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Proliferative vitreoretinopathy (PVR) is one of the major causes of the failure of retinal detachment surgery. Its
pathogenesis includes a fibrotic reaction by the retinal pigment epithelium and other retina-derived non-neural
cells, leading to fixation of the detached retina. We examined the role of p38 mitogen-activated protein kinase
(MAPK) in transforming growth factor (TGF)-b2-dependent enhancement of the fibrogenic reaction in a human
retinal pigment epithelial cell line, ARPE-19, and also evaluated the therapeutic efficacy of inhibiting p38MAPK
by adenoviral gene transfer of dominant-negative (DN) p38MAPK in a mouse model of PVR. Exogenous TGF-b2
activates p38MAPK in ARPE-19 cells. It also suppresses cell proliferation, but this was unaffected by addition of
the p38MAPK inhibitor, SB202190. SB202190 interfered with TGF-b2-dependent cell migration and production of
collagen type I and fibronectin, but had no effect on basal levels of these activities. While SB202190 did not
affect phosphorylation of the C-terminus of Smads2/3, it did suppress the transcriptional activity of Smads3/4
as indicated by a reporter gene, CAGA12-Luc. Gene transfer of DN-p38MAPK attenuated the post-retinal
detachment fibrotic reaction of the retinal pigment epithelium in vivo in mice, supporting its effectiveness in
preventing/treating PVR.
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Retinal pigment epithelial cells (RPE cells) are
disseminated in the subretinal space and also
vitreous humor, and then settle on the retinal
surface during intervals following development of
rhegmatogenous retinal detachment.1,2 RPE cells
then undergo transformation to fibroblast-like cells,
proliferate and produce extracellular matrix (ECM)
components, participating in the formation of

fibrotic tissue on the detached retina (proliferative
vitreoretinopathy, PVR).1–3 These fibrotic sequelae
reduce the flexibility of the retina and may poten-
tially make it difficult to reattach the retina.

Transforming growth factor b (TGF-b) is likely a
key player in the development of PVR, although
various other growth factors, including platelet-
derived growth factor, hepatocyte growth factor,
and activin, are all reportedly involved in its
pathogenesis.4–11 We have previously reported that
increases in the concentration of TGF-b2 in the
vitreous humor of the eye correlate with the severity
of the PVR, supporting the importance of this
factor.12 It is also well documented that TGF-b can
induce transformation of RPE to fibroblast-like cells
in vitro.13–15 We have recently shown that signaling
through Smad3, a key mediator of signals from the
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TGF-b and activin receptors, is required for the
development of PVR-like lesion in a mouse eye
following induction of retinal detachment (Saika S
et al, press). However, TGF-b can also activate other,
non-Smad signaling cascades, including especially
the mitogen-activated protein kinase (MAPK) path-
ways leading to activation of MAPK-Erk, Jun N-
terminal kinase (JNK), and p38MAPK.16,17 These
pathways frequently cooperate with the Smad
signaling pathway in mediating responses of TGF-
b on cells. It has been recently reported that such
phosphorylation by MAP kinases in the Smad3
linker region is required for the full activation of
Smad signaling.18,19 Moreover, it has been reported
that members of the AP-1 complex, activated by the
JNK pathway and commonly involved in upregula-
tion of expression of ECM proteins, are upregulated
in RPEs in vivo following experimental retinal
detachment.20

p38MAPK has been implicated in TGF-b-
mediated fibroblastic transdifferentiation and cell
migration in cultured tumor-derived and non-tumor-
derived mammary epithelial cells.21–27 We and
others have also recently reported that the TGF-b2/
p38MAPK cascade, which is activated in mouse
corneal epithelium upon epithelial debridement, is
needed for epithelial cell migration and cessation
of cell proliferation.28,29 In mesenchymal cells,
p38MAPK is involved in expression of ECM mole-
cules, that is, collagen or fibronectin and cell
proliferation.30,31 While not yet proven, these ob-
servations suggest that the p38MAPK pathway
might be involved in the pathogenesis of tissue
fibrosis, as in PVR.

In the present study, we examined the role of TGF-
b2–p38MAPK signaling in regulation of the behavior
of ARPE-19 cells,32 a human RPE cell line, by using
a specific inhibitor of p38MAPK (SB202190) to
address the role of this cascade in the pathogenesis
of PVR. We then examined the effects of adenoviral
gene transfer of dominant negative (DN)-p38MAPK
to a mouse model of PVR. Since a single adminis-
tration of the chemical p38MAPK inhibitor in vivo
might lose its inhibitory effect due to a short half-life
in tissue, we inhibited p38MAPK by viral gene
expression of DN p38MAPK. We show here that
signaling via p38MAPK is involved in the TGF-b2-
mediated promotion of cell migration and produc-
tion of collagen type I and fibronectin in ARPE-19
cells and that DN-p38MAPK suppresses the fibrotic
reaction of retinal pigment epithelial cells a mouse
model of PVR.

Materials and methods

Cell Culture

ARPE-19 cells32 were obtained from American Type
Cell Culture (ATCC) and maintained in DMEM/F-12
medium (a mixture of Dulbecco’s modified Eagle’s
minimun essential medium and Hank’s Balanced

salt solution) supplemented with 15% fetal calf
serum (Gibco-BRL, Invitrogen, Grand Island, NY,
USA) and antibiotics (Penicilline-streptomycin solu-
tion, Gibco-BRL).

TGF-b2 Activation of p38MAPK

Immunocytochemical analysis
ARPE-19 cells were seeded in the wells of a chamber
slides (Nunc, Naperville, IL, USA) and cultured in
DMEM/F-12 supplemented with 15% fetal calf
serum. Subconfluent cells were then treated with
TGF-b2 (1.0 ng/ml, R&D System, Minneapolis, MN,
USA) for specific intervals and fixed in 4.0%
paraformaldehyde. The specimens were then pro-
cessed for immunofluorescence staining with a
monoclonal anti-phosphorylated p38MAPK anti-
body ([1:50 dilution in phosphate-buffered saline
(PBS), Cell Signaling Technology, Beverly, MA,
USA) as previously reported.26 Negative control
staining was performed by using nonspecific mouse
IgG.

Quantification of activation of p38MAPK
Total and phosphorylated p38MAPK in the cells
were quanitified by using a enzyme-linked immuno-
sorbent assay (ELISA) kit (FACEt p38 ELISA lit,
Active Motif Carlsbad, CA, USA). Cells were seeded
in 96-well culture plates. While still subconfluent,
the cells were treated with TGF-b2 (1.0 ng/ml) for
specific intervals and fixed in 4.0% paraformalde-
hyde. Eight wells were prepared for each culture
condition. Specimens were then processed for
immunocytochemical detection of total and phos-
phorylated p38MAPK by using antibodies supplied
in the kit. After reaction with the primary and then
secondary antibodies, the color reaction was per-
formed by the substrate also contained in the kit.
Absorbance at 450nm was determined by a micro-
plate reader BioRad model 550.

Cell proliferation assay by MTT method
MTT assay (TACS MTT Cell Proliferation Assay Kit,
Trevigen, Gaithersburg, MD, USA) is well estab-
lished to determine the cell growth and is correlated
to the total cell number. ARPE-19 cells were seeded
in the wells of a 96-well plate (2� 104/100 ml/well)
and were allowed to grow for 12h. The cells were
then treated with test serum-free culture medium
supplemented with SB202190 (10 mM, Calbiochem),
TGF-b2 (1.0 ng/ml), TGF-b2 (1.0 ng/ml) plus
SB202190 (10 mM/ml) and further incubated for
24 h. All the cultures contained the same concentra-
tion of dimethylsulfoxide (DMSO). Proliferation of
ARPE-19 cells was assessed using the MTT assay
according to the manufacturer’s instructions. At the
end of each culture interval, MTT reagent (10 ml) was
added to each well and further incubated for 5h at
371C Optical density at 570nm was measured 4h
after adding the lysis solution contained in the kit.
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To confirm that the cells are responsive to growth
factors, we determined with the MTT assay whether
epidermal growth factor (10 ng/ml, R&D Systems)
can stimulate cell proliferation.

ECM production
Production of collagen type I and fibronectin, the
major ECM components of PVR tissue, were
assayed. ARPE-19 cells were grown to confluency
in a six-well culture plate in DMEM/F-12 supple-
mented with 15% fetal calf serum and then further
incubated in 500 ml serum-free medium supplemen-
ted with SB202190 (10 mM/ml), TGF-b2 (1.0 ng/ml),
TGF-b2 (1.0 ng/ml) plus SB202190 (10 mM/ml) for
48 h. All the cultures contained the same concentra-
tion of DMSO. Nine wells were prepared for each
culture condition. At the end of the culture interval,
the medium was harvested and cells were sonicated
in 500ml of PBS as previously reported. Medium
and cell lysate were processed for ELISA kit for
collagen type I C-terminal peptide and fibronectin
(Takara, Tokyo, Japan) according to the protocol
provided by the manufacturer. Color reaction was
measured at 450nm.

Immunofluorecent cytochemistry was also carried
out. Cells were grown to subconfluency in chamber
slides (Nalge Nunc, Naperville, IL, USA) and then
further incubated in each test medium same as
above for 24 h. The cells were fixed in 4.0%
paraformaldehyde in 0.1M phosphate buffer. The
cells were allowed to react with goat polyclonal
anti-type I collagen antibody (1:100 dilution in PBS,
Southern Biotechnology, Birmingham, AL, USA) or
monoclonal anti-fibronectin antibody (1:100 dilu-
tion in PBS, Santa Cruz Biotechnology, Santa Cruz,
CA, USA). After a wash in PBS, the specimens were
treated with fluorescein-conjugated secondary
antibodies and mounted in VectaShield H-1200 con-
taining DAPI nuclear dye. Negative control was
performed with non-immune IgG.

Cell migration assay
Cell migration was evaluated by assaying the closure
of a liner defect produced in a cell monolayer
culture as previously reported.33 A defect was made
in a confluent culture of ARPE-19 cells by scraping
with a silicone rubber needle (Terry’s needle, Alcon
Surgical, Fort Worth, TX, USA). The culture was
incubated in serum-free DMEM/F-12 in the presence
of either SB202910 (10 mM/ml), TGF-b2 (1.0 ng/ml),
TGF-b2 (1.0 ng/ml) plus SB202190 (10 mM). Vehicle-
only control cultures contained bovine serum
albumin (BSA) at 1.0 ng/ml and all cultures were
normalized to the same concentration of DMSO.
After specific intervals of culture at 12, 24, 48 and
72h post-wounding, the cells were fixed with 4%
paraformaldehyde and processed for hematoxylin
and eosin staining.

Effect of the p38 Inhibitor on Smad Phosphorylation

Cells were treated with SB202190 (10 mM, Calbio-
chem) 1h before addition of TGF-b2 (1 ng/ml). At
different timepoints, cells were lysed in lysis buffer
(25mM HEPES, 150mM NaCl, 10% glycerol, 5mM
EDTA, 1% Triton X-100, 5mM sodium orthovana-
date, 50mM NaF, 0.5mg/ml AEBSF, 1mg/ml pep-
statin) and protein concentrations in cell lysates
were determined by the BCA reagent (PIERCE,
Rockford, IL, USA). For immunoblotting, whole-cell
lysates were resolved on SDS-polyacrylamide gel
electrophoresis and transferred to nitrocellulose
membranes. The membranes were immunoblotted
with antibodies against Smad2, Smad3, (both from
Zymed, South San Francisco, CA, USA), phospho-
Smad2 (Upstate Biotechnology, Lake Placid, NY,
USA) and phospho-Smad3 (a gift from Dr Ed Leof),
and the bound antibodies were visualized with
horseradish peroxidase-conjugated antibodies to
rabbit IgG using the enhanced chemiluminescence
(ECL) Western blotting system (Amersham Pharma-
cia Biotech, Piscataway, NJ, USA). To assess effects
of the p38 inhibitor on transcriptional activity of
Smad3, cells seeded in six-well plates were tran-
siently transfected with 4 mg/well CAGA12-Luc, a
reporter gene containing 12 repeats of the Smad
binding element, CAGAC together with pRL-TK
plasmid DNA using FuGene (Roche Diagnostics,
Indianapolis, IN, USA) according to the manufac-
turer’s instructions. pcDNA3 was used either as a
control or as filler. At 24h after transfection, the
medium was replaced with medium containing
0.2% serum and cells were either treated with
2ng/ml of TGF-b2 or left untreated for 16–18h and
then were lysed in passive lysis buffer (Promega,
Madison, WI, USA). Luciferase and renila activities
were determined by VICTOR (Perkin-Elmer Life
Sciences, Boston, MA, USA).

Mouse PVR Model and Adenoviral Gene Introduction
of DN-p38MAPK

All experimental procedures were approved by the
DNA Recombination Experiment Committee and
Animal Care and Use Committee of Wakayama
Medical University, Wakayama, Japan, and con-
ducted in accordance with the Association for
Research in Vision and Ophthalmology Statement
for the Use of Animals in Ophthalmic and Vision
Research.

The PVR model was used in a single eye of adult
male C57BL/6 mice (n¼ 110) basically as described
in our previous report.34 Briefly, under general
anesthesia by pentobarbital sodium, i.p., a linear
incision was made in the central cornea and the
crystalline lens was removed. After the vitreous
cavity was filled with 1.0% hyaluronan, the retina
was gently removed with forceps without damaging
the pigment epithelium. The exposed pigment
epithelium was then scraped 5 times with a silicone
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rubber needle (Alcon Surgical, Inc., Fort Worth, TX,
USA) and the corneal incision was sutured with
10-0 nylon string.

In all, 5ml of a solution of adenovirus
(1.0� 107 PFU/ml) carrying either green fluorescein
protein (GFP)35,36 (n¼ 15) or control LacZ (refered as
LacZ-Ad) (n¼ 15) was administered to the vitreous
cavity with a hypodermic needle introduced
through the sutured corneal incision. LacZ-Ad was
used to control for comparizon with GFP. At days 1,
2, 5, 10 and 20, unfixed cryosections of enucleated
eyes were observed under fluorescence microscopy
to examine the efficacy of gene introduction to the
pigment epithelial cells.

Upon confirming that adenoviral genes were
transferred to the retinal pigment epithelium in vivo
by observing specimens treated with GFP-Ad, 5ml of
solution of adenovirus (1.0� 107 PFU/ml) carrying
either DN-p38MAPK cDNA37 (n¼ 40) or control
vector (Lac-Ad) (n¼ 40) was administered to the
vitreous cavity with a hypodermic needle intro-
duced through the sutured corneal incision. At days
1, 2, 5, 10 or 20 post-treatment, the treated eyes were
enucleated, fixed in 4.0% paraformaladehyde and
embedded in paraffin (n¼ 6 in each group at each
timepoint) or processed for embedding in OCT
compound (n¼ 4 in each group at each timepoint).

Histology and Immunohistochemistry

Deparaffinized sections (5 mm) of DN p38MAPK-Ad-
treated and Cre-Ad-treated eyes were processed for
hematoxylin and eosin staining and indirect im-
munohistochemistry with either a mouse monoclo-
nal anti-aSMA antibody (1:100 dilution in PBS,
Neomarker, Fremont, CA, USA) or a goat polyclonal
anti-type VI collagen antibody (1:100 in PBS, South-
ern Biotechnology, Birmingham AL, USA). Cryosec-
tions of these specimens were immunostained with
anti-HA-Tag262K antibody35 (1:100 dilution in PBS,
Cell Signaling, Beverly, MA, USA) for detection of
exogenous gene expression or mouse monoclonal
antiphosphorylated p38MAPK antibody (1:100 dilu-
tion in PBS, Cell Signaling). FITC-conjugated sec-
ondary antibodies were used to visualize the
specific immunoreaction as previously reported.34–36

Results

Activation of p38MAPK

In quiescent conditions in the absence of exogenous
TGF-b2 (Figure 1a, timepoint 0h), as well as 0.5 h
after TGF-b2 addition (Figure 1a, timepoint 0.5 h), a
low level of phosphorylated p38MAP is detected in
the cytoplasm, but not in the nuclei of ARPE-19
cells. At 1 h after addition of TGF-b2, phospho-
p38MAPK was upregulated in the cytoplasm and
faint nuclear phospho-p38MAPK was also seen
(Figure 1a, timepoint 1 h). Marked nuclear phos-

pho-38MAPK was observed at 6 and 12h post-TGF-
b2 addition and this was no longer detectable by
24h (Figure 1a). The results obtained by using
ELISA assay of total and phosphorylated p38MAPK
corroborated the immunocytochemical staining. The
level of total p38MAPK never changed (Figure 1b),
whereas that of phospho-p38MAPK was transiently
upregulated with a peak at 6h after addition of
TGF-b2 (Figure 1c).

Cell Proliferation

Addition of TGF-b2 at 1.0 ng/ml to cells growing in
serum-free medium inhibited the growth of the
cells. Addition of SB202190 at 10 mM/ml had no
effect on cell proliferation either in the presence or
absence of TGF-b2, suggesting that this pathway is
not involved in the antiproliferative effects of TGF-
b2 (Figure 2). The MTT assay showed that EGF at
10ng/ml enhanced cell proliferation approximately
about 125% above the control, indicating that this
cell line is responsive to growth factor stimulation
(data not shown).

ECM Production

SB202190 did not have any effect on production of
collagen type I in ARPE-19 cell cultures in the
absence of exogenous TGF-b2 as shown by both
immunocytochemistry and ELISA data. Immunocy-
tochemistry showed increased deposition of col-
lagen type I in cells treated with TGF-b2 (Figure
3Ac) as compared with the control, BSA-plus,
culture (Figure 3Aa) or with cells treated with
SB202190 alone (Figure 3Ab). However, addition
of SB202190 to cells treated with TGF-b2 reduced
the extent of induction of type I collagen (Figure
3Ad). These results were confirmed in an ELISA
assay, which showed enhanced production of type I
collagen in cells treated with TGF-b2, and a partial
reduction when cells were simultaneously treated
with the p38 MAPK inhibitor (Figure 3b). Similar
results were obtained using either culture medium
or cell lysate. Parallel results were observed for
fibronectin production, using either immunocyto-
chemistry (Figure 4a) or ELISA (Figure 4b). How-
ever, in this case, SB202190 reduced the level of
fibronectin expression by TGF-b2 to the level of
inhibitor-treated control cells (Figure 4b).

Cell Migration

Frames a, e, i, m and q of Figure 5A show migration
of cells in vehicle-treated cultures following a
wounding defect in vitro. As expected, addition of
TGF-b2 significantly enhanced the migration of the
cells (Figure 5A, b, f, j, n and r). Even at 12 h
postwounding in TGF-b2 culture, many cells were
found to migrate out into the defected area from cell
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sheet. Addition of SB202190 had no effect on cell
migration in the absence of exogenous TGF-b2
(Figure 5A, c, g, k, o and s), but it suppressed cell
migration stimulated by TGF-b2 to the level of

untreated cultures (Figure 5A, d, h, l, p and t). These
data are quantitated in Figure 5B, which shows the
% remaining defect in each culture condition. For
this value, the width was measured at three
independent points and the mean value was
compared to the width of the original defect. The
p38MAPK inhibitor abolished TGF-b2-induced
enhancement of wound closure by 24h.

Effect of p38 Inhibitor on Smad Phosphorylation

Since our results indicated that p38MAPK inhibitor,
SB202190, reduced production of collagen type I
and fibronectin, and since Smad signaling has been
implicated in TGF-b-dependent induction of each of
these proteins, we examined whether the p38MAPK
inhibitor might directly affect C-terminal phospho-
rylation or transcriptional activity of Smads2/3.
Western blotting of cell lysates showed that expo-
sure to TGF-b2 induces phosphorylation of
Smads2/3 as early as 0.25h and that the phospho-
rylation is sustained through 48h. Addition of
SB202190 at 10 ng/ml had no effect on the

Figure 1 TGF-b2 induces phosphorylation and nuclear translocation of p38 mitogen-activated protein kinase (MAPK) in ARPE-19 cells.
Upper series of panel (a) shows transient nuclear translocation of phosphorylated p38MAPK in ARPE-19 cells from 0 to 24h after
addition of TGF-b2 (1.0ng/ml). Faint basal level of phospho-p38MAPK is observed at time 0 and 0.5 h. At 1h cytoplasmic phospho-
p38MAPK is increased and marked nuclear translocation is detected at 6 and 12h, returning to baseline at 24h. Lower series indicates
DAPI nuclear staining of the identical cells at each timepoint. Panels (b) and (c) indicate the level of total and phosphorylated p38MAPK
in ARPE-19 cells during the time course following TGF-b2 addition as determined by an ELISA assay. There is no change in the level of
total p38MAPK, while phospho-p38MAPK transiently increases with a peak at 6h. Bar, standard deviation.

Figure 2 TGF-b2, but not SB202190, suppresses proliferation of
ARPE-19 cells. TGF-b2 suppresses cell proliferation and no
further inhibition is observed in culture with both TGF-b2 and
SB202190. 7, standard deviation.
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C-terminal phosphorylation of Smads2/3, suggesting
that this inhibitor does not interfere with receptor-
mediated phosphorylation of Smads2/3 (Figure 6).
However, transient transfection of ARPE-19 cells
with a specific Smads3/4-dependent reporter gene,
CAGA12-Luc, typically used to assess the transcrip-
tional activating activity of Smad complexes,
showed that both basal activity and TGF-b2-induced
activity of this reporter were significantly reduced
in cells treated with SB202190 (Figure 7). These data
suggest that p38MAPK contributes to activation of
Smad proteins, likely through effects on phospho-

rylation sites other than the C-terminal site phos-
phorylated by the Type I receptor.

Histology and Immunohistochemical Observation of a
Mouse PVR Model Treated with Adenoviral Gene
Transfer of DN p38MAPK

The efficacy of the adenoviral gene transfer to retinal
pigment epithelial cells in vivo was examined in
unfixed cryosections of eyes treated with GFP-Ad.
The fluorescence generated by GFP was readily
detected in pigment epithelial cells and cells pre-
sumed to be derived from the pigment epithelium in

Figure 3 SB202190 reduces effects of TGF-b2 on production of
collagen type I in ARPE-19 cells. (A) Fluorescence immuno-
cytochemistry with DAPI nuclear staining showed increased
deposition of collagen type I in cells treated with TGF-b2 (1.0ng/
ml) for 24h (Ac) as compared with vehicle-treated cells (Aa) or
cells treated with SB202190 (Ab). SB202190 alone had no effect
on basal levels of collagen I expression (Ab), whereas addition of
SB202190 to the TGF-b2-treated cells reduced deposition of type I
collagen substantially (Ad). bar, 100mm; Quantitation of type I
collagen under the various treatment conditions by an ELISA
assay (B). Solid or dotted bar, type I collagen in culture medium or
cell lysate, respectively. 7, standard deviation.

Figure 4 SB202190 blocks the ability of TGF-b2 to induce
production of fibronectin in ARPE-19 cells. Fluorescence im-
munocytochemistry with DAPI nuclear staining showed in-
creased deposition of fibronectin in cells treated with TGF-b2
(1.0ng/ml) for 24h (Ac) as compared with vehicle-treated cells
(Aa) or cells treated with SB202190 (Ab). SB202190 alone had no
effect on basal levels of fibronectin expression (Ab), whereas
addition of SB202190 to the TGF-b2-treated cells reduced
deposition of fibronectin substantially (Ad). Bar, 100mm. Quanti-
tation of fibronectin under the various treatment conditions by an
ELISA assay (B). Solid or striped bar, type I collagen in culture
medium or cell lysate, respectively. 7, standard deviation.
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the fibrotic tissue formed on the injured pigment
epithelial layer at days 1–10, but was faintly seen at
day 20 (data not shown), but not with LacZ-Ad.
Furthermore, expression of the introduced DN
p38MAPK gene was examined by immunodetection
of the HA-Tag. Expression of the HA-Tag was also
readily detected at days 1–10 (Figure 8a, f, day 5),
but faintly observed at day 20, indicating the
successful introduction of DN p38MAPK by using
adenoviral gene transfer.

We then examined the expression of phospho-
p38MAPK in tissues to determine if DN p38MAPK
suppressed p38MAPK activity in pigment epithelial
cells. Figure 8b–e show that retinal pigment epithe-
lial cells on the Bruch’s membrane and cells in the
fibrotic tissues formed on the Bruch’s membrane in
the control LacZ-Ad group specimens were labeled
with anti-phospho-p38MAPK antibody, whereas
those in DN p38MAPK-Ad group specimens were
not, or only faintly, stained (Figure 8g–j). At day 2,
the injured pigment epithelium does not show

multilayerization regardless the genes introduced
(Figure 9a, a0, d, d0), but at day 5 pigment epithelial
cells exhibited a cell multilayer in control Ad
group (Figure 9b, b0), whereas those in DN
p38MAPK-Ad group (Figure 9e, e0) did not. At day
10, dense fibrous tissue containing pigmented
cells was formed in the vitreous cavity in control
Ad-treated eyes (Figure 9c, c0), but only minor cell
multilayerization was observed on the Bruch’s
membrane in DN p38MAPK-Ad-treated eyes
(Figure 9f, f0).

aSMA is the hallmark of development of fibrotic
tissue and is known to be expressed by retinal
pigment epithelial cells that have been transformed
to fibroblastic cells. Immunohistochemistry of
aSMA showed that pigment epithelial cells are

Figure 6 SB202190 has no effect on phosphorylation of the C-
terminus of Smads2/3 induced by TGF-b2. Western blotting for
phospho-Smad2 or phospho-Smad3 (see Materials and methods)
in ARPE-19 cells show that TGF-b2 (1.0ng/ml) induces phos-
phorylation of both Smad2 and Smad3 as early as 0.25h and its
phosphorylation persists up to 48h in control, DMSO culture.
SB202190 (10mM) has no effect.

Figure 7 SB202190 significantly reduces both the basal and TGF-
b2-induced transcriptional activity of Smads3/4 in a reporter gene
assay. Transient transfection of ARPE-19 cells with the Smads3/4
reporter CAGA12-Luc as described in Materials and methods
demonstrates that pretreatment of the cells with the p38 inhibitor
SB202190 reduces both the basal and the TGF-b2-induced
transcriptional activity as measured in a luciferase assay. Results
are the average 7 standard deviation of triplicates. Transfection
efficiency is controlled internally by measurement of renilla
luciferase.

Figure 5 SB202190 decreases TGF-b2-stimulated migration of ARPE-19 cells following wounding in vitro. (A) Frames a–d, e–h, I–l, m–p
and q–t indicate the defect produced in a monolayer of ARPE-19 cells at 0, 12, 24, 48, and 72h, respectively. Panels show migration of
vehicle-treated cells (a, e, i, m, q), cells treated with TGF-b2 (1.0ng/ml) (b, f, j, n, r), cells treated with SB202190 (10mM/ml) alone (c, g, k,
o, s), or the combination of TGF-b2 and SB202190 (d, h, l, p, t). SB202190 has no effect on the basal rate of closure of the defect but
decreases the rate of closure in cultures treated with TGF-b2. Hematoxylin and eosin staining; bar, 100 mm. (B) Percent remaining defect
in monolayer cell sheet. TGF-b2 significantly enhances defect closure and addition of SB202190 reduces the rate of closure in the
presence of TGF-b2. The data show the % remaining defect in each culture condition. For this value, the width was measured at three
independent points and the mean value was compared to the width of the original defect. **statistically significant Po0.05; Bar,
standard deviation.

Inhibition of p38MAP kinase and PVR
S Saika et al

845

Laboratory Investigation (2005) 85, 838–850



labeled with anti-aSMA antibody (Figure 10a, white
arrows) in control LacZ-Ad specimens, but not in
DN p38MAPK-Ad specimens (Figure 10d, yellow
arrows) at day 2. At days 5 (Figure 10b, e) and 10
(Figure 10c, f), the cells exhibit immunoreactivity
for aSMA in both groups, but the aSMA label was
more prominent in control eyes (Figure 10b, c) as
compared with eyes of the DN p38MAPK-Ad (Figure
10e, f) group. Expression of type VI collagen shows
a pattern similar to that of aSMA. Pigment epithe-
lial cells are not labeled with anti-collagen VI anti-
body in control (Figure 10g, yellow arrows) and
DN p38MAPK-Ad specimens (Figure 10j, yellow
arrows) at day 2. At day 5, the control tissue
contains multilayers of cells labeled with anti-
collagen VI antibody (Figure 10h, white arrow), but
not in the DN p38MAPK-Ad group (Figure 10k,
yellow arrow). At day 10 (Figure 10i, l), the newly
formed fibrous tissues exhibit more immunoreactiv-
ity for collagen VI in the control group (Figure 10i)
as compared with the DN p38MAPK-Ad (Figure 10l)
group.

Discussion

In the present study, we have utilized a human
retinal pigment epithelial cell line, ARPE-19 cell,32

to demonstrate that inhibition of p38MAPK by the
specific inhibitor, SB202190, interferes with stimu-
latory effects of exogenous TGF-b2 on migration of
cells and on production of ECM components, such
as collagen type I and fibronectin, while having no
effects on the basal levels of these effects. These
findings suggest that stimulation of cell migration
and ECM production by TGF-b2 likely results from
cooperative effects of multiple signaling inputs
including p38MAPK and further that these signals
are probably different from signaling pathways
utilized in maintaining the basal activity of these
end points, which appears to be independent of

p38MAPK. While we have shown that these effects
of the p38MAPK inhibitor are not due to direct
interference with activation of the TGF-b signal
transducers, Smad2 and Smad3, by receptor-
mediated C-terminal phosphorylation, our data
suggest that p38MAPK positively affects the tran-
scriptional activity of Smads2/3, possibly by phos-
phorylation of Smads2/3 on other residues such as
might be found in the C-terminal or middle linker
domains. Indeed, it has recently been demonstrated
that p38MAPK can lead to activating phosphoryla-
tion of Smad3 in the middle linker region, which
enhanced Smads3/4 complex formation and nuclear
translocation,36 consistent with our finding of
diminished Smads3/4 reporter gene activity in the
presence of the p38MAPK inhibitor. It has been
recently reported that such phosphorylation by
MAP kinases in the Smad3 linker region is required
for the full activation of Smad signaling.18,19 Co-
operative effects of signaling through p38MAPK and
the Smad cascade by exogenous TGF-b are well
documented. For example, induction of MMP-13 or
aggrecan gene expression by TGF-b requires activa-
tion of both Smad and p38MAPK cascades as does
apoptosis in hepatocytes.38,39 Moreover, p38 may
affect these end points not only by direct activation
of the Smad proteins via phosphorylation of resi-
dues in the middle linker region,40 but also by
activation of cooperating transcription factors. For
example, TGF-b-activated kinase (TAK1) has been
shown to be an upstream activator of MKK6 and
activation of this pathway results in phosphoryla-
tion of activating transcription factor 2 (ATF2) and
enhancement of complex formation between Smad4
and ATF2.41,42 However, another report shows that
Smad and p38MAPK independently regulate col-
lagen I a1 mRNA in hepatic stellate cells 41and
thus further study will be needed to uncover
gene expression regulation by TGF-b. Regardless,
attenuation of TGF-b2-dependent effects on migra-
tion and production of ECM by ARPE-19 cells by

Figure 8 Expression of HA-Tag and phospho-p38MAPK in experimental PVR eyes treated with DN p38MAPK-adenoviral vector or
control LacZ-Ad. Expression of the introduced gene was confirmed by immunohistochemical detection of the HA-Tag at day 5 (F) in DN
p38MAPK-Ad group specimens. In control LacZ-Ad group specimens positive labeling was not observed (a). Phospho-p38MAPK was
readily detected in retinal pigment epithelial cells in control LacZ-Ad-treated tissues at days 1 (b), 5 (c), 10 (d), and 20, but was not in
those treated with DN p38MAPK-Ad (g–j). Bar, 20mm (a, f), 10mm (b–e, g–j).
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addition of a p38MAPK inhibitor suggests that such
an inhibitor might be efficacious in the prevention/
treatment of PVR.

In the present study, we found that peak of
phosphorylation of p38 MAPK occurred at 6h
post-TGF-b2 addition. Other reports frequently
instead demonstrated that such p38 activation peaks
occurred at earlier time points, that is, 15min to 2h,
depending on cell types.43,44 Although we are unable
to explain this discrepancy, it is possible that this
difference could be explained by the finding that

protein phosphatase-2A, which is potentially acti-
vated by TGF-b, might dephosphorylate activated
p38 at early times.45 However, we failed to examine
whether the mechanism of p38 phosphorylation at
the peak of 6 h was induced by the direct effect of
binding TGF-b2 to the receptor or by secondary
effects of other growth factors induced by TGF-b2.
Alternatively, our use of the ELISA system might not
detect an early subtle upregulation of phospho-p38.

TGF-b2 enhanced the production of collagen
type I even in the presence of the p38 inhibitor,

Figure 9 Histology of mouse PVR eyes treated with either control LacZ- or DN p38MAPK-adenoviral vector at days 2, 5, and 10. At day 2
the injured pigment epithelium does not showmultilayerization in either the LacZ-Ad- (a, a0) or DN p38MAPK-Ad-treated eyes (d, d0). At
day 5, pigment epithelial cells exhibited a cell multilayer in the control, LacZ-Ad group (b, b0, asterisk), whereas those in DN p38MAPK-
Ad group (e, e0, arrow) did not. At day 10 dense fibrous tissue containing pigmented cells was formed in the vitreous cavity in LacZ-Ad-
treated eyes (c, c0, asterisk), but only minor cell multilayerization was observed on the Bruch’s membrane in DN p38MAPK-Ad-treated
eyes (f, f0, arrow). Panels a0–f0 show higher magnification pictures of boxed areas in frames (a–f), respectively. Bar, 150mm (a–f), 20mm (a0–f0).
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indicating that TGF-b2-dependent enhancement of
type I collagen production is dependent on both
non-p38MAPK and p38MAPK signaling. In contrast,
effects of TGF-b2 on fibronectin were almost totally
abrogated by the p38 inhibitor, suggesting that TGF-
b2-dependent induction of fibronectin is more
dependent on p38MAPK as compared to collagen
I. This is consistent with reports showing that
induction of type I collagen by TGF-b requires
Smad346 whereas induction of fibronectin is inde-
pendent of Smad signaling and dependent instead
on the JNK pathway,47 or possibly in ARPE-19 cells
on p38MAPK. Alternatively, induction of fibronec-
tin expression by TGF-b2 in ARPE-19 cells may
result from activation of p38MAPK downstream of
Smad signaling as shown for TGF-b-dependent
induction of thrombospondin-1 expression and

apoptosis.48 Both of these end points are mediated
by p38MAPK that is first activated by TGF-b/Smad
signaling through upregulation of GADD45b.38,49

Clearly, further study is needed to clarify the
hierarchy of signaling pathways involved in induc-
tion of fibronectin expression by TGF-b.

TGF-b2-induced migration of ARPE-19 cells
was also dependent on p38MAPK, as SB202190
reversed the enhanced cell migration in response to
exogenous TGF-b2. This result is consistent with
previous studies demonstrating an involvement of
p38MAPK in promotion of cell migration of epider-
mal keratinocytes, mammary epithelial cell line or
others.19–25 In other studies, we have also shown that
loss of Smad3, the key mediator of TGF-b signaling
from cell surface receptors, results in loss of
chemotactic responses to TGF-b in keratinocytes,

Figure 10 Expression of aSMA and collagen type VI in experimental PVR mouse eyes treated with either control LacZ-Ad or DN
p38MAPK-Ad. At day 2 pigment epithelial cells were labeled with anti-aSMA antibody (a, white arrows) in LacZ-Ad control specimens,
but not in DN p38MAPK-Ad specimens (d, yellow arrows). At days 5 (b, e) and 10 (c, f) the cells in the control group exhibit more
prominent immunoreactivity for aSMA (white arrows, b, c) than in the DN p38MAPK-Ad (white arrows, e, f) group. At day 2 pigment
epithelial cells were not labeled with anti-collagen VI antibody in control (g, yellow arrows) and DN p38MAPK-Ad specimens (j, yellow
arrows). At day 5, the tissue containing cell multilayerization was labeled with anti-collagen VI antibody in control specimens (h, white
arrow), but not in DN p38MAPK-Ad specimens (k, yellow arrow). At day 10, the immunoreactivity for collagen VI was more prominent
in control (i) than in DN p38MAPK-Ad (l) samples. Bar, 20mm.
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monocytes and fibroblasts in vitro.49,50 Whether
chemotactic cell movement also involves the
p38MAPK pathway is not known, nor is it known
whether TGF-b2-dependent migration of ARPE-19
cells postinjury in vitro depends exclusively on
signals through p38MAPK or on crosstalk between
p38MAPK and Smad signaling. In our study, cell
migration enhancement was morphologically ob-
served at 12 h postwounding, although statistical
significance was detected only at 24h. In another
study, TGF-b1 enhanced migration of another retinal
pigment epithelial cell line, human RPE cell line
D407, after 72h.51 This difference might be due to a
difference between the cells lines used in the two
studies.

p38MAPK has also been shown to be required for
TGF-b-dependent stimulation of matrix production
in dermal fibroblasts, and thus inhibition of
p38MAPK could potentially be effective in prevent-
ing dermal scarring.24,26,30 It has also been shown
that p38MAPK-dependent activation of Smad3
promoted deposition of extracellular matrix by
myofibroblasts both in vitro and in vivo.24,26,30,31

These reports together with our findings lead us to
hypothesize that inhibition of p38MAPK may be
beneficial in preventing/treating PVR. Although
PVR is caused by the activation of many cell types,
that is, retinal glial components, vascular cells, and
so on, activation and fibroblastic transformation of
RPE cells is a critical feature in the development of
this disease. Our results clearly demonstrate that DN
p38MAPK suppresses fibrotic reaction by retinal
pigment epithelial cells in an experimental mouse
PVR model. Further study is needed to establish the
clinical application of this treatment strategy.
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