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Deferoxamine Improves Alveolar and Pulmonary Vascular
Development by Upregulating Hypoxia-inducible Factor-1a.in a
Rat Model of Bronchopulmonary Dysplasia
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Fetal lung development normally occurs in a hypoxic environment. Hypoxia-inducible
factor (HIF)-Ta is robustly induced under hypoxia and transactivates many genes that are
essential for fetal development. Most preterm infants are prematurely exposed to
hyperoxia, which can halt hypoxia-driven lung maturation. We were to investigate
whether the HIF-1a inducer, deferoxamine (DFX) can improve alveolarization in a rat
model of bronchopulmonary dysplasia (BPD). A rat model of BPD was produced by intra-
amniotic lipopolysaccharide (LPS) administration and postnatal hyperoxia (85% for 7 days),
and DFX (150 mg/kg/d) or vehicle was administered to rat pups intraperitoneally for 14
days. On day 14, the rat pups were sacrificed and their lungs were removed and examined.

A parallel in vitro study was performed with a human small airway epithelial cell line to test
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Inducible Factor

INTRODUCTION

Fetal lung development occurs in a hypoxic environment (3%-
5% O-) (1). However, most very premature infants are exposed
to hyperoxia after birth. Even if premature infants breathe room
air, their arterial oxygen saturation is far above that of a fetus (1).
Hypoxia-inducible factor (HIF)-10 is a transcription factor that
orchestrates the expression of a number of genes that are es-
sential for cellular adaptation to hypoxia (2). Hypoxia-inducible
factor-1a acts as a master regulator of growth and development
in a hypoxic environment during fetal development. Because
HIF-1a plays a crucial role in growth and development in a hy-
poxic environment and rapidly degrades under hyperoxia or
normoxia (3), the loss of HIF-1a signaling is likely to be one of
the major postnatal physiologic changes that occur after birth
in very premature infants born long before lung development is
completed. It has been suggested that HIF-1a participates in
normal lung development and is down-regulated in the lungs
of primate models of bronchopulmonary dysplasia (BPD) (4).
Deferoxamine (DFX) is a bacterial siderophore that has been
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whether DFX induces the expression of HIF-1a and its target genes. Alveolarization and
pulmonary vascular development were impaired in rats with BPD. However, DFEX
significantly ameliorated these effects. Immunohistochemical analysis showed that HIF-1a
was significantly upregulated in the lungs of BPD rats treated with DFX. DFX was also
found to induce HIF-1a in human small airway epithelial cells and to promote the expression
of HIF-1a target genes. Our data suggest that DFX induces and activates HIF-1a,, thereby
improving alveolarization and vascular distribution in the lungs of rats with BPD.
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used as an iron chelator for iron overload-related diseases (5).
Deferoxamine has been known to stabilize HIF-10 by inhibiting
the activity of prolyl-4-hydroxylases through the depletion of
iron (6), and has been shown to improve alveolarization in new-
born rats exposed to hyperoxia (7). Recently, DFX has also been
reported to upregulate vascular endothelial growth factor (VEGF)
expression from adipose-derived stem cells and increase neo-
vascularization and promote wound healing in diabetic rats (8,
9). These beneficial effects of DFX were revealed to be mediat-
ed by the stabilization of HIF-1a.

The role of HIF-10 in the pathogenesis of BPD has been high-
lighted by some pioneering researchers (10, 11). However, the
effect of DFX on BPD has not been explored extensively. In our
previous study, we demonstrated that sildenafil improved alve-
olar and vascular development in a rat model of BPD via the
activation of HIF-1a (12). In the present study, we aimed to de-
termine 1) whether DFX, a known stabilizer of HIF-10, restores
alveolarization and pulmonary vascular development using the
same BPD model, 2) whether HIF-10 mediates the effect of DFX
in an in vitro study.
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MATERIALS AND METHODS

Animal experiment

A rat model of BPD was produced as previously described (13).
Briefly, on gestation day 20, 1.0 pg of lipopolysaccharide (LPS,
Escherichia coli 0111:B4; Chemicon International, Temecula,
CA, USA) or an equal volume of vehicle (saline) was injected
into the amniotic sacs of pregnant Sprague-Dawley rats. The
pups were delivered spontaneously 48-72 hr after the injections.
The rat pups exposed to LPS in utero were then exposed to 85%
02 (BPD groups), and pups exposed to vehicle were kept in room
air (No BPD groups) with their dams for 7 days. Nursing rat dams
were rotated between 85% O and room air every 24 hr to avoid
O: toxicity. After a 7-day exposure to 85% O, or room air, all pups
were subsequently kept in room air for an additional 7 days un-
til sacrifice on day 14. As the main intervention of the study, DFX
(150 mg/kg/d; Sigma-Aldrich, St. Louis, MO, USA) or an equal
volume of vehicle (V, 0.5% dimethyl sulfoxide, DMSO) was in-
jected into the peritoneal cavities of rat pups once daily for 14
days beginning on day 1. The dose of DFX was based on the study
by Frank (7). Consequently, four experimental groups were es-
tablished: No BPD+V; No BPD+DFX; BPD+V; BPD+DFX.

Alveolar and pulmonary vascular development

The rat pups were sacrificed on day 14. Lungs were removed
and prepared for immunoassays and histological analyses as
previously described (13). Morphometric analysis of the alveo-
larization was performed as previously described (13). To as-
sess pulmonary vascular development, images of platelet en-
dothelial cell adhesion molecule (PECAM)-1-stained slides
were captured at 400 x magnification. The number of PECAM-
1-positive vessels (< 100 um in size) were counted in each high-
powered field. The vascular density was expressed as the ratio
of the area of blood vessels (PECAM-1-positive area) to the total
area of lung parenchyma.

Immunofluorescence and immunohistochemistry

For PECAM-1 immunohistochemistry, the sections were incu-
bated with primary goat anti-PECAM-1 polyclonal antibody
(Abcam, Cambridge, MA, USA) followed by incubation with bi-
otin-labeled goat anti-mouse secondary antibody (Jackson Im-
munoResearch Laboratories, West Grove, PA, USA). Inmune
complexes were visualized using a diaminobenzidine (DAB;
Vector Laboratories, Burlingame, CA, USA) reaction. A light
H&E counterstain was applied. For immunofluorescence anal-
ysis of HIF-10, deparaffinized lung sections were incubated se-
quentially with anti-HIF-1a antibody (Santa Cruz Biotechnolo-
gy, Santa Cruz, CA, USA, 1:100), biotin-conjugated anti-rabbit
antiserum (1:1,000), and streptavidin-Alexa Fluor 488 (1:1,000).
Alexa Fluor 488 fluorescence was detected using the TSA™ kit
(Life Technologies, Carlsbad, CA, USA), and nuclei were stained
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with 47, 6-diamidino-2-phenylindole (DAPI).

Cell culture

Human small airway epithelial cells (HSAEpCs) were purchased
from PromoCell (Heidelberg, Germany). HSAEpCs were cul-
tured in small airway epithelial cell growth medium (Promo-
Cell) in a humidified atmosphere containing 5% CO; at 37°C.

Reporter assay

Point five pg of the luciferase reporter plasmid (a kind gift of Dr.
Eric Huang at the University of Utah, Salt Lake City, UT, USA)
containing the rat VEGF promoter (-1,947 to -1 from the tran-
scription site) was co-transfected with 1 pg of CMV-B-gal plas-
mid using Lipofectamine LTX-Plus reagent (Invitrogen, Carls-
bad, CA, USA). After stabilized for 48 hr, cells were divided and
incubated with either DMSO or DEX for 16 hr. Luciferase activi-
ty was measured using a Lumat LB 9507 luminometer (Berthold
Technologies, Bad Wildbad, Germany), and divided by B-gal
activity to normalize the transfection efficiencies. Three inde-
pendent assays were conducted.

Semi-quantitative RT-PCR

Total RNAs were extracted from cells using TRIzol reagent and
were reverse-transcribed at 46°C for 20 min. Real-time PCR was
performed using primers specific for human CA9 (5"-TATGAG-
GGGTCTCTGACTACA-3’, 5-TTCTCATCTGCACAAGGAAC-3"),
LOX (5"-AGGGGTAGGGAGTTGGAGCGG-3’, 5'-CCTAAAC-
GTCAGCAGGCGACGG-3") and 18S (5'TTCGTATTGCGCC-
GCTAGA-3’, 5"-CTTTCGCTCTGGTCCGTCTT-3"). To evaluate
relative gene expression levels, quantitative real-time PCR was
performed using an Applied Biosystems StepOne Real-Time
PCR System and a SYBR Green JumpStart Taq ReadyMix qPCR
kit (Sigma-Aldrich). The expression level of each target mRNA
was normalized to the 18S RNA expression level in the same
sample.

Immunoblotting

Total proteins were electrophoresed on 8%-12% SDS/polyacryl-
amide gels, transferred to Immobilon-P membranes (Millipore,
Bedford, MA, USA), and blocked with 5% nonfat milk in Tris-
buffered saline containing 0.1% Tween-20 (TTBS) for 60 min.
The membranes were then sequentially incubated overnight
with anti-HIF-10 antibody (Santa Cruz Biotechnology, 1:1,000)
or anti-B-tubulin antibody (1:3,000). The membranes were wash-
ed with TTBS and incubated with horseradish peroxidase-con-
jugated secondary antibody (1:5,000) for 1 hr. The blots were vi-
sualized using an Enhanced Chemiluminescence Plus Kit (Am-
ersham Biosciences, Piscataway, NJ, USA).

Statistical analysis
Data are expressed as the means + SEM unless otherwise stat-
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ed. Comparisons were performed by Kruskall-Wallis analysis of
variance; and post-hoc differences were assessed by the Mann-
Whitney U test. Pvalues < 0.05 were considered statistically sig-
nificant.

Ethics statement

The animal studies were performed after receiving approval of
the institutional animal care and use committee (IACUC) in
Seoul National University Bundang Hospital (IACUC approval
No. BA1103-079/019-01).

RESULTS

Alveolar development

Photomicrographs of lung tissue sections from BPD+V group
showed larger and simpler distal air spaces, a hallmark of dis-
rupted alveolarization, compared to No BPD+V group. Defer-
oxamine appeared to restore alveolarization in animals with
BPD, as indicated by the small and complex distal air spaces.
However, in the animals without BPD, DFX did not alter alveo-
lar development (Fig. 1A). Mean cord length (Lw), an indicator
of average alveolar size, was significantly higher and alveolar
surface area (Sa) was significantly lower in BPD+V group than
No BPD+V group. Deferoxamine significantly decreased L. and
increased S in the animals with BPD. However, in the animals
without BPD, DFX did not alter L, or Sx (Fig. 1B and C).
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Pulmonary vascular development

Photomicrographs of the lung tissue sections immunostained
with PECAM-1 revealed a significantly lower number and den-
sity of vessels in BPD+V group than in No BPD+V group. Defer-
oxamine significantly increased the number and density of ves-
sels in the animals with BPD. However, in the animals without
BPD, DFX did not cause significant changes in the number or
density of vessels (Fig. 2A-C).

Effect of deferoxamine on hypoxia-inducible factor-1a
expression

Immunofluorescence analysis showed that HIF-1a expression
was substantially decreased in the lungs of the animals with BPD;
however, HIF-1a expression was recovered by DEX (Fig. 3A). To
quantify HIF-1a levels, we detected HIF-1a by Western blotting
and found that the suppression of HIF-1a in the animals with
BPD was effectively rescued by DFX (Fig. 3B).

Effect of deferoxamine on hypoxia-inducible factor-1a
expression in lung epithelial cells

The induction of HIF-1a. by DFX was confirmed in human small
airway epithelial cells (HSAEpC). When the cells were treated
with DFX, HIF-10 was induced in a dose-dependent manner,
even under normoxia (Fig. 4A). Temporally, induction of HIF-
la. began as early as 2 hr after DFX treatment (Fig. 4B).
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Fig. 1. Representative photomicrographs of rat lungs on day 14 (A). H&E staining; magnification, 100 x. Scale bar indicates 200 um. Morphometric data of rat lungs on day 14
are shown (B, C). n = 5-8 per group. *P <0.05. BPD, bronchopulmonary dysplasia; V, vehicle; DFX, deferoxamine.
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Fig. 2. Representative photomicrographs illustrating the results of immunohistochemical analysis of PECAM-1 in rat lungs on day 14 (A). Arrows indicate pulmonary vessels
stained with PECAM-1. Magnification, 400 x. Scale bar indicates 50 um. The number of pulmonary vessels per high-power field (HPF) (B) and pulmonary vascular density (C)
are displayed in a bar graph. n = 5-8 per group. *P < 0.05. PECAM, platelet endothelial cell adhesion molecule; BPD, bronchopulmonary dysplasia; V, vehicle; DFX, deferox-

amine.

Effect of deferoxamine on hypoxia-inducible factor-1o-
driven gene expression in lung epithelial cells

To evaluate whether the DFX-induced HIF-1o was active, we
analyzed its transcriptional activity using a VEGF promoter-lu-
ciferase reporter system; and we found that VEGF promoter ac-
tivity was enhanced by DFX (Fig. 5A). Subsequently, we ana-
lyzed the mRNA levels of the HIF-1o target genes CA9 and LOX
by semi-quantitative RT-PCR, and we found that CA9 and LOX
mRNA expression was induced by DFX in a time-dependent
manner (Fig. 5B and C).

DISCUSSION

Fetal lung development occurs in a hypoxic environment; air-
way branching and pulmonary vascular development are pro-
moted in such hypoxic environments (14). BPD occurs exclu-
sively in very premature infants whose lungs should have been
actively developing in the hypoxic environment in utero (15).
After premature birth, this active lung development is disrupted
by various detrimental stimuli such as hyperoxia, mechanical
injury and inflammation (16, 17). Even room air is relatively hy-
peroxic to these premature infants compared to the normal hy-
poxic environment in utero (18). Moreover, the limited antioxi-
dant defense of premature infants makes them vulnerable to
oxidative injury, even at lower oxygen tensions (17).
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The pathologic hallmark of BPD is arrested alveolar and pul-
monary vascular development (19). Alveolar development and
pulmonary vascular development are interlocked processes, as
evidenced by the finding that experimental inhibition of angio-
genesis during fetal lung development results in the arrest of
distal airspace development (20). The primary transcriptional
regulator of vascular development in the hypoxic fetal environ-
ment is HIF-1a (3). After birth, HIF-1a degrades rapidly; thus,
angiogenic activity decreases due to the relatively oxygen-rich
environment (18). Asikainen et al. demonstrated the downreg-
ulation of HIF-1a after preterm birth in a preterm baboon mod-
el of BPD (4). Taken together, these data indicate that stabiliza-
tion of HIF-1a could be an approach for the prevention of BPD.
By stabilizing HIF-1a, the fetal hypoxic environment could be
mimicked; thus, pulmonary vascular development and distal
airspace development could be enhanced in the extra-uterine
hyperoxic environment.

The pharmacologic stabilization of HIF-1a can be achieved
by selective and non-selective inhibitors of prolyl 4-hydroxylase
(PHD). FG-4095 is a specific inhibitor of PHD, while dimethyl-
oxaloylglycine and DFX are non-specific inhibitors (18, 20). In
our study, we activated HIF-1o with DEX. In an in vitro study,
we confirmed that DFX increases HIF-1o production and its
transcriptional activity in a dose- and time-dependent manner.
Also, DEX increased HIF-1a expression in the lungs and improv-
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Fig. 3. Representative photomicrographs illustrating the results of immunofluorescence analysis of HIF-1a in rat lung on day 14 (A). Treatment with DFX recovered the expres-
sion of HIF-1a in the lungs of BPD rats. Tissue sections were serially cut at 4 um and subjected to immunofluorescence staining of HIF-1a.. Lung tissues in the four experimen-
tal groups were homogenized, and 20 g of protein was subjected to Western blotting using an anti-HIF-1a antibody (B). Tubulin was used as a loading control. DFX, deferox-
amine; HIF, hypoxia-inducible factor; BPD, bronchopulmonary dysplasia; V, vehicle; DAPI, 4”,6-diamidino-2-phenylindole.
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Fig. 4. Deferoxamine induced HIF-1a in a dose-dependent manner in human small airway epithelial cells (HSAEpCs) (A). HSAEpCs were incubated with 10, 20, 30 or 65 pM
DFX for 8 hr, and HIF-1a expression was evaluated by Western blotting. HSAEpCs were incubated with 65 uM DFX for the indicated times (B). The expression of HIF-1o was
analyzed by Western blotting. DFX, deferoxamine; HIF, hypoxia-inducible factor.

ed pulmonary vascular development and alveolarization. These
findings suggest that DFX could be an approach for stabilizing
HIF-1a and relieving the pathologic consequences of disrupted
lung development.
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Deferoxamine is a well-known stabilizer of HIF-10 and, con-
sequently, an inducer of HIF-1o-dependent genes, including
genes involved in angiogenesis; however, the mechanism of
HIF-1a stabilization is not clearly understood (21). Iron takes
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Fig. 5. Deferoxamine-induced HIF-1o. was active. Deferoxamine activated VEGF promoter (A). Human small airway epithelial cells (HSAEpCs) were co-transfected with 1 ug of
VEGF promoter-luciferase plasmid and B-galactosidase plasmid. After 48 hr, the cells were treated with 10 or 65 M DFX for 16 hr and lysed for the luciferase assay. Lucifer-
ase activity was normalized to B-galactosidase activity. Bars represent the mean=£SD (n = 4) of luciferase activity. Deferoxamine induces the mRNA expression of HIF-1a. target
genes (B, C). Cells were treated with 65 uM DFX for the indicated times and subsequently harvested. Total RNAs were extracted from the cells, and the mRNA levels of CA9 (B),
LOX (C), and 78S were analyzed by RT-gPCR. Each bar represents the mean=+SD of four separate experiments. “P < 0.05. DFX, deferoxamine; HIF, hypoxia-inducible factor.

part in redox reactions that produce reactive oxygen species
(22). As an iron chelator, inhibition of PHD by depleting iron
from the catalytic center could be a plausible mechanism of
HIF-10 stabilization by DFX (20). Because we exposed the ani-
mals to hyperoxia to induce BPD in this study, the positive ef-
fects of DFX on alveolar and pulmonary vascular development
might be a result of the reduction of oxidative stress by the iron-
chelating effect of DEX. However, in a study with adipose-de-
rived stem cells, it was shown that DFX stabilizes HIF-1a in a
redox-independent manner, in which other antioxidants failed
to reproduce or alter the effect of DFX on the transcriptional
activity of HIF-10(8). When we evaluated the oxidative stress in
the lungs, the level of protein carbonyl was not different between
DFX-treated animals and untreated animals (data not shown).
Therefore, it is not probable that reduced oxidative stress is the
main action mechanism of DFX in our study.

We confirmed that DFX increased the production of HIF-1a
in both in vivo and in vitro experiments. The dose-dependent
induction of HIF-1a and its transcriptional activity by DFX was
demonstrated in in vitro study. Small airway epithelial cells,
which were used in in vitro study, are directly exposed to room
air or hyperoxia after preterm birth and play an important role
in alveolar and pulmonary vascular development via epithelial-
mesenchymal interactions (23). In this regard, the results from
in vitro study have the biological relevance and complement
our in vivo study. The increased pulmonary vascular develop-
ment observed in DFX-treated animals is likely to be the effect
of HIF-1a stabilization by DFX, because HIF-1a is known to
mediate angiogenesis and activate VEGF expression. Whereas
VEGF is a specific regulator of angiogenesis, HIF-1a is a master
regulator involved not only in angiogenesis but also in various
other processes including cellular metabolism, proliferation,
and survival (2,24). In fact, administration of VEGF alone has
been shown to produce abnormal vessels with excessively high
permeability and tortuosity (25). However, the overexpression
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of HIF-1a has been shown to result in increased vascularity with
normal permeability (26). Because HIF-10 acts in a pleiotropic
manner, it is expected that pharmacologic stabilization of HIF-
1o will lead to more balanced angiogenesis than the adminis-
tration of one or several angiogenic factors.

It is noteworthy that DFX caused an increase in the expres-
sion of HIF-1a in the lung tissues of animals with BPD as well as
those without BPD. However, DEX did not cause further impro-
vement in alveolar or pulmonary vascular development in the
animals without BPD. This finding suggests that the pharmaco-
logical stabilization of HIF-1o may have little effect on alveolar
and pulmonary vascular development under normal physio-
logic condition. Further studies are required to determine the
optimal usage of DFX for the prevention and/or treatment of
BPD.
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