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Abnormal repair and dysregulated angiogenesis have been impli-
cated in the pathogenesis of pulmonary fibrosis, but the underlying
mechanisms of regulation are not well understood. The present
study investigated the role of phosphatidylinositol-3-kinase (PI3K)/
Akt in fibrogenesis of human lung fibroblasts and its regulation by
reactive oxygen species (ROS). Exposure of lung fibroblasts to
bleomycin, a known inducer of fibrosis, resulted in rapid activation
of PI3K/Akt and a parallel increase in fibroblast proliferation and
collagen production, characteristics of lung fibrosis. Bleomycin had
no significant effect on total Akt protein expression but induced
phosphorylation of the protein at threonine 308 and serine 473
positions. Inhibition of this phosphorylation by PI3K inhibitors or by
dominant-negative Akt (T308A/S473A) expression abrogated the
effects of bleomycin on fibroblast proliferation and collagen pro-
duction, suggesting the role of PI3K/Akt in the fibrogenic process.
Activation of PI3K/Akt by bleomycin also led to transcriptional
activation and protein expression of hypoxia-inducible factor-1a
(HIF-1a) and vascular endothelial growth factor, which contributed
to the fibroproliferative and collagen-inducing effects of bleomycin.
The fibrogenic effects of bleomycin were dependent on ROS gener-
ation, particularly superoxide anion and hydrogen peroxide, which
were induced by bleomycin. Inhibition of ROS generation by anti-
oxidant enzymes, catalase and superoxide dismutase mimetic
MnTBAP, abrogated the fibrogenic effects of bleomycin as well as
its induction of PI3K/Akt and HIF-1a activation. Together, our results
indicate a novel role of PI3K/Akt in fibrogenesis of human lung
fibroblasts and its regulation by ROS, which could be exploited for
the treatment of pulmonary fibrosis and related disorders.
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Pulmonary fibrosis is a progressive and lethal lung disease
characterized by excessive proliferation of fibroblasts and de-
position of extracellular matrix (ECM) (1, 2). The most
common form of pulmonary fibrosis is idiopathic pulmonary
fibrosis, which has a prevalence rate of 14 to 43 cases per
100,000 persons (3). Life expectancy after diagnosis of the
disease varies, but is on average less than 5 years (4). Despite
improvements in the diagnostic approach to pulmonary fibrosis
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CLINICAL RELEVANCE

This study suggests that in addition to its normal role as an
angiogenesis regulator, the PI3K/Akt also serves as a key
regulator of fibrogenesis by inducing fibroblast cell pro-
liferation and collagen synthesis via a redox-dependent
mechanism. These data have important implications in the
design of more effective strategies for the treatment of
pulmonary fibrosis and related disorders.

and active research in recent years, the molecular mechanisms
of the disease remain poorly understood and effective drug
therapy has yet to be developed (5, 6). It has been widely held
that chronic inflammation injures the lung and modulates
fibrogenesis, leading to the end-stage fibrotic scar. However,
therapeutic strategies based on the use of anti-inflammatory and
immunosuppressive agents are not effective in treating the
disease (6). Furthermore, increasing evidence suggests that fi-
broblast proliferation, and not chronic inflammation, constitutes
the primary events of ongoing lung injury and activation asso-
ciated with evolving fibrosis (7, 8). Mortality is increased in
patients with pulmonary fibrosis with greater profusion of
fibroblastic foci on lung histopathology (9, 10), suggesting that
the activation and persistence of fibroblasts may be a critical
regulatory event in the pathogenesis of pulmonary fibrosis.
Recent studies also suggest that fibrogenesis is associated with
abnormal repair and dysregulated angiogenesis (11, 12). Elabo-
ration of a provisional ECM by fibroblasts is an early repair
function that aids epithelial cell migration and regeneration to
restore barrier functions and maintain tissue architecture (13).
Studies in both animal models and tissue specimens from patients
with pulmonary fibrosis showed an abnormal repair and exag-
gerated angiogenesis. However, the mechanism underlying this
process and its effect on lung fibrogenesis are unclear.

Since angiogenesis is known to be regulated by PI3K/Akt
and since the role of this pathway in fibrogenesis is not well
understood, we sought to determine its role and elucidate the
underlying mechanism of regulation. We hypothesized that
PI3K/Akt plays a role in fibrogenesis in part through its
activation of fibroblast cell proliferation and production of
collagen matrix. The PI3K/Akt pathway is involved in many
cellular processes, including cell growth, differentiation, apo-
ptosis, and angiogenesis (14, 15), and is commonly triggered by
the activation of receptor tyrosine kinases, which leads to the
translocation of PI3K from cytoplasm to plasma membrane.
This translocation activates its catalytic subunit (p110a), which
in turn induces phosphorylation of phosphoinositides, leading to
the formation of second messengers (PI3, 4-biphosphate and
PI3, 4,5-triphosphate) that bind to the pleckstrin-homology
domain of Akt (16, 17). This binding induces a conformational
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change of Akt that exposes two amino acid residues, serine 473
and threonine 308, which are phosphorylated by PDK1 and
PDK2, respectively. The phosphorylation of these two amino
acids is necessary for Akt activation, which induces downstream
signaling molecules leading to various cellular functions. Pre-
vious studies indicate that PI3K/Akt is a key signaling pathway
involved in the activation of hypoxia-inducible factor-1 (HIF-1)
(18-21). HIF-1is a heterodimer composed of HIF-1a and HIF-1B
subunits. HIF-1a is a unique subunit that is induced in response to
various stimuli, including hypoxia, cytokines, and growth factors,
through redox regulation (22-24). HIF-1B is identical to the aryl
hydrocarbon nuclear translocator (25, 26) and is not regulated by
cellular redox state (27). HIF-1 regulates the expression of var-
ious target genes. One of the most important genes regulated by
HIF-1 is vascular endothelial growth factor (VEGF) (28-30).

VEGF is abnormally regulated in patients with fibrotic
diseases, including idiopathic myelofibrosis (12) and diffuse
lung fibrosis (31), and in an animal model of bleomycin-induced
lung fibrosis (32). Since VEGF is a key target of PI3K/Akt
signaling pathway (22, 33, 34), these studies suggest an in-
volvement of the PI3K/Akt pathway in fibrogenesis. However,
direct evidence for the role of PI3K/Akt in the fibrotic process is
still lacking. Furthermore, the mechanism by which PI3K/Akt is
regulated during this process is unclear. To allow mechanistic
investigations of the role of PI3K/Akt in this process, we used
genetic and pharmacologic approaches to modulate PI3K/Akt
and studied its effect on fibrogenesis of lung fibroblasts by
examining their proliferative and collagen-producing activities
in response to bleomycin treatment. We showed that activation
of PI3K/AKkt is critically involved in the fibroproliferative and
collagen-inducing effects of bleomycin, and that these effects
are mediated in part through HIF-1a — VEGEF signaling path-
way. The induction of fibrogenic signaling pathway was also
shown to be dependent on ROS generation, particularly super-
oxide anion and hydrogen peroxide, thus revealing a novel
mechanism of fibrogenesis regulation that could have important
implications in antifibrotic therapy.

MATERIALS AND METHODS

Reagents and Cell Culture

Antibodies against Akt and phospho-Akt Ser473 and Thr308 were
obtained from Cell Signaling Technology, Inc. (Beverly, MA). Anti-
bodies for collagen type I and type III were from Fitzgerald (Concord,
MA). Antibodies for HIF-la, B-actin, and horseradish peroxidase
(HRP)-conjugated secondary antibodies were from Santa Cruz Bio-
technology (Santa Cruz, CA). Human VEGF immunoassay kit, a neu-
tralizing antibody against VEGF, and its nonspecific control antibody
were from R&D Systems (Minneapolis, MN). LY-294002, wortmannin,
PD98059, and Mn(I1I) tetrakis (4-benzoic acid) porphyrin (MnTBAP)
were obtained from Calbiochem (La Jolla, CA). Catalase was from
Roche Molecular Biochemicals (Indianapolis, IN). Akt mutant plasmid
(SRa-Akt T308 A/S473A) and control plasmid were a gift from C. Huang
(New York University, Tuxedo, NY). VEGF reporter (VEGF-luc) and
control plasmid were obtained from American Type Culture Collection
(ATCC, Manassas, VA). All other chemicals and reagents including
bleomycin sulfate, dihydroethidine, and dichlorofluorescein diacetate
were from Sigma Chemical, Inc. (St. Louis, MO).

The human lung fibroblast CRL-1490 cell line was obtained from
ATCC. The cells were maintained in Eagle’s Minimum Essential
medium (MEM) supplemented with 10% fetal bovine serum (FBS),
100 U/ml penicillin, and 100 pg/ml streptomycin. They were cultured at
37°C in 5% CO, incubator. The cells were passaged at preconfluent
densities using a solution containing 0.05% trypsin and 0.5 mM EDTA.

Cell Proliferation and Collagen Assays

Cells were seeded in 12-well plates at a density of 2 X 103 cells/well in
MEM supplemented with 10% FBS at 37°C in a 5% CO, incubator. At
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various times after the treatment, cells were scraped and washed twice
with phosphate-buffered saline (PBS) and centrifuged at 1,000 X g for
5 minutes. Cells were resuspended in 1 ml of Hanks’ balanced salt
solution and counted using a hemocytometer. A minimum of three
separate experiments was performed for each assay. Collagen content
was determined by Western blotting as described below and by Sircol
assay (Biocolor Ltd, Belfast, UK), according to the manufacturer’s
protocol. Briefly, Sirius red reagent (50 wl) was added to cell culture
supernatant (50 pl) and mixed for 30 minutes. The collagen—dye
complex was precipitated by centrifugation at 16,000 X g for 5 minutes,
washed with ethanol, and dissolved in 0.5 M NaOH. The samples were
introduced into a microplate reader and read for absorbance at 540 nm.

Apoptosis Assay

Apoptosis was determined using an enzyme-linked immunosorbent
assay (ELISA)-based DNA fragmentation assay kit (Roche Molecular
Biochem., Indianapolis, IN), according to the manufacturer’s instruc-
tions. Briefly, cells were lysed with 200 pl of lysis buffer at room
temperature, and the cell lysate (20 pl) was mixed with an antibody
solution (80 pl) at room temperature for 2 hours. The substrate was
then added after the wells were washed three times with a washing
buffer. After incubation for 15 minutes at 37°C, optical density was
measured using a microplate reader at the wavelength of 405 nm.

Western Blot Analysis

After specific treatments, cells were harvested and lysed on ice for
30 minutes in lysis buffer containing 150 mM NaCl, 100 mM Tris (pH
8.0), 1% Triton X-100, 1% deoxycholic acid, 0.1% SDS, 5 mM EDTA,
10 mM sodium formate, 1 mM sodium orthovanadate, 2 mM leupeptin,
2 mM aprotinin, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithio-
threitol, and 2 mM pepstatin A. After centrifugation at 14,000 X g for
15 minutes at 4°C, the supernatant was collected as the total cellular
protein extract. The protein concentrations were determined using
a bicinchoninic acid protein assay kit (Pierce Biotechnology, Rockford,
IL). Equal amount of proteins per sample (20 wg) were resolved on
a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto a nitrocellulose membrane. The
membrane was blocked with T-PBS (0.3% Tween-20 in PBS) contain-
ing 3% dry milk and incubated with primary antibody overnight at 4°C.
After three washes with T-PBS, the membrane was incubated with HRP-
conjugated secondary antibody for 1 hour and then washed with 0.05%
Tween-20 in PBS. Immunoreactive proteins were detected by chemilu-
minescence (Supersignal West Pico; Pierce, Rockford, IL) and quanti-
fied by imaging densitometry using UN-SCAN-IT digitizing software
(Silk Scientific, Orem, UT). Mean densitometry data from independent
experiments were normalized to results in cells from control experiments.

ROS Detection

Cellular ROS production was determined fluorometrically using dihy-
droethidine (DHE) and dichlorofluorescein diacetate (DCF-DA) as
fluorescent probes for superoxide and peroxide, respectively. After
specific treatments, cells were incubated with the probes (10 uM) for
30 minutes at 37°C, after which they were washed, resuspended in PBS,
and analyzed for fluorescence intensity using a multiwell plate reader
(FLUOstar OPTIMA; BMG LABTECH Inc., Durham, NC) at the
excitation/emission wavelengths of 485/535 nm and 485/610 nm for
DHE and DCF fluorescence measurements, respectively.

Stable Transfection of Dominant-Negative Akt

CRL-1490 cells were cultured in a 6-well plate until they reached 70 to
80% confluence. The cells were transfected with 1 ug of CMV-neo
vector and 15 pl of Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
along with 2 g of mutated Akt (SRa-Akt T308A/S473A) or control
plasmid in the absence of serum. After 5 hours, the medium was
replaced with 5% FBS MEM, and 36 hours later they were trypsinized
and plated onto 75-ml culture flasks. The cells were then cultured in
G418 selection medium (400 pg/ml) for 28 days. The selected cells were
grown in G418-free MEM for two passages before each experiment.

VEGF Protein and Reporter Gene Assays

For analysis of VEGF protein, cells were plated in a 6-well plate at
adensity of 2 X 10° cells/well in culture medium and incubated overnight
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before the cells were subjected to treatment. After the treatment, cell
supernatants were collected and analyzed for VEGF protein levels using
a Quantikine ELISA kit (R&D Systems). Cell samples or reference
standards (200 pl) were added to the wells of a microplate that was pre-
coated with a monoclonal antibody specific to VEGF and incubated for 2
hours at room temperature. After washing unbounded substances, an
HRP-conjugated polyclonal antibody against VEGF was added to the
wells and incubated for 2 hours at room temperature. After washing and
addition of 200 .l of substrate solution, optical density was determined
on a microplate reader at 450 nm.

For VEGF reporter gene assay, cells were seeded in 12-well plates
and cultured to 50 to 60% confluence. Cells were transfected with 1 pg
of either VEGF reporter (VEGF-luc) plasmid (ATCC) or control
plasmid and 10 ng of pRL-tk normalizing luciferase plasmid (Promega,
Madison, WI) using Lipofectamine 2,000 transfecting agent (Invitro-
gen), according to the manufacturer’s protocol. After a 24-hour re-
covery period, transfected cells were treated with bleomycin for
12 hours and cell extracts were prepared and analyzed for luciferase
activity using a Promega dual-luciferase assay kit (Promega). Both
firefly and Renilla luciferase activities were measured using a multiwell
plate luminometer (BMG LABTECH). Normalized reporter activity
was expressed as the firefly luciferase value divided by the Renilla
luciferase value. Relative fold activity was calculated as the normalized
reporter activity of the treated sample over control.

Reverse Transcription PCR

Total RNA was extracted with TRIZOL (Invitrogen) and reverse
transcription PCR was performed with Access RT-PCR System
(Promega) according to the manufacturer’s instructions. The thermal
profiles consisted of 94°C for 3 minutes for initial denaturing followed
by 30 cycles of 95°C for 1 minute, 64°C for 1 minute, and 72°C for
1 minute. Specific primers used for PCR are as follows: VEGF (forward,
5'-TCTTCAAGCCATCCTGTGTGC-3’; reverse, 5'-CACATTTGTT
GTGCTGTAGGA AGC-3"), HIF-1a (forward, 5'-TGTAATGCTCC
CCTCACCCAACGAA-3’; reverse, 5'-CAGGGC TTGCGGAACT
GCTTTCTA A-3'), and glyceraldehyde-3-phosphate dehydrogenase
(forward, 5'-CGGAGTCAACGGATTTGGTCGTAT-3'; reverse, 5'-
AGCCTTCTCCATGGTTGGTGAAGAC-3"). The PCR products
were electrophoresed in a 1.5% agarose gel, stained with ethidium bro-
mide, and photographed.

Inhibition of HIF-1a by RNA Interference

Lentiviral transduction particles carrying short hairpin RNA (shRNA
sequence against human HIF-la (5'-CCGGCGGCGAAGTAAAGAAT
CTGAACTCGAGTTCAGATTCTTITACTTCGCC GTTTTT-3') and
control non-target sequence (5-CCGGCAACAAGATGAAGAGC
ACCAACTC GAGTTGGTGCTCTTCATCTTGTTGTTTTT-3') were
used to knockdown HIF-la expression in CRL-1490 cells. The viral
vectors were obtained commercially from Sigma Chemical, Inc. (Cat #
SHVRS-NM_001530 and SHCO002V, respectively) and were used
according to the manufacturer’s instructions. Briefly, cells were seeded
in 6-well plates (5 X 10%well) and incubated with HIF-1la shRNA
lentiviral particles or control particles at the multiplicity of infection
(MO]) of 1.5 in the presence of hexadimethrine bromide (8 pg/ml) for
36 hours. Transfected cells were analyzed for HIF-la by Western
blotting before use.

Statistical Analysis

The data represent mean * SD from three or more independent
experiments. Statistical analysis was performed by ANOVA and
Duncan’s comparison tests were used to evaluate the significance
between measurements at a significance level of P < 0.05.

RESULTS
Bleomycin Induces Fibroblast Proliferation and
Collagen Production

To determine whether bleomycin can directly induce fibroblast
proliferation and collagen production, human lung fibroblast

CRL-1490 cells were treated with various concentrations of
bleomycin, and cell growth and collagen protein expression
were determined by cytometry and Western blotting, respec-
tively. As shown in Figure 1A, fibroblast proliferation was
induced by bleomycin in a dose-dependent manner. The
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Figure 1. Induction of fibroblast proliferation and collagen production by

bleomycin. (A) Subconfluent cultures of human lung fibroblast CRL-1490
cells were exposed to various concentrations of bleomycin (0-25 mU/ml)
and analyzed for cell growth after 24 hours. (B) Cells were similarly exposed
to bleomycin for 24 hours and analyzed for apoptosis by enzyme-linked
immunosorbent assay (ELISA)-based DNA fragmentation assay. (C) West-
ern blot analysis of collagen protein expression in response to bleomycin
treatment. Cells were treated with the indicated concentrations of
bleomycin for 12 hours, after which they were washed with ice-cold
phosphate-buffered saline (PBS) and extracted with SDS sample buffer.
The cell extracts were separated on polyacrylamide-SDS gels, transferred,
and probed with antibodies specific for human collagen type I and Ill. Blots
were reprobed with B-actin antibody to confirm equal loading of the
samples. The immunoblot signals were quantified by densitometry. Mean
densitometry data from independent experiments (one of which is shown
here) were normalized to the result obtained in cells in the absence of
bleomycin (control). (D) Sircol assay of soluble collagen content in the
supernatants of bleomycin-treated cells from above. Values are mean = SD
(n = 4).*P < 0.05 versus nontreated control.
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Figure 2. Induction of Akt phosphorylation by bleomycin and its
inhibition by phosphatidylinositol-3-kinase (PI3K) inhibitors. (A) Dose
effect of bleomycin on Akt phosphorylation. CRL-1490 cells were
treated with various concentrations of bleomycin for 6 hours, after
which they were washed with PBS and extracted with SDS sample
buffer. The cell extracts were separated on 10% polyacrylamide-SDS
gels, transferred, and probed with antibodies against phospho-Akt
(Ser473 and Thr308) and Akt. (B) Time-dependent effect of bleomycin
on Akt phosphorylation. Cells were treated with bleomycin (10 mU/ml)
for various times and analyzed for phospho-specific and total Akt by
immunoblotting. (C) Cells were either left untreated or pretreated with
LY294002 (10 pM) or wortmannin (10 wM) for 1 hour, followed by
bleomycin treatment (10 mU/ml) for 6 hours. Cell lysates were
prepared and analyzed for phospho-Akt and total Akt. The immunoblot
signals were quantified by densitometry. Values are mean = SD (n =
3). *P < 0.05 versus nontreated control, #P < 0.05 versus bleomycin-
treated control.

maximum growth response was observed at the treatment dose
of 10 mU/ml. At higher doses, bleomycin caused apoptotic cell
death as determined by ELISA-based DNA fragmentation
assay (Figure 1B). Bleomycin also induced a dose-dependent
effect on collagen protein expression. Figure 1C shows that
collagen type I and III, two of the most abundant proteins of the
ECM (35, 36), were induced by the bleomycin treatment. The
induction of collagen by bleomycin was independent of its effect
on cell growth, since collagen expression was determined on the
basis of equal cellular protein per sample. Analysis of total
collagen content in the cell supernatants of bleomycin-treated
samples by Sircol assay similarly showed the dose-dependent
effect of bleomycin on soluble collagen content (Figure 1D).
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Figure 3. Effects of PI3K and mitogen-activated protein kinase/ERK

kinase (MEK) inhibitors on bleomycin-induced collagen production
and fibroblast cell growth. (A) CRL-1490 cells were either left untreated
or pretreated for 1 hour with the indicated concentrations of LY294002,
wortmannin, or PD98059, followed by bleomycin treatment (10 mU/ml)
for 12 hours. Collagen protein expression was determined by Western
blotting. The density of collagen bands was quantified and normalized
against the nontreated control band. Plots show treatment effect on
collagen type | expression. Similar results were observed with collagen
type Ill. (B) Cell supernatants from above were analyzed for soluble
collagen content by Sircol assay. (C) Cells were treated with the test
agents as described above and assayed for cell growth after 24 hours. (D)
Cells were stably transfected with Akt mutant (SRa-Akt T308A/S473A)
plasmid or control plasmid as described in MATErIALS AND METHODS. Trans-
fected cells were treated with bleomycin (10 mU/ml) for 12 hours and
collagen expression, cell proliferation, and Akt phosphorylation were
determined. Values are mean =+ SD (n = 3). *P < 0.05 versus nontreated
control, #P < 0.05 versus bleomycin-treated control.

Together, these results indicate that bleomycin was able to
directly induce fibroblast proliferation and collagen production
in CRL-1490 cells.
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Activation of Fibroblasts by Bleomycin is Dependent
on PI3K/Akt

To determine whether PI3K/Akt plays a role in the fibrogenic
effect of bleomycin, cells were treated with bleomycin in the
presence or absence of PI3K inhibitors, LY294002 and wort-
mannin, and their effects on Akt expression and phosphoryla-
tion, as well as on fibroblast proliferation and collagen ex-
pression, were determined. Figures 2A and 2B show that
bleomycin was able to induce Akt phosphorylation in a dose-
and time-dependent manner, whereas it had no significant effect
on total Akt protein level. The induction of Akt phosphoryla-
tion occurred at Thr308 and Ser473 positions, and this effect
was inhibited by the PI3K inhibitors (Figure 2C), suggesting
that bleomycin-induced Akt phosphorylation was through PI3K
activation. The PI3K inhibitor LY294002 and wortmannin also
inhibited bleomycin-induced fibroblast proliferation and colla-
gen production (Figures 3A-3C). Furthermore, stable trans-
fection of the cells with mutated Akt-T308A/S473A, which
inhibited bleomycin-induced Akt phosphorylation (Figure 3D),
caused a substantial decrease in the fibrogenic responses to
bleomycin treatment as compared with control transfection
(Figure 3D), supporting the role of PI3K and Akt phosphory-
lation in the fibrogenic effects of bleomycin. We also investi-
gated whether mitogen-activated protein kinase/ERK kinase
(MEK), which is an upstream activator of extracellular signal—
regulated kinase (ERK), was involved in this induction. Cells
were treated with bleomycin in the presence or absence of
PD98059, a specific inhibitor of MEK, and its effects on cell
proliferation and collagen production were similarly deter-
mined. Figures 3A-3C show that PD98059 had minimal effects
on bleomycin-induced fibroblast proliferation and collagen
expression. The result was confirmed by the observation that
another ERK inhibitor, UO126, also had no significant effect on
the fibroblast responses (data not shown). Together, these
results suggest that PI3K/Akt, but not ERK, is involved in the
growth and collagen inducing effects of bleomycin in lung
fibroblasts.

Figure 4. Effects of bleomycin and PI3K inhibitors on vascular
endothelial growth factor (VEGF) and hypoxia-inducible factor-1a
(HIF-1a) expression. (A) CRL-1490 cells were treated with the
indicated concentrations of bleomycin and at various times after
the treatment, cell supernatants were collected and analyzed for
VEGF protein by ELISA. (B) Cells were treated with bleomycin
(10 mU/ml) in the presence or absence of LY294002 (10 pM). At
various times after the treatment, VEGF protein levels were de-
termined as described. (C) Cells were transfected with 1 g of either
the VEGF reporter (VEGF-luc) or control plasmid and 10 ng of pRL-tk
normalizing luciferase plasmid. Transfected cells were treated with
bleomycin (10 mU/ml) in the presence or absence of LY294002
(10 wM), and analyzed for luciferase activity after 12 hours. (D) RT-
PCR was done to quantify the expression of the indicated transcripts
after treatment of the cells with various concentrations of bleomycin
(0-25 mU/ml) for 12 hours. (E) Immunoblot analysis of HIF-1a
protein expression after treatment of the cells with the indicated
concentrations of bleomycin for 12 hours. Cell extracts were pre-
pared, separated on 10% polyacrylamide-SDS gels, transferred, and
probed with HIF-1a antibody. (F) Cells were either left untreated or
pretreated with LY294002 (10 wM) or wortmannin (10 uM) for
1 hour, followed by bleomycin treatment (10 mU/ml) for 12 hours.
Cell lysates were prepared and analyzed for HIF-1a. Blots were
reprobed with B-actin antibody to confirm equal loading of the
samples. The immunoblot signals were quantified by densitometry.
Values are mean = SD (n = 3). *P < 0.05 versus nontreated control,
#P < 0.05 versus bleomycin-treated control.

Bleomycin Induces VEGF and HIF-1a

VEGF is a known target of PI3K/Akt signaling (34) and is up-
regulated in fibrotic lungs (12, 31, 32). Since Akt is activated by
bleomycin (Figure 2), we tested whether VEGF could be
induced by the bleomycin treatment through Akt signaling.
Cells were treated with bleomycin and cell supernatants were
collected and analyzed for VEGF at various times by ELISA.
Figure 4A shows that VEGF protein levels were strongly
induced by the bleomycin treatment in a dose- and time-
dependent manner. At the concentrations of 1 and 10 mU/ml,
bleomycin induced 12 = 1 and 26 * 3 ng/ml of VEGEF,
respectively, after a 24-hour treatment. The induction of VEGF
by bleomycin was completely inhibited by the PI3K inhibitor
LY294002 (Figure 4B), indicating that bleomycin-induced
VEGF production was through the PI3K pathway. A similar
effect was observed with wortmannin (data not shown). We also
determined whether this induction is mediated through tran-
scriptional activation of VEGF. Cells were transfected with
a reporter plasmid carrying VEGF promoter (VEGF-luc) or
a control plasmid. After transfection, the cells were treated with
bleomycin in the presence or absence of LY294002 and their
luciferase activity was determined by luminescence. Figure 4C
shows that bleomycin induced a substantial increase in lucifer-
ase activity and that this induction was inhibited by the PI3K
inhibitor. RT-PCR analysis of VEGF transcript further shows
that bleomycin treatment increased VEGF mRNA levels in
a dose-dependent manner (Figure 4D). Together, these results
indicate that bleomycin induced transcriptional activation of
VEGEF through PI3K signaling.

Since HIF-1a is a known regulator of VEGF (28, 29), we
tested whether this transcription factor is activated by the
bleomycin treatment. Cells were treated with various concen-
trations of bleomycin (0-25 mU/ml) and HIF-1a expression was
determined by RT-PCR and Western blot analysis. Figures 4D
and 4E show that HIF-la transcript and protein levels were
induced by the bleomycin treatment with a maximal dose
response observed at 10 mU/ml. Figure 4F further shows that
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the induction of HIF-la by bleomycin was inhibited by the
PI3K inhibitors LY294002 and wortmannin, supporting the role
of PI3K/Akt in bleomycin-induced HIF-1« activation.

HIF-1a Regulates Bleomycin-Induced VEGF Production

To determine the potential regulation of VEGF by HIF-1l« in
bleomycin-treated cells, cells were transfected with HIF-1a
shRNA (shHIF) viral particles or control siRNA (shCON)
particles, and their effects on bleomycin-induced VEGF pro-
duction was determined. Western blot analysis of HIF-1a in the
transfected cells shows a substantial reduction in HIF-la
expression in the shHIF-transfected cells as compared with
shCON-transfected cells (Figure 5A). The shHIF-transfected
cells also produced less VEGF than the control transfected cells
in response to bleomycin treatment (Figure 5B). We also tested
the effect of HIF-1a knockdown on collagen expression and
fibroblast proliferation. Figures 5C and 5D show that the
shHIF-transfected cells expressed significantly lower level of
collagen and were less responsive to cell growth induced by
bleomycin as compared with control transfected cells. Together,
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Figure 5. Effects of HIF-1a knockdown on bleomycin-induced VEGF
secretion, fibroblast proliferation, and collagen expression. CRL-1490
cells were transfected with HIF-Ta shRNA (shHIF) viral particles or
control shRNA (shCON) particles as described in MATERIALS AND METHODS.
(A) Thirty-six hours after the transfection, cells were analyzed for HIF-1«
expression by Western blotting. (B and C) Transfected cells were
treated with bleomycin (10 mU/ml) for 12 hours and analyzed for
VEGF secretion by ELISA and collagen expression by Western blotting.
(D) Cell growth determined at 24 hours after bleomycin treatment
(10 mU/ml). Values are mean = SD (n = 3). *P < 0.05 versus
nontreated control, #P < 0.05 versus shCON-treated control.
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these results indicate the role of HIF-1a as a positive regulator
of VEGF and fibrogenic signaling in bleomycin-treated lung
fibroblasts.

VEGF Induces Fibroblast Proliferation and
Collagen Expression

Since VEGF is a key effector molecule of the PI3K/Akt/HIF-1«
signaling pathway, we tested whether VEGF could be a key
mediator of the fibrogenic effect of bleomycin. First, cells were
treated with VEGF at the concentrations induced by bleomycin
(10-25 ng/ml), and cell proliferation and collagen expression of
lung fibroblasts were determined. Figures 6A and 6B show that
VEGF was able to induce collagen expression and fibroblast
proliferation in a dose-dependent manner; however, such in-
ductions were less pronounced than those observed with
bleomycin. Second, cells were treated with bleomycin in the
presence of neutralizing anti-VEGF antibody or control anti-
body, and their effects on fibroblast proliferation and collagen
expression were determined. Figures 6C and 6D show that as
compared with control antibody treatment, the neutralizing
antibody treatment significantly inhibited the growth- and
collagen-inducing effects of bleomycin. However, such inhibition
was incomplete, and increasing the concentration of the neutral-
izing antibody beyond the indicated concentration (100 ng/ml)
did not result in further inhibition. These results suggest that
although VEGF could be a key mediator of the fibrogenic effect
of bleomycin, other mediators induced by PI3K/Akt or other
mechanisms of fibroblast activation are also involved.

Requirement of ROS for Bleomycin-Induced
PI3K/Akt Activation

To determine whether the activation of PI3K/Akt by bleomycin
is mediated by ROS, which has not been demonstrated, we
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Figure 6. Effects of VEGF on collagen expression and fibroblast pro-
liferation. (A) CRL-1490 cells were treated with recombinant VEGF
(10 and 25 ng/ml) for 12 hours and analyzed for collagen expression by
Western blotting. Bleomycin (10 mU/ml) was used as a positive
control. Densitometry was performed to determine the relative levels
of collagen expression after reprobing with B-actin antibody. (B) Cells
were similarly treated with VEGF and bleomycin, and analyzed for cell
growth after 24 hours. (C and D) Cells were treated with bleomycin
(10 mU/ml) in the presence of neutralizing anti-VEGF or control
antibody (100 ng/ml), and collagen expression and cell growth were
determined after 12 hours and 24 hours, respectively. Values are mean *
SD (n = 4). *P < 0.05 versus nontreated control, #P < 0.05 less than
control antibody treatment with bleomycin but greater than non-
bleomycin-treated control.
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studied the effects of bleomycin on cellular ROS generation and
PI3K/AKkt activation. Cells were treated with various concen-
trations of bleomycin, and ROS generation was determined by
fluorometry using hydroethidine (DHE) and dichlorofluores-
cein diacetate (DCF-DA) as oxidative probes. Figure 7A shows
that bleomycin induced a dose-dependent increase in cellular
DHE and DCF fluorescence intensities, indicative of superox-
ide and peroxide formation, respectively. The potential role of
ROS in bleomycin-induced Akt activation was further exam-
ined by evaluating the effect of MnTBAP (a superoxide
dismutase mimetic and O, scavenger) and catalase (H,O;
scavenger) on bleomycin-induced Akt phosphorylation. Figure
7B shows that both MnTBAP and catalase completely inhibited
bleomycin-induced Akt phosphorylation. Total Akt levels were
relatively unaffected by these treatments. The ability of the
antioxidants to inhibit Akt activation by bleomycin indicates
the role of ROS in this process. Bleomycin-induced lung fibrosis
has been reported to be associated with increased ROS pro-
duction (37, 38). To test whether ROS might mediate the
fibrogenic effect of bleomycin through PI3K/Akt— HIF-
la— VEGF signaling, we evaluated the effect of antioxidants
on bleomycin-induced HIF-la and VEGF activation. Figures
7C and 7D show that the antioxidants MnTBAP and catalase
strongly inhibited HIF-1a and VEGF expression induced by
bleomycin. Mn'TBAP and catalase treatment alone had minimal
effects on cytokine expression and Akt phosphorylation in
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Figure 7. Induction of reactive oxygen species (ROS) generation by
bleomycin and its effects on Akt, HIF-1a, and VEGF expression. (A) CRL-
1490 cells were treated with various concentrations of bleomycin (0-
10 mU/ml) and analyzed for ROS production by measuring DHE and
DCF fluorescence intensities. Plots show relative fluorescence intensity
over nontreated control at the peak response time of 3 hours after
treatment. (B) Cells were pretreated for 1 hour with MnTBAP (100 M)
or catalase (1,000 U/ml), and then treated with bleomycin (10 mU/ml)
for 6 hours and analyzed for Akt phosphorylation and expression by
Western blotting. (C) Cells were pretreated for 1 hour with MnTBAP
(100 wM) or catalase (1,000 U/ml), and then treated with bleomycin
(10 mU/ml) for 12 hours and analyzed for HIF-1a expression by
Western blotting. Blots were reprobed with B-actin antibody to confirm
equal loading of the samples. The immunoblot signals were quantified
by densitometry. (D) Cells were pretreated for 1 hour with MnTBAP
(100 wM) or catalase (1,000 U/ml), and then treated with bleomycin
(10 mU/ml) for 12 hours and analyzed for VEGF protein levels by ELISA.
Values are mean * SD (n = 3). *P < 0.05 versus nontreated control,
#P < 0.05 versus bleomycin-treated control.

unstimulated cells (data not shown). These results support the
role of ROS in fibrogenic signaling induced by bleomycin.

Involvement of ROS in Bleomycin-Induced Fibroblast
Proliferation and Collagen Production

Having demonstrated the role of ROS in bleomycin-induced
PI3K/Akt activation and HIF-la and VEGF expression, we
next determined the effects of ROS on bleomycin-induced
fibroblast proliferation and collagen production. Cells were
treated with bleomycin in the presence or absence of MnTBAP
and catalase, and their effects on fibroblast proliferation and
collagen production were determined. Figures 8A-8C show that
MnTBAP and catalase strongly inhibited the proliferative and
collagen-inducting effects of bleomycin, whereas MnTBAP and
catalase control treatment had minimal effects (data not
shown). Together, these results support the role of ROS as
a key regulator of fibrogenesis induced by bleomycin through
PI3K/Akt activation.
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Figure 8. Effects of ROS on bleomycin-induced collagen production
and fibroblast proliferation. (A) CRL-1490 cells were pretreated for
1 hour with MnTBAP (100 wM) or catalase (1,000 U/ml), and then
treated with bleomycin (10 mU/ml) for 12 hours and analyzed for
collagen by Western blotting. Blots were reprobed with B-actin
antibody to confirm equal loading of the samples. The immunoblot
signals were quantified by densitometry. (B) Cell supernatants from
above were analyzed for soluble collagen content by Sircol assay. (C)
Cells were pretreated for 1 hour with MnTBAP (100 wM) or catalase
(1,000 U/ml), and then treated with bleomycin (10 mU/ml) for
24 hours and analyzed for cell growth. Values are mean = SD (n = 4).
*P < 0.05 versus nontreated control, #P < 0.05 versus bleomycin-treated
control.
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DISCUSSION

The role of PI3K/Akt in cell survival and angiogenesis is well
established, but its role in fibrogenesis is not well understood. In
this study, we demonstrated that PI3K/Akt plays an important
role in fibrogenesis of human lung fibroblasts induced by bleo-
mycin by up-regulating cell growth and collagen expression. The
effect of bleomycin on cell growth is dose dependent. At low
doses (0.1-10 mU/ml) bleomycin promoted cell growth, whereas
at higher doses it induced apoptotic cell death (Figure 1). This
latter effect of bleomycin was previously reported by Yen and
coworkers (39) in human lung fibroblast W138 cells. In primary
lung fibroblasts isolated from rats, Koslowski and colleagues (40)
showed that bleomycin induced terminal differentiation of the
cells at the same dose range that was shown in this study to
stimulate cell growth. This discrepancy may be attributed to the
lack of proliferative capacity of the isolated lung cells in vitro
undergoing terminal differentiation. However, both studies dem-
onstrated the collagen-inducing effect of bleomycin at the same
dose range, which is consistent with a previous report by
Yamamoto and coworkers (41) in skin fibroblasts.

Bleomycin induced Akt phosphorylation at ser473 and
thr308 positions through PI3K activation, which is required
for the induction of fibroblast proliferation and collagen ex-
pression (Figures 2 and 3). Previous studies have shown that
PI3K is involved in the activation of Akt under various
physiologic and pathologic conditions (14, 39, 42); however,
PI3K-independent mechanisms of Akt activation have also
been reported (43, 44). In this study, we found that PI3K is
an important upstream regulator of bleomycin-induced Akt
activation, and that ERK pathway plays a minor role in this
process (Figure 3). The results of this study also demonstrated
that the activation of PI3K/Akt by bleomycin requires ROS
generation, and that this ROS induction plays a crucial role in
the regulation of fibroblast proliferation and collagen expres-
sion induced by bleomycin. ROS have been shown to play a role
in various cellular processes, but its role in fibrogenesis and the
regulatory mechanisms are unclear. We found that ROS was
induced by the fibrogenic agent bleomycin and that inhibition of
ROS by the antioxidant enzyme catalase and MnTBAP strongly
inhibited the growth- and collagen-inducing effects of bleomy-
cin (Figure 8). Likewise, both MnTBAP and catalase inhibited
the activation of Akt by bleomycin (Figure 7), supporting the
role of Akt and its regulation by ROS in the fibrogenic process.
The requirement of ROS in bleomycin-induced Akt activation
and fibrogenesis has not been reported, and our results provide
evidence supporting its role and identify key ROS involved (i.e.,
superoxide anion and hydrogen peroxide).

Several mechanisms of bleomycin-induced fibrosis have been
proposed, including epithelial cell injury, basement membrane
disruption, ECM remodeling, and angiogenesis. After injury,
the epithelium initiates a wound healing process to restore the
integrity of its barrier. This process is facilitated by connective
tissue cells, in particular fibroblasts, which produce ECM that
promotes epithelial cell migration and re-epithelialization (45).
Uncontrolled or excessive production of ECM by fibroblasts is
widely believed to be a key contributing factor in the devel-
opment of lung fibrosis. Activation of fibroblast proliferation
and accumulation of ECM during the repair process necessitate
neovascularization, and increasing evidence supports its role in
fibrogenesis (35, 45, 46). The angiogenic process is known to
involve an intricate cytokine network that activates and medi-
ates interactions between multiple cell types. A key mediator
of angiogenesis is VEGF, which is overexpressed in fibrotic
lungs (12, 30) and is known to be activated by the transcription
factor HIF-1a (28, 29). Our results show that bleomycin induced
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HIF-1a gene and protein expression in a dose-dependent
manner (Figures 4D and 4E). This effect of bleomycin was
inhibited by PI3K inhibitors (Figure 4F), indicating that bleo-
mycin induces HIF-1a activation through the PI3K/Akt path-
way. Consistent with previous reports showing the regulatory
role of HIF-1a on VEGF expression (26, 27, 47), we found that
VEGF gene and protein expression was also up-regulated by
the bleomycin treatment and that this effect can be inhibited by
the PI3K inhibitor L'Y294002 (Figures 4A-4C). Therefore, in
response to bleomycin, PI3K/Akt may be the major signaling
pathway regulating VEGF via HIF-1la activation, which is
supported by our experimental data (Figure 5). Furthermore,
ROS scavengers, MnTBAP and catalase, also inhibited bleomycin-
induced HIF-1a and VEGF expression (Figures 7C and 7D). Since
ROS also regulates PI3K/Akt signaling in response to bleomycin
treatment, it is likely that ROS may serve as an upstream regulator of
the fibrogenic signaling via PI3K/Akt — HIF-1a — VEGF pathway.

Our results also demonstrated that VEGF exerted a direct
stimulating effect on lung fibroblasts, inducing their prolifera-
tion and collagen expression (Figures 6A and 6B). Although
VEGF was induced by bleomycin (Figure 4A) and its neutral-
ization by anti-VEGF antibody significantly inhibited the
fibrogenic effects of bleomycin (Figures 6C and 6D), VEGF
alone could not account for the total fibrogenic effects of
bleomycin. These results indicate that other fibrogenic media-
tors induced by bleomycin or other mechanisms of fibrogenic
induction are also involved. However, the observation that
bleomycin-induced fibroblast activation was completely inhibited
by PI3K inhibitors (Figure 3) suggests that PI3K/Akt-mediated
fibrogenic factors are critically involved. Several growth factors
under the regulation of PI3K/Akt, including platelet-derived
growth factor (PDGF) and transforming growth factor-g (TGF-
B), have been reported (48, 49). These growth factors along with
several others, including basic fibroblast growth factor, ephrin-
B2, angiopoietins, and VEGF, have also been reported to
regulate PI3K/Akt (50) and have been implicated in the patho-
genesis of lung fibrosis (11, 12, 51). Furthermore, PDGF and
TGF-B are known to be indirect angiogenic mediators by pro-
moting angiogenesis through PI3K/Akt signaling (52, 53). Thus,
PI3K/Akt may regulate fibrogenesis through multiple mecha-
nisms that involve various cytokines and growth factors.

In summary, our data provide evidence that bleomycin
induces a direct fibrogenic effect on lung fibroblasts by up-
regulating collagen expression and cell proliferation through
PI3K/Akt signaling. Bleomycin also induces HIF-1a and VEGF
expression, which contributes, at least in part, to the fibrogenic
effect of bleomycin. Such induction requires ROS generation,
particularly superoxide anion and hydrogen peroxide. This
finding adds fibrogenesis to the growing lists of cellular events
that are regulated by ROS-mediated PI3K/Akt signaling. Since
fibroblast proliferation and collagen accumulation are key
characteristics of lung fibrosis, understanding its regulatory
mechanisms could aid in the development of more effective
therapies for the disease.
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