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Abstract: Aims: This study aimed to perform a quantitative analysis of the proteomic changes in
neural cells under H,0O, exposure and N-acetylcysteine (NAC) treatment.

Background: NAC is a potent antioxidant and an effective free radical scavenger that has been
used as a potential treatment of several neurological disorders. Although the molecular mech-
anisms of neuroprotective action by NAC have been studied, more efforts are still needed for the
elucidation of the mechanisms through a quantitative proteomic analysis.

Objective: This study aimed to identify differentially expressed proteins among control, H,O,-treat-
ed group, and NAC+H,O,-treated group as well as reveal proteins involved in the protection of neu-
ral cells from H,0,-induced toxicity.
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Methods: SK-N-MC cells were untreated (control), treated with H,O, (disease group), pretreated
with NAC, and then treated with H,0, (NAC group). Proteins were digested to peptides and ana-
lyzed using liquid chromatography-tandem mass spectrometry with the data-independent acquisi-
tion. Skyline was used to quantify peptides and proteins. MSstats was used for statistical analysis.
Gene ontology and protein-protein interactions were performed using the Differentially Expressed
Proteins (DEPs).
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Results: Cytoprotective effects of NAC on the cell against H,0,-induced toxicity were first proven
using a cell viability study and lactate dehydrogenase assay. The proteomic analysis found 93
DEPs in three comparisons. Among them, 37 proteins were differentially expressed under H,O, ex-
posure. Only 10 DEPs were rescued in the case of NAC pretreatment. Aspartate aminotransferase
and L-lactate dehydrogenase B chain were two DEPs involved in the cysteine and methionine
metabolism pathway, which might relate to the mechanisms of NAC protective effects.

Conclusion: The findings of cell studies and proteomic analysis were in agreement with previous
results, confirming the cytoprotective effects of NAC on neural cells against oxidative stress.

Keywords: Proteomics, N-acetylcysteine, H,0,, cytotoxicity, data-independent acquisition, LC-MS/MS, gene ontology.

1. INTRODUCTION

Oxidative stress is one of the common factors involved
in many neurodegenerative diseases, such as Parkinson's dis-
ease [1-3], Alzheimer's disease [4, 5], stroke [6], spinal cord
injury [7], multiple sclerosis [8], and amyotrophic lateral
sclerosis [9]. It occurs as a result of the imbalance between
antioxidant defense systems and the accumulation of reac-
tive oxygen species (ROS), including hydrogen peroxide

(H,0,), superoxide anion (O,-), (OH¢) [10]. In normal condi-
tions, ROS plays a crucial role in various cellular signaling
pathways and transcription factors. However, their excess ac-
cumulation in the body can be harmful to DNA, lipids, and
proteins, resulting in severe damage in various cellular or-
ganelles [11]. ROS can induce cell death through the activa-
tion of signaling pathways within the apoptotic cascade, in-
cluding mitochondrial apoptosis, mitogen-activated protein
kinases, and phosphoinositide 3-kinase [12, 13]. The brain is
highly susceptible to oxidative damage of ROS since the un-
saturated fatty acids and enriched iron in brain are easily per-
oxidized [14]. Furthermore, the brain has increased oxida-
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tive metabolisms and fewer antioxidative enzymes as com-
pared to other organs [15]. Given that oxidative stress is one
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of the principal causes of neurodegenerative diseases, vari-
ous antioxidants have been proven to be effective in neuro-
toxicity protection [16, 17].

N-acetylcysteine (NAC) is a potent antioxidant and an ef-
fective free radical scavenger. It has emerged as a potential
treatment of several neurological disorders [18, 19]. The an-
tioxidant ability of NAC is associated with direct interac-
tions with ROS [20]. In addition, NAC is a precursor of glu-
tathione (GSH), a principal antioxidant in preventing neu-
rodegenerative diseases and central nervous system injuries.
NAC greatly increases the intracellular levels of GSH and
thereby minimizes the oxidative effects of ROS [21]. In addi-
tion, NAC exerts neuroprotective effects by maintaining the
redox state and improving the immune responses under the
oxidative condition [22, 23]. Empirically, numerous studies
have reported the neuroprotective activity of NAC and its po-
tential for application with neurodegenerative disease thera-
pies. In patients with Parkinson’s disease, NAC positively af-
fects the dopaminergic system, increases dopamine trans-
porter binding, and significantly improves symptoms of the
disease [24]. In human neuroblastoma cells, NAC can re-
duce amyloid-p peptide, a neurotoxic compound of
Alzheimer's disease [25, 26]. Also, NAC shows effective
neuroprotection in ischemic stroke through increasing hy-
poxia-inducible factor-la [27]. Although the molecular
mechanisms of neuroprotective action by NAC have been
studied, more efforts are still needed for the elucidation of
the mechanisms through in vifro and in vivo studies. Notab-
ly, there have not been many studies on NAC neuroprotec-
tive effects using proteomics, an approach that allows large
scale identification of proteins in samples and evaluation of
protein level changes under stimuli.

Proteomics is the study of entire proteins in a given sam-
ple, including protein functions, modifications, and interac-
tions [28-30]. By identification of changes in protein level,
proteomics is one of the potent strategies to investigate the
current status of cells, and thereby elucidate mechanisms re-
lated to diseases and treatment therapies [31, 32]. Two ma-
jor analytical strategies in proteomics are top-down and bot-
tom-up approaches. While top-down proteomics directly se-
parates and identifies intact proteins, bottom-up proteomics
analyzes peptides resulted from the enzymatic proteolysis of
proteins [33]. Mass spectrometry (MS)-based bottom-up pro-
teomics is one of the most frequently used strategies nowa-
days. It can be performed using data-dependent acquisition
(DDA) or data-independent acquisition (DIA). In DDA
mode, the most intense precursor ions are selected in the
first stage of MS and subsequently fragmented and analyzed
in the next stages. In contrast, DIA MS divides the precursor
mass window into narrow ones and consecutively acquires
MS/MS data from all precursors detected within each win-
dow [34]. Until now, DIA has been regarded as a powerful
strategy for both protein identification and quantification
[35].

In this study, a quantitative proteomic analysis was per-
formed using DIA MS. SK-N-MC human neuroblastoma
cell line was evaluated in three conditions: control, H,O,
treatment (disease group), and NAC + H,0, treatment (NAC
group) to investigate the cytotoxicity induced by hydrogen
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peroxide (H,0,) as well as the cytoprotective effect of NAC.
DDA MS was carried out to build a spectra library prior to
DIA MS. Protein quantification was conducted using Sky-
line to determine differentially expressed proteins (DEPs) be-
tween groups. Further analyses were also performed, includ-
ing the gene ontology (GO), protein-protein interaction, and
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents

Iodoacetamide (IAA), ammonium bicarbonate (ABC),
trifluoroacetic acid (TFA), NAC (for cell culture, >99%),
H,0, solution (in water, 29.0-32.0%), and 3-[4,5-dimethylthi-
azol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). Tris (2--
carboxyethyl) phosphine (TCEP) was purchased from Ther-
mo Fisher Scientific (Rockford, IL, USA). Acetonitrile (AC-
N), formic acid (FA), and high-performance liquid chroma-
tography (HPLC) grade water were supplied by J.T. Baker
(Philipsburg, NJ, USA). Sequencing-grade modified trypsin
was from Promega (Madison, WI, USA). cOmplete™ Pro-
tease inhibitor cocktail (tablet type) was from Roche Bio-
chemicals (Basel, Switzerland). Methanol was purchased
from Fisher Scientific (Pittsburgh, PA, USA). Eagle's Mini-
mum Essential Medium (EMEM) and fetal bovine serum
(FBS) were purchased from American Type Culture Collec-
tion (Manassas, VA, USA). Penicillin, streptomycin, and
trypsin-EDTA solutions were obtained from GIBCO-BRL
(Grand Island, NY, USA).

2.2. Cell Culture and Treatments

The human neuroblastoma SK-N-MC cells (Korean Cell
Line Bank, Seoul, Korea) were grown in a humidified 5%
CO, atmosphere at 37°C in EMEM containing 10% (v/v)
heat-inactivated FBS, penicillin (100 unit/mL), and strepto-
mycin (100 pg/mL). For the experiment, the cells were plat-
ed at a density of 1 x 10° cells/well in triplicate in 96-well
plates and incubated for 24 h. There were three groups: con-
trol, H,0,, and NAC. H,0, group was treated with H,O,
(200 uM) for 24 h. NAC group was pretreated with 1 mM of
NAC for 2 h and then treated with H,0, (200 puM) for 24 h.
NAC was dissolved in phosphate buffer saline (PBS) for the
experiments and stored at -20 °C until use. Cell pellets were
collected for proteomic analysis.

2.3. MTT Assay for Cell Viability

The cell viability was determined by the MTT reduction
assay. After treatment with H,O, (0-800 uM), the medium
was removed in the plate, and then the cells were incubated
in an MTT solution containing EMEM (final concentration
of 1 mg/ml in PBS) at 37°C with 5% CO, for 4 h. Next, the
insoluble formazan crystals were dissolved in 200 puL. of DM-
SO. Consequently, the amount of MTT reduction was deter-
mined by measuring the absorbance at 570 nm using a micro-
plate reader (Bio Tek, Winooski, VT, USA).
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2.4. Lactate Dehydrogenase (LDH) Assay for Cytotoxic-
ity

The cytotoxicity induced by H,O, treatment was deter-
mined using the LDH cytotoxicity detection kit (Takara Bio
Inc, Tokyo, Japan), according to the manufacturer’s instruc-
tions. Briefly, the cells (control, H,0,, and NAC groups)
were centrifuged at 250 % g for 10 min at 4°C, and then 100
pL of supernatants were collected and mixed with 100 pL of
the reaction mixture (catalyst and Dye solution) in a 96-well
plate. After incubation for 30 min at room temperature, the

LDH release was measured at 490 nm using a microplate
reader (Bio Tek, Winooski, VT, USA) [36].

2.5. Sample Preparation for Proteomic Analysis

2.5.1. Cell Lysis

The cells were used in 3 groups as follows: (1) non treat-
ed group (Control), (2) only 200 uM H,O, treated group
(Disease), and (3) pretreatment with 1 mM NAC + 200 uM
H,0, treated group (NAC). The cell pellets (3 groups x 3 bio-
logical replicates) were mixed with 1 mL of lysis solution
(8M Urea, 0.1 M Tris-HCI buffer, pH 8.5) and 40 pL of pro-
tease inhibitor cocktail (stock solution 25X) in glass tubes.
Cell lysis was performed using Covaris S2 Focused-Ultra-
sonicator (Covaris, Woburn, MA, USA) for 15 min. The pro-
tein concentration in samples was determined using the
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).

2.5.2. Automated Filter-Aided Sample Preparation (a-
FASP)

The a-FASP was performed on a liquid handling robotic
system (Agilent Technologies, Santa Clara, CA, USA) con-
trolled by VWorks software [37, 38]. The vacuum was sup-
plied during sample preparation using Multiscreen Vacuum
Manifold™ (Millipore, Billerica, MA, USA). Protein sam-
ples (100 pg) were loaded onto a 96-well filter plate (Acro-
Prep Advance Filter Plates, 350 uL, Omega 30K MWCO,
PALL, NY, USA). Proteins were reduced with TCEP (37°C,
30 min) and alkylated with IAA (25°C, 30 min, in the dark).
After washing with 50 mM ABC, the proteins were digested
with trypsin at an enzyme: protein ratio of 1:50 (w/w)
(37°C, 18 h). After digestion, peptide mixtures were collect-
ed. FA was added to inactivate the trypsin. The samples
were then desalted by using Sep-Pak tC18 96-well plate (Wa-
ters, Milford, MA, USA).

2.5.3. Fractionation

The peptides from nine samples were pooled and fractio-
nated using high-pH reversed-phase liquid chromatography.
The sample was loaded on a Sep-Pak Vac lcc C18 cartridge
(Waters, Milford, MA, USA). Peptides were eluted with a se-
ries of 16 eluting solvents containing acetonitrile (2.5-50%
v/v) and trimethylamine (0.1%) in water. The acetonitrile
concentration was increased stepwise. The eluted samples
were pooled to make 5 final fractions, followed by drying in
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the ScanSpeed 40 centrifugal evaporator (1,800 rpm, 3 h).
The dried samples were reconstituted in solvent A (0.1% for-
mic acid in water) prior to LC-MS/MS analysis [39].

2.6. Liquid Chromatography-Tandem Mass Spectrome-
try (LC-MS/MS) Analysis

Analysis of the peptide mixtures was performed on an
LC-MS/MS system consisting of a Dionex Ultimate 3000
HPLC coupled with a Q Exactive™ Hybrid Quadrupole-Or-
bitrap MS (Thermo Fisher Scientific, MA, USA). An Ac-
claim™ PepMap™ 100 C18 nano-trap column (75 pm x 2
cm, 3 pm particles, 100-A pores, Thermo Fisher Scientific)
was used to load the samples. The loading step was carried
out using solvent A at a flow rate of 2.5 pL/min for 5 min.
Subsequently, an Acclaim™ PepMap™ C18 100A RSLC
nano-column (75 pm x 50 ¢cm, 2 pm particles, 100-A pores,
Thermo Fisher Scientific) was used to separate the peptide
mixtures. The solvent consisted of solvent A and solvent B
(0.1% formic acid in 80% ACN). The flow rate was fixed at
300 nL/min. The gradient set up for solvent B was as fol-
lows: 4% in 4 min, 4-40% in 116 min, 40-96% in 10 min,
96-4% in 0.1 min, and 4% B for 19.9 min. The nano-electro-
spray ionization source was operated under positive mode
with a spray voltage of 2.0 kV. The capillary temperature
was 320°C [31]. The isolation width was + 2 m/z, and the
scan range was 400 to 2000 m/z. The resolution in full-MS
scans and in MS/MS scans at 200 m/z was 70,000 and
17,500, respectively. For DIA MS, 20 non-overlapping 20-
m/z-wide windows between 500 and 900 m/z were used,
and 9 samples were analyzed in triplicates.

2.7. Data Analysis

Raw MS/MS files of 5 analyses in DDA MS were con-
verted to .mzXML using MSConvert. Comet (ver. 2017.01
rev.0) was used to search MS/MS spectra against the human
proteome database obtained from Uniprot. The search was
set up as follows: maximum of two missed cleavages with
trypsin; 10 ppm and 0.02 Da tolerances of precursor ion
masses and fragment ion mass, respectively; static carbami-
domethylation of cysteine (+57.012 Da); and variable modifi-
cations including methionine oxidation (+15.995 Da) and
carbamylation of protein in N-term (+43.0006 Da). The out-
put files (.pepXML) were subjected to the Trans-Proteomic
Pipeline (TPP) [40] with PeptideProphet [41] and Protein-
Prophet [42]. An FDR < 1% was used to filter the data. Pro-
teins were identified with a minimum of 2 unique peptides.
Protein quantification was performed using Skyline (ver.
4.2.0) [43]. DDA data were acquired to build a spectral li-
brary with a cut-off score of 0.99 prior to the analysis of
DIA data. The parameters used in Skyline were as follows:
precursor charges, 1-4; ion charges, 1-2; ion types, y, b, p;
ion match tolerance, 0.05 m/z; maximum missed cleavages;
2; and a minimum number of peptide per protein, 2. MSstats
(ver. 3.13.6) was used for statistical quantification of the re-
sults [44]. Quantile normalization was applied. DEPs were
defined with a fold-change (FC)>2 (~log2FC>1) or FC<0.5
(~log2FC<-1) and p-value < 0.05 was considered [45].
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2.8. Gene Ontology, Protein-Protein Interaction, and
Pathway Analysis

DEPs were used for gene ontology (GO) analysis
(http://geneontology.org/). Protein-protein interaction (PPI)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways were analyzed through the String database (http-
s://string-db.org/) [46] and visualized with Cytoscape ver.
3.7.1 (National Institute of General Medical Sciences, MD,
USA). KEGG pathway maps were obtained from
www.kegg.jp [47-49] with permission to re-use.

3. RESULTS

3.1. Effect of NAC on H,0,-Induced Cell Death and Cyto-
toxicity in SK-N-MC Cells

Human SK-N-MC neuroblastoma cells were used to eval-
uate the toxicity of H,0, as well as the protective effects of
NAC. As shown in (Fig. 1A), exposure of the cells to vari-
ous concentrations of H,0, (100, 200, 400, 600, and 800
uM) resulted in a dose-dependent decrease in cell viability.
Treating the cells with 200 uM of H,0, led to a significant
loss of cell viability (p<0.001), with approximately 60.1%
of survival cells compared with the untreated control cell
(Fig. 1B). However, pretreatment with NAC (1 mM) for 2 h
before exposure to H,0, (200 uM) reduced the loss of cell vi-
ability induced by H,0,. The cell viability was increased to
82.4%, which was significantly higher than that of the cells
treated with H,0, alone (p<0.001). Morphological changes
in H,0,-treated SK-N-MC cells are shown in (Fig. 1C).
Compared to control cells, treatment with H,0, (100-400
uM) dose-dependently resulted in morphological features of
neuronal cell death, including cell shrinkage and neuritis in-
jury. However, pretreatment with NAC (1 mM) inhibited
morphological changes of SK-N-MC cells induced by H,O,
(200 uM). LDH assay for cytotoxicity was also performed.
The cells treated with H,0, showed a remarkable increase in
the LDH level compared with the untreated control cells
(p<0.001). However, pretreatment of the cells with NAC (1
mM) significantly reduced LDH level in H,O,-treated cells
by 21.0% (p<0.001) (Fig. 1D).

3.2. DDA MS Analysis of the Combined Proteome

In DDA MS analysis, a total of 2,806 proteins and
16,183 peptides were identified from 5 high pH PRLC frac-
tions (Table S1 and S2). The physicochemical properties of
the identified peptides and proteins were determined. From
TPP, molecular weight (MW), retention time, and isoelectric
point (pI) of the peptides were obtained. In addition, the
grand average of hydropathy (GRAVY) values of the pep-
tides was calculated with the GRAVY calculator
(http://gravy-calculator.de/) [50]. Negative GRAVY values
indicate hydrophilicity and vice versa. (Fig. 2A-2D) present
distribution of MW, GRAVY, pl, and retention time of the
identified peptides. It can be seen that the majority of the
identified peptides have MW <2,000 Da (87.6%), and partic-
ularly, more than 50% of the peptides are in the range of
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MW 1,000-1,600 Da. Most of the peptides are hydrophilic
(80.2%), as evidenced by GRAVY<0. Approximately 75%
of the peptides have pl in the range 4.0-7.0. The efficacy of
tryptic digestion is shown in (Fig. 2E), with about 96% of
the peptides having two lysine/arginine terminals. In addi-
tion, less than 7% of the peptides have missed cleavages.
(Fig. 2F) presents the distribution of the identified proteins
according to their length. More than 70% of the proteins
have <600 amino acids. Accordingly, various two-dimensio-
nal graphs were constructed using R (ver. 3.6.1) to reveal
the relationship among different physicochemical parame-
ters of the identified peptides (Fig. (S1)). It can be observed
that acidic peptides appear throughout the RPLC running
time, whereas basic peptides, particularly those with pI > 10,
were mostly associated with short retention time. Highly hy-
drophilic peptides (GRAVY < -2) are likely eluted at an ear-
ly time (<60 min). It should also be noted that peptides with
high MW (>3,000 Da) tend to be eluted at the later time in
RPLC, and have GRAVY of -2~0.5 and pI of 3-6.

3.3. DIA MS Analysis and Quantitative

After the Comet search, the whole protein list in DDA
MS was used to build a spectra library for label-free quantifi-
cation of DIA data with Skyline. The peptide intensities are
listed in Table S3. DEPs were identified with MSstats for dif-
ferent comparisons ((disease vs. control, NAC vs. disease,
and NAC vs. control)). The lists of DEPs are shown in Ta-
bles 1, 2, and S4. (Fig. 3A) illustrates volcano plots for each
comparison with up- and down-regulated proteins being
marked by blue and red colors, respectively. Details on pro-
tein name, gene name, protein description, and summary of
log2FC and p-value are listed in Table S5. Comparisons of
protein abundances among the three groups are presented in
Fig. (S2) for each protein. From 546 proteins that are quanti-
fied, 93 proteins are differentially expressed in at least one
comparison (Table S5).

First, in the disease vs. control comparison, 39 proteins
are differentially expressed (23 up and 16 down), which re-
late to 8 biological processes, 17 cellular components, 0
molecular functions (Table S6A), and 0 KEGG pathway. Se-
cond, in the NAC vs. disease comparison, there are 37 DEPs
(22 up and 15 down). They relate to 1 biological process
(protein folding), 15 cellular components, 10 molecular func-
tions (Table S6B), and 2 KEGG pathways (protein process-
ing in the endoplasmic reticulum (has04141) and cysteine
and methionine metabolism (hsa00270)). Third, in the NAC
vs. control comparison, 52 proteins are differentially ex-
pressed (32 up and 20 down), which relate to 3 biological
processes, 26 cellular components, 4 molecular functions
(Table S6C), and 3 KEGG pathways.

Among 93 DEPs, we filtered and selected 10, including
CAAX prenyl protease 1 homolog (ZMPSTE24), 60S acidic
ribosomal protein P2 (RPLP2), L-lactate dehydrogenase B
chain (LDHB), guanine nucleotide-binding protein G(k) sub-
unit alpha (GNAI3), aspartate aminotransferase, cytoplasmic
(GOT1), DNA-directed RNA polymerase II subunit RPB1
(POLR2A), stress-70 protein, mitochondrial (HSPA9), tran-
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Table 1. DEPs of disease versus control.

Park et al.

Up-regulation

Down-regulation

Protein ID log2FC p-Value Protein ID log2FC p-Value
P14927 1.02 0.00403 P05387 -3.22 0.00016
POI111 1.02 0.04024 QYH3K6 -2.36 0.02007

Q9BUB7 1.04 0.03962 P38646 -2.25 0.00074
P54577 1.10 0.01553 P62266 -1.86 0.03154
Q10570 1.21 0.03758 P24928 -1.77 0.00005
P49356 1.22 0.00481 Q13547 -1.65 0.03701
P47755 1.23 0.00190 Q9Y217 -1.52 0.00127
QOH773 1.25 0.00385 075844 -1.41 0.00007
P07195 1.31 0.04974 P10606 -1.32 0.00637
QI9Y5J1 1.34 0.02639 QIUFCO -1.29 0.00437
P28066 1.36 0.01486 000232 -1.25 0.01138

QIUFW8 1.37 0.00392 QIUBV8 -1.17 0.01164
Q96QK1 1.38 0.00891 P17174 -1.08 0.04910
P30086 1.39 0.00011 Q6PI78 -1.06 0.00468
P23284 1.40 0.01537 QIBUF5 -1.05 0.02690
P46109 1.43 0.01775 P05556 -1.05 0.00152
P46977 1.48 0.00749 - - -
P13489 1.49 0.01898 - - -
Q8TAE8 1.54 0.04673 - - -
P80723 1.85 0.00073 - - -
P08754 2.12 0.01177 - - -
Q08211 2.79 0.03658 - - -

Q8WXX5 3.73 0.00038 - - -

Table 2. DEPs of NAC versus disease
Up-Regulation Down-Regulation

Protein ID log2FC p-Value Protein ID log2FC p-Value
075844 1.01 0.00211 P08670 -3.39 0.03918
P55072 1.04 0.03136 P80723 -2.94 0.00000
P04066 1.08 0.02600 P08238 -2.21 0.04749
P16949 1.10 0.00000 Q8WXXS5 -2.19 0.02320
QIY3B4 1.10 0.01138 Q14692 -2.19 0.00385
P11766 1.20 0.03928 P08754 -2.05 0.01428
P17174 1.22 0.02789 P07195 -2.03 0.00386
Q15050 1.22 0.01944 P54753 -1.84 0.03670
Q6PI78 1.26 0.00108 P30040 -1.62 0.01629
Q8IY81 1.32 0.00740 QO9HI1E3 -1.46 0.04440
P24928 1.33 0.00111 043765 -1.33 0.00396
P31689 1.39 0.03755 P13639 -1.28 0.04895
P26640 1.41 0.00188 P31153 -1.23 0.01454
Q9HO0QO 1.44 0.00399 QIUFW8 -1.04 0.02335

Q9UBK9 1.49 0.04924 Q14554 -1.01 0.04210
P51571 1.50 0.03979 - - -
P56537 1.53 0.00360 - - -

(Table 2) contd....
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Up-Regulation

Down-Regulation

Protein ID log2FC p-Value Protein ID log2FC p-Value
Q5SBKZ1 1.70 0.02976 - - -
P38646 1.78 0.00529 - - -
043615 1.93 0.03559 - - -
P21281 2.05 0.00078 - - -
P05387 2.38 0.00224 - - -

(A) Disease vs. control NAC vs. disease NAC vs. control
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Fig. (3). Summary of results from proteomic analysis with DIA MS. (A) Volcano plots. (B) Comparison of intensity of some differentially
expressed proteins. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

smembrane protein 65 (TMEMG65), DNA J homolog subfam-
ily C member 9 (DNAJC9), and CGG triplet repeat-binding
protein 1 (CGGBP1). These proteins were differentially ex-
pressed when the cells were exposed to H,O, but recovered
to the normal state in the case of NAC-treated cells (Fig.
3B).

PPI among DEPs was defined using String and visual-
ized via Cytoscape (Fig. 4 and Fig. (S3)). Detail interactions
defined by String can be observed from Fig. (S4) and Table

S7. It can be seen that 4 of the 10 above-selected proteins, in-
cluding GOT1, LDBH, HSPA9, and DNAJC9, are shown to
closely interact with each other. AS noted, the cysteine and
methionine metabolism pathway is one KEGG pathway that
resulted from DEPs of the NAC vs. disease comparison. Fig.
(S5) shows the regulation of three proteins (L-lactate dehy-
drogenase B chain, aspartate aminotransferase, cytoplasmic,
and S-adenosylmethionine synthase isoform type-2) in cys-
teine and methionine metabolism pathway.
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4. DISCUSSION

In this study, quantitative proteomic analysis was per-
formed to reveal changes in the proteome of SK-N-MC cells
in 3 different conditions: control, H,0O, exposure (disease
group), and NAC-pretreatment, followed by H,O, exposure
(NAC group). Proteomic analysis of cell lysates in three con-
ditions is an effective approach to reveal changes in the pro-
teome of the cell and partly elucidate the effects of NAC in
protein levels. First, DDA MS was used to profile the com-
bined proteome of cells in 3 conditions. A two-dimensional
separation method consisting of high pH-RPLC and low pH-
RPLC was used to increase peptide and protein identifica-
tion [39, 51]. As a result, approximately 2,800 proteins were

=

Fig. (4). Protein-protein interaction using lists of differentially expressed proteins. (A) Disease vs. control and (B) NAC vs. disease. Red:
down-regulated, blue: up-regulated. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

identified with at least 2 unique proteins. The spectra from
DDA MS were then subjected to build a library in Skyline,

which enabled the quantification of peptides and pro-
teins from the DIA MS data.

H,0, was used to induce cytotoxicity in SK-N-MC cells
[52]. About 40% of cell death was observed at the concentra-
tion of 200 uM H,0,. It is in agreement with the results of a
previous study [17]. H,O, caused changes in the expression
of some proteins (Table 1) and affected some cellular biosyn-
thetic and metabolic processes (Table S6A). However, no
distinct pathway was found from those DEPs. When NAC
was pretreated to cells prior to H,O, exposure, it was ob-
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served that NAC could considerably protect the cells from
toxicity caused by H,O, (Fig. 1). LDH activity is regarded as
a reliable indicator of cell damage since it correlates with
the disruption of the cell membrane. Thus, LDH levels are
often used as an index to evaluate cell death. In this study,
the relative LDH level was a measure to reflect the damage
or death of the neuro cell [36]. NAC acts as an antioxidant
and a free-radical scavenging agent [20]. It also increases in-
tracellular GSH, which helps to protect the cells from oxida-
tive stress [21]. The protective effects of NAC may be via in-
hibition of ROS or the estrogen receptor-stress-mediated
apoptosis pathway [53]. Proteomics analysis revealed 37
DEPs (Table 2), which related to several binding functions
in the cells (Table S6B). Notably, 10 proteins showed re-
markable recovery to the normal levels in the case of NAC
pretreatment (Fig. 3B), although they were differentially reg-
ulated under H,O, exposure. Thus, among 39 proteins differ-
entially expressed under H,O, exposure, only 25.6% (10 pro-
teins) was rescued with the pretreatment of NAC. Those pro-
teins may play a critical role in the protective effect of NAC
on the cells exposed to H,0,. In a previous study, NAC was
used to protect the brain from acute cytotoxicity induced by
acrylamide. In this case, no GO or KEGG annotation enrich-
ment was detected from 80 DEPs. Among them, 14 DEPs
were rescued by NAC [54]. The effects of NAC on the pro-
tection of neural cells from oxidative stress in vitro in this
study agreed with many previous studies [18, 25, 55-57].
The ability of NAC to cross the blood-brain barrier in in
vivo models depends on its dose and administration [20].
The poor blood-brain barrier permeability, as well as the
high de-acylation of NAC during intestine absorption, may
cause failure in increasing GSH levels [54].

The DEPs in NAC vs. disease relates to the cysteine and
methionine metabolism KEGG pathway (Fig. (S5)) with 3
proteins being matched (L-lactate dehydrogenase B chain,
aspartate aminotransferase, and S-adenosylmethionine syn-
thase isoform type-2). LDH is a glycolytic enzyme that cata-
lyzes the reversible conversion of lactate to pyruvate, with
the simultaneous conversion of NAD+ and NADH. Increas-
es in LDH levels occur together with a wide variety of dis-
eases. Particularly, the serum level of LDH is an indicator of
cell damage since it relates to the release of LDH into the
bloodstream [58]. It can be seen that L-lactate dehydroge-
nase B chain (LDHB) up-regulated after H,O, exposure;
however, NAC pretreatment helped reducing its level to nor-
mal condition (Fig. 3B). Aspartate aminotransferase (GOT1)
catalyzes the biosynthesis of L-glutamate from L-cysteine or
L-aspartate. It also acts as a scavenger of glutamate in brain

neuroprotection. The depletion of aspartate aminotransferase
relates to the increased ROS levels [59]. In addition, aspar-
tate aminotransferase catalyzes the synthesis of 3-mercap-
topyruvate, which is further converted into hydrogen sulfide
(H,S) via the action of 3-mercaptopyruvate sulfurtrans-
ferase. H,S is also a crucial synaptic modulator and neuro-
protectant in the brain [60]. Besides, aspartate aminotrans-
ferase is crucial to provide oxaloacetate at low glucose lev-
els, probably to maintain the redox homeostasis [61]. It
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could also reduce serum and brain glutamate levels, and the
combination with oxaloacetate would be a potential ap-
proach for a successful acute-phase stroke treatment [62].
Our findings showed that level of aspartate aminotransferase
was decreased when the cells were exposed to H,0,. The pre-
treatment with NAC exhibited the significant recovery of as-
partate aminotransferase to the normal level (Fig. 3B). The
findings in this study, however, could not reveal the mech-
anisms of NAC on altering the concentrations of 10 proteins
mentioned above. Thus, further studies may be conducted to
uncover how NAC affects those proteins that lead to the pro-
tective actions on neuroblastoma cells. Besides, this study
lacked the verification of the DEPs. Further studies should
be performed to validate and confirm the expression of those
proteins using orthogonal analyses, such as enzyme-linked
immunosorbent assays (ELISA), western blot, and radioim-
munoassay [63, 64].

CONCLUSION

In this study, the cytoprotective effects of NAC against
H,0,-induced cytotoxicity were confirmed using proteomics
as an alternative approach. Specifically, several proteins that
might be involved in the mechanism of the NAC pretreat-
ment were identified. 10 proteins were found to be differen-
tially expressed under H,O, exposure but effectively recov-
ered to normal levels in the NAC-pretreatment condition, in-
cluding CAAX prenyl protease 1 homolog, 60S acidic ribo-
somal protein P2, L-lactate dehydrogenase B chain, guanine
nucleotide-binding protein G(k) subunit alpha, cytoplasmic
aspartate aminotransferase, DNA-directed RNA polymerase
IT subunit RPB1, mitochondrial stress-70 protein, transmem-
brane protein 65, DNA J homolog subfamily C member 9,
and CGQG triplet repeat-binding protein 1. L-lactate dehydro-
genase B chain and aspartate aminotransferase were in-
volved in the cysteine and methionine metabolism KEGG
pathway. Further studies on these proteins may reveal mech-
anisms of NAC on protecting neural cells from oxidative
stress.

LIST OF ABBREVIATIONS
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DEPs = Differentially Expressed Proteins
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HPLC = High-Performance Liquid Chromatography

IAA = lodoacetamide

KEGG = Kyoto Encyclopedia of Genes and
Genomes

LC-MS/MS = Liquid Chromatography-Tandem Mass
Spectrometry
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