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ABSTRACT

Parkinson's disease (PD) is the most prevalent neurodegenerative disease. Previously, it was believed that aberrant iron metab-
olism, leading to ferroptosis due to glutathione (GSH) depletion, excessive Ca?* influx, mitochondrial (mROS), and cytosolic
(cROS) free reactive oxygen species in the brain, was a contributing factor to PD. ADP-ribose (ADPR), mROS, and cROS activate
the TRPM2 cation channel. It is yet unclear how TRPM2 contributes to the development of neuronal damage induced by the
rise in ferroptosis in PD. Our aim in this study was to examine the function of TRPM2 and the protective effect of GSH in the
dopaminergic human SH-SY5Y neuronal cells that had been exposed to 1-methyl 4-phenylpyridinium (MPP) to produce parkin-
sonism. The SH-SYS5Y cells were divided into six groups: control, MPP, MPP + erastin, MPP + erastin + ferrostatin-1, MPP + eras-
tin + glutathione (GSH), and MPP + erastin + TRPM2 blocker (ACA). In the MPP and MPP + erastin groups, the concentrations
of Ca?*, ADPR-induced TRPM2 current density, mitochondrial membrane dysfunction, mROS, cROS, lipid peroxidation, mito-
chondrial Zn?*, cytosolic Zn?*, and cytosolic Fe?* were increased, although glutathione peroxidase, GSH, cell viability, and cell
number were decreased. The changes were higher in the MPP + erastin group than in MPP group only. However, their concen-
trations were modulated by the changes in the MPP + erastin + ferrostatin-1, MPP + erastin + GSH, and MPP + erastin + ACA
groups. In conclusion, the increase in death and ferroptosis in parkinsonism (MPP)-induced SH-SY5Y cells was attributed to
TRPM2 activation. By regulating cytosolic oxidant/antioxidant balance, GSH regulates TRPM2 channel activity and lowers neu-
ronal death and ferroptosis.

Abbreviations: 2-APB, 2-aminoethoxydiphenyl borate; ACA, N-(p-amylcinnamoyl)anthranilic acid; a.u, arbitrary unit; c[Ca?*] , cytosolic free Ca®* concentration;
c[Fez"]c, cytosolic free Fe?* concentration; CGCC, chemical-gated calcium channels; cROS, cytosolic reactive oxygen species; c[Zn“]C, cytosolic free Zn?*
concentration; Erst, erastin; Ferrl, ferrostatin 1; GSH, glutathione; GSH-Px, glutathione peroxidase; LPO, lipid peroxidation; LSM 800, laser scan confocal microscope;
mDYS, mitochondrial membrane dysfunction; MiTr, Mito tracker red; MPP, 1-methyl-4-phenylpyridinium; mROS, mitochondrial reactive oxygen species; PD,
Parkinson's disease; PI, propidium iodide; TRP, transient receptor potential; TRPM2, transient receptor potential melastatin 2.
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1 | Introduction

The progressive death of dopaminergic neurons in the brain is
a hallmark of Parkinson's disease (PD), the second most preva-
lent neurodegenerative disease [1]. The development of innova-
tive medications and therapies is urgently required, as PD has
emerged as a problem in the global medical sector [2]. Because
PD is complicated and involves a variety of factors, its patho-
physiology has not yet been fully understood. According to
present literature information, the nigrostriatal dopaminergic
neurons of the brain may sustain damage from excessive Ca?*-
influx-induced glutathione (GSH) depletion, mitochondrial
(mROS), and cytosolic (cROS) reactive oxygen species [3, 4].

Ferroptosis, a type of cell death, has recently been identified
and described in a variety of neurological disorders, includ-
ing PD [5, 6]. The movement of Fe?* between the mitochon-
dria and the cytoplasm occurs normally in the body. When
the mitochondrial dysfunction (mDYS), cytosolic iron free ion
concentration (c[Fe?*] ) is disrupted, which ultimately results
in ferroptotic apoptosis [7-9]. Thus, mDYS and the generation
of high levels of mROS, which interfere with cytoplasmic and
mitochondrial Fe?* metabolism and ultimately cause ferropto-
sis and lipid peroxidation (LPO) in dopaminergic neurons, are
main factors that contribute to the ferroptosis of PD [10-12].
In the neurons of PD, ferroptosis is also linked to an abnormal
rise in the cytosolic free Ca®* concentration (c[Ca**] ) [13-15].
In avariety of disease models, excluding PD, several ferroptotic
apoptosis cascades were induced by stimulating voltage-gated
calcium channels (VGCC) and chemical-gated calcium chan-
nels (CGCC) [16-18]. Iron-dependent signaling and mROS
are linked to the process of ferroptosis induction, which is
demonstrated by the ferroptotic small molecules such as eras-
tin (Erst) and RSL3 [9]. Erst promotes the formation of mROS
by activating CGCC and VGCC and accelerating oxidation.
Additionally, Erst disrupts the mitochondrial permeability
transition pore, which increases apoptosis and mDYS [16-18].
One of the first synthetic antioxidants, ferrostatin-1 (Ferrl), is
a selective inhibitor of ferroptosis that inhibits the synthesis of
iron-dependent lipid hydroperoxide, lowers mROS and cROS
levels, and successfully suppresses ferroptosis [19]. The most
upstream participant in the ferroptosis pathway, the c[Ca**],
and cystine redox system, is suppressed when Ferrl, VGCC,
and CGCC inhibitors are used [13-18]. It is well-documented
that GSH facilitates the key regulatory function of glutathi-
one peroxidase (GSH-Px) enzymes in ferroptosis. The cystine/
glutamate antiporter system XC- (System XC-) converts glu-
tamate into cystine, which is utilized to produce intracellu-
lar GSH [9]. Since cysteine is the rate-limiting component in
GSH synthesis, Erst increased mitochondrial Ca?* influx by
inhibition of the cystine antiporter (System XC-) results in de-
creased GSH production [20]. Ferroptosis may result from the
diminished antioxidant capability of the body and an accumu-
lation of mROS [1-2]. The antioxidant response of microglia
and SH-SY5Y cells with 1-methyl-4-phenylpyridinium (MPP)-
induced parkinsonism is diminished when GSH levels are
reduced through increased c[Ca**]_, cytosolic (c[Zn**] ) and
mitochondrial (m[Zn?*]) zinc ion accumulations-mediated
mROS. This further raises mROS levels, which induce
caspase-dependent apoptosis and cell death [22, 23]. However,
its reduction through increased c[Ca**] -mediated mROS and

caspase-independent (ferroptotic) cell death in SH-SY5Y cells
with PD has not yet been studied. Excessive c[Ca?*] -mediated
mROS inhibits the activity of GSH-Px enzymes, particularly
GSH-Px/4, which is a target of Erst and RSL3, and produces
GSH depletion, both of which are essential periods upward of
mDYS [23]. In rat neurons and SH-SY5Y cells, GSH treatment
upregulated GSH-Px, which in turn reduced the transient re-
ceptor potential (TRP) cation channel stimulation (excessive
c[Ca?*] )-mediated mROS [22, 23].

TRP melastatin 2 (TRPM2) is an important member of the
TRP main family, which also comprises a physiological sensor
for ADP-ribose (ADPR) and oxidative stress [24, 25]. TRPM2
channel antagonists include 2-aminoethoxydiphenyl borate (2-
APB) and N-(p-amylcinnamoyl)anthranilic acid (ACA) [26, 27].
TRPM2 was found to be involved in the genesis of PD in neurons
and SH-SY5Y cells with MPP-induced parkinsonism [23, 28].
The SH-SY5Y cells and neurons with PD were found to have
decreased GSH and GSH-Px levels but increased mROS, cROS,
TRPM2 current densities, and cell death via TRPM2 channel
stimulation-mediated Ca?* and Zn?* influx [26, 27]. While GSH
therapy decreased TRPM2 activation in the cells with PD, GSH
depletion increased it [23]. In gastric cancer cells, it was found
that suppressing TRPM2 increased the ferroptosis caused by
erastin and RSL3 [29]. The protective effects of TRPM2 inhibi-
tion on the regulation of oxidative stress, apoptosis, and death in
PD-affected neuronal cells have not been investigated.

In the present study, we focused on the protective effects of anti-
ferroptotics, including Ferrl and GSH, on ferroptosis-induced
increases in TRPM2 current density, oxidants (cROS, mROS,
and LPO), cell death, Zn?** (c[Zn?*]_ and m[Zn?*] ), and cytoso-
lic free iron concentration (c[Fe®*])) via TRPM2 activation but
decreased GSH and GSH-Px in SH-SY5Y with PD (MPP). These
factors have been found to be intermediary pathways in PD-
mediated neurodegeneration.

2 | Materials and Methods
2.1 | Cell Culture

SH-SY5Y are neuroblastoma cells that express catecholamin-
ergic markers and are capable of synthesizing dopamine. The
TRPM2 channel in SH-SY5Y naturally exists, according to the
expression results of earlier research [30, 31]. The neuronal
MPP-induced parkinsonism model was employed in a num-
ber of investigations using the dopaminergic SH-SY5Y cells
[28, 32]. Therefore, we employed SH-SY5Y cells (ATCC, Wesel,
Germany) in the present investigation for two reasons. The
mixture of DMEM and Hams' F12 medium with high glucose
(4.5g/L) is oxidant property, and it has TRPM2 stimulator action
[33]. Hence, the SH-SYSY cells were cultured in a cell culture
medium mixture of DMEM (45%) and Ham's F-12 (45%) with
low glucose (1g/L) (Thermo Fisher Scientific, Istanbul, Tiirkiye)
[32, 33]. To both medium combinations, 10% fetal bovine serum
and 1% antibiotic mixture (penicillin/streptomycin) were added
(Biochrom Ltd. Cambridge, United Kingdom). At a density of
1x107 cells per 25cm? flask, the cells were grown in a sterile
incubator (NB-203QS, Gyeonggi-do, Korea) at 37°C in a humid-
ified environment with 5% CO,,.
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2.2 | Study Groups

The six main groups in the SH-SY5Y cells were arranged as
follows:

+ The cells in the first group, known as the control (CNT),
were cultured in the identical conditions and media for 24h
without receiving any treatments.

« The cell in the second (MPP) group was incubated with
0.5mM MPP for 6h [23].

+ The cell in the third (MPP + Erst) group was incubated with
2.5uM Erst for 24 h, and 0.5 mM MPP was added to the cells
for the last 6 h of 24 h incubation [34, 35].

+ The cell in the fourth (MPP + Erst + Ferrl) group was incu-
bated with 2.5uM Erst and 2uM Ferrl for 24h [35, 36], and
0.5mM MPP was added to the cells for the last 6 h of the 24 h
incubation.

+ In the fifth (MPP+ Erst+ GSH) group, the cells were incu-
bated with 2.5 uM Erst for 24 h, and then 0.5 mM MPP (for
last 6h) and 10mM GSH (for last two hours) were added to
the cells.

« In the sixth (MPP + Erst+ ACA) group, the cells were incu-
bated with 2.5 uM Erst for 24 h, and then 0.5mM MPP (for
last 6h) and 25uM ACA or 100 uM 2-APB uM (for last hour)
were added to the cells [23, 35, 36].

A ferroptosis is induced by the small molecule Erst, whereas ferro-
ptosis is inhibited by the antioxidant Ferrl [16-18]. In the present
study, Ferrl was employed to suppress ferroptosis, but we used
Erst to induce ferroptosis. In the MPP + Erst group, we wished to
test whether further stimulating ferroptosis with Erst would cause
more TRPM2 activation and thus exacerbate MPP toxicity.

2.3 | c[Ca’*']_ Analyses

We measured changes in c[Ca®*]_ fluorescence intensity in the
captured green images of cells using the laser scan confocal micro-
scope (LSM 800, Zeiss, Oberkochen, Germany) after the 1 uM Fluo
—3AM (Calbiochem GmbH, Darmstadt, Germany) incubation
[22, 23]. Fluo-3 AM at 488 nm was stimulated using argon lasers.
At 527nm, emission was maintained while excitation was main-
tained at 506nm. The TRPM2 antagonist (100uM 2-APB) was
used to block Ca?* entrance in SH-SY5Y prior to TRPM2 being
stimulated by H,O, (1mM) in Fluo-3 AM investigations. We found
that 2-APB had superior TRPM2 antagonist activity in previous
Fluo-3 AM investigations [22, 23, 30] when compared to ACA. 2-
APB was therefore employed to suppress TRPM2 in the cells.

2.4 | Electrophysiology

The EPC10 patch-clamp (HEKA GmbH, Lamprecht, Germany)
was used to record the whole cell patch-clamp electrophys-
iological currents in the SH-SY5Y. The capillary resistance of
the 1.5mm borosilicate tube in the puller (PC-10, Narishige,
Tokyo, Japan) was maintained between 4 and 8MQ, and the
holding potential was maintained in the recordings at minus

60mV. In the previous studies, patch chamber (extracellular)
and patch pipette (intracellular) solutions have been described
in detail [23, 24]. The osmolality of the buffers was maintained
at 290+ 30mOsm. Instead of using Nat, we employed N-methyl-
D-glucamine (NMDG) to make a Nat-free solution. TRPM2 is
activated at high cytosolic Ca?* concentration (1uM) [37]. This
resulted in a high calcium level in the intracellular buffer.

In the recordings, the TRPM2 channel was blocked by extracel-
lular ACA (25uM) and activated by cytosolic ADPR (1mM). The
current density results are displayed as pA/pF. The unit of pA/
pF was calculated by dividing the cell capacitance (pF) by the
highest current amplitude (pA) in SH-SY5Y.

2.5 | Cell Viability Percentage, Debris,
and Cell Counts

The CASY Cell Counter + Analyzer Equipment Model TT elec-
tronic equipment (Roche Innovatis AG, Routlingen, Germany)
measured the debris number (waste of dead cells), cell number,
and cell viability changes in the SH-SY5Y cells using CASY tone
solution. The analysis system uses an electronic probe system,
and the cell viability result was displayed as a percentage of con-
trol, while the number of cells and debris numbers were given as
x107 and x10° cells, respectively.

We used the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diph
enyltetrazolium bromide (MTT) test to repeat the cell viability
analyses. The SH-SY5Y cells were studied in black 96-well plates
at an initial density of 1x 10 cells/well. After shaking the white
96-well plates for a minute, the absorbance in the quartz cuvette
at 4990nm was measured using a spectrophotometer (UV-1800,
Shimadzu, Kyoto, Japan). The MTT result was shown as a control
percentage.

2.6 | PI Positive Cell Percentage Analyses

The blue color of the nucleus is represented by the Hoechst 33342
stain, which can enter the nucleus of a living cell. However,
propidium iodide (PI) turns the nuclei of dying cells red. In
the glass-bottom dishes, the SH-SY5Y was incubated with a
combination of PI (2ug/mL) (Cat # P1304MP, Thermo Fisher
Scientific) and Hoechst 33342 (5uM) (Cat # 4082, Cell Signaling
Technology, Danvers, Massachusetts, USA) before the Axiocam
702 camera analysis. Using the ZEN blue software (Version
3.2) of Zeiss, the stained and captured images were analyzed
under the CCD camera in the red (PI), blue (Hoechst), bright
field (Black/white), overlay, and 2.5D formats. The emission
wavelengths of PI/Hoechst were maintained at 617 nm/455nm
while excitation wavelengths of PI/Hoechst were maintained
at 305nm/348nm. The total number of PI-positive cells was di-
vided by the percentage of dead cells, which was then expressed
as a percentage of PI-positive cells.

2.7 | Mitochondrial Dysfunction (mDYS), mROS,
and cROS Assays

The amount of cROS in the cells was measured using the cROS
probe (DCFH-DA, Cat #: C6827) (Thermo Fisher Scientific),
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the LSM 800, and the plate reader (Infinite M200 microplate
reader, Tecan, Mannedorf, Switzerland) [30, 32]. DCF is the
fluorescent form of DCFH-DA when superoxide radicals are
formed [38]. In the green DCF records of SH-SY5Y, which
maintained the argon laser stimulation wavelength at 488 nm,
the cROS studies employed excitation and emission wave-
lengths of 525 and 504 nm, respectively. Using the microplate
reader (Infinite M200), the DCF fluorescence intensity in the
cells was measured at 485nm for excitation and 530nm for
emission.

The red fluorescent probe, MiSOX Red (Cat #: T7512), produces
red fluorescence when it is oxidized by mitochondrial superox-
ide. An LSM 800 and 150 ng/mL of MiSOX Red dye were used to
image the mROS generation of mitochondria, according to the
manufacturer's instructions (Thermo Fisher Scientific). The red
MitoSOX recordings were made with the argon laser stimulation
wavelength set at 561 nm and the emission and excitation wave-
lengths set at 598 and 578 nm, respectively.

The mitochondria receive JC-1, a cationic carbocyanine dye [38].
The JC-1 probe (Cat #: T3168), according to the manufacturer
(Thermo Fisher Scientific), generates an orange-fluorescent J-
aggregate when mDYS in live cells becomes hyperpolarized.
The JC-1 fluorescence in the SH-SY5Y was also measured with
an LSM 800 and a plate reader. The images were produced using
the excitation (593nm) and emission (595nm) wavelengths,
while the orange JC-1 records were produced using the LSM
800 laser stimulation wavelength (488nm). Additionally, the
plate reader recorded changes in orange-fluorescent J-aggregate
fluorescence.

In the plate reader analysis, the DCF and JC-1 results were shown
as percentage changes (% of control), whereas the MiSOX, JC-1,
and DCF were provided as arbitrary units (a.u.) in the LSM 800
experiments.

2.8 | [Zn?*]_ and GSH Imaging Analyses

Zn?* labeling fluorescent dye (FluoZin-3 AM, Cat #: F24195,
Thermo Fisher Scientific) was measured for c[Zn“]C and
c[Zn?*] . The mitochondria were tracked by using MitoTracker
Red (MiTr) (Cat #: M7512, Thermo Fisher Scientific). The cells
were exposed to 1 uM RhodZin3-AM and MiTr in dishes with
a bottom glass for 15-20 min [39]. Following cell washing, the
ZEN program of the Axiocam 702 camera was used to take
red (MitoTr), green (FluoZin-3 AM), black/white bright field
(BF), overlay, and 2.5D pictures of the probe inside the cells.
The wavelengths of MiTr/FluoZin-3AM for excitation and
emission were kept at 578 nm/493nm and 598 nm/513 nm,
respectively.

ThiolTracker Violet GSH image detection reagent (Cat #:
T10095) of manufacturer (Thermo Fisher Scientific) was used
to measure the fluorescence of GSH present in the cells. The
LSM 800 with a 40x oil objective was used to take the green pic-
tures of ThiolTracker Violet in the cells. The ThiolTracker Violet
recordings were made with the excitation, emission, and laser
wavelengths set at 404, 526, and 405 nm, respectively.

2.9 | Cytosolic Free Iron Analyses

The c[Fe**| was measured using FerroOrange (Cat #: F374,
Dojindo, Japan). SH-SYS5Y cells were cultured in the cell cul-
ture medium in glass-bottom dishes and stained with 1uM
FerroOrange for 30min at 37°C in the dark. The LSM 800 was
used to take the orange pictures (40x oil objective). The laser,
emission, and excitation wavelengths of FerroOrange were
maintained at 561, 575, and 551 nm, respectively. Using the ZEN
blue software, the fluorescence intensity was assessed. The find-
ings were displayed as a.u.

2.10 | The Determinations of LPO, GSH,
and GSH-Px

The levels of lipid peroxidation (LPO) in the frozen SH-SY5Y
cell samples were measured at 532nm [40] using a UV-1800
spectrophotometer (Shimadzu, Kyoto, Japan). By comparing the
absorbance to the standard curve of malondialdehyde equiv-
alents that are produced when 1,1,3,3-tetramethoxypropane
hydrolyzes in the presence of acid, the chemicals that are reac-
tive to thiobarbituric acid reaction were quantified in the LPO
analyses. The frozen cell samples were precipitated with 50%
trichloroacetic acid and then centrifuged at 600xg for 6 min in
order to perform the GSH measurement [41]. Tris-EDTA buf-
fer (2.0mL and 0.2M, pH8.9), cell supernatant (0.5), and 10uM
5.5-dithiobis-2-nitrobenzoic acid (0.1 mL) were all present in the
reaction mixture. After letting the solution reach room tempera-
ture for 5min, the spectrophotometer (UV-1800) was used to
measure it at 412nm. GSH-Px activity of the frozen cell samples
was determined by spectrophotometry at 412nm and 37°C [42].
The stimulation of GSH-Px was performed in the analyses by
using 1mM cumene hydroperoxide. Lowry's reagent was uti-
lized to determine the protein content of the cell homogenate
samples in order to express the results as expressed per gram of
protein. The LPO and GSH amounts are presented in wmol per
gram of protein. GSH-Px activity is expressed in IU per gram of
protein.

2.11 | Statistical Analyses

Group mean data were displayed as mean =+ standard deviation
STD. Tukey's post hoc test was followed by a one-way analysis of
variance (ANOVA) in the SPSS software (25.0). A statistically sig-
nificant result was defined as a significance value of p <0.05.

3 | Results

3.1 | Treatments With GSH Reduced

the Parkinsonism (MPP) and Erst-Induced
Ferroptosis Increases in the Fluorescence
Intensity of c[Ca?*]_in the Cells Through TRPM2
Inhibition

The primary goal of this investigation is to determine whether
exposure to ferroptosis (Erst) and parkinsonism (MPP) links to
TRPM2 activation. This was accomplished by measuring c[Ca?*],
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FIGURE1 | GSH (10mM for 2h) reduced the PD (MPP) and ferroptosis-induced elevation of c[Caz"]C through inhibition of TRPM2 channel in
SH-SY5Y cells. (mean+ STD). Fluo-3AM (1 uM) was used for 40-50 min to stain the SH-SY5Y cells in each of the six groups (CNT, MPP, MPP + Erst,
MPP + Erst + Ferrl, MPP + Erst+ GSH, and MPP + Erst+ ACA). Following the washing process, H,0, (1 mM) stimulated TRPM2 in the cells, while
2-APB (100uM) inhibited them. (A) displays representative images of six groups on the c[Ca2+]c through TRPM2 in the LSM 800 using a 40X oil
objective. The c[Ca2+], intensity changes of CNT (-H,0,) and H,0, stimulated (+H,0,) cells were also shown by columns (B), although their chang-
es in the H,0, stimulated H,0, +2-APB cells were shown in (C). Five um is a scale bar. From 8 to 10 cells in six-eight independent experiments for
each condition. (*p <0.05 vs. CNT. ®p <0.05 vs. MPP. °p <0.05 vs. MPP + Erst +2-APB. 9p <0.05 vs. MPP + Erst. Xp <0.05 vs. (-H,0,) group. *p <0.05

vs. (H,0,) group).

and analyzing the impact of the channel using both the TRPM2
agonist (H,0,) and the antagonist (2-APB). The c[Ca**]_ fluores-
cence intensities were higher in the MPP than in the CNT, and
they were even higher in the MPP+Erst group in the images
(Figure 1A) and columns (Figure 1B,C). While 2-APB treat-
ment (by TRPM2 inhibition) reduced the increases of c[Ca**] ,
H,0, stimulation (by TRPM2 activation) further enhanced
them in the CNT, MPP, and MPP + Erst groups (p <0.05). In the

MPP +Erst+Ferrl, MPP+Erst+GSH, and MPP+Erst+ACA
groups, the fluorescence intensity of c[Ca®*], was lower than in
the MPP and MPP + Erst groups (p <0.05). The data unambigu-
ously show how TRPM2-mediated Ca* influx functions in the PD
model. Ferrl, GSH, and ACA treatments decreased the TRPM2-
mediated elevation of c[Ca?*], in the MPP and MPP + Erst groups,
as well as in the MPP+ Erst+Ferrl, MPP+Erst+GSH, and
MPP + Erst+ ACA groups, according to the results.
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3.2 | TRPM2 Current Density Was Elevated by
ADPR Stimulation in MPP and MPP + Erst Cells but
Not in Ferrl and GSH-Treated Cells

In the second goal of the current investigation, we intended
to further test the alterations using patch-clamp analysis in
the SH-SYS5Y cells in addition to the c[Ca®*]_ investigations. In
the absence of ADPR stimulation of SH-SY5Y (Figure 2A), the
TRPM2 current of cells remained unchanged. However, ADPR
(I1mM) stimulation activated the TRPM2 of cells [Figure 2B
(I-V)]. In the SH-SY5Y, the CNT + ADPR group had higher
TRPM2 current densities as pA/pF (90,07) than the CNT
group (5.23) (Figure 27J) (p <0.05). By stimulating ADPR, the
current density of TRPM2 in the cells was further (p <0.05)
increased in the Erst+ADPR group (152.52) [Figure 2C
(I-V)], MPP+ ADPR group (182.32) [Figure 2D (I-V)], and
MPP + Erst + ADPR [Figure 2E (I-V)] (211.12). In comparison
to the groups of CNT + ADPR and MPP + ADPR, the current
density of TRPM2 in the cells was considerably (p < 0.05) lower
in the CNT+ADPR+ACA/NMDG™*, MPP+ ADPR+ACA/
NMDG®*, and MPP +Erst+ ADPR+ACA/NMDG* groups
(Figure 2J). There was no increase in the TRPM2 currents fol-
lowing the ADPR stimulation by treating MPP + Ferrl + ADPR
(8.23) (Figure 2F), MPP+Erst+Ferrl+ADPR (6.09)
(Figure 2G), MPP + Erst+ GSH+ ADPR (7.09) (Figure 2H),
and MPP+Erst+ ACA+ADPR (Figure 2I), and they
were lower (p<0.05) in the groups as compared to the
CNT + ADPR, MPP+ ADPR, and MPP+ Erst+ ADPR. The
patch-clamp findings further showed the protective function
of GSH and the participation of TRPM2 in the parkinsonism
(MPP) and ferroptosis-induced excessive Ca’* influx in the
neuronal cells.

3.3 | Treatments With GSH, Ferrl, and ACA
Modulated MPP-Mediated Downregulation

of Cell Viability and Cell Number Through

the Downregulation of PI-Positive Cell Percentage
and Debris Number

Several physiological and pathological processes, including
ferroptosis, cell viability, and cell proliferation, are arranged
by increases in c[Ca?*] in neurons caused by TRPM2 stimula-
tion. Upon identifying the MPP-mediated increase in c[Ca**],
levels through TRPM2 activation, we suspected alterations in
cell number, cell viability, MTT, debris number, and PI-positive
death cell percentage, which is the third objective of the pres-
ent study. MPP and MPP + Erst groups had lower (p <0.05) cell
viability (Figure 3A), MTT level (Figure 3B), and cell number
(Figure 3C) than the CNT groups; however, their number and
level were higher in the MPP + Erst + Ferrl, MPP + Erst+ GSH,
and MPP + Erst+ ACA groups.

We obtained red/blue (PI/Hoechst), bright field (BF), overlay,
and 2.5D images with the LSM 800 (Figure 4A). In the MPP
and MPP + Erst groups, the debris number (Figure 3D) and PI-
positive death cell percentage (Figure 4B) increased, but in the
MPP + Erst + Ferrl, MPP+ Erst+ GSH, and MPP+Erst+ACA
groups, their values decreased (p <0.05).

3.4 | GSH, Ferrl, and ACA Treatments
Reduced the MPP and Erst-Induced Elevations
of Mitochondrial Oxidative Stress and Zn?+
Concentrations

There is growing evidence in SH-SY5Y cells that mDYS is caused
by mitochondrial Ca?* and Zn?* accumulations [30, 32]. Thus,
an increase in mDYS results in the production of mROS, cROS,
and LPO [4, 7, 8, 11]. It has been shown that GSH modulates
TRPM2, which in turn modulates the c[Zn**], and m[Zn®*]
increase-mediated induction of cROS in neurons [30, 32].
However, there is no evidence of how GSH modulates the oxida-
tive neurotoxicity and TRPM2 activation caused by parkinson-
ism (MPP) and ferroptosis (Erst) through the accumulations of
c[Ca**], and c[Zn?*]_ in mitochondria in neural cells. We pos-
tulated that the MPP- and Erst-mediated increases in ¢[Zn?*] ,
cROS, m[Zn?*] , and mROS are caused by TRPM2 activation as
the fourth goal of the present study. Red mROS (MiSOX), orange
mDYS (JC-1), green cROS (DCF), overlay (Figure 5A), and 2.5D
(Figure 5B) images were recorded in the cells. Red MiTr, green
FluoZin-3, black/white bright field (BF), overlay, and 2.5D im-
ages were also recorded in the cells (Figure 6A).

The imaging results showed that the levels of mROS (Figure 5C),
mDYS (Figure 5D,F), cROS (Figure 5E,G), LPO (Figure 5H),
c[Zn?*]_ (Figure 6B), and m[Zn**] (Figure 6C) (p <0.05) were
increased in the MPP group. Furthermore, mDYS, oxidants, and
Zn?* (c[Zn?*] and m[Zn?*] ) levels were further increased in the
MPP + Erst group than in the MPP and CNT groups (p <0.05).
Additionally, we evaluated the modulator effects of the TRPM2
antagonist (ACA), anti-ferroptotic (Ferrl), and antioxidant
(GSH) under MPP + Erst conditions on the mDYS, oxidants, and
Zn?* in the cells. The increases in mROS, mDYS, cROS, LPO,
c[Zn?*]_, and m[Zn?*]_were reduced by incubating GSH, Ferrl,
and ACA (p<0.05).

Our observations confirmed the function of ferroptosis (Erst)
and parkinsonism (MPP) in oxidative neurodegeneration and
c[Zn?*]_ buildup via TRPM2 activation in SH-SY5Y neuro-
nal cells.

3.5 | GSH, Ferrl, and ACA Incubations Increased
MPP and Erst-Induced Decreases of c[Fe’*]_in
SH-SY5Y Cells

The ferroptosis of PD is known to be primarily caused by in-
creases in mDYS and mROS, which disrupt cytoplasmic Fe?*
metabolism and ultimately result in ferroptosis in dopaminer-
gic neurons, including the human SH-SY5Y neuronal cell line
[10-12]. We determined that the fifth objective of the current
study would be to execute the c[Fe?*]  in SH-SY5Y cells after
seeing the rise in mDYS.

According to the FerrOrange imaging and 2.5D data
(Figure 7A), when cells are treated with MPP, levels of
c[Fe?*]_ increase (p<0.05) (Figure 7B). Additionally, the
MPP + Erst group had a greater c[Fe’*], than the MPP and
CNT groups (p<0.05). Furthermore, we assessed how the
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FIGURE 2 | Ferrl 2uM), GSH (10mM), and ACA (25uM) treatments reduced the TRPM2 current densities (pA/pF) induced by MPP (0.5mM)
and Erst (2.5uM) in the SH-SYS5Y cells. (n=3 and mean+ STD). The cytosolic 1 mM ADPR (using a patch pipette) caused the TRPM2 currents in the
SH-SY5Y cells, while extracellular ACA (25uM) inhibited them. W.C.: The record of whole cell. (A) CNT (no ADPR). (B) CNT (ADPR). (C) Erastin
(Erst)+ ADPR. (D) MPP + ADPR. (E) Erst+ MPP+ ADPR. (F) MPP + Ferrl + ADPR. Cells in the group were incubated by an MPP and Ferrl combi-
nation before ADPR stimulation. (G) MPP + Erst + Ferrl + ADPR. Cells in the group were incubated by an MPP, Erst, and Ferrl combination before
ADPR stimulation. (H) MPP + Erst+ GSH + ADPR. Prior to ADPR stimulation, the group's cells were incubated with a combination of MPP, Erst, and
GSH. (I) MPP + Erst + ACA + ADPR. The cells in the group were incubated with a mixture of MPP, Erst, and ACA before being stimulated by ADPR.
(J) The mean TRPM2 current densities of groups. (C-E) showed the voltage ramps caused by ADPR, ACA, and NMDG in the cells, indicated by the
numbers 1, 2, and 3, respectively. (3p <0.05 vs. CNT without ADPR; ®p <0.05 vs. CNT + ADPR group; °p <0.05 vs. MPP+ ADPR group; 9p<0.05 vs.
Erst+ ADPR group; ¢p <0.05 vs. MPP + Erst+ ADPR group).
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number and viability. (Mean+STD and n=3). The SH-SYS5Y viability (A), numbers (C), and debris (waste of dying cells) counts (D) were counted
using the automated cell counter (CASY), although MTT (B) analysis were performed in the six group by using the spectrophotometer (UV 1800).

(!p<0.05 vs. CNT. ®p <0.05 vs. MPP group. °p < 0.05 vs. MPP + Erst group).

TRPM2 antagonist (ACA), anti-ferroptosis (Ferrl), and GSH
modulated the c[Fe®*]_ of cells under MPP + Erst conditions.
Incubating GSH, Ferrl, and ACA decreased the increases in
c[Fe**]_(p<0.05).

3.6 | GSH, Ferrl, and ACA Incubations Increased
MPP-Induced Decreases of GSH and GSH-Px in
SH-SY5Y Cells

The increase of mROS stimulates the TRPM2 channel
through the depletion of GSH and GSH-Px in SH-SY5Y cells,
although GSH treatments inhibit TRPM2 stimulation in the
parkinsonism (MPP) model [23] Treatments with Ferrl, GSH,
and ACA cause VGCC in neuronal cells to be downregulated,
which raises the amounts of GSH and GSH-Px [13-18]. We
determine the levels of ThiolTracker violet (GSH) images
(Figure 8A), GSH fluorescence intensity (Figure 8B), GSH lev-
els (Figure 8C), and GSH-Px activity (Figure 8D) in the cells as
the sixth goal of the current investigation. MPP considerably
(p<0.05) reduced the amounts of GSH fluorescence intensity,
GSH levels, and GSH-Px activity in comparison to the CNT.
Furthermore, compared to MPP alone, MPP + Erst further de-
creased GSH fluorescence intensity, GSH levels, and GSH-Px
activity (p <0.05). On the other hand, compared to the MPP
and MPP + Erst groups, the treatment of GSH, Ferrl, and ACA
considerably (p <0.05) increased the concentrations of GSH
and GSH-Px.

4 | Discussion

PD is a neurodegenerative disease that is relatively widespread in
the aged population. It is characterized by a number of clinical
symptoms, the most common of which is movement difficulties.
One of the causes of PD, a complicated disease, is oxidative stress
[1, 21]. Neuronal death and increased mDYS and mROS genera-
tion are caused by the buildup of c[Ca?*] , c[Fe**] , and c[Zn**] in
mitochondria in MPP-induced parkinsonism [30, 32]. Ferroptosis
results from a reduction in the antioxidant capacity of cells and the
accumulation of mDYS-induced mROS, which causes iron depo-
sition in the nigrostriatal region [9, 43]. Since PD triggers oxidative
neuronal damage, there is growing evidence that TRPM2 activa-
tion plays a part in the pathogenesis of PD [28, 30]. Consequently,
TRPM2 activation causes oxidative neuronal damage, whereas
TRPM2 inhibition decreases both oxidative damage and PI-
positive cell death. It has been demonstrated that TRPM2 channel
blockers, such as GSH and ACA, decrease the amount of oxidative
neurodegeneration produced by the TRPM2 activator (ADPR) in
the microglia of mice [23] and the SH-SY5Y (28, 30, 32]. There is
still confusion regarding how GSH, Ferrl, and ACA affect ferro-
ptosis and oxidative stress caused by MMP and TRPM2 activation
in SH-SY5Y cells (Figure 9). The present study observed that GSH,
Ferrl, and ACA treatment decreased the effects of neuronal injury
caused by PD (MPP) and ferroptosis (Erst) by upregulating anti-
oxidants (GSH and GSH-Px) but downregulating oxidants (CROS,
mROS, and LPO) and TRPM2 activity, PI-positive cell death per-
centage, c[Ca®*] , c[Fe’*] , and ¢[Zn?*']..
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FIGURE 4 | The treatments of GSH (10mM for 2h) modulated MPP and Erst-induced cell death through inhibition of ferroptosis and TRPM2.
(Mean=STD and n=6). (A) The Axiocam 702 camera and inverted microscope (Axio Observer.Z1/7) were used to record the images of PI (red and
dead cells), Hoechst (blue and live cells), bright field (BF and black/white), overlay, and 2.5D images. (B) The average percentage of PI-positive (cell
death) cells among the six groups. (Objective: 40x oil. Scala bar: 10um). (3p <0.05 vs. CNT. Yp <0.05 vs. MPP. °p <0.05 vs. MPP + Erst).
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FIGURE 5 | The treatments of GSH (10mM for 2h) modulated MPP and Erst-induced increases of oxidative stress markers through inhibition
of ferroptosis and TRPM2. (Mean £STD and n=6). (A) The red mROS (MiSOX), orange mDYS (JC-1), and green cROS (DCF) and 2.5D (B) images
were captured in the LSM 800. The mean fluorescence intensities (arbitrary unit, a.u.) of MiSOX (C), JC-1 (D), and DCF (E) were shown by column
graphics. The JC-1 (F) and DCF (G) analyses were repeated in the plate reader, and their fluorescence intensity changes were shown as % of control.
(H) Lipid peroxidation (LPO) levels were determined in the cells by using the spectrophotometer (UV 1800). (:p <0.05 vs. CNT. °p <0.05 vs. MPP.
°p<0.05 vs. MPP + Erst. 9p <0.05 vs. MPP + Erst + Ferrl).
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FIGURE 6 | The GSH (10mM) incubation modulated MPP (0.5mM) and Erst (2.5uM)-induced cytoplasmic (c[Zn?**]) and mitochondrial
(m[Zn?**] ) concentrations through inhibition of ferroptosis and TRPM2. (Mean+STD and n=6). (A) The images of MitoTracker Red (MitoTr),
FluoZin-3 AM (red), bright field (BF and black/white), overlay, and 2.5D images were recorded in the Axiocam 702 camera. The fold increase (exper-
iment/control) changes of ¢[Zn?*]_(B) and m[Zn?*]_(C) in the six groups. (Objective: 40X oil. Scala bar: 5um). (3p <0.05 vs. CNT. ®p <0.05 vs. MPP.
°p<0.05 vs. MPP + Erst).
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FIGURE7 | The GSH (10mM) incubation modulated MPP (0.5mM) and Erst (2.5 uM)-induced cytoplasmic iron concentration (c[Fe?*] ) through
inhibition of ferroptosis and TRPM2. (Mean+ STD and n=6). (A) The images of FerroOrange and 2.5D images were recorded in the LSM 800.
(B) The mean fluorescence intensities as arbitrary unit (a.u.) of C[F62+]C in the six groups. (Objective: 40x oil. Scala bar: 5um). (*p<0.05 vs. CNT.
%p<0.05 vs. MPP. °p<0.05 vs. MPP + Erst).

Stimulation of H,0, production and poly (ADPR) polymerase TRPM2 antagonists (ACA and 2-APB), and PARP-1 inhibi-
(PARP)-1 activates TRPM2 in SH-SY5Y cells and neurons, tors reduce the generation of cROS and mROS in PD-affected
generating ADPR and increasing TRPM2 current density and SH-SY5Y cells by reducing the H,O,-mediated increase of c[-
c[Ca®*], [28, 44, 45]. There is increasing evidence that GSH, Ca?*]_ and ADPR-induced increase of TRPM2 current density
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FIGURES8 | The MPP and Erst-induced decrease of GSH and GSH-Px was increased by the treatments of GSH, Ferrl, and ACA (mean+STD and
n=6). The green cGSH (ThiolTracker Violet), and 2.5D (A) images were saved using the LSM 800 connected with a 40x oil objective, although GSH
levels and GSH-Px activity were assayed in the spectrophotometer (UV-1800). A scale bar of 5um was maintained. Columns with an arbitrary unit
(a.u.) of mean fluorescence intensity for ThiolTracker Violet fluorescence intensity (B), GSH levels (C), and GSH-Px activity (D). (®p <0.05 vs. CNT.
bp <0.05 vs. MPP. °p <0.05 vs. MPP + Erst. 4p <0.05 vs. MPP + Erst + Ferrl. ¢p <0.05 vs. MPP + Erst + GSH).
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FIGURE 9 | Glutathione (GSH) diminishes parkinsonism (MPP)-induced ferroptosis and oxidative stress through the inhibition of the TRPM2
in neuronal cells. GSH protects the molecular pathways implicated in ferroptosis and oxidative stress by upregulating the GSH antioxidant system
while suppressing TRPM2. TRPM2 is activated by oxidative stress and ADP-ribose, but it is blocked by ACA and 2-APB. The accumulation of free
Ca?*, Fe?*, and Zn?* into the mitochondria as a result of TRPM2 activation leads to an increase in mitochondrial membrane dysfunction. Cell death
increased as a result of excessive mitochondrial ROS production and TRPM2 activation induced by Parkinson's disease (PD). Their oxidative activity,
however, raises lipid peroxidation (LPO) while decreasing glutathione peroxidase (GSH-Px) activities and GSH levels. The increase in mitochondrial
ROS caused by PD promotes DNA damage and the generation of ADPR by increasing the PARP-1 enzyme in the cell nucleus. Ferrostatin, ACA, 2-
APB, and antioxidant GSH decrease TRPM2, which in turn affects oxidative neurodegenerative processes of PD.

[28, 30, 32]. GSH has been demonstrated to have antioxidant
properties against the increases of oxidative damage and neu-
ronal death but increases the decreases of neuronal numbers
and cell viability caused by MPP and ferroptosis in the brains
of mice and SH-SY5Y cells [14, 23, 36]. PARP-1 inhibitor treat-
ments decreased oxidative damage and death in rat brain neu-
rons by blocking TRPM2 [46]. Antioxidants have been shown
to have neuroprotective and anti-ferroptotic effects by inhib-
iting PARP-1, promoting cell viability, cell number, GSH, and
GSH-Px in PC12 neural cells [47]. When TRPM2 is activated,
oxidants like cROS, mROS, and LPO increase. As a result,
through activating TRPM2 in the SH-SYSY cells, increased
oxidative stress causes an excess of Ca* influx [28, 30, 32].

The present study showed that excessive oxidative stress gen-
eration and overloaded Ca?* inflow in SH-SY5Y cells acti-
vated TRPM2, which in turn led to an increase in the c[Ca?*],
and ADPR-mediated TRPM2 current densities in the parkin-
sonism (MPP) + ferroptosis (Erst) groups. The changes were
higher in the MPP + erastin than in MPP only. Nevertheless,
oxidative stress generation was decreased by antioxidants,
GSH, Ferrl, and ACA, which also diminished the c[Ca**]_and
ADPR-induced TRPM2 current densities in the cells.

In the previous experiments, the interaction between TRPM2
stimulation and GSH treatment was deeply investigated in dif-
ferent cells without ferroptosis. The GSH depletion increased
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MPP-induced TRPM2 stimulation and oxidative stress changes,
although GSH treatment decreased the changes in the microglia
of mice. In the gastric cell line, TRPM2 knockdown reduced the
concentration of GSH but enhanced the concentration of c[Fe?*] ,
cROS, and LPO [23]. The GSH treatment decreased amyloid 342-
induced increases of TRPM?2 stimulation, LPO, and cROS in the
hippocampus of wild-type mice but not in the TRPM2 knockout
mice [48]. The cytosolic GSH depletion induced apoptosis and
oxidative toxicity through TRPM2 stimulation in the hippocam-
pus of aged mice [49]. Loss of GSH homeostasis associated with
neuronal senescence facilitated TRPM2 activation in cultured
hippocampal pyramidal neurons [50]. In the current study, we
observed the TRPM2 channel blocker action of GSH in the par-
kinsonism (MPP)+ ferroptosis (Erst) + GSH group. It seems that
GSH treatment decreased the TRPM2 stimulation through the
decrease of oxidative stress in the group. In the present study, we
found that GSH had a TRPM2 channel blocker and antioxidant
effects in the parkinsonism (MPP)+ ferroptosis (Erst)+ GSH
group. By reducing oxidative stress in the group, GSH therapy
appears to have reduced TRPM2 stimulation.

Low levels of GSH and GSH-Px, elevated concentrations of
c[Fe**] , and oxidants such as LPO, cROS, and mROS produced
during dopamine production are the primary causes of brain
neuron death and neuronal viability in PD patients [6, 51]. GSH
depletion or reduction will make people more vulnerable to ox-
idative stress, which can result in PD with or without increased
TRPM2 stimulation [23, 48]. The huge amount of LPO is made
when free radicals react with unsaturated fatty acids on the cell
membrane. This can lead to lipid oxidation [3]. Prior research
has demonstrated that mitochondrial activity is essential for
ferroptosis [6-8]. Mitochondria are vital organelles in cells that
primarily supply a significant quantity of energy by oxidatively
phosphorylating the respiratory chain. Intensive Zn?* accumu-
lations and Ca?* influx cause mitochondria to produce more ox-
idants and ferroptotic components [6-8, 44]. Prior research has
demonstrated that MPP-induced increased TRPM2 stimulation-
mediated neuronal death, mDYS, cROS, and mROS production
via mitochondrial Zn?* and Ca?* upregulation in rodent microg-
lia and SH-SY5Y cells, although these effects were influenced
by GSH and TRPM2 antagonist incubations [28, 30, 32, 44].
TRPM2-induced neuronal death, mDYS, cROS, and mROS gen-
eration have not yet been examined in mouse neurons and cell
lines exhibiting parkinsonism and ferroptosis. We investigated
the effects of GSH, Ferrl, and ACA to find out whether oxidants
(LPO, mROS, cROS, and mDYS) and accumulation-induced in-
creases in cell death and ions (c[Fe**] , c[Ca**], c[Zn®*]_, and
m[Zn**] ) were involved in MPP and Erst-induced increases of
TRPM2 channel currents. GSH, Ferrl, and ACA downregulated
the ion accumulations in SH-SYS5Y cells, thereby totally blocking
the rise of MPP and Erst-induced cell deaths and oxidants. The
hypothesis of parkinsonism (MPP) without ferroptosis (Erst),
however, is supported by these findings on mROS, cROS, and
mDEP. This hypothesis suggests that MPP- and Erst-induced in-
creases in Fe2t, Zn2*, and Ca?* influxes into mitochondria raise
mDYS, which in turn generates LPO, mROS, and cROS and
causes cell death [28, 30, 32, 44].

The current data showed that the increase in mDYS was primar-
ily associated with an increase in LPO and c¢[Ca**]_ during BD
and ferroptosis, while the decline in GSH and GSH-Px indicated

that the injury to mitochondria in ferroptosis and MPP-induced
oxidative neuron injury is primarily attributed to an increase
in oxidants (mROS, cROS, and LPO) through TRPM2 activa-
tion. The oxidative neurodegenerative action of MPP and Erst
returned following the incubations of GSH, anti-ferroptotic
(Ferrl), and TRPM2 antagonist (ACA). GSH, Ferrl, and ACA
treatments resulted in a decrease in the amounts of mROS,
cROS, LPO, and ¢[Ca?*]_ in the mitochondria, whereas the GSH
level and GSH-Px activity increased significantly. The antioxi-
dant/oxidant balance through TRPM2 modulation is important
for maintaining cell viability and antioxidant status [52]. The
findings show that by modifying LPO and TRPM2-dependent
Ca?* influx, GSH, Ferrl, and ACA may raise the antioxidants
(GSH and GSH-Px). Consistent with the current findings, GSH,
Ferrl, and ACA therapy enhanced the MPP-induced reductions
of GSH-Px and GSH concentrations in the mouse striatum,
while the treatment decreased the concentration of LPO [53].

To summarize, the findings of this investigation have indi-
cated that ferroptosis is influenced by TRPM2 stimulation in
parkinsonism. GSH mitigates the damage to mitochondria and
dopaminergic neurons caused by MPP through the TRPM2 sig-
naling pathway. Additionally, it protects against mitochondrial
damage, restores oxidative homeostasis in the MPP-exposed
SH-SY5Y neuronal cells of parkinsonian models, inhibits the
production of oxidants (mROS, cROS, and LPO), increases the
content of free radical scavengers (GSH and GSH-Px), lowers the
percentage of cell death and concentrations of ions (c[Fe**] , c[-
Ca?*] , c[Zn?*] , and m[Zn?*] ), and inhibits ferroptosis. In order
to stop parkinsonism and ferroptosis-induced oxidative neuro-
degeneration and neuronal death, the current research suggests
a unique treatment strategy that suppresses TRPM2 in neuro-
nal cells.
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