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Resveratrol attenuates hypoxia-
iInduced neuronal cell death,
inflammation and mitochondrial
oxidative stress by modulation of
TRPM2 channel

Yener Akyuva® & Mustafa Naziroglu®?>3*

Hypoxia (HYPX) induced-overload Ca?* entry results in increase of mitochondrial oxidative stress,
inflammation and apoptosis in several neurons. Ca?* permeable TRPM2 channel was gated by ADP-
ribose (ADPR) and reactive oxygen species (ROS), although its activity was modulated in HYPX-exposed
neurons by resveratrol (RSV). The aim of this study was to evaluate if a therapy of RSV can modulate
the effect of HYPX in the TRPM2 expressing SH-SY5Y neuronal and HEK293 (no expression of TRPM2)
cell lines. The SH-SY5Y and HEK293 cells were divided into four groups as control, RSV (50 uM and

24 hours), and HYPX and RSV + HYPX. For induction of HYPX in the cells, CoCl, (200 M and 24 hours)
incubation was used. HYPX-induced intracellular Ca?* responses to TRPM2 activation were increased in
the SH-SY5Y cells but not in the HEK293 cells from coming H,0, and ADPR. RSV treatment improved
intracellular Ca?* responses, mitochondrial function, suppressed the generation of cytokine (IL-13

and TNF-a), cytosolic and mitochondrial ROS in the SH-SY5Y cells. Intracellular free Zn2+, apoptosis,
cell death, PARP-1, TRPM2 expression, caspase —3 and —9 levels are increased through activating
TRPM2 in the SH-SY5Y cells exposed to the HYPX. However, the values were decreased in the cells by
RSV and TRPM2 blockers (ACA and 2-APB). In SH-SY5Y neuronal cells exposed to HYPX conditions,
the neuroprotective effects of RSV were shown to be exerted via modulation of oxidative stress,
inflammation, apoptosis and death through modulation of TRPM2 channel. RSV could be used as an
effective agent in the treatment of neurodegeneration exposure to HYPX.

Extensive death in neurons was induced by acute hypoxia, because disability and mortality of the neurons were
increased by acute hypoxia'. Low blood flow to the tissue and low oxygen content of blood result in hypoxia and
ischemic condition® Cell survival decreased in the absence of oxygen, because ATP generation requires oxygen
consumption in mitochondria®. Mitochondria is a main source of reactive oxygen species (ROS) generation®.
Accumulating evidence indicates that the hypoxia and ischemic conditions result in excessive ROS generation,
inflammation and apoptosis through the increase of membrane depolarization in mitochondria of neurons>®.
The increase of mitochondrial membrane depolarization was induced by the increase of intracellular free Ca*"
([Ca*"];) concentration. Recently, hypoxia-induced mitochondria ROS generation was inhibited through modu-
lation of voltage gated calcium channel (VGCC) in the heart cells by resveratrol (RSV) treatment”$. Hence, RSV
can be useful for treatment of hypoxia in neuronal cells by modulation of mitochondrial ROS generation and the
subject should be clarified in the hypoxia-induced SH-SY5Y neuronal cells.

Several neuronal physiological functions such as mitochondria and cell development are triggered by the
changes of the [Ca*"]; concentration®. In addition, several neurotoxicity functions such as apoptosis and inflam-
mation in hypoxia are also induced by the increase of [Ca®*]; concentration’. Hence, strict control of the [Ca>"];
concentration through modulation of calcium channels is important for regulation of the physiologic and patho-
physiologic conditions. In addition to the well-known calcium channels such as VGCC and ligand channels,
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members of transient receptor potential (TRP) superfamily with 28 members in mammalian cells were discov-
ered within last decades*. Some members of the TRP superfamily such as TRP melastatin 2 (TRPM2) and TRP
ankyrin 1 (TRPA1) are activated in several cells and neurons by ROS'". In addition to ROS, the TRPM2 is acti-
vated in several neurons such as dorsal root ganglion (DRG) and SH-SY5Y by ADP-ribose (ADPR), although it
is blocked by antioxidants'!~". In SH-SY5Y cells, increase of [Ca?*]; concentration through activation of TRPM2
channel induces increase the rate of caspase activation and apoptosis'®. This pertains to neuronal cells, because
TRP channels serve as targets for therapeutic agents that limit apoptosis'®. Generation of hypoxia-inducible fac-
tors are high in the hypoxic conditions and they have major role in the adaptive responses to hypoxia'é, but they
are also activated by TRPA1 channel activation'®!”. TRPM2 channel might be activated in SH-SY5Y neuronal
cells by hypoxia-induced mitochondria ROS generation, although the subject still remains uninvestigated.

RSV (trans-3, 4/, 5-trihydroxystilbene) is a unique phytoalexin found in plants and fruits such as grapes
and grape products. Its strong antioxidant action induced protective action against hypoxia-induced ROS
generation and cytotoxicity in several neurons'®!?. TRPM2 channel is activated in neurons by ADPR through
ischemic-injury induced poly(ADPR) glycohydrolase (PARG)/poly ADP-ribose polymerase-1 (PARP-1) activa-
tion of the nucleus, although inhibition of PARP-1 activity induced TRPM2 blocker action®’. Modulation of
PARP-1 activity in microglia and SH-SY5Y neurons through RSV treatment was reported®*2. Modulation of
experimental Parkinson’s disease-induced TRPM2 activation in the dopaminergic neuron of mouse via RSV treat-
ment was also recently reported'. However, whether RSV acts a neuroprotective role against hypoxia-activated
TRPM2 signaling pathways is still unknown.

There is no report the modulator action of RSV against the neurotoxicity via modulation of TRPM2 channel
in the SH-SY5Y neurons following hypoxia. Hence, we propose that modulation of TRPM2 in the RSV treat-
ment might represent a mechanism controlling adverse neurotoxicity actions in the SH-SY5Y neuronal cells with
hypoxia. One of the well-known hypoxia mimetic agents through inhibition of cellular oxygen uptake in cell line
models is cobalt chloride (CoCl,)!7***. It has been used in SH-SY5Y cell model for induction of hypoxia (HYPX).
Hence, we used CoCl, incubation in the SH-SY5Y model for induction of HYPX.

Results

Hydrogen peroxide induced TRPM2-dependent increase of Ca?* fluorescence intensity in the
SH-SY5Y cells overexpressing human TRPM2 channel cell but not in the HEK293 cells (in the
absence of TRPM2).  As the first step in the current study whether activations of TRPM?2 are related to
HYPX treatment, the influences of the channels on [Ca?*]; concentration was examined by measurement of
[Ca®"]; concentration using the TRPM2 channel activator (H,0,) and inhibitors [2-aminoethyl diphenylborinate,
2APB and N-(p-amylcinnamoyl) anthranilic acid, ACA]. In the results of the laser scan confocal (LSC) micro-
scope images (Fig. 1a) and columns (Fig. 1b), the fluorescence intensity of [Ca*"]; concentration was increased in
HYPX groups with or without H,O, stimulation (via activation of TRPM2) (p <0.001). The fluorescence inten-
sity of [Ca?*]; concentration was significantly (p <0.001) lower in the RSV + HYPX and 2-APB + HYPX groups
as compared to HYPX only. It is well known that there is no a functional TRPM2 expression in HEK293 cells
without DNA transfection. Hence, we used HEK293 cells as a negative control of TRPM2 channel in the current
study. There was no change in the results of the LSC microscope images (Fig. 2a) and columns (Fig. 2b) of [Ca?*];
fluorescence intensity concentration in the four groups of HEK293 cells (in the absence of functional TRPM2
expression).

RSV treatment diminished HYPX-induced increase of TRPM2 current densities in the SH-SY5Y
cells but not in the HEK293 cells (in the absence of TRPM2). There were no currents in the absence
of the intracellular ADPR (Fig. 3a) in the SH-SY5Y cells. We observed ADPR-induced increase of current density
of TRPM2 channel in the patch-clamp experiments in the SH-SY5Y (Fig. 3b). However, the current densities
were reversibly blocked by TRPM2 channel blocker (ACA) and NMDG™ (replacement of Na™). The current
densities in the cells were significantly higher in the control+ADPR group (80.01 pA/pF) compared with the
Control group (4.41 pA/pF) (p <0.001) (Fig. 3b); however, the current density in the SH-SY5Y neurons was
lower in the control+-ADPR + ACA group (45.54 pA/pF) as compared to the Control+-ADPR group (80.01 pA/
pF) (Fig. 2¢,f) (p <0.001). The current densities in the SH-SY5Y neuronal cells were increased up to in 149.01
pA/pF in the HYPX group (Fig. 2d). There was no current and TRPV1 activation in the RSV (4.57 pA/pF)
and RSV + HYPX (4.65 pA/pF) groups in the SH-SY5Y by the ADPR stimulation and they were significantly
(p<0.001) low in the RSV + ADPR and RSV + HYPX + ADPR groups (Figs. 3d-f). In addition to patch-clamp
analyses in the presence functional expression of TRPM2, we performed the patch-clamp experiments in the
control, control+ADPR (Fig. 3g) and HYPX + ADPR (Fig. 3h) groups of HEK293 cells (in the presence of no
functional TRPM2 expression). There was no statistical difference in the control (4.21 pA/pF), control+ADPR
(4.01 pA/pF) and HYPX + ADPR (4.50 pA/pF) in the HEK293 cells. The present electrophysiology data indicated
involvement of TRPM2 channel in the HYPX-induced excessive Ca>" entry in the SH-SY5Y cells. However, the
HYPX-induced TRPM2 currents were modulated in the cells by the antioxidant property of RSV treatment.

RSV treatment modulated HYPX-induced cell viability (MTT), apoptosis, caspase —3, caspase
—9, mitochondrial membrane depolarization (JC-1) and cytosolic ROS (DCFH-DA) generation
changes in the SH-SY5Y neuronal cells.  The electron transport system of mitochondria induces loss of
mitochondrial membrane depolarization in the mitochondria resulting in excessive ROS generation and apopto-
sis via increases of caspase-3 and —9 activations®>?°. For this reason, mitochondrial membrane depolarization is
an important parameter of mitochondrial function and it was used as an indicator of ROS generation and apop-
tosis in neurons. The results of plate reader analyses of MTT (Fig. 4a), apoptosis (Fig. 4b), caspase —3 (Fig. 4c),
caspase —9 (Fig. 4d), JC-1 (Fig. 4e) and DCFH-DA (Fig. 4f) levels are shown in Fig. 4. The apoptosis, caspase —3,
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Figure 1. Effects of resveratrol (RSV and 50 uM) on the hypoxia (HYPX)-induced increase of [Ca*"];
concentration in the SH-SY5Y cells (mean =+ SD). The cells in the four groups were stained with Fluo-8 (1pM
for 30 min) and then the stained cells in the TRPM2 experiments were stimulated by H,0, (1 mM for 10 min),
but they were inhibited by 2-APB (100 uM for 5-10 min). Representative images of the effect of RSV and HYPX
on the [Ca?*]; levels through TRPM2 in the confocal microscope analyses were shown Fig. 1a. Changes of
intensity of the [Ca**]; levels were shown by columns (Fig. 1b). The scale bar = 5pum. Objective: 40x oil. One
example of each figure was taken from 6 independent experiments, with each experiment examining 20 cells for
each condition (*p <0.001 versus control (Ctr). *p <0.001 versus HYPX group. “p < 0.001 versus - H,0, group).

caspase —9, JC-1 and DCFH-DA levels through activation of TRPM2 in SH-SY5Y were higher in the HYPX
group than in the control and RSV groups, although MTT levels were lower in the HYPX group than in the
control and RSV groups (p <0.001). However, the apoptosis, caspase —3, caspase —9, JC-1 and DCFH-DA levels
were lower in the RSV +HYPX and ACA + HYPX groups as compared to HYPX group, although MTT level was
increased in the RSV + HYPX and ACA +HYPX groups by the RSV and ACA treatments (p < 0.001).
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Figure 2. There was no changes on the [Ca®"]; concentration in the HEK293 cells (in the absence of TRPM2)
by hydrogen peroxide (H,0,). (mean & SD). The cells were stained with Fluo-8 calcium dye and mean 4 SD
of fluorescence in 15 mm? of the cells as arbitrary unit are presented; n =20 independent experiments. The
HEK293 cells were stimulated by H,O, (1 mM for 10 min), but they were inhibited by 2-APB (100 uM for
10min). The samples were analyzed by the LSC microscopy fitted with a 40 oil objective. The scale bar was
5um. Representative images (a) and column (b) of fluorescence intensities of the H,O, and 2-APB on the
TRPM2 activation in the LSC microscope analyses are shown in Figs a and b, respectively.

RSV and 2-APB diminished increase of fluorescence intensities of mitochondrial membrane
depolarization (JC-1), cytosolic (DCFH-DA and DHR123) and mitochondrial (MitoROS) ROS gen-
eration in the SH-SY5Y neuronal cells.  In addition to the microplate reader analyses of mitochondrial
membrane depolarization (JC-1) and cytosolic (DCFH-DA) and mitochondria (MitoROS) ROS generation in the
SH-SY5Y, we want to further confirm the changes in the cells by using LSC microscope analyses. Compared with
control, HYPX (CoCl,) treatment increased the fluorescence intensity of JC-1 (Fig. 5a,b), DCFH-DA (Fig. 5a,b),
MitoROS (Fig. 5¢,d) and DHR123 via activation of TRPM2 (Fig. 5¢,d) (p <0.001). Importantly, we found RSV and
2-APB reduced the fluorescence intensities of the JC-1, DCFH-DA, MitoROS and DHR123 in the cells (p <0.001).
Our data further suggested that CoCl,-induced mitochondria membrane depolarization, cytosolic and mitochon-
drial ROS generation, which could be modulated by RSV treatment through inhibition of TRPM2 channel.

HYPX-induced SH-SY5Y neuronal death was diminished by the RSV and 2-APB treat-
ments. Accumulating evidences suggest that HYPX induced death and apoptosis is mainly through the
increase of TRPM2 activation in the neurons such as DBTRG glioblastoma and hippocampus'®?*. However, there
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Figure 3. Hypoxia (HYPX)-induced the TRPM2 current densities (pA/pF) in the SH-SY5Y cells but not in the
HEK293 cells were reduced by the resveratrol (RSV) treatment. (mean & SD and n =4-6). The TRPM2 currents
in the SH-SY5Y cells were induced by intracellular ADPR (1 mM in the patch-pipette), but they were blocked
by extracellular ACA (25pM) in the patch-chamber. W.C. is abbreviation of whole cell record configuration.

(a) Ctr (without ADPR stimulation): Original recordings from Ctr neuron. (b) ADPR group of control neuron
(with ADPR stimulation). (¢) HYPOX group. (d) RSV group. (e) RSV +HYPX group. The Fig. (f) was currents
densities of a, b, ¢, d and e patch clamp records. (g) ADPR group of control HEK293 (with ADPR stimulation).
(h) HYPOX group of HEK293 cells. The Fig. (i) was currents densities of g and h patch clamp records.

(*p <0.001 versus control (Ctr). °p <0.001 versus Ctr+ADPR groups. °p < 0.001 versus Ctr+-ADPR + ACA
group. 4p <0.001 versus HYPX + ADPR group. °p < 0.001 versus HYPX + ADPR + ACA group).
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Figure 4. Resveratrol (RSV and 50 pM) and TRPM2 channel blocker (ACA and 25 M) modulated
hypoxia (HYPX)-induced cell viability (MTT), apoptosis, caspase -3, caspase -9, mitochondrial membrane
depolarisation (JC-1) and cytosolic ROS generation (DCFH-DA) levels in the SH-SY5Y neuronal cells
(mean + SD and n = 3). The cell viability and apoptosis levels were analyzed in the spectrophotometer by
using the MTT and commercial kit, respectively. However, caspase -3, caspase -9, mitochondrial membrane
depolarization and cytosolic ROS generation in the SH-SY5Y neuronal cells were assayed in the microplate
reader by using caspase -3 substrate (AC-DEVD-AMC), caspase -9 substrate (ACDEVD-AMC), JC-1 and
DCFH-DA stains, respectively. (“p < 0.001 versus control (Ctr) and RSV groups. “p < 0.001 versus HYPX
group).

is no report on the neurotoxicity and neuronal death in the CoCl,-treated SH-SY5Y neurons. After observing
the increase in cytosolic and mitochondrial ROS through TRPM2 activation in the SH-SY5Y neuronal cells, we
suspected whether cell number and cell death was changed in the neuronal cells. The percentage of dead cells was
markedly (p <0.001) higher in the HYPX group than in the control and RSV groups (Fig. 6a,b), although cell
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Figure 5. Effect of resveratrol (RSV and 50 pM) and 2-APB (100 uM) on the mitochondrial membrane
depolarization (JC-1), cytosolic (DHR123 and DCFH-DA) and mitochondria (MitoROS) ROS generation levels
in the hypoxia (HYPX)-induced SH-SY5Y cells. Mean = SD of fluorescence in 15 mm? of the cells as arbitrary
unit are presented; n =20 independent experiments. The SH-SY5Y neuronal cells were stimulated by H,O,

(I mM for 10 min), but they were inhibited by 2-APB (100 uM for 10 min). The samples were analyzed by the
LSC microscopy fitted with a 40 x oil objective. The scale bar was 5 pm. Representative images and column of
fluorescence intensities of the JC-1+ DHR123 (Fig. 5a,b) and DCFH-DA + MitoROS (Fig. 5¢,d) on the TRPM2
activation in the LSC microscope analyses are shown in Fig. 5a—d, respectively. (*®p <0.001 versus control (Ctr)
and RSV groups. °p <0.001 versus HYPX group. p <0.001 versus RSV + HYPX group).

number was decreased in the group (Fig. 6¢). However, RSV and 2-APB induced cell protective actions against
the cell death and the percentage of dead cells was lower in the HYPX 4+ RSV and HYPX + 2-APB groups as
compared the HYPX group, although cell number counts were increased in the groups by the RSV and 2-APB
treatment (p <0.001).

HYPX-induced fluorescence intensity of free zincion (Zn2*) in the SH-SY5Y neuronal cells was
diminished by the RSV and 2-APB treatments. Accumulating evidence indicated that an increase of
intracellular free Zn*" concentration induces excessive ROS generation?”?8. After the finding observable increase
in the intracellular ROS generation in the SH-SY5Y cells, we suspected increase of the intracellular free Zn**
concentration. Hence, we decided to measure intracellular free Zn>" concentration in the LSC microscope by
using a fluorescent dye (FluoZin3). The fluorescence intensity of FluoZin3 in the HYPX group was increased as
compared to the control and RSV groups (p <0.001) (Fig. 7a,b). However, its fluorescence intensity was decreased
in the RSV + HYPX and 2-APB + HYPX groups by the RSV and 2-APB treatments (p <0.001). TPEN is an inhib-
itor of the intracellular free Zn?>* concentration?’. After TPEN treatment (100 nM) as a selective Zn** chelator,
almost fully protected HYPX-induced oxidative neurotoxicity, indicating a vital role of a rising intracellular free
Zn*" concentration in HYPX-induced neurotoxicity (Fig. 7a,b). These imaging results confirmed the protective
role of RSV on the HYPX-induced free Zn*" accumulation in the SH-SY5Y cells.
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Figure 6. Resveratrol (RSV and 50 M) and 2-APB (100 upM) protected hypoxia (CoCl, and 50 uM)-induced
cell death and cell number changes in the SH-SY5Y cells. (mean & SD). (a) Each panel consists of PI (red) and
Hoechst (blue)-staining, and bride field (black-white) images are showing dead and live cells. The scale bar is
50-20 um. (b) Summary of the mean percentage of PT and Hoechst-positive cells under the indicated conditions
from 6 independent experiments, with each experiment examining 20-25 cells for each condition. (c) Mean
numbers of the cell count (n =6). (*p < 0.001 versus control (Ctr) and RSV groups. °p <0.001 versus HYPX
group. °p < 0.001 versus RSV +HYPX group).

HYPX-induced PARP-1 expression, TRPM2 mRNA and cytokine levels were diminished in the
SH-SY5Y neuronal cells by the RSV treatment. TRPM2 channel is activated by increasing PARP-1
activation’*?. In addition, TRPM2 channel expression and cytokine generation levels are increased by the HYPX.
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Figure 7. Resveratrol (RSV and 50 pM) and 2-APB (100 uM) protected hypoxia (CoCl, and 50 pM)-

induced increase of intracellular free Zn?* concentration and PARP-1 expression level in the SH-SY5Y cells.
(mean = SD). (a) Each panel consists of FluoZn3 and TPEN-staining images are showing presence and absence
of intracellular free Zn?*, respectively. The scale bar is 5pm. (b) Summary of the mean percentage of FluoZn3
and TPEN-positive cells under the indicated conditions from 6 independent experiments, with each experiment
examining 20-25 cells for each condition. (c) PARP-1 expression level. (*p <0.001 versus control (Ctr) and RSV
groups. ®p < 0.001 versus HYPX group. °p < 0.001 versus RSV + HYPX group).

After observing increase of Ca*" influx via activation of the TRPM2 channel in the cells, we suspected increased
expression levels of PARP-1 and TRPM2, and generations of IL-13 and TNF-« in the cells. The PARP-1 expression
level is shown in the Fig. 7c and Supplementary Fig. 1, although TRPM2 mRNA expression, IL-13 and TNF-«
release levels are shown in the Supplementary Fig. 2. Accumulating evidence indicates that SH-SY5Y cell has a
PARP-1 activation?®*?. The PARP-1 expression, TRPM2 mRNA expression, IL-13 and TNF-« release levels were
higher in the SH-SY5Y as compared to the control and RSV (p <0.001). The PARP-1 and TRPM2 mRNA results
confirmed increased TRPM2 channel activation results in the SH-SY5Y cells by HYPX. However, the TRPM2
mRNA level, PARP-1, IL-13 and TNF-« activities in the cells were lower in the RSV + HYPX group than in the
HYPX group (p <0.001). the PARP-1 activity in the cells was further decreased by the 2-APB treatment and its
expression level were lower in the 2-APB + HYPX than in HYPX and RSV + HYPX groups. The results confirmed
inflammatory property of HYPX via activation of PARP-1 and TRPM2 activation in the SH-SY5Y cells.

Lipid peroxidation (MDA), rGSH level and GPx results. MDA, rGSH concentration and GPx activity
results are shown in Table 1. The rGSH concentration and GPx activity were lower in the HYPX group than in the
control and RSV groups, although the MDA concentration was high in the HYPX group (p <0.001). However,
the GPx activity and rGSH concentration were increased in the HYPX + RSV and HYPX + ACA groups by the
RSV and ACA treatments, although MDA concentration was decreased in the groups (p <0.001). These results
clearly indicated that HYPX induced increase of MDA concentration is reduced in the SH-SY5Y neuronal cells
by RSV and ACA treatments through upregulation of rGSH level and GPx activity.

Discussion

There are currently no effective protective agents against the injury action of HYPX. Recently, RSV as a natural
product has attracted attention as a potential therapeutic agent based on its potential antioxidant or anti-apoptotic
effects®. In the present study, we found that RSV incubation ameliorated HYPX-induced deleterious effects via
modulating the intracellular Ca’* hemostasis, inflammation, cell death, cell viability and apoptosis pathways, as

SCIENTIFIC REPORTS |

(2020) 10:6449 | https://doi.org/10.1038/s41598-020-63577-5


https://doi.org/10.1038/s41598-020-63577-5

www.nature.com/scientificreports/

Values Control RSV HYPX RSV +HYPX ACA +HYPX
MDA (jumol/ g protein) 22.90+£2.75 |21.80+1.90 |252042.03*% |20.0041.04™ 17.40£0.58""
rGSH (umol/ g protein) 10.90+030 |12.20+1.36 | 8.300.48* 10.90£0.45 12.00£0.49""
GPx (IU/ g protein) 17.40+0.47 | 18.10£2.12 | 12.00£0.50* 18.40+£0.49" 23.2042.03"

Table 1. Effect of HYPX (CoCl, and 50 uM), resveratrol (50 pM) and ACA (25pM) on lipid peroxidation
(MDA), reduced glutathione (rGSH) level and glutathione peroxidase (GPx) activity in the SH-SY5Y neuronal
cells (mean £ SD and n =6). "p < 0.001 versus control and RSV groups. “p <0.001 versus HYPX group. The
data were analyzed by Students t test.

well as down-regulating the PARP-1 expression level, mitochondrial and cytosolic oxidative stress pathways. The
major findings of the study are that TRPM2 channels are activated in the SH-SY5Y (in the presence of functional
expression of TRPM2) cells but not in HEK293 (in the absence of functional expression of TRPM2) cells by
HYPX and its sensitivity enhance to ROS. However, RSV modulated TRPM2 activation through the upregulation
of rGSH concentration and GPx activity and down-regulation of intracellular and mitochondrial ROS generation
(Supplementary Fig. 3). Based on our results, we propose that the beneficial effects of RSV on the TRPM2 activa-
tion were based on promoting rGSH concentration and GPx activity and reducing mitochondrial and cytosolic
oxidative stress, and restoring PARP-1 expression in the SH-SY5Y cells.

TRPM2 channel was first identified oxidative stress sensitive channel in the history of the TRP superfamily,
because it has an oxidative stress sensitive enzyme namely ADPR pyrophosphatase in the C-terminal NUDT9
homology domain®. ROS also induce activation of the TRPM2 channel via promoting ADPR generation cata-
lyzed by PARP-1 and PARG in the nucleus?*?. Consistent with the reports, we observed Ca*" influx through
the TRPM2 channel activation in the TRPM2 channel expressing SH-SY5Y neuronal cells but not in HEK293
(in the absence of TRPM2) cells by the H,0, and ADPR stimulations. Ischemia/reperfusion-induced ROS was
diminished via upregulation of antioxidant enzymes, but down-regulation of TRPM2 channel activity in car-
diomyocytes of mice®!. TRPM2 is activated in DRG and hippocampus of rats by depletion of rGSH and GPx,
although treatment with rGSH acted TRPM2 channel blocker action through inhibition of PARP-1 activity in the
neurons®>~*, In the present study, we observed modulation of the TRPM2 channel via inhibition excessive ROS
generation and increase of thiol redox cycle antioxidants (rGSH and GPx) in the HYPX-induced SH-SY5Y cell by
the RSV and TRPM2 channel blocker (ACA and 2-APB) treatments. Similarly, we recently observed a modulator
action of RSV on the TRPM2 channel activity in the DBTRG glioblastoma cells*.

In the current study, we observed increased levels of apoptosis, mitochondrial membrane depolarization and
ROS via stimulation of TRPM2 in the SH-SY5Y cells by HYPX induction, although the levels were decreased
in the cells by the RSV treatment. Mitochondria act major actions in neuron metabolism, energy homeosta-
sis, the oxidative stress, apoptosis and cell death®*. Regulation of mitochondrial Ca®* uptake could counter-
act HYPX-induced mitochondrial membrane depolarization suppression, stimulate recovery of mitochondrial
homeostasis, reduce neuron oxidative injury and apoptosis, and enhance tissue repair and regeneration in the
SH-SY5Y neuronal cells***’. The maintenance of mitochondrial membrane structure and physiological function
depends on efficient mitochondrial function, which is restricted under hypoxic conditions®®. It was reported
that RSV modulates mitochondrial biogenesis and attenuates mitochondrial dysfunction, apoptosis and cell
death in the rotenone-induced oxidative stress SH-SY5Y cellular Parkinson disease model***. In the present
literature data, there is no report on the protective action of RSV against TRPM2 activation in cells during the
HYPX. However, the results of our previous study indicated that RSV modulates mitochondrial biogenesis
and apoptosis in DBTRG neuroblastoma cells via upregulation of TRPM2 channel activation and ROS genera-
tion during HYPX?%. We found that RSV treatment of the SH-SY5Y neuronal cells subjected to CoCl,-induced
HYPX modulated the structural membrane depolarization integrity and enhanced biogenesis of mitochondria
and restored mitochondrial and cytosolic ROS generation functions via modulation of TRPM2. We examined
whether TRPM2 channel blockers (ACA and 2-APB) mediates the effects of HYPX and RSV on mitochondria,
since results of recent studies have shown that ROS generation and Ca?* influx via VGCC activation is important
for the mitochondrial response to stress and may be linked to neuronal apoptosis and death caused by HYPX>S.
Consistent with present findings, the mitochondria membrane depolarization, ROS generation, apoptosis and
cell via stimulation of [Ca®*]; increase and TRPM2 channel activation were upregulated in the SH-SY5Y cells but
not in the HEK293 cells exposed to HYPX; importantly, these were totally reversed by RSV and TRPM2 channel
blocker (ACA and 2-APB) treatments. We also found that PARP-1 activation in the cultured SH-SY5Y cells sub-
jected to HYPX was decreased by RSV treatment. These data indicate that RSV may preserve SH-SY5Y neuronal
function by modulating mitochondrial homeostasis via [Ca*"]; concentration and TRPM2 channel activation.

Accumulating evidence indicates that the injuring effects of HYPX are exerted at least in part by excessive
ROS and cytokine generation'®'**. We observed increased ROS, IL-13 and TNF-« generations and MDA lev-
els in the SH-SY5Y cells exposed to HYPX, which were diminished by RSV treatment. However, we observed
decrease of rGSH level and GPx activity in the SH-SY5Y cells exposed to HYPX, which were upregulated by the
RSV treatment. These data are agreement with previous results showing decreased oxidation of thiol redox system
members in the SH-SY5Y cells after RSV treatment, providing evidence for a protective effect of RSV through
upregulation of rGSH and GPx in diminishing neuronal oxidative stress and inflammation during HYPX>?,
The observed decreases in ROS and MDA upon exposure of HYPX may therefore be due to the increase repair
of respiratory chain enzyme complex activity through upregulation of rGSH and GPx redox system in the mito-
chondria of SH-SY5Y cells. Consistent with these findings, treatment of RSV diminished mitochondrial ROS and
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MDA through upregulation of rGSH and GPx in the brain of neonatal rats with hypoxic-ischemic encephalopa-
thy*' and the HYPX/reoxygenation-induced H9c2 cardiomyocyte cell line*2.

Neuronal apoptosis through activations of caspase —3 and —9 have been implicated in HYPX-induced
TRPM2 channel activations®. The present study confirmed that oxidative neurodegeneration-induced death in
the SH-SY5Y cells was increased by HYPX induction. RSV treatment increased the levels of cell viability (MTT)
and protected neuronal cell count. Consistent with these observations, several studies have found that antioxi-
dants such as curcumin neuroprotective actions through inhibition of TRPM2 channel and caspase activations
against apoptosis and neuronal cell death under hypoxic conditions*®*:. In the results of a recent study, RSV
was shown to improve oxygen glucose deprivation-induced ischemic stroke via modulation mitochondrial dys-
function in the SSY5Y cells**. Consistent with the literature results, we observed modulator role of RSV on the
apoptosis and neuronal cell death via inhibition of caspase —3 and —9 activities in the SH-SY5Y neuronal cells.

Zn** as a component of some antioxidant enzymes contributes to reducing excessive ROS generation in sev-
eral cells and neurons®. Free Zn?>" has apoptosis and oxidant actions via accumulation in the mitochondria for
neurons?. Hence, intracellular free Zn?* depletion causes decrease in mitochondria ROS generation, caspase
activities and [Ca®"]; concentrations via increase of rGSH and GPx antioxidant levels in the renal collecting duct
cells®. It is well known that grape products contain rich amount of RSV and hepatoprotective effect of grape
seed oil against carbon tetrachloride-induced oxidative stress, Zn?* accumulation, rGSH depletion, apoptosis,
caspase-3 activation in radiation exposed rats were recently reported*. In the current study, we indicated that
HYPOX-induced intracellular free Zn>* and Ca*" increases resulted in increases of mitochondrial membrane
depolarization which is associated with an increase in the excessive Ca?* influx and mitochondria ROS. We
observed that the intracellular free Zn** increase in the SH-SY5Y cells was diminished by the RESV and 2-APB
treatments. Hence, the treatments lead to decrease of ROS-mediated caspase, mitochondrial dysfunction and
TRPM2 activation resulting in a decrease of apoptosis and cell death.

In summary, the present study provides the first evidence that RSV treatment in the TRPM2 channel express-
ing SH-SY5Y neuronal cells but not HEK293 cells can ameliorate the mitochondria oxidative stress, caspase —3,
caspase —9, apoptosis and cell death induced by HYPX by improving TRPM2 channel activation, decreasing
mitochondrial oxidative stress, and protecting rGSH and GPx thiol redox system. RSV treatment also dimin-
ished cell death and cell count by reducing the ROS generation in the SH-SY5Y neuronal cells (Supplementary
Fig. 3). These effects resulted from an increase in the restoration of mitochondrial function via modulation of
TRPM2 channel and calcium signaling. The current findings suggest a new treatment target via for preventing
HYPX-induced neurodegeneration, TRPM2 channel activation and oxidative injury.

Materials and methods

Cell culture. In the current study, we used SH-SY5Y neuronal and HEK293 kidney cell lines and they were
originally purchased from Ankara Sap Institute, Ministry of Food, Agriculture and Livestock, Republic of Turkey.
The cells were cultured in a medium consisting of DMEM medium mixture as described in previous studies'>**.
The cells were kept in a humidified atmosphere in 5% CO, at 37 °C (NB-203QS, N-BIOTEK, Genbiotek Biosistem
Inc., Buyukcekmece, Istanbul, Turkey). After counting the cell in an automatic cell counter (Casy Modell TT,
Roche, Germany), they were seeded in 4 flasks at a density of 1 x 10° cells per flask with filter cap.

Groups. Naturel presence of TRPM2 channel in SH-SY5Y but not in the HEK293 cells were indicated by the
expression studies?®*”*%. The SH-SY5Y cells as neuronal disease models have been used in several studies'>***,
Hence, the SH-SY5Y cells were preferred on the investigation of the channels in the present study, although the
HEK?293 cells were used absence of TRPM2 channel (negative control) in the current study. The SH-SY5Y and
HEK293 cells were divided into four main groups as follows;

Control group.  The cells were kept in under the same cell culture medium and conditions for 48 hours without
TRPM2 channel blockers (ACA and 2-APB), RSV and CoCl, treatments.

RSV group.  After keeping 24 hours in the cell same culture condition without treatment, the cells in the group

were pre-incubated with RSV (50 uM) for 24 hours as described in a previous study?*,

Hypoxia (HYPX) group.  After keeping 24 hours in the cell same culture condition, the cells were incubated with
CoCl, (200 uM) for 24 hours as described in previous studies!”?>24,

HYPX +RSV group.  After pre-incubation with RSV (50 pM) for 24 hours, the cells in the group were incubated
with CoCl, (200 uM) for a further period of 24 hours.

The RSV, ACA, 2-APB, and ADPR were purchased from Santa Cruz Inc, (Istanbul, Turkey) and their stock
solutions were prepared in dimethyl sulfoxide. After diluting in extracellular solution, and the pH adjustments of
the ACA, 2-APB, ADPR and hydrogen peroxide (H,0,), they were freshly incubated with the cells.

Measurement of intracellular Ca?* fluorescence intensity through TRPM2 potentiation in
the SH-SY5Y neurons in LSC microscope. We investigated RSV-induced TRPM2 potentiation in the
SH-SY5Y neurons and HEK293 cells by LSC microscope (LSM800, Zeiss, Ankara, Turkey) analyses as described
in previous studies*>*. The cells were seeded 35 mm glass bottom dishes (Mattek Corporation Inc., Ashland,
MA, USA) before the analyses. Intracellular changes in the Ca*" fluorescence intensity in the SH-SY5Y neurons
were monitored by using 1 uM fluorescent dye (Fluo-8, Calbiochem, Darmstadt, Germany). The Fluo-8 is a single
wavelength excitation and emission dye that excited by a 488 nm argon laser from the confocal microscope (LSM
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800). The cells were treated with 2-APB (100 uM) to inhibit Ca®" entry before stimulation of TRPM2 (H,0, and
1 mM). The neurons were analyzed at 515 nm by the LSC microscopy fitted with a 40x oil objective by using ZEN
program. The results of Fluo-8 were expressed as the mean fluorescence intensity as arbitrary units per cell.

Electrophysiology. For taking whole-cell (W.C) configuration of patch-clamp records at room tempera-
ture (21 £1°C), we used voltage clamp recording in the SH-SY5Y and HEK293 cells (EPC10 patch-clamp set,
HEKA, Lamprecht, Germany). Except calcium concentration in the intracellular solution, we used standard
extracellular bath and pipette solutions as described in previous studies''>?, Activation of TRPM2 channel in
the presence of high intracellular Ca*" concentration was reported®’. Hence, we used 1M intracellular Ca®*
concentration instead of physiologic intracellular Ca** concentration (50-100 nM). For calculation of intracellu-
lar Ca*" concentration in the intracellular and extracellular solutions, we used the MAXC-program (http://www.
stanford.edu/,cpatton/maxc.html) as described in a previous study”. For obtaining Na* free solution, we used
N-methyl-D-glucamine (NMDG) instead of Na™. Titration of the NMDG solution was performed with HCI.
Minus 60 mV in the cells was used as holding potential of the voltage clamp patch-clap analyses. Voltage clamp
technique was used in the analyses and current-voltage (I-V) relationships were obtained from voltage ramps
from —150 to +150 mV applied over 200 milliseconds. In the patch-clamp experiments, the TRPM2 channel
was intracellularly (via intracellular solution of patch pipette) gated by ADPR (1 mM), and the channels were
extracellularly blocked by ACA (25uM). The maximal current amplitude (pA) in a SH-SY5Y or a HEK293 cell
was divided by the cell capacitance (pF), a measure of the cell surface. Results of current density were expressed
as pA/pF in the patch-clamp analyses.

Microplate reader assay of cell viability (MTT). Viability assays were performed by measuring mito-
chondrial reductase activity with MTT [3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyltetrazolium bromide]
(Sigma-Aldrich, Istanbul, Turkey) as described in previous studies***>*. Cells from the four groups were incubated
in MTT solution (0.5 mg/ml) for 15min and the media were removed. The resulting formazan crystals were dis-
solved in dimethyl sulfoxide (100 ul/well). Absorbance in a microplate reader (Infinite pro200; Tecan Inc, Groedig,
Austria) was read at 550 nm. The data are presented as percentage (%)-increase over the pretreatment level.

Microplate reader assay of apoptosis, caspase 3 and 9 activities. For detecting the apoptosis level,
we used a commercial kit (Biocolor Ltd., Northern Ireland) and the analyses were performed in a spectrophotom-
eter (UV-1800, Shimadzu, Kyoto, Japan). Details of the apoptosis analyses were given in instructions of Biocolor
Ltd. and elsewhere*>*.

To determine caspase-3 and —9 activity, the neurons in the control and treated with ACA groups were incu-
bated with 2 ml of substrate solution for 1h at 37°C as previously described**°. For assay of caspase-3 and
—9 activities, cleavages of fluorogenic substrates (AC-DEVD-AMC for caspase —3 and ACDEVD-AMC for
caspase-9) (Bachem, Bubendorf, Switzerland) were used. The substrate cleavages were measured with the auto-
matic microplate reader (Infinite pro200) with excitation wavelength of 360 nm and emission at 460 nm. After
calculation of fluorescence units/mg protein, the data were presented as % of control.

Measurement of intracellular reactive oxygen species (ROS) formation in the microplate reader
and LSC microscope. 2/,7’-Dichlorofluorescin Diacetate (DCFH-DA) is an oxidation-sensitive stain. It is a
non-fluorescent compound, but it is converted to fluorescent form in the cytosol of cell, when it was taken up into
cells. ROS formation was monitored using the microplate plate reader (Infinite pro200) described previously**2.
Briefly, the cells (1 x 10°) were incubated with 10pM DCFH-DA at 37 °C for 30 min. The fluorescence increase,
which is due to the hydrolysis of DCFH-DA to DCF by nonspecific cellular esterase and its subsequent oxidation
by peroxides, was measured at 488 nm (excitation)/525nm (emission) by the microplate plate reader (Infinite
pro200).

Another oxidation-sensitive non fluorescent dye is dihydrorhodamine- 123 (DHR123). It is also a
non-fluorescent compound, but the DHR123 is converted to fluorescent from (Rh123) in the cytosol of cell, when
it was taken up into cells. The ROS formations via Rh123 and DCF were also imaged using the LSC microscopee
(LSM800) as described previously**. Briefly, the neuronal cells (1 x 10°) were seeded in the glass bottom dishes
and then they were incubated with 10 M DHR123 at 37 °C for 30 min. Rh123 as a fluorescent form of DHR123
was excited with an Argon laser at 488 nm. Fluorescence intensity of each cells was monitored in the LSC micro-
scope equipped with 40 x oil objectives. The data are presented as arbitrary unit.

Measurement of mitochondrial membrane potential (A ¥m) formation in the microplate
reader and LSC microscope. 5,5,6,6'-Tetrachloro-1,1’,3,3'-tetraethylbenzimidazolylcarbocyanine iodide
(JC-1, Molecular Probes, Eugene, OR, USA) accumulates in mitochondria according to A¥m level and is present
either as monomer or reversible J-aggregate”. Details of the A¥m formation analyses were given in previous
studies. Briefly, the cells (1 x 10°) in the microplate reader and LSC microscope analyses were incubated with
5uM JC-1 at 37°C for 30 min.

In the microplate JC-1 analyses, the green (excitation; 485 nm and emission; 535nm) and red (excitation;
540 nm and emission; 590 nm) JC-1 signals were measured in the cell line as described in a previous study®.
Fluorescence changes were analyzed using the microplate reader (Infinite Pro200). The data are presented as the
fold-increase over the pretreatment level.

In the LSC microscope JC-1 analyses, the stain was excited with an Argon laser at 488 nm as described in pre-
vious studies**°. Fluorescence intensity of each cells was monitored in the LSC microscope equipped with 40 x
oil objectives. Images were acquired with ZEN program and analyzed using Image J/Imaris software. The data are
presented as arbitrary unit.
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Count of life cell number in the automatic cell counter and live (Hoechst)/ death (Pl) analyses in the
LSC microscope. As described in a previous study®, live cell number was counted in an automatic cell counter
(Casy Modell TT). However, live and death rate of neuronal cells in the LSC microscope (LSM800) were determined by
using Hoechst 33342 and propidium iodide (PI) staining, respectively. Briefly, the neuronal cells (1 x 10°) were seeded
into the glass bottom dishes and then they were incubated with PI (5ug/ml) and Hoechst 33342 (1 M) (Cell Signaling
Technology) at 37°C for 30 min. The viable and dead cells are distinguished by their fluorescent color under the LSC
microscope. PI passes cells via injured cell membranes of dead cells and interacts with nucleic acids, emitting red fluo-
rescence. However, Hoechst 33342 cannot achieve to nucleic acids and it indicates blue color in cytosol of the neuronal
cells. Images of bride field (black/white), blue and red cells were captured under the identical capture settings using the
LSC microscope. Image]/Imaris software was used for analysis of neurons stained with PI and Hoechst. The samples
were analyzed by the LSC microscopy fitted with a 20 x objective. Live and death cell counts were expressed as %.

Free Zn* assay by the LSC microscope. The SH-SY5Y neuronal cells were incubated with a 1 uM Zn>*
labeling fluorescent dye (RhodZin3-AM) with pluronic acid (0.1%) at 37 °C for 1 h. TPEN is a selective chelator
of intracellular Zn®* chelator and the cells were incubated with 100 nM TPEN at 37 °C for 1 h. The RhodZin3-AM
and TPEN were removed by washing with HBS. The neuron suspension was dropped on a glass slide and covered
with a rectangular coverslip. The images were captured using an inverted LSM800 LSC microscope with a x40
oil objective as described in a previous study*®. Image J software was used for analysis of fluorescent intensity. The
mean fluorescence intensity as an arbitrary unit /neuron was used for expression.

Western blotting. We used standard procedures for the Western blot analyses as described in previous stud-
ies®!. The frozen SH-SY5Y samples were homogenized in lysis buffer; the supernatant was removed and conserved
after centrifuge at 16,000 g, 20 min. Protein samples from the nerve samples were separated on SDS-PAGE gels
and transferred to PVDF membranes. The blot was blocked for 1h at room temperature with 5% nonfat dry milk in
tris-buffered saline with 0.1% Tween 20. The membranes were incubated overnight at 4°C with primary incubated
with primary and secondary antibodies. Details of the primary and secondary antibody were given in our study”'.
Finally, they were visualized using an enhanced chemiluminescence system (Syngene G:Box Gel Imagination
System, UK). Signal intensity was measured using ImageJ software for the analysis of PARP-1 expression levels. The
data were normalized against 3-actin protein. The data are presented as relative density over the pretreatment level.

Assay of lipid peroxidation (MDA), reduced glutathione (rGSH) level and glutathione peroxi-
dase (GPx) activity. The MDA and rGSH levels in SH-SY5Y neuronal cells (10° cells in per ml) were spectro-
photometrically (UV-1800, Shimadzu, Kyoto, Japan) measured at 532 and 412 nm by using the methods of Placer
et al.>? and Sedlak and Lindsay® as described in a previous study, respectively?.. The rGSH level was expressed
as pg/g protein For measuring GPx activity, a spectrophotometric method of Lawrence and Burk® was used in
the cells as described in previous studies®. The results of GPx was expressed as international unit (IU) of rGSH
oxidized/min/g protein. The total protein in the supernatant was spectrophotometrically (Shimadzu UV-1800)
assessed using Bradford reagent at 595 nm.

Cytokine assays. The activities of IL-13 and TNF-« were assayed in the SH-SY5Y by using commercial the
ELISA. The analyses were performed according to the manufacturer’s protocols (R&D Systems, Istanbul, Turkey)
as described in a previous study?%. Each cytokine sample was assayed in duplicates and the mean cytokine activity
was calculated. The activities of IL-103 and TNF-« were indicated as ng/10° cells.

Quantitative real-time PCR. Total RNA was extracted from the frozen SH-SY5Y cells using a one-step
method according to the instructions for TRIzol reagent (Invitrogen, USA). cDNA was then synthesized using
reverse transcription in accordance with the kit instructions (Qiagen). The cell primer sequences were as fol-
lows: forward 5'-GAA GGA AAG AGG GGG TGT G-3’-19bp product, reverse 5’ CAT TGG TGA TGG CGT
TGT AG-3’-20bp product). The TRPM2 mRNA expression level was performed in a RT-PCR (StepOnePlus, AB
Applied Biosystem, Ankara, Turkey). RT-PCR amplification of cDNA was performed using a Quantitect SYBR
Green RT-PCR Kit (Roche, USA). Relative gene expression was calculated using the 2-24¢T method.

Statistical analyses. All data were indicated as means + standard deviation (SD). To assess the differences
between treatment groups for each treatment, we used the one-way ANOVA. We used a post hoc test only when
an ANOVA gave a statistically significant difference. We performed a Kruskal-Wallis in all data except Table 1 of
the current study. We used a Student’s t test when comparing two groups (in the Table 1). The p <0.05 value was
accepted statistically significant.

Compliance with Ethical Standards. This article does not contain any studies with human and partici-
pants performed by any of the authors.

Data availability

All methods in the manuscript were performed in accordance with the relevant guidelines and regulations of
Suleyman Demirel University (Isparta, Turkey) by including a statement in the methods section to this effect.
The dataset and analyses were generated in the BSN Health, Analyses, Innovation, Consultancy, Organization,
Agriculture, Industry and Trade Limited Company, Goller Bolgesi Teknokenti, Isparta, Turkey and are available
from the corresponding authors on reasonable request. Graphics and supplementary Fig. 3 in the manuscript
were prepared by the corresponding author (Prof. Dr. Mustafa Naziroglu).
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