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ABSTRACT
Pulmonary fibrosis is a progressive lung disease hallmarked by increased fibroblast proliferation, amplified levels of extracellular matrix
deposition and increased angiogenesis. Although dysregulation of angiogenic mediators has been implicated in pulmonary fibrosis, the
specific rate-limiting angiogenic markers involved and their role in the progression of pulmonary fibrosis remains unclear. We demonstrate
that bleomycin treatment induces angiogenesis, and inhibition of the central angiogenic mediator VEGF using anti-VEGF antibody CBO-P11
significantly attenuates bleomycin-induced pulmonary fibrosis in vivo. Bleomycin-induced nitric oxide (NO) was observed to be the key
upstream regulator of VEGF via the PI3k/Akt pathway. VEGF regulated other important angiogenic proteins including PAI-1 and IL-8 in
response to bleomycin exposure. Inhibition of NO and VEGF activity significantly mitigated bleomycin-induced angiogenic and fibrogenic
responses. NO and VEGF are key mediators of bleomycin-induced pulmonary fibrosis, and could serve as important targets against this
debilitating disease. Overall, our data suggests an important role for angiogenic mediators in the pathogenesis of bleomycin-induced
pulmonary fibrosis. J. Cell. Biochem. 116: 2484–2493, 2015. © 2015 Wiley Periodicals, Inc.
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Pulmonary fibrosis is a progressive lung disease with no proven
therapeutic intervention and a limited array of biomarkers.

Pulmonary fibrosis is characterized by prominent fibroblast
proliferation and amplified deposition of extracellular matrix
(ECM) [Lu et al., 2010]. The pathogenesis of pulmonary fibrosis is
not clear, with evidence for involvement of abnormal repair and
aberrant vascular remodeling associated with angiogenesis in both
animal models and tissue specimens from patients [Nobel and
Norman, 2003; Steurer et al., 2007]. The existence of angiogenesis in
pulmonary fibrosis was first described by Turner-Warwick, who
demonstrated that neovascularization led to anastomoses between
the systemic and pulmonary microvasculature of patients with

widespread pulmonary fibrosis [Turner-Warwick, 1963]. Other
reports also have demonstrated vascular remodeling in pulmonary
fibrosis, suggesting that neovascularization enhances fibrosis [Peao
et al., 1994; Renzoni et al., 2003; Cosgrove et al., 2004]. Studies using
both animal models and tissue specimens from patients with
pulmonary fibrosis suggest an imbalance in the levels of angiogenic
chemokines as compared with angiostatic chemokines, favoring net
angiogenesis [Keane et al., 1997; Keane et al., 1999a; Keane et al.,
1999b; Keane et al., 2001]. However, in spite of the several studies
linking angiogenesis to pulmonary fibrosis, the specific mechanistic
details underlying angiogenic modulation in pulmonary fibrosis
remain unclear.
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Vascular endothelial growth factor (VEGF) plays an important role in
vascular permeability and angiogenesis by inducing migration,
proliferation, elongation, network formation and branching of
endothelial cells [Carmeliet and Collen, 2000; Helmlinger et al.,
2000]. VEGF is expressed abundantly by various cells in adult
human lungs including alveolar epithelial cells, clara cells, macro-
phages and fibroblasts [Fehrenbach et al., 1999]. VEGF is reported to
be dysregulated in patients with fibrotic diseases such as idiopathic
myelofibrosis and diffused lung fibrosis [Meyer et al., 2000; Steurer
et al., 2007]. Recent reports also suggest that pathological changes in
the lung are accompanied by elevated expression of other
angiogenic mediators such as plasminogen activator inhibitor-1
(PAI-1), chemokine receptor (CXCR) and Akt, and cytokines such as
interleukin-8 (IL-8), and IL-1b, all of whichmay play a critical role in
pulmonary fibrosis [Fichtner et al., 2004; Russo et al., 2009; Russo
et al., 2011; Bhandary et al., 2013]. While these factors have been
shown to be important in pulmonary fibrosis, the mechanisms by
which these mediators are regulated also remains poorly understood.
Free radicals such as nitric oxide (NO) are also known to play an
important role in the development of pulmonary fibrosis [Kinnula
et al., 2005; Noguchi et al., 2014]. Nitric oxide (NO) is an important
signaling molecule produced endogenously from L-arginine in a
reaction catalyzed by NO synthases (NOSs) [Azad et al., 2006; Iyer
et al., 2014]. NO is known to play an important role in maintaining
respiratory homeostasis, and therefore even subtle changes in its rate
of production may critically impact cellular homeostasis [Ricciar-
dolo et al., 2004]. Several reports have implicated NO in various
physiological processes, including angiogenesis in a manner
consistent with a pro-angiogenic phenotype.

In this study, we investigated the role of angiogenesis in the
pathogenesis of pulmonary fibrosis by analyzing the effect of
angiogenic mediators such as NO and VEGF on bleomycin-induced
pulmonary fibrosis. The overall objective of this study is to analyze
(a) the effect of bleomycin on angiogenesis and important
angiogenic mediators, (b) the key angiogenic signaling pathways
andmediators that drive bleomycin-induced fibrosis, and (c) the role
of NO and VEGF in the regulation of bleomycin-induced angio-
genesis in the context of pulmonary fibrosis.

MATERIALS AND METHODS

CHEMICALS AND REAGENTS
Antibodies against phospho-Akt and total Akt were obtained from
Cell SignalingTechnology, Inc. (Beverly,MA).Antibodies for collagen
type III were from Fitzgerald (Concord, MA). Antibodies for PAI-1,
CXCR-1/2, b-actin, and horseradish peroxidase (HRP)-conjugated
secondary antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA). IL-8 and VEGF immunoassay kits, a neutralizing antibody
against VEGF (CBO-P11), and its nonspecific control antibody were
from R&D Systems (Minneapolis, MN). All other chemicals and
reagents including bleomycin sulfate, 4,5–diaminofluorescein diac-
etate (DAF-DA), NO donor sodium nitroprusside (SNP), NO inhibitors
aminoguanidine (AG) and 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-
imidazoline-1-oxy-3-oxide (PTIO), and PI3K/Akt inhibitor LY-
294002 were obtained from Sigma Chemical, Inc. (St. Louis, MO).

CELL CULTURE
Human lung CRL-1490 fibroblasts (ATCC; Manassas, VA) were
maintained in Eagle’s Minimum Essential Medium (MEM) (Invi-
trogen) supplemented with 10% fetal bovine serum (FBS) (Hyclone),
100U/ml penicillin (Hyclone), 100mg/ml streptomycin (Hyclone)
and Amphotericin B (Invitrogen). Human umbilical vein endothelial
cells (HUVECs) were cultured in MCDB131 media (Gibco) supple-
mented with 25% FBS, 0.05% brain bovine extract (BD Biosciences),
0.25% endothelial cell growth supplement (BD Biosciences), 0.1%
heparin (Sigma), 1% L-glutamine (Sigma) and 0.1% gentamicin
sulphate (Sigma). HUVECs between passages two and seven were
used. Both CRL-1490 and HUVEC cell lines were cultured at 37°C in
5%CO2 incubator, andwere passaged at preconfluent densities using
a solution containing 0.05% trypsin (Sigma) and 0.5mM EDTA
(Invitrogen).

ANIMAL MODEL
For the animal studies, 6–8 weeks old C57BL/6 mice were used
(Jackson Laboratories, Bar Harbor, ME). Mice were housed in a
barrier facility with specific pathogen-free conditions, and all
experiments were performed using protocols approved by the Old
Dominion University (ODU) animal facility. Briefly, mice were first
anesthetized with isoflurane. In the first set of experiments, either
bleomycin sulfate or equal volumes of saline as control was
administered intranasally. In a separate set, bleomycin-treated
mice were co-treated every other day by intraperitoneal injection
of CBO-P11 starting at day 0 and were continued until the mice
were euthanized. Mice were euthanized at various time points after
bleomycin instillation. Bronchoalveolar lavage (BAL) fluid was
collected after the trachea was exposed and cannulated with a 20-
gauge catheter. After instillation of 1ml of cold sterile PBS three
times through the trachea into the lung, BAL fluid was recovered to
90% of the original volume. The BAL fluid was centrifuged for
10min at 1500 rpm and the cell-free supernatant was stored at
�80°C. The lungs were perfused with 5ml of cold saline through
the left ventricle and surgically removed. The left lungs were used
to evaluate the fibrotic score by histological examination, and the
right lungs were homogenized to analyze protein expression
levels.

HISTOPATHOLOGY
Mice were euthanized and the left lung fixed with 10% formalin
overnight and embedded in paraffin. Paraffin sections (3mm
thick) were stained with hematoxylin-eosin (H&E). The patho-
logical grade of fibrosis was evaluated under 10X magnification.
Histological assessment of the extent and severity of pulmonary
fibrosis was independently determined by one pathologist and
two researchers in a blind study using the Ashcroft method
[Ashcroft et al., 1988] on sections of the left lung stained
with H&E.

COLLAGEN DETECTION ASSAY
Soluble collagen levels were quantified by Sircol1 Assay (Biocolor
Ltd, Belfast, UK) as per manufacturer’s protocol. Briefly, mice lung
homogenates or cell samples were mixed with 1ml Sircol dye for
30min then centrifuged to pellet collagen. The pellet was washed
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and resuspended in Alkyne solution and the absorption was
measured at 550 nm (Synergy HI Hybrid Reader, BioTek).

ENZYME-LINKED IMMUNOSORBENT ASSAYS (ELISA)
The expression levels of VEGF and IL-8 proteins were quantified
using ELISA. Briefly, supernatant from treated cells or lavage fluid
from saline, bleomycin and CBO-P11 treatedmicewere collected and
analyzed for VEGF or IL-8 protein levels using respective Quantikine
ELISA kits (R&D Systems, Minneapolis, MN) per manufacturer’s
protocol. Briefly, samples or reference standards (100ml) were added
to each well of a microplate pre-coated with monoclonal antibody
specific to VEGF or IL-8 and incubated overnight at 4°C. After
washing out unbounded proteins, an HRP-conjugated polyclonal
secondary antibody was added to the wells and incubated for 2 h at
room temperature. After washing and adding 100ml of substrate
solution, optical density was determined at 450 nm (Synergy HI
Hybrid Reader, BioTek).

ANGIOGENESIS TUBE FORMATION ASSAY
Growth factor-reducedmatrigel (Becton Dickinson) was diluted 1:1 with
serum free media (SFM), placed in 48-well plates (175ml/well), and
allowed to set at 37°C for 60min. HUVECs (5� 104) suspended in 2.5%
dialyzed FBSmedium containing specific treatments were added to each
well and incubated at 37°C in 5% CO2 for 24h. The morphological
changes were observed and photographed using phase contrast micro-
scope under 5Xmagnification. The number of nodes formed was scored
manually from at least five different fields for each treatment.

MESSENGER RNA EXPRESSION PROFILING AND QUANTATIVE
RT-PCR
Expression of angiogenesis-related mRNAs in CRL-1490 cells was
determined by RT-PCR. Cells were treated, lysed and mRNA isolated
using the RNeasy Mini Kit (Qiagen). cDNA was prepared from
extractedmRNA (1mg) using the RT2 First Strand Kit (Qiagen). cDNA
combined with RT2 SYBR Green Master Mix (Qiagen) was added to
individual RT-PCR array wells (SABiosciences) for analysis. Data
was collected using the iCycler RT-PCR system (BioRad). Gene arrays
for angiogenesis was assayed formRNA expression, and the datawas
normalized to blank housekeeping genes.

CELL PROLIFERATION ASSAY
Cellular proliferation in CRL-1490 cells was quantitatively deter-
mined by assessing incorporation of CyQUANT1 (Invitrogen) DNA
binding fluorescent dye. Cells were seeded in 96-well plates at a
density of 5,000 cells/well in 10%MEM, andwere treated after 24h as
indicated and incubated for various time points. Subsequently, cells
were incubated in eachwellwith 50ml of 1XCyQUANT1 for 60min at
37°C. The fluorescence intensity of each sample was measured at
excitation/emission wavelengths of 485/535nm respectively.

NO DETECTION
Intracellular NO production was determined by spectrofluorometry
using NO-specific probe DAF-DA. After specific traetments, cells
(1� 106/ml) were incubated with the probe (10mM) for 30min at
37°C, after which they were washed, resuspended in PBS, and
analyzed for DAF fluorescence at excitation and emission

wavelengths of 488 nm and 538 nm, respectively (Synergy HI
Hybrid Reader, BioTek).

WESTERN BLOT ANALYSIS
Mice lung homogenates or cell lysates were resolved on a 10%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto a nitrocellulose membrane. The protein
concentration was determined using a bicinchoninic acid protein
assay kit (Pierce Biotechnology, Rockford, IL), and equal amount of
protein was loaded per sample. The membrane was blocked with
TBS-T (0.1% Tween-20 in TBS) containing 5% dry milk, and
incubated with primary antibody overnight at 4°C. After three
washes with TBS-T, the membrane was incubated with HRP-
conjugated secondary antibody for 1 h and then washed with TBS-T.
Immunoreactive proteins were detected by chemiluminescence
(Supersignal1 West Pico, Pierce, Rockford, IL) and quantified by
imaging densitometry, using myImageAnalysis Software (Thermo).
Mean densitometry data from independent experiments was
normalized to results obtained from untreated control cells.

STATISTICAL ANALYSIS
The data represent mean� S.E.M from three or more independent
experiments. Statistical analysis was performed using Student’s
t-test to evaluate the measurements at a significance level of P< 0.05.

RESULTS

BLEOMYCIN INDUCED ANGIOGENESIS AND VEGF PRODUCTION
The capability of bleomycin to induce angiogenesis was analyzed by
in vitro tube formation assay. HUVECs were treated with varying
concentrations of bleomycin (0–25mU/ml). Bleomycin induced
angiogenesis in a dose-dependent manner, as assessed by the
number of nodes (Fig. 1A). To correlate the angiogenic response to
bleomycin-induced fibrogenesis, supernatant from fibroblasts
treated with varying concentrations of bleomycin (0–25mU/ml)
were collected and tested for induction of angiogenesis in HUVECs
(Fig. 1B and C). Supernatant from cells treated with bleomycin also
showed a similar dose-dependent induction in angiogenesis.

We next assessed the effect of bleomycin exposure on VEGF.
Bleomycin induced VEGF levels in a dose-dependent manner (Fig.
2A). The effect of bleomycin on fibroblast proliferation and collagen
levels was assessed in order to confirm bleomycin-inducedfibrogenic
response. Fibroblast proliferation was induced by bleomycin in a
dose-dependent manner (Fig. 2B). Analysis of total collagen content
in the cell supernatants of bleomycin-treated samples by Sircol1

assay showed a dose-dependent effect of bleomycin on induction of
soluble collagen (Fig. 2C). Figure 2D shows that collagen type III, one
of the most abundant proteins of the extracellular matrix (ECM), was
induced by bleomycin treatment. Together, these results indicate that
bleomycin was able to directly induce fibroblast proliferation and
collagen production in CRL-1490 cells.

BLEOMYCIN INDUCED VEGF LEVELS IN FIBROTIC MICE
We characterized\bleomycin-induced fibrotic response in mice. Lung
histology data showed induction of interstitial fibrosis of the alveolar
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wall inmice receiving bleomycin (Fig. 3A). The extent of lung fibrosis
was determined by quantitative histology according to Ashcroft’s
method [Ashcroft et al., 1988] (Fig. 3B). Bleomycin-treated mice
showed a dose-and time-dependent increase in collagen levels as
compared to saline treated controlmice (Fig. 3C). Levels of collagen III,
one of the most abundant collagen proteins, were determined in
bleomycin treated mice lung tissue homogenates byWestern blotting

(Fig. 3D). To validate the effect of bleomycin on VEGF, bleomycin-
treated mice BAL fluid was analyzed for VEGF levels by ELISA.
Bleomycin treatment induced significant levels of VEGF in mice BAL
fluid in a dose- and time- dependent manner (Fig. 3E).

BLEOMYCIN-DEPENDENT INDUCTIONOF VEGF IS REGULATED BY NO
VIA THE PI3K/AKT PATHWAY
In response to bleomycin treatment, we observed an increase in NO
levels and NOS-2 expression in fibroblast cells (Fig. 4A and B).
Similar increase in NOS-2 levels was also observed in bleomycin-
treated mice lung homogenates (Fig. 4C). Downregulation of Akt
by PI3K inhibitor LY294002 confirmed our previous finding that
treatment with bleomycin led to the phosphorylation of Akt
through PI3K activation [Lu et al., 2010]. Interestingly, NO
inhibitor AG significantly inhibited bleomycin-induced phospho-
Akt levels indicating that NO is upstream of Akt (Fig. 4D).
Furthermore, AG significantly inhibited bleomycin-induced VEGF
levels and NO donor SNP showed an opposite effect. Pretreatment
with PI3K/Akt inhibitor LY294002 significantly decreased bleo-
mycin-induced VEGF levels confirming previously reported work
by our group that VEGF is regulated by PI3K/Akt pathway in
response to bleomycin treatment [Lu et al., 2010]. The VEGF
inhibitor CBO-P11 was used as a negative control (Fig. 4E).
Bleomycin-induced VEGF levels were also measured in BAL fluid
of bleomycin-treated mice and compared with mice co-treated
with VEGF inhibitor CBO-P11 (Fig. 4F). There was no significant
effect of bleomycin on phospho-Akt and NOS-2 expression levels
in mice tissue homogenates co-treated with VEGF inhibitor CBO-
P11 (Supplemental Figures 1A and B). To delineate potential
crosstalk between PI3K and NO, we used PI3K inhibitors LY294002
and Wortmannin, and assessed its effect on NO. PI3K inhibitors
had no significant effect on bleomycin-induced NO or NOS-2
levels (Supplemental Figures 2A and B).

INVOLVEMENT OF OTHER ANGIOGENIC PROTEINS IN RESPONSE
TO BLEOMYCIN
To analyze the involvement of additional angiogenic mediators in
response to bleomycin exposure, mRNA microarray analysis for
expression of well-established angiogenic mediators was performed.
The mRNA extracted from untreated lung fibroblasts (control) or
fibroblasts treated with bleomycin were analyzed by qRT-PCR.
Genes showing at least a twofold change in expression in bleomycin-
treated cells as compared to untreated control cells are listed (Fig.
5A). Based on the mRNA analysis, the effect of bleomycin was
analyzed on a few specific angiogenic proteins. Treatment with
bleomycin significantly induced PAI-1 (SERPINE1) levels both in
vitro and in vivo (Fig. 5B and C). Pretreatment with AG, LY294002
or CBO-P11 downregulated bleomycin-induced PAI-1 expression
levels in cells (Fig. 5B). Lung tissue homogenates from mice pre-
treated with VEGF inhibitor CBO-P11 showed significant down-
regulation of bleomycin-induced PAI-1 expression levels (Fig. 5C).
Next, the effect of bleomycin on one of the most abundant
interleukins IL-8 was analyzed. Bleomycin treatment increased
IL-8 levels and CBO-P11 inhibited this effect both in vitro and
in vivo (Fig. 5D and E). NO inhibitors AG and PTIO also showed an
inhibitory effect on bleomycin-induced IL-8 levels in cells (Fig. 5D).

Fig. 1. Bleomycin induces angiogenesis and VEGF production. (A) HUVECs
were treated with varying concentrations of bleomycin (0, 1, 10, and 25mU/ml)
for 6 h, and analyzed for angiogenesis by in vitro tube formation assay. The
number of nodes formed by the tubes were scored and plotted. (B) CRL-1490
cells were treated with varying concentrations of bleomycin (0–25mU/ml) for
24 h. Supernatant of treated cells were used to induce angiogenesis in HUVECs
for 6 h and analyzed for angiogenesis by in vitro tube formation assay.
Representative micrographs after staining with calcein-AM are shown. (C) The
number of nodes formed by the tubes were scored and plotted. Plots are
mean� S.E.M (n¼ 3). *P < 0.05 versus non-treated control.
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IL-8 is a substrate of CXC receptors one and two, and the various
interleukins and chemokines that were induced in response to
bleomycin bound CXCR 1/2; therefore, the abundance of protein
receptors CXCR 1/2 was analyzed. CXCR 1/2 expression was
positively regulated by bleomycin both in vitro and in vivo
(Supplemental Figures 3A and B). Both AG and CBO-P11 pre-
treatment showed minimal effect on CXCR 1/2 expression levels in
fibroblasts; however CBO-P11 pre-treatment showed downregula-
tion of bleomycin-induced CXCR 1/2 expression levels in lung
homogenates of co-treated mice.

AG AND CBO-P11 INHIBITS BLEOMYCIN-INDUCED ANGIOGENESIS
AND FIBROSIS
The effect of inhibitors of NO, Akt and VEGF was assessed on
bleomycin-induced angiogenesis by in vitro tube formation assay.
Supernatant from CRL-1490 cells treated with bleomycin in the
presence or absence of AG, CBO-P11, and LY294002 were
collected and used to induce angiogenesis in HUVECs. Pre-
treatment with inhibitors significantly inhibited bleomycin-
induced angiogenesis (Fig. 6A). To correlate bleomycin-induced
angiogenic response to bleomycin-induced fibrogenesis, CRL-
1490 cells were treated with bleomycin in the presence or absence
of AG or CBO-P11, and cell growth monitored by CyQUANT1 cell
proliferation assay. Both AG and CBO-P11 significantly inhibited
bleomycin-induced fibroblast proliferation (Fig. 6B). Similarly,

pretreatment with AG and CBO-P11 significantly inhibited
bleomycin-induced collagen levels in fibroblast cells as analyzed
by Sircol1 Assay and Western blotting (Fig. 6C and D). The effect
of VEGF inhibitor CBO-P11 on bleomycin-induced fibrosis was
confirmed in vivo. Bleomycin-induced collagen production was
significantly inhibited in CBO-P11 pretreated mice (Fig. 6E and F).
Lung histology data and quantitative histology showed a
significant reduction in fibrosis in animals co-treated with CBO-
P11, which brought the fibrotic response down to control levels
(Fig. 6G and H).

DISCUSSION

In pulmonary fibrosis, activation of fibroblast proliferation and
accumulation of ECM during the repair process necessitates
neovascularization, and increasing evidence supports the role of
angiogenesis in pulmonary fibrosis [Selman et al., 1986; Brinckerh-
off and Matrisian, 2002; Selman and Pardo, 2002]. VEGF is the
central regulator of angiogenesis and has been widely reported to be
overexpressed in fibrotic lungs [Carmeliet and Collen, 2000; Steurer
et al., 2007). We demonstrate that bleomycin treatment not only
potentiates an angiogenic response (Fig. 1) but also induces pro-
angiogenic signaling molecules such as VEGF both in vitro and
in vivo (Figs. 2A and 4F) that may promote vascularization.

Fig. 2. Effect of bleomycin on VEGF levels and fibrogenesis. (A) Supernatant from CRL-1490 cells treated with varying concentrations of bleomycin (0–25–mU/ml) for 24 h
were collected and analyzed for VEGF by ELISA. (B) CRL-1490 cells were treated with varying concentrations of bleomycin (0–25mU/ml) for 48 h, and cell proliferation was
determined spectrofluorometrically using CyQUANT1 dye. (C) Supernatant from CRL-1490 cells treated with varying concentrations of bleomycin (0–25mU/ml) for 24 h was
analyzed for soluble collagen levels by Sircol1Assay. (D) CRL-1490 cells were treated with bleomycin (10mU/ml) for 24 h and analyzed for Collagen III levels byWestern blotting.
Western blots were reprobed with b-actin antibody to confirm equal loading of the samples. The immunoblot signals were quantified by densitometry. Plots are mean� S.E.M
(n¼ 4). *P< 0.05 versus non-treated control.
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Furthermore, neutralization of VEGF by anti-VEGF antibody CBO-
P11 significantly inhibited the fibrogenic effects of bleomycin (Fig.
6). Several strategies have been utilized to inhibit VEGF function,
and CBO-P11 is considered to be one of the most potent inhibitors of
VEGF [Zilberberg et al., 2003]. We have previously shown that PI3K/
Akt is the major cell survival pathway involved in bleomycin-
induced pulmonary fibrosis that regulates VEGF protein [Lu et al.,
2010]. Here we confirm that bleomycin-induced VEGF production
was inhibited by treatment with PI3K/Akt inhibitor LY294002 (Fig.
4E). Furthermore, LY294002 significantly inhibited bleomycin-
induced angiogenic response (Fig. 6A), indicating that PI3K/Aktmay
be one of the major regulatory pathways in bleomycin-induced
VEGF production and angiogenesis.

Our data also demonstrates the involvement of the free radical
NO in bleomycin-induced angiogenesis and fibrosis. NO has been
shown to play a role in bleomycin–induced pulmonary fibrosis
[Chen et al., 2001; Chen et al., 2003; Noguchi et al., 2014]. NO
inhibitor AG showed significant inhibition of bleomycin-induced
fibroproliferative and collagen-inducing effects (Fig. 6).
Although the effect of NO on pulmonary fibrosis has been
previously shown, its effect on bleomycin-induced angiogenesis
has not been demonstrated. We report here for the first time that
NO inhibitor AG significantly attenuated bleomycin-induced
angiogenesis (Fig. 6A). Furthermore, AG significantly inhibited
bleomycin-induced phospho-Akt and VEGF levels (Fig. 4),

suggesting that modulation of angiogenesis by NO may be
critical in bleomycin-induced fibrotic response. Furthermore, we
observed no significant effect of PI3K inhibitors LY294002 and
Wortmannin on bleomycin-induced NO (Supplemental Figure 2),
indicating no that PI3K and NO work relatively independent of
each other in exerting effects on VEGF.

The angiogenic process is known to involve an intricate
cytokine network that activates and mediates interactions
between multiple cell types. We investigated the involvement
of other angiogenic mediators by mRNA analysis using qRT-PCR
arrays for angiogenesis. The real-time mRNA data indicated
regulation of various angiogenic mRNA (Fig. 5A). Notable
examples include chemokines and cytokines such as CCL2,
CXCL5, CXCL6, IL1B, and IL-8, many of which bind to CXCR 1
and 2, and VEGF homologues (Placental Growth Factor (PGF))
that promote angiogenesis. IL-8, one of the most abundant
cytokines, is an angiogenesis promoting factor, and may
stimulate blood vessel formation in fibrotic tissue [Fichtner
et al., 2004; Keane et al., 1997]. Bleomycin increased IL-8 protein
levels both in vitro and in vivo, which was the one of the most
abundant mRNA expressed in fibroblast cells in response to
bleomycin (Fig. 5). IL-8 binds CXC1/2 receptors, which represents
a major class of receptors for proteins that promote angiogenesis.
In addition, proteins transcribed from bleomycin-upregulated
mRNAs such as CXCL6 binds CXCR1 while CXCL1 and CXCL5

Fig. 3. Bleomycin induced VEGF levels in fibrotic mice. (A) C57BL/6 mice were treated with bleomycin (1 and 3U/kg body weight diluted in sterile saline) or equal volumes of
saline as control, and were euthanized at various time points (14 days and 28 days). Representative immunohistochemical micrographs of mice lung tissue stained with H&E. (B)
Calculated fibrosis score based on the histopathological assessment of H&E-stained slides. (C) Lung homogenate from treated mice was analyzed for soluble collagen levels by
Sircol1 Assay. (D) Mice treated with bleomycin (1 U/kg) or equal volumes of saline as control were euthanized at 28 days. Lung homogenate from treated mice was analyzed for
collagen III levels by Western blotting. Western blots were reprobed with b-actin antibody to confirm equal loading of the samples. The immunoblot signals were quantified by
densitometry. (E) Mice were treated with bleomycin (1 and 3U/kg body weight diluted in sterile saline) or equal volumes of saline as control, and were euthanized at various time
points (14 days and 28 days). BAL fluid from treatedmice was analyzed for VEGF by ELISA. Plots are mean� S.E.M of five animals per group. *P< 0.05 versus non-treated control.
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bind CXCR2 (Fig. 5A). CXCR1/2 have been previously shown to
be upregulated in response to bleomycin treatment [Kalayarasan
et al., 2013]. While studies have focused on the regulation of
various CXCR 1/2 substrates including IL-8 and IL-6, little has
been reported in terms of bleomycin-mediated receptor modu-
lation. We report that bleomycin treatment led to an increase in
CXCR 1/2 levels in fibroblast cells as well as mouse lung tissue
(Supplemental Figure 3). Bleomycin treatment downregulated
mRNA levels of the pro-angiogenic mediator PAI-1 (Fig. 5A),
whereas it increased PAI-1 protein levels, both in vitro and in
vivo (Fig. 5). PAI-1 is reported to be upregulated in fibrotic tissue

and its expression is mainly induced by TGFb and mediated by
HIF1a [Ueno et al., 2011]. Another group reported that PAI-1
knockout mice did not develop pulmonary fibrosis when treated
with bleomycin [Loskutoff and Quigley, 2000]. The contrasting
effect on mRNA and protein levels indicates that PAI-1 protein
expression may be regulated post-translationally in response to
bleomycin exposure. PAI-1 has been shown to be regulated by
PI3K/Akt pathway via HIF-1a [Kietzmann et al., 2003]. Pretreat-
ment with LY294002 led to a decrease in bleomycin-induced
PAI-1 levels (Fig. 5B), confirming that the PI3K/Akt pathway
regulates this protein in response to bleomycin treatment.

Fig. 4. Bleomycin-dependent induction of VEGF is regulated by NO via the PI3K/Akt pathway (A) Cells were treated with bleomycin (0–25NmU/ml) for 1 h and analyzed for DAF
fluorescence. Plots show relative fluorescence intensity over non-treated control. (B) CRL-1490 cells were treated with bleomycin (10mU/ml) for 3 h and analyzed for NOS-2
levels by Western blotting. (C) Mice treated with bleomycin (1 U/kg) or equal volumes of saline as control were euthanized at 28 days. Lung homogenate from treated mice was
analyzed for NOS-2 levels by Western blotting. (D) CRL-1490 cells were either left untreated or pretreated with LY294002 (10mM) or AG (300mM) for 1 h, followed by
bleomycin treatment (10mU/ml) for 6 h and analyzed for pAkt levels by Western blotting. The blots were reprobed with pan-Akt antibody and analyzed for total Akt levels. (E)
Cells were left untreated or pretreated with either LY294002 (10mM), AG (300mM), SNP (500mg/ml) or CBO-P11 (10mM) for 1 h, followed by bleomycin treatment (10mU/
ml) for 24 h. Cell supernatant was analyzed for VEGF levels by ELISA. (F) Mice treated with bleomycin (1 U/kg) in the presence or absence of CBO-P11 (0.3mg/kg) or equal
volumes of saline as control were euthanized at 28 days. BAL fluid from treated mice was analyzed for VEGF by ELISA. All blots were reprobed with b-actin antibody to confirm
equal loading of the samples. The immunoblot signals were quantified by densitometry. Plots are mean� S.E.M (n¼ 4). *P< 0.05 versus non-treated control. #P< 0.05 versus
non-treated control and corresponding bleomycin treatment.
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We further explored the role of NO and VEGF in bleomycin-induced
fibrogenesis and their interplay with other angiogenic mediators in
response to bleomycin treatment by analyzing the effect of AG and
CBO-P11 on various proteins. Pre-treatment with AG showed
significant inhibition of bleomycin-induced PAI-1 levels but had no
significant effect onbleomycin-inducedCXCR1/2 levels (Supplemental
Figure 3) in lung fibroblasts. In addition, NO inhibitors AG and PTIO
significantly inhibited bleomycin-induced IL-8 levels (Fig. 5). Pre-
treatment with CBO-P11 significantly inhibited bleomycin-induced
PAI-1 and IL-8 protein levels in both in vitro and in vivo samples,
suggesting that these proteins may be downstream of VEGF (Fig. 5).
CBO-P11 showed minimal effect on bleomycin-induced CXCR 1/2
levels in vitro; however, pretreatment with CBO-P11 inhibited
bleomycin-induced CXCR 1/2 levels in mice lung homogenates
(Supplemental Figure 3). Overall, the regulation of CXCR1/2 by
VEGF in response to bleomycin treatment was not conclusive.
Furthermore, CBO-P11 significantly inhibited bleomycin-induced

fibrogenic and angiogenic responses including cell proliferation,
collagen production, and angiogenesis. Immunohistochemical analysis
clearly showed that CBO-P11 has a protective effect in bleomycin-
induced pulmonaryfibrosis, thus establishing the significance of VEGF
in pathogenesis of pulmonary fibrosis (Fig. 6).

In summary, our data provides evidence that in addition to
fibrotic effects, bleomycin is capable of inducing an angiogenic
response. We also demonstrate the significance of angiogenesis
and angiogenic mediators in bleomycin-induced fibrosis. Impor-
tantly, NO and VEGF emerged as key players in response to
bleomycin by regulating both fibrogenic and angiogenic re-
sponses. The involvement of NO in bleomycin-induced angio-
genesis and its regulation of VEGF through PI3K/Akt pathway is a
novel finding. The VEGF inhibitor CBO-P11 exerted protective
effect in bleomycin-induced pulmonary fibrosis. Furthermore, we
report novel effects of NO and VEGF in regulating PAI-1, IL-8 and
CXCR 1/2 proteins, which are strong angiogenic inducers and

Fig. 5. Involvement of other angiogenic proteins in response to bleomycin. (A) mRNA was extracted from untreated CRL-1490 cells or cells treated with bleomycin (10mU/ml)
for 24 h and transcribed into cDNA. Abundance of specific genes was analyzed by qRT-PCR. Fold change between control and treated cells is shown. (B) Cells were left untreated or
pretreated with AG (300mM), LY294002 (10mM) or CBO-P11 (10mM) for 1 h, followed by bleomycin treatment (10 mU/ml) for 24 h and analyzed for PAI-1 levels by Western
blotting. (B) Mice treated with bleomycin (1 U/kg) in the presence or absence of CBO-P11 (0.3mg/kg) or equal volumes of saline as control were euthanized at 28 days. Lung
homogenate from treated mice was analyzed for PAI-1 levels by Western blotting. (D) Cells were either left untreated or pretreated with either AG (300mM), PTIO (300mM) or
CBO-P11 (10mM) for 1 h, followed by bleomycin treatment (10mU/ml) for 48 h. Cell supernatant were analyzed for IL-8 level by ELISA. (E) Mice treated with bleomycin (1 U/kg)
in the presence or absence of CBO-P11 (0.3mg/kg) or equal volumes of saline as control were euthanized at 28 days. BAL fluid from treated mice was analyzed for IL-8 levels by
ELISA. Western blots were reprobed with b-actin antibody to confirm equal loading of the samples. The immunoblot signals were quantified by densitometry. Plots are
mean� S.E.M of 5 animals per group. *P< 0.05 versus non-treated control. #P< 0.05 versus non-treated control and corresponding bleomycin treatment.
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partake in the progression of pulmonary fibrosis. Blocking
angiogenesis and VEGF is considered an attractive strategy in
inhibiting various forms of cancer and may be widely applied to
other angiogenesis-related diseases. Since angiogenesis is a key
characteristic of pulmonary fibrosis, understanding the mecha-
nisms involved in cellular angiogenic responses and targeting key
angiogenic mediators may aid in the development of more
effective therapies against this fatal disease.
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