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Abstract

e AIM: To investigate the modulator action of resveratrol
(RSV) through the suppression of transient receptor
potential ankyrin 1 (TRPA1) on the hypoxia (HPO)-caused
oxidative degeneration and apoptosis in human retinal
pigment epithelial cells (ARPE19).

o METHODS: The control (CNT), RSV (50 pumol/L for 24h),
HPO (200 umol/L CoCl, for 24h), and HPO+RSV groups
were induced in the ARPE19. Apoptosis, caspases (caspases
3, 8, and 9), oxidants [lipid peroxidation, oxygen free radical
(OFR), and dysfunction of mitochondrial membrane],
antioxidants (glutathione and glutathione peroxidase),
Ca*, Zn** levels, live cell number and percentage were all
measured in the cells of four groups.

e RESULTS: The HPO increased Ca”* and Zn** fluorescence
intensity in the cells. It also upregulated the apoptosis,
caspases, and oxidant indicators while downregulating
the antioxidants, and the count of live cells. TRPAL agonist
(cinnamonaldehyde) further upregulated these indicators
(all P<0.05). When the HPO-induced increase in TRPAL
activation was treated with RSV and the TRPA1 antagonist
(AP18), cell viability and antioxidants rose while the
oxidant and apoptotic indicators decreased due to TRPAL
suppression (P<0.05).

o CONCLUSION: HPO exposure through TRPA1-mediated
Ca’* signaling, induces mitochondrial oxidative cell
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cytotoxicity and death, which may offer a treatment option
for HPO-induced retinal disorders linked to increased OFR
and Ca”" influx.
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INTRODUCTION

etinal hypoxia (HPO) plays a major role in the

development of dysfunctional neovascularization'”. In
neovascular retinal diseases such as retinal vein occlusion,
diabetic retinopathy, age-related macular degeneration, and
retinopathy of prematurity, it is therefore the primary cause
of visual loss''”. Inadequate management of this condition
could lead to blindness. The usefulness of growth factors of
anti-vascular endothelial medications in the modulation of
neovascular retinal diseases has been demonstrated in recent
years'”. However, even after receiving several injections,
some patients continue to experience drug resistance or
insufficient responses due to the abnormal production of
cytosolic oxygen free radicals (¢cOFR) and mitochondrial
oxygen free radicals (mOFR) in retinal cells””. Investigating
and developing novel anti-angiogenic therapies is therefore
imperative.
The substitution of cobalt chloride (CoCl,) for ferrous ions
in heme can harm heme proteins and DNA and impair their
capacity to sense oxygen'”. CoCl, has been widely used as a
retinal HPO induction in recent studies™ . It also increases the
generation of cOFR and mOFR in cells, which exacerbates

. The generation of mOFR and

retinal death and apoptosis
cOFR-caused overload Ca’* influx through the stimulation
of transient receptor potential (TRP) vanilloid 4 (TRPV4)
and TRP melastatin 2 (TRPM2), is strongly associated

with apoptosis and oxidative damage in the retina, heart,
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and neurons caused by CoCL""". HPO-induced increases
through TRP channel stimulation in intracellular free
Ca®™ ([Ca™],) and zinc ([Zn];) concentrations can target
mitochondrial accumulation, which in turn causes mOFR and
intracellular oxygen free radicals (1OFR), cell degeneration,
and apoptosis in the cells of human retinal pigment epithelial
cell 19 (ARPE19) and neurons”™. Furthermore, CoCl,-caused
dysfunction of mitochondrial membrane potential (miMDys)
has been shown to stimulate caspase 3 (CASP/3), caspase
8 (CASP/8), and caspase 9 (CASP/9) in ARPE19 cells for
inducing apoptosis""'""*.

TRP ankyrin 1 (TRPAI) is a member of TRP. TRPA1 is
stimulated by cinnamaldehyde (CNM)"*, while AP18 is an
antagonist of TRPA1"Y. There are cysteine-free sulfhydryl
groups in the cytoplasmic N terminus of TRPA1, and they are
the main targets for the OFRs"”. Hence, TRPA1 in a number
of cells, including retinal cells, has a strong sensitivity to the
mOFR and cOFR"?. In animal models of HPO, the capacity
of mOFR and cOFR byproducts to gate TRPA1 has been
found to be a key mechanism of damage to the kidneys, heart,
and neurons'™'"""), HPO-mediated TRPA1 activation caused
glioblastoma apoptosis through the stimulation of caspases,
although its suppression by AP18 reduced the apoptosis
through the inhibition of caspases'”. The role of TRPA1
in HPO-mediated apoptosis, cOFR, and mOFR remains
unclear.

Plant-derived products contain natural antioxidants, which
are major sources of many current therapies. The biological
impacts of natural plant-derived compounds on human health

20 For many

are therefore of enormous practical importance®
years, hypoxic disorders have been treated using antioxidants
derived from plants”™. Antioxidants generated from plants are
therefore particularly interesting because of their enormous
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potential for treating hypoxic human diseases
(RSV) has become one of the most promising plant-derived
antioxidants for combating oxidative cytotoxicity and HPO-
induced cell death in eye disorders”". RSV has been detected
in several fruits and plants, although it is particularly found

121 There is growing evidence that RSV may have

in grapes
protective roles in pathological conditions such as oxidative
stress and apoptosis’” ", Indeed, RSV inhibited the TRPM2
channel in several cells except ARPE19, which in turn
controlled the increases in mOFR, apoptosis, and Ca®" influx
induced by diabetes mellitus™*>*. Additionally, by inhibiting
TRPM2 in SH-SYS5Y neural cells, RSV regulated HPO-
induced oxidative damage and death®”. The involvement of
RSV as a TRPA1 inhibitor in rat neurons was reported””.
Therefore, by inhibiting the TRPA1 channel, RSV treatment of
ARPEI19 cells may modify HPO-induced Ca™ entry, apoptosis,

and mitochondrial oxidative degeneration.

The action of RSV and TRPA1 on mitochondrial oxidative
degeneration and apoptosis in HPO-mediated ARPE19 cells
is currently unknown. In this study, we first investigated
the action of TRPA1 in the hypoxic injury in ARPE19
by measuring their levels of apoptosis and mitochondrial
oxidative stress. Second, the protective effect of RSV on
oxidative degeneration and apoptosis was investigated by
inhibiting TRPA1. Our results indicate that RSV incubation
diminishes the amount of cell death and mitochondrial
oxidative degeneration by inhibiting TRPA1 in ARPE19.
MATERIALS AND METHODS

Cell Culture The ARPE19 cells were provided by Glasgow
Caledonian University, UK (Dr. Xinhua Shu). According to a
previous study™, the TRPA1 channel in the ARPE19 exists
naturally. Therefore, we used ARPE19 cells for the TRPAI
investigation. A combination of Ham’s F-12/Dulbecco’s
Modified Eagle’s media (DMEM; low glucose-1 g/L) with
L-glutamine, fetal bovine serum (10%), and antibiotic
combination (penicillin/streptomycin and 1%; Diagvonum,
Ebsdorfergrund, Germany) was used to cultivate the
ARPE19". In an NB-203QS (Gyeonggi-do, South Korea) cell
culture incubator, the cells of ARPE19 were grown in 25 cm’
flasks with a humidity level of 60%—-80% and a 5% CO,/95%
air ratio.

Study Groups Four main groups (each with x10° cells)
were induced in the cells as control (CNT), RSV, HPO, and
HPO+RSV. The cells in the CNT group were kept in the cell
culture incubator (NB-203QS) for a full day without RSV and
CoCl, incubations. Cells in the RSV group were cultured with
50 umol/L RSV for 24h"***". The antioxidant and ARPE19
protective roles of 50 pmol/L RSV after 24h incubation were
reported®>"". For induction of HPO, 200 umol/L CoCl, (24h)
incubation was used in the ARPE19 cells™". Therefore, the
RSV and CoCl, dosages in the HPO and RSV groups were
utilized in this investigation. The cells in the HPO+RSV group
were cultured for 24h with 200 umol/L CoCl, and 50 umol/L
RSV. It was reported that AP18 (20 umol/L 30min) is a non-
specific inhibitor of TRPA1"***** In certain investigations,
we established a fifth group and supplied the ARPE19 cells in
that group an additional half-hour of exposure to 20 pmol/L
AP18[19,3Z-33].

The CASY cell counter and plate reader experiments used
cells from 25 cm’ flasks. However, we used attached cells in
the 35-mm dishes with glass bottoms (Corporation of Mattek,
Ashland, MA, USA) for the imaging records. In the studies,
the cells were stimulated by the TRPA1 agonist (0.1 mmol/L
CNM), although they were inhibited by the TRPA1 antagonist
(20 umol/L AP18). The imaging analyses were performed
on the cells in the dishes under LSM800 laser scan confocal
microscope (LSCM/800) or fluorescent microscopy camera
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(Axiocam 702; Carl Zeiss, Oberkochen, Germany). They were
also attached to an objective (20%/0.8 Plan-Apochromat) and
Axio Observer.Z1/7 microscope.

Stock solutions of fluorescent dyes, RSV, and AP18 were
prepared in dimethyl sulfoxide. CNM stock solution was
diluted in extracellular buffer with Ca’"*?. After that, the cell
culture medium was used to dilute all of the compounds to the
proper concentrations. Diluted CNM (0.1 mmol/L) and AP18
(20 umol/L) were freshly added to the extracellular buffer for
stimulation and inhibition of TRPA1, respectively.

Cell Viability, Number, and Debris Counts Live cell and
debris (biological debris remaining when a cell dies) were
counted using an automated CASY Model TT cell counter
(Roche, Reutlingen, Germany)[z"’]. The CASYtone buffer, an
electrolyte developed especially for cell viability percentage,
number, and debris, is used to suspend the cells during the cell
counter process. The cell viability is presented as percentage
changes. Viable cell and debris numbers are shown as 1x10°
cells per milliliter and 1x10° cells per milliliter, respectively.
Analyses of the Apoptosis and Caspases A commercial
ApoPercentage (Cat # A1000) kit for the apoptosis test was
bought from Biocolor Ltd. (Northern Ireland). For the caspase
and apoptosis investigations, 1x10* cells were used in each
well of 96-well plates. After a single 1% phosphate buffered
saline (PBS) wash, the cells were suspended using the
APOPercentage staining solution in each well of 96-well white
plates. An Infinite PRO 200 microplate reader of Tecan GmbH

(Groedig, Austria) was used to measure absorbance changes™!,

33 provided information on the

Previously published studies'
chemical composition and process specifics of the CASP/3,
CASP/8, and CASP/9 analysis activities. Using the Infinite
PRO 200, the cleavage of the substrates of CASP/3 (Ac-
DEVD-AMC), CASP/8 (AC-IEPD-AMC), and CASP/9 (Ac-
LEHD-AFC) substrates (Bachem, Heidelberg, Germany) was
assessed. A black 96-well microplate was filled with 15 pL of
the cell solution. The substrate cleavages were performed at
wavelengths ranging from 360 nm for excitation to 460 nm for
emission.

After these ApoPercentage and caspase substrate loadings,
the cells of four groups (CNT, RSV, HPO, and HPO+RSV)
underwent apoptosis and caspase assays. To measure the
TRPA1-dependent apoptosis induction and caspase releases,
apoptosis and caspase assays were performed on the cells
in the four groups following TRPA1 activation (0.1 mmol/L
CNM for 30min) and block (20 umol/L AP18 for 30min). The
percentage changes of CNT were used to show the outcomes
of caspases and apoptosis.

Assays for the Percentage of Propidium Iodide-Positive
Cells Propidium iodide (PI; 5 pg/mL; Cat # P1304MP) and
Hoechst 33342 (4 pg/mL; Cat # H3570) were obtained from
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Thermo Fisher Scientific (Waltham, MA, USA), in order to
visualize nuclei and quantify PI-positive (dead or damaged)
cells. The images were captured with an LSCM/800 and a
computer. Argon lasers were used to stimulate PI and Hoechst
33342 at 561 nm and 405 nm, respectively. The percentage
of dead cells was calculated by dividing the number of PI-
positive cells by the number of red nuclei'".

c¢OFR and mOFR Measurements The fluorescent version
[2°,7’-dichlorofluorescein (DCF)] of 2,7-dichlorofluorescein
diacetate (H,DCFDA; Cat # D399) was used to monitor
the generations of cOFR. The measurement of mOFR was
performed using the MitoSOX Red reagent (Cat # M36008).
The cells in the 35-mm dishes were loaded with a mixture
of 2 pmol/L H,DCFDA and 2 pmol/L MitoSOX Red for
25min at 37°C in the dark according to the manufacturer’s
instructions (Thermo Fischer Scientific). The cells were
recorded after being washed twice with 1xPBS, and Zeiss
efficient navigation (ZEN) blue software was used to quickly
identify any changes in fluorescence in the LSCM/800. The
laser activation of DCF was kept at 488 nm in the LSCM/800,
although MitoSOX activation was kept at 561 nm. The
cOFR and mOFR readings were shown as a percentage
of CNT after the fluorescence intensity was measured in
arbitrary units.

Determining the Levels of miMDys The emission turns
orange due to the accumulation of the cell membrane-permeant
dye JC1 (Cat # T3168) in the damaged mitochondria (Thermo
Fisher Scientific). MitoTracker Red (MitoTr; Cat #: M7513,
Invitrogen, Eugene, Oregon, USA) is a fluorescent probe used
to mark mitochondria. The cells in the dishes were treated
with 1 pmol/L MitoTr and 2 pmol/L JC1 for 15-20min.
Following dye washing, red (MitoTr), orange (JC1), bright
field (BF; black/white), merge, and 2.5D photos were captured
in the microscope (Axio Observer.Z1/7) using the fluorescent
Axiocam 702 microscopy charge-coupled device (CCD)
camera (Carl Zeiss). While the rate of the excitation/emission
rate for JC1 was held at 593/595 nm, the rate of MitoTr was
maintained at 578/598 nm. The miMDys findings were shown
as a percentage of CNT.

Determining the Levels of Glutathione Fluorescence
Intensity The cells were stained using a commercial
ThiolTracker Violet probe (Cat #: T10095, Thermo Fisher
Scientific) for 25 to 30min. For the glutathione (GSH)
investigations, green images of the ARPE19 were taken
using the LSCM/800. ThiolTracker Violet was continuously
stimulated by an argon laser at 405 nm. The GSH findings
were shown as a percentage of CNT.

Determining the Concentration of [Zn’*], Before green
images of FlouZin3-AM in ARPE19 cells were captured using
an LSCM/800 for the [Zn’"], concentration studies, the cells
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were stained for 25 to 30min with a commercial FlouZin3-AM
(Cat #: F24195) from Thermo Fisher Scientific. FlouZin3-AM
was excited using an argon laser at 488 nm. The average [Zn”'];
concentration was displayed using the fraction of CNT.
Measurement of the [Ca’]; Concentration Fluo-3 AM
(1 pwmol/L; Cat # F1241, Thermo Fisher Scientific) staining
of the ARPE19 was performed for 60—90min at 37°C in the
dark. After the dye was incubated, the cell culture media were
extracted from the 35-mm dishes using 1x PBS washes, and
then they were given extracellular buffer (0.5 mL) with Ca™
(1.2 mmol/L). The CNM (0.1 mmol/L)-induced TRPA1 channel
was reduced when AP18 (20 pmol/L) was given to the cells"”.
Using argon laser stimulation at 488 nm, the variations in green
fluorescence intensity in the LSCM/800 were measured. The
amount of [Ca”"]; was displayed as a percentage of the control.
Glutathione Peroxidase, Lipid Peroxidation, and GSH
Analysis A Shimadzu-UV 1800 spectrophotometer (Kyoto,
Japan) was used to determine the total protein content as well
as the optic density (absorbance) values of lipid peroxidation
(LPO; 532 nm)"”*, GSH (412 nm)""), and glutathione
peroxidase (GPx; 412 nm)"* in the ARPE19 samples.
Micromoles per gram of protein were used to express the
concentrations of GSH and LPO in ARPE19. GPx activity in
the ARPE19 cells has been expressed as an IU per gram protein.
Statistical Evaluation To examine the existing data, SPSS
statistical software program (Chicago, IL, USA) was utilized.
Meantstandard deviation (SD) is displayed. A one-way
analysis of variance (ANOVA) and Tukey’s post hoc test were
used to investigate the results. A P-value of less than 0.05 was
considered statistically significant.

RESULTS

Values of Debris, Viable Cell Numbers, and Percentage
The percentage of cell viability (Figure 1A) and number of
viable cell (Figure 1B) were lower (P<0.05) in the HPO than in
the CNT and RSV, whereas they were higher in the HPO+RSV
than in the HPO only. The HPO group had higher debris
numbers (Figure 1C; P<0.05), but the HPO+RSV groups had
lower debris numbers compared to the HPO alone (P<0.05).
HPO Exposure Increased TRPA1 Activation, Causing to
Increased Apoptosis, Caspases, and ARPE19 Cell Death
ARPE19 cell death and apoptosis reduce the count of viable
cells and increase the count of debris. By HPO-induced
activation of CASP/3, CASP/8, and CASP/9 mediators,
HPO treatment enhances apoptosis, but RSV treatment
reduces the increases in apoptosis in neuronal cells®%. The
protective function of RSV against HPO-induced caspases and
apoptosis, however, has not yet been studied. Thus, apoptosis
(Figure 2A), CASP/3 (Figure 2B), CASP/8 (Figure 2C), and
CASP/9 (Figure 2D) were investigated in this study. Using
the LSCM/800, the red (PI), blue (Hoechst), merge, and

2.5D images were recorded (Figure 3A) for determining the
percentages of PI-positive cell numbers (Figure 3B).

The HPO induced an increase in apoptosis and caspases
(CASP/3, CASP/8, and CASP/9), as well as the count of PI-
positive ARPE19 (P<0.05) in comparison to the RSV and
CNT. After incubating with RSV and AP18, their levels were
low in the HPO+CNM+AP18 and RSV+CNM+AP18. After
CNM stimulation, they were higher in the HPO+CNM than
in the HPO only (P<0.05). However, CNM does not increase
the CASP/3, CASP/8, CASP/9, or apoptosis in the RSV and
RSV+CNM. In the RSV or HPO+RSV groups, this had no
effect on the CNM dependent increases in apoptosis, caspases,
or the amount of PI-positive ARPE19.

HPO-Induced Generations of miMDys, mOFR, and
cOFR It has been demonstrated that the accumulation of
TRPA1-stimulated Ca*" and Zn’" in the mitochondria causes
hyperpolarization, and that miMDys rises as mitochondrial
depolarization falls®”*". Then, mOFR, LPO, and cOFR
increase in response to an increase in miMDys""*". ARPE19
cells produce more caspases through apoptosis when miMDys
levels rise””. Given the increase in caspases and apoptosis,
we expected that the miMDys, cOFR, LPO, and mOFR levels
would rise as well.

The images of red (MitoTr), orange (JC1), BF (black/white),
merge, and 2.5D were recorded using the CCD camera (Figure
4A), whereas the images of red (MitoSOX), green (DCF),
merge, and 2.5D were recorded using the LSCM/800 (Figure
5A). The HPO showed greater concentrations of miMDys
(JC1; Figure 4B), mOFR (MitoSOX; Figure 5B), cOFR
(DCF; Figure 5C), and LPO (Table 1) than the CNT and RSV
(P<0.05). However, after receiving RSV treatments, their
levels were lowered (P<0.05) in the HPO+RSV.

An increase in these molecules was associated with a rise in
miMDys after HPO incubation, even though RSV incubation
decreased miMDys, which in turn decreased LPO, mOFR,
and cOFR. Thus, the effects of RSV and HPO on the oxidative
degeneration caused by TRPAI activation in ARPE19 were
further validated by the results of LPO, cOFR, mOFR, and
miMDys.

RSV Attenuated HPO-Caused Decreases in GPx Activity
and GSH Concentration via [Zn’'], Decreases in the Cells
Thiol group members (GPx and GSH) are strong antioxidants,
and effective scavengers of mOFR, LPO, and cOFR, in
ARPE19"%** ncreases in mOFR, LPO, and cOFR are caused
by the accumulation of Zn>" in the mitochondria®**". GSH
was depleted in glioblastoma cells as a result of TRPA1
activation'™”. We suspected that the HPO-treated ARPE19
cells were inducing more [Zn’']; but less GPx and GSH after
observing that they had greater amounts of LPO, mOFR, and
cOFR. According to the green [Zn""]; (FluoZin3; Figure 6A) and
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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 pumol/L for 24h), HPO (200 umol/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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