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Bronchopulmonary dysplasia (BPD) is a major cause of morbidity in
premature infants receiving oxygen therapy. Currently, sildenafil is
being examined clinically to improve pulmonary function in patients
with BPD. Based on the pharmacological action of sildenafil, the
elevation of cyclic guanosine 3’,5'-monophosphate (cGMP) in lung
tissue is considered to underlie its beneficial effects, but this mech-
anism is not understood at the molecular level. Here, we examined
the possibility that sildenafil helps the pulmonary system adapt to
hyperoxic stress. To induce BPD, fetal rats were exposed to LPS be-
fore delivery, and neonates were exposed to hyperoxia, followed by
intraperitoneal injections of sildenafil. Alveolarization was impaired
in rats exposed to hyperoxia, and alveolarization significantly recov-
ered with sildenafil. Animmunohistochemical examination revealed
that sildenafil effectively increased vascular distribution in lung tis-
sue. Furthermore, the oxygen sensor hypoxia-inducible factor (HIF)-
1/20 and the angiogenic factor vascular endothelial growth factor
(VEGF) were highly expressed in the lungs of sildenafil-treated rats.
In human small-airway epithelial cells, HIF-1/2a and its downstream
genes, including VEGF, were confirmed to be induced by sildenafil at
both the protein and mRNA levels. Mechanistically, cGMP in airway
cells accumulated after sildenafil treatment because of interfering
phosphodiesterase Type 5, and subsequently cGMP activated HIF-
mediated hypoxic signaling by stimulating the phosphoinositide
3-kinase (PI3K)-v-akt murine thymoma viral oncogene homolog 1
(AKT)-mammalian target of rapamycin (mTOR) pathway. This study
provides a better understanding about the mode of action for silde-
nafil, and suggests that HIF can be a potential target for treating
patients with BPD.

Keywords: BPD; sildenafil; AKT/mTOR pathway; HIF-1a; VEGF

Despite advancements in perinatal care, bronchopulmonary dys-
plasia (BPD) remains the major cause of morbidity in premature
babies (1). BPD lungs exhibit large alveoli with reduced septation
and poor vascularity, sometimes in association with pulmonary
hypertension (2, 3). Hyperoxic therapy and mechanical ventila-
tion are required to supply oxygen to premature babies with
respiratory failure. However, these therapeutic modalities para-
doxically impair postnatal lung development, and aggravate BPD
symptoms (4, 5). Lung inflammation is also considered a causative
factor in BPD because prenatal chorioamnionitis and postnatal
respiratory tract infections are associated with disease progress
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CLINICAL RELEVANCE

Sildenafil has therapeutic potential in bronchopulmonary
dysplasia (BPD), and this effect is likely attributable to the
activation of the hypoxia-inducible factor (HIF) signaling
pathway. We also suggest that the activation of HIF offers
a possible strategy for the treatment or prevention of BPD.

(6-8). However, the mechanism underlying the impaired alveola-
rization and vascularization in BPD remains to be clarified.

Vascular endothelial growth factor (VEGF) is highly ex-
pressed in alveolar septa, where it mediates airway—vascular
coupling reactions (9). VEGF not only mediates neovasculari-
zation, but also promotes alveolar cell proliferation (10). VEGF
thereby plays critical roles in lung morphogenesis toward a nor-
mal ventilation-perfusion match (9, 11), and its deregulation
leads to impaired lung development. VEGF has been reported
to be down-regulated in the lungs of patients with BPD (12),
and intratracheal VEGF gene therapy was found to improve
alveolarization in rat lungs with BPD (13-15).

Nitric oxide (NO) is also required for lung development (16).
NO per se mediates neovascularization and also enforces the
angiogenic action of VEGF in lung tissue (17). Moreover, the
inhalation of NO gas reduces the risk of BPD in premature
infants with respiratory insufficiency, and NO-producing medi-
cations have been developed for BPD therapy (17, 18). In par-
ticular, sildenafil was developed to mimic the pharmacological
action of NO by increasing intracellular cyclic guanosine 3',5'-
monophosphate (¢cGMP) concentrations. Ladha and colleagues
(19) demonstrated that sildenafil improves alveolar growth and
ameliorates BPD-associated pulmonary hypertension in rats
with BPD, and sildenafil was also reported to ameliorate BPD
symptoms by augmenting the neovascularization mediated by
VEGF and angiopoietin-1 (20). Currently, sildenafil is undergo-
ing clinical trials as a BPD therapeutic regimen (21, 22). How-
ever, the mechanism underlying the effects of sildenafil remains
to be investigated.

The production of VEGF and NO is regulated by hypoxia-
inducible factor (HIF), and recently HIF was suggested to par-
ticipate in normal lung development. It is down-regulated in the
lungs of primates with BPD (23-25). HIF is a transcription fac-
tor that orchestrates the expressions of several hundred genes
essential for cellular adaptation to hypoxia (26). It helps cells
survive under hypoxic conditions, and facilitates the supply of
more blood to hypoxic areas by expressing VEGF and NOS
(27). HIF has three isoforms, namely, HIF-1a, HIF-2a, and
HIF-3a. HIF-1ao and HIF-2a act as transcription factors,
whereas HIF-3a does not. HIFs are composed of oxygen-
dependent a-subunits and a common B-subunit, which is
termed the aryl-hydrocarbon receptor nuclear translocator (ARNT).
HIF-1 and HIF-2 possess different a-subunits (HIF-1a and HIF-2a,
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respectively). The a-subunits are hydroxylated at their proline
resides by prolyl-hydroxylase (PHD), which also recruits von
Hippel-Lindau protein, and leads to the ubiquitination and pro-
teasomal degradation of a-subunits (28-30). Under hypoxic con-
ditions, oxygen-dependent hydroxylation is blocked, and HIF-as
become stable and active.

In the present study, we addressed two questions: (/) Does
sildenafil improve lung development in a BPD animal model,
and (2) Does HIF mediate the effect of sildenafil? This study
provides a better understanding about the mode of action for
sildenafil, and suggests that HIF may be a potential target for
treating patients with BPD.

MATERIALS AND METHODS
Cell Culture

Primary human small airway epithelial cells (HSAEp-C) and cancer
cells originating from human alveolar epithelium (A549) were pur-
chased from Promo Cell (Heidelberg, Germany) and the American
Type Culture Collection (Manassas, VA), respectively. HSAEp-C and
AS549 cells were cultured in an epithelial medium provided by the supplier
and in RPMI-1640, respectively, with 10% heat-inactivated FBS. Cells
were kept in a 5% CO, humidified atmosphere at 37°C. Agents were
administered to the medium 1 hour before normoxic (20% oxygen) or
hyperoxic (85% oxygen) incubation.

RT-PCR

Total RNAs were isolated from cells using Trizol (Invitrogen, Carlsbad,
CA). Semiquantitative and quantitative RT-PCR was preformed
to analyze mRNA concentrations, as previously described (31).
Detailed methods are described in the online supplement, and
primer sequences are summarized in Tables E1 and E2 in the online
supplement.

Western Blotting

Cells were lysed in an SDS sample buffer, and the lysates were dena-
tured at 95°C for 10 minutes. Proteins were separated on SDS/
polyacrylamide gels and transferred to Immunobilon-P membranes

A Termination

(Millipore, Bedford, MA). The membranes were sequentially incu-
bated with primary and secondary antibodies, and the immune com-
plexes were visualized by chemiluminescence (please refer to the
online supplement).

Immunohistochemistry

Paraffin-embedded lung sections (4 pm) were deparaffinized and
sequentially incubated with a primary antibody against HIF-1/2a
or CD31 and a biotin-conjugated secondary antibody. Immune com-
plexes were visualized using streptavidin—Alexa Fluor 488 fluores-
cence probes for HIF-1/2a, or using diaminobenzidine for CD31.
Nuclei were stained with 4’,6-diamidino-2-phenylindole (please refer
to the online supplement for further details).

cGMP Assay

Concentrations of cGMP were measured using an immunoassay kit pro-
vided by Amersham Pharmacia Biotech (Piscataway, NJ). Concentra-
tions of cGMP were determined using standard solutions (please
refer to the online supplement for details).

Rat BPD Model

Rat pups were spontaneously delivered 2 to 2.5 days after an intra-
amniotic injection of LPS (0.5 pg) or PBS. Pups were randomly
divided into three groups: the control group, receiving a saline in-
jection and room air exposure; the L + O group, receiving an LPS
injection and 85% oxygen exposure; and the L + O + S group,
receiving an LPS injection, 85% oxygen exposure, and sildenafil
treatment (100 pg/g daily, intraperitoneal). After exposure to hyper-
oxia for 1 week, pups were killed immediately (1 wk) or 1 week later
(2 wk). Control pups were kept continuously in room air (please
refer to the online supplement). The experimental design is summa-
rized in Figure 1A. The experimental protocol was approved by the
Animal Care and Use Committee of Seoul National University Bun-
dang Hospital.

Lung Morphometry

Morphometric examinations were performed in six fields of two distal
lung sections for each pup. Photographs were analyzed as previously

Figure 1. Sildenafil promotes the alveolarization
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killed 2 or 3 weeks after birth. Five rats were allo-
cated for each experiment. (B) Microscopic exam-
ination of neonatal rat lung tissues stained with
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hematoxylin and eosin. Neonatal rats were sub-
jected to normal (Con), LPS-pretreated hyperoxic
(L + O), or LPS-pretreated, sildenafil-treated
hyperoxic (L + O + S) conditions for 1 week, or
were allowed to recover in room air for 1 week.
(C and D) Mean cord lengths and alveolar surface
areas were analyzed in neonatal rat lungs sub-
jected to the indicated conditions. Both parame-

metric analysis. The values of mean cord length
and alveolar surface area are presented as the
means * SDs of five experiments. The Mann-
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Figure 2. Sildenafil recovers angiogenesis and hypoxia-
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described (32). All measurements were performed by a single observer.
Tissue volume densities (VDr) were determined, using a 10 X 10 grid
(29-pm side length). Mean cord length (Ly,) provided an estimate of
the distance from one airspace wall to an adjacent airspace wall, and
was determined by counting airspace walls using an 84-line array
(24-pm side length). Alveolar surface area (S) was calculated accord-
ing to the formula S, =4 X VDt X lung volume/L,, (please refer to
the online supplement).

Statistical Analysis

Measured values are expressed as means = SDs, and one-way ANOVA
was used for comparisons. Post hoc analysis was performed according
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inducible factor (HIF)-1/2a expression in the lungs of LPS/
hyperoxia-treated neonatal rats. (A) Vessels in lung tissue
were immunostained with anti-CD31 antibody. An arrow
indicates one of the CD31-positive vessels. Nonimmu-
nized rabbit serum was used as a nonspecific IgG control.
(B) Vascular endothelial growth factor (VEGF), CD31, and
HIF-1/2a expression in neonatal rat lungs. Lung-tissue
homogenates (20 pg protein per lane) were subjected
to Western blotting with specific antibodies, and 3-tubulin
was used as a loading control. (C) Immunofluorescent
staining of HIF-1/2« in lung tissues. Tissue sections were
incubated with anti-HIF-1« or anti-HIF-2a antibody, and
immune complexes were visualized using Alexa Fluor 488
green. 4',6-Diamidino-2-phenylindole was used to stain
nuclei, and nonimmunized rabbit serum was used as a
nonspecific IgG control.

L+0+S

x400

to least significant differences, and P < 0.05 was considered statistically
significant.

RESULTS

Sildenafil Enhances Alveolarization of Neonatal Lungs
in BPD Rats

To determine the pharmacological effects of sildenafil in rats with
BPD, sildenafil was cotreated to neonatal rats with lung injury in-
duced by LPS/O, treatment, as shown in Figure 1A. Consequently,
LPS/O, treatment disturbed alveolarization in the lungs, and
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sildenafil recovered this impaired alveolarization (Figure 1B).
Alveolarization was morphometrically evaluated by measuring al-
veolar cord lengths and surface areas. Hematoxylin and eosin—
stained sections were randomly photographed, and transparent
gridded sheets were overlaid on pictures. Mean cord length
increased by 28% or 8% in neonatal rats treated with LPS/
O, for 1 or 2 weeks, respectively, versus control rats (Figure
1C). Likewise, alveolar surface area decreased by 61% or 14%
in neonatal rats treated with LPS/O, for 1 or 2 weeks, respec-
tively (Figure 1D). Interestingly, sildenafil normalized both
parameters for alveolarization.

Sildenafil Promotes Vascular Formation and HIF-1/2«
Expression in BPD Rats

Given that airway development is coupled with vessel formation,
we checked lung vascularity by immunostaining vascular endo-
thelia with anti-CD31. Many vessels were present in control
lungs at 1 week after birth, and these structurally matured 1 week
later (Figure 2A). In contrast, vessels in the L + O group not
only decreased in number, but appeared structurally immature.
In sildenafil-treated rats, the vascular numbers and structure in
lungs recovered. The CD31 concentrations in lung tissues were

rechecked by Western blotting, and the results further sup-
ported our immunohistochemical results (Figure 2B). Because
VEGF determines vessel formation during lung development,
we also analyzed VEGF concentrations in neonatal lungs.
VEGF was found to be down-regulated in the L + O group,
and up-regulated by sildenafil (Figure 2B), suggesting that
VEGF-mediated angiogenesis may underlie sildenafil-induced
alveolarization. Based on its molecular weight (~ 25 kD) and
the information from previous literature (33), the detected pro-
tein was assumed to be VEGF-Ags. Because HIF-1a and HIF-2a
both function to stimulate angiogenesis by inducing VEGF, we
analyzed the expression of HIF-1a and HIF-2«a in rat lungs via
immunofluorescence. Interestingly, both HIF-as were ex-
pressed in the nuclei of alveolar cells in neonatal lung tissues,
but not in adult lung tissues (Figure E1). In neonatal lungs, the
numbers of HIF-1/2a-positive cells were substantially reduced
by LPS/O, treatment, and these were recovered by sildenafil
(Figure 2C). To confirm HIF-1/2« expression, we analyzed con-
centrations according to Western blotting, and found HIF-1/2a
to be induced by sildenafil (Figure 2B). All these effects of
sildenafil were more noticeable in the 2-week group. These
results encouraged us to hypothesize that sildenafil ameliorates
BPD via the sildenafil-HIF-VEGF axis.
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Figure 4. The cyclic guanosine 3’,5’-monophosphate (cGMP) path-
way is involved in the sildenafil-induced expression of HIF-1/2a.
(A) HSAEp-C cells were cotreated with 100 wM sildenafil and TH-
[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one (ODQ) (10, 20, or 50 wM)
for 16 hours, and HIF-1/2a expression was then analyzed by Western
blotting. (B) HSAEp-C cells were treated with 100 wM sildenafil and/or
100 nM S-nitrosoglutathione (GSNO) for 8 hours, and HIF-1/2a ex-
pression was analyzed by Western blotting. (C) HSAEp-C cells were
seeded in 12-well plates at 10° cells/ml, and treated with 100 uM
sildenafil and/or 200 wM GSNO for 16 hours. Cells were lysed to assay
intracellular cGMP concentrations. (D) HSAEp-C cells were treated
with 0.5 or T pM 8-Br-cGMP for 16 hours, and HIF-1/2a expression
was analyzed by Western blotting.

Sildenafil Up-Regulates HIF Target Genes
in Lung Epithelial Cells

To understand how sildenafil recovers HIF-1/2a. expression in
neonatal lungs, we examined whether sildenafil stimulates the
expression of HIF-1/2« in pulmonary cells. When human small
airway epithelial (HSAEp) cells were treated with sildenafil,
HIF-1/2a proteins were expressed in a dose-dependent manner,
even under normoxia (Figure 3A). We next examined time
courses, and found that HIF-1/2«a proteins began to be induced
8-12 hours after sildenafil treatment in both HSAEp and A549 (a
cancer cell line originating from alveolar epithelium) cells (Figure
3B). However, sildenafil did not affect the expression of ARNT,
which dimerizes with HIF-1/2a.. To evaluate whether the sildenafil-
induced HIF-1/2as are transcriptionally active, concentrations of
the mRNAs of VEGF and other HIF target genes (pyruvate de-
hydrogenase kinase, isozyme 1 and carbonic anhydrase 9) were
assayed by semiquantitative RT-PCR. All mRNAs were found
to be induced time-dependently by sildenafil (Figure 3C). How-
ever, the kinetic change of HIF-1a« mRNA was obscure because of
PCR overcycling. We rechecked mRNA concentrations using
quantitative RT-PCR, and confirmed that sildenafil enhances the
transcriptions of HIF target genes. In addition, the concentration of
HIF-1a mRNA was found to be increased by sildenafil (Figure 3D).
To know which of the two HIF-a isoforms is responsible for
sildenafil-induced VEGF expression, we knocked down each
isoform in HSAEp cells. As a result, the induction of VEGF was
attenuated by silencing either HIF-1a. or HIF-2a (Figure 3E),
which indicates that HIF-as are likely to contribute to the
induction of VEGF by sildenafil. Based on these results, silde-
nafil is suggested to activate the HIF signaling pathway by up-
regulating HIF-1/2as at the posttranscriptional level.
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Sildenafil Induces HIF-1/2a Expression by Increasing cGMP

Given that sildenafil increases intracellular cGMP by inhibiting
phosphodiesterase-5, we examined whether cGMP mediates the
sildenafil induction of HIF-1/2a. When cGMP production was
blocked by 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one (ODQ)
(an inhibitor of soluble guanylyl cyclase generating cGMP), the
sildenafil-induced HIF-1/2a expression was abolished in HSAEp
cells (Figure 4A). When we increased cGMP using S-nitrosoglu-
tathione (GSNO, a NO-releasing substance), GSNO alone obvi-
ously induced HIF-1/2as, and in combination with sildenafil
further increased their concentrations (Figure 4B). Concomi-
tantly, intracellular cGMP concentrations were elevated by silde-
nafil or GSNO, and more so by their combination (Figure 4C).
To confirm that cGMP regulates HIF-1/2o expression, we admin-
istered 8-bromo-cGMP (a membrane-permeable cGMP ana-
logue) to HSAEp cells, and found that 8-bromo-cGMP was
sufficient to induce HIF-1/2a (Figure 4D). Taken together, these
results suggest that sildenafil stimulates the expression of HIF-1/
2a via the NO/cGMP signaling pathway.

Sildenafil Stimulates the Synthesis of HIF-1/2a Proteins

To understand how sildenafil regulates HIF-1/2a expression, we
first checked whether the degradation of HIF-1/2a was affected
by sildenafil. For this purpose, we stabilized HIF-1/2a proteins
under hypoxia, and then initiated their degradation by reoxyge-
nation with 20% oxygen. Both HIF-1/2a proteins disappeared
within 15 minutes after oxygenation, regardless of sildenafil
treatment (Figure 5A). The half-lives of HIF-1/2« proteins were
estimated using protein band intensities, but no differences
were observed between the control and sildenafil-treated groups
(Figure 5B). Next, we checked de novo syntheses of HIF-1/2«
proteins. After removing remnants of HIF-1/2a using cyclo-
heximide, we initiated the de novo synthesis of HIF-1/2a pro-
teins by sequentially washing out cycloheximide and adding
N-(benzyloxycarbonyl)leucinylleucinylleucinal (MG132) (an
HIF-a stabilizer). HIF-1/2a proteins were found to be expressed
earlier and at higher concentrations in sildenafil-treated cells
than in control cells (Figure 5C). Protein concentrations were
densitometrically analyzed (Figure 5D). These results indicate
that sildenafil induces HIF-1/2a proteins by facilitating their syn-
thesis. To examine whether sildenafil induces the accumulation
of HIF-1/2« in nuclei, HSAEp cells were subjected to the indi-
cated conditions and prepared for the extraction of nuclear
proteins. Nuclear HIF-1/2a proteins were accumulated by
MG132, and their concentrations were higher in the presence
of sildenafil. However, LPS exerted no direct effect on protein
concentrations. To mimic the conditions of in vivo hyperoxia,
we incubated cells in a hyperoxic chamber. The sildenafil-
induced expression of nuclear HIF-1/2a proteins was not signif-
icantly affected by LPS or ambient oxygen tension (Figure SE).
Moreover, the expressions of HIF-la and its target mRNAs
were not augmented by LPS, and sildenafil was able to induce
them even under hyperoxic conditions (Figure E2).

Sildenafil Activated the PI3K/AKT/mTOR
Signaling Pathway

Basically, protein synthesis is determined by two distinct fac-
tors: the amount of mRNA, and the translational rate. Because
the HIF-la mRNA concentration was already found to be
increased by sildenafil, we checked whether sildenafil stimu-
lates the translational process for HIF-a proteins. PI3K was
shown to phosphorylate AKT, phospho-AKT phosphorylates
mTOR, and finally phospho-mTOR initiates the translation
of HIF-1a protein (34, 35). Therefore, we tested the possible
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involvement of the PI3K/AKT/mTOR signaling pathway in
the sildenafil-induced synthesis of HIF-1/2a proteins. To deter-
mine the time required for sildenafil to activate AKT, we treated
HSAEp cells with sildenafil for different times. Cellular concen-
trations of phospho-AKT and phospho-mTOR were found to
increase time-dependently in the presence of sildenafil (Figure
6A). Based on the results, we decided to fix the incubation time
at 1 hour in the subsequent experiment. Furthermore, the
sildenafil-induced AKT phosphorylation was blocked by
LY294002 (a PI3K inhibitor) and AktIV (an AKT inhibitor),
and the mTOR phosphorylation was blocked by these inhibitors
and by rapamycin (an mTOR inhibitor). This result verifies that
sildenafil activates the PI3K/AKT/mTOR signaling pathway.
When each component of the PI3K/AKT/mTOR pathway was
inhibited, the expression of HIF-1/2a was also attenuated (Figure
6B), which indicates that sildenafil facilitates the synthesis of
HIF-1/2a proteins through the PI3K/AKT/mTOR pathway.
Moreover, activation of the PI3K/AKT/mTOR pathway by sil-
denafil was blocked by ODQ (Figure 6C). Therefore, the activa-
tion by sildenafil of the PI3K/AKT/mTOR pathway is likely to be
mediated by increased cGMP.

DISCUSSION

This study shows that sildenafil promotes the postnatal develop-
ment of the alveolar and vascular systems in rats with BPD, and
that these effects are associated with the inductions of HIF-1/2«
and VEGF. In alveolar epithelial cells, sildenafil activates the NO/
c¢GMP signaling pathway, which activates the PI3K/AKT/mTOR
pathway, which facilitates the de novo synthesis of HIF-1/2« pro-
teins, which induces VEGF, which is responsible for angiogenesis
and alveolarization. Portions of this sildenafil action and HIF-1/2a
regulation have been investigated elsewhere. However, to the best

12 15 min

20.. HSAEp-C cells were incubated during a hypoxic con-
dition (1% oxygen) for 8 hours with or without 100 uM of
sildenafil, and then incubated under a normoxic condition
(20% oxygen) for the indicated times. HIF-1/2a protein
concentrations were analyzed by Western blotting, and
tubulin was used as a loading control. (B) Band intensities
of HIF-1/2a in A were quantified using the Image] pro-
gram and plotted. Half-lives of HIF-1/2a were calculated
from first-order decay curves. Points represent the

° +sn‘HIF_1a means * SDs of three experiments. (C) Sildenafil in-
2 +§:: creased the synthesis of HIF-1/2« at the translational level.
v _S"‘HIF-Za HSAEp-C cells were treated with 100 uM cycloheximide
for 1 hour. After washing, cells were further treated with
N-(benzyloxycarbonyl)leucinylleucinylleucinal (MG132)
(10 pM) only or MG132 (10 wM) + sildenafil (100 wM)
for the indicated times. Protein concentrations of HIF-1/2a
5 hr

or tubulin were analyzed by immunoblotting. (D) Band
intensities of HIF-1/2a in C were quantified using the
Image] program (http://rsbweb.nih.gov). Points represent
the means * SDs of three experiments. (£) HSAEp-C cells
were treated with sildenafil (100 pM), LPS (100 ng/ml),
and/or MG132 (10 pM) for 4 hours at 20% or 85% ox-
ygen. Nuclear proteins were loaded on SDS/PAGE gels
and blotted with antibodies against the indicated pro-
teins. Lamin B was used as a loading control for nuclear
proteins.

of our knowledge, few studies have been performed to demon-
strate the mode of action for sildenafil in terms of BPD therapy.
We believe that this study provides a basis for the development of
new therapeutic modalities in the treatment of BPD.

Preterm infants delivered before 30 weeks of gestation run
a high risk of BPD, which involves poor alveolarization and ab-
errant lung microvasculature (36, 37). Intrauterine infection and
amniotic inflammation are also considered high risk factors of
BPD. When infants with BPD suffer from respiratory distress,
an oxygen supply via mechanical ventilation is required to relieve
hypoxic symptoms. Paradoxically, oxygen therapy during the peri-
natal period increases the risk of BPD and aggravates its symp-
toms (38). In a previous study, we developed a BPD rat model
based on an intra-amniotic LPS injection and whole-body expo-
sure to hyperoxia, and in the present study we used this model to
examine the effects of sildenafil on BPD.

Lung small airways and alveoli are codeveloped with vessels, and
are coupled structurally and functionally to match the ventilation/
perfusion ratio. Thus, the retardation of vascular growth during
the perinatal period leads to impaired alveolarization. In fact, an-
giogenic molecules, such as VEGF/VEGFR2 (Flk-1), angiopoietin
(Ang)-1, Ang-2, and tyrosine kinase with immunoglobulin-like
and EGF-like domain 2, are up-regulated during alveolarization
in mice, and remain continuously at high concentrations, even af-
ter the lungs mature (39, 40). Of these, VEGF has been most
intensively investigated in relation to lung development. VEGF is
secreted by small airway epithelial cells, and then targets VEGF
receptors (flk-1/kinase insert domain receptor and flt-1) in endo-
thelial cells and alveolar epithelial cells (9). Here we found that
alveolarization, vascularity, and VEGF production decline in rats
with BPD, and effectively recover with the use of sildenafil. Our
results also support the idea of airway—vessel coupling in lung
development.
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Figure 6. Sildenafil-dependent induction of HIF-1/2a was Akt/mTOR
signaling—dependent. (A) Sildenafil activated the AKT/mTOR signaling
pathway. HSAEp-C cells were incubated with 100 uM sildenafil for the
indicated times, and then harvested to determine protein concentra-
tions by Western blotting. (B) HSAEp-C cells were incubated with 100 uM
sildenafil in the absence or presence of various inhibitors for the
indicated times C, control; L, 50 uM LY 294002; A, 10 .M AKTIV; R,
1 uM rapamycin; P, 50 uM PD98059. Protein concentrations of phospho-
AKT (P-AKT), AKT, phospho-mTOR (P-mTOR), and mTOR (above) or
HIF-1/2a proteins (below) were evaluated by Western blotting. (C)
HSAEp-C cells were incubated with sildenafil or sildenafil + ODQ.
Cells were preincubated with ODQ (50, 20, and 10 uM) for 2 hours,
and then further incubated with 100 wM sildenafil for 1 hour. Protein
concentrations were evaluated by Western blotting.

A recent study demonstrated that HIF-1/2as are deregulated
in the lungs of BPD baboons by mechanical ventilation and in
preterm infants with respiratory distress (41). In addition, the
HIF inducers FG-4095 and dimethyloxalylgycine, both of which
stabilize HIF-1/2a by inhibiting PHDs, have been reported to
improve pulmonary compliance limited by BPD, and to stimulate
airway branching and vessel formation (24, 42). Likewise, we
found that sildenafil acts to induce HIF-1/2« in alveolar epithelial
cells, and that by doing so it promotes alveolarization and vessel
formation. Given our results and previous reports, HIF constitutes
a compelling pharmaceutical target to improve lung function in
infants with BPD.

Because HIF-1/2a proteins are rapidly degraded under aer-
obic conditions, their concentrations in the lung are expected to
decline along with respiration. Indeed, Grover and colleagues
(41) and Asikainen and colleagues (25) demonstrated that HIF-
la and VEGF concentrations in baboon and lamb lungs signif-
icantly decreased after term delivery. In contrast, HIF-2a was
found to be continuously expressed in the lungs after birth.
Given their differential expressions after birth, HIF-1/2a may
play different roles in postnatal lung development, which re-
main to be understood. In the present study, we did not measure
HIF-1/2a concentrations in lungs during the prenatal stage, but
during the postnatal stage. Despite postnatal breathing, both
HIF-as were detected in the surface of air sacs where oxygen ten-
sion is highest in the body. However, both HIF-1/2as disappeared

11

in adult rat lungs. HIF-1/2as may be regulated via a unique mech-
anism in neonatal lungs.

In the present study, sildenafil increased HIF-1/2a synthesis,
which elevated their normoxic expression up to immunologi-
cally detectable concentrations. Furthermore, we found that
the effect of sildenafil involves the PI3K/AKT/mTOR pathway.
A similar scenario regarding the normoxic expression of HIF-1a
was suggested by Zhong and colleagues (43), who questioned
why HIF-1a protein is well expressed in prostate cancer cells
during normoxia. These researchers identified a novel pathway
responsible for the normoxic expression of HIF-1q, that is, the
PI3K/AKT/mTOR pathway, which can enhance HIF-1a trans-
lation to a rate exceeding its rate of degradation (44, 45). Many
lines of evidence suggest that this mode of HIF-1a expression is
closely linked to tissue remodeling and tumorigenesis, but the
results of the present study suggest for the first time, to the best
of our knowledge, that the PI3K-signaling HIF axis participates
in lung development. On the other hand, we note that HIF-1/2«
concentrations are also determined by PHD-mediated protein
degradation. Because PHDs are oxygen-dependent enzymes,
their activities could increase during hyperoxia, probably nulli-
fying the effects of sildenafil on HIF-1/2« expression. However,
considering that hyperoxia induces oxidative stress, PHDs may
become less active during hyperoxia because they can be inacti-
vated by reactive oxygen species (46). Since PHD activity is
differentially regulated by oxygen and reactive oxygen species,
we cannot predict whether PHD activity increases or decreases
during hyperoxia. At least in our experimental settings, oxygen
and ROS may offset each other in PHD regulation because HIF-
1/2a degradation rates were not altered by hyperoxia.

Sildenafil was originally developed to treat male erectile dys-
function (47). Sildenafil binds and inactivates PDES, leading to
an elevation of cGMP in penile smooth muscle cells. Pulmonary
vascular smooth muscle cells also express PDES, and like penile
smooth muscle cells, are also relaxed by sildenafil, which is why
sildenafil is currently used to relieve pulmonary arterial hyperten-
sion (48, 49). Moreover, PDES is also expressed in the alveolar
walls of neonatal rat lungs. This report provides a biochemical
rationale for the improved alveolarization in neonatal lungs by
sildenafil. However, PDES concentrations in lungs decrease with
age, and are fourfold lower in adult lungs than in neonatal lungs
(50). Similarly, NO synthases (Types I and III) are also regulated
age-dependently in rat lungs. NO synthase concentrations in rat
lungs increase with fetal development and peak during the neona-
tal period, but then abruptly collapse after lung maturation (51).
The age-dependent expressions of NO synthases and PDES pro-
vided us with a clue regarding the answer to a question posed in
this study, “Why are HIF-1/2as expressed in neonatal lungs but
not in adult lungs?” Given that cGMP-generating and cGMP-
removing systems are both maximally expressed in neonatal lungs,
the dynamic regulation of NO/cGMP signaling would appear to be
required for lung development during the perinatal period. Our
findings suggest that HIF-12as are up-regulated by NO/cGMP
signaling, which encourages us to speculate that dynamic NO/
cGMP signaling up-regulates HIF-1/2« in neonatal lungs. However,
further experiments are required to clarify the mechanism involved.

We focused on the effects of sildenafil on HIF-1/2a expres-
sion, but did not examine the mechanism underlying HIF-1/2«
suppression in the lungs of rats with BPD. Of the multiple steps
determining HIF-1/2a expression, the step that is deregulated in
BPD lungs remains unknown. Nonetheless, we can speculate
that the HIF-deregulating process continues during hyperoxia.
Although sildenafil was daily injected into rats during hyper-
oxia, HIF-1/2a and VEGF were not effectively induced at the
1-week time point. However, sildenafil strongly induced HIF-1/
2o and VEGF while rats recovered in room air. Therefore,
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a BPD-driving process during hyperoxia may overwhelm the
effect of sildenafil on HIF-1/2a expression.

In conclusion, our findings suggest that sildenafil has thera-
peutic potential in BPD, and that this effect is probably attrib-
utable to the activation of the HIF signaling pathway.
Mechanistically, sildenafil appears to facilitate the de novo syn-
thesis of HIF-1/2as by sequentially activating NO/cGMP signal-
ing and the PI3K/AKT/mTOR pathway. Furthermore, HIF
activation appears to offer a possible strategy for the treatment
or prevention of BPD.

Author disclosures are available with the text of this article at www.atsjournals.org.
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