased levels of glutamate in the presynaptic neurons. The
accumulating glutamate can be converted to GABA by GAD1 [71],
shifting the glutamate/GABA balance. The levels of SNOed
synaptophysin (Syp) were diminished in 5xFAD mice. Syp is a
presynaptic protein essential for proper synaptic functioning [73].
Previously, upregulation of Syp was found in the hippocampal
dentate gyrus of the kainic acid-induced mouse model of epilepsy,
suggesting increased synaptogenesis. This effect was alleviated by a
selective nNOS inhibitor in an epilepsy model [74]. These results are
consistent with the finding that the Syp levels are decreased in 3–6
month-old P301S mice [23]. Since the levels of the SNO-proteins
depend on the extent of their S-nitrosylation, it can be speculated
that Syp denitrosylation may negatively affect synaptogenesis,
contributing to synaptic dysfunction in AD.
Collectively, our results point to the important role of SNO in

regulating the activity of several proteins and signaling pathways
contributing to AD progression and suggest future experimental
plans to validate it.
The increased 3-Ntyr levels found in the cortex and hippocam-

pus of P301S mice and the hippocampus of 5xFAD mice indicate
elevated nitrosative stress, which results from excessive NO levels
[75, 76] and oxidative stress [75] observed in AD. We tested the
levels of iNOS and nNOS to understand the possible source of
excessive NO in these mice. iNOS levels appeared to be
significantly increased in both regions only in the P301S brains.
However, in the brain regions of 5xFAD mice, this protein
insignificantly differed from the brains of the WT mice. The
increased NO production by iNOS is expected in AD because iNOS
produces NO• upon inflammation [77], characteristic of AD [78].

Fig. 8 The levels of the mTOR-related proteins in the hippocampi of P301S and 5xFAD mice, and their WT counterparts. A Representative
WB for p-AKT, AKT, TSC2, p-mTOR, mTOR, p-RPS6, and RPS6 of the hippocampi of P301S and WT mice. B The relative abundance of p-AKT
normalized to AKT and β-actin. WT mice (n= 4), P301S mice (n= 4). C The relative abundance of TSC2 normalized to β-actin. WT mice (n= 5),
P301S mice (n= 5). D The relative abundance of p-mTOR normalized to mTOR and β-actin. WT mice (n= 5), P301S mice (n= 5). E The relative
abundance of p-RPS6 normalized to RPS6 and β-actin. WTmice (n= 5), P301S mice (n= 5). F Representative WB for p-AKT, AKT, TSC2, p-mTOR,
mTOR, p-RPS6, and RPS6 of the hippocampi of 5xFAD and WT mice. G The relative abundance of p-AKT normalized to AKT and β-actin. WT
mice (n= 5), 5xFAD mice (n= 5). H The relative abundance of TSC2 normalized to β-actin. WT mice (n= 5), 5xFAD mice (n= 5). I The relative
abundance of p-mTOR normalized to mTOR and β-actin. WT mice (n= 5), 5xFAD mice (n= 5). J The relative abundance of p-RPS6 normalized
to RPS6 and β-actin. WT mice (n= 5), 5xFAD mice (n= 5). An unpaired/independent two-tailed test were used, *p ≤ 0.05, ns non significant.
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Still, iNOS activity may be altered, without changes in its levels.
Lastly, nNOS levels did not change either in P301S or 5xFAD mice.
AD mice show neuron loss in later stages of the disease [23, 79].
Since nNOS is mainly found in neurons [76], it is logical to suggest
that nNOS activity is elevated in these mice, yet its levels remain
unchanged due to neuron loss. The nNOS activity measurements
in AD mice could be performed in future experiments.
Our systems biology analysis showed that the processes, such

as mTORC1 signlaing, glutamatergic, and GABAergic systems
regulation, were affected in the two transgenic mouse models.
The shared processes indicate that along with protein phosphor-
ylation, SNO may govern glutamatergic and GABAergic neuro-
transmission and the mTOR signaling pathway. Therefore, we
chose to assess and quantify the levels of some critical players in
these systems to provide initial information about the alterations
in the brains of diseased mice.
We tested the levels of the glutamatergic synapse marker NR1 (the

obligatory subunit of NMDA receptor), the GABAergic marker VGAT,
which loads GABA into synaptic vesicles to be released to the
postsynaptic cleft, and GAD1, the enzyme that catalyzes the
production of gamma-aminobutyric acid from L-glutamic acid)
proteins. The WB analysis showed alterations in the GABAergic and
glutamatergic neurotransmission. In the P301S model of AD, we
found a significant increase in the levels of NR1 in the cortex region
and a marked decrease in NR1 levels in the hippocampus compared
to the WT mice. In contrast, in the 5xFAD mice, the levels of NR1
were significantly decreased in both regions. The decrease in NR-1
levels could be caused by the accumulation of amyloid-beta plaques
that can reduce the surface expression of NMDA receptor subunits,
including NR1 [80]. It has been found that in P301S mice, Tau protein
decreases NMDA receptor expression in the postsynaptic density
[81]. It can be suggested that the increased levels of NR1 found in the
cortex of these mice is a compensatory mechanism in response to
amyloid-beta toxicity or NMDA receptor-related neuronal hyperac-
tivity that precedes amyloid-beta accumulation in the AD brain [82].
In P301S brains, VGAT levels were significantly decreased only

in the hippocampus, while in the 5xFAD mice, this change was
observed in both the cortex and hippocampus compared to the
WT counterparts. The reduced levels of VGAT were also found in
previous studies in several AD mouse models [83]. In our
experiments, no significant changes in GAD1 levels were detected
in the brains of either AD mouse model. This observation,
however, does not exclude changes in GAD1 expression in these
mice, and further validation at different disease stages is required.
Thus, in experiments on 6–10 month-old 5xFAD mice, Wang et al.
[84], found a significant decrease in the GAD1 (GAD67) levels,
suggesting that GAD1 depletion plays a role in AD pathology. It
could be speculated that the GAD1 levels are age-dependent, and

we may observe the depletion of this protein in older mice of
these models. Several studies have shown that the hippocampus
and other areas, such as the cingulate cortex and amygdala, have
reduced GABA levels in the brains of AD patients [85].
Next, we tested the levels of critical components of the mTOR

signaling pathway. In the P301S mice, the analysis showed
significantly increased levels of p-AKT at Ser473 (a positive
regulator of mTOR). The levels of TSC2 (the master negative
regulator of the mTORC1 activity [86] were decreased. p-mTOR
was upregulated in both regions, indicating its activation. Finally,
we found a significant increase in the p-RPS6 levels in the cortex,
but not the hippocampus, reflecting the increased mTORC1
activity in the cortex of mice of P301S. Thus, our WB results
indicate an overactivation of the mTOR pathway in the P301S
tauopathy mouse model.
In the 5xFAD mouse model of AD, no significant changes in the

levels of the components of the mTOR signaling pathway was
found in either region, except for a significant increase in the
levels of p-RPS6 at Ser235 in the cortex region. Ser235 is one of
four main phosphorylation sites for RPS6, which can be
phosphorylated not only by mTOR but also by other signaling
pathways and kinases [87]. Thus, RPS6 can be phosphorylated by
the RAS/ERK (extracellular signal-regulated kinase) pathway via
the activation of p90 ribosomal S6 kinase (RSK) [88, 89] and casein
kinase [90]. Still, we cannot rule out the RPS6 phosphorylation by
mTOR signaling. Overactivation of the mTOR pathway is one of
the underlying mechanisms in AD. It leads to several downstream
effects, such as inhibition of autophagy, resulting in amyloid-beta
and hyperphosphorylated tau tangles accumulation [42].
In conclusion, our study highlights the importance of

S-nitrosylation and nitric oxide in AD. It suggests a link between
SNO and the glutamatergic/GABAergic systems and the mTOR
signaling pathway at the early stages of AD. The similarities and
differences between the two mouse models of AD, the P301S and
5xFAD transgenic mice, are summarized in Table 1. Our findings
uncovered critical molecular mechanisms in the early stages of
two AD mouse models, which may serve as potential biomarkers
and therapeutic targets for early-stage AD.
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