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Abstract. The present study aimed to investigate the effects 
of chloride channels (ClC) on the proliferation and migration 
of retinal pigment epithelial (RPE) cells, a primary compo-
nent of proliferative vitreoretinopathy (PVR) membranes. An 
RPE cell model of phagocytosis was established using fibro-
nectin‑coated latex beads. Cell proliferation was measured by 
live cell counting. The cell cycle and phagocytosis index was 
assessed by flow cytometry. Intracellular calcium concentra-
tion was quantified using Fura‑2‑acetoxymethyl ester. ClCs 
were blocked using 5‑nitro‑2‑(3‑phenylpropylamino) benzoic 
acid (NPPB) and tamoxifen (TAM). NPPB and TAM were 
identified to inhibit the proliferation of ARPE‑19 human adult 
RPE cells by arresting them in the G0/G1 phase, inhibit the 
phagocytosis of fibronectin, and decrease intracellular calcium 
levels, in a dose‑dependent manner. ClCs serve important roles 
in mediating human RPE cell proliferation and migration. The 
underlying mechanisms of action of ClCs are associated with 
the regulation of calcium. Targeting ClCs may provide a novel 
strategy to inhibit PVR formation.

Introduction

Proliferative vitreoretinopathy (PVR), a retinal damage repair 
process, is a common cause of severe visual impairment or 
blindness  (1). Retinal pigment epithelial (RPE) cells are a 
primary component of PVR membranes, and abnormal RPE 
cell migration and proliferation contributes to PVR (2). The 
pathological basis for PVR is the destruction of the blood‑retinal 
barrier, which causes the subretinal RPE cells to directly 
contact the vitreous. RPE cells lose their connection to the RPE 
extracellular matrix by an unknown underlying mechanism. 

The cells subsequently undergo epithelial‑mesenchymal tran-
sition, localize to the vitreous, proliferate and organize into 
an epiretinal membrane. Contraction of the membrane may 
cause retinal detachment (3,4). During PVR, components of 
the extracellular matrix, including fibronectin (FN), collagen 
and laminin, appear in the epiretinal membrane; however, 
the importance of this is unclear. FN is a glycoprotein that is 
crucial for promoting cell growth and adhesion, maintaining 
cell structure, and wound repair and healing (5,6). Subretinal 
and epiretinal membranes exhibit high levels of FN (7,8).

Chloride channels (ClCs) are widely distributed throughout 
mammalian organs and serve important roles in maintaining 
cell volume and regulating cell activity, proliferation, differen-
tiation and division (9). ClC activity determines whether cells 
enter the S or G0 phase (10‑12). In addition, ClC‑2 and ‑3 are 
involved in morphological alterations, which are closely asso-
ciated with cell migration and invasion. Numerous ClCs have 
been cloned, including ClC‑1 to ‑7, ClC‑ka and ClC‑kb. It has 
been demonstrated that ClCs are expressed in RPE cells (13,14). 
ClC blockers include 5‑nitro‑2‑(3‑phenylpropylamino) benzoic 
acid (NPPB) and tamoxifen (TAM), which may prevent the 
proliferation and migration of glioma cells (15‑17). Little is 
known about the association between ClCs, the proliferation 
and migration of RPE cells, and PVR.

ARPE‑19 is a well‑established adult human RPE cell 
line that has been widely used as a model for in vitro RPE 
cell research (18,19). The present study cultured ARPE‑19 
cells with ClC blockers in vitro to investigate the effects of 
ClCs on the proliferation and cell cycle of human RPE cells. 
Additionally, the present study established an RPE cell model 
of phagocytosis, using FN‑coated latex beads, to examine 
the effect of ClCs on RPE cell migration. These results may 
provide a basis for novel studies aimed at the prevention and 
treatment of PVR.

Materials and methods

RPE cell culture. The ARPE‑19 human adult RPE cell line 
(American Type Culture Collection, Manassas, VA, USA) 
was cultured in Dulbecco's modified Eagle's medium/Nutrient 
Mixture F‑12 (DMEM/F‑12; Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) supplemented with 10% fetal bovine 
serum, 100  U/ml penicillin and 100  mg/ml streptomycin 
(Sigma‑Aldrich; Merck Millipore, Darmstadt, Germany). The 
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cells were maintained in a humidified incubator at 37˚C and 
5% CO2.

Dose‑dependence of RPE cell viability. NPPB and TAM 
(Sigma‑Aldrich; Merck Millipore) stock solutions were 
prepared in dimethyl sulfoxide and serially diluted with 
serum‑free DMEM/F12 medium. ARPE‑19 cells were 
cultured in the medium, in the presence or absence of 10, 
50 or 100 µM NPPB or 5, 10 or 50 µM TAM, for 48 h and 
subsequently suspended in phosphate‑buffered saline (PBS) 
with 0.1% trypan blue dye (Sigma‑Aldrich; Merck Millipore) 
for 10 min. Staining was measured by flow cytometry (Coulter 
EPICS® XL™; Beckman Coulter, Inc., Brea, CA, USA) and 
cell viability was calculated under an inverted light micro-
scope (CH20‑BIM; Olympus Corporation, Tokyo, Japan).

Cell proliferation assay. ARPE‑19 cells were seeded into 
24 Petri dishes at a density of 4x104 cells/ml, and incubated for 
48 h with NPPB or TAM as described in the previous section. 
The cells were digested with 0.25% parenzyme (Gibco; 
Thermo Fisher Scientific, Inc.). Trypan blue (1%) was added to 
0.9 ml of each cell suspension. Cells were counted by a blinded 
observer using a hemocytometer. Mean values were calculated 
from three replicates for each group.

Cell cycle determination. ARPE‑19 cells were seeded into six 
Petri dishes at a density of 4x104 cells/ml in media containing 
100 µM NPPB or 50 µM TAM. After 48 h, the cells were 
digested with 0.25% parenzyme, washed three times with 
PBS, and resuspended in 0.5 ml PBS. Triton X‑100 (0.15%) 
and RNase (5 mg/ml; Sigma‑Aldrich; Merck Millipore) were 
added to each suspension. Following incubation for 10 min at 
room temperature, DNA was stained with 25 µg/ml propidium 
iodide (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 
10 min at room temperature. The stained cells were filtered 
through a nylon filter membrane (Sigma‑Aldrich; Merck 
Millipore) and DNA was quantified by flow cytometry at an 
excitation wavelength of 488 nm. MULTICYCLE® software 
version 5.0 (Beckman Coulter, Inc.) was used to analyze the 
cell cycle in 10,000 cells per sample.

Establishment of a model for RPE cell phagocytosis. 
ARPE‑19 cells were cultured for 24 h in 6 Petri dishes at 
a density of 2.5x105  cells/ml, to a confluence of 70‑95%. 
Fluorescent‑labeled latex beads (emission wavelength, 515 nm; 
diameter, 1.0 µm; Thermo Fisher Scientific, Inc.) were diluted 
in PBS to a density of 5x107 latex beads/ml and mixed with FN 
(Sigma‑Aldrich; Merck Millipore) to a final concentration of 
1.0 µg/ml FN. This mixture was incubated at 37˚C for 10 min. 
FN‑coated or uncoated latex beads were added to the cell 
culture medium in each well at a density of 5x106, to a final 
volume of 100 µl. The cells were incubated at 37˚C for 0, 1, 
3, 6 or 12 h. Following this, they were digested and dispersed 
with 0.25% parenzyme. The digests were washed three times 
with PBS to remove the non‑adherent latex beads and were 
subsequently resuspended in PBS.

Flow cytometry (excitation wavelength, 488 nm; emission 
wavelength, 530±15 nm) was used to calculate the phagocytic 
activity of 10,000 ARPE‑19 cells following treatment with 
latex beads. The percentage of cells containing phagocytosed 

latex beads and the amount of latex beads that were phagocy-
tosed was defined as the phagocytic index.

Effect of ClC blockers on RPE cell phagocytosis of FN. 
ARPE‑19 cells were treated with 10, 50 or 100 µM NPPB, or 5, 
10 or 50 µM TAM for 1 h. These concentrations do not cause 
cell death (20‑22). Following this, FN‑coated or uncoated latex 
beads were added into the culture media and incubated at 37˚C 
for 3 h. The cells were subsequently digested and dispersed, 
and the phagocytic index was measured using flow cytometry.

Measurement of intracellular calcium concentration. 
Fura‑2‑acetoxymethyl ester (AM) was used to measure intra-
cellular calcium (Ca2+) levels. ARPE‑19 cells were incubated 
with 10 µmol/l membrane‑permeant Fura‑2AM in hypotonic 
saline solution for 1 h in the dark at room temperature. NPPB 
(50 or 100 µM) or TAM (50 or 100 µM) was added to the 
hypotonic solutions to the final concentration (reported in 
the Results section) and fluorescence emission was measured 
using a RF‑5301  PC Spectrofluorophotometer (Shimadzu 
Corporation, Kyoto, Japan) at a wavelength of 510 nm using 
excitation wavelengths of 340 and 380 nm.

Statistical analysis. All experiments were repeated at least 
three times. Data are presented as the mean  ±  standard 
deviation. One‑way analysis of variance was used to analyze 
significance, and comparisons between the groups was made 
by analyzing data using one‑way analysis of variance and the 
Student‑Newman‑Keuls method. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Effect of ClC blockers NPPB and TAM on ARPE‑19 cell 
viability and proliferation. An initial screening assessment 
was used to determine the optimal concentrations of NPPB 

Figure 1. Effect of the chloride channel blockers NPPB and TAM on the 
proliferation of ARPE‑19 cells. Data are presented as the mean ± standard 
deviation (n=3, NPPB treated groups; n=4, TAM treated groups). **P<0.05, 
*P<0.01 and #P>0.05 vs. control. NPPB, 5‑nitro‑2‑(3‑phenylpropylamino) 
benzoic acid; TAM, tamoxifen.
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and TAM that were not cytotoxic to ARPE‑19 cells during a 
48‑h treatment period. In all groups, the cells demonstrated 
>95% viability, and no significant differences were observed 
between the control and inhibitor groups. The effects of NPPB 
and TAM on the proliferation of ARPE‑19 cells are presented 
in Fig. 1. No significant differences were observed in cell 
proliferation in the 10 µM NPPB or 5 µm TAM‑treated groups, 
compared with the control. Treatment with 50 µM NPPB or 
10 µM TAM inhibited cell proliferation by ~20 and 40%, 
respectively, and treatment with 100 µM NPPB or 50 µM 
TAM inhibited proliferation by ~50 or 60%, respectively.

Effect of NPPB and TAM on the cell cycle. The effect of ClC 
blockers on the cell cycle is presented in Fig. 2. ARPE‑19 cells 
were treated with 100 µM NPPB or 50 µM TAM for 48 h. The 
first peak was generated by cells in the G1 phase. The second 
peak was generated by cells in the G2/M phase, and S phase 
cells made up the area between the two peaks. The number of 
cells in the G1 phase was significantly increased in cells treated 
with 100 µM NPPB or 50 µM TAM, compared with untreated 
cells (P<0.05). The number of cells in the G2/M phase was 
significantly reduced in cells treated with 100 µM NPPB or 
50 µM TAM, compared with untreated cells (P<0.05). No 
significant differences were observed in the number of cells 
in the S phase between the groups. Therefore, ClC blockers 
significantly inhibited cells from entering the DNA synthesis 
phase.

Phagocytosis of FN by RPE cells. The phagocytosis of FN by 
RPE cells is presented in Fig. 3. The first peak represents RPE 
cells that have not phagocytosed FN. The latter peaks represent 

RPE cells that have phagoctosed FN. The phagocytic index of 
RPE cells increased with incubation time in a time‑dependent 
manner, being 15% at 1 h, 35% at 3 h and 70% at 6 h, peaking 
at 80% after 12 h. The phagocytic index was reduced in the 
uncoated latex bead group, compared with the FN‑coated latex 
bead group (data not shown).

Effects of NPPB and TAM on RPE cell phagocytosis of 
uncoated latex beads. The effects of NPPB and TAM on RPE 
cell phagocytosis of uncoated latex beads are presented in 
Fig. 4. The phagocytic index was ~17% in the control group 
following a 3‑h incubation with uncoated latex beads. No 
concentrations of NPPB or TAM had significant effects on 
phagocytosis of uncoated latex beads.

Effects of NPPB and TAM on RPE cell phagocytosis of 
FN‑coated latex beads. The effects of NPPB and TAM on 
RPE phagocytosis of FN‑coated latex beads are presented in 
Fig. 5. Compared with the control group, treatment with 10 µM 
NPPB or 5 µM TAM had no significant effect. Phagocytosis 
was significantly reduced in cells treated with ≥50 µM NPPB 
or ≥10 µM TAM, in a dose‑dependent manner (P<0.05).

Effects of NPPB and TAM on Ca2+ concentration. To further 
investigate the underlying mechanisms of the influence of 
NPPB and TAM on RPE cell‑directional migration prior to 
phagocytosis of FN, intracellular Ca2+ levels were examined. 
Cells were incubated in a hypotonic environment, which 
induced a transient marked increase of intracellular Ca2+. 
Treatment with NPPB or TAM significantly reduced intracel-
lular Ca2+ levels, in a dose‑dependent manner (P<0.05, Fig. 6).

Figure 2. Effect of the chloride channel blockers NPPB and TAM on the cell cycle, as assessed by flow cytometry. (A) Flow cytometry histograms where the 
first peak represents cells in G1 phase and the second peak represents cells in the G2/M phase. The area between the primary peaks represents cells in the 
S phase. (B) Quantification of flow cytometry. Data are presented as the mean ± standard deviation (n=3, NPPB treated groups; n=4, TAM treated groups). 

**P<0.05; *P<0.01; #P>0.05. NPPB, 5‑nitro‑2‑(3‑phenylpropylamino)benzoic acid; TAM, tamoxifen.
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Discussion

Abnormal proliferation and migration of RPE cells are the 
primary processes that mediate PVR formation. The present 
study demonstrated that NPPB or TAM treatment inhibited the 
proliferation of ARPE‑19 human RPE cells in a dose‑dependent 
manner, and blocked cells from entering S phase. Furthermore, 
the presence of FN enhanced phagocytosis. Following the 
development of PVR, FN predominantly enters in plasma 
via the damaged blood‑retinal barrier, and is generated by 
displaced RPE cells (8). A previous study demonstrated that the 

composition of PVR membranes varies over time (23). The FN 
content of PVR membranes is significantly elevated in the first 
four months of PVR development (23), as in the earlier stages of 
wound healing, FN serves an important role in cellular adhesion. 
However, following scar formation, FN disappears (24). This 
suggests that as PVR progresses, FN may be degraded. Based 
on the results of the present study, this transient presence of FN 
may be due to RPE cells, and phagocytosis may be critical for 
the abnormal migration of RPE cells into the vitreous.

The results of the present study suggested that during 
the pathological process, retinal tears lead to a breach in the 

Figure 4. Effects of NPPB and TAM on RPE cell phagocytosis of uncoated latex beads. (A) Flow cytometry histograms where the first peak represents the 
number of RPE cells that have not phagocytosed beads, and the latter peaks represent RPE cells that have phagocytosed beads. (B) Quantification of flow 
cytometry. Data are presented as the mean ± standard deviation. #P>0.05 vs. control. NPPB, 5‑nitro‑2‑(3‑phenylpropylamino)benzoic acid; TAM, tamoxifen; 
RPE, retinal pigment epithelial.

Figure 3. Phagocytosis of FN in RPE cells. (A) Flow cytometry histograms where the first peak represents the number of RPE cells that have not phagocytosed 
FN, and the latter peaks represent RPE cells that have phagocytosed FN. (B) Quantification of flow cytometry. The phagocytic index of RPE cells increased 
with incubation time in a time‑dependent manner. Data are presented as the mean ± standard deviation. *P<0.01. FN, fibronectin; RPE, retinal pigment 
epithelial.
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blood‑eye barrier. This causes the release of FN to facilitate 
repair of the breach. RPE cells may migrate through the 
retinal tear to clear the FN; therefore, inhibiting FN‑induced 
RPE cell migration may have a positive effect in the preven-
tion of PVR.

To further investigate the potential effects of ClCs on RPE 
cell migration, intracellular Ca2+ concentration was examined. 
Ca2+ is an intracellular secondary messenger, which serves 
a central role in signal transduction, resulting in numerous 
cellular responses (25). It is involved in the specific phago-
cytosis by RPE cells of rod outer segments, and serves an 

important role in cell migration (26‑28). Ca2+ may facilitate 
loosening of cell‑matrix connections  (29), and the rise of 
intracellular Ca2+ level in the cell cytoplasm is more prominent 
than in the lamellipodium (30), where it may alter the structure 
of the cortical actomyosin gel, causing contraction (31). The 
present study demonstrated that the ClC blockers NPPB and 
TAM reduced intracellular Ca2+ levels, suggesting that ClCs 
may regulate intracellular Ca2+ levels in RPE cells, and subse-
quently contribute to the regulation of the cell migration prior 
to phagocytosis of FN.

These results revealed that ClCs serve important roles 
in human RPE cell proliferation and phagocytosis of FN, 
which cause RPE cell migration to the vitreous during PVR. 
To inhibit the formation of PVR, the molecular processes 
underlying RPE cell proliferation and migration have been 
widely investigated. A series of agents have been reported 
to have inhibitory effects on these processes, including 
mammalian target of rapamycin kinase inhibitior, protein 
tyrosine phosphatase 1B and insulin‑like growth factor 
binding protein‑6 (32‑34). Numerous signaling pathways are 
involved in RPE cell proliferation and migration; primarily 
the phosphoinositide 3‑kinase/protein kinase B and mitogen 
activated protein kinase kinase/extracellular signal‑regulated 
kinase‑associated signaling pathways  (32,35). Previous 
studies regarding the pathogenesis of PVR have focused on 
the study of cytokines and proteases (36‑39). The results of 
the present study offered novel insight into the pathogenesis 
of PVR by examining the nonselective ClC blockers, NPPB 
and TAM; however, further research is required to determine 
which ClC isoforms may be involved. In conclusion, ClCs 
may be important for the proliferation and migration of RPE 
cells. Targeting ClCs may provide a novel way to inhibit PVR 
formation.

Figure 5. Effects of NPPB and TAM on RPE cell phagocytosis of FN‑coated latex beads. (A) Flow cytometry histograms where the first peak represents 
the number of RPE cells that have not phagocytosed FN, and the latter peaks represent RPE cells that have phagocytosed FN. (B) Quantification of flow 
cytometry. Data are presented as the mean ± standard deviation. *P<0.01, #P>0.05. NPPB, 5‑nitro‑2‑(3‑phenylpropylamino)benzoic acid; TAM, tamoxifen; FN, 
fibronectin; RPE, retinal pigment epithelial.

Figure 6. Relative intracellular calcium concentrations in retinal epithelial 
cells treated with NPPB or TAM. Cells were perfused in hypotonic solu-
tion in the presence or absence of NPPB or TAM. Data are presented as the 
mean ± standard deviation (n=3, NPPB treated groups; n=4, TAM treated 
groups). *P<0.01 and #P>0.05 vs. control. NPPB, 5‑nitro‑2‑(3‑phenylpropyl-
amino)benzoic acid; TAM, tamoxifen.
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