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Comparative proteomics study i

of mitochondrial electron transport system
modulation in SH-SY5Y cells following MPP—+
versus 6-OHDA-induced neurodegeneration
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Abstract

Parkinson'’s disease (PD) is the second-most common neurodegenerative disease worldwide. Several studies have
investigated PD for decades; however, the exact mechanism of disease development remains unknown. To study PD,
SH-SY5Y cells are often treated with 6-hydroxydopamine (6-OHDA) or 1-methyl-4-phenylpyridinium (MPP+) to induce
PD.To understand the mechanism of PD pathogenesis, we confirmed protein changes between 6-OHDA- and MPP+--
treated SH-SY5Y cells via proteomics analysis using liquid chromatography coupled with tandem mass spectrometry.
6-OHDA-treated SH-SY5Y cells showed increased expression of electron transporter-related proteins compared to
that in the control group, along with decreased expression in MPP-+-treated SH-SY5Y cells. However, both down- and
upregulation of electron transporter-related proteins increased mitochondrial dysfunction and apoptosis. These pro-
teins were confirmed via protein—protein interaction network analysis using IPA and STRING to induce mitochondrial
dysfunction and apoptosis. Cell-based experiments using flow cytometry verified that apoptosis and mitochondrial
membrane potential were increased in both 6-OHDA- and MPP+-treated SH-SY5Y cells. Our results provide new
insights into PD pathogenesis, thereby contributing to the understanding of the mechanisms of PD development.
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Introduction

Parkinson’s disease (PD) is a representative neurodegen-
erative disease caused by the progressive loss of cellular
structure or function, including the death of neuronal
cells. The exact mechanism of neuronal cell death in neu-
rodegeneration has not been fully elucidated; however,
it is mostly accompanied by increased protein aggrega-
tion (Bence et al. 2001; Muchowski and Wacker 2005)
and oxidative stress (Tsang and Chung 2009). Human
neuroblastoma SH-SY5Y cells represent a well-charac-
terized cell-based model of dopaminergic neurons, and
these cells show intermediate activity of important neu-
ronal markers commonly present in dopaminergic cells,
such as noradrenaline (Kovalevich and Langford 2013),
choline acetyltransferase (Filograna et al. 2015), tyrosine
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hydroxylase (Khwanraj et al. 2015), and dopamine-p-
hydroxylase (Katsuyama et al. 2021). Consequently, SH-
SY5Y cells have long been used in PD research to explore
the underlying cellular and molecular mechanisms of
neurodegeneration.

The toxin, 6-hydroxydopamine (6-OHDA) is com-
monly used to induce degeneration of dopaminergic neu-
rons in PD (Blum et al. 2001). It increases the production
of reactive oxygen species (ROS), which disrupt com-
plex I of the mitochondrial electron transfer chain and
contribute to apoptotic cell death. Similar to 6-OHDA,
1-Methyl-4-phenylpyridinium (MPP+), the oxidized
product of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) decreases mitochondrial activity and increases
ROS generation in neuronal cells (Perfeito et al. 2013).
However, the mechanism underlying 6-OHDA- and
MPP+-induced injury remains unclear. Previous stud-
ies have only reported the effects of 6-OHDA and MPP+
on neuronal cells separately (Blum et al. 2001; Perfeito
et al. 2013; Xie et al. 2011; Komatsubara et al. 2012; Choi
et al. 2014; Alberio et al. 2014; Magalingam et al. 2022),
and none of them have directly compared the effects of
6-OHDA and MPP+ on neuronal cells. Thus, large-scale
proteome investigation of the effects of 6-OHDA and
MPP+ on neuronal cells will bring new insights into PD.

Proteomics research using liquid chromatography—
tandem mass spectrometry (LC-MS/MS) involves large-
scale protein expression analysis that provides biological
insights into cellular structures and functions. Because of
the advantage of analyzing large-scale protein expression,
proteomics research for PD is being actively conducted
(Xie et al. 2011; Komatsubara et al. 2012; Choi et al. 2014;
Alberio et al. 2014; Magalingam et al. 2022). Proteins
within the cell play a crucial role in providing cellular
structure, movement, and communication, and partici-
pate in metabolism, respiration, signal transduction, and
reproduction activities. Intracellular proteins similarly
play an important role in cellular structure, movement,
and communication, and also participate in various met-
abolic activities and signaling (Aslam et al. 2017). Thus,
changes in protein expression/differentially expressed
proteins (DEPs) represent important signals of changes
in cell activity.

In the present study, we performed label-free global
protein profiling of a PD cell model using 6-OHDA- or
MPP+-induced neurodegeneration of SH-SY5Y cells
based on a shotgun proteomic methodology. The main
purpose of this study was to compare and analyze the
similarities and differences between 6 and OHDA- and
MPP+-induced PD models via proteomic analysis to
understand the pathogenesis of PD and identify novel
therapeutic targets or biomarkers of PD.
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Methods

Cell culture and treatment with 6-OHDA or MPP+
SH-SY5Y cells were purchased from the Korean Cell Line
Bank (Seoul, Korea) and grown in high-glucose Dul-
becco’s modified Eagle medium (DMEM; Hyclone, San
Angelo, TX, USA) supplemented with 10% fetal bovine
serum (FBS; Hyclone) and 1% penicillin/streptomycin
(Hyclone) at 37 °C in a humidified atmosphere with 5%
CO,. The cells were transferred to another cell culture
dish every 3 days and maintained. The SH-SY5Y cells
were seeded for 24 h and treated with the newly prepared
6-OHDA at the indicated concentration for 48 h with
10% EBS; in the case of MPP+, 5% FBS was used in the
same manner (Do Lee et al. 2008).

Cell viability

For measuring cell viability, SH-SY5Y cells were seeded at
a density of 5 x 10% cells/mL in a 96-well plate and incu-
bated at 37 °C in CO, for 24 h. Cells were treated with
different concentrations of 6-OHDA or MPP+ and then
incubated at 37 °C with CO,. After 48 h, the Cell Count-
ing Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.,
Rockville, MD, USA) was added to the cells in a 96-well
plate following incubation for 1 h. The cell viability of
the treated cells was determined after measuring the
absorbance at 450 nm using SpectroMax M4 (Molecular
Devices, San Jose, CA, USA).

Quantitative real-time polymerase chain reaction (PCR)
Total RNA was extracted from SH-SY5Y cells using an
RNeasy Mini Kit (Qiagen, Hilden, Germany), and 1 ug of
RNA was reverse-transcribed to cDNA using the EcoDry
Premix (Double Primed; TaKaRa Bio, Kusatsu, Japan)
and then amplified via PCR. Product formation was
monitored continuously during PCR using the Sequence
Detection QuantStudio 3 Real-Time PCR System
(Applied Biosystems, Waltham, MA, USA). Accumulated
PCR products were detected directly by monitoring the
increase in reporter dye (SYBR) signal. Expression levels
of synuclein alpha (SNCA) (forward 5-TGACAAATG
TTGGAGGAGCA-3/, reverse 5-TGTCAGGATCCA
CAGGCATA-3'), leucine-rich repeat kinase 2 (LRRK2)
(forward 5-ATGTCATGCTGGTATTGGGCT-3/,
reverse 5-GTCCCAAACGGTCAAGCAAG-3'), parkin
(forward 5-CTGACACCAGCATCTTCCAG-3/, reverse
5'-CCAGTCATTCCTCAGCTCCT-3’), and B-actin (for-
ward 5-CATGTACGTTGCTATCCAGGC-3/, reverse
5-CTCCTTATGTCACGCCACGAT-3') in treated cells
were compared with those in control cells using the com-
parative cycle threshold method.
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Preparation of protein samples

Proteins were isolated from SH-SY5Y cells, which were
treated with or without 6-OHDA or MPP+, in NETN
lysis buffer containing a proteinase inhibitor and phos-
phatase inhibitor cocktail (Invitrogen, Waltham, MA,
USA). Protein concentration was measured using a BCA
protein assay kit (Thermo Fisher Scientific, Waltham,
MA, USA).

In-gel digestion and proteomics analysis using LC-MS/MS
Proteins (40 pg) were loaded in sodium dodecyl sul-
fate—polyacrylamide gels and subjected to in-gel diges-
tion for proteome analysis, as described previously
(Lee et al. 2021a). Each proteome was tryptic-digested
and analyzed via LC-MS/MS using an Ultimate 3000
RSLCnano system (Thermo Fisher Scientific, Bremen,
Germany) coupled with a Q-Exactive Plus mass spec-
trometer (Thermo Fisher Scientific, Bremen, Germany)
via nano-electrospray as described in our previous study
(Lee et al. 2021b). Briefly, the peptide samples were
separated on a two-column system with a trap column
(300 pm LD x5 mm) and an analytical column (75 pm
LD x 50 cm) with a 120 min gradient from 6 to 30% ace-
tonitrile. Mass spectra were acquired in data-depend-
ent mode with MS1 scans at a 60,000 resolution at n1/z
200. The top 20 ions with an isolation window of 2 m/z
were selected and fragmented using HCD with normal-
ized collision energy of 28. The maximum ion injection
times for the MS1 and MS2 scans were 25 and 125 ms,
respectively.

Data processing

MS raw files were processed using MaxQuant ver-
sion 2.1.4 (Matrix Science, Chicago, IL, USA) with the
Andromeda search engine against the UniProt human
protein database reference proteome database, including
forward and reverse sequences and common contami-
nants (Cox and Mann 2008; Cox et al. 2011). To quan-
titatively compare protein abundance in each sample,
DEPs were calculated using the label-free quantification
(LFQ) value. Low-confidence peptides were filtered using
a false discovery rate of at least 1% using a target-decoy
search strategy. To ensure fidelity, proteins that were
identified more than twice in three replicates were con-
sidered valid. For comparative analysis, the LFQ value
was normalized by log2 transformation, and the miss-
ing values were imputed assuming a normal distribution
(Bertin et al. 2013; Vilikangas et al. 2018). DEPs were
selected using the significance analysis of the microarray
method (Tusher et al. 2001), modifying the gene-specific
t-statistic calculated via repeated permutation with the
background. DEPs were analyzed using core analysis of
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the Ingenuity Pathway Analysis (IPA, version 68752261)
to gain biological insight into the data.

Pathway enrichment analysis

Pathway enrichment analysis of the DEPs was performed
using the Metascape bioinformatics online database
(https://metascape.org/) (Zhou et al. 2019). The clus-
ter with the most enriched proteins exhibiting strong
protein—protein interaction (PPI) was identified using
STRING (https://string-db.org/) analysis. The enriched
pathway curated by Kyoto Encyclopedia of Genes and
Genomes (KEGG; https://www.kegg.jp/kegg/mapper/
color.html) was used to elucidate the molecular mecha-
nisms of the DEPs.

Apoptosis analysis

Apoptosis was evaluated using an Annexin V and pro-
pidium iodide (PI) flow cytometry kit (Invitrogen,
V13242) according to the manufacturer’s instructions.
SH-SY5Y cells were treated with 6-OHDA (50 pM) or
MPP+ (500 pM) for 48 h. Subsequently, the cells were
harvested via centrifugation, washed once with a buffer
containing 10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl,,
and stained with Annexin V-fluorescein isothiocyanate
(FITC) and PI in the dark at room temperature (25—
28 °C) for 15 min. Finally, the cells were analyzed using
flow cytometry (CytoFlex; Beckman Coulter, Brea, CA,
USA).

Measurement of mitochondrial membrane potential
(MMP)

MMP was measured using JC-1 dye (5',6,6’-tetrachloro-
1,1/,3,3'-tetraethylbenzimidazolylcarbocyanine  iodide;
Life Technologies, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Briefly, 6-OHDA- or
MPP+--treated cells were incubated with 10 pg/mL JC-1
dye for 15 min, and the fluorescence intensity was meas-
ured using a CytoFlex instrument (Beckman Coulter).
JC-1 aggregates (high AyM) were in the PE channel and
monomers (low AyM) were in the FITC channel.

Statistical analysis

All data are presented as the mean +standard deviation.
Statistical analysis was performed using a two-tailed Stu-
dent’s ¢ test using the GraphPad Prism 5 analysis package
(GraphPad Software, San Diego, CA, USA) and Perseus
software (Tyanova et al. 2016). Statistical significance was
set at p<0.05. All data were obtained from at least three
independent experiments.
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Results and discussion exhibit mitochondrial dysfunction and apoptotic features
Development of in vitro PD model of SH-SY5Y cells treated (Blum et al. 2001; Do Lee et al. 2008). We confirmed that
with 6-OHDA or MPP+ PD-related gene expression, cell apoptosis, and mito-

An in vitro PD model can be established by treating chondrial dysfunction increased based on qRT-PCR and
SH-SY5Y cells with 6-OHDA or MPP+. PD model cells fluorescence-activated cell sorting (FACS) experiments
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Fig. 1 In vitro model validation of Parkinson’s disease for SH-SY5Y cells treated with 6-OHDA or MPP+-. SH-SY5Y cells were treated with different
concentrations of A 6-OHDA (0, 10, 25, 50, 100, and 500 uM) or B MPP+- (0, 100, 250, 500, 1000, and 5000 uM) for 48 h; cell viability was analyzed
using Cell Counting Kit-8. C Cellular morphology changes caused by 50 uM 6-OHDA and 500 uM MPP+ (Scale bar= 100 um). D The expression

of PD-related genes, including SNCA, LRRK2, and parkin, was confirmed in 6-OHDA or MPP+-treated SH-SY5Y cells using gRT-PCR. The (3-actin
transcript served as an internal control. Apoptosis was quantified via FACS after Annexin V-FITC and Pl labeling. Representative FACS data are
shown for SH-SY5Y cells treated with 6-OHDA and MPP+ under normal and low fetal bovine serum (5%) conditions. The abscissa and ordinate
represent the fluorescence intensity of Annexin V-FITC and P, respectively. E The bar graph represents the level of apoptosis. F Cells were

treated with 6-OHDA or MPP+ for 48 h, and the mitochondrial membrane potential (AYM) was measured based on JC-1 fluorescence via flow
cytometry. (***p <0.001, **p <0.01, *p < 0.05, n = 3). 6-OHDA 6-hydroxydopamine, MPP+ 1-methyl-4-phenylpyridinium; Ctrl control, FITC fluorescein
isothiocyanate, Pl propidium iodide
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on 6-OHDA- and MPP+-treated SH-SY5Y cells to verify
an in vitro PD model using SH-SY5Y cells. First, cytotox-
icity was confirmed by treating the cells with 6-OHDA
or MPP+ at various concentrations. 6-OHDA was toxic
at 25 pM, and MPP+ was toxic at 100 uM (Fig. 1A, B).
Based on these findings, subsequent experiments used
6-OHDA (50 uM) and MPP+ (500 uM) with a concentra-
tion associated with approximately 50% cell survival. This
is similar to the treatment concentrations of 6-OHDA
(Zhang et al. 2014) and MPP+ (Wang et al. 2018) used
in previous studies. The morphology of SH-SY5Y cells
treated with 50 uM 6-OHDA and 500 uM MPP+ was
altered (Fig. 1C). To determine whether 6-OHDA- and
MPP+-treated SH-SY5Y cells exhibited PD characteris-
tics, the expression of SNCA, LRRK2, and parkin genes,
known as PD biomarkers (Ross et al. 2008; Wang and
Song 2016; Smith et al. 2005), was evaluated using qRT-
PCR; the expression level of each gene was increased in
6-OHDA- and MPP+-treated SH-SY5Y cells (Fig. 1D).
Finally, FACS experiments confirmed that mitochon-
drial dysfunction and apoptosis were increased in
6-OHDA- and MPP+-treated SH-SY5Y cells (Fig. 1E, F),
as reported in previous studies (Wang et al. 2014; Chen
et al. 2021; Ganapathy et al. 2016). These results indicate
that neurodegeneration was induced in 6-OHDA- and
MPP+-treated SH-SY5Y cells that simulated PD.

Identification and quantification of DEPs using label-free
mass spectrometry

The protein profiling of 6-OHDA-induced neurodegener-
ation versus untreated SH-SY5Y cells and MPP+-induced
neurodegeneration versus untreated SH-SY5Y cells were
analyzed using MaxQuant software. Label-free MS/MS
identified 3798 and 4078 proteins in the 6-OHDA -treated
and untreated SH-SY5Y cells, respectively, and 3532 and
3837 proteins in the MPP+-treated and untreated SH-
SY5Y cells, respectively. Approximately 3016 proteins in
SH-SY5Y cells treated with 6-OHDA or MPP+ and in
untreated SH-SY5Y cells were identified at least twice in
biological triplicates (Fig. 2A).

Among the 3016 commonly identified proteins men-
tioned above, a protein comparison between untreated
and 6-OHDA-treated SH-SY5Y cells revealed that a total
of 461 proteins had a significant difference in expression
(p<0.05). Among them, 38 upregulated and 16 down-
regulated proteins showing differences in DEP>1 were
identified via Log2 fold-change distribution (Fig. 2B).
When comparing proteins between MPP+-treated and
untreated SH-SY5Y cells among the 3016 commonly
identified proteins, 1465 proteins showing significant
differences in expression (p<0.05) were identified.
Among these 1465 proteins, 172 upregulated proteins
and 364 downregulated proteins showing differences in
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DEP > 1 were identified via Log2 fold-change distribution
(Fig. 2C).

Bioinformatics analysis of DEPs

To further elucidate the neurodegeneration process in
SH-SY5Y cells induced by 6-OHDA and MPP+, we used
the Metascape bioinformatics database (Zhou et al. 2019)
to analyze the gene ontology (GO) and reactome gene
sets of 461 and 1465 DEPs (p<0.05) in 6-OHDA- and
MPP+-treated SH-SY5Y cells. These proteins were ana-
lyzed based on changes in the biological processes of the
GO term classification cluster. According to GO biologi-
cal process analysis, upregulated proteins in 6-OHDA-
treated SH-SY5Y cells respond to external stress, and as
previous studies have shown (Magalingam et al. 2022),
proteins that regulate ribosomal assembly were upregu-
lated. These results were consistent with reactome gene
set analysis (Fig. 3A, upper panel). Conversely, the pro-
tein downregulation by 6-OHDA treatment was found
to induce mitochondrial dysfunction and an imbalance
in metabolic processes based on GO biological process
analysis, and the tricarboxylic acid (TCA) cycle and res-
piratory electron transport protein expression were sup-
pressed based on reactome gene set analysis (Fig. 3A,
lower panel). In addition, IPA network analysis showed
that heat shock protein 60 member 1 (HSPD1) induced
a decrease in ATPase expression (Fig. 3C). HSPD1 is a
member of the folding/trapping group and is catego-
rized as a protein that helps fold, transport, and localize
proteins. HSPD1 interacts with various proteins and can
considerably affect SNCA biosynthesis and pathological
properties (Hernandez et al. 2020). These results suggest
that 6-OHDA-induced neurodegeneration in SH-SY5Y
cells may be induced by mitochondrial dysfunction by
disrupting the TCA cycle and electron transport system.
The results of our study suggest that mitochondrial dys-
function is induced by disruption of the TCA cycle and
electron transport system and may provide clues to fur-
ther explore the underlying causes of mitochondrial dys-
function in PD.

Based on the GO biological process and reactome gene
set analysis of MPP+-treated SH-SY5Y cells, the pro-
teins upregulated by MPP+ treatment in response to
external stress were consistent with those observed after
6-OHDA treatment; however, proteins associated with
apoptosis were upregulated (Fig. 3B, upper panel). Pro-
teins downregulated by MPP+ treatment were mainly
found to be reduced in DNA synthesis, RNA synthesis,
and cell cycle-related proteins (Fig. 3B, lower panel). IPA
network analysis of 1465 proteins significantly altered
by MPP+ in SH-SY5Y cells showed that MPP+ inhib-
ited B-hydroxy B-methylglutaryl-CoA (HMG-CoA) syn-
thesis via B-catenin (CTNNB1) protein. CTNNBI1 is a
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Fig.2 A comprehensive overview of proteomics. A Venn diagram showing the number of identified proteins in each of the following four
proteome sets: 6-OHDA control, 6-OHDA-treated, MPP+ control, and MPP+-treated. Volcano plot shows the differentially regulated proteins in B
6-OHDA-induced neurodegeneration in SH-SY5Y cells and € MPP+-induced neurodegeneration in SH-SY5Y cells. The horizontal coordinate (X-axis)
represents the difference in fold change (logarithmic transformation at the base of 2), and the vertical coordinate (Y-axis) represents the significant
difference in p value (logarithmic transformation at the base of 10). Proteins that are onefold significantly upregulated are presented as red dots,
while those that are onefold downregulated are shown as blue dots. Proteins with a fold change less than onefold change are presented as gray
dots. Black dots represent proteins that do not have a significant fold change. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article). 6-OHDA 6-hydroxydopamine; MPP+ 1-methyl-4-phenylpyridinium

bifunctional protein involved in the regulation and coor-
dination of cell-cell adhesion and gene transcription
(MacDonald et al. 2009). A recent study of PD-induced
animal models confirmed a decrease in CTNNBI1 expres-
sion (Marchetti et al. 2020), which confirmed a decrease
in HMG-CoA synthesis-related proteins in PD (Durren-
berger et al. 2012). In the case of MPP+, unlike 6-OHDA,
mitochondrial dysfunction occurs owing to a decrease in
HMG-CoA synthase protein expression, which induces
neurodegeneration in SH-SY5Y cells. A comparative pro-
teomics study of neurodegeneration in SH-SY5Y cells
using 6-OHDA and MPP+ may provide further clues to

explore the underlying causes of mitochondrial dysfunc-
tion in PD.

Comparative analysis of proteomes in SH-SY5Y cells
showing neurodegeneration induced by 6-OHDA

and MPP+

To verify whether 6-OHDA and MPP+ induce mito-
chondrial dysfunction via different mechanisms, a
comparative analysis of 265 proteins showing signifi-
cant differences in expression (p<0.05) was conducted
in 6-OHDA- and MPP+-treated SH-SY5Y cells. For a
more accurate analysis, 100 proteins with more than
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Fig. 3 Comparative analysis of the proteome of neurodegeneration induced by 6-OHDA or MPP+ in SH-SY5Y cells. The GO classification terms of
biological process (blue bar), and reactome gene set analysis (orange bar) using Metascape online database on differentially expressed proteins
(p<0.05)in A 6-OHDA-treated SH-SY5Y cells compared with untreated SH-SY5Y cells and B MPP+-treated SH-SY5Y cells compared with untreated
SH-SY5Y cells. Ingenuity pathway analysis of differentially expressed proteins (p < 0.05) after C 6-OHDA and D MPP+ treatment. Proteins are colored
red (up) or green (down) based on fold-change values. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article). 6-OHDA 6-hydroxydopamine, MPP+ 1-methyl-4-phenylpyridinium
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() G0:0006120 Mitochondrial electron transport, nadh to ubiquinone 3 1.74 0.0306
Cluster 4 © hsa05012 Parkinson disease 4 117 0.0121

Fig. 4. 6-OHDA and MPP+ reversibly altered the expression of electron transport proteins associated with mitochondrial dysfunction in SH-SY5Y
cells. A Heatmap analysis of four conditions (6-OHDA control group, 6-OHDA treatment, MPP+ control group, and MPP+ treatment) for 100
proteins with p <0.05 and fold change > 1.5 in 6-OHDA and MPP+-treated SH-SY5Y cells shows clusters enriched in each proteome set. B STRING
protein—protein interaction analysis for 23 proteins represented by cluster 4 upregulated by 6-OHDA and downregulated by MPP+. 6-OHDA

6-hydroxydopamine, MPP+ 1-methyl-4-phenylpyridinium

1.5-fold changes in expression were selected for each of
the 6-OHDA- and MPP+-treated SH-SY5Y cells among
265 proteins with significant differences. The hierarchi-
cal clustering heatmap of the 100 proteins is shown in
Fig. 4A and is divided into four clusters. In Cluster 1,
the expression of eight proteins was identified as down-
regulated in 6-OHDA-treated SH-SY5Y cells and upreg-
ulated in MPP+-treated SHY5Y cells compared to that
in the control group. Most of them showed a strong
correlation with the structural regulation, activity and
binding of ribosomal proteins. Cluster 2 was identi-
fied as 40 upregulated proteins in both 6-OHDA- and
MPP+-treated SH-SY5Y cells, and GO biological process
analysis confirmed that the endoplasmic reticulum (ER)-
targeting protein, SRP-dependent translational protein
targeting the membrane, and cytoplasmic translation
were strongly correlated. ER stress has been previously
reported to cause neurodegenerative diseases (Lindholm
et al. 2006), and recent studies have confirmed that ER-
mitochondrion-associated homeostasis is an important
factor in neurodegeneration (Gomez-Suaga et al. 2018).
Cluster 3 was identified as 29 downregulated proteins
in both 6-OHDA- and MPP+-treated cells, and GO

biological process analysis confirmed that glutamine
metabolism-related proteins were strongly correlated.
Glutamate, which is produced by glutamine metabolism,
is a precursor of GABA that functions as a neurotrans-
mitter and is an important amino acid in neuronal inter-
actions. Deficiency of glutamine metabolism proteins
leads to deficiency of glutamate and degeneration of neu-
rons, which can lead to the development of various neu-
rological diseases besides PD (Wang et al. 2020). Finally,
in Cluster 4, it was confirmed that the expression of 23
proteins were upregulated in 6-OHDA-treated SH-SY5Y
cells and downregulated in MPP+-treated SHY5Y cells
compared to that in the control group (Table 1). A recent
study by Toomey et al. found differences in mitochon-
drial function-related protein expression in brain regions
of PD patients, along with differences in electron trans-
port-related proteins in mitochondrial function-related
proteins between early and late PD patients (Toomey
et al. 2022). Among the data we analyzed, GO analysis
showed that the proteins in Cluster 4 were closely related
to the mitochondrial electron transport system. Cluster
4 proteins in 6-OHDA-treated SH-SY5Y cells matched
the expression of the mitochondrial electron transport
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Table 1 List of 23 proteins represented by cluster 4 expression upregulated by 6-OHDA and downregulated by MPP+ in Fig. 4

UniProt accession Protein description

Gene symbol 6-OHDA versus MPP+- versus control

control

Log2 pvalue Log2fold change p value

fold

change
Q13526 Peptidyl-prolyl cis—trans isomerase NIMA-interacting 1 PIN1 0.588 337E—-02 —0.871 421E—-02
HOY6YS8 39S ribosomal protein L43, mitochondrial MRPL43 1.120 457E—03 —1.659 1.14E-02
P52298 Nuclear cap-binding protein subunit 2 NCBP2 0.805 285E—02 —0.710 1.79e—02
Q9BT09 Protein canopy homolog 3 CNPY3 1.051 3.39E-04 —1.009 3.04E-02
J3KRA9 Serine/threonine-protein kinase SMG1 SMG1 0.650 274E—-02 —2.869 4.63E-03
Q9Y2R5 28S ribosomal protein S17, mitochondrial MRPS17 0.648 260E-02 —1.713 3.09E-02
075475 PC4 and SFRS1-interacting protein PSIP1 1.010 1.93E-02 —5273 1.98E—03
Q9Y5M8 Signal recognition particle receptor subunit beta SRPRB 0.761 8.17E—03 —1.112 201E-03
043678 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex ~ NDUFA2 0.647 400E—02 —1.172 8.15E—04

subunit 2

Q14061 Cytochrome c oxidase copper chaperone COX17 1.225 441E-02 —1911 1.69E—03
Q8TC12 Retinol dehydrogenase 11 RDH11 0.638 435E—02 —1457 1.50E—03
QI9NRX2 39S ribosomal protein L17, mitochondrial MRPL17 2.367 1.23E-02 —2.084 5.06E—-03
Q99986 Serine/threonine-protein kinase VRK1 VRK1 0.673 2.23E—02 —3.748 441E-03
Qop287 BRCA2 and CDKN1A-interacting protein BCCIP 0.686 790E—03 —0.810 1.39E-05
P18754 Regulator of chromosome condensation RCC1 0.740 3.14E-03 —1.571 4.93E—-05
043920 NADH dehydrogenase [ubiquinone] iron-sulfur protein 5 NDUFS5 1.447 3.68E—02 —1.370 1.23E-02
Q6P1L8 39S ribosomal protein L14, mitochondrial MRPL14 1.546 394E—-02 —2.886 1.52E—-06
000483 Cytochrome c oxidase subunit NDUFA4 NDUFA4 1423 8.74E—03 —2612 1.57E—05
Q8WWY3 U4/U6 small nuclear ribonucleoprotein Prp31 PRPF31 0.611 462E—03 —0.718 2.88E—03
Q5JTJ3 Cytochrome c oxidase assembly factor 6 homolog COA6 1410 354E—-03 —0617 3.67E—02
095747 Serine/threonine-protein kinase OSR1 OXSR1 0.735 1.17E—02 —0619 1.04E—02
Q8N6T3 ADP-ribosylation factor GTPase-activating protein 1 ARFGAP1 0.587 1.18E—03 —1.546 9.55E—-03
P14854 Cytochrome c oxidase subunit 681 COX6B1 1.696 471E—05 —2.884 5.69E—03
SH-SY5Y cells were treated with 50 uM 6-OHDA or 500 uM MPP+ for 48 h
6-OHDA 6-hydroxydopamine, MPP+ 1-methyl-4-phenylpyridinium
system proteins in early PD patients, and in the case of Conclusions

MPP+-treated SH-SY5Y cells, the expression of mito-
chondrial electron transport system proteins was consist-
ent with that observed in late PD patients. This suggests
that SH-SY5Y cells treated with 6-OHDA can be used to
mimic an early PD model, while MPP+-treated SH-SY5Y
cells mimic the late PD model. This was also verified by
PPI network analysis using STRING, where the electron
transport-related proteins were confirmed to be relevant
to PD (Fig. 4B). These results are consistent with the IPA
results (Fig. 2C, D), which analyzed all the significant
proteins described earlier. It was also confirmed in pre-
vious experiments that mitochondrial dysfunction was
induced by electron transport system changes induced by
6-OHDA or MPP+ (Fig. 1F), such as mitochondrial dys-
function due to ER-mitochondrion-associated homeo-
stasis loss in Cluster 2. Mitochondrial dysfunction causes
apoptosis, and neuronal cell apoptosis induces the devel-
opment of neurodegenerative diseases such as PD.

We validated a SH-SY5Y cell PD model via comparative
proteomic analysis of the PD model cells induced by
6-OHDA and MPP+. Proteomic analysis of 6-OHDA-
and MPP+-induced PD model cells revealed that
protein changes in the electron transport system are
critical for mitochondrial dysfunction and apoptosis.
However, proteomic analysis revealed that two com-
pounds, 6-OHDA and MPP+, reversibly altered the
expression of electron transport proteins associated
with mitochondrial dysfunction in SH-SY5Y cells.
These results suggest that each of the two compounds,
6-OHDA and MPP+, may work in a different way on
the electron transport system to cause mitochondrial
dysfunction in SH-SY5Y cells. Our findings will aid in
understanding the fundamental mechanisms of PD and
provide new insights into the discovery of new treat-
ment targets for the disease.
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Abbreviations
PD Parkinson’s disease

6-OHDA  6-Hydroxydopamine

MPP+ 1-Methyl-4-phenylpyridinium
DEPs Differentially expressed proteins
LFQ Label-free quantification

GO Gene ontology

ER Endoplasmic reticulum
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