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Abstract
This study assessed the role of mechanistic target of rapamycin (mTOR) pathway in the human adult retinal pigment epithelial
(ARPE) cell response after laser photocoagulation (LP). The effect of mTOR inhibition on ARPE-19 cell was investigated by
rapamycin treatment after LP. Cell viability and proliferation were explored using MTT and EdU assays, respectively. The
expression of mTOR-related proteins and epithelial-mesenchymal transition (EMT) markers was verified by Western blot.
Rapamycin retarded the LP area recovery in a dose-dependent manner by the 120 h, while LP+DMSO vehicle-treated cells
completely restored the lesion zone (P ≤ 0.01). ARPE-19 cell viability is significantly lower in LP + rapamycin 80 and 160 ng/ml
treated cultures compared to LP control at 120 h (P ≤ 0.001). LP control group demonstrated significantly more proliferative cells
compared to untreated cells at the 72 and 120 h, whereas EdU-positive cell numbers in cultures treated with rapamycin at
concentrations of 80 and 160 ng/ml were similar to baseline values (P ≤ 0.01). mTOR pathway activation is essential for
regulation of the RPE cell migration and proliferation after LP. mTOR inhibition with rapamycin effectively blocks the migration
and proliferation of the RPE cells. Our results demonstrate that mTOR has an important role in ARPE-19 cell as a regulator of cell
behavior under stress conditions, suggesting that mTOR could be a promising therapeutic target for numerous retinal diseases.
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Introduction

Laser photocoagulation is an effective treatment method for
various retinal disorders including diabetic retinopathy, retinal
vein occlusion, vascular tumors, and retinopathy of prematu-
rity, and the clinical efficacy of LP was proven by randomized
studies (DRS, ETDRS, ETROP) [1–3]. Most laser

applications target the RPE cells; laser energy absorbed by
melanosomes in the RPE increases the local temperature
resulting in protein denaturation and necrosis at the lesion area
[4]. However, neighboring cells get thermal and chemo stim-
ulus to induce cellular response upon LP. The RPE cell re-
sponse to LP is a complex process including migration and
proliferation [5], but the underlying mechanisms are poorly
understood.

The retinal pigment epithelium (RPE) is a monolayer
of epithelial cells located between neural retina and cho-
roid. The RPE cells are involved in various physiolog-
ical processes, such as maintenance of metabolic ho-
meostasis as a part of the blood-retinal barrier, partici-
pation in visual cycle, secretion of neurotrophic, inflam-
matory and angioregulatory proteins. The failure of the
RPE cell functions contributes to various retinal disor-
ders, including age-related macular degeneration
(AMD), diabetic retinopathy (DR), and proliferative
vitreoretinopathy [6–9]. The underlying mechanisms for
pathogenesis of these diseases are complex, including
hypoxia and deregulation of growth factors as a cause
or effect. While the crucial role of such growth factors
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as vascular endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF), and pigment epithelium-
derived growth factor (PEDF) are widely studied in ret-
inal pathological conditions [10–12], the contribution of
mechanistic target of rapamycin (mTOR) pathway re-
mains unclear.

mTOR is an atypical protein kinase from phosphoinositide
3-kinase family, which mediates basic cellular functions such
as growth and proliferation. Dysregulation of mTOR signal-
ing is found in various pathological conditions—cancer, obe-
sity, autoimmune disorders, and senescence [13–16]. mTOR
signaling functions through two distinct complexes—mTOR
complex 1 (mTORC1) and 2 (mTORC2). While the role of
rapamycin-sensitive mTORC1 has been disclosed in protein
synthesis, autophagy, cell growth, and proliferation, the regu-
lation of actin cytoskeleton and cell survival are the processes
known for mTORC2 to be involved [17]. Rapamycin
(sirolimus) is a macrolide, which in combination with
FK506-binding protein (FKBP12) binds and inhibits
mTORC1 in the case of acute treatment [17, 18]. As an inhib-
itor of mTORC1, rapamycin has a broad therapeutic potential
in inhibiting inflammation, angiogenesis, proliferation, and
fibrosis, which are involved in the pathogenesis of various
ocular disorders.

Several studies have been conducted to assess the role of
the mTOR pathway in various eye diseases with neovascular
components, such as AMD, DR, retinopathy of prematurity,
and corneal neovascularization [19–22]. Previously, it has
been reported that activation of the mTOR pathway is required
for ARPE-19 cell survival against oxidative damage [23].
However, hydrogen peroxide-induced cell survival signaling
pathway may differ from that of in laser-triggered cell re-
sponse. ARPE-19 is a widely used cell line as an alternative
to native RPE due to its epithelial cell morphology and ability
to perform many functions of human RPE [24–26]. Recently,
we clearly demonstrated that mTOR inhibition by recombi-
nant adeno-associated virus-delivered mTOR-inhibiting short
hairpin RNA (rAAV-mTOR shRNA) induces autophagy, re-
duces inflammation, and suppresses laser-induced choroidal
neovascularization in a mousemodel for AMD [27]. Although
the above studies have repeatedly reported the therapeutic
effect of inhibition of the mTOR pathway, the exact function
of mTOR signaling in the RPE cell behavior, in the context of
retinal pathological conditions, is still unclear. Therefore, this
study aimed to assess the role of the mTOR pathway in
ARPE-19 cell response to laser photocoagulation by
mTORC1 inhibition with rapamycin treatment. Here, we
showed that mTOR signaling was activated by LP and needed
for the migration and proliferation of ARPE-19 cells. mTOR
inhibition with rapamycin reduces the pro-proliferative effect
of laser treatment on ARPE-19 cells, as well as the cell regen-
eration. These results suggest the mTOR pathway as a

potential therapeutic target for various retinal disorders with
proliferative component.

Methods

Cell culture The human adult RPE cell line (ARPE-19) was
purchased from the American Type Culture Collection
(Manassas, Virginia). The cells were seeded at a density of
5 × 105 cell/ml in 35-mm confocal dishes in Dulbecco’s
Modified Eagle Medium: F12 with 2.5 mM L-glutamine,
15 mMHEPES buffer (HyClone Lab., Logan, Utah) and sup-
plemented with 10% fetal bovine serum (Gibco, Life
Technologies, Grand Island, NY), 1% penicil l in/
streptomycin (GenDEPOT, Barker, TX), and incubated in a
humidified 5% CO2 atmosphere at 37 °C. The complete me-
dium was changed every 2–3 days. The treatment was carried
out with cultures reached 100% confluency.

Reagents and antibodies Rapamycin (Sigma-Aldrich Corp.,
St. Louis, MO) dissolved in dimethyl sulfoxide (DMSO,
Sigma-Aldrich Corp., St. Louis, MO) was used at indicated
concentrations.

The following antibodies were used: mTOR, p-mTOR
S2481, p-S6, AKT, and p-AKT from Cell Signaling
Technology (Danvers, MA); p-mTOR S2448 and vimentin
from Abcam (Cambridge, UK); N-cadherin (Invitrogen
Corp, Carlsbad, CA); IQGAP1 and GAPDH from Santa
Cruz Biotechnology (Santa Cruz, CA).

Laser photocoagulation and rapamycin/DMSO vehicle treat-
ment LP was performed as previously described with some
modifications [5]. Shortly, the medium was removed from the
wells and pre-sterilized black paper was put on the cells. The
slit lamp delivery system of PASCAL diode laser (Topcon
Medical Laser Systems, Livermore, CA) was used for LPwith
following settings: power intensity 350 mW, spot size
200 μm, and irradiation time 0.15 s. Each 35-mm dish was
exposed to 50 evenly distributed laser shots. The complete
medium with rapamycin at concentrations of 40, 80,
160 ng/ml, or DMSO vehicle was added after removal of
black paper and kept in incubator up to specified time points.

Monitoring of the laser zone recovery and cell size/density
analysis Images of laser spots were acquired using Zeiss
Axio Observer A1 inverted microscope (Carl Zeiss,
Oberkochen, Germany) equipped with AxioCam MRm
monochrome digital camera (Carl Zeiss, Oberkochen,
Germany) at 0, 12, 24, 72, and 120 h after LP and rapamycin
or DMSO vehicle treatment. Laser-treated zone size was man-
ually measured using ImageJ software (National Institutes of
Health, Bethesda, MD). Briefly, the laser-treated zone was
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selected with BFreehand selection^ tool and measured consid-
ering the scale of the image; the data are presented as mean
area ± SEM. The cells from four fields of each image were
manually calculated (ImageJ software, NIH, Bethesda, MD)
for cell length and density. The cell density was estimated as
the mean number of cells per field. All figures were normal-
ized to baseline values in percentage.

Cell viability assay Cell viability evaluated by 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT assay)
using EZ-Cytox Enhanced Cell Viability Assay Kit
(DoGenBio Co., Ltd., Seoul, Korea). The cells were seeded
at a density of 1 × 106 cell/ml in 96-well plates, and 24 h later
after attaching, the cultured cells were subjected to LP (4 laser
shots/well) and treated with rapamycin at different concentra-
tions (40, 80, 160 ng/ml) or DMSO vehicle; untreated cell
cultures were used as baseline. After 24, 72, and 120 h, the
cells were incubated for 4 h after addition of 10 μl of MTT
solution (5 μg/ml), and optical density was evaluated at
450 nm by VersaMax tunable microplate reader (Molecular
Devices, Sunnyvale, CA). Cell viability was estimated as the
ratio of the optical density of the treated cells to the untreated
control in percentage.

EdU assay ARPE-19 cell proliferation after LP and treatment
with rapamycin at concentrations of 40, 80, 160 ng/ml, or
DMSO vehicle was assessed by EdU assay using Click-iT
EdU® Alexa Fluor® 647 Imaging Kit (Invitrogen Corp,
Carlsbad, CA) as described previously [28]. EdU-stained cells
were visualized under the fluorescence microscope at × 100
magnifications and manually calculated using ImageJ
software.

Immunoblotting analysis Western blot (WB) was performed
using whole cell lysates from ARPE-19 cells exposed to laser
and treated with rapamycin 160 ng/ml or DMSO vehicle;
untreated cell cultures were used as a baseline. Cells were
washed with cold Dulbecco’s Phosphate-Buffered Saline
(WELGENE, Gyeongsan, South Korea) before lysis in
RIPA II lysis buffer with Tri ton, without EDTA
(GenDEPOT, Barker, TX) supplemented with Xpert phospha-
tase inhibitor cocktail (GenDEPOT, Barker, TX) and Xpert
protease inhibitor cocktail (GenDEPOT, Barker, TX). After
30 min incubation in lysis mixture, cell dish contents were
transferred to a tube and centrifuged (13,000 rcf, 5 min,
4 °C); subsequently, the supernatant was allocated to a new
tube and stored at − 80 °C.

Protein concentration was evaluated using BCA kit
(Thermo Scientific, Middlesex, MA). Proteins were separated
on SDS-polyacrylamide gel electrophoresis and transferred to
PVDFmembrane. Blocking and dilution solutions for primary
and secondary antibodies were prepared as recommended by
the manufacturers for each type of antibody. The blot was

developed by Western blotting detection kit (Advansta, San
Jose, CA) and acquired images of chemiluminescence were
analyzed for densitometry values with ImageJ software. All
data were normalized against GAPDH.

Immunofluorescence assay Twenty-four and 120 h after LP
and treatment with rapamycin 160 ng/ml or DMSO vehicle,
the cell cultures were fixed with 4% paraformaldehyde (PFA)
in 0.1 M phosphate buffer (Biosesang, Seongnam, South
Korea) for 15 min at room temperature. Samples were incu-
bated in 0.1% Triton X-100 in PBS (PBST, Sigma-Aldrich
Corp., St. Louis, MO) for 15 min, blocked in 1% skim milk
in PBST for 1 h. Next, cells were exposed to primary antibod-
ies (1:1000) for 2 h and then to secondary antibody—Alexa
Fluor® 488 anti-rabbit dye (1:1000; Invitrogen Corp,
Carlsbad, CA)—for 2 h at room temperature in the dark; nu-
clear counterstaining was performed with Hoechst 33342
(1:2000) in PBS.

Statistical analysis The repeated measures ANOVAwith post
hoc analysis was performed to compare the laser area recovery
rate among experimental groups. The Wilcoxon signed-rank
test was used to compare the cell size between groups.
Statistical significance for cell density analysis, WB analysis,
and viability assay was calculated using the Mann-WhitneyU
test. The Kruskal-Wallis test with post hoc analysis was per-
formed for a comparison of EdU-positive cell number among
experimental groups. Statistical analysis was performed with
the IBM SPSS Statistics software (ver. 22, IBM Corp.,
Armonk, NY). Differences were considered statistically sig-
nificant when P ≤ 0.05.

Results

Rapamycin retards the recovery of laser
photocoagulated area by ARPE-19 cells

The photothermal effect of laser resulted in the forma-
tion of empty spots and cell debris rim at the site of
exposure (mean area 130,689.7 ± 5074.6 μm2, n = 120).
Repopulation of the RPE cells led to a reduction of
empty spot size at early 12 and 24 h of observation at
relatively equal pace in all groups; however, at 72 h of
monitoring, laser spot recovery significantly decreased
in rapamycin-treated groups in a concentration-
dependent manner (Fig. 1a P ≤ 0.01). While the laser
spots in the control group are completely covered with
the RPE cells at 120 h, lesion areas of rapamycin-
treated groups still had empty regions in a dose-
dependent manner (P ≤ 0.01). As shown in Fig. 1a, b,
160 ng/ml concentration of rapamycin had the most
prominent suppressive effect on lesion healing of
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ARPE-19 cells, almost 21% of the photocoagulated area
remained empty (P ≤ 0.01). Despite the fact that
rapamycin at 40 and 80 ng/ml depicted significantly

retarding effect on the recovery rate of ARPE-19 cells
compared with the control group, they were less effec-
tive than rapamycin at higher concentration (P ≤ 0.01).
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Fig. 1 Rapamycin retards the recovery of laser photocoagulated area by
ARPE-19 cells. a Rapamycin markedly slows the restoration of the laser
ablation zone by retinal epithelial cells in a concentration-dependent man-
ner. Scale bars: yellow, the diameter of the laser spot of the control group
at specified time points; red, the diameter of the laser zone of rapamycin-
treated groups with definite concentrations; green, 200 μm. b In all
groups, mean LP area at 0, 12, and 24 h of observation demonstrated
relative equal numbers; however, 72 and 120 h data of rapamycin-treated
groups significantly differ from completely recovered controls. Number

sign indicates laser photocoagulated area in the control group totally
recovered at 120 h of observation; Asterisk indicates P ≤ 0.05; double
asterisks indicate P ≤ 0.01. Bars represent as the mean ± SEM from three
independent experiments. c ARPE-19 cell size and density analysis re-
vealed a significant difference in the center from images of control and LP
+ rapamycin (160 ng/ml) groups. Asterisk indicates P ≤ 0.05; double
asterisks indicate P ≤ 0.01; triple asterisks indicate P ≤ 0.001; plus sign
indicates compared to 0 h values P ≤ 0.001
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Since LP + rapamycin 160 ng/ml group showed the lowest
rate of recovery of the laser ablation zone, we compared the
density and cell size around the laser spot with DMSO-treated
cell values. The cells surrounding the laser spot in the control
group rapidly increased in length and reached their peak (2.4
times longer than initial values) at 72 h. Corresponding to the
complete repair of the empty area, the cell size decreased
120 h after LP, retaining significantly longer size comparing
to initial values (P ≤ 0.001). On the other hand, rapamycin-
exposed cell length increased at a slower pace than DMSO-
treated cells and reached 2/3 of control group cell length at
120 h (P ≤ 0.001). In contrast, cell density values were less
dynamic than cell size values. At 72 h, LP control group had
significantly lower cell density comparing to baseline (P ≤
0.001), while the rapamycin-treated group demonstrated sig-
nificantly higher density at the same time point (P ≤ 0.001).

The dynamics of IQGAP1, N-cadherin, and vimentin
expression in the RPE cell response to LP

To evaluate the dynamics of migration-related proteins after
LP, we assessed the expression of IQGAP1, vimentin, and N-
cadherin in the RPE cell cultures after LP and DMSO vehicle
treatment (Fig. 2a, b). The induction of IQGAP1 expression
after laser treatment at 12 h followed by downregulation up to
120 h (Fig. 2a, b-1). Vimentin expression demonstrated a sim-
ilar trend as IQGAP1; however, at 120 h, its level was higher
than at 72 h (Fig. 2a, b-2). N-cadherin level was downregu-
lated from 12 to 120 h (Fig. 2a, b-2).

Since IQGAP1 and vimentin levels were the highest at
12 h, next, we compared IQGAP1, vimentin, and N-
cadherin levels between LP control and LP + rapamycin
160 ng/ml treated groups at 12 h. As shown in Fig. 2c, d,
mTOR inhibition with rapamycin treatment prevented upreg-
ulation of IQGAP1 and vimentin, while N-cadherin level was
higher than LP control group at 12 h.

Rapamycin decreases the viability and proliferation
of ARPE-19 cells after LP

ARPE-19 cell viability values were considerably lower in all
laser-treated groups 24 h after LP compared with baseline
(P ≤ 0.001) (Fig. 3a), indicating a detrimental effect of LP on
cell survival capacities. At 72 h, retinal pigment epithelial cell
viability was significantly lower in rapamycin-treated groups
compared to laser control; however, no significant difference
was found in comparison among the groups treated with
rapamycin. A similar trend was observed at 120 h of monitor-
ing except for the viability values of cells treated with
rapamycin at 40 ng/ml concentration, which demonstrated
less toxicity than higher concentrations in comparison with
laser control (P ≤ 0.05) (Fig. 3a).

EdU assay results revealed significantly lower proliferation
in all groups compared to baseline values at 24 h (P ≤ 0.001)
(Fig. 3b, c). LP control and LP + rapamycin 40 ng/ml groups
had significantly higher proliferation compared to untreated
cells at 72 and 120 h, whereas EdU-positive cell numbers in
LP + rapamycin 80 and 160 ng/ml groups were similar to
baseline (Fig. 3b).

The effect of rapamycin on the mTOR pathway
in ARPE-19 cell after LP

To elucidate the role of the mTOR pathway in the RPE
cell response to LP, mTOR, S6, and AKT phosphorylation
levels were analyzed by WB (Fig. 4a, b). Total mTOR
level was slightly upregulated in laser + DMSO vehicle-
treated group, but the difference was significant at 120 h
(Fig. 4a, b-1) (P ≤ 0.05). Meanwhile, total mTOR level
gradually decreased in LP + rapamycin-treated group over
the observation period (P ≤ 0.05). LP upregulated mTOR
phosphorylation on Ser 2448 (p-mTOR S2448) in the
control group at 12 h and remained at about the same
level for the rest of the observation period (Fig. 4a, b-2).
Rapamycin treatment significantly suppressed the laser-
induced activation of mTOR, since p-mTOR S2448 level
was below the baseline values at 12 h, continuing to de-
crease up to 120 h (P ≤ 0.05). However, at 72 and 120 h,
decline was less than total mTOR reduction (P ≤ 0.05)
(Fig. 4b-2).

S6 phosphorylation on Ser240/244 level considerably
increased at 12 and 24 h following LP and dropped at
72 h maintaining significantly higher level compared to
baseline up to the end of the observation period (P ≤ 0.05)
(Fig. 4b-3). As expected from mTOR inhibition,
rapamycin-treated cells showed a significantly lower level
of p-S6 at 24, 72, and 120 h compared to LP control
group (P ≤ 0.05) (Fig. 4b-1, 2). Next, we measured the
expression levels of phosphorylated mTOR on S2481 (p-
mTOR S2481). LP significantly induced p-mTOR S2481
level in both groups and kept high in LP control group for
the rest of the study period (P ≤ 0.05). Rapamycin treat-
ment significantly reduced p-mTOR S2481 level at 24 h
and this reduction was maintained up to 120 h (P ≤ 0.05)
(Fig. 4b-3). Total AKT was upregulated following laser
treatment in both groups with significant predominance
in the rapamycin-treated group (P ≤ 0.05) (Fig. 4b-5).
Laser treatment significantly inhibited the phosphoryla-
tion of AKT on S473 (p-AKT S473) in both groups
(P ≤ 0.05). However, LP + rapamycin group demonstrated
higher levels of p-AKT S473 compared to LP control
group, but only 12-h results were statistically significant
(P ≤ 0.05) (Fig. 4b-6). These data confirm the activation
of the mTOR signaling pathway in ARPE-19 cells upon
laser damage.
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Immunofluorescence staining of ARPE-19 cells
for p-mTOR S2448 and p-S6

Immunofluorescence staining of ARPE-19 cells for p-mTOR
S2448 and p-S6 antibodies also confirmed mTOR pathway
upregulation in laser-exposed cell cultures and rapamycin
treatment inhibited the phosphorylation of mTOR and ribo-
somal S6 proteins (Fig. 5a, b).

Discussion

The mechanistic target of rapamycin—a major coordinator of
cell growth and proliferation—has been shown to play a crit-
ical role in epithelial-mesenchymal transition and migration of
various cancer cells [29, 30]. Recently, it has been reported
that mTOR inhibition impaired the RPE cell migration in a
dose-dependent manner [31]. In the current study, we revealed
a significant reduction in the recovery of laser area in
rapamycin-treated groups at 72 and 120 h in a dose-
dependent manner (P ≤ 0.05) (Fig. 1a, b). Analyzing the cell

size dynamics, we found that neighboring cells to the lesion
area rapidly elongated with the longest value at 72 h and
retained significantly longer size even the laser spots were
completely repopulated with ARPE-19 cells in the control
group at 120 h (Fig. 1a and c). On the other hand, LP +
rapamycin 160 ng/ml treated cells increased in length at a
substantially slower pace compared to LP + DMSO control
(Fig. 1c), indirectly indicating the altered migratory ability due
to mTOR inhibition.

The RPE cells acquire the ability to migrate via epithelial-
mesenchymal transition (EMT). This process includes loss of
adherent junctions between cells, cytoskeleton reorganization
with alteration of cell polarity to form spindle-shaped mesen-
chymal cells [32, 33]. IQGAP1—a multifunctional protein,
which has a crucial role in the regulation of cytoskeleton
organization—has also been found to be an element of the
mTOR pathway that regulates cell size and growth [34]. Our
results demonstrated that laser-induced upregulation of
IQGAP1 is reversed with rapamycin treatment (Fig. 2c, d-1).

The loss of adhesion junctions is characterized by the loss
of expression of cadherin homodimers [35, 36]. It has been
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found that N-cadherin, among other subtypes, is predominant-
ly expressed in cultured human RPE cells [37, 38]. Therefore,
we detected N-cadherin after laser treatment and suppressed
expression indicated a loss of epithelial characteristics of the
RPE cell and a transdifferentiation toward mesenchymal phe-
notype (Fig. 2c, d-3). Another hallmark of EMT is an in-
creased expression of vimentin—an intermediate filament
protein, mainly expressed in mesenchymal cells. In our exper-
iments, laser exposure induced the expression of vimentin,
and mTOR inhibition could prevent this effect at 12 h (Fig.
2c, d-2). Based on these findings, it can be assumed that LP
initiates EMT of ARPE-19 cells, and mTOR pathway is in-
volved in the regulation of laser-induced cell migration.

It has also been reported that the mTOR signaling
pathway is involved in the RPE cell response under
stress conditions [23, 39]. Moreover, it was demonstrated
that the upregulation of mTOR signaling against oxida-
tive stress corresponds to the complete recovery of the
RPE cells [23]. Our results of WB analysis revealed the
induction of phosphorylation of mTOR upon laser treat-
ment; accordingly, cell viability was significantly higher
than mTOR-inhibited groups at 72 and 120 h (Fig. 4a, b-
2 and Fig. 3a). It should be noted that a dose-dependent
decrease in cell viability after laser treatment was found
at concentrations depicted as safe for the RPE cell (Liegl
R. et al. utilized temsirolimus, an ester derivative of
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rapamycin was found to be non-toxic at much higher
concentrations—0.005 to 12.5 μg/ml—than we used in
our experiments) [31]. These findings indicate that
mTOR pathway activation is essential for the RPE cell
recovery after laser treatment.

Induction of the RPE cell proliferation upon laser
treatment was previously shown by Tababat-Khani
et al. [5]. In our experiments, we also confirmed the
RPE cell proliferative activity arising from laser expo-
sure and mTOR inhibition suppressed this activity in
rapamycin-treated groups in a dose-dependent manner
(Fig. 3b, c). At 24 h, the RPE cell proliferation was
significantly decreased in all laser-treated groups; how-
ever, the process of lesion healing continued apparently
due to the migration of adjacent cells to the damaged
area. At 72 and 120 h, the proliferative activity of
ARPE-19 cells in the LP control group was significantly
higher than rapamycin-treated groups (Fig. 3b, c). Given
the fact that at these time points rapamycin-treated
groups demonstrated the substantial difference in the
recovery rate of laser area (Fig. 1a, b), it can be as-
sumed that proliferation has a significant contribution to

the recovery processes at later time points after LP. Our
data clearly demonstrated that mTOR is an important
conductor of ARPE-19 cell behavior after laser treat-
ment. Considering the facts that LP mimics the damage
to the RPE cells and the role of mTOR pathway in the
RPE cell recovery processes, it can be assumed that
mTOR targeting may be used therapeutically against
the retinal disorders with the proliferative component.

Further, we confirmed mTOR pathway activation after
LP by WB analysis. p-mTOR S2448 level, mostly
contained in mTORC1 [40], was upregulated after laser
treatment and rapamycin treatment prevented its overex-
pression. It is increasingly obvious that prolonged
rapamycin treatment can alter mTORC2 level, since 1-h
exposure to rapamycin had no effect on mTORC2 level
in contrast to 24-h treatment, which resulted in inhibition
of mTORC2 assembly [41] and suppression of p-mTOR
S2481 level, predominantly contained in mTORC2 [40].
In accordance with these data, we revealed that upregu-
lated level of p-mTOR S2481 after laser exposure was
significantly decreased with rapamycin treatment at 24 h
and remained suppressed up to 120 h. Our results of WB
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suggest that both mTORC1 and mTORC2 are involved
in lesion healing process after LP. We also analyzed the
phosphorylation level of S6, a downstream target of both
mTOR and ERK signaling pathways (Fig. 4a, b-3) [42].
In laser control group, p-S6 level was substantially in-
creased at 12 h and reached its peak at 24 h, while p-
mTOR level significantly upregulated at 12 h and
remained at about the same level up to 120 h. A certain
portion of phosphorylation of S6 in our experiments
might be induced by ERK pathway activation due to
compensatory cross-talk between mTOR and ERK path-
ways [43].

Recently, the results of two sequential phase-3 clinical
trial—Sirolimus study Assessing double-masKed Uveitis
tReAtment (SAKURA) study—were published, which
suppor ts the eff icacy and safety of rapamycin
(sirolimus) in noninfectious uveitis [44]. Our experiments
also demonstrate that mTOR pathway could be targeted
for wide therapeutic applications, such as prevention/
treatment of retinal disorders with the proliferative

component. Our findings are particularly interesting since
the combination of laser treatment with mTOR inhibition
may have a potential therapeutic effect in advanced cases
of diabetic retinopathy, retinal vein occlusion, and reti-
nopathy of prematurity.

In conclusion, our study shows the first evidence of laser-
induced mTOR pathway activation in ARPE-19 cell, which is
essential for the regulation of cell migration and proliferation.
In addition, mTOR inhibition by rapamycin reduces the pro-
proliferative effect of laser treatment on ARPE-19 cells and
diminishes the restorative capabilities of ARPE-19 cells, as
well as affecting the viability.
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