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Abstract. Epithelial-mesenchymal transition (EMT) of 
retinal pigment epithelial (RPE) cells is inevitable change of 
age-related macular degeneration (AMD). Smoking is a major 
risk factor for the development of EMT in several diseases, 
including lung cancer. Cigarette smoke-induced stress promotes 
the production of epidermal growth factor (EGF) in RPE 
cells. However, the underlying signaling pathways induced 
by aberrant EGF receptor (EGFR) expression in cigarette 
smoke-exposed RPE cells remain largely unknown. In the 
present study, the morphological transformation and production 
of EMT-associated cytokines were investigated to analyze the 
effect of smoking on the retina. Furthermore, EGF-treated or 
cigarette smoke-exposed RPE cells, as well as the downstream 
targets of EGFR, were investigated to identify the key molecules 
involved in EMT of cigarette smoke-stimulated RPE cells via 
immunoblotting. Exposure of RPE cells to cigarette smoke 
extract (CSE) induced secretion of VEGF and TGF-β1, and 
increased the expression of EMT markers. CSE-mediated focal 
adhesion kinase (FAK) activation resulted in the phosphoryla-
tion and activation of spleen associated tyrosine kinase (Syk)/Src 
proto-oncogene, non-receptor tyrosine kinase (Src), leading to 
migration and invasion of RPE cells. Knockdown of FAK or 
pharmacological inhibition of Syk/Src abrogated CSE-mediated 
VEGF and TGF-β1 production and blocked the phosphorylation 
of Smad2/3 in CSE-stimulated RPE cells. Erlotinib (an EGFR 
inhibitor) suppressed EGF and CSE-mediated switch from an 
epithelial to mesenchymal phenotype. Baicalein, an inhi bitor of 
12/15‑lipooxygenase, also efficiently suppressed CSE‑induced 
EMT processes by inhibiting EGFR-associated downstream 

signaling transduction. The results identified a novel signaling 
pathway mediated by EGFR in CSE-activated RPE cells, 
and suggest baicalein as a potential new therapeutic drug for 
CSE-associated retinopathy.

Introduction

Proliferative vitreoretinopathy (PVR) is one of the most impor-
tant causes of blindness following surgery for retinal detachment 
and in diabetic retinopathy (1). The formation of scar-like tissue 
causes subsequent traction retinal detachment resulting in serious 
vision complications (2). Retinal pigment epithelial (RPE) cells 
have a central role in the early stages of PVR induction and are 
modulated by a wide range of growth factors, including trans-
forming growth factor-β (TGF-β) and epidermal growth factor 
(EGF) (3). EGF and TGF-β signaling has been shown to be one 
of the most potent inducers of epithelial-mesenchymal transition 
(EMT) in various types of cancer and is associated with both 
invasion and nodal metastasis (4,5). In addition, stimulation with 
EGF and TGF-β triggers a variety of PVR-associated pheno-
typical changes and proliferation of RPE cells (6,7).

Cigarette smoke (CS) is the single most important envi-
ronmental risk factor for age-related macular degeneration, 
which is the major cause of legal blindness in developed 
countries (8,9). Exposure to CS results in oxidative stress and 
damage or modification to RPE cells (10). Oxidative stress 
can alter RPE cells to express growth factors, including EGF, 
proteins of the EGF-related growth factor family, and vascular 
endothelial growth factor (VEGF) (11-13). Stimulation of lung 
cancer cells with CS or hydrogen peroxide (H2O2) induces 
aberrant phosphorylation of EGF receptor (EGFR) and acti-
vates downstream signaling pathways (14). EGFR is expressed 
in various different types of cancer including lung cancer and 
has a critical role in aberrant cell proliferation and develop-
ment of cancer (15,16). The combination of EGF and TGF-β1 
induces dramatic fibroblast‑like morphologies and characteris-
tics of EMT in intestinal epithelium (17). CS-induced TGF-β1 
release induces downstream signaling via the Sma- and 
Mad-related family 2/3 (Smad2/3) cascade to promote EMT 
processes in human bronchial epithelial cells (18,19). In addi-
tion, stimulation of human lung cancer cells with TGF-β1 
induces migration and invasion through Smad2/3 and focal 
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adhesion kinase (FAK)/Src proto-oncogene, non-receptor 
tyrosine kinase (Src) signaling (20). However, it remains 
unclear whether CS-induced abnormal EGFR activation has 
a critical role in the migration of RPE cells and how TGF-β1, 
which is released by CS-induced EGFR activation, transduces 
the signal needed to trigger the EMT process in RPE cells.

Erlotinib, an EGFR tyrosine kinase inhibitor (TKI), 
inhibits EGFR signaling, thereby impeding tumor prolifera-
tion (21). EGFR TKI treatment also inhibits TGF-β-induced 
cell motility (22). In addition, treatment with erlotinib inhibits 
pathological neovascularization of the retina and prevents 
posterior capsule opacification after cataract surgery (23,24). 
Stimulation with various growth factors including EGF, hepa-
tocyte growth factor and keratinocyte growth factor induces 
12-lipoxygenase (12-LOX), leading to a marked increase in 
12(S)-hydroxyeicosatetraenoic acid (HETE). On the other 
hand, baicalein, an inhibitor of 12-LOX, blocks EGF-dependent 
cell growth and the production of 12(S)-HETE in rabbit 
corneal epithelial cells (25,26). 12-LOX and its product HETE 
also has an important role in retinal neovascularization by 
upregulating production of VEGF (27). These findings suggest 
that erlotinib and baicalein may have a beneficial effect on 
preventing and treating abnormal EGFR-associated retinal 
diseases by downregulating TGF-β1-mediated signaling in 
RPE cells. Furthermore, the cellular mechanisms by which 
cigarette smoke causes EMT in PVR through the regulation 
VEGF or TGF-β1 production remain unclear.

In this study, the signaling pathways downstream of CS 
extract (CSE)-induced abnormal EGFR activation that are 
involved in promoting EMT were investigated using ARPE-19 
human RPE cells. Additionally, whether the EGF-like role of 
CSE induces EMT by modulating VEGF or TGF-β production 
was examined. Finally, the ability of erlotinib or baicalein to 
inhibit EMT processes was investigated in CSE-stimulated 
RPE cells.

Materials and methods

Cell culture and reagents. Primary human RPE (HRPEpi) cells 
were purchased from ScienCell Research Laboratories, Inc. 
(San Diego, CA, USA). ARPE-19, a human RPE cell line, was 
purchased from the American Type Culture Collection (ATCC; 
Manassas, VA, USA). Cells were maintained in Dulbecco's 
modified Eagle's medium (DMEM)/F12 supplemented 
with 10% fetal bovine serum (FBS) (both from (HyClone; 
GE Healthcare Life Sciences, Logan, UT, USA) and antibi-
otics under a humidified atmosphere with 5% CO2. Baicalein 
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was 
dissolved in sterile dimethyl sulfoxide. PP1 (Src inhibitor) and 
Bay-61-3606 [spleen associated tyrosine kinase (Syk) inhibitor] 
were purchased from Calbiochem (Merck KGaA, Darmstadt, 
Germany). Erlotinib (EGFR TKI) was obtained from Cell 
Signaling Technology, Inc. (Danvers, MA, USA). Recombinant 
EGF (rEGF) and recombinant VEGF (rVEGF) were purchased 
from Tocris Biosciences (Bristol, UK). LY2109761 (dual TGF-β 
receptor I and II kinase inhibitor) was purchased from Selleck 
Chemicals (Houston, TX, USA).

Preparation of cigarette smoke extracts. Research-grade 
cigarettes (3R4F) were obtained from the Kentucky Tobacco 

Research Council (University of Kentucky, Lexington, KY, 
USA). Each cigarette contained 0.726 mg nicotine, 9.4 mg tar, 
and 10.9 mg total particulate matter. CSE consisted of an extract 
of mainstream CS. Briefly, smoke was bubbled through 25 ml 
DMEM/F12 medium without FBS for 2 min and the resulting 
solution was used as a stock (100%) and diluted further. The 
pH was adjusted to 7.2, the obtained CSE was filtered through 
a 0.22‑µm pore filter (EMD Millipore, Billerica, MA, USA) 
for sterilization. CSE was standardized by measuring the 
absorbance at a wavelength of 320 nm and was used within 
30 min after preparation (19). ARPE-19 cells were seeded into 
a 6-well plate at a density of 2x105 cells/2 ml in DMEM/F12 
containing 10% FBS. Following overnight incubation at 37˚C, 
the cells were either treated with rEGF (100 ng/ml) or exposed 
to 5% CSE for 4 h at 37˚C, and then incubated with complete 
medium for an additional 24 h at 37˚C. To analyze the effect 
of VEGF, ARPE-19 cells were treated with either 50 ng/ml 
rVEGF or 5% CSE alone, or co-treated (50 ng/ml rVEGF + 5% 
CSE) for 4 h at 37˚C, subsequently washed out, and then incu-
bated with complete medium for an additional 24 h at 37˚C. To 
analyze the effect of EGFR and TGF-β blocking, ARPE19 cells 
were exposed to 5% CSE or 100 ng/ml rEGF for 4 h at 37˚C, 
subsequently washed out, and then incubated with complete 
medium or 50 nM erlotinib (EGFK tyrosin kinase inhibitor) or 
100 nM LY2109761 (TGF-β receptor I and II kinase inhibitor) 
for an additional 24 h at 37˚C. To investigate the activation 
of the Syk/Src pathway, ARPE19 cells were exposed to 5% 
CSE or 100 ng/ml rEGF for 4 h at 37˚C, subsequently washed 
out, and then incubated with complete medium, 200 nM PP1 
(Src inhibitor) or 200 nM Bay 61-3606 (Syk inhibitor) for an 
additional 24 h at 37˚C. To investigate the regulatory effect of 
baicalein on EMT, ARPE19 cells were exposed to 5% CSE or 
100 ng/ml rEGF for 4 h at 37˚C, subsequently washed out, and 
then incubated with complete medium or 20 µM baicalein for 
an additional 24 h at 37˚C.

Small interfering RNA (siRNA) transfection. Experimentally 
verified human FAK-siRNA duplex (5'-GGU UCA AGC 
UGG AUU AUU TT-3') and negative control-siRNA (5'-UUC 
UCC GAA CGU GUC ACG UTT-3') were obtained from 
Bioneer Corporation (Daejeon, Korea). Cells were seeded 
at a concentration of 1x105/well in a T75 flask and cultured 
overnight. Cells in each T75 flask were then transfected with 
200 nM siRNAs using Lipofectamine® RNAiMAX reagent 
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) according to the manufacturer's instructions. Cells were 
used for further experiments 48 h after transfection.

Immunoblotting. Cells were harvested and lysed in NP-40 
buffer (Elpis Biotech, Inc., Daejeon, Korea) supplemented with 
a protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA). To 
address phosphorylation events, an additional set of phospha-
tase inhibitors (Cocktail II; Sigma-Aldrich; Merck KGaA) was 
added to the NP-40 buffer. Protein concentration was deter-
mined using a bicinchoninic acid assay kit (Pierce; Thermo 
Fisher Scientific, Inc.). The same volume of 2X Laemmli 
sample buffer (Elpis Biotech, Inc.) was added to each lysate, 
and each protein sample (10 µg/sample) was immediately 
boiled for 5 min at 100˚C. Insoluble material was centrifuged at 
14,000 x g at 25˚C. Total cell lysates (5x106 cells/sample) were 
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subjected to SDS-PAGE (10 µg/well) on a gel containing 15% 
(w/v) acrylamide under reducing conditions. Separated proteins 
were transferred to nitrocellulose membranes (EMD Millipore). 
The membranes were blocked with 5% skim milk and western 
blot analysis was performed. Chemiluminescence was detected 
using an enhanced chemiluminescence kit (Advansta, Inc., 
Menlo Park, CA, USA) and an Amersham Imager 600 
(GE Healthcare Life Sciences, Little Chalfont, UK). Primary 
antibodies against the following proteins were incubated with 
membranes overnight at 4˚C: E‑cadherin (cat. no. 3195; 1:1,000), 
vimentin (cat. no. 5741; 1:1,000), tight junction protein 1 
(ZO-1; cat. no. 8193; 1:1,000), EGFR (cat. no. 2232; 1:1,000), 
phospho-Smad2/3 (Ser465/467/Ser423/425; cat. no. 8828; 1:1,000), 
Smad2/3 (cat. no. 5678; 1:1,000), phospho-FAK (Tyr397; cat. 
no. 3283; 1:1,000), phospho-FAK (Tyr925; cat. no. 3284; 1:1,000), 
FAK (cat. no. 3285; 1:1,000), phospho-Syk (Tyr323; cat. no. 2715; 
1:1,000), phospho-Syk (Tyr525/526; cat. no. 2710; 1:1,000), Syk 
(cat. no. 13,198; 1:1,000), phospho-Src (Tyr416; cat. no. 6943; 
1:1,000), Src (cat. no. 2123; 1:1,000), extracellular signal-regu-
lated kinase (ERK; cat. no. 9102; 1:1,000), phospho-ERK (cat. 

no. 9101; 1:1,000), phospho-p38 (cat. no. 9211; 1:1,000), p38 (cat. 
no. 9212; 1:1,000), c-Jun N-terminal kinase (JNK; cat. no. 9258; 
1:1,000) phospho-JNK (cat. no. 4671; 1:1,000), and β-actin (cat. 
no. 4967; 1:1,000; Cell Signaling Technology, Inc.); and VEGF 
receptor 1 (VEGF-R1; cat. no. sc-271789; 1:500), VEGF-R2 (cat. 
no. sc-393163; 1:500), 12-LOX (cat. no. sc-365194; 1:500) and 
15-LOX (cat. no. sc-133085; 1:500; Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA); and α-smooth muscle actin (α-SMA; cat. 
no. bs-10196R; 1:500; BIOSS, Beijing, China) Following this, 
the membranes were incubated with the following secondary 
antibodies for 1 h at room temperature: Goat anti-mouse-horse-
radish peroxidase (HRP; cat. no. K0211589; 1:3,000) or goat 
anti-rabbit-HRP (cat. no. K0211708; 1:3,000) (both from Koma 
Biotech, Seoul, Korea).

Enzyme‑linked immunosorbent assay (ELISA). At 24 h, 
conditioned media was collected and the concentration of 
active TGF-β1 (cat. no. DY240) and VEGF (cat. no. DY293B) 
secreted by ARPE-19 or CSE-treated ARPE-19 cells was 
measured using the Single Cytokine ELISA Assay kit (R&D 

Figure 1. CSE-mediated EGFR activation induces EMT of RPE cells through secretion of VEGF and TGF-β1. ARPE-19 cells were exposed to 5% CSE or 
100 ng/ml rEGF for 4 h, subsequently washed out, and then incubated with complete medium or 50 nM erlotinib for an additional 24 h. (A) Total cell lysates 
were immunoblotted with the indicated antibodies. β-actin served as an internal control. (B) CSE induces mesenchymal morphology in ARPE-19 cells. 
Morphology was observed with an inverted phase‑contrast microscope. The scale bar represents 100 µm, and photographs were taken at x100 magnification 
using a digital camera. (C) Cell motility was increased by CSE as measured by a wound-healing assay. Cells were wounded (0 h) and maintained for 24 h in 
complete medium. Dotted lines indicate the edges of the wounds. (D) Concentrations of active TGF-β1 and VEGF in the culture supernatants were quantified 
by ELISA assay. Data are presented as the mean ± standard deviation of three independent experiments. Results are representative of three independent experi-
ments. *P<0.05 and **P<0.01. Ctrl, control; DMSO, dimethyl sulfoxide; rEGF, recombinant epidermal growth factor; CSE, cigarette smoke extract; EGFR, 
epidermal growth factor receptor; ZO-1, tight junction protein 1; α-SMA, α-smooth muscle actin; TGF-β1, transforming growth factor-β1; VEGF, vascular 
endothelial growth factor.
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Systems, Inc., Minneapolis, MN, USA) according to the manu-
facturer's instructions. HETE concentrations in the culture 
supernatants were quantified using a single cytokine ELISA 
kit (Abcam, Cambridge, UK). Data are expressed as the mean 
value for biological replicates ± standard deviation (SD).

Wound healing assay. Wound healing assays were performed 
to measure the migration ability of ARPE-19 cells. CSE-treated 
or untreated ARPE-19 cells were plated in 6-well plates. As the 
cell layers reached confluence, a uniform wound consisting of a 
straight line was created in each well using a 200-µl micropipette 
tip and the wounded layers were washed with PBS to remove 
all cell debris. The cells were cultured in 5% CO2 at 37˚C, and 
images were captured at 0 and 24 h after scratching using an 
inverted phase contrast microscope at x100 magnification.

Statistical analysis. Data are expressed as the mean ± SD. 
Statistical analysis was conducted using one-way analysis of 
variance (ANOVA) using SigmaPlot software (version 10.0; 
Systat Software, Inc., San Jose, CA, USA). Bonferroni post 
hoc analysis was performed following the ANOVA for 
multiple comparisons. P<0.05 was considered to indicate a 
statistically significant difference.

Results

EGFR activation by CSE stimulates EMT processes in 
RPE cells by activating the TGF‑β1‑related pathway. It was 
initially analyzed whether CSE promotes the induction of 
EGFR expression and mesenchymal characteristics of RPE 
cells, and also whether exposure to CSE has an effect on the 
production of TGF-β1 and VEGF. Treatment with EGF or CSE 
increased the expression of EGFR, mesenchymal markers 
(vimentin and α-SMA), but reduced the levels of E-cadherin 
and ZO-1 compared with the control (Fig. 1A). Although 
CSE‑exposed ARPE‑19 cells acquired a fibroblast‑like mesen-
chymal appearance (Fig. 1B), treatment with erlotinib restored 
epithelial characteristics and suppressed the cellular migration 
of CSE-stimulated ARPE-19 cells (Fig. 1C). Stimulation of 
RPE cells with a combination of EGF or CSE and erlotinib, 
an EGFR tyrosine kinase inhibitor (TKI), efficiently blocked 
the upregulation of mesenchymal markers and migration of 
CSE- or EGF-induced ARPE-19 cells (Fig. 1A and C). In addi-
tion, secretion of TGF-β1 and VEGF in CSE- or EGF-treated 
ARPE-19 cells was efficiently blocked by treatment with 
erlotinib (Fig. 1D). Stimulation with EGF or CSE had no 
effect on the activation of mitogen-activated protein kinases 

Figure 2. CSE induces upregulation of VEGFR and activation of the transforming growth factor-β1-associated pathway. (A-C) ARPE-19 cells were exposed 
to 5% CSE or 100 ng/ml rEGF for 4 h, subsequently washed out, and then incubated with complete medium or 50 nM erlotinib or 100 nM LY2109761 for an 
additional 24 h. Total cell lysates were immunoblotted with the indicated antibodies. β-actin served as an internal control. (D) ARPE19 cells were treated 
with either 50 ng/ml rVEGF or 5% CSE alone, or co-treated (50 ng/ml rVEGF + 5% CSE) for 4 h, subsequently washed out, and then incubated with complete 
medium for an additional 24 h. Dotted lines indicate the edges of the wounds. Results are representative of three independent experiments. Ctrl, control; rEGF, 
recombinant epidermal growth factor; CSE, cigarette smoke extract; p, phospho; ERK, extracellular regulated kinase; JNK, c-Jun N-terminal kinase; DMSO, 
dimethyl sulfoxide; VEGF-R, vascular endothelial growth factor receptor; Smad, Sma- and Mad-related family; ZO-1, tight junction protein 1; α-SMA, 
α-smooth muscle actin; rVEGF, recombinant vascular endothelial growth factor.
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(MAPKs), including ERK, JNK and p38 MAPK (Fig. 2A). 
Additionally, ARPE-19 cells treated with EGF or CSE had 
increased expression of VEGFR and Smad2/3 phosphoryla-
tion, an intracellular signaling adaptor of TGF-β1 (Fig. 2A). 
Inhibition of the TGF-β1 pathway in EGF- or CSE-exposed 
ARPE cells using LY2109761, a small molecule inhibitor of 
the TGF-β receptor type I/type II kinases, disrupted Smad2/3 
phosphorylation, blocked the suppression of E-cadherin and 
ZO-1 and decreased the expression of mesenchymal markers 
(Fig. 2A). Furthermore, considering that EGF or CSE treatment 
of ARPE-19 cells increased the production of VEGF (Fig. 1D), 
the present study also investigated whether co-treatment with 

CSE and VEGF enhanced the migration of ARPE-19 cells. 
Combined treatment of ARPE-19 cells with VEGF and CSE 
led to further enhancement of cell migration activity compared 
with either recombinant VEGF or CSE alone (Fig. 2B). These 
results suggested that CSE has an EGF-like effect on TGF-β1 
and VEGF production through abnormal EGFR activation, 
and that TGF-β1-mediated signaling triggers EMT processes 
in cigarette smoke-exposed RPE cells.

CSE‑mediated TGF‑β1 activates the phosphorylation of 
FAK, Syk and Src to induce EMT processes in RPE cells. 
TGF-β induces EMT processes in various normal and 

Figure 3. CSE-mediated TGF-β1 activates the phosphorylation of Syk, Src and FAK for EMT in retinal pigment epithelial cells. ARPE19 cells were exposed 
to 5% CSE or 100 ng/ml rEGF for 4 h, subsequently washed out, and then incubated with complete medium or 50 nM erlotinib or 100 nM LY2109761 for 
an additional 24 h. (A) Total cell lysates of each condition were harvested and immunoblotted with the indicated antibodies. β-actin served as an internal 
control. (B) CSE- or rEGF-induced cell migration was decreased by LY2109761 treatment as measured by a wound healing assay. Cells were wounded (0 h) 
and maintained for 24 h in complete medium. Dotted lines indicate the edges of the wounds. (C) Concentrations of active TGF-β1 and VEGF in the culture 
supernatants were quantified by ELISA. Data are presented as the mean ± standard deviation of three independent experiments. *P<0.05 and **P<0.01. Ctrl, 
control; rEGF, recombinant epidermal growth factor; CSE, cigarette smoke extract; p, phospho; FAK, focal adhesion kinase; Syk, spleen associated tyrosine 
kinase; Src, Src proto-oncogene non-receptor tyrosine kinase; TGF-β1, transforming growth factor-β1; VEGF, vascular endothelial growth factor.
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cancer cells, and is also responsible for FAK-mediated scar 
formation in chronic fibrotic disease (28,29). The activation 
of the FAK/Src pathway in ARPE-19 cells was previously 
reported to be associated with collagen gel contraction in an 
in vitro model of PVR (30). It was subsequently investigated 
whether CSE-induced TGF-β1 activates the FAK signaling 
pathway in ARPE-19 cells. Stimulation with CSE induced 
FAK phosphorylation and stimulated the phosphorylation of 
Src and Syk kinase; however, pretreatment with erlotinib or 
LY2109761 efficiently blocked CSE‑induced phosphorylation 
of FAK, Syk, and Src (Fig. 3A). In addition, treatment with 
LY2109761 significantly inhibited migratory activity, and 
TGF-β1 and VEGF production in CSE-stimulated ARPE cells 
(Fig. 3B and C). These results suggested that EGF-like CSE 
stimulation increases the production of TGF-β1 and activation 
of FAK-associated downstream signaling in ARPE-19 cells.

FAK‑mediated Syk/Src activation promotes the production of 
TGF‑β1 and VEGF in CSE‑stimulated RPE cells. It was also 
investigated whether CSE-mediated FAK activation has an 
effect on TGF-β1 production and cellular motility. The asso-
ciation between FAK and Syk or Src signaling in ARPE-19 
cells stimulated with CSE was determined. Knockdown 
of FAK in ARPE-19 cells inhibited phosphorylation of 
Syk and Src kinase following CSE stimulation (Fig. 4A). 

Downregulation of FAK with siRNA significantly suppressed 
the phosphorylation of Smad2/3 and expression of mesen-
chymal markers (vimentin and α-SMA), and also restored the 
expression of epithelial markers (E-cadherin and ZO-1) in 
CSE-stimulated APRE-19 cells (Fig. 4A). Gene silencing of 
FAK by RNA interference resulted in significant reduction of 
CSE-activated VEGF and TGF-β1 release, and blocked cell 
migration activity (Fig. 4B and C). Pharmacological inhibi-
tors of Src and Syk were also used to further analyze the role 
that these kinases have in TGF-β1-mediated FAK signaling 
in ARPE-19 cells exposed to CSE. Treatment with PP1 (Src 
inhibitor) and Bay 61-3606 (Syk inhibitor) effectively inhibited 
the activation of Src and Syk in CSE-treated ARPE cells, but 
did not block the phosphorylation of FAK (Fig. 5A). Levels 
of mesenchymal markers and expression of phosphorylated 
Smad2/3 in CSE-activated ARPE cells were reduced by the 
inhibitors (Fig. 5A). In addition, VEGF and TGF-β1 secre-
tion was attenuated by addition of the inhibitors, as was the 
wound healing capacity of CSE-stimulated ARPE cells 
(Fig. 5B and C). Taken together, these results suggested that 
FAK-mediated Syk/Src signaling can activate EMT processes 
in CSE-treated ARPE-19 cells.

Baicalein treatment modulates CSE‑mediated signaling path‑
ways involved in EMT processes in ARPE cells. Baicalein, an 

Figure 4. FAK is an upstream signal of CSE-induced Syk/Src activation and secretion of VEGF and TGF-β1. ARPE19 cells were exposed to 5% CSE 
or 100 ng/ml rEGF for 4 h, subsequently washed out, and then incubated with complete medium for an additional 4 h. Cell were transfected with either 
si-FAK-siRNA (200 nM) or si-Ctrl for 36 h prior to experiments. (A) Following transfection, protein levels of cells were detected by western blotting with the 
indicated antibodies. β-actin was used as a loading control. (B) Concentrations of active TGF-β1 and VEGF in the culture supernatants were quantified by 
ELISA assay. Data are presented as the mean ± standard deviation of three independent experiments. (C) CSE- or rEGF-induced cell migration inhibited by 
FAK knockdown as measured by a wound healing assay. Cells were wounded (0 h) and maintained for 24 h in complete medium. Dotted lines indicate the edges 
of the wounds. Results are representative of three independent experiments. *P<0.05 and **P<0.01. Ctrl, control; rEGF, recombinant epidermal growth factor; si, 
small interfering RNA; FAK, focal adhesion kinase; CSE, cigarette smoke extract; p, phospho; Syk, spleen associated tyrosine kinase; Src, Src proto-oncogene 
non-receptor tyrosine kinase; EGFR, epidermal growth factor receptor; VEGF-R, vascular endothelial growth factor receptor; Smad, Sma- and Mad-related 
family; ZO-1, tight junction protein 1; α-SMA, α-smooth muscle actin; TGF-β1, transforming growth factor-β1; VEGF, vascular endothelial growth factor.
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inhibitor of 12-LOX, prevents the EGF-dependent signaling 
involved in cell growth in rabbit corneal epithelial cells (26). 
In the current study, it was also examined whether baicalein 

may alter the regulation of CSE-dependent TGF-β1 produc-
tion, cell migration and associated signaling transduction in 
CSE-exposed ARPE-19 cells. Compared with ARPE-19 cells 

Figure 5. Syk/Src activation regulates the secretion of VEGF and TGF-β1 in CSE-stimulated ARPE19 cells. ARPE19 cells were exposed to 5% CSE or 100 ng/ml 
rEGF for 4 h, subsequently washed out, and then incubated with complete medium, 200 nM PP1 (Src inhibitor) or 200 nM Bay 61-3606 (Syk inhibitor) for an 
additional 24 h. (A) Protein levels were detected by western blotting with the indicated antibodies. β-actin was used as a loading control. (B) Concentration 
of active TGF-β1 and VEGF in the culture supernatants were quantified by ELISA assay. Data are presented as the mean of three independent experiments, 
and error bars represent the standard deviation of the means. (C) PP1 or Bay 61-3606 treatment blocked CSE- or rEGF-induced cell migration as measured 
by wound healing assay. Cells were wounded (0 h) and maintained for 24 h in complete medium. Dotted lines indicate the edges of the wounds. Results are 
representative of three independent experiments. *P<0.05 and **P<0.01. Ctrl, control; DMSO, dimethyl sulfoxide; rEGF, recombinant epidermal growth factor; 
CSE, cigarette smoke extract; p, phospho; FAK, focal adhesion kinase; Syk, spleen associated tyrosine kinase; Src, Src proto-oncogene non-receptor tyrosine 
kinase; EGFR, epidermal growth factor receptor; VEGF-R, vascular endothelial growth factor receptor; Smad, Sma- and Mad-related family; ZO-1, tight 
junction protein 1; α-SMA, α-smooth muscle actin; TGF-β1, transforming growth factor-β1; VEGF, vascular endothelial growth factor.
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treated with EGF or CSE, treatment with baicalein reduced the 
expression of EGFR, VEGF-R1 and -R2, activation of Smad2/3 
phosphorylation, and upregulation of mesenchymal markers 
in CSE-exposed ARPE-19 cells (Fig. 6A). Furthermore, 
baicalein efficiently blocked the phosphorylation of FAK, 
Src, and Syk in CSE-stimulated ARPE-19 cells (Fig. 6A). 
The activation of 12/15-LOX in CSE- or EGF-stimulated 
ARPE-19 cells was also markedly attenuated by baicalein 
treatment (Fig. 6A). FAK-knockdown or targeted inhibition 

of Syk/Src kinase attenuated the expression of 12/15-LOX 
in CSE-exposed ARPE-19 cells (Fig. 6B and C). In addition, 
pre‑exposure to baicalein significantly suppressed the produc-
tion of TGF-β1, VEGF and 12(S)-HETE in CSE-treated 
ARPE-19 cells (Fig. 6D and E). Finally, the effect of baicalein 
on migration activity and underlying signaling pathway in 
HRPEpi cells following treatment with EGF or CSE was 
determined. Levels of EGFR, VEGFR and phosphorylated 
Smad2/3 in CSE-treated HRPEpi cells were suppressed by 

Figure 6. Baicalein treatment modulates the CSE-mediated signaling pathway for EMT processes in ARPE19 cells. (A) Cells were exposed to 5% CSE or 
100 ng/ml rEGF for 4 h, subsequently washed out, and then incubated with complete medium or 20 µM baicalein for an additional 24 h. (B) Cells were exposed 
to 5% CSE or 100 ng/ml rEGF for 4 h, subsequently washed out, and then incubated with complete medium for an additional 4 h. Cell were transfected with 
either FAK-siRNA (200 nM) or control-siRNA for 36 h prior to experiments. (C) Cells were exposed to 5% CSE or 100 ng/ml rEGF for 4 h, subsequently 
washed out, and then incubated with complete medium, 200 nM PP1 (Src inhibitor), or 200 nM Bay 61-3606, (Syk inhibitor) for an additional 24 h. Total cell 
lysates of each condition were harvested and immunoblotted with the indicated antibodies. β-actin served as an internal control. (D) Concentrations of active 
TGF-β1 and VEGF in the culture supernatants were quantified by ELISA assay. Data are presented as the mean of three independent experiments, and error 
bars represent the standard deviation. (E) Concentrations of HETE in the culture supernatants were quantified by ELISA assay. Data are presented as the mean 
of three independent experiments, and error bars represent the standard deviation. *P<0.05 and **P<0.01; #P<0.005 and ##P<0.001. Results are representative of 
three independent experiments. Ctrl, control; DMSO, dimethyl sulfoxide; rEGF, recombinant epidermal growth factor; CSE, cigarette smoke extract; EGFR, 
epidermal growth factor receptor; VEGF-R, vascular endothelial growth factor receptor; Smad, Sma- and Mad-related family; ZO-1, tight junction protein 1; 
α-SMA, α-smooth muscle actin; p, phospho; FAK, focal adhesion kinase; Syk, spleen associated tyrosine kinase; Src, Src proto-oncogene non-receptor 
tyrosine kinase; LOX, lipoxygenase; TGF-β1, transforming growth factor-β1; VEGF, vascular endothelial growth factor; HETE, hydroxyeicosatetraenoic acid.
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treatment with baicalein or erlotinib (Fig. 7A). Treatment with 
baicalein of CSE-exposed HRPEpi resulted in restoration 
of epithelial markers (E-cadherin and ZO-1) and reduction 
of mesenchymal markers (vimentin and α-SMA; Fig. 7A). 
Furthermore, levels of phosphorylated FAK, Syk, and Src 
were reduced by baicalein treatment compared with erlotinib 
treatment (Fig. 7A). Cell migratory activity and secretion of 
EMT-associated cytokines, including TGF-β1 and VEGF, 
were blocked following treatment with baicalein or erlotinib 
in CSE-stimulated HRPEpi cells (Fig. 7B and C). Treatment 
of CSE-activated HRPEpi cells with baicalein or erlotinib 
markedly downregulated the expression of 12/15-LOX and 
the production of 12(S)-HETE compared with non-treated 
CSE-stimulated HRPEpi (Fig. 7D). Together, these results 
suggested that baicalein could suppress the activation of 
12/15-LOX in RPE cells affected by cigarette smoking via 

the inhibition of FAK-related signaling pathway in retinal 
pathology.

Discussion

The presence of TGF-β1 and EGF in the subretinal fluid of 
patients with retinal detachment has been confirmed previ-
ously (2,3). Exposure of human airway epithelial cells to 
either CS or H2O2 results in an increase in EGFR activation 
and activation of metalloproteinases (31). APRE-19 cells 
stimulated with TGF-β1 and EGF have enhanced expression 
of α-SMA and vimentin, and upregulated metalloproteinases 
activity (32), indicating a role for these factors in the patho-
genesis of PVR and EMT processes in RPE cells. Based 
on these results, blocking abnormal EGFR expression, and 
consequently its pathways, may inhibit cellular migration and 

Figure 7. Baicalein treatment modulates the CSE-mediated signaling pathway for EMT processes in HRPEpi. HRPEpi were exposed to 5% CSE or 100 ng/ml rEGF 
for 4 h, subsequently washed out, and then incubated with complete medium, 20 µM baicalein, or 50 nM erlotinib for an additional 24 h. (A) Total cell lysates of 
each condition were harvested and immunoblotted with the indicated antibodies. β-actin served as an internal control. (B) Baicalein treatment blocked CSE- or 
rEGF-induced cell migration as measured by wound healing assay. Cells were wounded (0 h) and maintained for 24 h in complete medium. Dotted lines indicate the 
edges of the wounds. Wound closure (measured after 24 h) was faster in cells treated with CSE or rEGF than in those treated with baicalein. (C) Concentrations of 
active TGF-β1 and VEGF in the culture supernatants were quantified by ELISA assay. Data are presented as the mean of three independent experiments, and error 
bars represent the standard deviation. (D) Upregulation of 12/15-LOX and production of HETE by CSE- or rEGF treatment was decreased by baicalein or erlotinib 
treatment. Total proteins were extracted from cell lysates and western blotting was performed for 12/15-LOX protein. Concentrations of HETE in the culture super-
natants of ARPE19 cells were quantified by ELISA assay. Data are presented as the mean of three independent experiments, and error bars represent the standard 
deviation. Results are representative of three independent experiments. *P<0.05 and **P<0.01; #P<0.005 vs. rEGF/DMSO and ##P<0.001 vs. CSE/DMSO. HRPEpi, 
human primary retinal pigment epithelial cells; Ctrl, control; DMSO, dimethyl sulfoxide; rEGF, recombinant epidermal growth factor; CSE, cigarette smoke extract; 
EGFR, epidermal growth factor receptor; VEGF-R, vascular endothelial growth factor receptor; p, phospho; Smad, Sma- and Mad-related family; ZO-1, tight junc-
tion protein 1; α-SMA, α-smooth muscle actin; FAK, focal adhesion kinase; Syk, spleen associated tyrosine kinase; Src, Src proto-oncogene non-receptor tyrosine 
kinase; TGF-β1, transforming growth factor-β1; VEGF, vascular endothelial growth factor; LOX, lipoxygenase; HETE, hydroxyeicosatetraenoic acid.
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invasion of RPE cells. Furthermore, the effects and underlying 
molecular mechanisms of smoking on EMT processes in PVR 
remain unclear. In the current study, ARPE cells exposed to 
CSE exhibited high levels of EGFR expression and activated 
downstream FAK-mediated Syk/Src signaling. CSE-mediated 
FAK activation also had an important effect on TGF-β1 and 
VEGF release in APRE‑19 cells. Specifically, treatment with 
erlotinib or baicalein efficiently blocked CSE-dependent 
TGF-β1 release and downstream signal transduction, resulting 
in suppression of EMT processes (Fig. 8). These results suggest 
that suppression of EGFR-dependent FAK activation may be a 
key mechanism for preventing deterioration of PVR in chronic 
smokers.

EGF synergistically stimulates TGF-β-mediated EMT 
processes (33), and FAK also acts as a critical mediator of 
EMT and metastasis stimulated by TGF-β in hepatocytes (34). 
Additionally, CSE-activated FAK signaling decreases 
cell motility and induces apoptosis in human bronchial 
cells (35,36), and CSE disrupts focal adhesion complexes and 
decreases FAK activity in cultured lung endothelial cells (37). 
These findings suggest that the role of FAK, particularly 
when induced by TGF-β1, is cell-type-dependent. In addition, 
it remains unclear whether FAK facilitates EGF-mediated 
TGF-β1-dependent signaling for enhancing EMT processes 
in retina-associated pathological conditions. In CSE-exposed 
RPE cells, the TGF-β1-mediated Smad2/3 signaling pathway 
was associated with FAK-induced migration activity. 

Activated FAK in CSE-stimulated APRE cells also promoted 
the production of TGF-β1 and VEGF. These results suggest 
that FAK activation is able to regulate the EMT processes of 
RPE cells in CSE-associated retinal diseases, and that FAK 
signaling may be a novel therapeutic target for regulating 
pathological conditions of the retina.

Src signaling promotes the transition of cells with 
an adhesive phenotype to a more motile phenotype in 
cancer (38). Unlike EGF-activated EGFR, CS-stimulated 
EGFR triggers aberrant Src phosphorylation in lung cancer 
cells (39). However, EGF-treated or CSE-exposed RPE cells 
enhanced the phosphorylation of Src in the present study. 
This result suggests that CSE stimulation of RPE cells may 
promote an EGFR-associated signaling pathway induced by 
EGF. The activated Src-induced FAK pathway facilitates 
TGF-β1-mediated EMT by diverse mechanisms required 
for migration and invasion in different cell types (38). 
TGF-β-induced phosphorylated FAK is also involved in 
EMT (40,41); however, direct evidence of the connection and 
role of Src and FAK in CSE-stimulated RPE cells has yet 
to been reported. Based on existing data, the link between 
Src phosphorylation and FAK activation in CSE-exposed 
ARPE19 cells was investigated in the current study. CSE 
stimulation induced the phosphorylation of FAK, Syk 
and Src. Although inhibitors of Syk or Src failed to block 
the induction of phosphorylated FAK, FAK knockdown in 
APRE-19 cells attenuated the activation of Syk/Src kinases 
following stimulation with CSE. Syk and Src kinase inhibi-
tors efficiently suppressed the production of TGF‑β1 and 
VEGF in CSE-treated APRE-19 cells, and the expression 
of mesenchymal markers and cell migration activity were 
reduced. These results suggest that FAK-dependent Syk/Src 
activation is a critical step for activating EMT processes in 
RPE cells following exposure to CSE.

High levels of EGFR expression and paracrine EGF signaling 
are strongly associated with poor prognosis of patients with 
cancer, and with tumor cell invasion and dissemination (42). 
RPE cells also express various members of the EGF-related 
growth factor family. Heparin-binding-EGF-like growth 
factor produced by RPE cells stimulates proliferation, migra-
tion, and secretion of VEGF under conditions of oxidative 
stress (11). In addition, tissue inhibitor of matrix metallopro-
teinases-3 and erlotinib have emerged as attractive candidates 
for preventing and treating oxidative stress-induced prolifera-
tive retinopathies (23). Although erlotinib is an efficient and 
specific TKI for blocking EGFR activation and signaling, 
long-term exposure to CS causes alterations in EGFR confor-
mation leading to smoking-associated TKI resistance (39). 
Based on these results, the development of novel therapeutic 
drugs is required to control cigarette smoke-associated retinal 
diseases. Baicalein, a 12-LOX inhibitor, may protect retinal 
cells from ischemia-induced apoptosis by downregulating 
hypoxia-inducible factor-1α, VEGF and matrix metallopro-
teinase-9 (43). In addition, treatment of rabbit corneal epithelial 
cells with baicalein efficiently blocks EGF-mediated cell 
growth (26). In the present study, treatment with baicalein also 
reduced the expression of TGF-β1 and suppressed the activa-
tion of FAK-associated signaling pathways in CSE-treated 
HRPEpi cells. These results suggest for the first time, to 
the best of our knowledge, that baicalein may be useful for 

Figure 8. Schematic diagram of intracellular signaling mechanisms that 
induce epithelial mesenchymal transition during CSE-induced aberrant 
EGFR activation in human RPE cells. CSE induces the expression of EGFR 
and increases the activity of FAK, Syk, and Src in RPE cells. These signaling 
molecules promote the production of TGF-β1 and VEGF and induce expres-
sion of EMT markers. CSE, cigarette smoke extract; EGFR, epidermal 
growth factor receptor; RPE cell, retinal pigment epithelial cell; FAK, focal 
adhesion kinase; siRNA, small interfering RNA; Syk, spleen associated tyro-
sine kinase; Src, Src proto-oncogene non-receptor tyrosine kinase; VEGF, 
vascular endothelial growth factor; TGF-β1, transforming growth factor-β.
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treating PVR and associated retinal diseases. Furthermore, the 
use of human primary RPE cells supports the close associa-
tion between CS and retinal diseases, rather than individual 
components of CSE.

In conclusion, the results of the present study suggest that 
treatment with erlotinib may prevent progression of PVR by 
suppressing the aberrant EGFR activation induced by CS, and 
also that baicalein is beneficial for inhibiting the development 
of smoke-associated retinal disease.
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