ZMV

Molecular Vision 2012; 18:1010-1020 <http://www.molvis.org/molvis/v18/a107>
Received 24 September 2011 | Accepted 18 April 2012 | Published 21 April 2012

Pirfenidone inhibits transforming growth factor-p1-induced

fibrogenesis by blocking nuclear translocation of Smads in human

retinal pigment epithelial cell line ARPE-19

Kyungsun Choi,! Kihwang Lee,> Seung-Wook Ryu,! Minju Im,' Koung Hoon Kook,> Chulhee Choi'

(The first two authors contributed equally to the work)

!Department of Bio and Brain Engineering, KAIST, Daejeon, Republic of Korea, 2Department of Ophthalmology, School of
Medicine, Ajou University, Suwon, Republic of Korea

Purpose: Transforming growth factor-p (TGF-f) plays a key role in transforming retinal pigment epithelial (RPE) cells
into mesenchymal fibroblastic cells, which are implicated in proliferative vitreoretinopathy. Herein, we tested the effect
of pirfenidone, a novel antifibrotic agent, on TGF-f1-mediated fibrogenesis in the human RPE cell line ARPE-19.
Methods: The effect of pirfenidone on the TGF-Bl-induced phenotype in ARPE-19 cells was measured with
immunocytochemistry as the change in F-actin. Fibronectin and collagen production was measured with enzyme-linked
immunosorbent assay, and cell migration activity was investigated using a scratch assay. Immunoblot analyses of cofilin,
sma and mad protein (smad) 2/3, p38 mitogen-activated protein kinase, c-Jun N-terminal kinase, and extracellular signal-
related kinase expression were conducted to elucidate the cell signaling networks that contribute to the antifibrotic effect
of pirfenidone.

Results: Treatment with TGF-B1 induced typical phenotypic changes such as formation of stress fiber running parallel
to the long axis of cells and enhanced migration and production of extracellular matrix components such as collagen type
I and fibronectin. This fibroblast-like phenotype induced by TGF-B1 was significantly inhibited by pretreatment with
pirfenidone in a dose-dependent manner. We also elucidated the TGF-3 signaling pathways as the target of the inhibitory
effect of pirfenidone. Pirfenidone inhibited TGF-f signaling by preventing nuclear accumulation of active Smad2/3
complexes rather than phosphorylation of Smad2/3.

Conclusions: These results collectively provide a rational background for future evaluation of pirfenidone as a potential

© 2012 Molecular Vision

antifibrotic agent for treating proliferative vitreoretinopathy and other fibrotic retinal disorders.

Fibrotic diseases of the posterior segment of the eye
include proliferative vitreoretinopathy, retinopathy of
prematurity, diabetic retinopathy, and age-related macular
degeneration. Retinal pigment epithelial (RPE) cells, which
are normally located in the external cell layer of the retina, are
the most critical contributors to the development of fibrotic
disecases of the eye [1,2]. Hypoxia, inflammation, and
mechanical insults cause RPE cells to undergo a
transformation into fibroblast-like cells via a process known
as the epithelial-to-mesenchymal transition (EMT) [3-5]. This
mesenchymal transition also contributes to wound healing,
tissue regeneration, and organ fibrosis after tissue injury. At
sites of chronic inflammation, organ-composed cells such as
the alveolar epithelial cell, hepatocyte, and tubular epithelial
cell, undergo the EMT and then transform into fibroblasts.
Accumulated fibroblasts produce excess collagen and other
matrix components leading to scar tissue formation and
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progressive tissue injury of the heart, lung, liver, and kidney
[6-8].

In the process of converting from an epithelial cell into a
mesenchymal cell, the cells lose epithelial characteristics such
as polarity and specialized cell-to-cell contact, and acquire
migratory mesenchymal properties. These processes are
mediated by expression of cell surface molecules, cytoskeletal
reorganization, and extracellular matrix (ECM) components
and activation of transcription factors [9,10]. In particular,
transforming growth factor-f (TGF-P) signaling has been
considered a key effector of the EMT, and is known to induce
the transformation of RPE cells into fibroblast-like cells in
vitro [11-13], suggesting that targeting TGF-B signaling
provides new insights for developing novel therapeutic
interventions [14,15].

Pirfenidone (5-methyl-1-phenyl-2-[1H]-pyridone), a
small compound with combined anti-inflammatory and
antioxidative action, is also known for its antifibrotic action
in experimental animal models of lung, kidney, and liver
fibrosis [16-19]. Clinical trials have shown the effectiveness
of pirfenidone in extending survival time and improving
pulmonary function in patients with idiopathic pulmonary
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fibrosis [20,21]. We have previously shown that non-toxic
concentrations of pirfenidone have significant antifibrotic
effects on orbital fibroblasts from patients with thyroid-
associated ophthalmopathy [22]. Surprisingly, the molecular
mechanisms responsible for the antifibrotic action of
pirfenidone have not yet been determined. In this study, we
investigated the molecular mechanisms of pirfenidone for the
inhibitory action for TGF-Bl-induced fibrogenesis in
ARPE-19 cells.

METHODS

Cell culture and reagents: Human retinal pigment epithelial
cell line (ARPE-19) cells obtained from the American Type
Cell Culture (ATCC, Manass, VA) [23] were maintained in
Dulbecco’s modified Eagle’s minimum essential medium
(DMEM)/F-12 medium (1:1 mixture of DMEM and Hank’s
balanced salt solution [HBSS]; Grand Island, NY)
supplemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin G, 100 mg/l streptomycin, and 2 mmol/l L-
glutamine in a humidified incubator at 37 °C under 5% CO>
in 95% air as described previously [24]. Pirfenidone was
purchased from Sigma (St. Louis, MO). Human recombinant
TGF-B1 was purchased from R&D Systems (Minneapolis,
MN). Specific pharmacological inhibitors of p38 mitogen-
activated protein kinase (MAPK, SB202190) and Rho
(hydroxyfasudil) were obtained from Calbiochem (La Jolla,
CA). Antibodies specific to B-actin, N-cadherin, cofilin,
phospho-cofilin (Ser®), sma and mad protein (smad) 2/3,
phospho-Smad2/3 (Ser*>¢7), p38 mitogen-activated protein
kinase (MAPK), phospho-p38 (Thr!®/Tyr!8?), c-Jun N-
terminal kinase (JNK), phosphor-JNK (Thr!®3/Tyr!#),
extracellular signal-related kinase (Erk)1/2, phosphor-Erk1/2
(Thr??/Tyr?*), poly (ADP-ribose) polymerase (PARP), and
a-tublin were purchased from Cell Signaling (Beverly, MA).
Rhodamine-labeled phalloidin and propidium iodide were
purchased from Molecular Probes (Eugene, OR).
Enzyme-linked immunosorbent assay: ARPE-19 cells were
incubated in the absence or presence of pirfenidone for 1 h
and then treated with TGF-B1 (10 pg/1) for an additional 48 h.
All of the cultures contained the same concentration of
dimethyl sulfoxide. The supernatants were processed for
collagen type I C-terminal peptide and fibronectin enzyme-
linked immunosorbent assay (ELISA) kits (Takara, Tokyo,
Japan) according to the protocol provided by the
manufacturer. The color reaction was measured at 450 nm.
Collagen type I C-terminal peptide and fibronectin protein
values were normalized by the protein concentration of the
total cell lysates.

Immunocytochemistry: ARPE-19 cells were cultured in four-
well multichamber and then supplemented with TGF-B1
(10 pg/1) for 48 h in the absence or presence of pirfenidone or
hydroxyfasudil. Next, the cells were rinsed for 3 min in 1x
phosphate buffered saline (PBS, 137 mmol/l NaCl, 2.7 mmol/
1 KCl, 10 mmol/l Na;HPO4, 2 mmol/l KH,POu, pH 7.4), fixed
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in 5% paraformaldehyde for 30 min, and permeabilized with
0.2% Triton (Sigma, Calbiochem, CA) in PBS for 20 min. The
cells were then incubated for 1 h with rhodamine-labeled
phalloidin (diluted 1:100). After being washed with PBS, the
cells were mounted with FluorSave reagent (Calbiochem) and
analyzed with confocal microscopy (Carl Zeiss, Gottingen,
Germany).

Cell migration assay: Cell migration was evaluated by
assaying the closure of a liner defect produced in a cell
monolayer culture as described previously [25]. The defect
was generated in a confluent culture of ARPE-19 cells by
scraping with a micropipette tip. The cells were treated with
TGF-f1 in the absence or presence of various
pharmacological inhibitors. After 48 h, the cells were
analyzed with phase contrast microscopy. Migration distance
was determined using i-Solution (iMTechnology, Seoul,
Korea), and the shortest distance between the cells that had
moved into the wounded region and their respective starting
points was determined.

Immunoblot analysis: Cell lysates were subjected to sodium
dodecyl sulfate—PAGE, then transferred to nitrocellulose, and
probed with antibodies. The blots were developed using
chemiluminescence (AbFrontier, Seoul, Korea). To
investigate the nucleocytoplasmic shuttling of Smads, the
nuclear extract was separated from the cytoplasmic fraction
using a Nuclear/Cytosol Fractionation Kit (BioVision,
Mountain View, CA) according to the manufacturer’s
protocol.

Statistical analysis: The data are presented as the mean+SD.
The level of significance for comparisons between samples
was determined with one-way ANOVA with Tukey’s honest
significant difference post-hoc test using InStat software
(GraphPad Software Inc., San Diego, CA).

RESULTS

Pirfenidone inhibits transforming growth factor-f1 induced
fibroblastic phenotypes in ARPE-19 cells: To investigate the
effect of pirfenidone on the TGF-B1-induced EMT, we first
examined whether the TGF-Bl-induced morphological
changes were affected by pirfenidone. Treatment with TGF-
B1 induced prominent morphological changes in ARPE-19
cells, including elongated and spindle-like shapes, which were
noticeably suppressed by pretreatment with pirfenidone or
hydroxyfasudil, a Rho kinase inhibitor (Figure 1A). Next, we
examined cytoskeletal reorganization by staining for F-actin
inresponse to TGF-B1. As the cells began to form spindle-like
processes upon TGF-B1 stimulation, the distribution of F-
actin was arrayed in a series of linear and parallel stress fiber-
like structures. Stress fiber formation was severely
disorganized and failed to develop into more mature and
spindle-like structures in the presence of pirfenidone or
hydroxyfasudil (Figure 1B). Cells treated with TGF-B1
exhibited up to a fivefold increase in cell surface area
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Figure 1. Pirfenidone inhibited transforming growth factor- 1 (TGF- B1)-induced morphological changes and actin rearrangement in a human
retinal pigment epithelial cells, ARPE-19. A: ARPE-19 cells were incubated in the absence or presence of pirfenidone (500 mg/l) or
hydroxyfasudil (10 pmol/l) for 1 h, treated with TGF-B1 (10 pg/l) for an additional 48 h, and visualized with phase contrast microscopy. The
data shown are representative of at least four independent experiments. Magnification, 100x. Scale bar=20 pm. B: Cells were incubated in
the absence or presence of pirfenidone (500 mg/l) or hydroxyfasudil (10 pmol/l) for 1 h, treated with TGF-B1 (10 pg/l) for an additional 48
h, and stained with rhodamine-labeled phalloidin for F-actin and fluorescein isothiocyanate (FITC)-conjugated antibodies for N-cadherin. The
data shown are representative of at least three independent experiments. Magnification, 400x. Scale bar=20 um. C: Cells were incubated in
the absence or presence of pirfenidone (500 mg/1) for 1 h and then treated with TGF-B1 (10 pg/l) for varying time periods. The total cell lysates
were subjected to immunoblot analysis for phospho-cofilin, cofilin, and B-actin. The data shown are representative of at least two independent
experiments. Control: untreated, PFD: pirfenidone, fasudil: hydroxyfasudil.

compared to unstimulated control cells, which is consistent
with a previous report [26]. Treatment with hydroxyfasudil
alone increased cell surface area and inhibited the TGF-p1-
induced increase in the cell surface area; while pirfenidone
had little effect on cell size (Figure 2).

Cofilin, a small actin-binding protein, is involved in cell
mobility and invasion via controlling actin polymerization
[27]. Phosphorylation of cofilin is responsible for TGF-B1-
induced actin polymerization, which can be blocked by
pretreatment with chemical inhibitors of RhoA or Rho kinase

(ROCK) [28]. To determine the inhibitory effects of
pirfenidone on a downstream effector of RhoA, we analyzed
the phosphorylation of cofilin at serine 3 in ARPE-19 cells
with immunoblot analysis. As expected, preincubation with
pirfenidone suppressed the TGF-B1-induced phosphorylation
of cofilin (Figure 1C). These results collectively indicate that
TGF-Bl-induced actin rearrangements and morphological
changes are mediated by the RhoA pathway and these events
are significantly suppressed by pirfenidone.
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Figure 2. Pirfenidone had little effect on
transforming growth factor (TGF)-p1-
induced increase in the cell surface area.
Cells were incubated in the absence or
presence of pirfenidone (PFD, 500 mg/
1) or hydroxyfasudil (10 pmol/l) for 1 h,
treated with transforming growth factor-
B1 (TGF)-B1 (10 pg/l) for an additional
48 h, and stained with fluorescein
isothiocyanate (FITC)-conjugated
antibodies for N-cadherin. Cell size was
measured as the number of pixels in the
cell boundary indicated by N-cadherin
staining.
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Pirfenidone suppresses the transforming growth factor-f1-
induced expression of extracellular matrix components in
ARPE-19 cells: We analyzed the effect of pirfenidone on the
basal and TGF-B1-induced synthesis of collagen type I and
fibronectin, the major ECM components of fibrosis.
Treatment with TGF-B1 increased the expression of collagen
type I by ARPE cells up to eightfold. Since RhoA and p38
MAPK are known to be involved in TGF-B-induced ECM
production [24,29], we tested the inhibitory effect of
pirfenidone on TGF-B-induced ECM secretion compared with
pharmacological inhibitors of RhoA and p38. Pretreatment
with pirfenidone, hydroxyfasudil, or SB202190 significantly
suppressed the TGF-B1-induced secretion of collagen type I,
while the same treatment alone had a minimal effect on the
basal level of collagen type I synthesis in ARPE cells (Figure
3A). Parallel results were obtained for fibronectin synthesis;
however, hydroxyfasudil had little effect on TGF-B1-induced
fibronectin production (Figure 3B). These results are in
accordance with previous findings [24,29,30], indicating the
differential involvement of RhoA and p38 MAPK pathways
in the TGF-B1-induced secretion of the ECM components.

Pirfenidone abrogates the transforming growth factor-fi-
induced migration of ARPE-19 cells: We next tested the effect
of pirfenidone on TGF-B1-induced migratory activity, another
important phenotype of the EMT. As expected, treatment with
TGF-B1 significantly enhanced the migration of cells 48 h
after wounding. In contrast, preincubation with pirfenidone,
SB202190, or hydrofasudil had significant inhibitory effects
on cell migration, and blocked the closure of the defect
produced in monolayer cell sheets even in the presence of

TGF-B1 (Figure 4). The most significant reduction in motility
was noted at pirfenidone concentrations of 250 and 500 mg/1.

Pirfenidone blocks transforming growth factor-f1-induced
nuclear translocation but not phosphorylation of Smads:
Since pirfenidone abrogated TGF-fl-induced EMT-like
phenotypic changes, we further investigated the Smad and
MAPK signaling pathways responsible for the TGF-BI-
induced EMT. Even though MAKPs such as p38, ERK, and
JNK were phosphorylated in a time-dependent manner upon
TGF-B1 treatment, pretreatment with pirfenidone had no
effect on TGF-Bl-induced MAPK phosphorylation (Figure
5). TGF-B1 induced time-dependent phosphorylation of
Smad2/3 by ARPE-19 cells. Contrary to our expectation,
preincubation with pirfenidone had little effect on the TGF-
Bl-induced phosphorylation of Smad2/3 (Figure 6A).
Phosphorylated Smads are known to be translocated into the
nucleus for activating or repressing responsible genes [31]. To
determine the effect of pirfenidone on the nucleocytoplasmic
shuttling of Smads, we performed the immunoblot analysis
using nuclear extracts from the cells treated with TGF-B1 in
the absence or presence of pirfenidone. Treatment with TGF-
B1 induced the nuclear translocation of phosphorylated
Smad2/3; while pretreatment with pirfenidone abrogated
TGF-B1-induced nuclear localization of the Smads (Figure
6B). The blockage of TGF-B1-induced nuclear translocation
of the Smads was confirmed with immunocytochemistry
(Figure 6C).
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Figure 3. Pirfenidone inhibited
transforming growth factor- f1 (TGF-
B1)-induced expression of extracellular
matrix. Components in human retinal
pigment epithelial cells (ARPE-19)
cells. Cells were incubated in the
absence or presence of SB202190 (10
pmol/l), hydroxyfasudil (10 umol/l), or
varying doses of pirfenidone for 1 h and
then treated with TGF-B1 (10 pg/l) for
an additional 48 h. The supernatants
were assayed with ELISA for the level
of collagen type I (A) or fibronectin
(B). Control: untreated, PFD:
pirfenidone, fasudil: hydroxyfasudil.
Samples significantly different from the
control sample treated with DMSO were
indicated with symbols (*,n=>5, error bar
indicates standard deviation [SD],
p<0.05; **, p<0.01; ***, p<0.001).

DISCUSSION

In the present study, we demonstrated the strong inhibitory
effect of pirfenidone on the TGF-Bl-induced EMT in
ARPE-19 cells, based on pirfenidone’s ability to suppress
cytoskeletal organization, ECM synthesis, and cellular
migration. In addition, we have delineated that the
downstream signaling pathways responsible for the TGF-p1-

induced EMT, especially the nucleocytoplasmic shuttling of
phosphorylated Smads, were blocked by pirfenidone.
Although the antifibrotic efficacy of pirfenidone is well
established, to the best of our knowledge this is the first study
to describe the molecular mechanisms responsible for the
biologic activities of pirfenidone in a human RPE cell line.
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Figure 4. Pirfenidone inhibited transforming growth factor-p1 (TGF-f1)-induced migration of human retinal pigment epithelial cells
(ARPE-19) cells. Cells were incubated in the absence or presence of varying doses of pirfenidone, SB202190 (10 pmol/l), or hydroxyfasudil
(10 umol/l) for 1 h and then scratched with a 200-ul micropipette tip to form a cell-free (wounded) area. The cells were then incubated in the
absence or presence of TGF-f1 (10 pg/l) for an additional 48 h. The vertical axis represents the number of cells that migrated into the wounded
region. Stacked bars display the portion of migratory cells classified by migration distance (the gray bar indicates the number of cells that
migrated a moderate distance, and the black bar indicates the number of cells that migrated the longest distance). Samples significantly different
from the control sample treated with DMSO were indicated with symbols (*, error bar indicates standard deviation (SD), p<0.05; **, p<0.0001;

n=10). 1015
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Figure 5. Pirfenidone had no effect on transforming growth factor (TGF)-f1-induced phosphorylation of mitogen-activated protein kinase.
Human retinal pigment epithelial cells (ARPE-19) cells were incubated in the absence or presence of pirfenidone (500 mg/1) for 1 h, and then
treated with transforming growth factor-B1 (TGF)-B1 (10 pg/l) for varying time periods. Total cell lysates (50 pg total protein) were subjected
to immunoblot analysis for p38 mitogen-activated protein kinase, c-Jun N-terminal kinase, extracellular signal-related kinase, and B-actin.

Pirfenidone exerted its antifibrotic effect through
inhibition of heat shock protein 47, a collagen-specific
chaperon, resulting in a reduction in collagen synthesis in
TGF-B1-induced lung fibroblasts [32]. In animal models of
lung fibrosis, pirfenidone also suppressed expression of
mRNA and the TGF-B protein [33]. Pirfenidone inhibits
platelet-derived growth factor-induced proliferation and
collagen production in hepatic stellate cells [34], and reduced
expression of procollagen al and tissue inhibitors of
metalloproteinase-1 through the downregulation of TGF-B1
mRNA in the rat liver fibrosis model [35]. In the renal fibrosis
model, pirfenidone was shown to reduce proliferation and

activation of renal fibroblasts [36], and prevent expression of
collagen and TGF-f [37-39].

The dynamic reorganization of the actin cytoskeleton is
tightly regulated by the activation of members of the Rho
family of small GTPases, such as the Cdc42/Rac pathway and
Rho/ROCK activation [40]. Racl, Cdc42, and Rho are
reciprocally controlled during the formation of lamellipodia,
filopodia, and stress fibers, respectively [41,42]. For example,
one study found that the inhibition of RhoA induced the
expansion of rat mammary adenocarcinoma cells in all
directions with the subsequent appearance of round and flat
cells due to Cdc24/Rac hyperactivity [41]. The inhibition of
Rho or ROCK appears to suppress cell motility in a similar
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Figure 6. Pirfenidone inhibited transforming growth factor-p1 (TGF)-B1-induced signal transduction. A: Human retinal pigment epithelial
cells (ARPE-19) cells were incubated in the absence or presence of pirfenidone (500 mg/1) for 1 h, then treated with TGF-B1 (10 pg/1) for
varying time periods, and total cell lysates were subjected to immunoblot analysis for phosphor-Smad and Smad2/3. The data shown are
representative of three independent experiments. B: Nuclear extracts from the cells incubated in the absence or presence of pirfenidone (500
mg/1) for 1 h and then treated with TGF-B1 (10 pg/l) for an additional 30 min were subjected to immunoblot analysis for Smad2/3. Poly (ADP-
ribose) polymerase (PARP) was used for a positive control for nuclear compartment; while a-tubulin was used for a positive control for
cytosolic fraction. C: Cells were incubated in the absence or presence of pirfenidone (500 mg/1) for 1 h, then treated with TGF-f1 (10 pg/1)
for 30 min, and stained with antibody against phospho-specific Smad2/3 and secondary antibody conjugated with fluorescein isothiocyanate
(FITC; green). Nucleus was counter-stained with propidium iodide (red). Scale bar=20 pm. The data shown are representative of three
independent experiments. 1017
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manner, although the phenotypes produced as a result of Rho
and ROCK inhibition differ: Rho inhibition led to
circumferential expansion under basal conditions, whereas
ROCK inhibition resulted in exaggerated growth factor-
stimulated expansion [41]. We also observed that unbalanced
inhibition of Rho by fasudil had more dramatic effects on cell
morphology (see Figure 1B and Figure 2).These findings
collectively suggest that pirfenidone might block RhoA and
Cdc24/Rac signaling, since treatment of the cells with
pirfenidone induced breakdown of stress fibers without
affecting cell size. We also confirmed the inhibitory effect of
pirfenidone on Rho signaling by showing the suppressive
effect of pirfenidone on cofilin phosphorylation, which is
known to be mediated by LIM kinase, a well known
downstream kinase of Rho signaling.

TGF-B can induce EMT by direct phosphorylation of
Smad2/3, or activation of non-Smad signaling pathways
including MAP kinase, Rho GTPase, and PI3 kinase-Akt,
resulting in repression of epithelial marker genes and
activation of mesenchymal markers [43]. Current evidence
suggests that the EMT can be therapeutically targeted through
disrupting TGF-B signaling at different levels: inhibiting
TGF-p expression with RNA interference, antagonizing TGF-
B ligand activity, inhibiting TGF-f receptor kinase activity by
using small-molecule inhibitors, and intervening in Smad
activation [14]. In particular, nuclear translocation of active
Smad complexes and subsequent interactions with the general
transcription machinery emerged as crucial steps for
therapeutic intervention of TGF-f signaling [31]. Here, we
demonstrate pirfenidone inhibits TGF-f-activated Smad
signaling by preventing nuclear accumulation of
phosphorylated Smad2/3, which can suppress Smads
signaling without affecting other pathways regulated by TGF-
B.

Since the fibrotic transformation of RPE cells is regarded
as the main contributor to various fibrotic diseases of the eye
[1,2], the inhibitory action of pirfenidone on TGF-B-induced
phenotypic changes of a human RPE cell line provides a
rationale for a trial of this potential antifibrotic agent in
treating proliferative vitreoretinopathy and other fibrotic
retinal disorders. However, our results are based on a single
human RPE cell line, and further studies involving primary
RPE cell cultures are required.

ACKNOWLEDGMENTS
Dr. Kyungsun Choi is an equal corresponding author
(ccbioks@kaist.ac.kr) for this paper. This research was
supported by the Bio & Medical Technology Development
Program of the National Research Foundation (NRF) funded
by the Korean government (MEST; No. 2010-0030001; to
C.C).

REFERENCES
1. Bochaton-Piallat ML, Kapetanios AD, Donati G, Redard M,
Gabbiani G, Pournaras CJ. TGF-betal, TGF-beta receptor 11

10.

11.

12.

13.

14.

15.

16.

1018

© 2012 Molecular Vision

and ED-A fibronectin expression in myofibroblast of
vitreoretinopathy. Invest Ophthalmol Vis Sci 2000;
41:2336-42. [PMID: 10892881]

Nagineni CN, Samuel W, Nagineni S, Pardhasaradhi K,
Wiggert B, Detrick B, Hooks JJ. Transforming growth factor-
beta induces expression of vascular endothelial growth factor
in human retinal pigment epithelial cells: involvement of
mitogen-activated protein kinases. J Cell Physiol 2003;
197:453-62. [PMID: 14566975]

Pastor JC, de la Rua ER, Martin F. Proliferative
vitreoretinopathy: risk factors and pathobiology. Prog Retin
Eye Res 2002; 21:127-44. [PMID: 11906814]

Sheridan CM, Occleston NL, Hiscott P, Kon CH, Khaw PT,
Grierson 1. Matrix metalloproteinases: a role in the
contraction of vitreo-retinal scar tissue. Am J Pathol 2001;
159:1555-66. [PMID: 11583981]

Flanders KC. Smad3 as a mediator of the fibrotic response. Int
J Exp Pathol 2004; 85:47-64. [PMID: 15154911]

Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-
mesenchymal transitions in development and disease. Cell
2009; 139:871-90. [PMID: 19945376]

Zeisberg M, Yang C, Martino M, Duncan MB, Rieder F,
Tanjore H, Kalluri R. Fibroblasts derive from hepatocytes in
liver fibrosis via epithelial to mesenchymal transition. J Biol
Chem 2007, 282:23337-47. [PMID: 17562716]

Iwano M, Plieth D, Danoff TM, Xue C, Okada H, Neilson EG.
Evidence that fibroblasts derive from epithelium during tissue
fibrosis. J Clin Invest 2002; 110:341-50. [PMID: 12163453]

Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal
transition. J Clin Invest 2009; 119:1420-8. [PMID:
19487818]

Lee JM, Dedhar S, Kalluri R, Thompson EW. The epithelial-
mesenchymal transition: new insights in signaling,
development, and disease. J Cell Biol 2006; 172:973-81.
[PMID: 16567498]

Carrington L, McLeod D, Boulton M. IL-10 and antibodies to
TGF-beta2 and PDGF inhibit RPE-mediated retinal
contraction. Invest Ophthalmol Vis Sci 2000; 41:1210-6.
[PMID: 10752962]

Hinton DR, He S, Jin ML, Barron E, Ryan SJ. Novel growth
factors involved in the pathogenesis of proliferative
vitreoretinopathy. Eye (Lond) 2002; 16:422-8. [PMID:
12101449]

Connor TB Jr, Roberts AB, Sporn MB, Danielpour D, Dart LL,
Michels RG, de Bustros S, Enger C, Kato H, Lansing M.
Correlation of fibrosis and transforming growth factor-beta
type 2 levels in the eye. J Clin Invest 1989; 83:1661-6. [PMID:
2708527]

Pennison M, Pasche B. Targeting transforming growth factor-
beta signaling. Curr Opin Oncol 2007; 19:579-85. [PMID:
17906455]

Sato M, Muragaki Y, Saika S, Roberts AB, Ooshima A.
Targeted disruption of TGF-betal/Smad3 signaling protects
against renal tubulointerstitial fibrosis induced by unilateral
ureteral obstruction. J Clin Invest 2003; 112:1486-94. [PMID:
14617750]

Cho ME, Smith DC, Branton MH, Penzak SR, Kopp JB.
Pirfenidone slows renal function decline in patients with focal
segmental glomerulosclerosis. Clin J Am Soc Nephrol 2007;
2:906-13. [PMID: 17702727]


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10892881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14566975
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11906814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11583981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15154911
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19945376
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17562716
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12163453
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19487818
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19487818
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16567498
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16567498
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10752962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10752962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12101449
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12101449
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2708527
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2708527
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17906455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17906455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14617750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14617750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17702727
http://www.molvis.org/molvis/v18/a107

Molecular Vision 20125 18:1010-1020 <http://www.molvis.org/molvis/v18/a107>

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Garcia L, Hernandez I, Sandoval A, Salazar A, Garcia J, Vera
J, Grijalva G, Muriel P, Margolin S, Armendariz-Borunda J.
Pirfenidone effectively reverses experimental liver fibrosis. J
Hepatol 2002; 37:797-805. [PMID: 12445421]

Oku H, Nakazato H, Horikawa T, Tsuruta Y, Suzuki R.
Pirfenidone suppresses tumor necrosis factor-alpha, enhances
interleukin-10 and protects mice from endotoxic shock. Eur
J Pharmacol 2002; 446:167-76. [PMID: 12098599]

Gurujeyalakshmi G, Hollinger MA, Giri SN. Pirfenidone
inhibits PDGF isoforms in bleomycin hamster model of lung
fibrosis at the translational level. Am J Physiol 1999;
276:L311-8. [PMID: 9950894]

Azuma A, Nukiwa T, Tsuboi E, Suga M, Abe S, Nakata K,
Taguchi Y, Nagai S, Itoh H, Ohi M, Sato A, Kudoh S. Double-
blind, placebo-controlled trial of pirfenidone in patients with
idiopathic pulmonary fibrosis. Am J Respir Crit Care Med
2005; 171:1040-7. [PMID: 15665326]

Nagai S, Hamada K, Shigematsu M, Taniyama M, Yamauchi
S, Izumi T. Open-label compassionate use one year-treatment
with pirfenidone to patients with chronic pulmonary fibrosis.
Intern Med 2002; 41:1118-23. [PMID: 12521199]

Kim H, Choi YH, Park SJ, Lee SY, Kim SJ, Jou I, Kook KH.
Antifibrotic effect of Pirfenidone on orbital fibroblasts of
patients with thyroid-associated ophthalmopathy by
decreasing TIMP-1 and collagen levels. Invest Ophthalmol
Vis Sci 2010; 51:3061-6. [PMID: 20053983]

Dunn KC, Aotaki-Keen AE, Putkey FR, Hjelmeland LM.
ARPE-19, a human retinal pigment epithelial cell line with
differentiated properties. Exp Eye Res 1996; 62:155-69.
[PMID: 8698076]

Itoh Y, Kimoto K, Imaizumi M, Nakatsuka K. Inhibition of
RhoA/Rho-kinase pathway suppresses the expression of type
I collagen induced by TGF-beta2 in human retinal pigment
epithelial cells. Exp Eye Res 2007; 84:464-72. [PMID:
17217948]

Song S, Kang SW, Choi C. Trichostatin A enhances
proliferation and migration of vascular smooth muscle cells
by downregulating thioredoxin 1. Cardiovasc Res 2010;
85:241-9. [PMID: 19633316]

Lamouille S, Derynck R. Cell size and invasion in TGF-beta-
induced epithelial to mesenchymal transition is regulated by
activation of the mTOR pathway. J Cell Biol 2007;
178:437-51. [PMID: 17646396]

Wang W, Eddy R, Condeelis J. The cofilin pathway in breast
cancer invasion and metastasis. Nat Rev Cancer 2007,
7:429-40. [PMID: 17522712]

Lee J, Ko M, Joo CK. Rho plays a key role in TGF-betal-
induced cytoskeletal rearrangement in human retinal pigment
epithelium. J Cell Physiol 2008; 216:520-6. [PMID:
18314880]

Saika S, Yamanaka O, Ikeda K, Kim-Mitsuyama S, Flanders
KC, Yoo J, Roberts AB, Nishikawa-Ishida I, Ohnishi Y,
Muragaki Y, Ooshima A. Inhibition of p38MAP kinase
suppresses fibrotic reaction of retinal pigment epithelial cells.
Lab Invest 2005; 85:838-50. [PMID: 15924151]

Zhang S, Shiels IA, Ambler JS, Taylor SM. Pirfenidone reduces
fibronectin synthesis by cultured human retinal pigment
epithelial cells. Aust N Z J Ophthalmol 1998; 26:S74-6.
[PMID: 9685030]

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

1019

© 2012 Molecular Vision

Hill CS. Nucleocytoplasmic shuttling of Smad proteins. Cell
Res 2009; 19:36-46. [PMID: 19114992]

Nakayama S, Mukae H, Sakamoto N, Kakugawa T, Yoshioka
S, Soda H, Oku H, Urata Y, Kondo T, Kubota H, Nagata K,
Kohno S. Pirfenidone inhibits the expression of HSP47 in
TGF-betal-stimulated human lung fibroblasts. Life Sci 2008;
82:210-7. [PMID: 18093617]

Iyer SN, Gurujeyalakshmi G, Giri SN. Effects of pirfenidone
on transforming growth factor-beta gene expression at the
transcriptional level in bleomycin hamster model of lung
fibrosis. J Pharmacol Exp Ther 1999; 291:367-73. [PMID:
10490926]

Di Sario A, Bendia E, Svegliati Baroni G, Ridolfi F, Casini A,
Ceni E, Saccomanno S, Marzioni M, Trozzi L, Sterpetti P,
Taffetani S, Benedetti A. Effect of pirfenidone on rat hepatic
stellate cell proliferation and collagen production. J Hepatol
2002; 37:584-91. [PMID: 12399223]

Di Sario A, Bendia E, Macarri G, Candelaresi C, Taffetani S,
Marzioni M, Omenetti A, De Minicis S, Trozzi L, Benedetti
A. The anti-fibrotic effect of pirfenidone in rat liver fibrosis
is mediated by downregulation of procollagen alphal(l),
TIMP-1 and MMP-2. Dig Liver Dis 2004; 36:744-51. [PMID:
15571005]

Hewitson TD, Kelynack KJ, Tait MG, Martic M, Jones CL,
Margolin SB, Becker GJ. Pirfenidone reduces in vitro rat renal
fibroblast activation and mitogenesis. J Nephrol 2001;
14:453-60. [PMID: 11783601]

Shimizu T, Kuroda T, Hata S, Fukagawa M, Margolin SB,
Kurokawa K. Pirfenidone improves renal function and
fibrosis in the post-obstructed kidney. Kidney Int 1998;
54:99-109. [PMID: 9648068]

Shimizu T, Fukagawa M, Kuroda T, Hata S, Iwasaki Y, Nemoto
M, Shirai K, Yamauchi S, Margolin SB, Shimizu F,
Kurokawa K. Pirfenidone prevents collagen accumulation in
the remnant kidney in rats with partial nephrectomy. Kidney
Int Suppl 1997; 63:5239-43. [PMID: 9407470]

Shihab FS, Bennett WM, Yi H, Andoh TF. Pirfenidone
treatment decreases transforming growth factor-betal and
matrix proteins and ameliorates fibrosis in chronic
cyclosporine nephrotoxicity. Am J Transplant 2002;
2:111-9. [PMID: 12099512]

Nobes CD, Hall A. Rho, rac, and cdc42 GTPases regulate the
assembly of multimolecular focal complexes associated with
actin stress fibers, lamellipodia, and filopodia. Cell 1995;
81:53-62. [PMID: 7536630]

El-Sibai M, Pertz O, Pang H, Yip SC, Lorenz M, Symons M,
Condeelis JS, Hahn KM, Backer JM. RhoA/ROCK-mediated
switching between Cdc42- and Rac1-dependent protrusion in
MTLn3 carcinoma cells. Exp Cell Res 2008; 314:1540-52.
[PMID: 18316075]

Parsons JT, Martin KH, Slack JK, Taylor JM, Weed SA. Focal
adhesion kinase: a regulator of focal adhesion dynamics and
cell movement. Oncogene 2000; 19:5606-13. [PMID:
11114741]

Xu J, Lamouille S, Derynck R. TGF-beta-induced epithelial to
mesenchymal transition. Cell Res 2009; 19:156-72. [PMID:
19153598]


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12445421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12098599
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9950894
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15665326
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12521199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20053983
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8698076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8698076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17217948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17217948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19633316
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17646396
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17522712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18314880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18314880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15924151
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9685030
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9685030
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19114992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18093617
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10490926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10490926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12399223
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15571005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15571005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11783601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9648068
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9407470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12099512
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7536630
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18316075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18316075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11114741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11114741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19153598
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19153598
http://www.molvis.org/molvis/v18/a107

Molecular Vision 20125 18:1010-1020 <http://www.molvis.org/molvis/v18/a107> © 2012 Molecular Vision

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 18 April 2012. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.

1020


http://www.molvis.org/molvis/v18/a107

