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Abstract. Parkinson’s disease is the second most common neurodegenerative disorder after Alz-
heimer’s disease. The disease is associated with dopaminergic neuron losses in the substantia nigra 
area of the brain and the formation of cytoplasmic inclusion bodies. Human glutathione transferase 
omega 1 (hGSTO1) appears to have a role in modulating stress response. The study was aimed to 
elucidate differentially expressed proteins caused by oxidative stress induced by 6-hydroxydopamine 
(6-OHDA). Human neuronal cells SH-SY5Y overexpressing hGSTO1 were used to investigate protein 
glutathionylation and the modulation of cellular protein expression. Therefore SH-SY5Y/hGSTO1 and 
SH-SY5Y/control lysate proteins were separated by 2D-gel electrophoresis compared with untreated 
conditions in both standard and non-reducing conditions. In standard conditions, the analysis of 
protein profiles demonstrated 25 differentially expressed spots and 10 spots were chosen for further 
protein identification by LC-MS analysis. Several proteins were later identified as vimentin, galectin-1, 
high mobility group protein B2, clathrin, tropomyosin, heterogenous nuclear ribonucleoprotein 
and peroxiredoxin-2. Search Tool for Interactions of Chemicals (STITCH) analysis suggested that 
oxidative stress induced by 6-OHDA involved carbohydrate metabolism in SH-SY5Y via a lactose 
metabolic pathway. Our results raise the possibility that hGSTO1 modulates the functions of many 
proteins that play a role in the degenerative cell response of a Parkinson’s model.
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Introduction

Parkinson’s disease (PD) is the second most common neu-
rodegenerative disorder after Alzheimer’s disease. The mean 
age of symptom onset is 62 to 70 years and is rare before age 
50 with the age of peak incidence between 70 to 79 years 
(Muangpaisan et al. 2011). Similar peaks of incidence have 
been reported for populations from North America, Europe, 
and Australia, and an Asian population (Pringsheim et al. 

2014). PD is characterized by a progressive degeneration of 
the dopaminergic neurons in a specific area of the substantia 
nigra in the brain. The most typical symptoms are tremor at 
rest, muscular rigidity, bradykinesia, postural instability and 
appearing in later stages, cognitive impairment including 
dementia (Klockgether 2004).

Glutathione transferases (GSTs E.C. 2.5.1.18) are multi-
functional enzymes involved in detoxification and excretion 
of physiological and exogenous toxic substances (Booth et al. 
1961). Mammalian GSTs have been categorized into seven 
classes; Alpha, Mu, Pi, Omega, Sigma, Theta and Zeta (Frova 
2006). Human GST Omegas (hGSTOs) are of particular interest 
in this study since this isoform was differentially up-regulated 
in human substantia nigra protein extracted from midbrain 
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specimens of Parkinson’s disease patients (Werner et al. 2008). 
The function of hGSTO1 in neurons has not yet been elucidated. 
hGSTO is expressed in most tissues and possesses glutathione-
dependent thiol transferase activity including dehydroascorbate 
reductase activities (Board et al. 2000). In humans, there are two 
actively transcribed genes, hGSTO1 and hGSTO2, with both 
genes being located on chromosome 10q24.3 (Whitbread et al. 
2005). The enzymes have been extensively characterized and 
found to show resistance to radiation and cytotoxic drugs as 
well as playing roles in response to oxidative stress (Board 2011). 
Several physiological functions of hGSTOs have been reported 
(Piaggi et al. 2010; Wongtrakul et al. 2014; Lee et al. 2015). One 
study showed that GSTO1 inhibits H2O2-mediated activation 
of the MAP kinase ERK (Lee et al. 2015). hGSTO appears to be 
involved with the activation of Akt and the MAP kinase ERK1/2 
but the inhibition of JNK, another MAP kinase. In addition, 
drosophila omega class GST was also shown to modulate p38 
kinase activity, a third type of MAP kinase (Wongtrakul et al. 
2014). hGSTO has been shown to inhibit apoptosis in Hela 
cells transfected with hGSTO1 then treated with cisplatin, with 
the percentage of cell survival increasing approximately 60% 
compared to control cells (Piaggi et al. 2010).

In the present study, we compared the effects of a stable 
transfection of hGSTO1 and a vector control in the human 
neuronal cell SH-SY5Y in the presence of the known oxi-
dative stress inducer 6-hydroxydopamine (6-OHDA). The 
cytotoxicity of 6-OHDA has been known for decades to 
occur through several mechanisms that generate oxidative 
stress (see review and papers therein, Simola et al. 2007). The 
6-OHDA induces oxidative stress by generating hydrogen 
peroxide and reactive oxygen species after an oxidation 
reaction thereby resulting in a  rapid depletion of cellular 
antioxidant enzymes leading to an amplified neurotoxicity 
causing abnormalities in cell structure, metabolism and 
neuronal damage (Simola et al. 2007). Two dimensional 
gel electrophoresis-based proteomics was employed to 
determine the protein expression differences with mass 
spectrometric identification in the SH-SY5Y/hGSTO1 and 
SH-SY5Y/control vector only cells under 6-OHDA-induced 
oxidative stress. In addition, by 2D-immunoblotting we also 
identified glutathionylated protein changes in response to 
6-OHDA induced oxidative stress. Glutathionylation has 
been shown to effect modified proteins with consequences 
such as inhibition or activation of biological activity similar 
to phosphorylation of proteins (Dalle-Donne et al. 2009).

Materials and Methods

Cell culture

The SH-SY5Y (ATCC® CRL-2266™) cell line was obtained 
from American Type Culture Collection (ATCC). Cells 

were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM)/F12 (Gibco, Invitrogen, USA) containing 15% 
fetal bovine serum (FBS; Gibco, Invitrogen, USA) with 50 U/
ml penicillin, 50 µg/ml streptomycin and 1% non-essential 
amino acids (Gibco, Invitrogen, USA) at 37°C and incubated 
in a humidified atmosphere with 95% air/5% CO2.

Construction of hGSTO1 lentiviral expression vectors

Total RNA was extracted from SH-SY5Y cells and converted 
to cDNA by reverse transcription. The cDNA was employed 
as template to amplify hGSTO1 using forward primer 5’ 
TATACTCGAGATGTCCGGGGAGTCAG 3’ and reverse 
primer 5’ CTAGGATCCTCAGAGCCCATAGTCAC 3’. The 
hGSTO1 was digested with XhoI and BamHI restriction 
enzymes and inserted into pLVX-Puro vector (Clontech). 
pLVX-Puro is a vector for viral transduction. The recombi-
nant plasmids were randomly screened by restriction analysis 
then the nucleotide sequences of the plasmids were verified 
by full-length sequencing in both directions. 

Generating stable cell lines by viral transduction

HEK293T cells were used as a host cell for viral production. 
The cells were grown in DMEM media supplemented with 
10% FBS and penicillin-streptomycin antibiotic. The cells 
were incubated at 37°C, 5% CO2. To produce viral super-
natant, HEK293T cells were plated in 100 mm tissue culture 
plates overnight. The cells were 80–90% confluent at the 
time of transfection. Then 1 μg/μl empty pLVX vector and 
hGSTO1 in pLVX vector DNAs were co-transfected with 
viral packaging mix into HEK293T cells. After overnight 
incubation, the transfection medium was replaced with 
10 ml fresh complete growth medium (containing Tet Sys-
tem Approved FBS) and incubate at 37°C for an additional 
24 hours. The virus supernatant was harvested by filtering 
through a 0.45 μm filter to remove cellular debris. The len-
tiviral supernatants produced by the transfected packaging 
cells were then used to infect and transduce SH-SY5Y cells to 
express the hGSTO1 gene. The virus production was verified 
with Lenti-X Go-StixTM and stored at -80°C. SH-SY5Y cells 
were plated in 100 mm plates 12–18 h before transduction 
with prepared virus. The virus supernatant was mixed with 
media 1:3 ratio including 4 μg/μl of polybrene, added to the 
cells and transduced for 24 h. After that the virus was re-
moved and replaced with fresh growth media. The cells were 
incubated for 24–48 h to allow the hGSTO1 gene product to 
accumulate in the target cells. 

6- OHDA treatment and percent cell survival

6-Hydroxydopamine hydrobromide (contains ascorbic acid 
as stabilizer > 98%), HPLC grade, (Sigma, St. Louis, MO) 
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was used as a 10 mM stock solution in 1X PBS (phosphate 
buffered saline, pH 7.4, Sigma, St. Louis, MO). To determine 
percent cell survival of SH-SY5Y/hGSTO1 and SH-SY5Y/
control under treatment conditions with 6-OHDA, CellTi-
ter 96® AQueous One Solution Cell Proliferation Assay 
(Promega) was employed following the manufacturer’s in-
structions. SH-SY5Y/hGSTO1, and SH-SY5Y/control were 
plated in 96-well plates overnight and treated with varying 
concentrations of 6-OHDA for 24 hours. At the end of treat-
ment, supernatant was removed and replaced with 100 µl of 
DMEM/F12 containing 5% serum. Then 20 µl of MTS rea-
gent was added to each well and after an additional 4 hours 
of incubation, the color was monitored at 490 nm (spectra 
MR microplate spectrophotometer, DYNEX technologies). 
Percent cell survival was calculated by using an OD measured 
from untreated conditions as 100 percent survival.

Protein extraction and 2-D electrophoresis

SH-SY5Y/control and SH-SY5Y/hGSTO1 cells were har-
vested and resuspended with 100 µl of Lysis buffer (8 M urea, 
2 M thiourea, 4% CHAP, 50 mM DTT and 1 mM PMSF), for 
non-reducing conditions thiourea and DTT were omitted. 
The cells were then sonicated using a sonicator with ampli-
tude level 6 for 5 s and pulse for 10 s twice before centrifuga-
tion at 12,000 × g for 15 min at 4°C. Then the cell lysate was 
transferred to a new tube and 200 µl pre-chilled methanol 
and 600 µl pre-chilled acetone was added. The tube was then 
vigorously vortexed and stored at –70°C overnight. The tubes 
were centrifuged at 12,000 × g for 15 min at 4°C. Supernatant 
was discarded and 1 ml pre-chilled acetone was added. The 
tube was centrifuged again and supernatant was discarded. 
The pellet was air dried and dissolved in Lysis buffer. Protein 
was quantified by Bradford assay. First dimension isoelectro-
focusing (IEF) was performed using an 18 cm Immobiline ™ 
DryStrip pH 3–10 nonlinear. Strips were actively rehydrated 
in the presence of 200 µg of each sample for 12 h in an IPG-
phor system (Amersham Biosciences/GE Healthcare). Focus-
ing was performed at 20°C, at 50 µA/IPG strip as follows: 1) 
300 V for 200 Vhr, 2) 1000 V for 300 Vhr, 3) 3000 V for 4000 
Vhr, 4) 5000 V for 4500 Vhr, and 5) 5000 V for 3000 Vhr 
until 12000 Vhr was reached in total. After IEF, IPG-strips 
were equilibrated in a buffer containing 6 M urea, 30% (v/v) 
glycerol, 2% (w/v) SDS, 75 mM Tris-HCl (pH 8.8), 50 mM 
DTT and 0.002% (w/v) bromophenol blue for 15 min, for 
non-reducing conditions DTT was not added. Then the strips 
were equilibrated in buffer containing 130 mM iodoacetamide 
for 15 min. SDS-PAGE (second dimension) was performed 
using 12.5% acrylamide/bis-acrylamide. After electropho-
resis the gel was stained with Colloidal Coomassie Blue, for 
non-reducing conditions an additional gel was made and 
transferred to a PVDF membrane for Western blot detection 
of glutathionylated protein spots.

Protein identification

Differentially expressed protein spots were removed and 
subjected to in-gel tryptic digestion according to the method 
from (Paemanee et al. 2016). The peptide mixtures were ana-
lyzed by Dionex Ultimate 3000 (Thermo Scientific) in com-
bination with an electrospray ionization (ESI)/quadrupole 
ion trap mass spectrometer (amaZon SL, Bruker Daltonik, 
Germany). The LC separation was performed on a reverse 
phase column (Hypersil GoLD 50×0.5 mm, 5 μm C18), 
protected by a guard column, eluted at a flow rate of 100 μl/
min under gradient conditions of 5–80% B  over 50  min. 
Mobile phase A consists of water/formic acid (99.9:0.1, v/v), 
and B consists of acetonitrile (100%, v). The mass spectral 
data from 150 m/z to 1500 m/z were collected in the posi-
tive ionization mode. The MS/MS spectrometry data were 
searched against the NCBI database using the MASCOT 
search engine, as described elsewhere (Paemanee et al. 2016).

Immunoblot analysis

Proteins were separated under standard conditions on 
12.5% SDS-polyacrylamide gels and transferred to PVDF 
solid matrix support (Amersham Hybond-P, GE Health-
care). Nonspecific binding was reduced by incubating the 
membrane in Blocking Buffer which was 25 mM Tris-HCl, 
pH 8.3, 192 mM glycine, 20% methanol, 0.1% SDS and 5% 
skimmed milk at 4°C for 1 h. Membranes were incubated 
with specific antibodies (in Blocking Buffer) overnight at 
4°C, washed three times with TBST for 10 min, and incu-
bated with the appropriate secondary antibody conjugated 
to horseradish peroxidase for 1  h. The membranes were 
washed three times and developed with Luminata Forte 
Western HRP Substrate (Merck KGaA, Darmstadt, Ger-
many) detection system, according to the manufacturer’s 
instructions. GAPDH was employed as an internal control. 
ImageJ software was employed to determine optical density 
values of bands for relative comparisons. The experiments 
were performed in triplicate.

Antibodies

Antibodies were purchased from the following sources: 
anti-Peroxiredoxin 2 antibody used at 1/1000 dilution 
(abcam), anti-Galectin  1 antibody used at 1/1000 dilu-
tion (Thermo scientific), anti-Vimentin antibody used 
at 1/1000 dilution (Thermo scientific), anti-Glutathione 
antibody [D8] used at 1/1000 dilution or 1/2000 (abcam), 
anti-glutathione transferase Omega 1 used at 1/1000 dilu-
tion (abcam) and anti-GAPDH used at 1/1000 dilution 
(Cell Signaling Technology). The secondary antibodies 
used were a goat anti-rabbit IgG-HRP used at 1/2000 or 
1/5000 dilution (Santa Cruz Biotechnology) and a  goat 
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anti-mouse IgG peroxidase used at 1/5000 or 1/12000 
dilution (Sigma-Aldrich). 

Statistical analysis

The data were expressed as mean ± SEM. The expression level 
of proteins and the intensity of the bands were compared 
using unpaired t-test, Prism 5 software. p values less than 
0.05 were considered statistically significant.

Results

Overexpression of hGSTO1 in SH-SY5Y cells increases cell 
viability

Human neuronal cells SH-SY5Y were stably transfected 
with pLVX vector encoding hGSTO1 and the pLVX vec-
tor alone as control. The stable cell lines were selected 
with 2 μg/ml of puromycin antibiotic for 4 to 7 days. The 
media were changed every 2 days to remove dead cells. 
To detect hGSTO1 expression of transduced SH-SY5Y/
hGSTO1, western blot analyses was performed 7 days after 

cells were transfected. As shown in Figure 1A and 1B, the 
SH-SY5Y cells transfected with hGSTO1 showed a signifi-
cant increase in hGSTO1 expression. Figure 1C showed 
protection against cytotoxicity of increasing concentra-
tions of 6-OHDA administered to SH-SY5Y/hGSTO1 in 
comparison to SH-SY5Y/control. Twenty-four hours after 
treatment with 6-OHDA, from 0 to 1000 µM, the survival 
of SH-SY5Y/hGSTO1 was significantly different from SH-
SY5Y/control at 250 µM and 333.3 µM concentrations. The 
survival of SH-SY5Y/hGSTO1 was greatest with a maxi-
mum difference at the concentration of 250 µM 6-OHDA 
with 97% survival as compared to 62% in SH-SY5Y/control 
cells. At 333.3 µM, percent survival of SH-SY5Y/hGSTO1 
was approximately 1.91-fold greater than SH-SY5Y/control 
cells. Therefore the concentration of 250 µM was chosen 
for further experiments since it demonstrated the greatest 
difference between the two constructs.

6-OHDA induced proteomic alteration in SH-SY5Y

2D gel electrophoresis performed in triplicate with SH-SY5Y/
control and SH-SY5Y/hGSTO1 treated with 6-OHDA for 
2  hours were compared with untreated SH-SY5Y/control 

Figure 1. The expression levels of hGSTO1 in SH-SY5Y and effects of 
hGSTO1 expression on 6-OHDA cytotoxicity. Cells transfected with 
hGSTO1 and the empty vector were cultured for one week before 
harvesting. A.  Representative immunoblots show the expression of 
hGSTO1 in SH-SY5Y cells. B. Comparison of differences in the ex-
pression levels of hGSTO1 between SH-SY5Y/control and SH-SY5Y/
hGSTO1. Quantitative data indicated that the expression of hGSTO1 
protein extracted from SH-SY5Y/hGSTO1 was slightly higher than 
protein extracted from SH-SY5Y/control. Data are mean ± SEM of two 
experiments performed in triplicate. C. SH-SY5Y/hGSTO1 and SH-
SY5Y/control cells were treated for 24 h with increasing concentrations 
of 6-OHDA. Cell survival was determined by MTS assay, as described 
in Materials and Methods. Data are mean ± SEM of at least five experi-
ments performed in duplicate. Data were analyzed by Unpaired t-test; 
* p < 0.05;  SH-SY5Y/control;  SH-SY5Y/hGSTO1.

A B

C
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and SH-SY5Y/hGSTO1. Twenty-five protein spots were 
found to be differentially expressed between the four groups 
(p values < 0.05). The data were normalized by calculating 
the ratio of treated/untreated for control and hGSTO1. The 
criteria to define significant changes in protein abundance is 
the ratio of the normalized hGSTO1 compared to the ratio of 
normalized control which must be either greater than 1.5-fold 
(significant increase) or less than 0.67 (significant decrease). 
Overall, there were 7 proteins significantly down-regulated 
(spot 504, 1, 421, 217, 255, 579 and 582), 3 proteins signifi-
cantly up-regulated (spot 100, 350 and 859) (Figure 2A and 
2B) and 15 proteins which showed no differences. 10 protein 
spots were selected and identified by mass spectrometry: 
vimentin, galectin-1, high mobility group protein B2, clath-
rin light chain A  isoform a, skeletal muscle tropomyosin, 
heterogeneous nuclear ribonucleoprotein, peroxiredoxin-2 
and unnamed protein product (Table 1). The predicted and 

experimental values of the isoelectric point (pI), molecular 
weight (MW), and the relative expression levels for the identi-
fied proteins are summarized in Table 1. 

Verification of proteomic analysis

To validate the results of the 2D analysis, three proteins were 
selected for further analysis, namely vimentin, peroxyre-
doxin-2 and galectin. All protein quantities were subsequently 
normalized to the loading control GAPDH. To compare 
between hGSTO1 and vector control, the ratio of treated/un-
treated data was calculated and shown in Figure 3. SH-SY5Y/
hGSTO1 and SH-SY5Y/control cells were therefore treated 
with 6-OHDA at a final concentration at 250 µM in parallel, 
with untreated cells of SH-SY5Y/hGSTO1 and SH-SY5Y/
control as their own respective baseline. The results shown 
in Figure 3 confirmed the proteomic analysis for the three 

Figure 2. Location of 10 selected 
differential expressed spots in 
the 2D gel of SH-SY5Y/control 
master map. A. 200 µg proteins 
were loaded onto 18 cm strip pH 
3-10 NL. B.  Normalized data of 
10 differential expressed proteins. 
Data are mean ±  SEM of three 
replicates. The expression level 
of proteins and the intensity of 
the bands were compared using 
unpaired t-test, Prism 5 software. 
p values less than 0.05 were con-
sidered statistically significant.

A

B
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Table 1. Differentially expressed proteins in the lysate protein obtained from SH-SY5Y/control and SH-SY5Y/hGSTO1 treated with 
250 µM 6-OHDA for 2 hours, identified by LC/MS

Spot 
number

Accession 
number

Protein name Nominal 
mass (Mr)

Calculated pI 
value

Protein 
score

Sequence 
coverage (%)

Response to stress
1 sp|P09382 Galectin-1 ↓ 15048 5.34 95 25%
859 sp|P32119 Peroxiredoxin-2↑ 2049 5.66 74 21%
Cytoskeleton
255 gi|339958 skeletal muscle tropomyosin, partial↓ 26573 4.64 86 13%
421 sp|P08670 Vimentin↓ 53676 5.06 73 9%
504 sp|P08670 Vimentin↓ 53676 5.06 135 22%
Transcription
100 gi|11321591 high mobility group protein B2↑ 24190 7.62 42 10%
350 sp|Q14103 Heterogeneous nuclear ribonucleoprotein D0↑ 38581 7.62 43 4%
Transport
217 gi|4502899 clathrin light chain A isoform a↓ 23704 4.45 116 15%
Unknown
579 gi|28590 unnamed protein product↓ 71246 5.92 77 3%
582 gi|28590 unnamed protein product↓ 71246 5.92 73 4%

proteins, with vimentin and galectin being down regulated 
and peroxyredoxin-2 being up regulated after 6-OHDA 
treatment. To elucidate the association between differentially 
expressed proteins and the metabolites reported, 8 identified 
proteins from Table 1 were subjected to a pathway analysis to 
query each protein relative to the other identified proteins in 
the database using STITCH (Search Tool for Interactions of 
Chemicals, http://stitch.embl.de/). The STITCH analysis of 
the Homo sapiens database revealed that 6-OHDA induces 
neuronal cell response to produce differentially expressed 
proteins similar to the stimulation by hydrogen peroxide via 
mechanisms that employed calcium and lactose (Figure 4).

hGSTO1 affected intracellular glutathionylation of SH-SY5Y 
induced with 6-OHDA

Protein S-glutathionylation was investigated using an 
anti-GSH antibody. A time course of glutathionylation was 
performed in SH-SY5Y/hGSTO1 and SH-SY5Y/control 
cells by treatment with 250 µM 6-OHDA for 0, 15, 30, 60 
and 120 minutes. In addition, hGSTO1 protein expression 
was also monitored. The data demonstrated that a 250 µM 
6-OHDA treatment in control and hGSTO1 transfected 
cells results in an increase of S-glutathionylation of a va-
riety of proteins (Figure 5A and 5B). The size of the major 
glutathionylated protein band was approximately 45 kDa 
which was most likely actin and was found in both control 
and hGSTO1 transfected cells. Therefore, this band was 
selected for the relative quantitation of glutathionylated 
proteins by normalization with GAPDH. Glutathionylation 
of proteins in control and hGSTO1 cells increased within 15 

min and peaked at 30 min then decreased at 60 and 120 min 
respectively (Figure 5). At 15 and 30 min, glutathionylated 
proteins in the control were at significantly greater amounts 
than in the hGSTO1 transfected cells. The amount of GST 
omega protein was monitored by Western blot. The signal 
intensity of hGSTO1 in SH-SY5Y/hGSTO1 cells was greater 
than control at every time point from 0 to 120 min and 
significantly greater than control at the 30 min time point. 
Increased expression of hGSTO1 seemed to be associated 
with decreased glutathionylation under treatment condi-
tions. Therefore the time of 30 min treatment was chosen to 
further identify glutathionylated proteins by 2D gel electro-
phoresis immunoblotting using non-reducing conditions.

Identification of S-glutathionylated proteins

6-OHDA treatment leads to rapid S-glutathionylation of 
many proteins in SH-SY5Y cells. To elucidate the biologi-
cal importance, 200 µg of whole lysates were extracted 
from SH-SY5Y/control and SH-SY5Y/hGSTO1 after 30 
min treatment with 250 µM 6-OHDA. Then the extracts 
were separated by non-reducing two-dimensional SDS-
PAGE and compared to untreated samples prepared in 
parallel. The Coomassie-stained gels of treated and un-
treated cells of SH-SY5Y/control and SH-SY5Y/hGSTO1 
show equivalent protein loading (Figure 6A and 6B, Figure 
7A and 7B). S-glutathionylated proteins were detected in 
SH-SY5Y/control from both treated and untreated condi-
tions (Figure 6C and 6D). Two of the proteins were excised 
from the gel, digested with trypsin, and identified by 
mass-spectrometry (Table 2). The predicted and experi-



147GST omega modulation of protein expression

Figure 3. The Western blot analysis 
of vimentin, peroxyredoxin-2 and 
galectin. A.  SH-SY5Y/control and 
SH-SY/hGSTO1 were not treated 
(0 min) or treated with 250  µM 
6-OHDA (120 min). After 120 min-
utes of treatment cell lysates were 
prepared which were subjected to 
SDS-PAGE and Western blot analysis 
to detect the expression of vimentin, 
peroxyredoxin-2, galectin and glyc-
eraldehyde-3-phosphate dehydro-
genase (GAPDH). The experiment 
was performed independently in 
triplicate. B. Protein band intensities 
were quantitated using the imageJ 
image analysis program and analyzed 
by GraphPad Prism 5 program and 
the expression of all proteins were 
normalized to GAPDH. Error bars 
show S.E.M.

A

B

Figure 4. Analysis of proteins dif-
ferentially expressed in 6-OHDA-
treated SH-SY5Y. STITCH analysis 
of proteins differentially expressed 
in response to 6-OHDA treatment. 
The nodes (balls) indicate proteins 
with the lines representing pre-
dicted associations with the proteins 
identified in this study. The line 
colors show the evidence used for 
prediction: red line, indicates the 
presence of fusion evidence; green 
line, neighborhood evidence; blue 
line, occurrence evidence; purple 
line, experimental evidence; yellow 
line, textmining evidence; light blue 
line, database evidence; black line, 
coexpression evidence (Search Tool 
for Interactions of Chemicals, http://
stitch.embl.de/) (See online version 
for color figure).
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mental values of isoelectric point (pI), molecular weight 
(MW), as well as the score for the identified proteins are 
summarized in Table  2. The comparison between the 
untreated and the 30 min treatment of SH-SY5Y/control 
revealed that ATP synthase (spot 1, Figure 6C and 6D) is 
down-regulated with decreased expression levels of less 

than 0.76-fold compared to untreated cells. Limk1 Mutant 
D460n protein (spot 2, Figure 6D) was detected only in 
the treated cells. In the SH-SY5Y/hGSTO1 untreated and 
30 min treatment cells, Vimentin (spot 1, Figure 7C and 
7D) was up-regulated with increased expression levels 
of more than 1.24-fold compared to the untreated cells.

Figure 5. S-glutathionylation in SH-
SY5Y cells over-expressing hGSTO1. 
A. Empty vector (left) and hGSTO1 
cells (right) were treated with 250 µM 
6-OHDA for 0 to 120 min. Proteins 
were separated by non-reducing 
SDS-PAGE and S-glutathionylation 
was evaluated by immuno blot with 
anti-GSH antibody. Omega GST ex-
pression was detected with anti-GST 
omega antibody and the loading of 
protein was confirmed by stripping 
the membrane and re-probing for 
GAPDH. The experiment was un-
dertaken independently in triplicate. 
B. Protein band intensities of GSSG/
GAPDH (left), and omega GST/
GAPDH (right) were quantitated 
using the imageJ image analysis pro-
gram and analyzed by GraphPad 
Prism 5 program and the expression 
of all proteins was normalized to 
GAPDH. Error bars show S.E.M. 
   SH-SY5Y/control;    SH-SY5Y/
hGSTO1.

Table 2. MALDI-TOF identification of S-glutathionylated proteins in SH-SY5Y/control and SH-SY5Y/hGSTO1 treated with 250 µM 
6-OHDA for 30 min, identified by LC/MS

Spot 
number

Accession 
number Description Nominal 

mass (Mr)
Calculated 

pI value
Protein 

score
SH-SY5Y/control
1 gi32189394 ATP synthase subunit beta, mitochondrial precursor [Homo sapiens] 56525 5.26 329

2 gi1025735596 Chain B, crystal structure of limk1 mutant D460n in complex with 
full-length cofilin-1 18642 8.26 138

SH-SY5Y/hGSTO1
1 gi47115317 VIM, partial [Homo sapiens] 53547 5.08 678

A

B
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Discussion

The human neuronal cell line SH-SY5Y was employed in 
this study to determine a  physiological contribution of 
hGSTO1 during the oxidative stress induced by 6-OHDA. 
Stable transfected SH-SY5Y/hGSTO1 and SH-SY5Y/control 
were generated for use in the study of hGSTO1. The percent 
cell survival, 2D-gel electrophoresis, protein identification 
and the role of hGSTO1 in glutathionylation were studied. 

The study shows that hGSTO1 over-expression can ef-
ficiently protect SH-SY5Y cells against 6-OHDA-induced 
oxidative stress. The results obtained in the cytotoxicity 
experiment showed that the highest protection was ap-
parent at the concentration of 250 µM 6-OHDA, where 
a 97% survival was observed in over-expressing hGSTO1 
cells as compared with only 62% in controls (Figure 

1C). A similar role of hGSTO1 in the protection of neu-
ronal cells against oxidative stress induced by 6-OHDA 
was reported for Drosophila GSTO1. It was shown that 
GSTO1 loss-of-function mutant flies when subjected to 
H2O2 treatment had a decreased survival rate compared 
to control flies (Lee et al. 2015). The conservation of this 
oxidative stress protective function suggests that is an 
important role for GSTO that has been conserved across 
500 million years of evolution. 

In this study, 8 differentially expressed proteins were identi-
fied in SH-SY5Y/hGSTO1 in comparison to SH-SY5Y/control 
suggesting that many proteins are associated with protection 
against the 6-OHDA-induced stress (Table 1). Peroxiredoxin 
(Prx) is an antioxidant enzyme present in organisms from all 
kingdoms. The enzyme provides a defense against oxidative 
damage by participating in signaling to control H2O2 levels 

Figure 6. Two-dimension analysis of SH-SY5Y/control untreated (C) and treated (D) with 250 µM 6-OHDA. Two hundred micrograms 
of protein lysate were separated under non-reducing conditions and immunoblotted with the anti-GSH antibody. Coomassie-stained 
gels of untreated (A) and treated (B) represent equivalent loading.

A B

C D
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(Rhee et al. 2001). Prxs are classified into three classes: typi-
cal 2-Cys Prxs, atypical 2-Cys Prxs, and 1-Cys Prxs (Wood et 
al. 2003). The Prx2 protein identified in this study is in the 
2-Cys Prx subgroup and consists of 199 amino acid residues 
which are localized in the cytosol. In this study we observed 
an increased amount of Prx2 in SH-SY5Y/hGSTO1 cells 
treated with 6-OHDA compared to control. Increasing levels 
of Prx2 and the possible Prx2 functions have been reported 
in many studies of oxidative stress. Over-expression of Prx2 
was demonstrated to give neuroprotection against 6-OHDA 
toxicity in dopamine neurons and preserve motor functions 
involving the dopamine system in mice (Hu et al. 2011). In 
addition, Prx2 exhibited anti-apoptotic effects via suppression 
of ASK-1, JNK/c-Jun and p38 signaling pathway. Moreo-
ver, S-nitrosylation of Prx2 with nitric oxide at two critical 
cysteines, C51 and C172, was shown to increase SNO-Prx2 in 

Parkinson’s disease brains and thereby inhibit the enzymatic 
activity and protective function of Prx2 for oxidative stress 
(Fang et al. 2007). Redox status has been shown to induce 
structural changes in Prx, influence the proteins it binds as well 
as affect various post translational modifications (Chae et al. 
2012). These various changes all contribute to modulating the 
physiological functions of Prx. Consequently, the hGSTO1-
induced Prx2 expression in response to the oxidative stress 
requires further study.

Vimentin is the most widely expressed intermediate 
filament protein (Minin and Moldaver 2008). Vimentin is 
involved in cell migration, cell contact, scaffolding as well as 
regulation of signal transduction pathways including the MAP 
kinase ERK pathway (Chernoivanenko et al. 2013). Vimentin 
expression is significantly higher in T lymphocytes of patients 
with Parkinson’s disease compared to normal patients (Alberio 

A B

C D

Figure 7. Two-dimension analysis of SH-SY5Y/hGSTO1 untreated (C) and treated (D) with 250 µM 6-OHDA. One hundred micrograms 
of protein lysate were separated under non-reducing conditions and immunoblotted with the anti-GSH antibody. Coomassie-stained 
gels of untreated (A) and treated (B) represent equivalent loading.
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et al. 2014) and has been proposed to be employed as a protein 
biomarker. In our study, SH-SY5Y/hGSTO1 showed lower 
expression of vimentin after 6-OHDA treatment. Vimentin 
was reported to bind phosphorylated ERK upon nerve injury 
(Perlson et al. 2005). A previous report showed hGSTO1 
overexpression appeared to activate the ERK pathway as well 
as inhibit apoptosis (Piaggi et al. 2010). This would suggest 
that vimentin is down-regulated to allow the activation of 
the ERK pathway. Additionally, in the SH-SY5Y/hGSTO1 
cells, vimentin itself also undergoes glutathionylation after 
30 minutes of 6-OHDA treatment. Glutathionylation of Cys 
residues, for example in cytoskeletal proteins like the actins, 
has been reported to protect the proteins against irreversible 
oxidation (Rokutan et al. 1994). Glutathionylation of vimentin 
has been reported in several studies (Townsend et al. 2003; 
Townsend 2007; Xiong et al. 2011). Vimentin possesses only 
a single cysteine residue at position Cys 328 (Perez-Sala et al. 
2015). This residue has a role in filament formation, vimentin 
network extension and subunit exchange, organelle position-
ing etc. The modification of the –SH moiety of Cys 328 by 
glutathionylation appears to be a regulatory switch relevant 
for protein function by involving a  reorganization of the 
vimentin network in response to electrophilic and oxidative 
stress. This vimentin Cys residue would be a target of hGSTO1 
which has been reported to possess both deglutathionylation 
and glutathionylation activity which would contribute to cell 
signaling as well as gene expression through regulation of 
protein function (Board and Menon 2012, 2013, 2016; Menon 
and Board 2013; Menon et al. 2014, 2015).

Galectins are β-galactoside binding proteins which share 
a common amino acid sequence, the carbohydrate recogni-
tion domain (CRD) (Leffler et al. 2002). Both oxidized and 
reduced forms of Gal-1 are involved in axonal regeneration 
and the survival, differentiation and synaptic plasticity of 
neurons via macrophage and astrocyte induction in the 
neurogeneration mechanism after an injury (Camby et al. 
2006). We have found that galectin-1 amounts in SH-SY5Y/
hGSTO1 decreased significantly compared to controls. 
In contrast, galectin-1 was reported to be up-regulated in 
human brain tissue from substantia nigra of Parkinson’s 
patients (Werner et al. 2008). After neuronal cell injury by 
6-OHDA in our model, the overexpressed hGSTO1 then 
inhibits the expression of galectin-1. Previous reports and 
our study taken together suggest that hGSTO1 modulates 
the expression/function of many proteins some of which also 
feed into various signaling pathways that play roles in Par-
kinson’s disease. Most likely the modulations occur through 
the role of hGSTO1 in the glutathionylation cycle for which 
hGSTO1 has been reported to possess both deglutathionyla-
tion and glutathionylation activity (Menon and Board 2013; 
Menon et al. 2014; Board and Menon 2016). The hGSTO1 
is consequently involved in the selective glutathionylation/
deglutathionylation of specific proteins that contribute to cell 

signaling and regulation, for example PKC, NFκB and several 
MAPK pathways (Pastore and Piemonte 2012; Popov 2014). 
Therefore further studies are still needed to elucidate the 
proteins regulated by hGSTO1 that may serve as molecular 
targets for the treatment of Parkinson’s disease.
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