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Abstract
Purpose Hydroxychloroquine (HCQ) is used in the treatment of several diseases, such as malaria, Sjögren's disease, Covid-
19, and rheumatoid arthritis. However, HCQ induces retinal pigment epithelium death via the excessive increase of cytosolic 
(cROS) and mitochondrial (mROS) free oxygen radical production. The transient receptor potential melastatin 2 (TRPM2) 
cation channel is stimulated by ADP-ribose (ADPR), cROS, and mROS, although it is inhibited by curcumin (CRC). We 
aimed to investigate the modulating action of CRC on HCQ-induced TRPM2 stimulation, cROS, mROS, apoptosis, and 
death in an adult retinal pigment epithelial 19 (ARPE19) cell line model.
Material and methods ARPE19 cells were divided into four groups: control (CNT), CRC (5 µM for 24 h), HCQ (60 µM for 
48 h), and CRC + HCQ groups.
Results The levels of cell death (propidium iodide positive cell numbers), apoptosis markers (caspases -3, -8, and -9), oxida-
tive stress (cROS and mROS), mitochondria membrane depolarization, TRPM2 current density, and intracellular free  Ca2+ 
and  Zn2+ fluorescence intensity were upregulated in the HCQ group after stimulation with hydrogen peroxide and ADPR, 
but their levels were downregulated by treatments with CRC and TRPM2 blockers (ACA and carvacrol). The HCQ-induced 
decrease in retinal live cell count and cell viability was counteracted by treatment with CRC.
Conclusion HCQ-mediated overload  Ca2+ influx and retinal oxidative toxicity were induced in an ARPE19 cell line through 
the stimulation of TRPM2, although they were attenuated by treatment with CRC. Hence, CRC may be a potential therapeutic 
antioxidant for TRPM2 activation and HCQ treatment-induced retinal oxidative injury and apoptosis.
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Key messages

What is known:

What is new:

Hydroxychloroquine (HCQ)-mediated oxidative stress is known to be involved in retinopathy. 

Stimulation of the TRPM2 channels was upregulated in retina cells by HCQ-mediated oxidative stress.  
HCQ-mediated TRPM2 activation, apoptosis, and oxidative stress were inhibited in retinal cells through
treatment with curcumin. 
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Abbreviations
ACA   N-(p-amylcinnamoyl)anthranilic acid
ADPR  ADP-ribose
ARPE19  Adult retinal pigment epithelial 19
BF  Bright field
Ca2+  Calcium ion
CNT  Control
CAS/3  Caspase -3
CAS/8  Caspase -8
CAS/9  Caspase -9
LSM-800  Confocal laser scanning microscope
CRV  Carvacrol
cCa2+   Cytosolic free calcium ion
cROS  Cytosolic free reactive oxygen radicals
cZn2+  Cytosolic free  Zn2+

HCQ  Hydroxychloroquine
ROS   Free reactive oxygen radicals
mROS  Mitochondrial free reactive oxygen radicals
mMP  Mitochondrial membrane potential
PARP-1  Poly [ADP-ribose] polymerase -1
RPE  Retinal pigment epithelium
TRP   Transient receptor potential
TRPM2   Transient receptor potential melastatin 2

Introduction

Hydroxychloroquine sulphate (HCQ) has been used as an 
antimalarial drug for over 50 years. HCQ has also been 
used in the treatment of inflammatory diseases, includ-
ing rheumatoid arthritis, systemic lupus erythematosus, 
Covid-19, and Sjögren’s disease [1]. Recently, this drug 
has also been indicated to be a potential treatment for vari-
ous tumours when administered in a high dose as an adju-
vant chemotherapeutic agent [2]. HCQ-mediated retinal 
toxicity is a well-documented phenomenon [3]. To date, 
there has been limited information on the exact mecha-
nism of HCQ-induced eye toxicity in the literature. Since 
eyes have a high melanin concentration, HCQ is known 
to deposit specifically in tissues with high melanin con-
tent, such as the retinal pigment epithelium (RPE) [4, 5]. 
The RPE is a single layer of eye cells that is essential for 
clearing debris from the photoreceptor outer segment of 
the retina. In in vitro experiments, treatment with HCQ 
has led to the degradation of the retina–blood barrier by 
changing the lysosome pH and monolayer permeability 
of the RPE [4, 5]. These changes cause significant vision 
loss via secondary changes in the overlying photorecep-
tors and neuroretinal cells [6]. The mechanisms of HCQ-
mediated RPE death and toxicity have not been definitively 
elucidated. There is evidence that treatment with HCQ 
induces oxidative stress and cell death in human retinal 
pigment epithelial 19 (ARPE19) cells [7], although such 

treatment also plays an antioxidant and antiapoptotic role 
via transient receptor potential (TRP) vanilloid 1 (TRPV1) 
channel inhibition in human monocytes [8]. In ARPE19 
cells, moreover, treatment with chloroquine increased cell 
death and reactive oxygen species (ROS) production [9]. 
In contrast, caspase-3 (CAS/3) activity, ROS production, 
and apoptosis levels remained unchanged, although the 
ARPE19 cell death rate was reduced through treatment 
with antioxidants (trolox and N-acetyl cysteine) [10]. The 
use of the antioxidant curcumin (CRC) may have similar 
protective effects in ARPE19 cells.

Long-term retinal damage can be caused by the 
increased generation of cytoplasmic (cROS) and mitochon-
drial (mROS) free reactive oxygen species [8, 11]. Apopto-
sis and cell death are stimulated by the overproduction of 
cROS and mROS [11–13]. This makes antioxidants unable 
to combat excessive cROS and mROS formation. Excessive 
cytosolic  Ca2+  (cCa2+)-mediated increases in mitochon-
drial membrane potential (mMP) damage retinal cells [14]. 
Chloroquine-mediated cROS and mROS generation also 
cause apoptosis in retina cells, including ARPE19 cells [9], 
although a conflicting finding was reported [8]. Stimulation 
of the transient receptor potential melastatin 2 (TRPM2) 
channels in ARPE19 cells by a number of drugs, including 
bevacizumab [11] and cisplatin [15], has been reported to 
cause adverse oxidative and apoptotic effects. However, 
these negative effects have been counteracted by the use 
of TRPM2 channel antagonists, including carvacrol (CRV) 
and N-(p-amylcinnamoyl)anthranilic acid (ACA) [12, 13, 
16], as well as antioxidants, such as CRC and glutathione 
[11, 15]. The involvement of TRPM2 has not been reported 
in HCQ-mediated overload  cCa2+ influx and mROS genera-
tion in ARPE19 cells.

Mammalian cells contain 28 members of the TRP super-
family, including TRPM2 [17]. ADP-ribose (ADPR),  NAD+, 
and hydrogen peroxide  (H2O2) are the major activators of the 
 Ca2+-permeable TRPM2 channel [18–20]. ACA and CRV 
are nonspecific antagonists of TRPM2 [21, 22]. The influx 
of  Ca2+ modulates the physiological functions of retinal cells 
[17]. However, increased mROS production and apoptosis 
are induced by elevated  Ca2+ accumulation within the mito-
chondria via the activation of TRPM2 in ARPE19 cells [12, 
13, 15, 16]. CRC is a bright-yellow material produced by 
plants of the Curcuma longa genus. Recently, it was discov-
ered that CRC regulates apoptosis, cROS, and mROS in rat 
hepatocytes [23], SH-SY5Y neuroblastoma cells [24, 25], 
renal collecting duct cells [26], and mouse optic nerves [15] 
by inhibiting the TRPM2 channel. However, it is unclear 
how CRC influences harmful HCQ-induced oxidative and 
apoptotic activity via the activation of TRPM2 in ARPE19 
cells.

In this study, we investigated the potential role of TRPM2 
in detrimental HCQ-mediated oxidative and apoptotic 
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activity in ARPE19 cells. Treatment with CRC may help 
counteract these detrimental effects by inhibiting TRPM2 
in these cells.

Material and methods

Cell culture

ARPE-19 cells were derived from the retina of a 19-year-old 
male. Although they lack some physiological characteristics 
of the RPE, ARPE-19 cells are regarded as a reliable model 
for investigating RPE cell metabolism [9, 11, 12]. The det-
rimental oxidative and apoptotic effects of medicines such 
as HCQ and chloroquine have been experimentally studied 
using ARPE19 cells as a model of the human RPE [9, 11, 
12]. Recently, it was also reported that a TRPM2 channel 
naturally exists in ARPE19 cells [16, 27]. These factors led 
us to choose the cells used in the current investigation, which 
were a gift from Professor Suat Erdoğan (Trakya University, 
Edirne, Turkey). The cells were incubated at 37 °C in a cell 
culture incubator (NB-203QS, South Korea) with a low-glu-
cose (1 g/l) medium mixture (DMEM/HAM's F12 mixture, 
Capricorn, Germany) supplemented with a combination of 
foetal bovine serum (10%) and antibiotics (penicillin/strep-
tomycin) (1%). The cells were incubated at a concentration 
of 1 ×  106 cells/flask in T25 flasks with filter caps (n = 6).

Determination of a nontoxic HCQ concentration 
in an ARPE19 cell line

Chloroquine and HCQ have been shown to be nontoxic at 
concentrations between 5 and 80 μM for 48 h in a variety 
of cell lines [8, 28, 29]. In the initial phase of the present 
work, we investigated the nontoxic level of HCQ in ARPE19 
cells. For 48 h, the cells were exposed to doses of HCQ 
of 10, 20, 30, 40, 50, 60, 70, and 80 μM (Fig. 1A). Com-
pared to the control (CNT) group, the levels of cell viability 
in the group administered 60 μM of HCQ were not lower 
(p ≥ 0.05). However, these levels were considerably reduced 
in the presence of 70 or 80 μM of HCQ compared to the 
CNT group (p ≤ 0.05). The cells were therefore exposed to 
dosages of 60 μM of HCQ for 48 h.

Study groups

The CNT cells were kept in cell culture conditions without 
treatment for 72 h. The cells in the CRC groups were incu-
bated with 5 μM of CRC (Cat no: C1386, Sigma-Aldrich 
Chemical Co., MO, USA) for 24 h [30, 31]. The cells in the 
HCQ (Cat no: H0915, HCQ, Sigma-Aldrich) groups were 
exposed to 60 µM of HCQ for 48 h. In the HCQ + CRC 
groups, the cells were kept in a 48-h HCQ incubation period, 
followed by a 24-h CRC incubation period. In addition to 
the T25 flasks, 35-mm Mattek dishes with bottom glasses 

Fig. 1  The determination of 
nontoxic HCQ concentration 
and the effects of CRC treat-
ment (5 µM for 24 h) on the 
HCQ (60 µM for 48 h)-induced 
decreases of the live ARPE19 
count and viability. (Mean ± SD 
and n = 3–6). A. The nontoxic 
HCQ concentration was deter-
mined in the plate reader by 
using the MTT analysis. In the 
four groups (CNT, CRC, HCQ, 
and HCQ + CRC), the live cell 
count (B), debris amount (C), 
and cell viability (D) were 
determined in the electronic cell 
counter (CASY) by using the 
CASY tone solution. (*p ≤ 0.05 
vs CNT and CRC. ×p ≤ 0.05 vs 
HCQ)
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(Istanbul, Turkey) were used to incubate the cells (1 ×  103/
ml) in an incubator (NB-203QS) to be analysed with a laser 
confocal microscope (LSM-800, Carl-Zeiss Foundation, 
Oberkochen, Germany) and for patch-clamp electrophysi-
ological investigation. The attached cells were used for the 
analyses. For analyses using a CASY Cell Counter and auto-
matic plate reader (Infinite 200 PRO, Tecan Life Sci, Austria 
GmbH, Groedig, Austria), the cells in the 25 T flasks were 
used.

Determination of live cell count, debris amount, 
and cell viability

Using a CASY Cell Counter Electronic System (Model TT, 
Roche Innovatis AG, Routlingen, Germany), we analyzed 
the live cell count, debris (death cell) amount, and cell via-
bility in the groups of ARPE19 cells after inducing four 
groups (CNT, CRC, HCQ, and HCQ + CRC. In the analyses, 
viable cells are detected with their entire cell volume. In 
CASY live cell count analyses, the conductivity between two 
electrodes is measured. An electrical pulse that corresponds 
to the volume of the cell is produced as the cell passes via 
the pore. In CASYtone buffer solution, the cells are sus-
pended before the analyses. The unit of  106/per ml was used 
for expressing the debris amount and live cell count, while 
the unit of percentage (%) was used to express the viability 
of the cells.

The assays of cell viability and apoptosis

In addition to the CASY cell viability analyses, the cell 
viability analyses were repeated in the cells by using the 
MTT test [11, 12]. For the analyses, the ARPE19 cells 
were seeded in ninety-six-well plates at an initial density of 
1 ×  106 cells/well and were treated with 100 µl of 5 mg/ml of 
MTT in PBS was added to each well, and incubated for 4 h at 
37 °C. 0.5 ml of dimethyl sulfoxide (DMSO; Sigma-Aldrich) 
was added to dissolve the formazan crystals. A microplate 
reader (Infinite PRO 200) was used to measure the absorb-
ance at 492 nm after shaking the 96-well plate for 1 min.

An APOPercentage stain (Biocolor Ltd. Northern Ire-
land) was used to measure the amount of apoptosis triggered 
by HCQ in the ARPE19 cells at 550 nm in a spectrophotom-
eter (UV-1800, Shimadzu Corporation, Kyoto, Japan). The 
dye of APOPercentage that is specifically internalized by 
cells going through apoptosis is used in the experiment. In 
the analyses, necrotic cells are not stained because they are 
unable to hold onto the dye.

In the MTT and apoptosis analyses, the 100% value, as 
the standard to assess cytotoxicity, was obtained from the 
optical density (OD) values assayed in untreated cells.

The assays of caspase ‑3 (CAS/3), caspase ‑8 (CAS/8), 
caspase ‑9 (CAS/9), cROS, and mMP

Following the appropriate incubation periods of six groups, 
the culture medium was removed and cells were washed 
twice with PBS. The three main fluorogenic substrates of 
passive caspases are Ac-DEVD-AMC (for CAS/3), Ac-
IETD-AFC (for CAS/8), and Ac-LEHD-AFC (for CAS/9), 
and they were purchased from Bachem AG. (Bubendorf, 
Switzerland). The active CAS/3, CAS/8, and CAS/9 may 
specifically cleave AMC and AFCs when they are exposed 
to apoptotic cell lysates. At excitation wavelengths of 
360–400 nm and emission wavelengths of 460–505 nm, the 
free AMC and AFCs were examined in the Infinite 200 PRO 
[32].

In the cytoplasm of living cells, oxidants convert the 
non-fluorescent form of cROS, 2',7' -Dichlorofluorescin 
diacetate (DCFH-DA) (Abcam, Istanbul, Turkey), into 
the fluorescent form (DCF) [33]. Using the excitation (at 
495 nm)/emission (at 527 nm) rate, its fluorescent form 
(DCF) was detected in the black plates and dark after the 
cells were treated with 1 µM DCFH-DA for 30–45 min. 
Fluorescent signals were measured using the Infinite 200 
PRO microplate reader.

In the caspase and DCFH-DA, the 100% value, as the 
standard to assess the fluorescence levels, was obtained from 
the OD values assayed in untreated cells.

The ARPE19 cells were stained with 5 µM 5,5′,6,6′-tetrachloro-
1,1′,3,3′-tetraethylbenzimidazolo-carbocyanine iodide (JC1) stain-
ing solution for 30–45 min at 37 °C [34]. Following incubation, 
the JC1 solution and medium were removed and 500 µl extracel-
lular buffer with  Ca2+ was added to suspend of the cells. The sam-
ples were then analyzed by the Infinite 200 PRO. Although JC1 
monomers were measured in the cells at 525 nm, the fluorescence 
intensity of JC1 aggregates was found at 590 nm after stimulating 
(488 nm) the cells. The JC1 dye statistics that were derived from 
the emission ratios (590/ 525) were displayed as a percentage of 
the control.

Cell death rate analyses

Hoechst (33342) dye can easily enter the nucleus of living 
cells, and it exhibits blue color following the laser activa-
tion (405 nm). Propidium iodide (PI), a dye that can accu-
mulate in damaged nuclei, causes cells to stain red when 
stimulated with a laser (561 nm). The cell death rate was 
calculated using the Hoechst 33342 (Cell Signaling Tech-
nology, Ankara, Turkey) and PI (Cell Signaling Technol-
ogy). The cells were incubated at dark and 37 ℃ with 
Hoechst 33342 (8.1 µM) and PI (1.5 µM) for 15–20 min. 
After washing the dyes by using 1xPBS, The 2.5D, blue 
(Hoechst), red (PI), and merge images were captured 
using the LSM-800. The total number of ARPE19 cell 
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death was manually counted, and the percentage change 
of the PI-positive cells was calculated. Black/white bright 
field (BF) images of the cells were recorded in an Axio 
Observer 7 microscope by using a CDD camera with high 
resolution (Zeiss).

The analyses of cROS, mROS, and mMP by using 
the confocal laser scanning microscope (LSM‑800)

The production of mitochondrial ROS (mROS) was 
evaluated in the LSM-800 by using the Mito-SOX Red 
Mitochondrial Superoxide Indicator (ThermoFisher Sci., 
GmbH, Dreieich, Germany). In addition to the plate reader 
analyses, we repeated DCFH-DA and JC1 analyses in the 
LSM-800 by recording the ARPE19 green and orange 
images. The ARPE19 cells were incubated in the medium 
of dishes with Mito-SOX Red (1 µM), DCFH-DA (1 µM), 
and JC1 (5 µM) for 30–45 min. Following the incubations, 
the dyes were removed, and 500 µl extracellular buffer 
with  Ca2+ was added to the cells in the dishes with bot-
tom glasses. The cells in the dishes were analyzed in the 
LSM-800 by using the appropriate laser stimulations [11, 
12]. The fluorescence intensity changes of Mito-SOX Red, 
DCFH-DA, JC1, merge, and 2.5D were recorded in the 
area (12 µm2) of each cell for the calibration of intensity, 
and their changes were calculated in the ZEN program. 
Data of MitoSOX, JC1, and DCFH-DA were presented as 
the changes of arbitrary unit (a.u).

The analyses of cytosolic free  Zn2+  (cZn2+) 
concentration

FluoZin-3 is a selective indicator of  cZn2+ concentration, 
although N,N,N'N'-tetrakis(-)(2-pyridylmethyl)-ethylene-
diamine (TPEN) is a  cZn2+ chelator. The ARPE19 cells in 
the dishes were stained with 1 µM FluoZin-3 (Catalog no: # 
F24194, ThermoFisher Sci.) and (Catalog no: # 4309, Toc-
ris, Istanbul, Turkey) for 30–45 min [35]. After washing the 
dyes by using the extracellular solution, the green and 2.5 
images of cells were recorded in the LSM-800 after the laser 
excitation (488 nm) (Objective: 20x). The laser wavelengths 
of FluoZin-3 fluorescence were kept at 493 nm (excitation) 
and 513 nm (emission) in the cells. The changes of fluores-
cence intensity were recorded in the LSM-800 and Axio 
Observer 7 microscope by using the ZEN program, and the 
mean data of  cZn2+ were shown a.u.

Electrophysiology (patch‑clamp) analyses

Cationic currents were recorded in the whole-cell patch-clamp 
mode [26]. The patch pipettes were produced using borosili-
cate capillary tubes and a PC-10 puller (Narishige Group, 

Tokyo, Japan). Patch pipettes were filled with a solution con-
taining potassium gluconate (140 mM), glucose (10 mM), 
EGTA (5 mM), HEPES (10 mM), NaCl (10 mM), and  CaCl2 
(1) (310 mOsm/l, pH 7.3 with KOH). The ADPR (1 mM) in 
the cytosolic solution (via path pipette) was administrated into 
the cells. The bath solution contained (in mM/l)  CaCl2 (2.5), 
HEPES (10), NaCl (130),  KH2PO4 (2), KCl (5),  MgCl2 (1), 
and glucose (10) and adjusted to 300 mOsm/l (with NaOH) 
and pH 7.26. In addition to the extracellular ACA (25 µM), 
the currents of TRPM2 were inhibited by using N-methyl-
D-glucamine  (NMDG+ as a  Na+ free patch chamber solu-
tion). Because TRPM2 is activated in the presence of high 
 cCa2+ concentration, a high  cCa2+ concentration (886 nM) 
was employed in the records rather than the standard  cCa2+ 
concentration (50–100 nM) [36]. The ARPE19 cells were held 
at -60 mV and ramps from − 200 mV to + 200 mV (400 ms) 
were applied at a frequency (0.2 Hz) using the HEKA USB 10 
amplifier and Patch-master software (Lamprecht, Germany). 
The experiments were performed at room temperature. The 
results for the acquired current density were expressed as cur-
rent (pA)/ cell capacitance (pF).

The measurement of cytosolic free  Ca2+  (cCa2+) 
concentration

In the images of ARPE19 that were stained with 1 µM 
Fluo 3/AM (at dark for 60 min) (ThermoFisher Sci.), we 
measured the  cCa2+ concertation [16, 25]. Axio Observer 
7 inverted microscope with 20 × objective (Carl-Zeiss) was 
attached to the LSM-800 setup for the laser stimulation of 
the Fluo 3/AM in the labeled cells. The extracellular solu-
tion was applied for removing the Fluo 3/AM dye from 
the cells prior to adding the TRPM2 stimulator (1 mM 
and  H2O2) to the glass bottom dishes. For antagonizing 
the TRPM2 channel, 200 µM CRV was used in the LSM-
800 experiments of Fluo 3/AM [22]. A specific computer 
with high resolution was used to measure the changes in 
the fluorescence intensity in the images taken by ARPE19 
using a specific ZEN application (version ZEN 3.2 blue 
edition and Carl-Zeiss). The fluorescence intensity result 
was expressed using the a.u.

Statistical analysis

All results were expressed as the means ± standard deviation 
(SD) of the indicated number of experiments by using the 
one-way ANOVA of the SPSS program (Version 24.0). The 
presence of statistical significance (p ≤ 0.05) level was cal-
culated by using the Student’s t test, and it was indicated by 
using the asterisks (*, x, a, b, and c).
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Results

Cell viability and live cell count

We investigated the effects of HCQ and CRC on live 
ARPE19 count and viability. Although the amount of 
debris (Fig. 1C) was higher in the HCQ group than in 
the CNT and CRC groups, the live cell count (Fig. 1B) 
and cell viability (Fig. 1D) were lower. However, the live 
cell count and viability were increased in the HCQ + CRC 
group compared to the HCQ group (p ≤ 0.05), whereas the 
amount of debris was decreased in the HCQ + CRC group 
through treatment with CRC (p ≤ 0.05).

CRC counteracted the HCQ‑induced increase 
of ARPE19 death and apoptosis via decreases 
in caspase and TRPM2 activation

We suspected that the antioxidant CRC would play a 
protective role against cell death (PI-positive cell) in 
ARPE19 cells following CRC treatment after detecting 
a decline in cell viability and live cell count in the HCQ 
group. The bright field (BF) (Fig. 2A), death (PI), live 
(Hoechst), merge (Fig.  2B), 2.5D (visual perception) 
(Fig. 2C), and PI-positive cell numbers (Fig. 2D) were 
analysed using an LSM-800.

In the HCQ group, there was an increase in the proportion 
of PI-positive cells compared to the CNT and CRC groups 
(p ≤ 0.05). However, the percentages of PI-positive cells 
were lower in the HCQ + CRC and HCQ + CRV groups than 
in the HCQ group (p ≤ 0.05).

The accumulated data indicate that ARPE19 cell death 
is caused by the upregulation of apoptosis via increases in 
CAS/3, CAS/8, and CAS/9 activation [11, 12, 16]. After 
observing the protective roles of CRC and TRPM2 antago-
nist (CRV) on retina cell death in the ARPE19 cells, we 

Fig. 2  The HCQ (60 µM for 48 h)-induced ARPE19 death was down-
regulated by the treatments of CRC (5 µM for 24 h) and TRPM2 antago-
nist (CRV and 200 µM for 24 h). (N = 13–15 and mean ± SD). The bright 
field (BF) (A) images were recorded in the Axio Observer 7 inverted 
microscope with 20 × objective by using the CDD camera. The red (PI), 
Hoechst (blue), and merge (C) images were recorded in the LSM-800 
setup attached with 20 × objective. D. The percentage changes of PI posi-
tive cells. *p ≤ 0.05 vs CNT and CRC. ×p ≤ 0.05 vs HCQ)

◂

Fig. 3  The HCQ (60  µM for 48  h)-induced changes of MTT, apop-
tosis, CAS/3, CAS/8, and CAS/9 were modulated in the ARPE19 
cells by the treatments of CRC (5 µM for 24 h) and CRV (200 µM for 
24 h). (N = 6 and mean ± SD). A. The level of call viability was deter-
mined by using the MTT assay. B. The level of apoptosis was manu-

ally determined in the plate reader (Infinite PRO 200). The activities 
of CAS/3 (C), CAS/8 (D), and CAS/9 (E) were assayed in the plate 
reader (Infinite PRO 200) by using the caspase substrates. The cells 
were stimulated by the TRPM2 agonist  (H2O2 and 1 mM). (*p ≤ 0.05 
vs CNT and CRC. ×p ≤ 0.05 vs HCQ)
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suspected an increase in apoptosis and caspases in these 
cells. The MTT level (Fig. 3A) was decreased in the HCQ 
group, although this level was increased through treatment 
with CRC and CRV (p ≤ 0.05). The levels of apoptosis 
(Fig. 3B), CAS/3 (Fig. 3C), CAS/8 (Fig. 3D), and CAS/9 
(Fig. 3E) were increased in the HCQ groups (p ≤ 0.05), 
although they were decreased in the HCQ + CRC and 
HCQ + CRV groups through treatments with CRC and 
CRV (p ≤ 0.05).

Treatment with CRC and TRPM2 anatagonist 
diminished HCQ‑induced increases in mROS, mMP, 
and cROS

Until now, no research has been done on how HCQ causes 
changes in mROS, mMP, and cROS in ARPE19 cells by acti-
vating TRPM2. We wondered whether increased TRPM2 acti-
vation in the ARPE19 cells was responsible for the upregula-
tion of mROS, mMP, and cROS.

Fig. 4  The HCQ (60 µM for 48 h)-induced increases of mROS, mMP, 
and cROS concentrations were downregulated in the ARPE19 by the 
treatments of CRC (5  µM for 24  h) and TRPM2 antagonist (CRV, 
200 µM for 24 h). (Mean ± SD). After staining the cells with Mito-
SOX Red (1 µM), JC1 (5 µM), and DCFH-DA (1 µM) dyes, the nor-
mal (A) and 2.5D (B) images of MitoSOX Red, JC1 and DCFH-DA 

were captured in the LSM-800 with the × 20 objective. The mean flu-
orescence intensities of MitoTracker (C), JC1 (D), and DCFH-DA (E) 
were measured in the images by using the ZEN program. Arbitrary 
unit: a.u. The JC1 (F) and DCFH-DA (G) analyses were also repeated 
in the microplate reader. (*p ≤ 0.05 vs CNT and CRC. ×p ≤ 0.05 vs 
HCQ)
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Normal (Fig. 4A) and 2.5D (Fig. 4B) images of mROS, 
mMP, and cROS were recorded with a confocal micro-
scope (LSM-800) using MitoSOX Red, JC1, and DCFH-
DA, respectively. In addition to the LSM-800 analysis, 
JC1 (Fig. 4F), and DCFH-DA (Fig. 4G) analyses were also 
performed in the microplate reader after  H2O2 stimula-
tion. The mean fluorescence intensities of MitoSOX Red 
(Fig. 4C), JC1 (Fig. 4D and 4F), and DCFH-DA (Fig. 4E 
and 4G) were markedly upregulated in the HCQ group 
compared to the CNT and CRC groups (p ≤ 0.05). How-
ever, treatment with CRC and TRPM2 antagonist (CRV) 
diminished the action of HCQ via decreases in MitoSOX 
Red (Fig. 4C), JC1 (Fig. 4D and 4F), and DCFH-DA 
(Fig. 4E and 4G) in the cells (p ≤ 0.05). Although their 
increases were downregulated in the HCQ + CRC and 
HCQ + CRV groups by the CRC and CRV treatments, 
TRPM2 stimulation after HCQ upregulation was corre-
lated with increased mROS, mMP, and cROS.

The HCQ‑induced increase in  cZn2+ was attenuated 
in the ARPE19 cells by treatment with CRC, CRV, 
and TPEN

In several cells, HCQ and  cZn2+ have a direct correla-
tion [37, 38]. Bonded and free  Zn2+ have opposite effects 
on cells. Bonded  Zn2+ works as an antioxidant in many 
cells as a co-factor of antioxidant enzymes [39]. However, 
the mMP and mROS levels of ARPE19 are increased by 
the excessive influx of  cZn2+ into the mitochondria [30, 
40]. Referring to the ARPE19 cells treated with CRC, 
TRPM2 antagonist (CRV), and  cZn2+ chelator (TPEN), 
we aimed to understand the mechanism underlying the 
HCQ-induced increase in  cZn2+ concentration.

Using the ZEN programme, variations in the fluo-
rescence intensity of  cZn2+ (FluoZin-3) in the recorded 
cells as observed with the LSM-800 were quantified 
(Fig. 5A). Treatment with HCQ resulted in an increase 

Fig. 5  The treatment of CRC 
(5 µM for 24 h), CRV (200 µM 
for 24 h), and TPEN (1 µM 
for 30–45 min) diminished 
HCQ-induced  cZn2+ increase 
in the ARPE19. (N = 20–30 and 
mean ± SD). The FluoZin-3 
green and 2.5D images (A) 
were recorded in the LSM-800 
setup attached with the inverted 
microscope (Axio Observer 
7) and 20 × objective. B. The 
fluorescence intensity changes 
of FluoZin-3 as arbitrary unit 
(a.u.). (*p ≤ 0.05 vs CNT and 
CRC. ×p ≤ 0.05 vs HCQ)
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in  cZn2+ content in the cells (p ≤ 0.05). However, the use 
of CRC, CRV, and TPEN therapy reduced the effect of 
HCQ by preventing the upregulation of  cZn2+ in the cells 
(p ≤ 0.05) (Fig. 5B).

Incubation with CRC attenuated ADPR‑induced 
TRPM2 current density in ARPE19 cells

TRPM2 activation can be investigated using the patch-
clamp technique, which is highly useful. We investigated 
the HCQ-mediated activation of TRPM2 in the cells using 
cytosolic (in patch pipettes) 1-mM ADPR stimulation. In 
the analyses, we used the whole cell configurations of the 
cells to record the currents (Fig. 6A and 6B). The patch 
pipettes were produced in a puller using borosilicate capil-
lary tubes (Fig. 6J). There were limited currents (0.05 nA) 
in the cells of the CNT group without ADPR stimulation 
(Fig. 6C). In the CNT groups, TRPM2 was activated up to 
0.9 nA (Fig. 6D) by ADPR, although it was gated up to 2.0 
nA in the HCQ group (Fig. 6E). Hence, the current den-
sity was higher in the HCQ group (255 pA/pF) than in the 
CNT group (100 pA/pF) (p ≤ 0.05) (Fig. 6I). The TRPM2 
currents caused by the ADPR in the CNT and HCQ groups 
were downregulated to CNT levels through treatment 
with  NMDG+ and ACA (Fig. 6D and 6E). Treatment with 
HCQ accelerated TRPM2 activation in the ARPE19 cells, 
and their activation times were longer in the CNT group 
(1.15 min) than in the HCQ group (0.82 min) (p ≤ 0.05) 
(Fig. 6H). In the CRC (0.05 nA) (Fig. 6F) and HCQ + CRC 
(0.05 nA) (Fig. 6G) groups, there were limited currents (as 
in the control group) after ADPR stimulation. The TRPM2 
currents were lower in the CRC + ADPR (6.76 pA/pF) and 
HCQ + CRC + ADPR (9.96 pA/pF) groups than in the 
CNT + ADPR (100 pA/pF) and HCQ + ADPR (255 pA/
pF) groups (p ≤ 0.05) (Fig. 6I).

Treatment with CRC downregulated 
the HCQ‑mediated upregulation of  cCa2+ 
concentration via the modulation of TRPM2 
in ARPE19 cells

In addition to the patch-clamp investigations, we also inves-
tigated the potential protective effects of CRC on the eleva-
tion of HCQ-induced TRPM2 stimulation and  cCa2+ levels 
in the cells.

Figure 7A presents images of Fluo-3/AM  (cCa2+) in 
the four groups (CNT, CRC, HCQ, and HCQ + CRC). Fol-
lowing the stimulation of  H2O2 (1 mM) in the four groups 
(CNT, CRC, HCQ, and HCQ + CRC), the concentration of 
 cCa2+ was significantly (p ≤ 0.05) upregulated (Fig. 7B), 
while the administration of CRV in the  H2O2 + CRV groups 
significantly (p ≤ 0.05) downregulated the concentration of 
 cCa2+ (Fig. 7C).

Images of  cCa2+ from the HCQ, HCQ +  H2O2, and 
HCQ +  H2O2 + CRV (Fig. 7D) groups were continually 
recorded for 396 s, and their concentrations are shown in 
the Fig. 7E and 7F. The Fluo-3/AM fluorescence intensity 
was higher in the HCQ +  H2O2 group (Fig. 7E and 7F) than 
in the HCQ + CRV +  H2O2 group. In addition, the images 
of  cCa2+ from the HCQ + CRC, HCQ + CRC +  H2O2, and 
HCQ + CRC +  H2O2 + CRV groups (Fig. 7G) were con-
tinually recorded for 396 s, and their concentrations are 
shown in Fig. 7H and 7I. There was no stimulator action 
of  H2O2 in the HCQ + CRC group (p ≥ 0.05) (Fig. 7G).

Discussion

Excessive  Ca2+ influx-mediated oxidative stress is a key 
factor in the initiation of RPE oxidative injury and apop-
tosis [27, 28, 31, 41, 42]. RPE cells normally perform pro-
cesses that result in high levels of oxidative stress, such as 
phagocytosis and the deterioration of photoreceptor outer 
segments. These cells also tolerate continued exposure to 
light [43]. Chloroquine and HCQ therapies have a low risk 
of causing significant retinopathy [44, 45]. Although most 
retinal injuries are repairable, irreversible damage, such as 
vision loss, can develop in some circumstances. Oxidative 
stress further increases during treatment with HCQ [7]. 
ARPE19 pathology is associated with dysfunctional  cCa2+ 
signalling pathways, which result in increased numbers 
of ROS-producing mitochondria and the accumulation of 
 cCa2+ through TRPM2 stimulation in the RPE cells [15, 
16, 25, 27]. All these factors aggravate oxidative stress, 
induce apoptosis, and activate TRPM2, which contribute 
to the induction of RPE oxidative injury.

Fig. 6  Treatment with HCQ (60 µM for 48 h) increased  the ADPR-
induced activation of TRPM2 in the ARPE19, but treatment with 
CRC (5  µM for 24  h) decreased the activation. (Mean ± SD and 
n = 4–6). A. The image of whole cell (W.C.) configuration in the cells 
of patch-chamber and voltage-clamp (at -60  mV). B. The image of 
W.C. configuration between cell and path pipette. C. The current 
records of control cell without ADPR stimulation. The cytosolic (via 
patch pipette) ADPR (1  mM)-induced TRPM2 current and current 
(I)/ voltage (V) rate changes in the CNT (D) and HCQ (E) groups 
were inhibited by ACA (25  µM) and  NMDG+. F and G. CRC and 
HCQ + CRC, respectively. H. The TRPM2 activation times in the 
CNT and HCQ after ADPR. I. The mean current density changes in 
the four groups (CNT, CRC, HCQ, and HCQ + CRC) with/without 
ADPR and ACA. J. Patch-clamp puller (pipette maker). (Δp ≤ 0.05 
vs. CNT (without ADPR). *p ≤ 0.05 vs. CNT + ADPR. ×p ≤ 0.05 vs. 
HCQ)

◂
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We aimed to investigate the protective effect of CRC 
treatment on HCQ-induced oxidative stress and apoptosis 
in ARPE19 cells by blocking TRPM2. The stimulation of 
TRPM2 with ADPR and  H2O2 increased the levels of debris, 
apoptosis, apoptotic markers (CAS/3, CAS/8, and CAS/9), 

cell death (PI positive cell number), ROS (cROS and mROS), 
TRPM2 currents, and  cCa2+ concentration in the HCQ group, 
although these levels were decreased by incubation with CRC 
and TRPM2 antagonists (ACA and CRV). The HCQ-induced 
ARPE19 viability and live count were also increased by these 

Fig. 7  The HCQ-induced increase of  cCa2+ was downregulated 
via the inhibition of TRPM2 in the ARPE19 by the CRC treatment. 
(n = 12–15). After staining the ARPE19 cells with the  cCa2+ indicator 
dye (1 µM Fluo 3/AM for 60 min), the TRPM2 stimulators  (H2O2 and 
1 mM) and blockers (CRV and 200 µM) were applied to the captured 
ARPE19 cells in four groups (CNT, CRC, HCQ, and HCQ + CRC) in 
the LSM-800 attached with Axio Observer 7 microscope and objec-
tive (20x). In the images of captured cells, the fluorescence intensity 
changes of Fluo 3/AM as arbitrary unit (a.u.) were determined by 

using the ZEN program. A. The images of the Fluo 3/AM in the four 
groups. B and C. The representation of mean fluorescence intensities 
in the four group after the treatment of  H2O2 or CRV. D. The images 
of HCQ. E and F. The mean fluorescence intensity changes of Fluo 3/
AM in the groups during the 396 s. G. The images of HCQ + CRV. 
H and I. The mean fluorescence intensity of Fluo 3/AM in the group 
of HCQ + CRV. (*p ≤ 0.05 vs. (-H2O2) group. *p ≤ 0.05 vs. CNT with-
out  H2O2. xp ≤ 0.05 vs. CNT with  H2O2. ◊p ≤ 0.05 vs. +  H2O2 group. 
xp ≤ 0.05 vs. HCQ. ap ≤ 0.05 vs. HCQ +  H2O2)
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treatments (Fig. 8). The data clearly indicated that HCQ-medi-
ated TRPM2 stimulation caused ARPE19 cell death and oxi-
dative toxicity, although they were decreased via the TRPM2 
inhibition caused by CRC treatment.

By means of DNA repair processes (via the activity of 
poly [ADP-ribose] polymerase -1 (PARP-1) and mitochon-
drial oxidative stress generation), ADPR is produced in the 
nuclei of cells [17, 18]. The enzyme ADPR hydrolase, which 
is present in the C-terminal NUDT9 domain of TRPM2, 
is necessary for activating TRPM2 [17, 18]. Thus, ADPR 
participates in the regulation of the TRPM2 channel in a 
variety of cells, including ARPE19 [15, 16, 25, 27], although 
treatment with CRC alters the action of ADPR in several cell 
lines [15, 23–25]. The current patch-clamp results show that 
cytosolic ADPR stimulation activated TRPM2 in the HCQ 
group. DNA damage and an increase in mitochondrial ROS 
(mROS) are two effects of HCQ treatment [46, 47]. After 
stimulation with  H2O2 and ADPR in the patch-clamp and 
Fluo 3/AM analyses, the TRPM2 was further gated in the 
HCQ group compared to the CNT and CRC groups. Analy-
ses of several cells, notably ARPE19, have shown that CRC 
and CRV have antioxidant and TRPM2 blocker activities 
[15, 16, 25, 27]. In the current investigation, the antioxidants 

CRV and CRC had similar effects on TRPM2 modulation in 
ARPE19 cells, and the HCQ-induced rise in  cCa2+ was com-
pletely counterbalanced by the treatment with CRC and CRV 
via the reduction of TRPM2 activation in the HCQ + CRV 
and HCQ + CRV groups.

The activation of caspases such as CAS/3, CAS/8, and 
CAS/9 is closely related to the induction of apoptosis and 
cell death. Under typical cellular metabolic and stress con-
ditions, caspase activation and apoptosis both play crucial 
roles in ARPE19 death [15, 16, 25, 27]. Several recent stud-
ies have examined this issue, but the exact mechanism of 
action underlying the combined effects of HCQ and apop-
tosis is still not entirely understood [9, 10]. We found that 
HCQ treatment reduced the viability of ARPE19 cells. How-
ever, this reduction in ARPE19 viability was modified by 
pretreatment with CRC. There is evidence that the activation 
of apoptotic pathways causes HCQ-induced retinal oxida-
tive damage and neurotoxicity in ARPE19 cells [7]. It has 
been hypothesised that increases in excessive  Ca2+ influx 
(via the stimulation of TRPM2)-mediated mROS and cROS 
formation kill ARPE19 cells via the accumulation of CAS/3, 
CAS/8, and CAS/9 [15, 16, 25, 27]. The subsequent activa-
tion of TRPM2 through the stimulation of apoptosis results 

Fig. 8  Possible defence 
mechanisms of curcumin (CRC) 
against hydroxychloroquine 
(HCQ)-initiated apoptosis, 
oxidative stress, and TRPM2 
activation in ARPE19 cells. 
DNA damage (via PARP-1 
activation)-induced ADP-ribose 
(ADPR) and oxidative stress 
stimulate the NUDT9 region 
of TRPM2 in the C domain, 
although treatment with ACA 
and carvacrol inhibits TRPM2 
channel activity in ARPE19 
cells. The accumulation of free 
 Ca2+ and  Zn2+ in mitochondria 
caused by HCQ raises the mito-
chondrial membrane potential 
(mMP). Increased oxidative 
stress (cytosolic and mitochon-
drial ROS) and apoptotic factor 
(caspase (CAS)/3, CAS/8, and 
CAS/9) activity are induced by 
increased TRPM2-mediated 
 Ca2+ influx. This stimulates 
apoptotic signalling pathways, 
which ultimately leads to cell 
death. Through the down-
regulation of TRPM2 activity, 
treatment with CRC decreases 
HCQ-induced increases in 
apoptosis, death, and ROS 
generation in ARPE19 cells. (↑) 
Increase. (↓) Decrease
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in the death of ARPE19 cells [11, 12]. Inhibiting CAS/3, 
CAS/8, and CAS/9 activity by inhibiting TRPM2 may, there-
fore, help protect the retina against HCQ toxicity. In line 
with these findings, the administration of HCQ in the present 
investigation led to elevations in CAS/3, CAS/8, and CAS/9 
activity in ARPE19 cells, as well as an increase in cell death 
(PI positive cell number). However, using CRC and TRPM2 
antagonists (ACA and CRV) attenuated this impact, indicat-
ing that CRC protects ARPE19 cells against HCQ-induced 
retinal toxicity and death by blocking TRPM2 channel sig-
nalling pathways. In accordance with the present results, 
the chloroquine-mediated cell death rate was decreased in 
ARPE19 cells through treatment with antioxidants (trolox 
and N-acetyl cysteine) [9]. It has also been reported that 
apoptosis and mROS levels were increased in ARPE19 cells 
through treatment with chloroquine [10].

Due to its high rate of oxygen consumption and exposure 
to light, the retina is a crucial target for cROS and mROS [48]. 
Furthermore, HCQ-induced RPE toxicity appears to be linked 
to oxidative stress. Administering HCQ into lysosomes leads 
to a rise in pH, which simultaneously causes  Fe2+ release 
and a decrease in lysosomal hydrolase activity [9, 46, 49]. 
Fenton’s reaction and oxidative stress cause excessive ROS 
production [17]. By expanding the mitochondrial permeabil-
ity transition pore and harming mMP, increased  Ca2+ influx 
caused by the activation of TRPM2 enhances the production 
of cROS and mROS [17]. In several cells, TRPM2 suppres-
sion-mediated reductions of cROS and mROS by treatment 
with antioxidants such as glutathione and N-acetyl cysteine 
controlled  Ca2+ influx by regulating the permeability transi-
tion pores in the mitochondria [15, 23–25]. Although CRC 
suppressed the production of cROS (DCFH-DA) and mROS 
(MitoSOX), we investigated whether HCQ-induced apoptosis 
would occur after an increase in ROS. Additionally, treatment 
with CRC via the suppression of TRPM2 inhibits the control 
of apoptosis and mMP under oxidative stress [15, 23–25]. 
Based on the finding that exposure to HCQ increased cROS 
and mROS through the activation of TRPM2, while treatment 
for CRC eliminated these effects through the suppression of 
TRPM2, our study supports this connection. Numerous stud-
ies have shown that apoptotic signalling inhibition adversely 
affects cell fate [15, 23–25], which is consistent with our find-
ings using both inhibitors.

In conclusion, our data indicate that exposure to HCQ 
increases TRPM2 activity in ARPE19 cells. This indicates 
that it might help to initiate and spread apoptosis and mito-
chondrial oxidative stress. Although several issues remain 
unclarified in this study, our research demonstrates the key 
role of CRC and TRPM2 inhibition in controlling oxida-
tive stress and apoptosis via mMP, cROS, MROS, and cas-
pase signalling. There are hundreds of papers in medicine 
across the globe on the benefits of CRC for several disor-
ders such as cisplatin-induced optic nerve injury [15] and 

albumin-induced kidney cell injury [26], and interestingly 
we have not reached a point where it can be specifically 
be used to target without being vague. Further studies of 
HCQ-induced oxidative retinopathy in in vivo experimental 
animal models are required to elucidate the protective effects 
of CRC.
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