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PURPOSE. To determine the mechanism by which IL-1� induces
FGF-2 and to elucidate the signaling pathways of IL-1�–induced
FGF-2 in corneal endothelial cells (CECs).

METHODS. Expression and/or activation of FGF-2, p38, ERK1/2,
and Akt was analyzed by immunoblot analysis. Cell prolifera-
tion was measured by MTT assay. Pharmacologic inhibitors
were used to block PI 3-kinase, p38, or ERK1/2.

RESULTS. Brief stimulation of CECs with IL-1� activated PI 3-ki-
nase and p38 in a biphasic fashion. The first wave of activation,
triggered by IL-1�, involves the inductive activity of IL-1� on
FGF-2 production; the second wave of activation, triggered by
the induced FGF-2, involves the promotion of cellular activi-
ties. In both pathways, p38 acts downstream to PI 3-kinase.
The inductive activity of IL-1� on FGF-2 is further evidenced by
the conditioned medium, which contains a large amount of
FGF-2. Stimulation of CECs with IL-1� also activated ERK1/2 in
a delayed fashion. The IL-1�–induced FGF-2 exerted cellular
activities using distinct pathways: the second wave of activa-
tion of PI 3-kinase and p38 was involved in cell migration,
whereas cell proliferation was simultaneously stimulated by
ERK1/2 and the second wave of PI 3-kinase. Likewise, the
conditioned medium demonstrated cellular activities and path-
ways identical with those observed in cells treated with IL-1�.

CONCLUSIONS. These data suggest that CECs produce FGF-2 by
IL-1� stimulation through PI 3-kinase and p38. The IL-1�–
induced FGF-2 facilitates cell migration via PI 3-kinase and p38,
whereas it stimulates cell proliferation using PI 3-kinase and
ERK1/2 in parallel pathways. (Invest Ophthalmol Vis Sci. 2009;
50:2067–2076) DOI:10.1167/iovs.08-3135

The corneal endothelium is a monolayer of differentiated
cells located in the posterior portion of the cornea. Human

corneal endothelial cells (CECs) are known to remain arrested
in the G1 phase of the cell cycle throughout their lifespan.1,2

This characteristic behavior of cell proliferation dictates most
of the wound-healing processes that occur in the corneal
endothelium: CECs cover the denuded area by migration and
attenuation rather than by replacing the lost cells through cell
division. Occasionally, however, during the wound-healing
process, CECs are transformed into mesenchymal cells that

subsequently produce fibrillar extracellular matrix (ECM) in
the basement membrane environment. Thus, corneal fibrosis
represents a significant pathophysiological problem—one that
causes blindness by physically blocking light transmittance.
One clinical example of corneal fibrosis observed in the cor-
neal endothelium is the development of a retrocorneal fibrous
membrane (RCFM) in Descemet’s membrane.3–6 In RCFM,
CECs are converted to fibroblast-like cells: the contact-inhib-
ited monolayers of CECs are lost, resulting in the development
of multiple layers of fibroblast-like cells.5,6 These morphologi-
cally altered cells simultaneously resume their proliferation
ability and deposit a fibrillar ECM in Descemet’s membrane. An
in vitro model to elucidate the molecular mechanism of RCFM
formation led us to the finding that activated polymorphonu-
clear leukocytes (PMNs) were able to transform the type IV
collagen-synthesizing polygonal endothelial cells to type I col-
lagen–synthesizing fibroblastic cells.7–9 Of the several proteins
released by the activated PMNs, a 17-kDa protein band that
caused endothelial mesenchymal transformation (EMT) of
CECs was identified as interleukin 1� (IL-1�) using protein
chip array technology.9,10

IL-1� is a major proinflammatory cytokine that plays an
important role in acute and chronic inflammatory di-
seases.11–16 IL-1� also has a crucial role in the regulation of
inflammation and wound healing on the ocular surface.17–20

Numerous studies have reported that both interleukin (IL)-1�
and -1� orchestrate the inflammatory process by inducing the
production and release of secondary cytokines; IL-1� stimu-
lates the expression of a variety of genes necessary for the
wound repair process.21–27 Both IL-1� and -1� markedly stim-
ulate synthesis and release of fibroblast growth factor (FGF)-2
in a variety of cell types.23–25 Likewise, CECs produce all
isoforms of FGF-2 in response to IL-1� stimulation10; IL-1�
activates PI 3-kinase, the enzyme activity of which was greatly
stimulated after a 5-minute exposure to IL-1�. Such an early
and rapid activation of PI 3-kinase greatly enhanced FGF-2
production in CECs; pretreatment with LY294002 completely
blocked the induction activity of IL-1�.

FGF-2, a ubiquitous and multifunctional regulator, contrib-
utes to the regulation of many different biological processes,
including cell proliferation and differentiation of a broad spec-
trum of mesodermal and neuroectodermal cells.28–34 Among
the five isoforms of FGF-2, the 18-kDa ECM isoform employs
cell surface FGF receptors to relay signals that mediate a variety
of cellular activities,35–37 although the high-molecular-weight
(HMW) isoforms of FGF-2 exert intracrine activity, the mech-
anism of which is yet to be defined. In our previous studies, we
reported that the 18-kDa FGF-2 is the direct mediator for EMT
observed in CECs.38–45 First, FGF-2 directly regulates cell cycle
progression by degrading p27Kip1 (p27), leading to a marked
stimulation of cell proliferation.39–41 Second, FGF-2 upregu-
lates the steady state levels of �1(I) collagen RNA by stabilizing
the message and subsequently facilitates synthesis and secre-
tion of type I collagen into the extracellular space.42 And third,
FGF-2 induces a change in cell shape from a polygonal to a
fibroblastic morphology through regulation of the Rho family
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of small GTPases and subsequent reorganization of actin.43,44

Of interest, FGF-2 uses PI 3-kinase as the major signaling path-
way for these phenotypic alterations,38–44 similar to the pub-
lished report.45

In the present study, we attempted to link inflammatory
responses to the different set of cellular responses triggered by
the growth factor induced during inflammation. We had re-
ported that FGF-2 was the direct cause of the cell shape change
mediated by IL-1�. Neutralizing antibody to FGF-2 completely
reversed the cell shape from an elongated to a polygonal
morphology.10 The fact that IL-1� is able to induce FGF-2, the
direct mediator of EMT, led us to investigate the respective
signaling pathways triggered by IL-1� and FGF-2. A brief stim-
ulation of CECs with IL-1� activates PI 3-kinase and p38 in a
biphasic fashion: The first wave of activation is triggered by
IL-1� and is subsequently involved in the inductive activity of
IL-1� on FGF-2 production. The IL-1�–induced FGF-2 then
initiates distinct signal transduction during the course of EMT;
cell migration is mediated via PI 3-kinase and p38 as a down-
stream effector, and cell proliferation is triggered by parallel
pathways of extracellular signal–regulated kinase 1/2 (ERK1/2)
and PI 3-kinase. Thus, this study indicates the sequential acti-
vation of CECs by IL-1� and FGF-2 in the context of inflamma-
tory responses and nonphysiologic wound healing.

MATERIALS AND METHODS

Anti-Akt, phospho-Akt (Thr308), phospho-Akt (Ser473), p38, phospho-
p38, and ERK1/2 antibodies and anti-phospho-ERK1/2 antibody were
purchased from Cell Signaling Technology (Danvers, MA); FGF-2 from
Calbiochem (San Diego, CA); IL-1�, U0126, SB203580, LY294002,
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT),
mitomycin-C, and peroxidase-conjugated secondary antibodies from
Sigma-Aldrich (St. Louis, MO); anti-FGF-2 antibody and neutralizing
anti-FGF-2 antibody from Upstate (Charlottesville, VA); and anti-�-actin
antibody from BioVision (Mountain View, CA).

Cell Culture

Rabbit eyes were purchased from Pel Freez Biologicals (Rogers, AR).
Isolation and establishment of rabbit CECs were performed as previ-
ously described.46 Briefly, the Descemet’s membrane complex was
treated with 0.2% collagenase and 0.05% hyaluronidase (Worthington
Biochemical, Lakewood, NJ) for 90 minutes at 37°C. Primary cultured
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen-Gibco, Grand Island, NY) supplemented with 15% fetal
bovine serum (Omega Scientific, Tarzana, CA) and 50 �g/mL of gen-
tamicin (DMEM-15) in a 5% CO2 incubator. For subculture, confluent
primary cultures were treated with 0.05% trypsin and 5 mM EDTA in
phosphate-buffered saline (PBS) for 5 minutes. First-passage CECs
maintained in DMEM-15 were used for all experiments. Heparin (10
�g/mL) was added to cell cultures treated with FGF-2 (10 ng/mL),
because our previous study showed that the initiation of FGF-2 activity
in CECs requires the addition of supplemental heparin.8 In some
experiments, pharmacologic inhibitors were used in the presence of
IL-1� or FGF-2 stimulation: SB203580 (20 �M), U0126 (10 �M), or
LY294002 (20 �M). The undiluted culture media maintained for 16
hours after stimulation with IL-1� for 10 minutes was used as condi-
tioned media in some experiments.

Protein Preparation and Immunoblot Analysis

Cells were scraped in RIPA lysis and extraction buffer (25 mM Tris-HCl
[pH 7.6], 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1%
SDS) containing 1 �g/mL leupeptin, 1 �g/mL pepstatin, 1 �g/mL
aprotinin, and 1 mM phenylmethylsulfonyl fluoride (PMSF), and lysates
were sonicated on ice. Concentration of the resultant lysates was
assessed with the Bradford protein assay system (Bio-Rad Laboratories,
Inc., Hercules, CA). The proteins were separated by SDS-PAGE as

described by Laemmli, by using the discontinuous Tris-glycine buffer
system.47 The proteins separated by SDS-PAGE were transferred to a
0.22-�m nitrocellulose membrane (Whatman Inc., Florham Park, NJ),
and nonspecific binding sites of nitrocellulose membrane were
blocked by 5% nonfat milk in TBS containing 0.1% Tween-20. The
incubations were performed with primary antibodies (1:2500 dilution)
and peroxidase-conjugated secondary antibody (1:5000 dilution).
Membranes were treated with enhanced chemiluminescence (ECL)
reagent (Amersham Biosciences Corp., Piscataway, NJ) and exposed to
ECL film. The relative density of the polypeptide bands detected on
ECL film was determined using commercial software (Gel-doc; Bio-Rad
Laboratories, Inc.).

Purification of the Isoforms of FGF-2

Purification of the isoforms of FGF-2 was performed according to our
published protocols with some modification.48 CECs cultured in each
culture condition on 100-mm tissue culture dishes were washed twice
with sterile PBS. The extracellular matrix FGF-2 fraction was initially
extracted with 2 M NaCl in 20 mM HEPES (pH 7.6) and then with 2 M
NaCl in 20 mM sodium acetate (pH 4.5) to extract FGF-2 bound to high-
and low-affinity receptors. The cells were then incubated in an en-
zyme-free cell dissociation solution (Chemicon, Temecula, CA) for 5
minutes at room temperature. The cells were detached by scraping,
transferred to microcentrifuge tubes, and pelleted at 5000g for 10
minutes. Nuclear and cytoplasmic proteins were extracted with a
nuclear extraction kit containing cytoplasmic lysis buffer and nuclear
lysis buffer (Chemicon), according to the manufacturer’s instructions.
Briefly, the harvested cells were resuspended in two cell pellet vol-
umes of cold cytoplasmic lysis buffer containing 1 mM PMSF, 1 �g/mL
aprotinin, 1 �g/mL leupeptin, 1 �g/mL pepstatin, and 0.5 mM dithio-
threitol and allowed to swell on ice for 15 minutes. IGEPAL CA-630
(Sigma-Aldrich) was then added to a final concentration of 0.1%, and
the swollen cells were incubated for an additional 5 minutes on ice and
homogenized with a 27-gauge needle. Nuclei were pelleted at 8000g
for 20 minutes at 4°C. The supernatant containing the cytosolic por-
tion was transferred to a fresh tube and stored at �80°C until further
use. The remaining pellet containing the nuclear portion was washed
by centrifugation with cold nuclear extraction buffer containing 1 mM
PMSF, 1 �g/mL aprotinin, 1 �g/mL leupeptin, 1 �g/mL pepstatin, and
0.5 mM dithiothreitol and then resuspended in two thirds of the
original cell pellet volume of cold nuclear extraction buffer. Nuclei
were disrupted by drawing and ejecting 10 times, with a syringe and a
27-gauge needle. Nuclear proteins were extracted at 4°C for 60 min-
utes with gentle agitation, using an orbital shaker. The nuclear protein
extract was clarified by centrifugation at 16,000g for 5 minutes at 4°C
and then dialyzed (Slide-A-Lyzer MINI Dialysis Unit, 7K MWCO; Pierce
Biotechnology, Rockford, IL). Nuclear and cytoplasmic protein con-
centrations were determined using the Bradford reagent (Bio-Rad Lab-
oratories, Inc.) with bovine serum albumin as a standard. To verify the
purity of the fractions, 15 �g of nuclear or cytoplasmic proteins were
immunoblotted with lamin B and �-tubulin antibodies. These verified
nuclear and cytoplasmic proteins were used for FGF-2 estimation.

FGF-2 Estimation

The amount of FGF-2 in the purified subcellular fraction was measured
with a protein array system (Bio-Plex) and analyzed with the accom-
panying system software (Bio-Plex Manager 2.0; all from Bio-Rad Lab-
oratories, Inc.). Since anti-human FGF-2 antibody has cross reactivity
with rabbit FGF-2, we chose a human FGF-2 assay kit (Bio-Plex Human
FGF-2 Singleplex; Bio-Rad Laboratories, Inc.).10 All procedures were
performed, according to the manufacturer’s instructions. Briefly, 50 �L
of each subcellular fraction was added to same volume of anti-FGF-2
antibody–conjugated beads in a 96-well filter plate and incubated at
room temperature for 30 minutes. After a series of washes to remove
the unbound proteins, 25 �L of biotinylated FGF-2 antibody (which
detects a different epitope from the bead-conjugated FGF-2 antibody)
was added to each well and incubated for 30 minutes, resulting in the
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formation of sandwiches of antibodies with the target proteins. After
another washing, 50 �L of streptavidin-PE was added to each well,
followed by further washing. Thereafter, 125 �L of assay buffer (Bio-
Rad Laboratories, Inc.) was added to each well, and the well contents
were analyzed using the protein array system. The unknown FGF-2
concentration was determined by finding the concentration on the
standard curve derived by using various concentrations of FGF-2 stan-
dards in the assay. The cytokine assay (Bio-Plex; Bio-Rad Laboratories,
Inc.) allows the quantitative measurement of multiple cytokines in a
small volume of subcellular fractions, which are comparable to tradi-
tional enzyme-linked immunosorbent assays (ELISA).

Scratch-Induced Directional Migration Assay
Cells were plated in six-well tissue culture dishes at a concentration of
1 � 105 cells and maintained in DMEM-15. After serum starvation, the
tip of a micropipette was used to wound the cells, creating linear,
cross-stripe scrapes 2 mm apart. The cells were washed with PBS to
remove floating cellular debris and refed for an additional 16 hours
with either serum-free medium (for use as a negative control) or
experimental medium. Wound closure or cell migration was photo-
graphed when the scrape wound was introduced and at designated
times after wounding, using an inverted microscope equipped with a
digital camera (Diagnostic Instruments, Inc., Sterling Heights, MI). The
speed of migration was quantitated by computer-assisted image analy-
sis (SPOT program, version 2.1.2; Diagnostic Instruments, Inc.). The
individual gaps were measured in each culture condition and at each
time point using this program, and the speed of migration was ac-
quired by dividing the length of gap by the culture time. The residual
gap between the migrating cells from the opposing wound edge was
expressed as a percentage of the initial scraped area. All experiments
were conducted in the presence of 5 �g/mL of mitomycin-C to inhibit
cell proliferation.

Protein Preparation of Migratory Cells
Cells were plated in 100-mm tissue culture dishes at a concentration of
1 � 106 cells, and wounds were created as described earlier with a
10-mm separation between the linear scraped wounds. Migratory cells
that moved into the wounded area were carefully scraped without
contaminating the nonmigratory cells. These cells were washed with
ice-cold PBS and then lysed with RIPA buffer containing 50 mM HEPES
(pH 7.5), 150 mM NaCl, 10 mM MgCl2, 1% Triton X-100, 0.5% Nonidet
P-40, 1 �g/mL leupeptin, 1 �g/mL pepstatin, 1 �g/mL aprotinin, and 1
mM PMSF on ice for 30 minutes. The lysates were centrifuged at
15,000g for 10 minutes at 4°C. The protein concentration of the
sample was assessed with the Bradford protein assay system (Bio-Rad
Laboratories, Inc.).

Cell Proliferation Assay
Cells were seeded in 96-well tissue culture plates at a concentration of
4 � 103 cells/well. On the following day, the medium was changed
from DMEM-15 to DMEM for serum starvation and maintained for 30
hours. The serum-starved cells were then maintained for 24 hours in
each culture condition. At the end of culture, the medium was
replaced with medium containing MTT (50 �g/mL) and further
maintained for 4 hours at 37°C. The MTT-containing medium was
discarded and 100 �L of undiluted dimethyl sulfoxide was added to
the cells. After a 1-hour incubation at room temperature, absor-
bance of the converted dye was measured with a spectrophotomet-
ric plate reader (Benchmark Plus Microplate Spectrophotometer;
Bio-Rad Laboratories, Inc.), at a wavelength of 570 nm with back-
ground subtraction at 650 nm.

RESULTS

FGF-2 Production Induced by IL-1� through the
p38 Pathway
Our previous study10 demonstrated that PI 3-kinase is activated
in CECs within 5 minutes after activation with IL-1�. As a

consequence of activated PI 3-kinase (as determined by the
levels of phosphorylated Akt, the downstream effector of PI
3-kinase), CECs greatly upregulate FGF-2 expression at both
the transcript and the protein levels. To further identify the
intracellular signaling pathways involved in the inductive
mechanism of IL-1� on FGF-2, cells were treated with IL-1� for
10 minutes. The cells were then maintained in IL-1�–free and
serum-free medium (DMEM) for 1 to 48 hours. We first deter-
mined phosphorylation profiles of Akt at Ser473 and Thr308
sites. Both sites were phosphorylated in a biphasic fashion. The
first peak of PI 3-kinase activation was observed in cells main-
tained for 1 hour after a brief stimulation with IL-1�, reaching
the maximum activation at 2 hours. Activation was then mark-
edly decreased until the second wave of PI 3-kinase activation
was observed in cells maintained for 12 hours, reaching an-
other maximum activation at 16 hours after IL-1� stimulation
(Fig. 1A). We also determined whether p38 and ERK1/2 were
involved in IL-1�-triggered intracellular signal transduction dur-
ing FGF-2 induction. The activation profile of p38 was bipha-
sic: phosphorylated p38 was observed in cells maintained for 1
hour, and the second peak of p38 activation was observed at
16 hours after IL-1� stimulation (Fig. 1B), similar to the activa-
tion kinetics of PI 3-kinase (Fig. 1A). On the other hand, the
activation profile of ERK1/2 was very different from that of
p38; the activation kinetic is not biphasic, and the earlier
wave of activation of the enzyme was missing. Phosphory-
lation was detected in a relatively late time period (4 hours
after IL-1� stimulation); phosphorylation was gradually in-
creased to reach the maximum level 16 hours after a brief
stimulation with IL-1�, and its activation state was sustained
for 48 hours (Fig. 1B).

The parallel activation kinetics of p38 and PI 3-kinase led us
to investigate whether p38 was also involved in the inductive
activity of IL-1� on FGF-2 synthesis (Fig. 2). After a 2-hour
pretreatment with SB203580, the cells were stimulated with
IL-1� for 10 minutes and further maintained in DMEM for 1, 2,
or 4 hours. Figure 2 shows that FGF-2 production was mark-
edly triggered within 1 hour after brief stimulation with IL-1�
and that FGF-2 synthesis was completely blocked by the p38
inhibitor. This finding clearly demonstrates that the activation
of p38 is required for FGF-2 production mediated by IL-1�.
Figure 2 further confirms our previous data10 that IL-1� in-
duced all isoforms of FGF-2 and that the 18-kDa ECM FGF-2 is
the dominant isoform of FGF-2 induced by IL-1� stimulation.

We then investigated the mechanism of the biphasic acti-
vation of p38. It is likely that the first wave of activation was
triggered by IL-1�, whereas the second wave of p38 activation
was mediated by IL-1�, FGF-2, or both. CECs were treated with
IL-1� for 10 minutes followed by treatment with the neutral-
izing antibody to FGF-2 for up to 16 hours to silence the
activity of the FGF-2 induced by IL-1�. Phosphorylation profiles
of p38 were also determined. The first wave of p38 activation
(1 hour after IL-1� stimulation) was not blocked by the neu-
tralizing antibody to FGF-2, whereas the second wave of p38
activation was completely blocked by the neutralizing antibody
to FGF-2 (Fig. 3A). The respective pattern of p38 activation
suggests that only the second wave of p38 activation is trig-
gered by FGF-2, whereas the first wave of p38 activation is
triggered by IL-1�. This finding was further confirmed in CECs
treated with FGF-2 for 2 to 16 hours (Fig. 3B). Phosphorylation
of p38 was evident after 4 hours of FGF-2 stimulation, and
reached maximum level after 8 hours of continuous FGF-2
stimulation. There appears to be a 4-hour lag period in the
second wave of p38 activation by IL-1� and by FGF-2. The
time-difference of activation kinetics may suggest that FGF-2
production is prerequisite to the second wave activation of
p38 in response to IL-1� stimulation. We also investigated
whether phosphorylation of ERK1/2 was mediated by the
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FGF-2 induced by IL-1�. Phosphorylation of ERK1/2 in re-
sponse to IL-1� stimulation was completely blocked by the
neutralizing antibody to FGF-2 (Fig. 3C). When FGF-2 action on
ERK1/2 activation was examined in cells treated with FGF-2,
phosphorylation of ERK1/2 was observed to occur in a time-
dependent manner, and the activation of ERK1/2 by FGF-2 was
faster than ERK1/2 activation by IL-1� (Fig. 3D). We further

tested whether conditioned medium prepared with IL-1� con-
tained FGF-2, which subsequently phosphorylates the two
MAPKs: p38 and ERK1/2. Phosphorylated p38 was observed in
CECs treated either with IL-1� or conditioned medium,
whereas such activation was completely blocked by the neu-
tralizing antibody to FGF-2 (Figs. 3A, 3E). Identical findings
were observed with phosphorylation of ERK1/2; both IL-1�
and the conditioned medium phosphorylate ERK1/2, which is
blocked by the neutralizing anti-FGF-2 antibody (Figs. 3C, 3E).
These findings confirmed that the active component in the
conditioned medium generated with IL-1� is FGF-2, which
facilitates the second wave of p38 activation and phosphory-
lates ERK1/2.

Finally, we measured the protein amount of FGF-2 in re-
sponse to IL-1� stimulation in CECs. Cells were stimulated with
IL-1� for 10 minutes and maintained in DMEM for 16 hours.
The nuclear, cytoplasmic, and ECM isoforms of FGF-2 were
prepared and the FGF-2 amount of each fraction was measured
(Bio-Plex Protein Array System; Bio-Rad Laboratories; Fig. 4).
The purities of the nuclear and cytoplasmic fractions were
confirmed with lamin B and �-tubulin, respectively (data not
shown). The basal levels of all isoforms of FGF-2 were very low
in CECs. In the absence of serum, cells produced a barely
detectable amount of FGF-2, whereas IL-1� greatly facilitated
FGF-2 production in all isoforms (five- to tenfold). Of interest,
almost half of the FGF-2 produced is the 18-kDa ECM isoform,
which is the major isoform of FGF-2 that causes EMT of CECs.

Cell Migration Facilitated by the IL-1�–Induced
FGF-2 via p38

The parallel activation kinetics of PI 3-kinase and p38 led us to
investigate which of the two signaling proteins is upstream in
intracellular signaling pathways triggered by IL-1�. After pre-
treatment of cells with LY294002 for 2 hours, the cells were
briefly activated with IL-1� for 10 minutes and further main-
tained in DMEM for 1 to 24 hours. LY294002 completely
blocked phosphorylation of Akt at both the Ser473 and Thr308
sites, and the PI 3-kinase inhibitor also completely blocked the
first and second waves of p38 activation (Fig. 5A). On the other
hand, SB203580, which inhibited phosphorylation of p38 dur-
ing both waves of activation, did not block phosphorylation of
Akt at Ser473 and Thr308 sites during the first wave of activa-
tion of PI 3-kinase (Fig. 5B), whereas the second wave of PI
3-kinase activation was blocked by the p38 inhibitor. These
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FIGURE 1. Effect of IL-1� on expression and/or activation of Akt, p38,
and ERK1/2. When cells reached approximately 70% confluence, they
were starved of serum for 24 hours. The serum-starved cells were
treated with IL-1� (5 ng/mL) for 10 minutes and then maintained in
DMEM for up to 48 hours. At the end of treatment, cells were lysed
with RIPA buffer, and the cell debris was eliminated by centrifugation.
After centrifugation, the supernatant was immunoblotted with the
respective antibody. Relative density of immunoblotting bands was
determined by using a gel documentation system. Total Akt, p38, and
ERK were used to control protein concentration on immunoblot anal-
ysis. The relative differences (x-fold) were then compared with the
number of CECs stimulated with IL-1� for 10 minutes (0 hours). The
results represent data obtained in three independent experiments.
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FIGURE 2. Induction of FGF-2 expression mediated by IL-1� stimula-
tion through p38 activation. The serum-starved cells were pretreated
with SB203580 for 2 hours during serum starvation before stimulation
with IL-1� for 10 minutes. The cells were further maintained in DMEM
for the indicated time. For positive control, the CECs were treated with
only IL-1� for 10 minutes and the cells were further maintained in
DMEM for the indicated time. Total cell protein preparation and im-
munoblot analysis were performed as described in Figure 1. �-Actin
was used to control the protein concentration on immunoblot analysis.
The data are representative of results in four experiments.
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findings clearly demonstrated that, during the first wave of PI
3-kinase and p38 activation, PI 3-kinase signaling is unidirec-
tional and upstream to p38. When the first wave of p38 acti-

vation is blocked by SB203580, the inhibitor blocks the induc-
tive activity of IL-1� on FGF-2 production. Therefore, the
second wave of PI 3-kinase and p38 activation that should be
triggered by FGF-2 is completely abolished. We then tested
which of the two PI 3-kinase and p38 is upstream in the
FGF-2–mediated second wave of activation. Pretreatment of
cells with LY294002 followed by stimulation with FGF-2 for 8
hours demonstrated that phosphorylation of Akt and p38 was
completely blocked, whereas pretreatment of cells with
SB203580 failed to block phosphorylation of Akt (Fig. 5C).
These findings together suggest that p38 is downstream to PI
3-kinase in both the IL-1�–mediated FGF-2 induction pathway
and FGF-2–mediated signal transduction.

Since p38 is a major signaling molecule observed in cell
migration,49–51 we determined whether this is also true for
IL-1�–facilitated cell migration in CECs. Cell migration was
determined with scratch-induced directional migration assay in
the presence of mitomycin-C (5 �g/mL). Migratory cells main-
tained in DMEM showed no detectable amount of gap closing,
thus serving as the negative control, whereas those cells
treated with FGF-2 that showed a marked gap closing were
used as the positive control (Fig. 6A). In this scrape-wound
assay over a 16-hour period, the cells stimulated with either
IL-1� or maintained in conditioned medium for 16 hours re-
covered 44% or 47% of wound area, respectively, although
cells stimulated with FGF-2 recovered almost 60% of the
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wound area (Fig. 6A). When neutralizing antibody to FGF-2 was
included in each experimental condition, the antibody greatly
inhibited the cell migration in all conditions, suggesting that
the active component causing cell migration in cells stimulated
with IL-1� or maintained in conditioned medium is indeed
FGF-2. We further tested whether p38 is involved in cell mi-
gration in response to FGF-2 induced by IL-1�. Cells between
the initial wound site and the re-covered region were carefully
removed and prepared for immunoblot analysis for both total
and phosphorylated p38, whereas cells away from the wound
site served as nonmigratory cells. The migratory cells derived
from the cells that were either stimulated with IL-1� or main-
tained in the conditioned medium demonstrated phosphory-
lated p38; however, such activation was completely blocked
by the neutralizing antibody to FGF-2 (Fig. 6B). These data
further suggest that p38 is indeed involved in cell migration
mediated by the IL-1�–induced FGF-2. On the other hand, the

nonmigratory cells failed to phosphorylate p38 (Fig. 6B) in all
experimental conditions. We further confirmed the involve-
ment of p38 in cell migratory activity triggered by the IL-1�–
induced FGF-2 using SB203580. Table 1 demonstrated that the
migratory rate in the cells treated simultaneously with IL-1�
and SB203580 was similar to the basal level observed in cells
maintained in DMEM and that a similar level of inhibitory
action by SB203580 was observed in the cells maintained in the
conditioned medium or in the cells treated with IL-1� or FGF-2
(Table 1).

Cell Proliferation Facilitated by the IL-1�–Induced
FGF-2 Via Parallel Pathways of PI 3-Kinase
and ERK1/2

The findings observed in Figures 1B and 3E suggest that
ERK1/2 is activated by FGF-2 induced by IL-1�. The finding that
FGF-2 activates the ERK1/2 pathway further led us to deter-
mine which of the two, PI 3-kinase or ERK1/2, was upstream.
Cells were pretreated with the pathway-specific inhibitors for
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LY294002, and SB203580. The data shown are representative of results
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2 hours before they were stimulated with IL-1� for 10 minutes
and maintained in DMEM for 1 to 24 hours; U0126 (MEK
inhibitor) failed to block phosphorylation of Akt at both Ser473
and Thr308 sites (Fig. 7A), and LY294002 failed to block
phosphorylation of ERK1/2 (Fig. 7B). These findings suggest
that the PI 3-kinase and ERK1/2 pathways are parallel and
independent in response to stimulation with FGF-2 induced by
IL-1�.

One major cellular activity triggered by PI 3-kinase and/or
ERK1/2 pathways is stimulation of cell proliferation. We first
determined whether cell proliferation was stimulated in cells
treated either with IL-1� or conditioned medium (Fig. 8A).
When compared to the positive control value derived from the
cells stimulated with FGF-2, both IL-1� and conditioned media
showed a strong stimulatory influence on CEC proliferation.
When the neutralizing antibody to FGF-2 was simultaneously
included in the culture medium, the antibody blocked cell
proliferation almost to the basal level observed in cells main-
tained in DMEM. Use of pathway-specific inhibitors further
confirmed that PI 3-kinase and ERK1/2 are the active pathways
in IL-1�–stimulated cell proliferation (Fig. 8B). After pretreat-
ment of cells with either LY294002 or U0126 for 2 hours, the
cells were stimulated with IL-1� or conditioned medium for 16
hours. Cell proliferation stimulated with either IL-1� or condi-
tioned medium was greatly inhibited by either LY294002 or
U0126; similar findings were observed in the positive control
cells treated with FGF-2. When both inhibitors were simulta-
neously added to the culture conditions, there was an additive
effect of LY294002 and U0126 leading to the basal level. Of
interest, the involvement of ERK1/2 in cell proliferation is
different from that shown by our previous study in which
PD98059 was used to block MEK; the use of PD98059 did not
block cell proliferation triggered by FGF-2,38 in contrast to the
findings we obtained using U0126. It is likely either that
PD98059 may not work in the CEC system or that the inhibitor
is not useful for blocking MEK.

DISCUSSION

Corneal endothelium in vivo responds to diverse injury by
converting to fibroblast-like cells.3–6 We reported that these
morphologically modulated cells produce fibrillar collagens,
the predominant species of which is type I collagen, and that
these cells deposit an abnormal fibrillar ECM.5,6 One clinical
example of such phenotypic modulation of CECs is the pro-
duction of RCFM between Descemet’s membrane and the
endothelial monolayer, the presence of which blocks vision,

thereby causing blindness.3–6 An in vitro model that elucidates
the molecular mechanism of RCFM formation led us to the
finding that FGF-2 plays a key role in such EMT: first, FGF-2
directly regulates cell cycle progression by degrading p27,
leading to a marked stimulation of cell proliferation39–41; sec-
ond, FGF-2 upregulates the steady state levels of �1(I) collagen
RNA by stabilizing the message and subsequently facilitates
synthesis and secretion of type I collagen into the extracellular
space42; and third, FGF-2 induces a change in cell shape from
a polygonal to a fibroblastic morphology and causes loss of the
contact-inhibited phenotype.43–45 Of interest, FGF-2 uses PI

TABLE 1. Migratory Rate of CECs during Wound Healing in Each
Culture Condition

Culture Condition Migratory Rate (�m/min)

D-0 0.12 � 0.04
IL-1� 0.54 � 0.05
IL-1� �SB 0.14 � 0.04*
CM 0.58 � 0.09
CM �SB 0.18 � 0.02†
FGF-2 0.64 � 0.07
FGF-2�SB 0.17 � 0.05‡

The migration rate of CECs maintained in each culture condition
was investigated using a scratch-induced directional migration assay.
Data shown are representative of results in three experiments. D-0,
DMEM without serum; SB, SB203589; CM, conditioned medium ac-
quired from IL-1�-treated cells.

* P � 0.01 compared with cells treated with IL-1�.
† P � 0.01 compared with cells cultured in CM.
‡ P � 0.01 compared with cells stimulated by FGF-2.
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FIGURE 7. Independent activation of PI 3-kinase and ERK1/2 in re-
sponse to IL-1� stimulation. When cells reached approximately 70%
confluence, they were serum starved for 24 hours. The serum-starved
cells were pretreated with U0126 (A) or LY294002 (B) during serum
starvation before stimulation with IL-1� for 10 minutes. For a positive
control, CECs were treated with only IL-1� for 10 minutes and main-
tained in DMEM for an additional 16 hours. At the end of treatment,
total cell proteins were prepared as described in Figure 1. Each cell
lysate was then immunoblotted with the designated antibody. Total
Akt and ERK1/2 were used to control protein concentration on immu-
noblot analysis. D-0, U, and LY designate DMEM without serum, U0126
and LY294002, respectively. The data are representative of results in
three independent experiments.
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3-kinase as the major signaling pathway for all these pheno-
typic alterations.38–44

Furthermore, we discovered that IL-1�, a potent proinflam-
matory cytokine, is also involved in FGF-2–mediated EMT.10

One major role of IL-1� is its stimulation of the expression of
a variety of genes necessary for the wound repair process.21–27

Both IL-1� and -1� markedly stimulate synthesis and release of
FGF-2 in various cells.23–25 Likewise, CECs produced all iso-
forms of FGF-2 in response to IL-1� stimulation via the PI
3-kinase pathway.10 In the present study, we further explored
the mechanism by which IL-1� induced FGF-2 and cellular
activities facilitated by FGF-2, which acts as the main inducer in
IL-1�–triggered signaling pathways.

A brief stimulation of CECs with IL-1� activates PI 3-kinase
and p38 in a biphasic fashion, leading to the following sequen-
tial events (Fig. 9). The first wave of activation of PI 3-kinase
and p38 is triggered by IL-1� and subsequently takes part in the
inductive activity of IL-1� on FGF-2 production. In this path-
way, p38 serves as the downstream molecule to PI 3-kinase. As
a consequence of activation of both PI 3-kinase and p38 in
response to IL-1� stimulation, CECs produce a large amount of
FGF-2. Similar inductive activity of p38 was also reported in
other systems: hypoxia activates the p38 pathway to enhance
IL-8 gene transcription,52 whereas p38 is involved in cycloox-
ygenase-2 production in response to FGF-2 stimulation.53 The

IL-1�–induced FGF-2 then triggers the second wave of PI 3-ki-
nase activation, which in turn activates the second wave of
p38. By now, CECs are exposed to FGF-2 in a autocrine fashion,
the direct mediator of EMT. The IL-1�–induced FGF-2 then
operates distinct signal transduction for its own cellular activ-
ities during the course of EMT: cell migration, cell prolifera-
tion, and phenotypic changes of ECM proteins. When the
signaling pathway for cell migration was determined, the IL-
1�–induced FGF-2 facilitates cell migration via PI 3-kinase and
p38 pathways. On the other hand, parallel pathways of PI
3-kinase and ERK1/2 are required for the stimulation of cell
proliferation mediated by the IL-1�–induced FGF-2; thus, it
appears that FGF-2 utilizes PI 3-kinase and ERK1/2 as the major
mitogenic pathways, whereas PLC-�1 serves as a minor path-
way.38 Taken together, our findings indicate that the major role
of IL-1� in EMT is the induction of FGF-2, whereas FGF-2
induced in such a fashion triggers the whole spectrum of the
EMT process.38–45 Of interest, p38 exerts two respective ac-
tivities, according to its biphasic activation: The first wave of
activation, which occurs within 1 hour after IL-1� stimulation,
causes FGF-2 production; the second wave of p38, which is
activated by the IL-1�–induced FGF-2 via PI 3-kinase, is in-
volved in cell migration.

Inflammation has been recognized as a common mecha-
nism of disease. Many diseases result from uncontrolled inflam-
mation, but the ability to intervene in the inflammatory process
is very limited because of an incomplete understanding of the
many molecular pathways and interactions involved in inflam-
mation. Of great importance, our in vitro EMT model shows
that the two respective pathways (the IL-1�– and FGF-2–medi-
ated) interact to link inflammatory responses directly to the
cellular responses triggered by the growth factors induced
during inflammation. Thus, it is important to dissect the inflam-
matory cascade and to address it in a systematic fashion. In
RCFM formation, production of FGF-2 by the infiltrating inflam-
matory cells would be the first step in intervening in the
blocking of EMT; thus, blocking the first enzyme, PI 3-kinase,
may be crucial before CECs are exposed to the direct mediator
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of EMT. The next stage-specific pathway in our EMT model is
blocking the p38 pathway as a means of pursuing the same
goal (blocking of FGF-2 production). If such an initial attempt
to block the IL-1�–induced FGF-2 production fails, a pathway-
specific blockade can be used depending on the stage of EMT
process with respect of cell migration or cell proliferation. The
ability to intervene in the stage-specific pathway may be the
means to obstruct inflammatory responses, not only in RCFM,
but in all fibrosis.
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