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The neuropathological hallmark of Parkinson’s disease (PD) is the preferential loss of dopaminergic neurons in
the substantia nigra and presence of Lewy bodies in the dying neurons. Though specific molecular mechanisms
for the neurodegeneration remains to be clarified, mitochondrial dysfunction and increased oxidative stress are
major players associated with PD pathogenesis and these pathogenic mechanisms can be reproduced in cells and
animals by application of various neurotoxins such as MPP". In this study, we attempted to determine the
neuroprotective effects of methylene blue (MB) against 1-methyl-4-phenylpyridinium (MPP")-induced neuro-
toxicity, and to elucidate its action mechanism. We observed that MB attenuated MPP-induced apoptotic cell
death in SH-SY5Y cells and the mescencephalic dopaminergic neurons. In addition, MB protected the cells
against MPP*-induced oxidative stress and mitochondrial dysfunction as evidenced by restoration of mito-
chondrial complex I activity and ATP levels, and attenuation of oxidative stress. Moreover, we demonstrated that
MB induced antioxidant molecules, and activated Nrf2 pathway through AKT activation. These results indicate
that MB protects the neurons from MPP*-induced toxicity through activation of antioxidant system, thereby
reducing the oxidative stress and mitochondrial impairment, implying the potential use of MB in the treatment of
neurodegenerative diseases such as PD.

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegen-
erative disorder with a global prevalence of about 6.1 million patient
[1]. The pathological hallmark of PD is a selective and pronounced loss
of the dopaminergic neurons in the ventral mesencephalic substantia
nigra pars compacta resulting in drastic depletion of dopamine in the
striatum [2,3]. However, the molecular mechanisms by which the
dopaminergic neurons die remain elusive. Accumulating evidence from
human studies and various experimental models for PD indicate that
mitochondrial dysfunction and oxidative stress might play a pivotal role
for the dopaminergic neuronal loss [4]. Mitochondrial dysfunction and
oxidative stress in PD can be mimicked using the neurotoxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP). MPP™, a toxic metabolite of
MPTP is taken up into the dopaminergic neurons via the dopamine
transporter and inhibits mitochondrial complex I, resulting in
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overproduction of the superoxide radical [5], decrease in ATP produc-
tion [6] and ultimate death of the dopaminergic neurons [7].

Since decreased mitochondrial complex I activity was found in PD
patients [4,8], researchers have observed different types of mitochon-
drial impairments in PD patients, including decreased mitochondrial
membrane potential [9], and imbalances in mitochondrial fission and
fusion [10]. Futhermore, mutations and underexpression of genes
encoding proteins that are relevant for mitochondrial homeostasis have
been exhibited to be unequivocally linked to PD. One of them is
peroxisome proliferator—activated receptor y coactivator-lo (PGC-1a), a
master regulator of mitochondrial biogenesis and oxidative metabolism
[11,12]. Mitochondrial dysfunction not merely exerts ATP depletion,
but also rise in generation of reactive oxygen species (ROS), causing
detrimental cellular alterations, including protein carbonylation, lipid
peroxidation, an increase in misfolding and aggregation of proteins such
as a-syn, and cytochrome (cyt) c release into the cytosol which results in
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caspase activation and apoptotic cell death [10,13-15].

Mitochondria have their own system to detoxify the superoxide an-
ions which are generated at complex I and complex III of the mito-
chondrial respiratory chain known as superoxide dismutase (SOD). The
cytosolic SOD (Cu/Zn SOD) or mitochondrial SOD (Mn SOD) acts on
superoxide anion to produce hydrogen peroxide (H202). HO> is further
reduced to water by glutathione (GSH) and catalase [6,16,17]. Simi-
larly, nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription
factor which plays an important role in defense against toxic insults by
upregulating various antioxidant enzymes and is also involved in the
modulation of mitochondrial function and biogenesis [18]. Reduction in
mitochondrial and intracellular ROS and activation of Nrf2 are consid-
ered to be beneficial to the mitochondrial function under the oxidative
stress. Thus, mitochondria-targeted antioxidants that are highly
researched as a therapeutic strategy for the treatment of many neuro-
degenerative diseases [19].

Methylene blue (MB) is a tricyclic phenothiazine drug that crosses
blood brain barrier and reaches to the brain. It has been applied clini-
cally in the treatment of depression, cancer, methemoglobinemia
[2,20,21]. It is a redox cycler known to possess antioxidative property
along with the ability to reduce tau protein aggregation [20]. MB dis-
played neuroprotective effects in a variety of neurodegenerative disease
models like Alzheimer’s disease by inducing autophagy system and
attenuating tauopathy; Huntington’s disease by modulating Huntingtin
aggregation and increasing BDNF RNA, traumatic brain injury by
reducing microglial activation [21-23]. We previously showed that MB
protected the dopaminergic neurons against MPTP in vivo by upregu-
lating neurotrophic factors [2]. However, the role of MB in modulation
of apoptosis, oxidative stress and mitochondrial impairment induced by
MPP™ has not been demonstrated yet.

Reducing oxidative stress, and enhancing mitochondrial functions
are regarded as potential therapeutic targets for the treatment of PD
[24,25]. In this study, we investigated effects of MB on MPP*-induced
oxidative stress, mitochondrial dysfunction and apoptotic cell death.
Here we demonstrated that MB protects SH-SY5Y cells from MPP™-
induced toxicity by attenuating oxidative stress, restoring mitochondrial
function through the activation of Nrf2 transcription factor via AKT
pathway.

2. Materials and methods
2.1. SH-SY5Y cell culture

Human neuroblastoma SH-SY5Y cells were graciously obtained from
Professor Jeong Gil Saeng (College of Pharmacy, Keimyung University).
The cells were grown in Dulbecco’s modified Eagle’s medium (cat #
SH30243, HyClone Laboratories) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin at 37 °C, in 5 % CO5 humidified
atmosphere. The cells were grown to a confluence of 80-90% after
which the cells were either subcultured after trypsinization with 0.25%
trypsin (HyClone Laboratories) or plated into specific cell densities for
the treatment of the cells. The cell culture medium was replaced every
2-3 days.

2.2. Neuron-enriched mesencephalic cultures and drug treatment

Neuron-enriched mesencephalic cultures were performed as previ-
ously described with some modification [26]. Briefly, C57BL/6N ventral
mesencephalon were isolated from the embryonic day 13 (E13) fetal
brain and dissected in Leibovitz’s L-15 Medium (Welgene, Seoul, Korea).
The dissected segments were incubated in 0.01% trypsin solution
diluted in Ca?*-, Mg2+—free HBSS (Life Technologies, Rockville, MD,
USA) for 10 min at 37 °C and incubated for an additional 5 min at 37 °C
in 100 pg/ml DNase I diluted in DMEM medium (Life Technologies). The
tissues were mechanically triturated in DMEM medium supplemented
with 10% FBS and 100 U/ml penicillin/streptomycin (P/S). The
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dissociated cells were plated on 8-well slide pre-coated with 100 pg/ml
poly-D-lysine and 4 pg/ml laminin at a density of 6 x 10° cells/m1 (300
pl/well). The cells were incubated in a humidified incubator at 37 °C,
5% CO3 for 24 h and replaced with serum-free medium composed of
Ham’s nutrient mixture (F12-DMEM, Life Technologies) and supple-
mented with 1% ITS (insulin, transferrin, selenium) and P/S. At DIV 4,
the neurons were treated with 10 pM MPP" with or without MB and
ML385 for 24 h as indicated and processed for immunocytochemical
staining. MB was treated 3 h before MPP" treatment, and ML385 was
treated 1 h before MB treatment.

2.3. Immunocytochemistry and cell counting

Immunocytochemical staining was performed as previously
described with some modification [26]. Briefly, 2 days after drug
treatment, neurons were fixed with 4% paraformaldehyde for 30 min at
25 °C. The cells were rinsed with PBS and permeabilized by PBS con-
taining 0.2% triton X-100 and 1 % BSA for 5 min at 25 °C and then
incubated with anti-tyrosine hydroxylase antibody (TH, Thermo Fisher
Scientific) diluted in PBS containing 0.5% BSA for overnight at 4 °C to
detect the TH-positive dopaminergic neurons. The cells were rinsed with
PBS containing 0.5% BSA and then incubated with biotinylated anti-
rabbit IgG (vector laboratories, CA, USA). 1 h later, the cells were
rinsed with PBS containing 0.5% BSA, and incubated with pre-incubated
avidin-biotin complex (ABC HRP kit, Vector Laboratories) for 1 h at
25 °C. After rinsed twice in 0.1 M phosphate buffer, the cells were
incubated in 0.05% 3,3'-diaminobenzidine (Sigma-Aldrich) in 0.1 M
phosphate buffer containing 0.003% H3O2 to visualize the immuno-
complexes. Then, the cells were counterstained with 0.1% cresyl violet
(Sigma-Aldrich) and dehydrated. The stained cells were captured under
a slide scanner (3DHISTECH, Budapest, Hungary). Images from
mesencephalic neuronal culture were analyzed in ImageJ software
(National Institutes of Health; https://imagej.nih.gov/ij/). ImageJ with
‘Analyze particles’ was used to quantify the cell number.

2.4. Cell viability assay

Viability of SH-SY5Y cells was determined by 3-(4,5-dimethylth-
iazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium (MTS) assay (Cell titer 96 Aqueous One solution cell proliferation
Assay, cat # 3580, Promega Corp., Madison, WI, US) as described in
previous study [27]. Briefly, at the end of the experiment, 20 ul of the
MTS reagent was added to the medium and incubated for 3 h. Then,
absorption was read at 490 nm using a microplate reader (Multiskan GO,
Thermo Fisher Scientific, Ratastie, Finland) to obtain the viability of the
cells expressed as percentage of the control group.

2.5. Caspase-3 activity assay

Caspase-3 activity was assessed using a luminometric assay using
caspase-Glo® 3/7 Assay (cat # G8090, Promega Corp., Madison, WI)
which is a homogeneous, luminescent assay to measure caspase-3 ac-
tivities. The assay kit contains a luminogenic caspase-3 substrate in a
reagent optimized for caspase activity, luciferase activity and cell lysis.
The caspase cleavage of the substrate results in generation of a “glow-
type” luminescent signal, produced by luciferase that is proportional to
the amount of caspase activity present in the system. After the treatment
is completed, 100 pl of Caspase-Glo® 3/7 reagent was added to each
well of a white-walled 96-well plate containing cell. Then the plate was
incubated at 37 °C for 30 min and caspase activity was detected by
measuring luminescence of each sample in a plate-reading luminometer.

2.6. Intracellular and mitochondrial ROS measurement

Intracellular ROS production was measured using the CMH;DCF-DA
probe. After the completion of treatment, the cells were incubated with
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5-10 pM CMH,DCFDA at 37 °C for 30 min and ROS production was
detected by measuring fluorescence of oxidized DCF (Fluostar omega,
BMG LABTECH; Jexcitation = 485 nm and Aemission = 520 nm).

Mitochondrial ROS was measured using MitoSOX™ Red mitochon-
drial superoxide indicator. MitoSOX is a novel cell permeable fluoro-
genic dye that is rapidly oxidized by superoxide but not by other reactive
oxygen species (ROS) and reactive nitrogen species. The oxidized
product is highly fluorescent upon binding to nucleic acid. After the
completion of treatment, the cells were incubated with 5 uM MitoSOX™
at 37 °C for 30 min and ROS production was detected by measuring
fluorescence of oxidized product (Aexcitation = 510 nm and Aemission = 580
nm).

The fluorescence was measured by microplate reader and a fluores-
cence microscope using the respective excitation and emission wave-
lengths and appropriate filters. The fluorescence intensities of the
microscopic images [10 images per group, n = 4)] were quantified by
Image J software and values were presented as percentages [Threshold
values were kept constant for both green and red fluorescence].

2.7. Complex I activity assay

The mitochondrial complex I (NADH oxidase/co-enzyme Q reduc-
tase) activity was measured using MitoCheck Complex I Activity Assay
kit (cat #700930, Cayman chemical, Ann Arbor, MI, USA) according to
the manufacturer’s instruction with slight modification. Briefly, in tube
A, we added 910 pl of complex I activity assay buffer, 20 ul of 100 nM
rotenone, 50 ul of fatty acid free-BSA assay reagent and 20 pl bovine
heart mitochondria assay reagent. In tube B, complex I activity assay
buffer, NADPH assay reagent and ubiquinone assay reagent were added.
50 ul of the contents of tube A was pipetted into each well of 96-well
plate. Then, 20 ul of 5 pM MB and 30 pl of the contents of tube B was
added to each well. The plate was placed in plate reader and the
absorbance was measured at 340 nm in interval of 30 sec for 30 min at
25 °C. Complex I activity determined by the rate of NADH oxidation
which was measured by a decrease in absorbance at 340 nm.

2.8. ATP assay

ATP levels in the cells were determined using CellTiter-Glo lumi-
nescent cell viability assay kit (cat # G7572, Promega Corp., Madison,
WI, US) which quantitates the ATP as an indicator of the metabolically
active cells. The reagent was prepared according to the manufacturer’s
instruction and luminescence measured in white flat bottom 96-well
plates using a luminometer (Fluostar Omega, BMG LABTECH) with an
integration time of 1 s. The concentration of ATP was extrapolated from
the standard curve using a series of dilution of standard solutions.

2.9. Annexin V FITC apoptosis detection

The BD Pharmingen™ Annexin V FITC apoptosis detection kit (BD
Biosciences Pharmingen, USA), was used to detect apoptosis using flow
cytometry. The reagent was prepared according to the manufacturer’s
instruction and percentage of cells within a population actively under-
going apoptosis were determined quantitatively. After the cell treat-
ment, cells were washed twice with 1X cold PBS and then the cells were
resuspended in 1X binding buffer at a concentration of 1 x 1076 cells/
ml. 100 pl of the solution (1 X 10° cells) were transferred to a 5 ml
culture tube and 5 ul of FITC Annexin V and 5 ul PI were added. Then the
cells were gently vortexed and incubated for 15 min at 25 °C in the dark.
400 pl of 1X Binding Buffer were added to each tube and analyzed by
flow cytometry within 1 h.

2.10. Measurement of glutathione (GSH) concentration

Change in GSH levels is an important indicator of oxidative stress in
the cells leading to cellular death. Thus, GSH measurements were

Biochemical Pharmacology 192 (2021) 114719

performed using the GSH-Glo™ GSH assay kit (cat # V6911, Promega
Corp., Madison, WI, USA) which is a luminescent-based assay for
detection and quantification of GSH in cells, based on the conversion of a
luciferin derivative into luciferin in the presence of GSH. The experi-
ment was performed according to the manufacturer’s instructions. The
cells are first lysed in the presence of luciferin-NT substrate and GSH S-
transferase enzyme supplied in the kit. GSH in the cells drives the for-
mation of luciferin, which is then converted, into light/signal by the
addition of luciferin detection reagent. The signal, thus generated is
proportional to the amount of GSH present in the samples. The con-
centration of cellular GSH was extrapolated from the standard curve
using standard solution provided in the kit.

2.11. Measurement of superoxide dismutase (SOD) activity

SOD activity was determined using the SOD colorimetric activity kit
(cat # EIASODC, Thermo Fisher Scientific, USA) according to the pro-
tocol provided. The cytosolic SOD (Cu/Zn, SOD1) and mitochondrial
SOD (Mn, SOD2) were separated through ultracentrifugation. A stan-
dard curve was created using the standard provided in the kit and the
concentrations of the samples were extrapolated using the standard
curve and expressed as unit/mg protein in the sample.

2.12. JC-1 mitochondrial membrane potential (MMP) assay

5,5,6,6'-tetrachloro-1,1’,3,3’ tetraethylbenzimi-dazoylcarbocyanine
iodide (JC-1) dye (cat # T3168, ThermoFisher Scientific, USA) was
used as a direct measure of the MMP in healthy and apoptotic cells. In
healthy cells with normal functioning mitochondria, JC-1 dye, which is
a lipophilic cationic dye, can enter into the energetic and negatively
charged mitochondria in a concentration dependent manner to form JC-
1 aggregates exhibiting a red fluorescence (absorption/emission-585/
590 nm). However, in apoptotic cells that have lost their MMP, rela-
tively small amount of JC-1 dye can enter into the mitochondria and
retain the green fluorescence of the JC-1 monomers (absorption/emis-
sion-510/527 nm).

The red and green fluorescence was measured using a fluorescence
plate reader and the ratio of the red:green fluorescence was calculated to
give a measure of the MMP in the samples performed in quadruplicates
from four independent experiments. The microscopic images were ob-
tained using a fluorescence microscope (Nikon, Melville, NY, USA).

2.13. Western blot analysis

Cell samples were homogenized with ice-cold RIPA lysis buffer, and
1% protease inhibitor cocktail. The tissue homogenate was centrifuged
at 4 °C for 20 min at 13,000 rpm, and the supernatant was transferred to
a fresh tube. Similarly, nuclear-protein was separated using NE-PER™
nuclear and cytoplasmic extraction reagent (cat # 78833, Thermo Fisher
Scientific, USA) according to the manufacturer’s protocol. Also, the
mitochondria were isolated using Mitochondria Isolation Kit for
Cultured Cells (cat # 89874, Thermo Fisher Scientific, USA), as
described in the manufacturer’s instructions. Protein concentration was
determined using BCA protein assay kit (cat # 23225, Thermo Fisher
Scientific). Equivalent amount of protein samples were loaded and
separated on 12% SDS-polyacrylamide gel by electrophoresis, and
transblotted to polyvinylidene difluoride membranes (Millipore Corpo-
ration, Temecula, CA). Membranes were blocked with 5% skim milk in
Tris-buffered saline (0.1% Tween 20), for 1 h. Then, the membrane was
incubated overnight at 4 °C with specific primary antibodies to against
Nrf2 (1:2000, Cell Signaling Technology), Cleaved Caspase-3 (1:2000,
Cell Signaling Technology), Caspase-3 (1:2000, Cell Signaling Tech-
nology), p-JNK (1:2000; Cell Signaling Technology), JNK (1:2000, Cell
Signaling Technology), HO-1 (1:2000, ENZO), Bax (1:2000, BD Bio-
sciences), Bcl-2 (1:2000, Cell Signaling Technology), p-53 (1:2000, Cell
Signaling Technology), PGC-1a (1:2000,Thermo Fisher Scientific), cyt ¢
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(1:2000, Cell Signaling Technology), p-actin (1:10000, Ab-Frontier) and
GAPDH (1:10000, Ab-Frontier). The membrane was incubated with an
HRP-labeled secondary antibody for 1 h at 25 °C. Finally, the membrane
was incubated with enhanced chemiluminescence reagents (Thermo
Fisher Scientific) and exposed in a luminescence image analyzer (Fusion
Solo, VilberLourmat, France) to detect the immunoreactive complex.
Density of each blot was assessed using GelQuant.Net software.

2.14. siRNA transfection with SH-SY5Y cells

SH-SY5Y cells were transiently transfected with siRNA (Bioneer,
Daejeon, Korea) specific for Nrf2 gene or non-specific gene (scramble
siRNA) using HiPerfect transfection reagent (cat # 301704, Qiagen,
Maryland, USA). The sequences of the siRNA used in this study were
depicted in Table 1. Briefly, the cells were plated at 2.5x10° cells in 35-
mm culture dishes and incubated overnight. Transfection mixture was
prepared and incubated for 20 min at 25 °C. The cells were washed once
with plain media and replaced with fresh plain media. The transfection
mixture was then added to the each well gently and uniformly. After 6-8
h equal volumes of complete media were added and the cells were
further incubated for 24-36 h. The cells were then washed once with 1X
PBS and treated as explained in the figure legends. Gene silencing effi-
ciency was measured using western blot analysis after 36 h post trans-
fection. siRNA duplexes were purchased from Bioneer (Daejeon, South
Korea).

2.15. Statistical analysis

All values are expressed as the mean + SEM of multiple independent
experiments. Statistical analysis was performed using one-way or two-
way ANOVA followed by the Student-Newman-Keuls or Tukey’s post-
hoc test to calculate statistical differences between various groups
(GraphPad Prism 5.0, San Diego, CA, USA). Values of p<0.05 were
considered statistically significant.

3. Results

3.1. MB protects SH-SY5Y cells against MPP"-induced apoptotic cell
death

MTS assay was carried out to test the protective effect of different
concentrations of MB (1, 5, 10 and 20 uM) against MPP™" toxicity. The
cells were pretreated with MB for 3 h followed by MPP™ for 24 h. MPP™"
caused substantial cell death and treatment with MB significantly
reduced MPP*-induced loss of cells. Among the different doses of MB, 5
uM was found to be the most effective against MPP" toxicity, and the
dose was chosen for further experiments (Fig. 1A).

Next, western blotting was performed to check the effect of MB
against apoptotic markers which are intimately involved in the cell
death processes. MPP™ significantly increased the phosphorylation of
JNK and also elevated the levels of p53 and Bax (Fig. 1B-D). These ef-
fects of MPP' were significantly reversed by MB. In parallel with the
results, MPP™ reduced the anti-apoptotic marker, Bcl-2 and this was
drastically counteracted by MB pretreatment (Fig. 1E).

Cyt c is an essential component of the mitochondrial respiratory
chain that plays a major role in cell apoptosis. When cyt c is released
from mitochondria into cytosol it interacts with apoptotic protease

Table 1
The sequences of siRNA used in the study.

Target gene Primer Nucleotide sequence (5'-3")

Nrf2 Sense GAGACUACCAUGGUUCCAA
Antisense UUGGAACCAUGGUAGUCUC

Non-targeting Sense CCUACGCCACCAAUUUCGU
Antisense ACGAAAUUGGUGGCGUAGG
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activating factors and initiates the activation cascade of caspases leading
to the activation of cell apoptosis [15]. Thus, experiments were per-
formed to assess the translocation of cyt ¢ from mitochondria to cytosol
as well as expression pattern of caspase-3. Western blot results revealed
that pretreatment of MB significantly lowered the MPP™-induced
translocation of cyt ¢ from mitochondria into the cytosol (Fig. 2A, B).
Similarly, assay of caspase-3 activity showed that MB pretreatment
attenuated MPP "-induced activation of caspase-3 (Fig. 2C). Western blot
results were consistent with the caspase-3 activity assay (Fig. 2D), sug-
gesting the inhibitory role of MB in MPP"-induced caspase activation.
These results were further supported by annexin V FITC assay using flow
cytometry assay where MPP ™ robustly increased the apoptotic rate and
it was significantly lowered by MB pretreatment (Fig. 2E, F). All these
results indicate that MB reduces MPP"-mediated apoptotic cell death.

3.2. MB Reduces MPP*-induced cytosolic and mitochondrial ROS
overgeneration

Intracellular ROS production was assessed by measuring the fluo-
rescence from oxidation of CM-H,DCFDA to oxidized DCF. Cells were
pretreated with MB for 3 h followed by MPP" treatment for 24 h. MPP*
elevated the ROS production considerably, and MB was able to reduce
the intracellular ROS in MPP™ treated cells (Fig. 3A, B). Mitochondrial
ROS was measured using MitoSOX red assay kit. MPP" raised mito-
chondrial superoxide generation as shown by increase in red fluores-
cence level. The overproduction of mitochondrial ROS by MPP* was
ameliorated by pretreatment of MB (Fig. 3C, D).

3.3. MB Attenuates MPP"-mediated impairment in mitochondrial
function

Mitochondrial membrane potential (MMP) was quantified using the
red and green fluorescence produced in JC-1 dye treated cells. MPP*
significantly reduced MMP as the ratio of red to green fluorescence in-
tensity was decreased. MB pretreatment markedly ameliorated the
MPP*-induced loss of MMP (Fig. 4A). MPP" leads to mitochondrial
dysfunction primarily by inhibiting complex I activity that results in ATP
depletion. Thus, complex I activity was measured with cell-free assay
with rotenone, which is another well-known potent mitochondrial
complex I inhibitor. The results showed that MB restored rotenone-
induced complex I activity inhibition (Fig. 4B). ATP assay results
revealed that MB significantly restored ATP levels in MPP " -treated cells
(Fig. 4C).

Next, we checked if MB upregulates PGC-1a level, since it regulates
mitochondrial biogenesis, increases the expression of antioxidant en-
zymes, and is involved in Nrf2 activation [28]. Analyses with western
blot showed that MB alone significantly increased PGC-1a expression,
while MPPT reduced PGC-1a in the cells. Importantly, pretreatment
with MB recovered the MPP*-mediated reduction (Fig. 4D).

3.4. MB induces Nrf2/HO-1 and antioxidants afflicted by MPP"

Nrf2 transcriptional pathway is known to mediate the induction of
antioxidant genes that play an important role in the cellular defence
against oxidative stress and its nuclear translocation is required for its
activation [29]. Thus, western blot was carried out in the nuclear and
cytosolic cell fractions to determine Nrf2 nuclear translocation. Results
revealed that Nrf2 nuclear translocation was reduced by MPP" treat-
ment which was increased by MB suggesting that MB augments Nrf2
activity that might regulate the antioxidant system in the cells to
enhance the cellular survival (Fig. 5A-B). HO-1 is an Nrf2 target gene
which was significantly increased by MB treatment in MPP " -intoxicated
cells (Fig. 5C).

Nrf2 is required for maintaining the intracellular redox status by
regulating the expression of a number of genes that affect GSH levels
[29], and SOD levels [30]. MPP" induced a sharp reduction in GSH,
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assessed using caspase-3 activity assay (C) and flow cytometry analysis through Annexin V FITC assay (E and F). Quantitative analysis was carried out with GelQuant.
Net and GraphPad Prism 5. Values were normalized using either total protein or p-actin, and represent relative to control. For caspase-3 activity assay, luminescence

of the samples was measured and values were calculated relative to the control group. *p < 0.05,

**p < 0.01 and ***p < 0.001 compared to control, ##p < 0.01,

###p < 0.001, compared to MPP" treated group. Values are expressed relative to untreated control and represented as mean + SEM of four independent exper-

iments performed in triplicates (n = 4).

cytosolic SOD and mitochondrial SOD levels in SH-SY5Y cells and MB
significantly increased the level of these antioxidants in the MPP™-
treated cells suggesting that Nrf2 activation followed by enhancement of
these antioxidants in the cells might be responsible in reducing the toxic
effects of MPP™ (Fig. 5D-F).

3.5. MB exerts neuroprotection through Nrf2 pathway

We performed experiments to assess whether the neuroprotection
shown by MB was dependent on Nrf2 activation. For this we used Nrf2
inhibitor, ML385 and siRNA targeting Nrf2 gene to inhibit the Nrf2
activity in the SH-SY5Y neuroblasoma cells. Cell viability test performed
with Nrf2 inhibitor revealed that the protective effects of MB against
MPP" toxicity was abolished in presence of ML385 (Fig. 6A) or Nrf2-



S. Bhurtel et al.

B __ Control

i

Control MB MPP+ MB+MPP+

4
o

»

°

Relative DCFDA
Fluorescence Intensity
o
o

e
>

Control MB

o
= g
o o

o

MitoSox Red
(Fluorescence Intensity)
& 5

)

Control MB MPP+ MB+MPP+

o

Control MB MPP*

Red
JC-1 aggregate

Green
JC-1 monomer

w
(2]

Biochemical Pharmacology 192 (2021) 114719

MB+MPP‘ Fig. 3. ME reduces.intracellular and
2 AW mitochondrial ROS in SH-SY5Y cells
SNV E5oe 9 caused by MPPT. The SH-SYSY cells

: were pretreated with MB as indicated
for 2 h followed by 2 mM MPP™" for 30
min. (A-B) The cells were further treated
with 10 pyM CM-H,DCFDA general
oxidative stress indicator reagent or for
30 min and the fluorescence intensity
was measured and visualized under a
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20x, scale bar: 25 um). (C-D) The cells
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Red mitochondrial superoxide indicator
reagent for 30 min and the fluorescence
intensity was measured and visualized
under a fluorescence microscope
(magnification: 10X, scale bar: 50 pm).
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Fig. 4. MB attenuates mitochondrial dysfunction caused by MPP™. The cells were pretreated with MB for 3 h followed by 2 mM MPP™ treatment for 24 h. The cells
were stained with fluorescent JC-1 dye and the red and green fluorescence was measured either by (A) fluorescence microscope or by microplate reader. The ratio of
red and green fluorescence as obtained as values relative to control group. (B) Complex I activity assay was measured using Mitocheck Complex I activity assay kit
and values were represented as percentage of controls in the cell free assay. (C) ATP levels were measured in the cells after completion of the treatments. The ATP
concentration was extrapolated from the standard curve. (D) Western blot analysis was performed to determine the protein levels of PGC-1a. Magnification 200X:

scale bar — 25 um. **p < 0.01 and ***p

< 0.001, compared to control group, #p < 0.05, ##p < 0.01 and ###p < 0.001 compared to the MPP™ treated group, ###p

< 0.001 compared to rotenone group. All values represent mean + S.E.M from four independent experiments performed in quadruplicates (n = 4).

siRNA (Fig. 6B) suggesting that MB requires Nrf2 activation for the
neuroprotection. To further confirm the role of Nrf2 in the neuro-
protection, we employed the mescencephalic neuronal cell culture.
Immunocytochemical stainings for TH showed that MPP" evidently

decreased the number of TH + neurons and pretreament of MB signifi-
cantly rescued the neurons from MPP*-caused injury. Importantly,
addition of ML385 completely diminished the protective effects of MB
indicating that the neuroprotective effects of MB is predominantly
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mediated by Nrf2 (Fig. 6C). Next, western blot was performed to
determine the role of HO-1 activation by MB against MPP™ toxicity
during Nrf2 inhibition. Surprisingly, the western blot results showed
that the MB-induced rise in HO-1 expression in MPP" intoxicated cell
was altered neither in the presence of ML385 nor in the silenced con-
dition, suggesting that the induction of HO-1 by MB was not associated
with Nrf2 activation and indicating that HO-1 is not directly involved in
MB’s protective effect (Fig. 6D, E).

3.6. Involvement of AKT signaling pathway in MB-induced Nrf2
activation

Nrf2 inhibition reversed the neuroprotective property of MB
implying that MB depends on Nrf2 to show protection against MPP™.
Thus, possible mechanism behind the activation of Nrf2 by MB was
investigated. Experiments were performed with ERK inhibitor (U0126)
and AKT inhibitor (10-DEBC) to determine their involvement. Many
research studies showed that ERK and AKT activate Nrf2 pathway to
provide cytoprotection [31,32]. The cell viability experiments demon-
strated that the neuroprotection shown by MB against MPP* was abol-
ished by AKT inhibitor but not by ERK inhibitor (Fig. 7A). The results
were further supported by western blot experiments. The MPP*-induced
reduction in Nrf2 expression level that was reversed by MB pretreatment
was obliterated by AKT inhibition but not by ERK inhibition suggesting
that the activation of Nrf2 by MB was dependent on AKT pathway rather
than ERK pathway (Fig. 7B, C).

4. Discussion

In this research, neuroprotective effect of MB against MPP" neuro-
toxicity was evaluated. MB clearly exhibited neuroprotection against
MPP™" in SH-SY5Y cells and mescencephalic TH + neurons, possibly by
reducing production of ROS and enhancing mitochondrial function. MB
significantly induced Nrf2 in the cells along with the upregulation of
antioxidant enzymes and provided mitochondrial protection against
MPP". We also demonstrated that MB activated AKT signaling to induce
Nrf2 pathway and provide neuroprotection in SH-SY5Y cells.

MPTP is a neurotoxin that can mimic parkinsonism like symptoms. It
readily accumulates in mitochondria and inhibits mitochondrial com-
plex I, disrupts ATP production, increases ROS generation finally leading

Biochemical Pharmacology 192 (2021) 114719

Fig. 5. MB increases antioxidant system
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to neuronal death. Thus, the mechanism behind MPP*-induced death
involves multiple deleterious signals including pro-apoptotic pathways
which include cyt c translocation from mitochondria, activation of
caspases, p53, Bax, JNK and Bcl-2 family members [4,17]. In this study,
MB pretreatment protected the cells against MPP'-induced apoptotic
cell death via inhibition of cyt c release from mitochondria into cytosol
and caspase-3, p53, Bax and JNK activation, and increasing the Bcl-2
levels (Figs. 1 and 2).

About 1-2% of the oxygen is converted to superoxide anion mainly
in the mitochondrial complex I and III. MnSOD converts superoxide
anion to hydrogen peroxide which is further detoxified by catalase. The
imbalance between ROS production and antioxidant activity causes
progressive oxidative stress [17]. MPP™ inhibits mitochondrial complex
I causing overproduction of ROS, and diminishing antioxidant system
including GSH and SOD. The cytosolic SOD (Cu-Zn-SOD or SOD1) or
mitochondrial SOD (Mn-SOD or SOD2) acts on superoxide anion to
produce Hy02 which is further reduced to water by GSH and catalase
[6,16,17]. Studies have shown that antioxidant Cu/Zn-SOD enzyme and
GSH peroxidase have protective effects against MPTP toxicity [5].
Therefore, GSH and SOD are essential to protect the neurons in the brain
from the oxidative stress-induced damage. MB is a redox agent which
has ability to penetrate cellular and mitochondrial membranes and
accumulate within mitochondria. It prevents the formation of superox-
ide and nitric oxide in mitochondria and is also able to improve brain
oxidative metabolism by enhancing mitochondrial oxygen consumption
[33]. MB has proven its anti-oxidative effects in various cell and animal
models involving oxidative stress by increasing GSH, SOD activity,
mRNA expression of various redoxins and phase-2 antioxidant enzymes
such as thioredoxins, NADPH quinone oxidoreductase, and enhancing
heme synthesis and mitochondrial respiration [20]. In our study, MB
significantly reduced the intracellular and mitochondrial ROS and
enhanced MPP*-induced reduction of cellular GSH and SOD suggesting
a potent antioxidative defense mechanism of MB against MPP*.

Mitochondrial dysfunction and oxidative stress are known to
contribute to the degeneration of neurons in PD [34]. MPP" dissemi-
nates its toxic effects primarily by disrupting mitochondrial electron
transport chain (ETC) and production of ROS. Therefore, it is important
to restore ETC function and block ROS production. According to the Liu
et. al, Coenzyme Q10 functions as an endogenous co-enzyme of ETC
proteins and ROS scavenger that have a vital role in maintaining the
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Fig. 6. The neuroprotective effect of MB is dependent on Nrf2 activity. SH-SY5Y neuroblastoma cells and/or the mesencephalic primary cells were treated with
ML385 or siRNA againt Nrf2 gene, and then MB. Finally, the cells were exposed to MPP™ for 24 h. MTS assay or immunocytochemical staining for TH were performed
to measure the viability of SH-SY5Y neuroblastoma cells exposed to (A) ML385, the Nrf2 inhibitor or (B) siRNA against Nrf2 gene, and of (C) the mesencephalic
primary cells exposed to ML385. Western blot was carried out to analyze levels of HO-1 expression in SH-SY5Y cells exposed to (D) ML385 or (E) siRNA against Nrf2
gene. Quantitative analysis was carried out with GelQuant.Net and GraphPad Prism 5. Values were normalized using p-actin, and represent relative to control. *p <
0.05, **p < 0.01, ***p < 0.001 compared to control group, #p < 0.05 and ##p < 0.01 compared to the MPP™ treated group, $p < 0.05, $$$p < 0.001 compared to
the MPP" and MB treated group. All values represent mean + S.E.M. from four independent experiments performed in quadruplicates (n = 4).

integrity of mitochondrial respiration and clearance of free radicals. It
produces its protective effects by inhibiting mitochondrial dysfunction,
and ROS production induced by neurotoxins like paraquat, rotenone and
MPTP both in vitro and in vivo model [35]. Creatine attenuated MPP™-
mediated toxicity in embryonic ventral mesencephalic neurons by
buffering cellular ATP and preventing mitochondrial permeability
transition pore opening [8]. Another compound rasagiline possesses
multiple effects on mitochondrial function, including stabilization of

mitochondrial membrane potential and might have a disease-modifying
effect based on clinical trial evidences [8].

In our study, MB was able to restore the complex I activity suggesting
that MB might be an ideal pharmacological intervention that will not
only reduce oxidative stress in the vulnerable cells, but also restore
mitochondrial function to provide greater protection in susceptible cells.
In line with the restoration of complex I activity, MB reestablished
MPP*-mediated ATP reduction in cells. MB also reversed MPP*-induced
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mitochondrial membrane potential loss in the cells as observed in JC-1
assay that gives a measure of mitochondrial health. Mitochondrial
biogenesis is activated during mitochondrial damage, which indispens-
ably supports energy-dependent cell processes, including those involved
in the repair of cell and tissue damage [14]. PGC-1u is a transcriptional
coactivator which induces mitochondrial biogenesis [28]. Here, MB
increased PGC-1a level in MPP™ treated cells suggesting PGC-1a in-
duction by MB might be associated with mitochondrial protection and
the neuroprotective effects.

We showed that MB caused a clear activation of Nrf2 pathway which
is the major mechanism of maintaining the oxidative balance in the
cells. MB-induced nuclear translocation of Nrf2 was accompanied by
increase in HO-1, GSH, mitochondrial and cytosolic SOD levels. HO-1 is
one of the various target enzymes that is activated via Nrf2 induction
and it has been shown to be protective by providing mitochondrial
protection [36]. Consistent with our current study, MB has been shown
to upregulate Nrf2/ARE pathway and attenuate tau-mediated neuro-
toxicity [20]. In the presence of Nrf2 inhibitor or siRNA targeting Nrf2
gene, MB’s protective effect was diminished with upregulation of HO-1
suggesting that protective effect of MB might not be associated with HO-
1 upregulation. Rather than HO-1 upregulation, induction of antioxi-
dants and PGC-1a might be responsible for the neuroprotective property
of MB. However, we cannot rule out the possibility that MB might exert
the neuroprotective effects through HO-1, since the enzyme could
contribute to the cell defence via attenuating oxidative stress and neu-
roinflammatory responses [37]. The observation also indicates that MB
increases HO-1 expression via Nrf2-independent pathway. Indeed, HO-
lexpression can be regulated by other than Nrf2 such as activator
protein-1, hypoxia-inducible factor, and Jun N-terminal kinase [38].

Phosphorylation of Nrf2 at serine and threonine by protein kinases
such as AKT and ERK releases Nrf2 from Keapl to enhance its nuclear
translocation and transactivation of phase II detoxifying enzymes [39].
Thus, we investigated which of these kinases was required for the Nrf2
activation by MB. The results demonstrated that MB required AKT

activation in order to activate Nrf2 and show protection against MPP™*
toxic effects. However, ERK-activation was not compulsory for the NRf2
activation and neuroprotection imparted by MB.

In conclusion, MB demonstrated neuroprotective effects against
MPP"-induced harmful effects by reducing oxidative stress and
improving mitochondrial function via Nrf2 activation. This study also
demonstrates that the effects were mediated by activating Nrf2 through
the AKT signaling pathway. Thus, this study further substantiates MB as
a potential therapeutic agent in the treatment of neurodegenerative
diseases such as PD which are linked to mitochondrial dysfunction and
oxidative stress.
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