
MOLECULAR MEDICINE REPORTS  17:  5878-5886,  20185878

Abstract. The aim of the present study was to investigate 
the effects of bradykinin (BK) on an epithelial‑mesenchymal 
transition (EMT) model in retinal pigment epithelium (RPE) 
cells through exposure to transforming growth factor‑β1 
(TGF‑β1). The aim was to improve the effect of BK on prolif-
erative vitreoretinopathy (PVR) progression, and to find a 
novel method of clinical prevention and treatment for PVR. 
The morphology of ARPE‑19 cells was observed using an 
inverted phase‑contrast microscope. A Cell Counting Kit‑8 
was used to assess the effects of TGF‑β1 on the proliferation 
of ARPE‑19 cells. Western blotting and immunofluorescence 
were used to detect the expression levels of the epithelial 
marker E‑cadherin, mesenchymal markers α‑smooth muscle 
actin (SMA) and vimentin, and phosphorylated (p) mothers 
against decapentaplegic homolog (Smad)3 and Smad7 of 
the TGF/Smad signaling pathway. Wound healing tests and 
Transwell assays were performed to detect cell migration 
ability. Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR) analysis was performed to detect the 
expression levels of pSmad3 and Smad7 in the TGF/Smad 
signaling pathway. The results revealed that the addition 
of 10 ng/ml TGF‑β1 resulted in the expression of factors 
associated with EMT in ARPE‑19 cells. BK decreased the 
expression levels of the mesenchymal markers α‑SMA and 
vimentin, and increased the expression of the epithelial marker 
E‑cadherin. BK decreased cell migration in TGF‑β1‑induced 

EMT. These effects were reversed by HOE‑140, a specific 
BK 2 receptor antagonist. BK significantly downregulated 
the expression of pSmad3 and upregulated the expres-
sion of Smad7 in TGF‑β1‑treated ARPE‑19 cells, and the 
protective alterations produced by BK were inhibited by 
HOE‑140. In conclusion, 10  ng/ml TGF‑β1 resulted in 
EMT in ARPE‑19 cells and BK served a negative role in 
TGF‑β1‑induced EMT. BK had effects in TGF‑β1‑induced 
EMT by upregulating the expression of Smad7 and downreg-
ulating the expression of pSmad3 in TGF‑β/Smad signaling 
pathway, indicating that BK may be a novel and effective 
therapy for PVR.

Introduction

Proliferative vitreoretinopathy (PVR) is a clinical syndrome 
that occurs following rhegmatogenous retinal detachment 
and is caused by breaks in the retina, including retinal tears, 
retinal holes or surgical repair. The basic pathophysiological 
process is damage to the blood‑retinal barrier. A variety of 
cells participate in PVR, including retinal pigment epithelium 
(RPE) cells, glial cells, fibroblasts and inflammatory cells (1). 
RPE cells are the primary component of the cell proliferation 
membrane and are the dominant cell in the pathogenesis of 
PVR (2). The main pathophysiological mechanism of PVR 
is considered to be the conversion of RPE cells into mesen-
chymal cells via epithelial‑mesenchymal transition (EMT) (3). 
A number of studies have observed the prevention of PVR 
by inhibiting EMT (4,5). However, the molecular mechanism 
underlying transforming growth factor (TGF)‑β1‑induced 
EMT is poorly understood.

EMT may be induced and regulated by various factors, 
including TGF‑β, thrombin, platelet‑derived growth factor and 
bone morphogenetic proteins (6). TGF‑β‑induced EMT has 
been investigated in the majority of epithelial cell types (7). 
Expression of the TGF family is upregulated in the vitreous or 
epiretinal proliferative membranes in patients with PVR (8,9). 
In addition, TGF‑β expression levels are positively associated 
with the severity of PVR in vitreous or PVR experimental 
models  (10). Blocking the TGF‑β signaling pathway may 
inhibit the conversion of RPE cells via EMT in  vivo and 
in vitro (11,12). Therefore, TGF‑β serves an important role in 
the pathogenesis of PVR. TGF‑β1 resulted in EMT of RPEs 
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and the development of PVR, which has become a classical 
model of EMT (13,14).

Studies have reported that chronic inflammation has a role 
in the pathogenesis of PVR (15) and is an important patho-
logical factor for promoting the development of proliferative 
retinopathy. The complement and blood coagulation cascades 
are the most important Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways in the pathological process of 
PVR (16). The cascade consists of the kinin‑kallikrein system 
(KKS), the blood coagulation system and the complement 
system. As the intermediate process connecting the comple-
ment pathway and thrombin, the KKS serves a key role in 
regulation. The KKS is primarily composed of kallikrein, 
kininogen, kinin, bradykinin 1 receptor (B1R), bradykinin 2 
receptor (B2R) and kininase. Kinin includes bradykinin (BK) 
and kallidin (KD), and KD may be converted into BK under 
the action of enzymes. Therefore, BK, as the final effector 
molecule, is the primary kinin under physiological conditions. 
The expression of BK is significantly increased in experi-
mental animal models with severe PVR (17). Therefore, it was 
hypothesized in the present study that BK may regulate KKS, 
the blood coagulation system and the complement system, and 
ultimately act via KEGG pathways to induce PVR. To elucidate 
the underlying mechanisms behind PVR and enhance its treat-
ment in a clinical setting, the role of BK in its pathophysiology 
requires further investigation.

Materials and methods

Cell culture. Human retinal pigment epithelial cells (ARPE‑19) 
were obtained from Cell Biosciences Pty, Ltd. (Heidelberg, 
Australia). ARPE‑19 cells were cultured in Dulbecco's 
modified Eagle's medium (DMEM)/H (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) supplemented 
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher 
Scientific, Inc.). Cells were incubated at 37˚C in a humidified 
incubator containing 5% CO2. The cell culture medium was 
changed every 3‑4 days. At 50‑70% confluence, the cells were 
growth‑arrested in serum‑free medium for 12 h at 37˚C prior 
to the addition of 10 nM BK for 0.5 h. Subsequently, 10 ng/ml 
TGF‑β1 (PeproTech, Inc., Rocky Hill, NJ, USA) was added 
for 48 h at 37˚C. The TGF‑β1 concentration and incubation 
time were determined from dose response experiments (0 to 
12.5 ng/ml) and time course experiments (24 and 48 h) to 
induce EMT and provide the optimal balance between cyto-
toxicity and cell viability (Fig. 1A). B2R activity was blocked 
by pre‑incubating the cells for 1 h at 37˚C with 100 uM of 
the B2R antagonist, HOE‑140 (Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany).

Cell Counting Kit‑8 (CCK‑8) assay. ARPE‑19 cells were 
seeded into 96‑well plates at 5x103 cells/well and cultured in 
DMEM. At 50% confluence, the medium was replaced with 
FBS‑free medium, and culture was continued for 12 h. TGF‑β1 
(0, 0.1, 0.5, 2.5, 10 and 12.5 ng/ml) was added to the medium 
as aforementioned. Then ARPE‑19 cells were incubated for 
24 and 48 h respectively at 37˚C in a humidified incubator 
containing 5% CO2. CCK‑8 reagents (Nanjing AnboRuila 
Biotechnology Co., Ltd., Nanjing, China) were added to 
each well and incubated at 37˚C for 4 h. The absorbance was 

measured at a wavelength of 450 nm using an ELISA plate 
reader (BioTek China, Beijing, China).

Cell morphology. ARPE‑19 cells were seeded into 6‑well 
plates at 5x105 cells/well containing DMEM with 10% FBS. 
After reaching 70% confluence, the medium was replaced 
with FBS‑free medium, and culture was continued for 12 h at 
37˚C. A total of 100 nM BK, 10 ng/ml TGF‑β1, 100 nM BK 
plus 10 ng/ml TGF‑β1, 10 ng/ml TGF‑β1 plus 10 uM HOE140, 
100 nM BK plus 10 ng/ml TGF‑β1 plus 10 uM HOE140, or 
DMEM/H vehicle, was added to the medium. The cells were 
growth‑arrested in serum‑free medium for 12 h at 37˚C prior to 
the addition of BK for 0.5 h. Subsequently, TGF‑β1 was added 
for 48 h at 37˚C. B2R activity was blocked by pre‑incubating 
the cells for 1 h at 37˚C with of the B2R antagonist, HOE‑140. 
The morphological alterations were observed with an inverted 
phase‑contrast microscope (Shanxi AntaiGroup Co., Ltd., 
Shanxi, China, magnification, x100). A total of five fields 
were analyzed and experiments were repeated three times 
in duplicate.

Western blot analysis. ARPE‑19 cells were homogenized 
using lysis buffer containing 50 mM Tris (pH 7.4), 150 mM 
NaCl, 1% Triton X‑100, 1% sodium deoxycholate, 0.1% SDS, 
5 mM sodium orthovanadate, 5 mM EDTA, 1 mM phenyl-
methanesulfonyl fluoride and 1 mM NaF. Total protein was 
quantified by bicinchoninic acid assay (Beyotime Institute of 
Biotechnology, Haimen, China). A total of 25 µg protein was 
analyzed for EMT‑associated protein expression, including 
the epithelial marker E‑cadherin, the mesenchymal markers 
α‑smooth muscle actin (SMA) and vimentin, and phos-
phorylated (p) mothers against decapentaplegic homolog 
(Smad)3 and Smad7. Protein samples were subjected to 
SDS‑PAGE (6‑12% polyacrylamide gels) and transferred 
onto a polyvinylidene diflouride membrane (EMD Millipore, 
Billerica, MA, USA). Membranes were blocked with 5% 
non‑fat milk for 1  h at 37˚C and probed with antibodies 
overnight at 4˚C. The antibodies and dilution ratios were 
as follows: Anti‑E‑cadherin (1:500; cat. no.  GTX100443, 
GeneTex International Corporation, Hsinchu, Taiwan), mouse 
anti‑α‑SMA (1:500; cat. no. BS70000, Bioworld Technology, 
Inc., St. Louis Park, MN, USA), vimentin (cat. no. BS1491, 
1:500; Bioworld Technology, Inc.), anti‑pSmad3 (1:500; cat. 
no. BS4173, Bioworld Technology, Inc.), anti‑Smad7 (1:500; 
cat. no. BS60366, Bioworld Technology, Inc.) and anti‑GAPDH 
(1:500; cat. no.  G9545, Sigma‑Aldrich; Merck KGaA). 
Following washing with 0.1% TBS‑Tween 20 containing 5% 
skim milk at room temperature, membranes were incubated 
with horseradish peroxidase‑conjugated sheep anti‑mouse 
secondary antibodies (1:2,000; cat. no. A5906, Sigma‑Aldrich; 
Merck KGaA) or peroxidase‑conjugated goat anti‑rabbit 
secondary antibodies (1:2,000; cat. no. A6154, Sigma‑Aldrich; 
Merck KGaA) for 1 h at room temperature. Image Quant LAS 
4000 (GE Healthcare, Chicago, IL, USA) with ImageJ soft-
ware (version 1.38e, National Institutes of Health, Bethesda, 
MD, USA) were used to quantify band intensities.

Cell immunofluorescence analysis. ARPE‑19 cells were 
seeded into 24‑well plates at 4x104  cells/well containing 
DMEM with 10% FBS. After reaching 70% confluence, the 
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medium was replaced with FBS‑free medium, and culture was 
continued for 12 h at 37˚C. Following treatment with 100 nM 
BK, 10 ng/ml TGF‑β1, 100 nM BK plus 10 ng/ml TGF‑β1, 
10 ng/ml TGF‑β1 plus 10 uM HOE140, or 100 nM BK plus 
10 ng/ml TGF‑β1 plus 10 uM HOE140, or DMEM/H vehicle, 
was added to the medium. The cells were growth‑arrested in 
serum‑free medium for 12 h at 37˚C prior to the addition of 
BK for 0.5 h. Subsequently, TGF‑β1 was added for 48 h at 
37˚C. B2R activity was blocked by pre‑incubating the cells for 
1 h at 37˚C with of the B2R antagonist, HOE‑140. Then cells 
of different groups were washed three times with PBS and 
fixed with 4% paraformaldehyde for 20 min at room tempera-
ture. Following three washings with PBS, cells were blocked 
with 10% bovine serum albumin (1:2,000; cat. no. B2064, 
Sigma‑Aldrich; Merck KGaA) for 30 min at 37˚C and incu-
bated overnight at 4˚C with the primary antibodies described 
above. The dilutions were as follows: Rabbit anti‑E‑cadherin 
(1:100), mouse anti‑a‑SMA (1:100), vimentin (1:100), anti‑p 
Smad3 (1:100) and anti‑Smad7 (1:100). Cells were stained 
with FITC‑labeled goat anti‑rabbit immunoglobulin G (1:500; 
cat. no. F0382, Sigma‑Aldrich; Merck KGaA) for 2 h at 37˚C 
andDAPI (1:5,000; cat. no. D9542, Sigma‑Aldrich; Merck 
KGaA) for 5 min at 37˚C to visualize the nuclei. Images were 
captured using a confocal microscope (Zeiss GmbH, Jena, 
Germany, magnification, x200).

Wound healing test. ARPE‑19 cells were seeded in six‑well 
plates at a density of 5x105  cells/well and cultured with 
DMEM/H containing 10% FBS. At 70‑80% confluence, the 
cells were serum‑starved for 12 h at 37˚C. A total of 100 nM 
BK, 10 ng/ml TGF‑β1, 100 nM BK plus 10 ng/ml TGF‑β1, 
10  ng/ml TGF‑β1 plus 10  uM HOE140, 100  nM BK plus 
10 ng/ml TGF‑β1 plus 10 uM HOE140, or DMEM/H vehicle, 
was added to the medium. The cells were growth‑arrested in 

serum‑free medium for 12 h at 37˚C prior to the addition of 
BK for 0.5 h. Subsequently, TGF‑β1 was added for 48 h at 
37˚C. B2R activity was blocked by pre‑incubating the cells for 
1 h at 37˚C with of the B2R antagonist, HOE‑140. A sterile 
200 µl pipette tip was used to create a wound in the monolayer 
by scraping. The cells were washed with PBS and cultured 
in FBS‑free medium for 24 h at 37˚C in a humidified incu-
bator containing 5% CO2. Micrographs were captured with 
an inverted phase contrast microscope (magnification, x50). 
Experiments were repeated three times in duplicate.

Transwell migration assay. ARPE‑19 cells were seeded in 
six‑well plates at a density of 5x105 cells/well and cultured 
with DMEM/H containing 10% FBS. At 50‑70% confluence, 
the cells were starved for 12 h at 37˚C. Cells were treated as 
aforementioned. A total of 1x106 cells were added to the top 
chamber of 24‑well Transwell plates (8 µm pore size; Corning 
Incorporated, Corning, NY, USA) in 200 µl medium. The 
bottom chambers were filled with 500 µl medium with 5% 
FBS. Following 18 h of incubation at 37˚C in the 5% CO2 
atmosphere, and the chambers were then washed with PBS. 
Cells that did not invade through the membrane were removed, 
while the invading cells on the lower surface of the membrane, 
were fixed with 4% paraformaldehyde for 15 min at room 
temperature and then stained with 0.1% crystal violet for 
20 min at room temperature. The number of migratory cells 
in each chamber was quantified by counting five fields under a 
light microscope (OLYMPUS CKX41; Olympus Corporation, 
Tokyo, Japan, magnification, x50). Another counting method 
was used, where cells were bleached with 33% acetic acid 
for 15  min at room temperature following staining with 
0.1% crystal violet, prior to adding CCK‑8 reagent (Nanjing 
AnboRuila Biotechnology Co., Ltd.) to the eluent. The optical 
density value was measured at a wavelength of 570 nm using 

Figure 1. Treatment with 10 ng/ml TGF‑β1 for 48 h results in epithelial‑mesenchymal transition‑associated features. (A) Different concentrations of TGF‑β1 
affected the proliferation of ARPE‑19 cells. (B) Morphological alterations were detected between the control group and the TGF‑β1 group using an inverted 
phase‑contrast microscope (magnification, x100). The optimal concentration of TGF‑β1 was 10 ng/ml and the optimal incubation time was 48 h. (C) Western 
blot analysis was used to detect the expression levels of E‑cadherin with different concentrations of TGF‑β1, and (D) the results were quantified. All experi-
ments were performed in triplicate. *P<0.05 vs. control. TGF‑β1, transforming growth factor‑β1; OD, optical density.
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an ELISA plate reader (BioTek China). All experiments were 
repeated at least three times.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA of cells was extracted using TRIzol 
reagent, according to the manufacturer's protocol (Invitrogen; 
Thermo Fisher Scientific, Inc.). The concentration of RNA was 
measured with a Nanodrop 2000 spectrophotometer (Thermo 
Fisher Scientific, Inc., Wilmington, DE, USA), and cDNA 
was synthesized from 1 µg total RNA using a PrimeScript™ 

RT‑PCR kit (cat. no. RR037A; Takara Biotechnology Co., Ltd., 
Dalian, China). Specific primers (Bioworld Technology, Inc.) 
were used to detect the expression of EMT‑associated genes, 
using GAPDH as an internal control. miRNA quantification 
was performed using the 7500 Fast Real‑time PCR system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) using a 
SYBR®PrimeScript™ RT‑qPCR kit (cat. no. RR081A; Takara 
Bio, Inc.). The 20 µl reaction system contained the following: 
10 µl SYBR Premix Ex Taq (2X), 0.4 µl ROX Dye II, 6 µl dH2O, 
0.8 µl PCR forward primer, 0.8 µl PCR reverse primer and 2 µl 
cDNA. qPCR thermal cycling was performed as follows: One 
cycle at 95˚C for 30 sec, followed by 40 cycles of 95˚C for 
5 sec and 60˚C for 34 sec, and one cycle of 95˚C for 15 sec, 
60˚C for 30 sec and 95˚C for 15 sec for fluorescence signal 
acquisition. The relative quantity of each gene was measured 
using the 2‑ΔΔCq method (18). All RT‑qPCR experiments were 
performed in triplicate. Primer sequences are listed in Table I.

Statistical analysis. Independent sample t‑test was used 
for two‑group comparisons. One‑way analysis of variance 
followed by a Student‑Newman‑Keuls test, was used for 
multiple sample analysis. P<0.05 was considered to indicate a 
statistically significant difference. The data were analyzed with 
SPSS version 19.0 software (IBM Corp., Armonk, NY, USA). 
The data were expressed as the mean ± standard deviation.

Results

Treatment with 10 ng/ml TGF‑β1 induced EMT in ARPE‑19 
cells. To assess the optimal concentration and time of 
treatment with TGF‑β1 that resulted in the success of the 
experimental EMT model in ARPE‑19 cells, a CCK‑8 assay 
was used to investigate cell proliferation. TGF‑β1‑treated 
groups had elevated optical density values compared with 
the control group (Fig. 1A). ARPE‑19 cell proliferation was 
more obvious following 48 h TGF‑β1 treatment compared 
with 24 h, and cell proliferation was most marked when the 
concentration of TGF‑β1 was 10 ng/ml at 48 h (Table II and 

Fig. 1A). An inverted phase‑contrast microscope was used to 
observe the cell morphology. ARPE‑19 cell morphology was 
altered compared with the control group at 10 ng/ml TGF‑β1 
and 48 h. Cell morphology gradually changed from the typical 
cobblestone‑like to the long spindle‑shaped mesenchymal‑like 
cells (Fig. 1B). In addition, the expression levels of E‑cadherin 
were detected by western blot analysis. When ARPE‑19 cells 
were treated with different concentrations of TGF‑β1 for 
48 h, E‑cadherin expression was reduced compared with the 
control group (P<0.05; Fig. 1C and D). E‑cadherin expression 
in ARPE‑19 cells was negatively associated with TGF‑β1 
concentration (Fig. 1C and D). Therefore, the EMT experi-
mental model was successfully established when ARPE‑19 
cells were treated with TGF‑β1 (10 ng/ml) for 48 h. This 
time point was chosen to examine the function of BK in the 
following experiments.

BK inhibits TGF‑β1‑induced EMT in ARPE‑19 cells, and 
the B2R inhibitor attenuates the role of BK. To determine 
whether BK serves an important role in TGF‑β1‑induced 
EMT, the alterations in cell morphology were observed and 
the expression levels of E‑cadherin, α‑SMA and vimentin 
in each group were determined. Fig. 2A demonstrated that 
BK+TGF‑β1 group may prevent TGF‑β1‑induced EMT; the 
number of spindle‑shaped mesenchymal cells decreased, 
whereas BK+TGF‑β1+HOE‑140 weakened the role of BK 
and the mesenchyme transformation of the cells increased 
significantly. Western blot analysis revealed that BK+TGF‑β1 
group increased E‑cadherin protein expression levels, and 
decreased the expression levels of α‑SMA and vimentin 

Table II. Different concentrations of TGF‑β1 affect the 
proliferation of ARPE‑19 cells.

	 Optical density value
Concentration of	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
TGF‑β1 (ng/ml)	 24 h	 48 h

0	 0.49±0.05	 0.81±0.02
0.1	 0.58±0.04a	 0.86±0.02a

0.5	 0.55±0.03a	 0.89±0.01a

2.5	 0.65±0.01a	 0.92±0.01a

10	 0.70±0.04a	 0.96±0.02a

12.5	 0.76±0.01a	 0.93±0.01a

aP<0.05 vs. TGF‑β1 at 0 ng/ml. TGF‑β1, transforming growth factor‑β1.

Table I. Primers used for reverse transcription‑quantitative polymerase chain reaction amplification.

Gene	 Forward 5'→3'	 Reverse 5'→3'

pSmad3	 TGGACGCAGGTTCTCCAAAC	 CCGGCTCGCAGTAGGTAAC
Smad7	 GGACAGCTCAATTCGGACAAC	 GTACACCCACACACCATCCAC
GAPDH	 AGAAGGCTGGGGCTCATTTG	 AGGGGCCATCCACAGTCTTC

pSmad, phosphorylated mothers against decapentaplegic homolog.
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compared with TGF‑β1‑treated cells (P<0.05). The B2R 
inhibitor HOE‑140 in BK+TGF‑β1+HOE‑140 group blocked 
BK, weakening its effect compared with BK+TGF‑β1 group 
(P<0.05, Fig. 2B). The immunofluorescence results revealed 
that BK in BK+TGF‑β1 group significantly attenuated 
the downregulation of E‑cadherin, and the upregulation 
of α‑SMA and vimentin compared with TGF‑β1‑treated 
cells, whereas B2R antagonism in BK+TGF‑β1+HOE‑140 
group reversed this effect compared with BK+TGF‑β1group 
(Fig. 2C). In addition, BK in BK+TGF‑β1 group inhibited the 
ARPE‑19 cell migration enhanced by TGF‑β1. With HOE‑140 
in BK+TGF‑β1+HOE‑140 group, cell migration ability was 
enhanced compared with BK+TGF‑β1 group (Table  III; 
Fig.  2D‑F). These results suggested that BK may inhibit 
TGF‑β1‑induced EMT in ARPE‑19 cells.

BK inhibits TGF‑β1‑induced EMT in ARPE‑19 cells via the 
TGF/Smad signaling pathway. To determine whether BK 
inhibits TGF‑β1‑induced EMT in ARPE‑19 cells via the 
TGF/Smad signaling pathway, pSmad3 and Smad7 expression 
levels were measured. As determined by western blot analysis 
(Fig.  3A), BK+TGF‑β1 group decreased pSmad3 protein 
expression levels and increased Smad7 protein expression 
levels compared with TGF‑β1‑treated cells. The expression 
levels of pSmad3 and Smad7 were reversed by treatment with 
the B2R antagonist HOE‑140 in BK+TGF‑β1+HOE‑140 group 
compared with BK+TGF‑β1 group. These changes in pSmad3 
and Smad7 mRNA expression were verified by q‑PCR 
(Fig. 3B). Immunofluorescence revealed that BK+TGF‑β1 
group markedly downregulated the expression of pSmad3 
and upregulated the expression of Smad7 compared with 
TGF‑β1‑treated ARPE‑19 cells, molecular events that were 
antagonized by HOE140 (Fig. 3C). These results demonstrated 
that BK had effects on TGF‑β1‑induced EMT by upregulating 
the expression of Smad7 and downregulating the expression of 
pSmad3 in the TGF‑β/Smad signaling pathway.

Discussion

PVR is generally considered to be an afibrotic process driven 
by EMT in RPE cells, causing traction of the retina and 
leading to surgical failure (19). EMT widely exists in renal 
interstitial fibrosis (20) and liver fibrosis (21). EMT has a vital 
role in the recurrence of liver cancer (22), in addition to the 
occurrence and metastasis of lung cancer (23). TGF may be 
divided into three subtypes in mammals: TGF‑β1, TGF‑β2 
and TGF‑β3. TGF‑β1 is a multi‑effective growth factor, and it 
is the primary cytokine that mediates EMT in tumor cells (24). 
TGF‑β1‑induced EMT of RPE cells has been acknowledged 
as a classic model to study the underlying mechanisms of 
EMT (13,14). However, the optimal concentration and time of 
treatment with TGF‑β1 may differ (25‑27).

In the present study, different concentrations of TGF 
were used to treat ARPE‑19 cells for 24 and 48 h, and it was 
observed that 10 ng/ml TGF‑β1 resulted in EMT of ARPE‑19 
cells. The alteration in cell morphology was more marked 
when the TGF‑β treatment time was 48 h, compared with 24 h. 
This result was consistent with the results of Yang et al (27). 
The integrity of cell‑cell contacts is an important regulator of 
TGF‑β1‑induced epithelial‑to‑myofibroblast transition (28). 

E‑cadherin is a principal component of adhesive connections 
between cells. This suggests that E‑cadherin may be involved 
in TGF‑β1‑induced EMT. E‑cadherin is highly expressed in 
normal ARPE‑19 cells (29). When E‑cadherin transcription is 
suppressed, it may affect adhesion between epithelial cells and 
eventually result in EMT. Therefore, decreased E‑cadherin is 
an indicator of EMT in epithelial cells (30). In the present study, 
western blot analysis was used to detect the expression levels 
of E‑cadherin in cells. The results revealed that the E‑cadherin 
expression levels were increased in normal ARPE‑19 cells. 
With increased TGF‑β1 concentration, the expression level 
of E‑cadherin was gradually reduced. This demonstrated that 
the TGF‑β1‑induced EMT model was successfully established 
in vitro.

At present, there is no safe and effective clinical drug used 
as a conventional treatment for PVR (31). Vitreous cavity 
injection of polylactic acid, daunorubicin or 5‑fluorouracil in 
rabbit eyes following vitrectomy may effectively prevent the 
formation of PVR membranes (32). In addition, anti‑inflam-
matory drugs, including triamcinolone acetonide, and 
intravitreal injections as an adjunct to vitrectomy and silicone 
oil tamponade, appear to be effective and safe in treating PVR 
(grade C or D) (33). Anti‑inflammatory therapy in PVR may 
be a potential research direction.

The complement and blood coagulation cascades are the 
most important KEGG pathways in the PVR pathological 
process, and the KKS is the intermediate process connecting 

Table III. The effect of TGF-β1 on migration of ARPE-19 cells.

A, Migration distance of ARPE‑19 cells

	 Migration distance, µm
Group	 (mean ± standard deviation)

DMEM (control)	 3.60±0.62
BK	 3.53±0.50
TGF‑β1	 3.98±0.36
TGF‑β1+BK	 3.55±0.47
TGF‑β1+HOE‑140	 3.86±0.22
TGF‑β1+BK+HOE‑140	 3.77±0.32

B, Optical density value of cell migration using the indirect 
enumeration method

	 Optical density value
Group	 (mean ± standard deviation)

DMEM (control)	 0.431±0.059
BK	 0.430±0.054
TGF‑β1	 1.272±0.059a

TGF‑β1+BK	 0.562±0.018b

TGF‑β1+HOE‑140	 1.208±0.038
TGF‑β1+BK+HOE‑140	 0.666±0.048c

aP<0.001 vs. DMEM group, bP<0.001 vs. TGF‑β1 group and cP<0.05 
vs. TGF‑β1+BK group. TGF‑β1, transforming growth factor‑β1; BK, 
bradykinin; DMEM, Dulbecco's modified Eagle's medium.
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Figure 2. BK inhibits TGF‑β1‑induced epithelial‑mesenchymal transitionin ARPE‑19 cells, and a B2R inhibitor attenuates the role of BK. ARPE‑19 cells were 
treated with BK, TGF‑β1, BK plus TGF‑β1, TGF‑β1 plus HOE140, BK plus TGF‑β1 plus HOE140, and Dulbecco's modified Eagle's medium for 48 h prior tode-
tection. (A) Morphological alterations were detected using an inverted phase‑contrast microscope (magnification, x100). (B) Western blot analysis detected 
the expression levels of E‑cadherin, α‑SMA and vimentin in each group. (C) The protein expression of E‑cadherin, α‑SMA and vimentin was identified by 
immunofluorescence staining (magnification, x200). (D) A wound healing assay tested the cell migration of a scratched edge. (E) Cells that had migrated 
through the Transwell chamber filter over 18 h were stained with crystal violet, and imaged at x50 magnification. (F) The number of migrated ARPE‑19 cells 
in each group. **P<0.001 and *P<0.05. TGF‑β1, transforming growth factor‑β1; BK, bradykinin; α‑SMA, α‑smooth muscle actin.
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the complement pathways and the blood coagulation 
pathway (16). KKS serves an important role in inflamma-
tion (34). In the KKS system, activated kallikrein acts on 
kininogen. Plasma kininases convert high molecular weight 
kininogen to BK and kallidin, whereas tissue kininases 
convert low molecular weight kininogen to kallidin, which 
may be converted into BK under the action of enzymes (35). 
The BK amino acid sequence is Arg‑Pro‑Pro‑Gly‑Phe‑Ser
‑Pro‑Phe‑Arg, and it has a series of complex physiological 
effects with kinin receptors in tissues and organs (36). The BK 
receptor is divided into B1R and B2R. B2R serves a primary 
role in biological reactions. It is expressed in a variety of 
cell types, including myocardial cells, pain sensitive neurons, 
endothelial cells and smooth muscle cells (37). BK protects 
renal function via B2R receptors in renal fibrosis, and this 
effect may be reversed by a B2R receptor antagonist (38). To 
examine whether BK has a similar effect in PVR disease, 
the present study used BK to stimulate PVR in an in vitro 
cell model to observe the influence of BK on PVR models. 
In the present study, it was demonstrated that BK has effects 
on the protein expression levels in TGF‑β1‑induced EMT 
and reverses EMT. It increased epithelial cell marker protein 
levels and decreased interstitial cell marker protein levels. 
Vitreous aspirates from patients with PVR stimulate retinal 
pigment epithelial cell migration (39). Research has recently 

focused on investigating RPE cell migration  (40,41). To 
further determine whether BK influences TGF‑β1‑induced 
EMT migration, a wound healing assay and the Transwell 
migration method was used. It was revealed that BK inhibited 
ARPE‑19 cell migration. With HOE‑140, the cell migration 
ability was enhanced.

The TGF‑β/Smad pathway is a major component of the 
process of the phenotype alteration from epithelial cells to 
mesenchymal cells (42,43). TGF‑β combines with the TGF‑β 
type II receptor and forms a closely linked complex with 
TGF‑β type I receptor, which leads to Smad2 and Smad3 
activation. The activated Smad2 and Smad3 bind with 
Smad4 for target gene recognition and transcriptional regula-
tion (44‑46). Although the function of pSmad2 and pSmad3 
is certain in this process, a previous study demonstrated that 
Smad3 is the essential mediator of TGF‑β signaling and 
directly activates genes encoding regulators of transcrip-
tion and signal transducers (47). Smad7 negatively regulates 
Smad2/3, and its overexpression inhibits EMT in RPE 
cells  (48). Smad3 is required for the de‑differentiation of 
the retinal pigment epithelium following retinal detachment. 
Blocking the Smad3 pathway may inhibit the occurrence 
of EMT (14). Upregulation of the BK‑B2R pathway modu-
lates the TGF‑β/Smad signaling cascade to reduce renal 
fibrosis (38). However, the function of BK in RPE cells is 

Figure 3. BK inhibits TGF‑β1‑induced epithelial‑mesenchymal transition via the TGF/Smad signaling pathway. ARPE‑19 cells were treated with BK, TGF‑β1, 
BK plus TGF‑β1, TGF‑β1 plus HOE140, BK plus TGF‑β1 plus HOE140 and Dulbecco's modified Eagle's medium for 48 h before detection. (A) Protein expression 
of pSmad3 and Smad7 was identified by western blot analysis. (B) Reverse transcription‑quantitative polymerase chain reaction analysis and (C) immuno-
fluorescence staining (magnification, x200). **P<0.001 and *P<0.05. TGF‑β1, transforming growth factor‑β1; BK, bradykinin; pSmad, phosphorylated mothers 
against decapentaplegic homolog.
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unknown. In the present study, it was determined that BK 
reduced pSmad3 expression levels and increased Smad7 
expression levels. The protective alterations were reversed 
by HOE‑140. However, the present results were only veri-
fied in vitro; whether the same conclusion is observed in vivo 
requires further investigation.

In conclusion, the results of the present study suggested that 
BK contributes to the progression of TGF‑β1‑mediated EMT 
in ARPE‑19 cells via the TGF/Smad signaling pathway. These 
findings may promote a future clinical therapeutic strategy for 
the prevention or treatment of PVR.
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