











Resveratrol decreases hypoxia-induced TRPA1 activation in RPE

Figure 1 Changes in cell viability, number of viable cells, and debris caused by hypoxia (HPO) were modulated by resveratrol (RSV) The

cell viability percentage (A), the number of viable cell (B), and the number of debris (C) were detected in the groups of control (CNT),

RSV (50 umol/L for 24h), HPO (200 umol/L CoCl, for 24h), and HPO+RSV (*P<0.05 vs CNT and RSV; °P<0.05 vs HPO). Data are presented as

meanzstandard deviation, n=3. CoCl,: Cobalt chloride.

Figure 2 Treatments with RSV prevented HPO-induced increases in caspases and apoptosis through the inhibition of TRPA1 in ARPE19 In the

CNT, RSV (50 pmol/L for 24h), HPO (200 pmol/L CoCl, for 24h), and their combinations (HPO+RSV), the percentages of apoptosis (A), caspase 3 (B), caspase

8 (C), and caspase 9 (D) were carried out. The analysis was repeated on cells in the four groups after 30min TRPA1 activation (0.1 mmol/L CNM) and 30min
inhibition (20 pmol/L AP18). °P<0.05 vs CNT; °P<0.05 vs CNT+CNM; °P<0.05 vs RSV, RSV+CNM, and RSV+CNM+AP18; °P<0.05 vs HPO; °P<0.05 vs
HPO+CNM:; 'P<0.05 vs HPO+CNM+AP18; £P<0.05 vs HPO+RSV; "P<0.05 vs HPO+RSV+CNM. Data are presented as meantstandard deviation, n=3.
RSV: Resveratrol; HPO: Hypoxia; CNT: Control; CoCl,: Cobalt chloride; TRPA1: Transient receptor potential ankyrin 1; CNM: Cinnamaldehyde;
AP18: TRPA1 antagonist; ARPE19: Human retinal pigment epithelial cell 19.

GSH (ThiolTracker; Figure 6C) photos, the HPO exhibited a
greater concentrations of [Zn'], than the CNT and RSV, but a
lower (P<0.05) GSH fluorescence concentration (Figure 6D),
GPx activity and GSH levels (Table 1). The green images
of HPO+RSV and HPO+AP18 indicated lower [Zn"']; (Figure
6B) but higher GSH levels than the HPO alone (Figure 6D).
Based on current GSH and GPx data, TRPAT1 activation is
responsible for the HPO-induced reduction in GSH and GPx.
The GSH and GPx reductions induced by HPO were prevented
by the RSV and TRPA1 inhibitor (AP18) treatments.
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HPO Increased [Ca*’]; Concentration Though the TRPA1
Stimulation The HPO showed greater changes in [Ca”]; amount
in the green (Fluo-3 AM) images (Figure 7A) in comparison
to the CNT and RSV (P<0.05). The HPO+CNM had a higher
[Ca’], concentration than in the CNT+CNM (P<0.05),
while the TRPA1 agonist (CNM) in the CNT and HPO
induced the greatest amount of [Ca*"]; in the cells (Figure
7B). The fluorescence intensity of [Ca’'], was diminished
in the CNT+AP18 and HPO+AP18 groups as compared to
CNT and HPO (P<0.05). When comparing the HPO+RSV
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Figure 3 The count of death Pl-positive ARPE19 cells was increased by the HPO (200 pmol/L CoCl, for 24h) while it was decreased by the RSV

(50 umol/L for 24h) A: Red (PI), blue (Hoechst), merge, and 2.5D images were taken using an LSM800 laser scan confocal microscope with a

20 (0.8)x objective. Scale bar: 20 um. B: The percentages of Pl-positive cells. °P<0.05 vs CNT and RSV; °P<0.05 vs HPO. Data are presented as

meanzstandard deviation, n=8. Pl: Propidium iodide; ARPE19: Human retinal pigment epithelial cell 19; HPO: Hypoxia; CoCl,: Cobalt chloride;

RSV: Resveratrol; CNT: Control; AP18: TRPA1 antagonist.
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Figure 4 RSV (50 umol/L for 24h) reduced HPO (200 pmol/L CoCl, for 24h)-induced increases in mitochondrial membrane dysfunction

(miMDys) in ARPE19 A: A fluorescent CCD (Axiocam 702 microscopy) camera (Carl Zeiss) attached with a 20 (0.8)x objective was used to capture

the images of red (MitoTracker), orange (JC1), BF (black/white), merge, and 2.5D. Scale bar: 10 um. B: The percentages of miMDys (JC1). °P<0.05

vs CNT and RSV; °P<0.05 vs HPO. Data are presented as meanzstandard deviation, n=8. RSV: Resveratrol; HPO: Hypoxia; CoCl,: Cobalt chloride;

ARPE19: Human retinal pigment epithelial cell 19; CCD: Charge-coupled device; BF: Bright field; CNT: Control; AP18: TRPA1 antagonist.

to the HPO alone, the effects were less noticeable (P<0.05).
Responses from HPO+RSV and HPO+RSV+CNM were
similar to the CNT values, and there were no changes in
[Ca’"], concentrations in the cells after the CNM stimulation.
Therefore, we observed that the TRPA1-mediated elevation
of [Ca®"]; was enhanced in ARPE19 by the HPO induction,

although the elevations were diminished by the treatment of
RSV and TRPAI antagonist (AP18).

DISCUSSION

The development of aberrant neovascularization is largely
influenced by retinal HPO. This makes it the primary cause of

.. . . . 1-2 2
vision loss in neovascular retinal diseases' ™. [Ca™"]; overload
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Figure 5 HPO (200 umol/L CoCl, for 24h)-induced increases mOFR and cOFR were decreased in ARPE19 by the RSV (50 umol/L for 24h)
treatment A: The images of red MitoSOX (mOFR), green DCF (cOFR), merged, and 2.5D were taken in the LSM800 laser scanning confocal
microscope attached with a 20x objective. Scale bar: 10 pm. B, C: The percentages of MitoSOX and DCF. *P<0.05 vs CNT and RSV; °P<0.05 vs
HPO. Data are presented as meantstandard deviation, n=8. HPO: Hypoxia; CoCl,: Cobalt chloride; mOFR: Mitochondrial oxygen free radical;
cOFR: Cytosolic oxygen free radical; RSV: Resveratrol; ARPE19: Human retinal pigment epithelial cell 19; DCF: Dichlorofluorescein; CNT: Control;
AP18: TRPA1 antagonist.

Table 1 RSV treatment enhanced the HPO-induced decreases in GSH levels and GPx activity through the reduction of LPO concentrations in
ARPE19 cells

Parameters CNT RSV HPO HPO+RSV

GPx (IU/g protein) 20.90+0.83 21.80+1.83 15.60+0.69° 20.00+2.38°
GSH (umol/L/g protein) 14.41+1.20 14.53+0.48 8.61+0.41° 12.43+0.83*°
LPO (umol/L/g protein) 20.18+1.82 18.65+1.99 29.43+1.94° 24.63+1.27°"

°P<0.05 vs CNT and RSV; °P<0.05 vs HPO. RSV treatments (50 umol/L for 24h) enhanced HPO (200 pmol/L CoCl, for 24h)-induced decreases
in diminished GPx activity and GSH levels through the reduction of LPO concentrations in ARPE19 (meantstandard deviation and n=4).
CNT: Control; RSV: Resveratrol; HPO: Hypoxia; CoCl,: Cobalt chloride; GPx: Glutathione peroxidase; GSH: Reduced glutathione; LPO: Lipid
peroxidation; ARPE19: Human retinal pigment epithelial cell 19.

is one of the processes by which HPO causes retinal oxidative
stress, apoptosis and death”’. Retinal death and apoptosis are
caused by the permeability transition pores opening and the
depolarization of the inner membrane of mitochondria as a
result of an increase in [Ca*"]**. Therefore, new techniques to
prevent and reduce excessive accumulation of the [Ca”"], during
HPO are desperately needed to cure retinal degeneration. RSV
therapy produced a protective effect on oxidative degeneration
and apoptosis in neurons via the regulation of the TRP
channels such as TRPM2 and TRPV4"”**), There is no report
on the protective action of RSV and TRPA1 on apoptosis and
mitochondrial oxidative stress in the HPO of ARPE19 cells.
We first investigated the involvement of TRPAT1 in the hypoxic
damage of ARPE19 cells using measurements of apoptosis,
cell death, miMDy, and mOFR. Second, the modulator action
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of RSV on oxidative degeneration and apoptosis levels was
investigated using TRPA1 inhibition.

Based on current data, we found that HPO increased oxidants
(mOFR, cOFR, LPO, miMDys), cell death, debris number,
apoptosis, and caspases (CASP/3, CASP/§, and CASP/9)
through an increase in TRPA1 stimulation-mediated [Ca™]; and
[Zn®"],, but diminished cell viability percentage, viable cell
number, GSH, and GPx in the ARPE19 cells. However, the
RSV therapy lessened the alterations. Using the TRPA1
blocker (AP18), the role of TRPA1 in the oxidant, cell death,
and apoptotic effects of HPO was further verified. However,
the RSV treatments altered the oxidant and apoptotic actions
of HPO via TRPA1 suppression in the ARPE19 cells.

The HPO-induced mOFR and cOFR oxidants directly gate
the TRPAI in retinal cells'*'®. The apoptotic action of CNM
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Figure 6 The intracellular free zinc ([Zn*'];) concentration increases were reduced by RSV (50 umol/L for 24h), while GSH decreases induced
by HPO (200 umol/L CoCl, for 24h) were increased The images of Fluozin3 AM ([Zn*'],) (A) and ThiolTracker Violet (GSH) (C) were recorded in
the LSM800 microscope. Scale bar: 10 um. Objective: 20x. The FluoZin3 (B) and ThiolTracker (D) expressions were presented using the control
percentage. °P<0.05 vs CNT and RSV; ®P<0.05 vs HPO. Data are presented as meantstandard deviation, n=8. RSV: Resveratrol; GSH: Glutathione;
HPO: Hypoxia; CoCl,: Cobalt chloride; CNT: Control; AP18: TRPA1 antagonist.
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Figure 7 Resveratrol (RSV) diminished the increase in [Ca®], in ARPE19 caused by hypoxia (HPO) TRPA1 channel in the stained (Fluo-3 AM)
cells were stimulated with CNM (0.1 mmol/L) for 60-90s and subsequently inhibited in the LSM800 microscope with 20 umol/L AP18 for
60-90s. A: The representative images of Fluo-3 AM of Control (CNT), RSV (50 umol/L for 24h), HPO (200 umol/L CoCl, for 24h), and HPO+RSV. B:
Following the RSV and CNM incubations, the mean fluorescence intensity changes of four groups as a percentage of control. Scale bar: 10 um.
?p<0.05 vs CNT; °p<0.05 vs CNT+CNM; °P<0.05 vs CNT+CNM+AP18; 4p<0.05 vs RSV, RSV+CNM, and RSV+CNM,AP18; °P<0.05 vs HPO; P<0.05 vs
HPO+CNM; #P<0.05 vs HPO+CNM+RSV). Data are presented as meantstandard deviation, n=6. ARPE19: Human retinal pigment epithelial cell
19; CNM: Cinnamaldehyde; AP18: TRPA1 antagonist.

treatment in hypoxic colorectal cancer cells was reported™*”. [Ca™]; in the rat hippocampus"” and glioblastoma cells"”*”,

Gating TRPA1 via CNM and OFRs induced an increase in  although its inhibition via AP18 decreased the [Ca®'],
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concentration in the cells. Consistent with the data, the HPO
induction-mediated increase in [Ca’"], in the ARPE19 cells
was further augmented through TRPA1 stimulation. However,
the Ca”" influxes were reduced in the cells by the TRPA1
blocker (AP18), indicating the involvement of TRPA1 in HPO-
caused Ca’’ influx. Accumulating data indicate that natural
components such as RSV and piperine play a major protective
role in HPO-induced retinal injury”"****. Involvements of
TRPM2 and TRPV4 in HPO-induced oxidative injury and
[Ca’]; accumulation in the neuronal cells were recently
reported” . A modulatory role of RSV on HPO-caused
increases in [Ca’'], concentration in the rat H9¢c2 heart cells
was reported more recently'®. In the current results, we found
that RSV modulates the activation of TRPA1 in the ARPE19
cells caused by HPO. Therefore, the TRPA1 and RSV findings
in the neural cells were validated by the data’>*>**,

Mitochondria act major functions in the generation of OFRs.
A growing number of studies suggest that the buildup of
Ca™ and Zn’" in mitochondria causes an excess of OFRs to

11,42

be generated, raising miMDys'"*?. By upregulating TRPA1
activation and miMDys levels in the tumor cells, HPO caused
excessive cOFR and mOFR generation'**”. However, RSV
treatment prevented these aberrant processes in the heart cells
and cardiomyocytes'**”. The current evidence indicates that
HPO induced the miMDys, cOFR, and mOFR processes in
the ARPE19 cells. However, the RSV treatment reduced the
cOFR, mOFR, and miMDys processes in the ARPE19 cells by
inhibiting TRPA1. It appears that increased OFR production
is caused by an increase in miMDys through an increase in
TRPA1-dependent Ca*" and Zn’* influx into mitochondria.
TRPALI activation, mOFR, and miMDys generation were
accelerated as a result of the process being expedited during HPO,
which also increased cOFR, LPO, and mOFR generation. This,
in turn, increased OFR generation, which in turn produced
a cycle of ARPE19 death. We believe that the TRPA1
modulating property of RSV blocks these aberrant activities.
ARPE19 cell death is intimately linked to HPO, and the
synthesis of OFR is a key factor in apoptosis of these cells
via [Ca™"], overload””. We found that exposing ARPE19 cells
to HPO reduced cell viability percentage and number by
suppressing the GPx activity and GSH levels. These results
are consistent with these observations'*”. The generations
of cOFR and mOFR may result from a pro- and anti-oxidant
redox system imbalance. After HPO induction, it was found
that the levels of cOFR in the Miiller cell diabetes model rose
due to the overexpression of TRPV4 channels and apoptosis,
along with the downregulation of GSH and GPx"*.

We demonstrated in HPO-induced ARPE19 cells that RSV
reduced the production of mOFR, cOFR, and LPO while

increasing GPx and GSH levels. By inhibiting the TRPA1
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Figure 8 Hypoxia (HPO) may influence oxidative degeneration and
apoptosis in human retinal pigment epithelial cells (ARPE19) by
stimulating transient receptor potential ankyrin 1 (TRPA1) channel
Ca” concentration in the ARPE19 increases when TRPA1 is stimulated
by HPO (cinnamaldehyde, CNM). Two mechanisms are triggered
by Ca”" accumulation in the mitochondria: 1) stimulation of active
caspase 3, 8, and 9, which causes apoptosis and retinal cell death;
2) a decrease in glutathione (GSH) concentration and glutathione
peroxidase (GPx) activity but an increase in and lipid peroxidation
(LPO) and oxygen free radicals (OFR). Treatment with resveratrol (RSV)
causes TRPA1 inhibition to reverse the HPO-mediated pathways.
AP18: TRPA1 antagonist.

and TRPM2!""'"”), RSV reversed early apoptosis and the loss
of mitochondrial depolarization caused by HPO, which was
a hallmark of OFRs-mediated miMDys!""”. Although RSV
incubation moderated the alterations, the TRPA1 agonist (HC-
030031) increased apoptosis and Ca’* overload in human
prostate cancer cells'*”. HPO and TRPA1 agonist (CNM)
downregulated cell viability and viable cell quantity, which
led to an increase in cell death (PI positive cell percentage)
and the primary apoptosis triggers and regulators (CASP/3,
CASP/8, and CASP/9)”", whereas RSV and TRPA1 antagonist
(AP18) reversed the increases. These results suggest that RSV
has strong TRPA1 inhibitory effects against HPO-induced
oxidative damage and ARPE19 cell death (Figure 8).

GSH and GPx are important components of the thiol redox
system™. TRPA1 has high content of cysteine residues
in its structure, making it the most vulnerable subgroup
of the TRP superfamily to excessive mOFR and cOFR
synthesis'"”. Therefore, cOFR and mOFR modify cysteine-free
sulfhydryl groups to activate TRPA 1", In this study, when
HPO stimulated the TRPA1 channel, GSH and GPx levels
decreased. However, GSH levels and GPx activity increased
when RSV therapy blocked the channel.
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In conclusion, our findings show that TRPA1 inhibition
successfully reduced the HPO-caused oxidative degeneration
and cell death responses in ARPE19 cells. Furthermore, the
RSV treatment prevented the HPO-induced elevations in
apoptotic mediators (CASP/3, CASP/8, and CASP/9), Zn**
influx, Ca’* overload, oxidants (LPO, miMDys, cOFR, and
mOFR), and cell death by lowering TRPA1 activity in the cells.
This was the first study to suggest that RSV treatment might
improve defenses against oxidative stress and ARPE19 cell
death caused by HPO, perhaps by blocking TRPA1 activity.
The present investigation offers a novel therapeutic approach
for preventing HPO-induced retinal oxidative damage by
inhibiting TRPA1 activity.
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