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Abstract

The overload cytosolic free Ca®* (cCa®*) influx-mediated excessive generation of oxidative stress in the pathophysiologi-
cal conditions induces neuronal and cellular injury via the activation of cation channels. TRPM2 and TRPV4 channels are
activated by oxidative stress, and their specific antagonists have not been discovered yet. The antioxidant and anti-Covid-19
properties of carvacrol (CARV) were recently reported. Hence, I suspected possible antagonist properties of CARV against
oxidative stress (OS)/ADP-ribose (ADPR)-induced TRPM2 and GSK1016790A (GSK)-mediated TRPV4 activations in
neuronal and kidney cells. I investigated the antagonist role of CARV on the activations of TRPM2 and TRPV4 in SH-SY5Y
neuronal, BV-2 microglial, and HEK293 cells. The OS/ADPR and GSK in the cells caused to increase of TRPM2/TRPV4
current densities and overload cytosolic free Ca?* (cCa*) influx with an increase of mitochondrial membrane potential,
cytosolic (cROS), and mitochondrial (mROS) ROS. The changes were not observed in the absence of TRPM2 and TRPV4
or the presence of Ca’* free extracellular buffer and PARP-1 inhibitors (PJ34 and DPQ). When OS-induced TRPM2 and
GSK-induced TRPV4 activations were inhibited by the treatment of CARYV, the increase of cROS, mROS, lipid peroxidation,
apoptosis, cell death, cCa®* concentration, caspase -3, and caspase -9 levels were restored via upregulation of glutathione
and glutathione peroxidase. In conclusion, the treatment of CARV modulated the TRPM?2 and TRPV4-mediated overload
Ca”* influx and may provide an avenue for protecting TRPM2 and TRPV4-mediated neurodegenerative diseases associated
with the increase of mROS and cCa*".
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Abbreviations GSK GSK1016790A

a.u. arbitrary unit LSCM laser scan confocal microscope

ADPR  ADP-ribose MDA malondialdehyde (lipid peroxidation)
BF bright field mROS  mitochondrial reactive oxygen species
Ca®* calcium ion PI propidium iodide

CARV  carvacrol ROS reactive oxygen species

CASP-3  caspase -3 RuRe ruthenium red

CASP-9 caspase -9 TRP transient receptor potential

cCa’* cytosolic free calcium ion TRPM?2 transient receptor potential melastatin 2
cROS cytosolic reactive oxygen species TRPV4 transient receptor potential vanilloid 4
GSH glutathione A¥m mitochondrial membrane depolarization

GSHPx  glutathione peroxidase
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induce several adverse actions to the cell membrane and cel-
lular components such as nucleic acids, lipids, and proteins.
Hence, the generations of cROS and mROS have essential
roles in the etiology of several neurodegenerative diseases,
including Alzheimer’ disease and Parkinson’ disease (de la
Monte et al. 2000; Islam 2017; Naziroglu et al. 2020) and
viral diseases, including Covid-19 (Saleh et al. 2020). The
generations of cROS and mROS are scavenged by the anti-
oxidants such as glutathione (GSH) and glutathione peroxi-
dase (GSHPx) (Dringen 2000; Takata et al. 2020; Naziroglu
et al. 2020). Mitochondria via the increase of mitochondrial
membrane potential (A¥m) act as main sources on the gen-
erations of ROS in several cells and neurons. Accumulation
of calcium ion (Ca*") into mitochondria induces the increase
of AWm in several body cells. In turn, the increase of AYm
results in the generation of cROS and mROS, and also apop-
tosis and cell death via the increases of caspase -3 (CASP-3)
and caspase -9 (CASP -9). By the feedback mechanisms,
the excessive generation of mROS induces overload Ca®*
influx via the activation of calcium channels (Espino et al.
2010; Malko et al. 2021). Hence, the modulation of calcium
channels diminishes the increase of cellular oxidative cyto-
toxicity and apoptosis in several cells (Espino et al. 2010;
Carrasco et al. 2018).

In the cells, several physiological and pathophysiologi-
cal functions are induced by the increase of cytosolic free
Ca’* (cCa") concentration. The Ca®* passes the cell mem-
brane via the activation of cation channels. A member of
the cation channels is transient receptor potential (TRP)
superfamily. There are 30 members such as the TRP mel-
astatin 2 (TRPM2) and TRP vanilloid 4 (TRPV4) in the
TRP superfamily (Carrasco et al. 2018). TRPM2 channel
has a redox sensitive enzyme, namely ADP-ribose (ADPR)
pyrophosphatase in the NUDT9 domain (Perraud et al. 2001;
Fonfria et al. 2004). Hence, the ROS and ADPR induce
TRPM2 activator action in several cells (Hara et al. 2002;
Naziroglu and Liickhoff 2008). There is no specific blocker
of TRPM2. Some chemicals such as ACA and 2-APB are
nonspecific antagonists of TRPM2 (Naziroglu et al. 2012;
Carrasco et al. 2018). The antagonists of TRPM2 induce
some adverse actions to the cells and neurons, and some
of these irreversibly block the channel (Naziroglu 2007,
Naziroglu et al. 2012). TRPV4 has a physiological sensor
for temperature, osmotic pressure, and mechanical defor-
mation (Watanabe et al. 2002; Carrasco et al. 2018). The
TRPV4 channel is activated by several stimuli, including
GSK1016790A (GSK), although it is inhibited by ruthenium
red (RuRe) (Watanabe et al. 2002; Nakagawa et al. 2020).
In addition, the excessive generation of mROS induces the
activation of TRPV4 (Badr et al. 2016). In the human coro-
nary artery endothelial cells, the treatment of GSK increased
the generation of ROS (Bubolz et al. 2012). The protective
actions of ROS scavengers (Trolox and ARL- 17,477) on the
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GSK-induced neuronal death and apoptosis in the hippocam-
pus were recently reported (Hong et al. 2016). Although
the physiological function of TRPV4 in neurons is prelimi-
narily clarified, no study is available about the effects of
naturel antioxidants on the activation of TRPV4 in neurons
and cells.

Plant extracts potentially have rich antioxidant contents,
and they are potential sources of new drug discoveries. Nat-
ural drugs from the plant extracts have modulator poten-
tial actions on several processes such as free radicals and
Ca’* influx (Chen et al. 2015; Naeem et al. 2021). Carvac-
rol (CARYV) is extracted as an essential oil from the plants
(Thymbra, Origanum, Satureja, and Thymus). The CARV
has modulator biological property, possibly due to its anti-
oxidant, antiviral, and cation channel modulator properties
(Parnas et al. 2009; Chen et al. 2015; Naeem et al. 2021).
Hence its protective action against the Covid-19 was recently
reported (Javed et al. 2021). Some members of TRP super-
family are differently affected in the hippocampal neurons by
the treatment of CARV (Parnas et al. 2009). The TRPA1 and
TRPV3 channels are activated by CARV (Parnas et al. 2009;
Jeong et al. 2020). TRPMY7 is activated in neurons by several
stimuli, including oxidative stress, although it is inhibited
by the treatment of CARV (Lipski et al. 2006; Jeong et al.
2020). Hence, the TRPM2 and TRPV4 channels may be
modulated in neuronal cell lines by the treatment of CARV.

In the current study, I postulated that CARV was the abil-
ity to abolish oxidative stress-mediated TRPM7 activations.
The present study aimed to elucidate the antagonist action of
CARYV on the activation of TRPM2 and TRPV4 in the neu-
ronal cell and kidney lines. By the results of current study,
I aimed to discover a specific and naturel channel blocker
for treating the TRPM2 and TRPV4 activation-induced neu-
ronal diseases.

Materials and methods
Cell culture

The presence of naturel TRPM2 and TRPV4 channels
was reported in the SH-SYS5 by the Western blot analy-
ses (Bollimuntha et al. 2005; Bao et al. 2016; Akyuva
and Naziroglu 2020; Sanchez et al. 2020). The result of
a recent study was also indicated the presence of TRPM2
channel in the BV-2 microglial cells (Sha’fie et al.
2020). In the current study, I used SH-SY5Y and BV-2
cells (ATCC, LGC Standards GmbH, Wesel, Germany).
There are no naturel TRPM2 and TRPV4 expressions
in HEK293. Hence, I also used HEK293 cells (ATCC)
as models of TRPM2 and TRPV4 gene knockout cells.
The SH-SYS5Y cells were cultured in a DMEM-LPA and
medium Ham’s F-12 (HAM-12-A) with low glucose
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(Capricorn Sci. GmbH, Ebsdorfergrund, Germany) as
described in previous studies (Akyuva and Naziroglu
2020; Armagan and Naziroglu 2021). BV-2 and HEK293
cells were cultured in the DMEM medium with low glu-
cose (Capricorn). Both medium mixtures were additionally
supplemented with fetal bovine serum (10%) and antibiotic
mixture (penicillin/streptomycin) (1%) (Biochrom Ltd.
Cambridge, United Kingdom). The cells were cultured in
a humidified atmosphere (5% CO, and 37 °C) (NB-203QS,
Gyeonggi-do, Korea) at a density of 1 x 10° cells per T25
flask.

Transfection of HEK293 cells with TRPM2 and TRPV4

HEK?293 cells were transfected with 4 ug plasmid or
cDNAs of human TRPM2 and TRPV4 (gifts from Dr.
Simon Hebeisen, B’SYS GmbH, Basel, Switzerland)
from each construct and Lipofectamine 2000 (6 pl) in
Opti-MEM reduced serum medium (400 pl) in dishes
with bottom glass. The transfected cells (HEK293M? and
HEK?293"*) were controlled in the fluorescein microscope
(Axiover 40, Zeiss, Ankara, Turkey) by using a GFP-
expressing TRPM2 and TRPV4. Functional studies were
performed 18 h post-transfection.

Study groups

The SH-SYSY, BV-2, HEK293, HEK293M?, and
HEK?293V* cells were divided into five main groups as
follows:

Control (Cntr) cells were kept in the same cell culture
medium and conditions for 24 h without treatments.

The cells in the group of H,O, were incubated with H,O,
(1 mM) for 1 h (Akyuva and Naziroglu 2020; Armagan
and Naziroglu 2021).

The cells in the group of GSK were incubated with GSK
(100 nM) for 1 h (Nakagawa et al. 2020).

The cells in the group of H,0,+CARYV were treated with
H,0, (1 mM) for 1 h, and then they were further incu-
bated with CARV (100 pM) for 1 or 24 h. The nontoxic
dose and incubation time of CARV were found in the
cells by using the cell viability test.

The cells in the group of GSK+CARYV were treated with
GSK (100 nM) for 1 h and then they were further incu-
bated with CARV (100 uM) for 1 or 24 h.

In some experiments, the cells in the group of
H,0,+ACA/2-APB and GSK+RuRe were treated with
H,0, (1 mM) and GSK (100 nM) for 1 h and then they were
further incubated with ACA (25 uM)/2-APB (100 uM) or

RuRe (1 uM) for 5-25 min (Akyuva and Naziroglu 2020;
Nakagawa et al. 2020; Armagan and Naziroglu 2021).

Laser scan confocal microscope (LSM-800)
analyses in the SH-SY5Y, BV-2, HEK293, HEK293"2,
and HEK293"* cells

I assayed TRPM2 and TRPV4 activation-mediated fluores-
cence intensity changes of cCa* in the SH-SY5Y, BV-2,
HEK293, HEK293"?, and HEK293"Y* cells in the laser scan
confocal microscope (LSM800) (Zeiss, Ankara, Turkey)
by using 1 uM Fluo 3-AM incubation previously described
(Akyuva and Naziroglu 2020; Armagan and Naziroglu
2021).

The Hoechst is a permeable dye into the nucleus of living
cell, and then it indicates blue color in the cell image. How-
ever, the propidium iodide (PI) stains the nucleus of death
cells with red color. The SH-SYS5Y in the dishes with glass
bottom was incubated with the combination of PI (2 ug/
ml) and Hoechst 33342 (5 uM) before the LSMS800 analy-
ses (Akyuva and Naziroglu 2020; Armagan and Naziroglu
2021).

The influx of JC-1 probe increases into the mitochondrial
membranes according to the increase of mitochondrial mem-
brane potential (A¥m) level. The increase of A¥m in the
mitochondria were assayed by the incubation of 2 uM JC-1
stain (Akyuva and Naziroglu 2020; Armagan and Naziroglu
2021).

The generation of cROS was analyzed in the LSM800
microscope by using the 2’,7'-dichlorofluorescin diacetate
(DCFH-DA) non-fluorescent stain. The DCFH-DA is con-
verted to a fluorescent intracellular stain (2°, 7’ -dichloro-
fluorescein, DCF) in the cytosol of cells by the generation of
cellular oxidative stress. The SH-SYSY cells were incubated
in the presence of 4 uM DCFH-DA (Akyuva and Naziroglu
2020; Armagan and Naziroglu 2021).

A cell permeable red fluorescent probe of mitochondria is
MitoTracker Red CM-H2Xros. The generation of mROS in
the mitochondria was imaged in the microscope of LSMS800
by using 150 nM MitoTracker Red CM-H2Xros fluorescent
stain, according to the manufacturer’s instructions (Akyuva
and Naziroglu 2020; Armagan and Naziroglu 2021).

The Fluo 3-AM was purchased from Calbiochem GmbH
(Darmstadt, Germany). The stains of Hoechst 33,342, PI,
and DCFH-DA were purchased from Cell Signaling Tech-
nologies (Danvers, Massachusetts, USA). The stain of JC-1
was purchased from Cayman Chemical Inc. (Ann Arbor,
Michigan, USA). The SH-SY5Y, BV-2, and HEK293
cells were incubated with the stains for 60 min at 37 °C
and 5% CO, in dark conditions (Akyuva and Naziroglu
2020; Armagan and Naziroglu 2021). Then, the stains were
removed from the media by washing (1xPBs). The fluores-
cence intensities of cells were measured in the microscope of
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LSMS800 by using the ZEN program (Zeiss), and they were
indicated by the units of arbitrary (a.u.). The death cells were
counted in the images of PI/Hoechst by using the Image J
program. The rate (PI/Hoechst) of cell death was indicated
as percentage changes.

Electrophysiology

The patch-clamp electrophysiology records in the SH-SY5Y
and HEK?293 cells were taken by using an EPC10 patch-
clamp set (HEKA GmbH, Lamprecht, Germany). The hold-
ing potential and pipette resistance were kept as -60 mV and
4 + 3 MQ, respectively. The standard pipette (cytosolic) and
patch chamber (extracellular) buffers were used, and their
content details were given in the previous studies (Butenko
et al. 2012; Akyuva and Naziroglu 2020; Armagan and
Naziroglu 2021). For preparing Na™ free solution, I used
N-methyl-D-glucamine (NMDG™) instead of Na®. The
TRPM2 is activated in the presence of cytosolic solution
with high Ca’t (1 uM) (McHugh et al. 2003). Hence, the
cytosolic solution with high Ca®* (1 uM) instead of normal
Ca”" (0.1 uM) was used in the TRPM2 patch-clamp experi-
ments. In the TRPM?2 patch-clamp records, the channel
was stimulated by intracellular (via patch pipette) ADPR (1
UM), although it was inhibited by extracellular ACA (25 uM)
and CARV (50 and 100 uM) (Akyuva and Naziroglu 2020;
Armagan and Naziroglu 2021). In the TRPV4 patch-clamp
records, the channel was stimulated by extracellular GSK,
although it was inhibited by RuRe (1 uM) and CARV (100
uM) (Parnas et al. 2009; Nakagawa et al. 2020). The results
of TRPM2 and TRPV4 current densities were shown as pA/
pF [the maximal current amplitudes (pA)/cell capacitance

(PE)].
The assay of cell viability

The number, debris amount, and viability percentage of SH-
SYSY cells were assayed in the CASY Cell Counter + Ana-
lyzer System Model TT electronic system by using CASY
tone solution (Roche Innovatis AG, Routlingen, Germany).
The analyses are performed by using an electronic probe.

The assays of CASP-3, CASP-9, and apoptosis

Cleavages of fluorogenic substrates (N-acetyl-Asp-Glu-Val-
Asp-7-amido-4-methylcoumarin-Ac-DEVD-AMC for CASP
-3) and N-acetyl-Leu-Glu- His-Asp-7-amino-4-methylcou-
marin-Ac-LEHD-AMC for CASP -9) (Bachem AG, Buben-
dorf, Switzerland) were used for the caspase assays. For the
caspase assays, the SH-SYSY cells were incubated with
substrate solutions (0.2 ml each) for 1 h at 37 °C (Akyuva
and Naziroglu 2020; Armagan and Naziroglu 2021). The
substrate cleavages were used to continuously measure the
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activity of CASP -3 and CASP -9 in the cell extracts, using
an automatic microplate reader (Infinite 200 PRO, Tecan
GmbH, Minnedorf, Switzerland) (Excitation: of 360 nm.
Emission: 460 nm).

For the apoptosis assay, I used a commercial kit (Biocolor
Ltd. Northern Ireland) as described previously (Akyuva and
Naziroglu 2020; Armagan and Naziroglu 2021). The apopto-
sis analyses were performed in the Infinite 200 PRO by using
according to the manufacturer’s description.

The results of CASP -3, CASP -9, and apoptosis levels
are expressed as % of control.

The measurements of lipid peroxidation (MDA),
reduced glutathione (GSH), and GSH peroxidase
(GSHPx)

The absorbance changes of total protein, MDA, GSH and
GSHPx levels in the SH-SYSY cells were assayed by using
a spectrophotometer (Cary 60 UV-Vis, Agilent, Santa Clara,
CA, USA) as described in the previous studies (Akyuva and
Naziroglu 2020; Armagan and Naziroglu 2021). The unit of
umol per g protein was used for expressions of MDA and
GSH concentrations in the cells, while the unit of IU per g
protein was used for expressing the GSHPx activity.

Statistical analyses

The presence of statistical significance in the data was
detected by using the ANOVA program (SPSS). The level
of statistical significance was detected in the data by using
the Kruskal-Wallis analysis. All data are reported as mean
values + standard deviation (STD). A p < 0.05 value was
accepted as indicative of statistical significance.

Results

The H,0, and GSK-mediated increases of Ca>*
fluorescence intensity via the activations of TRPM2
and TRPV4 in the SH-SY5Y neuronal and BV-2
microglia cells were diminished by the CARV

As the first step in the present study whether the inhibi-
tions of TRPM2 and TRPV4 are related to the treatments
of CARY, the influences of the channels on the changes of
cCa* concentration was investigated by determination of
cCa’* concentration, using the TRPM2 (H,0,) and TRPV4
(GSK) agonists. In the image (Fig. 1a and Suppl. Fig. 1a),
line (Fig. 1b and Suppl. Fig. 1b), and column (Fig. 1c and
Suppl. Fig. 1c) results of the Cntr, H,0,, and H,0,+CARY,
the fluorescence intensities of cCa®* concentration in the
SH-SY5Y and BV-2 cells were increased in the groups of
H,0, by TRPM2 activation (p < 0.05). The fluorescence
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Fig.1 The treatment of carvacrol (CARV) diminished H,0O, and
GSK-mediated increase of cCa** concentration via inhibition of
TRPM2 and TRPV4 in the SH-SY5Y cells. (Mean + STD). The SH-
SYS5Y cells in the dishes of control (Cntr), H,0,, GSK, H,0,+CARY,
and GSK+CARYV groups were stained with the dye of Fluo 3-AM
(1 uM for 60 min). After washing the cells, they were stimulated by
H,0, (1 mM) or GSK (100 nM), although they were inhibited by
CARV (100 uM). The representative images groups on the increase
of cCa®* concentration through TRPM2 inhibition in the Cntr, H,0,,
and H,0,+CARYV in the confocal microscope with 40x oil objec-
tive were shown a, although the representative images on the cCa>*

intensity of cCa”* was reduced in the group of H,0,+CARV
as compared to H,O, only (p < 0.05) (Fig. 1c and Suppl.
Fig. 1c). In the image (Fig. 1d), line (Fig. 1e), and column
(Fig. If) results of the Cntr, GSK, and GSK+CARY, the flu-
orescence intensity of cCa’* was increased in the groups of
GSK by TRPV4 activation (p < 0.05). Howeyver, its concen-
tration was decreased in the group of GSK+CARYV as com-
pared to GSK only (p < 0.05). The results were also con-
firmed by the time-dependent records of the images (Fig. 1b,
Suppl. Fig. 1b, and e). The results are clearly indicated the
protective role of CARYV on the activations of TRPM?2 and
TRPV4-mediated Ca®* influx in the SH-SY5Y cells.

There were no actions of H,0, and GSK

on the activations of TRPM2 and TRPV4

in the absence of extracellular Ca?>* (NoCa?*)

or the preincubations with CARV (24 h) and PARP-1
inhibitors in the SH-SY5Y cells

Accumulating evidence indicates that the increase of cCa>*
concentration in the SH-SY5Y is promoted by several
stimuli, including the treatments of H,0, and GSK (Bol-
limuntha et al. 2005; Bao et al. 2016; Akyuva and Naziroglu
2020; Sha’fie et al. 2020; Armagan and Naziroglu 2021).

a
GSK

concentration through TRPV4 inhibition in the groups of Cntr, GSK,
and GSK+CARYV groups in the LSCM-800 microscopee with 40x oil
objective were shown d. The line (1b) and column (1c) mean fluores-
cence intensities of the Fluo 3-AM (150 s) are shown in the groups
of Cntr, H,0,, and H,0,+CARYV in the b and ¢, although the line
(1e) and column (1f) mean fluorescence intensities of the Fluo 3-AM
(150 s) are shown in the groups of Cntr, GSK, and GSK+CARV are
shown in the e and f. The scale bar was kept as 10 pm. One example
image of each figure was selected from 25-30 SH-SY5Y of 6 inde-
pendent experiments for each condition (*p < 0.05 vs. Cntr. °p < 0.05
vs. H,0, or GSK group)
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This increase results from the influx of extracellular Ca®*
(Butenko et al. 2012). The influx of extracellular Ca** was
induced by several TRP channels, including TRPM2 and
TRPV4. In the absence of extracellular Ca>* (NoCa®"), the
absence of TRPM?2 and TRPV4 activations was reported in
the HEK293 and pancreatic beta cells (McHugh et al. 2003;
Skrzypski et al. 2003; Shi et al. 2004). Hence, the activa-
tions of TRPM2 and TRPV4 are affected by the absence
of extracellular Ca*>* (NoCa?"). As the second step in the
current study, I tested whether the H,O, and GSK-induced
increases of cCa*" concentrations are related with the influx
of extracellular Ca>* (through the activations of TRPM2 and
TRPV4). For the aim, I performed an extracellular buffer
experiment without Ca>* (NoCa®*) in the SH-SY5Y cells.
In addition, I tested preincubation (24 h) of CARV on the
GSK or H,0,-mediated Ca>" influx via the activation of
TRPM?2 and TRPV4 in the SH-SY5Y cells. The SH-SY5Y
cells in the groups of NoCa?* and CARV (24 h) were incu-
bated in the Ca’" free extracellular buffer with Fluo 3-AM
for 60 min. The H,0, and GSK were also prepared in the
NoCa?" extracellular buffer. In the results of images (Fig. 2a
and f) and column (Fig. 2b, c, f and g), I observed no change
of cCa?* concentration in the NoCa** and CARV (24 h)
groups of SH-SY5Y cells after the stimulations of H,0,
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Fig.2 There were no effects of H,O, and GSK on the TRPM2 and
TRPV4 activation in the absence of extracellular Ca>*(NoCa®*) and
the treatments of CARV (24h) and PARP-1 inhibitors in the SH-
SYS5Y cells. (Mean + STD). The SH-SYSY cells in the CARV (24h),
NoCa*, DPQ (30 uM for 30 min) and PJ34 (1 pM for 30 min) groups
were stained with Fluo 3-AM (1 uM for 60 min). After washing the
cells, the stained cells were stimulated by H,O,(1 mM) or GSK(100
nM). Representative LSCM-800 (objective: 40x oil) images and mean

and GSK or the treatment of CARV (p > 0.05). The results
indicated the involvement of extracellular Ca>* influx and
CARV preincubation (24 h) on the H,0, and GSK-induced
cCa®* concentration increase in the SH-SY5Y cells.

The activation of ADP-ribosyl cyclase in the cell mem-
brane receptor (CD38) catalysis the nicotinamide adenine
dinucleotide (NAD") (Guse 2015). From NAD*, ADPR
is synthetized in the nucleus of cells by the activation of
PARP-1 enzyme (Naziroglu 2007). The ADPR induces Ca**
influx from the extracellular sources via the activation of
TRPM2 (Fonfria et al. 2004; Naziroglu and Liickhoff 2008).
Hence, the TRPM?2 channel is activated in the SH-SYS5Y
cells by the PARP-1 activation-induced intracellular ADPR
(Fonfria et al. 2004; Naziroglu and Liickhoff 2008; Bao
et al. 2016; Malko et al. 2021). The generation of ADPR
in the SH-SYSY could be decreased by the inhibitors of
PARP-1 (Butenko et al. 2012; Akyuva and Naziroglu 2020).
The DPQ and PJ34 are two well-known PARP1 inhibitors in
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colon values of Cntr, H,0,, and H,0,+CARV groups on the cCa’*
concentration through TRPM2 in the CARV (a and b), NoCa** (a
and ¢), DPQ (a and d), and PJ34 (a and e) groups were shown in the
Fig. 2. Effects of CARV treatments on the GSK-induced changes of
cCa?* intensity in the CARV (f and g) and NoCa>* (f and h) groups
were also shown by images (Fig. 2f) and columns (Figs. 2g and
h). The scale bar: 10 pm

the TRPM2 channel experiments (Armagan and Naziroglu
2021; Ozkaya et al. 2021). Hence, I wanted to test modulator
actions of ADPR production through DPQ and PJ34 treat-
ment on the cCa>* concentrations in the SH-SY3Y cells. The
cells were pretreated with PJ34 (1uM) or DPQ (30uM) for
30 min. There was no increase in the Fluo 3-AM florescence
intensity in the groups of PJ34 (Fig. 2d) and DPQ (Fig. 2e).
The results of PARP-1 inhibition confirmed the involvement
of TRPM2 channel activity on the cCa** concentration in
the SH-SYSY cells.

There was no action of H,0, or GSK on the increases
of cCa?* concentration in the absence of TRPM2
and TRPV4 in the HEK293 cells

Accumulating evidence indicates that there is no naturel
TRPM2 and TRPV4 channels in the HEK293 cells
(McHugh et al. 2003; Shi et al. 2004; Du et al. 2012).
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Fig.3 There was no effect of CARV on the increase of cCa** concen-
tration in the absence of TRPM2 and TRPV4 in the HEK293 cells.
(Mean + STD). The HEK293 cells in the groups of control (Cntr),
H,0,, GSK, H,0,+CARYV, and GSK+CARV were stained with Fluo
3-AM (1 uM for 60 min). After washing the cells, the cells were
stimulated by by H,O, (1 mM) or GSK (100 nM), although they were
inhibited by CARV (100 uM). The representative confocal micro-
scope (objective: 40x oil) images, mean colon, and line values on the
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Fig.4 The treatment of CARV modulated the increase of cCa®* con-
centration via inhibition of TRPM2 and TRPV4 in the HEK293M?
and HEK293Y* cells. (Mean + STD). The HEK293™2 and HEK293"*
cells in the in the control (Cntr), H,0,, GSK, H,0,+CARY, and
GSK+CARV groups were stained with Fluo 3-AM (1 puM for
60 min). After washing the cells, the stained cells were stimulated
by by H,0, (1 mM) or GSK (100 nM), although they were inhibited
by CARV (100 uM). Representative confocal microscope (objec-

tive: 40x oil) images, mean colon and line values of Cntr, H,0,, and
H,0,+CARV groups on the cCa** concentration through TRPM2 in
the HEK293™? were shown a, b, and ¢, respectively. Effects of CARV
treatments on the GSK-induced changes of cCa’* intensity in the
HEK?293Y* were also shown by images (d), lines (e), and columns (f).
The scale bar: 10 pm. One example image of each figure was selected
from 20-25 HEK293 of 6 independent experiments for each condition
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observed in the cells (McHugh et al. 2003; Shi et al.
2004; Du et al. 2012). As the third step in the current
study, I tested the effects of TRPM2 (H,0,) and TRPV4
(GSK) agonists on the increase of cCa®" concentration in
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the absence of TRPM2 (HEK?293 cells) or the presence
of TRPM2 (HEK293™?) and TRPV4 (HEK293Y%). The
HEK293, HEK293M2, and HEK293V* cells were incu-
bated in the Ca* buffer with Fluo 3-AM for 60 min. The
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«Fig.5 ADPR induced increase of TRPM2 current densities (pA/
pF) in the SH-SY5Y cells but not in the HEK293 cells. The ADPR-
induced increase of TRPM2 current density was diminished in the
SH-SYS5Y cells by the treatment of CARV. (Mean + STD and n=4-
6). The TRPM2 currents in the SH-SYSY cells were induced by the
stimulation of cytosolic ADPR (1 mM), but they were blocked by
CARV (50 and 100 uM). W.C.: The record of whole cell. (a) Cntr
(without ADPR). (b) Cntr (with ADPR and ACA). (¢) ADPR+CARV
(50 and 100 uM). (d) CARV (1 h)+ADPR. e. Mean currents densities
of TRPM2 in the SH-SYS5Y cells. f. HEK293 cells + ADPR (without
TRPM2). g. HEK293™? cells + ADPR (with TRPM2). h. HEK293M?
cells + CARV (1 h) + ADPR (with TRPM2). i. Mean currents densi-
ties of HEK293 and HEK293™? after the treatments of ADPR, ACA,
and CARV (*p < 0.05 vs. Cntr. °p < 0.05 vs. Cntr+ADPR group. “p
< 0.05 vs. HEK2934+ADPR group. *p < 0.05 vs. HEK293M?+ ADPR
group)

agonists and CARV were also prepared in the extracellular
buffer with Ca?*. In the results of images (Fig. 3a and d),
line (Fig. 3b and e), and column (Fig. 3¢ and f), I observed
no change of cCa”" concentration in the Cntr, H,0,, GSK,
H,0,+CARY, and GSK+CARYV groups in HEK293 cells
after the stimulations of GSK and H,0, or the treatment
of CARV (p > 0.05).

I repeated the analyses of images (Fig. 4a and d),
line (Fig. 4b and e), and columns (Fig. 4c and f) in the
HEK293M? (TRPM2 transfected) and HEK293V* (TRPV4
transfected) cells. The levels of cCa*" were markedly (p <
0.05) increased in the HEK293M? and HEK293V* cells by
the stimulations of H,0, and GSK, although their levels
were significantly (p < 0.05) decreased in the H,0,+CARV
and GSK+CARYV groups by the treatment of CARV. The
results indicated the protective role of CARV on the extra-
cellular Ca?* influx via the activations of TRPM2 and
TRPV4 in the HEK293 cells.

The increases of ADPR-mediated TRPM2 activity
and GSK-induced TRPV4 current density were
decreased in the SH-SY5Y and transfected HEK293
cells by the treatment of CARV

The patch-clamp electrophysiology technique is a valuable
technique for the investigation of the cation channel, includ-
ing the TRP superfamily members. The patch-clamp tech-
nique was also used in the HEK293 and SH-SYS5Y cells for
the experiments of TRPM?2 and TRPV4 (Shi et al. 2004;
Butenko et al. 2012). As the fourth step in the current study,
I aimed to further test the changes via the whole cell patch-
clamp technique in the SH-SYSY cells. Patch-clamp results
of the TRPM2 and TRPV4 currents are shown in Figs. 5 and
6, respectively. Without ADPR (Fig. 5a) and GSK (Fig. 6a)
stimulation in the SH-SYS5Y, there were limited currents of
TRPM?2 and TRPV4 in the cells. However, the TRPM?2 and
TRPV4 was activated by the stimulation of cytosolic ADPR
(1 mM) (Fig. 5b and b (I-V) and GSK (100 nM) (Fig. 6b and

b (I-V)). The mean activation times of TRPM2 and TRPV4
in the SH-SYSY cells were 1.57 + 0.29 and 1.01+ 0.08 min,
respectively. The current densities of TRPM2 were higher
in the group of ADPR (90.38 pA/pF) than in the group of
Cntr (3.46 pA/pF) (Figs. 5c and e) (p < 0.05). The cur-
rent densities of TRPV4 were also higher in the group of
GSK (72.85 pA/pF) than in the group of Cntr (2.85 pA/pF)
(Figs. 6b and f) (p < 0.05). The current density of TRPM2
was lower in the groups of ADPR+ACA (13.13 pA/pF),
ADPR+CARYV 50 (38.25 pA/pF), and CARV 100 (6.32 pA/
pF) than in the group of ADPR (p < 0.05) (Fig. 5c). The
current density of TRPV4 was also lower in the groups of
GSK+RuRe (15.05 pA/pF) and GSK+CARYV (12.16 pA/pF)
than in the group of GSK (p < 0.05) (Figs. 6¢ and d). By
the pretreatment of CARV (1 h), there was limited increase
in the TRPM2 (Fig. 5d and e) and TRPV4 (the data are
not shown) currents after the ADPR and GSK stimulation,
respectively. The mean densities of TRPM2 currents were
significantly (p < 0.05) lower in the CARV (1 h) + ADPR
(4.36 pA/pF) group as compared to the group of ADPR
(90.38 pA/pF) (p £ 0.05).

The modulator action of CARV was tested in the absence
(HEK293) or presence of TRPM2 (HEK293M?) and TRPV4
(HEK293Y%) in the HEK293 cells. There were limited cur-
rents of TRPM2 (Fig. 5f and i) and TRPV4 (Fig. 6e and
f) in the HEK293 cells after ADPR and GSK stimulation.
However, I observed TRPM2 current in the HEK293M? cells
after the ADPR stimulation (Fig. 5g) and the current den-
sity of TRPM2 was significantly (p < 0.05) higher in the
HEK?293™? cells (83.63 pA/pF) than in the HEK293 cells
(2.72 pA/pF) (Fig. 5i). However, the currents of TRPM2
was fully inhibited by the preincubations of ACA and CARV
(1 h) (Fig. 5h) and the current density of TRPM?2 in the
HEK?293M2 cell was lower in the group of ADPR+ACA
(14.94 pA/pF) and CARV (1 h) + ADPR (3.72 pA/pF) than
in the group of ADPR (83.63 pA/pF) (Fig. 5i) (p < 0.05).
The protective action of CARV on the TRPV4 currents was
observed in the HEK293"* cells after the preincubation
of CARV (1 h) (Data are not shown). The data of patch-
clamp further indicated the modulator action of CARV on
the ADPR and GSK-mediated excessive Ca>* influx via the
activations of TRPM2 and TRPV4 in the SH-SY5Y and
HEK?293 transfected cells.

The pretreatments of CARV modulated H,0,
and GSK-mediated changes of cell viability, CASP-3,
CASP-9, and apoptosis levels in the SH-SY5Y cells

Several physiological and pathophysiological actions in the
neurons and cells are performed by the increase of cCa**
concentration. One of the pathophysiological action in the
cells is programmed cell death (apoptosis). The apoptosis
is induced by the activation of procaspases such as CASP-3

@ Springer
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Fig.6 GSK induced increase of TRPV4 current densities (pA/pF)
in the SH-SYSY cells but not in the HEK293 cells. The modulator
role of CARV. (Mean + STD and n=3-6). The TRPM2 currents were
induced in the SH-SYSY cells by the stimulation of GSK (100 nM),
but they were blocked by the treatment of CARV (100 uM). W.C.:
The record of whole cell. a. Cntr (without GSK). b. Cntr (with GSK

and CASP-9. The H,0, and GSK-mediated increases of
CASP-3, CASP-9, and apoptosis via the activation of
TRPM2 and TRPV4 were reported in the mice hippocam-
pus, myocardial, and SH-SYS5Y cells [30,41-43]. In addi-
tion, the levels of cell viability were decreased in the SH-
SYS5Y cells by the treatment of H,O, and GSK (Jie et al.
2015; Dong et al. 2017; Tian et al. 2017; Wang et al. 2019;
Akyuva and Naziroglu 2020). After observing the H,0, and
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and RuRe). ¢. GSK+CARV (100 uM). d. GSK + RuRe and GSK +
CARV (1 h). e. HEK293 cells + ADPR (without TRPM2). f. The
mean currents densities of TRPM2 in the SH-SY5Y and HEK293
cells after the treatments of GSK, RuRe, and CARV (°p < 0.05 vs.
Cntr. ©p < 0.05 vs. GSK)

GSK-mediated increase of cCa** concentration via the acti-
vations of TRPM2 and TRPV4, I suspected the changes of
CASP-3, CASP -9, cell viability, and apoptosis levels in the
SH-SYSY cells. The activities of CASP-3 (Fig. 7a), CASP-9
(Fig. 7b), and the levels of apoptosis (Fig. 7e) were increased
in the groups of H,0O, and GSK by the treatments of H,0,
and GSK, although their activities and levels were dimin-
ished in the groups of H,0, + CARV and GSK + CARV
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by the treatment of CARV (p < 0.05). I observed similar
modulator action of CARV on the levels of cell viability in
the SH-SYSY cells (Fig. 7d) and the levels of cell viability
were lower in the groups of H,0, and GSK as compared to
the groups of Cntr. However, the levels of cell viability were
increased in the groups of H,O, + CARYV and GSK + CARV
by the treatment of CARV (p < 0.05).

The treatment of CARV decreased H,0,
and GSK-induced increases of cell death (PI/
Hoechst) rate in the SH-SY5Y cells

Accumulating evidence indicates that the H,0O, and GSK-
induced increase of apoptosis via the increase of CASP-3
and CASP-9 results in cell death (Jie et al. 2015; Dong
et al. 2017; Tian et al. 2017; Wang et al. 2019; Akyuva and
Naziroglu 2020). The stain of propidium iodide (PI) cannot
pass the nucleus of live cells, Hence, it is permeable to the

DNAs of plasma membrane permeabilized cells. However,
the stain of Hoechst dye is permeable to the DNAs of plasma
membrane intact cells. The stains of PI/Hoechst were used in
the TRPM2 and TRPV4 experiments in several cells (Sha-
hidullah et al. 2012; Akyuva and Naziroglu 2020). After
observing the increase of programmed cell death, I sus-
pected the increase of cell death rate. I captured the images
of black/white (bright field, BF) (Fig. 8a), were captured by
using a camera with high resolution, although the images
of red/blue (PI/ Hoechst) (Fig. 8b) and 2.5D (Fig. 8c) were
captured in LSM800 microscope. In the present data, the
rates of death neuron (Fig. 8d) in the groups of H,0, and
GSK were higher than those in the groups of Cntr (p < 0.05).
However, the treatments of CARV acted modulator role on
the rates in the SH-SYS5Y cells. The levels of the rates of
death SH-SYSY cells were significantly (p < 0.05) lower in
the groups of H,0, + CARV and GSK +CARYV as compared
to the groups of H,0, and GSK (p < 0.05).
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«Fig. 8 The pretreatment of CARV (100 uM for 24 h) modulated GSK
(100 nM for 24 h) and H,0, (1 mM for 24 h)-induced increase of
SH-SYS5Y cell death. (Mean + STD and n=20-25). a. The images
of bright field (BF, black-white). b. The images of PI (red and dead
cells), Hoechst (blue and live cells), and merge images. ¢. The 2.5 D
images of merges. d. The mean percentage of cell death (PI and Hoe-
chst-positive) cell rates in the five groups. (Objective: 20X. Scala bar:
20 pm). ("p < 0.05 vs. control (Cntr) and MLT groups. Xp< 0.05 vs.
H,0, and GSK groups)

The treatment of CARV decreased H,0,

and GSK-induced increases of mROS, mitochondrial
membrane depolarization (AWYm), and cROS levels
in the SH-SY5Y cells

The increase of A¥m is induced in several neurons and cells
by the accumulations of cCa" into mitochondria (Sensi et al.
2003; Ji et al. 2020). The protective action of CARV on the
levels of mROS, apoptosis, and ROS in the cardiomyocyte
was reported (Chen et al. 2017). However, there is no data
modulator role of CARV on oxidative cytotoxicity via the
accumulations of cCa®* into mitochondria in the SH-SY5Y
cells. I postulated that the H,O, and GSK-mediated mito-
chondrial (mROS) and cROS are induced by the activation
of TRPM2 and TRPV4. I imaged H,0, and GSK-induced
mROS generation (Fig. 9a, b, and ¢), JC-1 (Fig. 9a, b, and
d), and cROS (Fig. 9a, b, and e) by using MitoTracker Red
CM-H2Xros, JC-1, and DCFH-DA stains, respectively. The
results of images indicated that increased levels of mROS,
AW¥m, and cROS are observed upon H,0, and GSK treat-
ments (p < 0.05). I further evaluated the modulator actions
of CARV on the levels of mROS, AWm, and cROS in the
SH-SYSY cells. Importantly, the treatment of CARV (RuRe)
prevented increases of levels of mROS, A¥m, and cROS
(Fig. 9) (p < 0.05). The involvements of CARV on the H,0,
and GSK-induced oxidative neurodegeneration and apop-
tosis via the activations of TRPM2 and TRPV4 in the SH-
SYSY were confirmed by the results of caspases.

The treatment of CARV reduced H,0,

and GSK-induced oxidative damage (lipid
peroxidation, MDA) via up regulation of glutathione
(GSH) and glutathione peroxidase (GSHPx)

in the SH-SY5Y cells

Compared to control, the treatment of H,O, and GSK sig-
nificantly reduced the levels of GSH and GSHPx (Table 1)
(p < 0.05). However, the pretreatment of CARV before the
treatment of H,O, (1 mM for 1 h) and GSK (100 nM for
1 h) markedly enhanced the levels of GSH and GSHPx in
comparison to the groups of H,0, and GSK (p < 0.05). The
increase of MDA represents the oxidative damage in the
lipids and proteins in the cell membrane (Naziroglu 2007).
The decrease in the concentration of GSH following H,0,

and GSK exposure corresponded with increased MDA con-
centration in the cells (p < 0.05) (Table 1). However, the
H,0, and GSK-mediated increase of MDA concentrations
were fully prevented by the treatment of CARV (100 uM for
24 h) (p < 0.05).

Discussion

The GSK and H,0, induce oxidative stress in neurons (Hal-
liwell 2006; Naziroglu 2007; Hong et al. 2016). The acti-
vations of TRPM2 and TRPV4 were induced by the H,0,
and GSK, respectively (Jie et al. 2015, 2016; Ertilav 2019;
Akyuva and Naziroglu 2020). The activations of TRPM2
and TRPV4 cause oxidative neuronal injury, although their
inhibitions cause the decrease of oxidative injury and apop-
tosis (Jie et al. 2015, 2016; Akyuva and Naziroglu 2020).
There are no specific antagonists of TRPM?2 and TRPV4
channels in the literature. In addition, the present TRPM2
and TRPV4 antagonist chemicals have adverse action in the
body cells (Naziroglu et al. 2012). The decrease of TRPV4
(GSK) and TRPM2 (ADPR and H,0,) activators-induced
neuronal death in the hippocampus of mice were reported
after the administration of antioxidants (Hong et al. 2016;
Kahya et al. 2017). CARV is a strong antioxidant, and its
modulator role on several processes such as free radicals
and Ca** influx in several cells was reported (Chen et al.
2015; Naeem et al. 2021). At least 11 of 28 subfamilies are
activated by oxidative stress (Naziroglu et al. 2012). One
subfamily of the oxidative stress-dependent activated TRP
channel is TRPM7. An antagonist of TRPM7 is CARV (Lip-
ski et al. 2006; Jeong et al. 2020). Hence, the TRPM2 and
TRPV4 channels may be modulated in neuronal cell lines by
the treatment of CARV. The action of CARV against TRPM2
and TRPV4 activation-induced mROS and apoptosis in the
SH-SYSY and BV-2 microglial cells has not been clarified
yet. The present data indicated that (1) CARV inhibited the
TRPM2 and TRPV4, and (2) the treatment of CARYV attenu-
ated GSK and H,0,-induced neuronal injury effects via the
upregulation of antioxidants (GSH and GSHPx), but down-
regulation of MDA, mROS, cROS, apoptosis, cell death,
and cCa’*.

As a Ca** permeable cation channel, the concentration of
cCa®" increases the activation of TRPV4 (Watanabe et al.
2002; Nakagawa et al. 2020). The increase of oxidative
stress is caused by the activation of TRPV4. In turn, the
increase of oxidative stress results in excessive Ca*" influx
via the activation of TRPV4 in several cells. In the artery
endothelial cells, the treatment of TRPV4 agonist stimulated
the generation of mROS via the TRPV4-mediated increases
of the cCa* concentration (Bubolz et al. 2012). In urothelial
cells, the increases of cCa>* concentration and H,0, genera-
tion by the activation of TRPV4 were also reported (Donké
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Fig.9 The pretreatment of CARV (100 uM for 24 h) diminished
GSK (100 nM for 1 h) and H,O, (1 mM for 1 h)-induced increase of
mROS, A¥m, and cROS in the SH-SYS5Y cells. (Mean + STD and
n = 20-25). a. The images of mROS, A%¥m, and cROS generation in
the Cntr, H,0,, GSK, H,0,+ CARY, and GSK + CARV groups by
using the stains of MitoTracker Red CM-H2Xros, JC-1, and DCFH-
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and DCFH-DA (e). (p < 0.05 vs. Cntr. xp< 0.05 vs. H,0, and GSK
groups)
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Table 1 Effect of CARV (100 uM for 24 h), H,0, (1 mM for 1 h), and GSK (100 nM for 1 h) on the concentrations of lipid peroxidation (MDA),
glutathione (GSH), and glutathione peroxidase (GSHPx) in the SH-SY5Y cells. (Mean + STD and n=6)

Parameters Control H,0, GSK H,0,+CARV GSK+CARV
MDA 20.60 + 2.72 29.30 + 1.78" 26.90 + 0.95 20.00 + 3.36™ 21.40 + 1.59™
(umol/ g prot.)

GSH 15.40 + 1.30 12.10 + 0.28" 11.40 + 0.94" 14.60 + 1.13™ 14.00 + 0.78™
(umol/ g prot.)

GSHPx 23.30 + 2.78 20.40 +2.25" 19.80 + 1.96* 22.30 +2.79™ 21.60 +2.71"
(IU/ g prot.)

“p < 0.05 vs. the group of control. ““p < 0.05 vs. the groups of H,0, and GSK

et al. 2010). In a recent study, ethanol-induced gastric injury
in mice was accelerated via the downregulation of super-
oxide dismutase and GSH, but the upregulation of MDA
by the TRPV4 activator (GSK) (Pacheco et al. 2021). The
activation of TRPV4 was caused to the oxidative stress in the
hippocampus and dorsal root ganglion of mice, although the
oxidative stress was diminished by the treatment of antioxi-
dants (Trolox, phenyl-a-tert-butyl nitrone, and ARL-17,477)
(Hong et al. 2016; Pacheco et al. 2021). In the current study,
the activation of TRPV4 was caused to the excessive gen-
eration of oxidative stress and overload Ca’* influx in the
SH-SYS5Y, BV-2, and HEK293Y* cells. The modulator role
of CARYV on several processes such as oxidative stress and
Ca®" influx in several cells was reported (Chen et al. 2015;
Naeem et al. 2021). In the current study, the oxidative stress
and TRPV4 activation in the SH-SY5Y and HEK293"* cells
was decreased via the upregulation of GSHPx and GSH,
but the downregulation of MDA, cROS, and mROS by the
treatment of CARV.

The TRPM2 is also a Ca>* permeable cation channels,
and it is activated by ADPR and ADPR (Perraud et al.
2001; Hara et al. 2002; Naziroglu and Liickhoff 2008).
The TRPM2 is inhibited by nonspecific chemicals such as
PARP-1 inhibitors, ACA, and 2-APB (Naziroglu et al. 2012;
Akyuva and Naziroglu 2020; Armagan and Naziroglu 2021).
In addition to the ADPR and H,0,, the TRPM2 was acti-
vated by the depletion of GSH, although it was inhibited
by the treatment of GSH (Y1ildizhan and Naziroglu 2020).
The modulator role of CARV treatments on the GSH levels
and GSHPx activity in several neuronal cells such as PC12
(Banik et al. 2019) and hippocampus (Guan et al. 2019)
was recently reported. The modulator role of CARV on the
PARP-1 activity in cancer cells was also reported (Guan
et al. 2019). In the current study, the mROS, cROS, and
TRPV4 activation in the SH-SY5Y and HEK293"* cells
were diminished via the upregulation of GSHPx and GSH
by the treatment of CARV. The TRPM2 channels was inhib-
ited in SH-SYSY cells and mice microglia by the PARP-1
inhibitors (PJ34 and DPQ) (Akyuva and Naziroglu 2020;
Yildizhan and Naziroglu 2020; Armagan and Naziroglu

2021). Similarly, the TRPM2 was inhibited in the SH-SY5Y
cells by the PARP-1 inhibitors.

TRPM?2 and TRPV4-mediated apoptosis and neuronal
death have been confirmed in several neurons, and the acti-
vations of TRPM2 and TRPV4 are responsible for neuronal
oxidative injury in cerebral ischemic/reperfusion apoptosis
via the activation of CASP-3 and CASP-9 pathways Patha-
nia et al. 2013; Jie et al. 2015; Akpinar et al. 20,116). In
previous studies, the death of hippocampus was induced
in mice by the intracerebroventricular injection of TRPV4
agonist (GSK) (Jie et al. 2015). The increases of cCa’" via
the activations of TRPM2 and TRPV4 result in the increase
of apoptosis and cell death via the increase of CASP-3 and
CASP-9 (Jie et al. 2015; Akpinar et al. 2016; Dong et al.
2017). However, the apoptosis and cell death were decreased
via the inhibition of CARYV in the several neuronal cells by
the treatment of CARV (Pathania et al. 2013; Banik et al.
2019; Guan et al. 2019). The present data indicate that the
treatments of H,O, and GSK via the increases of TRPM?2
and TRPV4 activation-mediated cCa**, ROS, and mROS
led to extensive apoptosis in the SH-SY5Y neuronal cell
death. CARYV, however, effectively reduced the amount of
apoptosis and cell death level, although cell viability level
was increased by the treatment of CARV. These results
of CARV on the apoptosis, neuronal death, CASP-3, and
CASP-9 levels in the SH-SYS5Y were consistent with find-
ings of previous reports (Jie et al. 2015, 2016; Akpinar et al.
2016; Dong et al. 2017).

Accumulating data suggest that the H,0, and GSK-medi-
ated neurodegeneration are induced by the generations of
cROS and mROS (Jie et al. 2015, 2016; Naziroglu et al.
2020). A main source of cROS and mROS is mitochondria
(Naziroglu 2007; Carrasco et al. 2018). The overload Ca’t
accumulation into mitochondria results in the increase of
oxidant and apoptotic factors via the increase A¥Ym (Hara
et al. 2002; Naziroglu et al. 2012). The treatments of ADPR
and GSK in several cells induced excessive mROS and
cROS generations via upregulation of AWm (Jie et al. 2015,
2016; Akyuva and Naziroglu 2020; Armagan and Naziroglu
2021). The modulator role of CARV on the generation
ADPR in the cancer cells was reported (Arunasree 2010;
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Pathania et al. 2013). TRPM7 inhibitor role of CARV was
reported in neurons (Parnas et al. 2009; Chen et al. 2015;
Jeong et al. 2020). Contrary, the TRPV3 and TRPA1 activa-
tor role of CARV was reported in the transfected HEK293
cells and dorsal root ganglions (Kumamoto and Fujita 2016;
Schenk et al. 2019). To examine whether mROS, cROS, and
AW¥m were involved in ADPR and GSK-induced increases of
TRPM2 and TRPV4 channel currents, I examined the effects
of antioxidant CARV. The results in the SH-SYSY cells are
exemplified by the action of CARV, which totally inhibited
the augmentation of ADPR-mediated TRPV1 currents, while
unpresented of TRPM?2 and TRPV4 in the HEK293 cells
unaffected. Furthermore, this modulator action of CARV was
also observed on the mROS and cROS in the SH-SY5Y cells.
There is no report of CARV on the ADPR and GSK-mediated
increases of mROS, cROS, and A¥Ym via the decrease of
TRPM2 and TRPV4 activations and currents in neuronal
cells. However, these findings of mROS, cROS, and AYm
are in accordance with the suggestion of TRPM?2 and voltage
gated Ca’* channels that ADPR/H,0, and GSK-mediated the
accumulation of Ca>* into mitochondria increases cROS and
mROS generation from mitochondria (Jie et al. 2015, 2016;
Akyuva and Naziroglu 2020; Armagan and Naziroglu 2021).

In conclusion, the present data provide the first evidence
that the ADPR/H,0,-induced TRPM2 and GSK-mediated
TRPV4 activations were inhibited by the treatment of
CARV. The enhanced H,0, and GSK-mediated adverse
actions such as mROS and cROS were involved in TRPM2
and TRPV4-induced SH-SY5Y neuronal injury and death,
although the adverse actions were modulated in the cells
by the inhibition of TRPM?2 and TRPV4. In addition, the
treatment of CARV in the SH-SYS5Y, BV-2, and transfected
HEK?293 cells reversed the H,0, and GSK-induced mito-
chondrial oxidant and apoptotic actions via the inhibition of
TRPM?2 and TRPV4 and upregulation of glutathione redox
system (Graphical Abstract). The present data indicate a
novel treatment strategy for preventing H,0, and GSK-medi-
ated oxidative neurodegeneration via inhibition of TRPM2
and TRPV4 in the neuronal cells.
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