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Bevacizumab induces oxidative cytotoxicity and apoptosis via TRPM2
channel activation in retinal pigment epithelial cells: Protective role
of glutathione
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Abstract
Purpose Bevacizumab (BEV) is a blocker of circulating VEGF A generation. However, BEV has adverse apoptotic and
cytotoxic effects via upregulation of mitochondrial reactive oxygen species (ROS) and TRPM2 activation, and downregulation
of cytosolic glutathione (GSH) in neuronal cells. We investigated the possible protective effects of GSH treatment on BEV-
induced oxidant and apoptotic adverse actions in the TRPM2 expressing adult retinal pigment epithelial-19 (ARPE-19) and SH-
SY5Y neuronal cells.
Material and methods The ARPE-19 and SH-SY5Y cells were divided into five main groups: Control, GSH (10 mM for 2 h),
BEV (0.25 mg/ml for 24 h), BEV+GSH, and BEV+TRPM2 channel blockers (ACA or 2-APB). In the SH-SY5Y cells, the Ca2+

analyses (Fluo-3) were performed only, although Fluo-3 and the remaining analyses were performed in the ARPE-19 cells.
Results The levels of apoptosis, cell death, mitochondrial ROS, lipid peroxidation, caspase-3, caspase-9, ADP-ribose-induced
TRPM2 current density, cytosolic-free Zn2+, and Ca2+ were increased by BEV, although their levels were diminished by the
treatments of GSH and TRPM2 blockers. The BEV-induced decreases of cell viability, GSH levels, and glutathione
peroxidase activities were increased by the treatment of GSH. BEV-induced increase of TRPM2 expression was decreased by
the treatment of GSH, although BEV-induced decrease of VEGF A expression was further decreased by the treatment of GSH.
Conclusion Our data confirmed that BEV-induced mitochondrial ROS and apoptosis in the human retinal epithelial cells were
modulated by GSH and TRPM2 inhibition. The treatment of GSHmay be considered as a therapeutic approach to BEV-induced
ARPE-19 cell injury.
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Abbreviations
[Ca2+]c Intracellular free Ca2+ concentration
ADPR ADP-ribose
ARPE-19 Adult retinal pigment epithelial-19
ARPE-19 Adult retinal pigment epithelial-19
BEV Bevacizumab
BSO Buthionine sulfoximine
GPx Glutathione peroxidase
GSH Glutathione

MDA Malondialdehyde
ROS Reactive oxygen species
TAS Total antioxidant status
TRP Transient receptor potential
TRPM2 Transient receptor potential melastatin 2
VEGF Vascular endothelial growth factor
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Introduction

The retinal pigment epithelial cell is the main source of vas-
cular endothelial growth factor (VEGF) generation. The
VEGF stimulates neovascularization in the retinal pigment ep-
ithelial cell [1] because it is a pro-angiogenic factor. The treat-
ment of VEGF induces cellular migration, proliferation, and
survival via activation of oxidative signaling pathways and
phosphorylation of VEGF receptors [2]. Reactive oxygen spe-
cies (ROS) have been reported to provoke VEGF A generation
via the store of oxidized proteins in Bruch’s membrane in pa-
tients with several eye diseases [3–5]. The excessive genera-
tions of ROS in several metabolic diseases such as diabetes and
acute inflammation induce oxidative injury in the lens and ret-
inal pigment epithelial cells [6, 7]. In the metabolic diseases,
production of VEGF causes oxidant cytotoxicity and apoptosis
adverse effect via activations of VEGF receptors,
phosphoinositide 3-kinases, and Akt molecular pathways in
the retinal pigment epithelial cells [8–10]. However, interaction
between ROS-activated transient receptor potential 2 (TRPM2)
channel signaling pathway and BEV has not been clarified yet.

In the last decades, it was reported that intravitreally
administration of the new antiangiogenic drugs induced
protective actions against neovascularization in the dis-
eases of adults and newborns such as diabetic retinopa-
thy, age-related macular degeneration, and retinopathy
of prematurity [8–11]. One of the new antiangiogenic
drugs is bevacizumab (BEV). The BEV is used as treat-
ment of angiogenesis via inhibition of VEGF generation
in the diseases of adults and newborns [11]. Although
BEV is an effective drug in the treatment of angiogen-
esis, it has also several adverse effects such as apoptosis
and inflammation in the adult retinal pigment epithelial-
19 (ARPE-19) cells [12, 13]. Recent data indicated that
the adverse effect of BEV is induced by upregulation of
mitochondrial oxidative stress and downregulation of
antioxidants such as glutathione (GSH) and glutathione
peroxidase (GPx) [14–16]. The depletion of GSH via
the treatment of buthionine sulfoximine (BSO) increases
permeabilization in the retinal pigment epithelial cell
[17]. Contrary, BEV acted the antioxidant action via
supporting the cytosolic GSH level in the GSH deple-
tion (via BSO treatment)-induced retinal ganglion cell
[18]. Hence, the protective action of GSH on BEV-

induced mitochondrial oxidative stress, apoptosis, and
cell death should be clarified in the ARPE-19 cells.

In addition to the apoptotic and oxidant actions of BEV, it
increases the intracellular free Ca2+ concentration ([Ca2+]c)
via activation of transient receptor potential (TRP) vanilloid
1 activation in human osteoblast-like cell line [19]. A member
of the TRP superfamily is TRP melastatin 2 (TRPM2) [20].
TRPM2 is activated in several cells, including ARPE-19 cells
by ROS, ADP-ribose (ADPR), and NAD+ [21, 22]. In addi-
tion, TRPM2 activation via GSH depletion in hippocampus
[23, 24], dorsal root ganglion (DRG) [25, 26], and microglia
[27, 28] was recently reported. However, the GSH treatment-
induced inhibition of apoptosis and mitochondrial ROS via
the modulation of TRPM2 channel in the hippocampus [23,
24], DRG [25, 26], microglia [27, 28], and HEK293 cells [29,
30] was also reported. Accumulating evidence indicated that
the increase of the excessive [Ca2+]c via activation of TRPM2
results in increase of apoptosis in the ARPE-19 cells [31]. The
involvement ROS-dependent TRPM2 activation VEGF-
induced angiogenesis and postischemic neovascularization
in mice was also reported [32]. Hence, BEV-induced exces-
sive [Ca2+]c via activation of TRPM2 channel in ARPE-19
cells might be modulated by the GSH treatment.

The oxidative cytotoxic effect of BEV might induce
apoptosis, cell death, and downregulation of GSH levels
via activation of TRPM2 in the ARPE-19 cells.
However, the effect may be modulated by the GSH
treatment. The subjects have not been fully clarified in
the ARPE-19 cells under oxidative stress and TRPM2
activation. Our research, therefore, focused on evaluat-
ing the protective effects of GSH against BEV-induced
adverse effects such as apoptosis, Ca2+ influx, TRPM2
current density, cytosolic, and mitochondrial ROS re-
lease in the cells and the possible model protective ac-
tion of GSH against adverse oxidative cytotoxicity ef-
fect of intravitreal BEV injections in patients. The
ARPE-19 cell line spontaneously differentiated from a
primary human retinal pigment epithelium (h-RPE) cell
[33]. The original ARPE-19 showed specific properties
of the h-RPE such as tight junction formation, microvil-
li, and the expression of the h-RPE-specific genes.
Hence, the ARPE-19 cell line is used as a cell model
of the h-RPE in the current study as it was used in
previous experiments [4, 12, 19].
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Material and methods

Cell lines

The ARPE-19 cell line was gifted from Dr. Xinhua Shu
(Glasgow Caledonian University, UK) to Professor Mustafa
Nazıroğlu. The SH-SY5Y cells were purchased from Atlas
Biotechnology Inc. (Ankara, Turkey). The naturel presence of
TRPM2 channel in the ARPE-19 cells was reported in the results
of previous studies by Western blot analyses [31]. Hence, we
used the ARPE-19 cells in the current study. Accumulating ev-
idence indicated the naturel presence of the TRPM2 channel in
the SH-SY5Y cells [34, 35]. Hence, the cells were used as pos-
itive control in the experiment of Fluo-3 in the current study. The
ARPE-19 and SH-SY5Y cells were cultured in a medium
consisting of Dulbecco’s Modified Eagle’s Medium (DMEM)
(45%) and Ham’s F-12 (45%) nutrient medium mixture as de-
scribed in previous studies [35, 36]. The medium mixture addi-
tionally contained fetal bovine serum (10%) and penicillin/
streptomycin (1%). Cells in 25-cm2 flasks with filter cap were
grown in cell culture incubator conditions (humidified and 5%
CO2/95% air atmosphere) (NB-203QS, Gyeonggi-do, South
Korea). After counting the cells in an automatic cell counter
(Casy Model TT, Roche, Germany), they were seeded in the
flasks of five groups at a density of 1 × 106 cells per ml.

Study groups

The ARPE-19 and SH-SY5Y cells in the flasks were divided
into four main groups: Control, GSH, BEV, and BEV+GSH.

First group: The cells in the control group were kept in the
cell culture conditions (37 °C and 5% CO2) without GSH and
BEV incubations for 26 h.

Second group: The cells in the GSH group were incubated
by GSH (10 mM) for 2 h [23, 25, 26, 28].

Third group: The cells in BEV groups were incubated with
BEV (0.25 mg/ml) (Altuzan, Roche Diagnostic Inc., Istanbul,
Turkey) for 24 h [19, 37].

Fourth group: In the BEV+GSH groups, the cells were
incubated with BEV for 24 h and then they were further incu-
bated with GSH for 2 h. In some experiments, the cells were
additionally incubated by TRPM2 channel blockers, ACA (25
μM) or 2-APB (100 μM) for 30 min.

In a LSM800 laser-scanning confocal and Axio
Observer.Z1/7 microscope (Zeiss, Oberkochen, Germany)
analyses, we split the cells for attachment of 35-mm dishes with
bottom glasses (Mattek Corporation, Istanbul, Turkey) for each
experiment. In a plate reader (Infinite pro200; Tecan Austria
GmbH, Grodig, Austria) and patch-clamp analyses, the cells (1
× 106 cells) were seeded on the flask (25 cm2) and patch cham-
ber glass, respectively. The analyses of Fluo-3 images were
performed in the ARPE-19 and SH-SY5Y cells. The remaining
analyses were performed in the ARPE-19 cells only.

Analyses of lipid peroxidation, GSH, glutathione
peroxidase (GPx), and total antioxidant status (TAS) in
the ARPE-19 cells

The GSH levels and GPx activity in the ARPE-19 cells were
spectrophotometrically (Cary 60 UV-Vis, Agilent, Izmir,
Turkey) analyzed at 412 nm according to the methods of
Sedlak and Lindsay [38] and Lawrence and Burk [39], respec-
tively. The data of GSH level and GPx activity was indicated
as μg/g protein and IU/g protein, respectively. Lipid peroxi-
dation level such as MDA was measured at 532 nm in the
spectrophotometer by using the method of Placer et al. [40].
The data of lipid peroxidation was expressed as μg/g protein.
TAS concentration in the tissue samples was detected at
660 nm by using a commercial kit of Mega Tip Inc.
(Gaziantep, Turkey) [41]. Results of TAS were expressed as
μM of H2O2 equivalent of 10

6 ARPE-19 cells.

The determination of intracellular free Ca2+

concentration ([Ca2+]c) via Fluo-3 fluorescent stain in
the SH-SY5Y and ARPE-19 cells

We assayed BEV-induced changes of [Ca2+]c via imaging fluo-
rescence (Fluo-3) intensity in the SH-SY5Y and ARPE-19 cells
by using the LSM800 confocalmicroscope previously described
[35, 36]. For the assay, the cells were incubated with 1 μMFluo-
3 AM (Calbiochem GmbH, Darmstadt, Germany) at dark for 60
min. The Fluo-3 stain was excited in the LSM 800 confocal
microscope by using a 488-nm argon laser. The SH-SY5Y and
ARPE-19 cells were treated with TRPM2 channel blocker (2-
APB, 100 μM) to inhibit Ca2+ entry before stimulation of
TRPM2 (hydrogen peroxide, H2O2 and 1 mM). The fluores-
cence intensity of Fluo-3 was analyzed at 515 nm in the cells
by the LSM 800 confocal microscope (objective 40 × 1.3 oil).
The results of Fluo-3 AM were expressed as arbitrary unit (a.u).

Electrophysiology in the ARPE-19 cells

Whole cell patch-clamp records were taken in the ARPE-19
cells by using an EPC 10 amplifier equipped with Patchmaster
software (HEKA, Lamprecht, Germany). In the records (n =
6), the holding potential was kept at − 65 mV. In the records,
the standard extracellular patch chamber solution was contain-
ing (in mM) CaCl2 (1), MgCl2 (1), KCl (5), NaCl (145), D-
glucose (10), and HEPES (10). For preparation of Na+-free
extracellular patch chamber solution, we used N-methyl-D-
glucamine (150 mM and NMDG+) instead of NaCl (145
mM) (pH 7.4). The pH levels of extracellular and intracellular
solutions were adjusted to 7.4 and 7.2, respectively. The bo-
rosilicate glass pipettes of patch-clamp were fabricated in the
puller (P-97 model, Sutter Instrument Lab, Ankara, Turkey)
and the resistance of pipettes was kept between 3 and 7 MΩ.
The intracellular [Ca2+]c was adjusted to 1 μM instead of
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0.1 μM because the TRPM2 is activated in the presence of
high intracellular [Ca2+]c [42]. The cells were perfused with
the standard intracellular solution, containingADPR (1mM in
patch pipette) for stimulation or ACA (25 μM in patch cham-
ber) for inhibition. The voltage-clamp electrophysiology
current results were expressed as the current density (pA/pF).

Cell viability assay

The ARPE-19 cells (1 × 106) were incubated in the 96-well
black plates. The supernatants in the five groups were re-
moved by centrifugation (1000g for 5 min), and the cells were
washed 3 times with 1×PBS. MTT (Sigma-Aldrich Inc.) was
dissolved as 0.5 mg/ml. After adding MTT (200 μl) to each
well, the plates were incubated for 3 h at 37 °C in the incubator
(NB-203QS). Absorbance was recorded at 490 nm using a
microplate reader (Infinite pro200). After calculating the optic
density/mg protein, the levels of cell viability were expressed
as percentage.

Death/live cell rate analyses

Hoechst 33342 as a fluorescence dye stains DNA of live cells
and its image represents blue color in the LSM 800 confocal
microscope. Propidium iodide (PI) is only permeant to the
dead cells and its image represents red color in the confocal
microscope. For identification of the death/live cell rate, the
cell was incubated with PI (1 μM) and Hoechst 33342 (2 μM)
dye combination for 30 min at dark. The PI and Hoechst
33342 were purchased from Cell Signaling Technology
(Leiden, The Netherlands). After washing the stains with ex-
tracellular buffer with Ca2+ (1.2mM), the cells were imaged in
the confocal microscope (LSM 800) fitted with a 20 × objec-
tive by using the ZEN software (Zeiss). The rate of death (PI)/
live (Hoechst) cell was indicated as percentage.

Apoptosis, caspase-3, and -9 assays in the ARPE-19
cells

The levels of apoptosis in the ARPE-19 cells were measured
at 550 nm in the spectrophotometer (Cary 60 UV-Vis) follow-
ing the manufacturer’s instructions (APOPercentage, Biocolor
Ltd. Northern Ireland). Total protein concentration in the cell
was measured by using Lowry’s method as described in pre-
vious studies [6, 23]. After calculating optic density/mg pro-
tein, the data were expressed as percentage of control.

As synthetic tetrapeptide fluorogenic substrates, Ac-
DEVD-AMC and Ac-LEHD-AFC in ARPE-19 cells are used
to identify and quantify the caspase-3 and -9 activities in cells
with apoptosis [4, 36]. Hence, we used the Ac-DEVD-AMC-
and Ac-LEHD-AFC-specific fluorogenic substrates (Bachem
AG, Bubendorf, Switzerland) in the ARPE-19 cells for
assaying active caspase-3 and -9. The substrate cleavages of

fluorogenic substrates in the cells were measured with an au-
tomatic microplate reader (Infinite pro200) (excitation 360
nm, emission 460 nm). The fluorescence measurements of
the Ac-DEVD-AMC and Ac-LEHD-AFC were normalized
to total protein concentration. The data were indicated as per-
centage of control.

Analyses of cytosolic and mitochondrial ROS
generations

The ROS generation of mitochondria (MitoROS) was imaged
in the confocal microscope by the incubation of 1 μM fluo-
rescent dye (MitoTracker Red CM-H2Xros, Life
Technologies) at 37 °C in the dark for 25 min [28, 35].
Before imaging the cells (1 × 106) in the dishes (Mattek
Corporation), the dye was removed by washing with
1×PBS. The diode laser excitation wavelength of
MitoTracker Red CM-H2Xros was kept at 561 nm. The exci-
tation and emission wavelengths of the MitoROS probe were
kept at 576 and 598 nm in the ZEN software, respectively. The
mean fluorescence intensity results of DCFH-DA (n = 25–30)
were expressed as arbitrary unit (a.u).

The ARPE-19 cells (1 × 106) in the dishes (Mattek
Corporation) were labeled by using the 10 μM of 2′,7′-
dichlorofluorescin diacetate (DCFH-DA) (Invitrogen Inc.,
Oregon, USA) at 37 °C in the dark for 25 min. DCF is a
fluorescence form of DCFH-DA and its intensity was mea-
sured with excitation (504 nm) and emission (525 nm) set-
tings. The excitation wavelength of laser in the confocal mi-
croscope was kept at 488 nm [28, 35]. Each treatment (n = 25–
30) was analyzed by the ZEN software. The mean fluores-
cence intensity results of DCFH-DA were expressed as arbi-
trary unit (a.u).

The measurement of the mitochondrial membrane
depolarization (Mit-Dep) levels in the ARPE-19 cells

For the assay of Mit-Dep, the ARPE-19 cells (1 × 106) in the
dishes were incubated with 5 μM JC-1 stain (Cayman Inc.,
Istanbul, Turkey) for 30 min at 37 °C in dark. The ratio of the
fluorescent intensity was obtained by the excitation (595 nm)
to the fluorescent intensity of the emission (535 nm). The
fluorescence intensities of JC-1 (n = 25–30) in the LSM 800
confocal microscope were analyzed by using the ZEN soft-
ware (Zeiss). The results of mean fluorescence intensity were
expressed as arbitrary unit (a.u).

The analyses of intracellular free Zn2+ concentration
([Zn2+]c) in the ARPE-19 cells

The active form of FluoZin-3 with fluorescent green color is
produced in cytosol of cells from cell permanent Zn2+ indica-
tor, RhodZin3-AM, because the FluoZin3 exhibits high Zn2+-
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binding affinity in the labile Zn2+ pool. After addition of 1 μM
RhodZin3-AM (Thermo Fisher Scientific), the ARPE-19 cells
were incubated at 37 °C in the dark for 30 min. After washing
the RhodZin3-AM stain with extracellular buffer, the cells
were imaged in the laser confocal microscope with excitation
(493 nm) and emission (513 nm) settings. The excitation
wavelength of laser was kept at 488 nm (objective: Plan
Apochromat 40 × 1.3 oil). Each treatment (n = 25–30) in a
group was assayed by the ZEN software. The mean fluores-
cence intensity results were expressed as arbitrary unit (a.u).

Western blot analysis in the ARPE-19 cells

The Western blot analysis (n = 3) was performed by using
standard Western blotting methods as described in previous
studies [6, 23]. After measuring the protein concentration in
the ARPE-19 cells (5 × 106) by using Lowry’s method, the
proteins were separated by using electrophoresis on SDS-
PAGE and they were transferred electrophoretically on the
nitrocellulose membrane (Thermo Scientific). The mem-
branes were blocked for 45 min in 5% nonfat milk and then
were incubated overnight with antibodies against human
TRPM2 and VEGF A (Cell Signaling Technology) at 4 °C.
For the equal protein loading,β-actin protein bands were used
as control. The bands of Western blot were imaged in Gel
Imagination System (G:Box, Syngene, UK) by using en-
hanced chemiluminescence Western horseradish peroxidase
substrate (Thermo Fischer Scientific). The band intensities
of TRPM2 and VEGF were measured by using ImageJ soft-
ware. The housekeeping protein,β-actin, served as an internal
control. The intensity results of TRPM2 and VEGF A were
normalized relative to control values.

Statistical analysis

Mean ± standard deviation (SD) was used for presentation of
the data. Presence of statistical significance in the SPSS pro-
gram was tested by using one-way analysis of variance
(ANOVA). The individual comparisons as p (≤ 0.05) values
were detected by using Student’s t test.

Results

The BEV treatment-induced changes of MDA, GSH,
GPx, and TAS levels were attenuated in the ARPE-19
cells by the treatments of GSH and 2-APB

The results of MDA, GSH, GPx, and TAS are shown in
Table 1. The GPx activity, GSH concentration, and TAS level
were decreased in the ARPE-19 cells by the treatment of
BEV, although the levels of MDA were increased in the cells
by the BEV treatment (p ≤ 0.05). However, the GPx activity,

GSH concentration, and TAS level were increased in the
ARPE-19 cells by treatments of GSH and 2-APB, whereas
MDA levels in the cells were decreased by the treatments (p
≤ 0.05). The current data indicated GSH, GPx, and TAS low-
ering effects of BEV in the ARPE-19 cells.

GSH modulated BEV-induced TRPM2 channel activa-
tion in the ARPE-19 cells and SH-SY5Y cells

Involvements of TRP vanilloid 1 (TRPV1), VGCC, and
chemical-gated Ca2+ channels on the increase of [Ca2+]c in
several cells were recently reported [18, 43], although there
was no report on the increase of [Ca2+]c via TRPM2 activation
in the ARPE-19 cells. In addition, accumulating data indicate
that GSH acted as TRPM2 modulator role in mice microglia
and dorsal root ganglion (DRG) neurons [18, 43]. The naturel
presence of TRPM2 was confirmed in SH-SY5Y cells by the
results of several studies [34, 35]. Hence, we investigated the
protective role of GSH on the increase of BEV-induced
TRPM2 activation and [Ca2+]c in the ARPE-19 and SH-
SY5Y cells.

The images of Fluo-3 (Ca2+) in the control, GSH, BEV,
and BEV+GSH groups in the ARPE-19 cells are shown in
Figs. 1a, b, c, and d, respectively. The images Ca2+ in the
control, GSH, BEV, and BEV+GSH groups in the SH-
SY5Y cells are shown in Figs. 2a, b, c, and d, respectively.
The [Ca2+]c in BEV groups were significantly (p ≤ 0.05) in-
creased in the ARPE-19 (Figs. 1e and f) and SH-SY5Y (Figs.
2e and f) cells by H2O2 (1mM) stimulation as compared to the
control and GSH groups. However, the [Ca2+]c was decreased
in the BEV+GSH (Fig. 1e) by the treatment of GSH (p ≤
0.05). In addition, the [Ca2+]c was decreased in the
BEV+2-APB groups by the treatment of 2-APB (p ≤
0.05) (Figs. 1f and 2f). Hence, we observed BEV-
dependent activation of TRPM2 channels in the ARPE-
19 and SH-SY5Y cells.

Involvement of BEV on the TRPM2 current density in
the ARPE-19 cells: protective role of GSH

A TRPM2 activator is ADPR and we observed no current in
the absence of intracellular ADPR in the ARPE-19 cells (Fig.
3a). However, the TRPM2 is activated up to 0.75 nA in the
Ctr+ADPR group by the ADPR stimulation, although they
were returned to control values by the ACA treatments (Fig.
3b). In the BEV groups, ADPR stimulation caused further
activation of TRPM2 and we observed high current density
(up to 1.15 nA) in the cells (Fig. 3c). The current densities in
the BEV groups were returned to control levels by the ACA
and NMDG+ treatments (p ≤ 0.05) (Fig. 3c). In the BEV+
GSH+ADPR (Fig. 3d) and GSH+ADPR (Fig. 3e) groups,
we observed no TRPM2 activation via the intracellular
ADPR stimulations. The current densities were lower in the
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BEV+ADPR and BEV+GSH+ADPR than in Ctr+ADPR and
BEV+ADPR groups (p ≤ 0.05) (Fig. 3f). These data obviously

evidenced the involvement of BEV on TRPM2 activation in
the ARPE-19 cells.

Fig. 1 The treatment of GSH modulated the BEV-induced increase of
Ca2+ fluorescence intensity via modulation of TRPM2 in the ARPE-19
cells (Mean ± SD and n = 20). Four groups, control (Ctr), GSH (10 mM
for 2 h), BEV (0.25mg/ml for 24 h), and BEV+GSH, were induced in the
ARPE-19 cells. The cells in the four groups were incubated with Fluo-3
(1 μM for 60 min) as a Ca2+ indicator fluorescent stain. The cells were
stimulated with a TRPM2 channel agonist (H2O2, 1 mM). Then, they
were immediately inhibited by the treatment of 2-APB (100 μM for 5
min). The cells were analyzed at 515 nm in the LSM 800 laser scan

microscope (objective 40 × 1.3 oil). The fluorescence intensity of Fluo-
3 in the ARPE-19 cells was expressed as arbitrary unit (a.u.). a, b, c, and d
Images of the Ca2+ fluorescence intensity in the control (Ctr), GSH, BEV,
and BEV+GSH groups respectively. e and f The changes in the mean
Ca2+ fluorescence intensity in the cells after the treatments of H2O2 and 2-
APB treatments, respectively (✖p ≤ 0.05 vs. absence of H2O2 (−H2O2

group). ap ≤ 0.05 vs. control (Ctr) group. bp ≤ 0.05 vs. GSH group. cp ≤
0.05 vs BEV group. ☾p ≤ 0.05 vs. presence of H2O2 (+H2O2 group)

Table 1 The effects of BEV, GSH, and 2-APB on lipid peroxidation (MDA), reduced glutathione (GSH), total antioxidant status (TAS) levels, and
glutathione peroxidase (GPx) activity in the ARPE-19 cells (Mean ± SD and n = 6)

Values Control GSH BEV BEV+GSH BEV+2-APB

MDA (μmol/g protein) 20.80 ± 2.48 18.90 ± 3.05 27.80 ± 2.99* 21.40 ± 0.99** 22.20 ± 2.44**

GSH (μmol/g protein) 11.40 ± 1.84 13.80 ± 0.63 8.26 ± 0.75* 10.70 ± 0.34** 10.10 ± 0.22**

GPx (IU/g protein) 21.00 ± 1.71 24.30 ± 1.24 15.40 ± 0.41* 19.70 ± 0.78** 18.60 ± 0.65**

TAS (μmol H2O2 Equiv./10
6 cell) 17.40 ± 0.47 18.10 ± 2.12 12.00 ± 0.50* 18.40 ± 0.49** 23.20 ± 2.03**

*p ≤ 0.05 vs. control and GSH groups

**p ≤ 0.05 vs. BEV group
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The levels of cell viability, apoptosis, caspase-3, and -9
in the ARPE-19 cells were modulated by the treat-
ments of GSH and ACA

Cytosols of cells, including ARPE-19 cells, contain inactive
caspases such as caspase-3 and -9 [4, 36, 44]. Apoptosis is
induced by the activation of caspase-3 and -9 proteins.
Excessive Ca2+ influx via activation of TRPM2 induces in-
crease of Mit-Dep in several cells [19, 23, 25, 28]. In turn, the
increase ofMit-Dep results in the caspase-3 and -9 activations.
However, the inhibition of the TRPM2 channel via the treat-
ment of ACA decreases the levels of apoptosis, caspase-3, and
-9 in several cells [19, 23, 25, 28]. After observing an increase
of [Ca2+]c and TRPM2 currents in the ARPE-19 cell, we

suspected the increases of apoptosis, caspase-3, and -9, but
the decrease of cell viability levels in the cells.

The levels of apoptosis (Fig. 4b), caspase-3 (Fig. 4c), and
caspase-9 (Fig. 4d) were increased in the BEV groups com-
pared with the control and GSH groups, although cell viability
(MTT) level was decreased in the cells by the BEV treatment
(p ≤ 0.05) (Fig. 4a). However, the levels of apoptosis, caspase-
3, caspase-9, and cell viability in the ARPE-19 cells were
modulated by the treatments of GSH and ACA. The levels
of cell viability were decreased in the BEV+GSH and BEV+
ACA groups compared to the BEV groups, although apopto-
sis level, caspase-3, and -9 activities were lower in the BEV+
GSH and BEV+ACA groups than in the BEV group (p ≤
0.05).

Fig. 2 The treatment of GSH diminished the BEV-induced increase of
Ca2+ fluorescence intensity via modulation of TRPM2 in the SH-SY5Y
cells (Mean ± SD and n = 20). The four groups, control (Ctr), GSH
(10 mM for 2 h), BEV (0.25 mg/ml for 24 h), and BEV+GSH, were
induced in the SH-SY5Y cells. The cells in the four groups were incu-
bated with Fluo-3 (1 μM for 60min) as a Ca2+ indicator fluorescent stain.
The cells were stimulated by using a TRPM2 channel agonist (H2O2 and
1 mM). Then, they were immediately inhibited by treatment of 2-APB
(100 μM for 5 min). The cells were analyzed at 515 nm by the LSC

microscope (objective 40 × 1.3 oil). The fluorescence intensity of Fluo-
3 in the SH-SY5Y cells was expressed as arbitrary unit (a.u.). a, b, c, and
d Imaging of the Ca2+ fluorescence intensity in the control (Ctr), GSH,
BEV, and BEV+GSH groups respectively. e and f Changes in the mean
Ca2+ fluorescence intensity of the cells by H2O2 and 2-APB treatments,
respectively (✖p ≤ 0.05 vs. absence of H2O2 (−H2O2 group).

ap ≤ 0.05 vs.
control (Ctr) group. bp ≤ 0.05 vs. GSH group. cp ≤ 0.05 vs BEV group. ☾p
≤ 0.05 vs. presence of H2O2 (+H2O2 group)
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BEV-induced cell death (PI/Hoechst) rate in the ARPE-19
cells was decreased by the treatments of GSH and 2-APBs,
although cell number was increased by the treatments

The results of recent studies indicate that the depletion of
GSH and the increase of ROS generation via activation of
TRPM2 induce death of retinal pigment epithelial [31] and
neuronal cell [14–16], although GSH treatment modulated
the cell death. However, effects of GSH on the BEV-
induced apoptosis and cell death in the ARPE-19 cells have
not been clarified yet. Hence, we suspected modulator action
of GSH against BEV-induced apoptosis and ARPE-19 cell
death. We imaged bright field (BF) images in the ARPE-19

cells (Fig. 5a). The images of cell death (Fig. 5b) and 2.5D
(Fig. 5c) of the same ARPE-19 cells were recorded in the laser
confocal microscope by using ZEN software.

In the present data, the PI/Hoechst cell death rate in the
ARPE-19 cells in the BEV group was higher relative to the
control and GSH groups (p ≤ 0.05), although the rate in the
cells was significantly (p ≤ 0.05) higher in the BEV+GSH and
BEV+2-APB groups compared to the BEV group (Fig. 5d).
However, cell numbers in the ARPE-19 cells were lower in
the BEV groups relative to the control and GSH groups (p ≤
0.05), although the number in the ARPE-19 cells were signif-
icantly (p ≤ 0.05) higher in the BEV+GSH and BEV+2-APB

Fig. 3 Involvement of BEV on the TRPM2 current density in the ARPE-
19 cells: Protective role of GSH (Mean ± SD and n = 6). Whole cell
(W.C) records at − 65 mV were taken from the 4 groups. a Control
(Ctr) group without ADPR stimulation. b Ctr+ADPR group.
Recordings from TRPM2 inhibited (25 μM ACA and Na+-free solu-
tion-NMDG+) in the cells after stimulating intracellular ADPR (1 mM
in patch pipette) (without BEV incubation). c BEV group. After BEV
treatment, the TRPM2 records were taken from the cells by intracellular

ADPR stimulation (with GSH incubation). d BEV+GSH group.
Recording from ADPR-stimulated cells of BEV+GSH group after BEV
and GSH (10 mM for 2 h) treatments. e GSH group. Recording from
ADPR-stimulated cell of GSH group (10 mM for 2 h) (without BEV
incubation). b (I–V) and c (I–V) are corresponding I/V relation of currents
recorded in b and c at the indicated time points 1 and 2, respectively. f
Current densities of ARPE-19 cells (ap ≤ 0.05 vs. control (Ctr). bp ≤ 0.05
vs. Ctr+ADPR. cp ≤ 0.05 vs BEV+ADPR)
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groups than in the BEV group (Fig. 5e). The date clearly
indicated involvement of BEV via activation of TRPM2 in
the ARPE-19 cell death. However, the treatment of GSH in-
duced protective action against the increase of ARPE-19 cell
death and the decrease of ARPE-19 cell number.

BEV-induced increases of Mit-Dep level, cytosolic
(DH123), and mitochondrial ROS (MitoROS) produc-
tion were modulated in the ARPE-19 cells by the
TRPM2 channel blocker (2-APB) and GSH treatments

The involvement of excessive Ca2+ influx-dependent ROS via
the activation of TRPM2 channel in the induction of apoptosis
and death in the several cells except ARPE-19 cells was re-
ported [19, 23, 25, 28]. After observing the increases of cell
death and apoptosis levels in the ARPE-19, we suspected

whether DCF, Mit-Dep, and MitoROS generation increased
via the increase of TRPM2 activation.

The fluorescence intensities of JC-1 (Figs. 6a and b),
DCFH-DA (Figs. 6a and c), and MitoROS (Fig. 6a and d)
were increased in the cells with the effect of BEV treat-
ment (p ≤ 0.05). However, treatments of GSH and 2-APB
diminished the effect of BEV via inhibition of [Ca2+]c
accumulation, as well as DCFH-DA and MitoROS gener-
ations in the ARPE-19 cells (p ≤ 0.05). The decrease in
GSH concentrations following BEV corresponded with in-
creased DCFH-DA and MitoROS generations, although
the increases of the DCFH-DA and MitoROS were dimin-
ished by the treatments of 2-APB and GSH. Hence, the
data of JC-1, DCFH-DA, and MitoROS further supported
the effect of GSH on [Ca2+]c and MitoROS-induced
ARPE-19 cell death and apoptosis.

Fig. 4 The BEV-induced changes of cell viability (MTT), apoptosis,
caspase-3, and caspase-9 levels were modulated in the ARPE-19 cells
by the GSH and ACA treatments (Mean ± SD and n = 6). The cells were
incubated with GSH (10 mM for 2 h), BEV (0.25 mg/ml for 24 h), and
BEV+GSH groups. In the BEV+ACA group, the cells were further

incubated with ACA (25 μM) for 30 min after incubations of BEV.
Cell viability was analyzed by MTT test (a), whereas apoptosis level
(b) was measured by the commercial kit. Caspase-3 and -9 substrates
were used for the assays of caspase-3 (c) and caspase-9 (d) (*p ≤ 0.05
vs control (Ctr) and GSH groups. **p ≤ 0.05 vs BEV group)
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BEV-induced increase of [Zn2+]c was attenuated in the
ARPE-19 cells by the GSH treatment

Accumulation of [Zn2+]c induces via depletion of cytosolic
GSH increase of Mit-Dep and ROS generation in the lens
and retinal cells, although GSH diminished [Zn2+]c in the cells
[45, 46]. We want to clarify changes of [Zn2+]c in the ARPE-
19 cells treated with BEV and GSH. The FluoZin3 concentra-
tions were increased in the ARPE-19 cells with the effect of
BEV treatment (p ≤ 0.05). However, GSH treatment dimin-
ished the effect of BEV through inhibition of free intracellular
Zn2+ accumulation in the cells (p ≤ 0.05) (Figs. 7a and b).

The BEV treatment-induced changes of TRPM2 and
VEGF expression levels were attenuated in the ARPE-
19 cells by the GSH treatment

Accumulating evidences indicate that the increase of TRPM2
expression level causes the increase of [Ca2+]c in ARPE-19
and SH-SY5Y cells [31, 35]. It was reported that VEGF ex-
pression levels in the ARPE-19 cells were decreased by the
BEV treatment [15, 18]. The presence of a direct relationship
between VEGF and GSH was also reported in eye cells [11,
17]. However, there is no data on the expression levels of
TRPM2 and VEGF in the ARPE-19 cells after the treatment
of BEV and GSH. In the current data, the TRPM2 expression
level was higher in the BEV group as compared to control and
GSH groups (p ≤ 0.05). However, the treatment of GSH di-
minished the effect of BEV on the TRPM2 expression levels
in the cells and its expression level was lower in the BV+GSH
group than in the BEV group (p ≤ 0.05) (Figs. 8a and b). The
BEV-induced decrease of VEGF expression levels was further
decreased in the ARPE-19 cells by GSH treatment (p ≤ 0.05)
(Figs. 8a and c).

Discussion

The GSH is a member thiol redox system, because it has a
strong cytosolic antioxidant role in mammalian cells. Hence,
the concentration of cytosolic GSH has a major role in the
homeostasis of ARPE-19 cells [17]. Several eye diseases such
as age-related macular degeneration and diabetes-induced ret-
inal cell injury are induced in ARPE-19 cells by several fac-
tors such as the generation of ROS and the depletion of cyto-
solic GSH [3, 17]. BEV is an effective blocker of VEGF
generation in the eye diseases, but it has adverse side effects
such as apoptosis and oxidative injury in the ARPE-19 cells
[12, 13]. One of the possible reasons in the BEV-induced
retinal epithelial cell injury is GSH depletion [11].
Activation of TRPM2 results in apoptosis and oxidative stress
in the ARPE-19 [31], SH-SY5Y [35], and neuronal cells [29].
The BEV-induced TRPM2 activation, oxidative stress, and

apoptosis might modulate in the ARPE-19 cells by the GSH
treatment. However, the effect of GSH treatment on the BEV-
induced apoptosis, death, and mitochondrial oxidative stress
generations through TRPM2 activation in the ARPE-19 cells
has not yet been clarified. The present data indicate that the
modulation of TRPM2 channel in the ARPE-19 and SH-
SY5Y cells may serve as an antioxidant redox signaling and
apoptosis pathways to mediate the side effects of BEV.
Indeed, the data indicated that BEV increased MDA, apopto-
sis, ARPE-19 cell death, and mitochondrial ROS generation
via activation of TRPM2 in the ARPE-19 cells. However,
GSH and TRPM2 inhibitors (ACA and 2-APB) reduced the
levels of MDA, apoptosis, and ROS in the ARPE-19 cells.
Taken together, these results suggest that the treatment of
GSH via inhibition overload Ca2+ entry and TRPM2 activa-
tion are closely related to the inhibition of BEV-induced cy-
totoxicity in the ARPE-19 cells.

The activation of TRPM2 in the ARPE-19 and SH-SY5Y
cells by oxidative stress and ADPR was recently reported [31,
35]. In addition, GSH depletion induced TRPM2 activation in
hippocampus [23, 24], DRG [25, 26], and microglia [27, 28].
However, GSH treatment inhibited TRPM2 in the hippocam-
pus [23, 24], dorsal root ganglion (DRG) [25, 26], microglia
[27, 28], and HEK293 cells [29, 30]. To our knowledge, there
is no report of GSH on the BEV-induced TRPM2 activation in
the ARPE-19 and SH-SY5Y cells. Present Fluo-3 stain and
TRPM2 current density data demonstrate that TRPM2 was
activated in the ARPE-19 and SH-SY5Y cells by BEV-
induced decreases of GSH andGPx. However, GSH treatment
inhibited the TRPM2 channel through the inhibition of the
ROS generations and the increases of GSH and GPx. The
results were confirmed in the ARPE-19 cells by the TRPM2
blockers (ACA and 2-APB). Hence, GSH acted TRPM2mod-
ulator role in the ARPE-19 cells.

The retina is sensitive to the antioxidant balance because of
its daily oxygen consumption rate is high. The mitochondria
act pivotal functions on the ATP and ROS generation in sev-
eral cells, including the ARPE-19 cells [4]. BEV has been
shown to cause injury to the mitochondria [47]. The BEV-
induced decrease of mitochondrial activity via the increase
of ROS generation has been reported in rat heart cells and
human brain tumors [47, 48]. The GSH depletion and exces-
sive Ca2+ influx-induced Mit-Dep are also involved in the
increase of ARPE-19 cell death and decrease of cell viability
pathways [47, 48]. Therefore, BEV-induced oxidative stress
and TRPM2 activation induce injury in the mitochondria and
it may provide a foundation to treat a variety of BEV-caused
retinal pigment cell injury. Recently, we demonstrated that the
treatment of GSH modulated the levels of apoptosis via the
modulation of Mit-Dep and TRPM2 activation in the DRG
and hippocampus [23–26]. In the present data, an increase in
the Mit-Dep andMDA level was observed in the BEV-treated
ARPE-19 cells. However, the level of Mit-Dep was
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modulated via inhibition of TRPM2 in the BEV-treated
ARPE-19 cells by the treatment of GSH via.

An increase of Mit-Dep was predominantly induced from
accumulation of excessive Ca2+ into mitochondria, which

directly affects the cell survival pathways [49, 50].
Interestingly, the increase of Mit-Dep could lead to rapid ac-
tivations of caspase-3 and -9 in the ARPE-19 cells [4, 19, 36].
GSH may have an antiapoptotic function interfering with Bax

Fig. 5 BEV-induced ARPE-19 cell death was decreased by the treat-
ments of GSH and 2-APB, although cell number was increased by the
treatments (Mean ± SD and n = 25–30). Representative images of bright
field (BF) (a) (scale bar 50μM), dead (propidium iodide, PI-red), and live
(Hoechst 33342-blue) cell staining (scale bar 20 μM) (b), and 2.5D (c) in

the ARPE-19 cells under control or after exposure to BEV (0.25 mg/ml),
GSH (10 mM), and 2-APB (0.1 mM) conditions. Fig. 5d, e. The mean
p e r c e n t a g e o f P I / H o e c h s t r a t e s a n d c e l l n um b e r s ,
respectively. a.u. arbitrary unit. Objective 20× (*p ≤ 0.05 vs control
(Ctr) and GSH groups. **p ≤ 0.05 vs BEV group)
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proapoptotic activity [51] which consequently would be
linked to the inhibition of the caspase pathway. Moreover,
GSH was recently reported to upregulate GPx activity and to
cause a decrease of Mit-Dep, caspase-3, and -9, which

implicates the antiapoptotic function of GSH [20]. Thus, the
accumulating evidence suggests that GSH could be a survival
factor directly or indirectly associated with the apoptotic path-
way. Actually, GSH effectively rescued ARPE-19 cells from

Fig. 6 The GSH and ACA treatments reduced BEV-induced increases of
Mit-Dep (JC-1), cytosolic ROS (DCFH-DA), and mitochondrial ROS
(MitoROS) generations in the ARPE-19 cells (Mean ± SD and n = 25–
30). The control (Ctr) and treatment groups (GSH (10 mM for 2 h), BEV
(0.25 mg/ml for 24 h), and BEV+GSH) in the cells were induced. In the
BEV+2-APB group, the cells were further incubated with 2-APB
(100 μM for 5 min) after the BEV treatment. The cells were stained with
2 μM JC-1, 1 μM DCFH-DA, and 1 μM MitoTracker Red CM-H2ros

probes for measurements of Mit-Dep, cytosolic ROS, and MitoROS,
respectively. The images of JC-1, DCFH-DA, and MitoROS were cap-
tured in the LSM 800 confocal microscope fitted with the 40 × 1.3 oil
objective. a The mean fluorescence intensities of the JC-1, DCFH-DA,
and MitoROS were analyzed by using the ZEN software. The mean
results of JC-1 (b), DCFH-DA (c), and MitoROS (d) were indicated as
arbitrary unit (a.u) by the columns (*p ≤ 0.05 vs control (Ctr) and GSH
groups. **p ≤ 0.05 vs BEV group)
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BEV-induced cell death. BEV strongly enhanced cytosolic
ROS, mitochondrial ROS, caspase-3, and -9 levels via activa-
tion of TRPM2 in ARPE-19 cells that was inhibited by GSH
and TRPM2 blocker (ACA and 2-APB) treatments. GSH also
effectively reduced BEV-induced apoptotic cell death in the
ARPE-19, as deterring cells alive by blocking apoptotic path-
ways. The present data confirm previous results which
showed that intravitreal BEV in rabbit eyes induces mitochon-
drial swelling in photoreceptor inner segments and retinal ex-
pression of apoptosis (Bax, caspase-3, and -9) [52]. The in-
crease of apoptosis as PI/annexin V rate and caspase-3 mRNA
levels in the ARPE-19 [53] and human Müller cells [9] by
BEV treatment under the oxidative stress (H2O2) conditions
was recently reported. The protective effects of antioxidants
such as resveratrol and curcumin against BEV-induced ad-
verse effects via inhibition of ROS were more recently

reported in the ARPE-19 cells [37, 48]. Contrary, it was re-
ported that a single intravitreal injection of BEV did not result
in the increase of apoptosis, caspase-3, and -9 in the porcine
retina [54].

As co-factors of several antioxidant enzymes, the Zn2+ in-
duced ROS scavenger and antiapoptotic actions in several
cells, including ARPE-19 [55]. However, accumulation of
free [Zn2+]c in mitochondria induces cell death and it is pre-
sumed to occur predominantly through mitochondrial-
mediated apoptosis due to the activation of mitochondrial
ROS. The mitochondrial apoptotic pathway via activations
of inactive caspase-3 and -9 is induced in several cells by
the increase of [Zn2+]c [35, 56]. Hence, intracellular free
Zn2+ homeostasis is crucial for the physiological functions
of ARPE-19 cells, because free Zn2+ can injure the ARPE-
19 cells through the activation of mitochondrial-mediated

Fig. 7 The BEV-induced in-
crease of cytosolic-free Zn2+

(FluoZin3) concentrations was
decreased in the ARPE-19 cells
by the treatment of GSH (Mean ±
SD and n = 25–30). The control
(Ctr) and treatment groups, GSH
(10 mM for 2 h), BEV (0.25
mg/ml for 24 h), and BEV+GSH
in the ARPE-19 cells, were in-
duced. The cells were stained
with 1 μM FluoZin3 for mea-
surement of [Zn2+]c. The mean
fluorescence intensities of
FluoZin3 in the LSM 800 confo-
cal microscope fitted with the 40
× 1.3 oil objective were measured
by using the ZEN software (a).
The mean results of FluoZin3
fluorescence intensity were pre-
sented as arbitrary unit (a.u) by
the columns (b) (*p ≤ 0.05 vs
control (Ctr) and GSH groups.
**p ≤ 0.05 vs BEV group)
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caspase and ROS generations [57]. Hence, apoptosis, TRPM2
activation, MitoROS, andMit-Dep levels in several cells were
decreased by the depletion of [Zn2+i]c [35, 58]. It was reported
that accumulation of [Zn2+]c in mitochondria results in ROS
generation and TRPM2 activation in neuronal cells [35, 58].
However, [Zn2+i]c-induced ROS generation was decreased in
neuronal cells by the GSH treatment [35, 59]. In the ARPE-19
cells, we observed that BEV caused an increase of [Zn2+]c
which is associated with an increase in [Ca2+]c and ROS.
We observed that the BEV-induced [Zn2+]c increase in the
ARPE-19 cells was diminished by the GSH treatment.

In summary, GSH protects human ARPE-19 from BEV-
induced cell death, which is closely related to the inhibition of
TRPM2 activation-induced mitochondrial ROS generation
and to the suppression of caspase-3 and -9 activities. This
oxidant and apoptotic properties of BEV were induced
through the inhibition of overload Ca2+ entry involving the
TRPM2 activation molecular pathways. Based on this avail-
able data, we suggest that GSH via inhibition of TRPM2 may
protect the ARPE-19 cells from BEV-induced mitochondrial
oxidative stress and ARPE-19 cell death. Therefore, the GSH
as a TRPM2 blocker may play a special role in responding to
the antioxidant redox system of ARPE-19 cells and may be
considered as a therapeutic approach to BEV-induced human
retinal pigment epithelial cell injury.
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