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Abstract

Bronchopulmonary dysplasia (BPD), a common complication of preterm birth, is associated

with pulmonary hypertension (PH) in 25% of infants with moderate to severe BPD. Neonatal

mice exposed to hyperoxia for 14d develop lung disease similar to BPD, with evidence of

associated PH. The cyclic guanosine monophosphate (cGMP) signaling pathway has not

been well studied in BPD-associated PH. In addition, there is little data about the natural his-

tory of hyperoxia-induced PH in mice or the utility of phosphodiesterase-5 (PDE5) inhibition

in established disease. C57BL/6 mice were placed in room air or 75% O2 within 24h of birth

for 14d, followed by recovery in room air for an additional 7 days (21d). Additional pups were

treated with either vehicle or sildenafil for 7d during room air recovery. Mean alveolar area,

pulmonary artery (PA) medial wall thickness (MWT), RVH, and vessel density were evalu-

ated at 21d. PA protein from 21d animals was analyzed for soluble guanylate cyclase (sGC)

activity, PDE5 activity, and cGMP levels. Neonatal hyperoxia exposure results in persistent

alveolar simplification, RVH, decreased vessel density, increased MWT, and disrupted

cGMP signaling despite a period of room air recovery. Delayed treatment with sildenafil dur-

ing room air recovery is associated with improved RVH and decreased PA PDE5 activity,

but does not have significant effects on alveolar simplification, PA remodeling, or vessel

density. These data are consistent with clinical studies suggesting inconsistent effects of sil-

denafil treatment in infants with BPD-associated PH.

Introduction

Bronchopulmonary dysplasia (BPD) remains a significant contributor to late morbidity and

mortality of formerly premature infants [1]. A subset of infants with BPD will go on to develop

pulmonary hypertension (PH), which can result in right ventricular hypertrophy (RVH) and

right ventricular failure. Not surprisingly, development of PH is associated with longer length

of hospitalization and increased healthcare costs [2–5]. In addition, recent reports indicate
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that mortality from BPD-associated PH is as high as 50% by 2 years [3]. Despite significant

advances in neonatal critical care, the best treatment options for BPD infants with PH have

not been defined. Furthermore, the underlying mechanisms and signaling pathways involved

in the development of BPD-associated PH remain poorly understood.

In the current study, we utilized a murine model of hyperoxic lung injury to mimic BPD.

Work from our group as well as others demonstrates that chronic hyperoxia exposure of neo-

natal mice leads to alveolar simplification and features of PH, including development of RVH

and remodeling of small pulmonary arteries (PAs) [6–8]. It is now becoming increasingly evi-

dent that even brief exposures of neonatal rodents to hyperoxia can result in a similar pheno-

type. Exposure of newborn mice to 4 days of 100% O2 results in a shortened life span, changes

in lung function, and cardiovascular alterations [9]. Our lab has previously demonstrated that

oxygen exposures as short as 24h result in RVH that persists at 14d of age, and exposures of

72h result in changes in alveolar area, radial alveolar count, septal length, RVH, and Nox1 sig-

naling that persist at 14d of age [6, 10]. Significant questions remain, however, about long-

term consequences of neonatal hyperoxia exposure as well as the specific signaling pathways

involved.

We have previously shown that alterations in the nitric oxide-cyclic guanosine monophos-

phate (NO-cGMP) signaling pathway, a major regulator of pulmonary vascular tone, are

important contributors to the pathophysiology of BPD-associated PH [6]. Two key enzymes

and potential therapeutic targets in this pathway include phosphodiesterase-5 (PDE5) and sol-

uble guanylate cyclase (sGC). PDE5 contributes to vasoconstriction through degradation of

cGMP, while sGC is important in maintenance of vasodilation by increasing cGMP levels.

Sildenafil, a PDE5 inhibitor, at high doses has been shown to improve alveolar growth and

decrease RVH in rodent models of hyperoxic-lung injury [11–13] and in an adult rodent

monocrotaline-induced PH model [14, 15]. We have previously demonstrated that low-dose

sildenafil given concurrent with a two-week hyperoxia exposure attenuates markers of PH,

normalizes PA PDE5 activity, and increases cGMP levels in the mouse model of hyperoxic

lung injury with PH [6].

In the current study, we set out to determine whether neonatal oxygen exposure results in

persistent cardiopulmonary abnormalities and aberrant NO-cGMP signaling during room air

recovery and to determine the effects of rescue treatment with sildenafil, since this is the most

common clinical scenario encountered [16–19]. We found that exposure of neonatal mice to

hyperoxia during the first 2 weeks of life results in alveolar simplification, RVH, decreased ves-

sel density, and increased medial wall thickness (MWT), as well as abnormalities in NO-

cGMP signaling, including increased PDE5 activity, that persist for 1 week after returning to

room air. Sildenafil treatment during the first week of recovery was associated with a more

rapid improvement in RVH but did not impact alveolar simplification, remodeling of small

PAs, or vessel density. In addition, sildenafil treatment was associated with decreased PA

PDE5 activity.

Materials and methods

Animal protocols

This study was approved by the Institutional Animal Care and Use Committee at Northwest-

ern University. Mice were housed at 22±2˚C on a 12h day/night cycle and fed a standard diet

of rodent chow and water ad libitum. Aged-matched C57BL/6 litters (Charles River, Wilming-

ton, MA) were placed in room air (control) or 75% O2 (Chronic Hyperoxia, CH) in a Plexiglas

chamber (Biospherix, Lacona, NY) within the first 24h of birth [6]. Dams were rotated every

24h to prevent oxygen toxicity to the adult animals. After 14d of exposure, pups were allowed
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to recover at room air for an additional 7 days (21d) before euthanasia. Mice were observed at

least once a day. According to our established protocol mice would be removed from the study

and euthanized if showing signs of distress including lethargy, respiratory distress, color, and

behavior changes. No mice died or had to be euthanized in these studies prior to the experi-

mental endpoint. Euthanasia was performed by a lethal overdose of isoflurane followed by

bilateral thoracotomy and tissue harvest.

Sildenafil treatment during recovery

Litters of 21d control and CH pups received sildenafil (Revatio [0.8 mg/ml sildenafil in 5%

dextrose], Pfizer, New York, NY) or vehicle (5% dextrose) injections (3 mg/kg/dose, subcuta-

neous) every other day starting from P14, totaling four doses.

Measurement of right ventricular hypertrophy

Hearts were harvested and dissected to separate the right ventricle (RV) and left ventricle plus

septum (LV+S). Fulton’s Index (RV weight divided by LV+S weight) was used to assess RVH

[6].

Measurement of medial wall thickness

MWT of small PAs was assessed as a measure of pulmonary hypertension. Mouse lungs were

inflation fixed at 25 cm H2O using 4% formalin, stained with hematoxylin and eosin (H&E),

and imaged using an Olympus BX40 microscope (Olympus America, Melville, NY) at 40X

with Pixera software (Pixera Corporation, Santa Clara, CA). 8–10 images per animal were

taken and analyzed in a blinded fashion. MWT was measured as the ratio of the area of small

PA (<100 μM) wall over the total PA area as previously described [6].

Measurement of alveolar area and chord length

Lung sections were stained with hematoxylin for 16h, and lung morphometry images were

taken using an Olympus BX40 microscope (Olympus America, Melville, NY) at 20X with Pix-

era software (Pixera Corporation, Santa Clara, CA) as previously described [6, 20]. 8–10

images per animal were taken and analyzed in a blinded fashion. Mean alveolar area and

chord length were measured using Scion software (Scion Corporation, Frederick, MD).

Measurement of alveolar counts and septal thickness

Lung sections were stained with H&E and images were taken using an Olympus BX40 micro-

scope (Olympus America, Melville, NY) at 20X with Image Pro Plus 4.0 software (Media

Cybernetics, Silver Spring, MD). 4 images per animal were taken and analyzed in a blinded

fashion. Alveolar counts and septal thickness were measured using research-based digital

image analysis software (Image Pro Plus 4.0; Media Cybernetics, Silver Spring, MD) [21].

Immunohistochemistry

5 μm thick lung sections were rehydrated then treated with Proteinase K (Sigma-Aldrich,

St. Louis, MO, 20 μg/ml) in TE buffer (50 mM Tris Base, Amresco, Solon, OH, 1 mM EDTA,

Fisher Scientific, Waltham, MA, 0.5% Triton X-100, Fisher Scientific, pH 8) in a humidified

chamber at 37˚C. After 15 minutes, sections were allowed to return to room temperature for

10 minutes and rinsed with Tris-buffered saline containing 0.1% Tween-20 (TBST) before

being blocked at room temperature with 5% bovine serum albumin (BSA) in TBST for 30 min-

utes. Sections were incubated with von Willebrand Factor (vWF) primary antibody (Dako,
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Carpenteria, CA; 1:50 dilution overnight at 4˚C), followed by Rhodamine Red-anti-rabbit sec-

ondary antibody (Fisher Scientific, 1:100 dilution, 1 hour at room temperature) in blocking

solution as previously described [6, 10].

8 images per animal were randomly captured with a Nikon Eclipse TE-300 fluorescent

microscope under 10X magnification. Small vessels (<100 μM) were counted and averaged

per animal in a blinded fashion.

Pulmonary artery protein

Mouse lungs were flushed with phosphate buffered saline (PBS, Mediatech, Manassas, VA)

through the right ventricle followed by a solution of small iron particles (0.2 μm) that lodge

into the small PAs. The lungs were then inflated with 1% w/v of agarose (Sigma-Aldrich),

chilled in cold PBS and minced. Minced lungs were treated with collagenase (Sigma-Aldrich,

80 U/ml) for 1 hour followed by manual dissociation. Iron-filled vessels were lysed in 1X Mg-

lysis buffer (Upstate, Charlottesville, VA) supplemented with a protease inhibitor cocktail

(Sigma-Aldrich) and a phosphatase inhibitor cocktail (EMD Biosciences, San Diego, CA) and

sonicated. Released iron particles were removed using a Dynal Magnetic Particle Concentrator

(Invitrogen, Grand Island, NY) [22]. PA lysates were analyzed for PDE5 and soluble guanylate

cyclase (sGC) activity as described below.

Western blot analysis

PA protein expression was assessed via Western blot for sGCα, sGCβ and PDE5 as previously

described [6, 23]. Briefly, membranes were blocked for 1 hour at room temperature with 5%

BSA + 1X TBST then incubated overnight at 4˚C with primary antibody in 5% BSA + 1X

TBST at an appropriate dilution (1:2000 for rabbit anti-sGCα [Caymen Chemical, Ann Arbor,

MI], 1:2000 for rabbit anti-sGCβ [Caymen Chemical], and 1:2000 for rabbit anti-PDE5 [Santa

Cruz Biotechnology, Santa Cruz, CA]) or for 1 hour at room temperature with primary anti-

body for β-actin (1:5000 for mouse anti-β-actin [Sigma-Aldrich]) in 5% BSA +1X TBST. The

membranes were washed and incubated with the appropriate secondary antibody diluted

1:2000 in 5% BSA + 1X TBST for sGCα, sGCβ and PDE5 (Cell Signaling) or 1:5000 for β-actin

(Cell Signaling). Membranes were then washed and exposed via chemiluminescence (Thermo

Fischer Scientific, Rockford, IL). Bands were analyzed using Image Lab (BioRad, Hercules,

CA). Expression was normalized to β-actin. Data are shown as fold relative to corresponding

controls.

PDE5 activity assay

PA protein was first purified using a Centri-Spin 10 column to remove all free phosphates

(Princeton Separations, Adelphia, NJ). Samples were analyzed in duplicate for cGMP-hydro-

lytic activity using a commercially available colorimetric cyclic nucleotide phosphodiesterase

assay kit (Enzo, Farmingdale, NY) with and without 100 nM of sildenafil (Sigma-Aldrich) as

previously described [6, 23]. Protein concentration was determined using the Bradford

method [22]. Results are shown as the PDE5-specific pmol cGMP hydrolyzed/minute/mg of

total purified protein.

sGC activity assay

30 μg of PA protein was measured using the Bradford method. Samples were incubated in a

reaction mixture of 50 mM Tris-HCl (pH 7.5, Fisher Scientific), 4 mM MgCl2 (Fisher Scien-

tific), 0.5 mM 3-isobutyl-1-methylxanthine (Enzo), 7.5 mM creatine phosphate (Sigma-

Oxygen-induced PH persists after room air recovery
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Fig 1. Hyperoxia exposure of neonatal mice is associated with persistent alveolar simplification. Mice were exposed to hyperoxia or room air

for 14d, followed by recovery in room air for an additional 7d (21d). (A) Mean alveolar area and (n = 7 animals per group). (B) chord length were

measured using Scion software (n = 8 animals per group). (C) Representative hematoxylin-stained lung sections are shown for control 21d and

hyperoxia + recovery 21d. Bar = 50 μm. Data are expressed as dot plots with each dot representing individual animals with means and SEM

represented by horizontal lines. Results were analyzed using an unpaired t-test.

https://doi.org/10.1371/journal.pone.0180957.g001
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Fig 2. Neonatal hyperoxia exposure is associated with lower alveolar counts in 21d mice. Mice were exposed to hyperoxia or room air for 14d,

followed by recovery in room air for an additional 7d (21d). (A) Alveolar counts and (B) septal thickness were measured using research-based digital

image analysis software (n = 6 animals per group). (C) Representative H&E lung sections are shown for control 21d and hyperoxia + recovery 21d.

Bar = 50 μm. Data are expressed as dot plots with each dot representing individual animals with means and SEM represented by horizontal lines.

Results were analyzed using an unpaired t-test.

https://doi.org/10.1371/journal.pone.0180957.g002
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Fig 3. Mice exposed to neonatal hyperoxia have persistent RVH and decreased vessel density at 21d. Mice were exposed to hyperoxia or room

air for 14d, followed by recovery in room air for an additional 7d (21d). (A) Fulton’s index (RV weight/LV+S weight) was used to assess RVH (n = 12–14

animals per group). (B) vWF staining was performed on lung sections to evaluate vessel number. Small non-muscularized PAs (<100 μM) were

counted and averaged per animal (n = 8–9 animals per group). (C) Representative phase and fluorescent images are shown for 21d control and 21d

Oxygen-induced PH persists after room air recovery
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Aldrich), 0.2 mg/mL creatine phosphokinase (Sigma-Aldrich), 1 mM sodium nitroprusside

(Sigma-Aldrich), and 1 mM GTP (Sigma-Aldrich) at 37˚C. After 10 minutes, the reaction was

terminated using HCl (Sigma-Aldrich) to a final concentration of 0.1 N. Samples were dried

using a Speed-Vac, and pellets were resuspended in 100–200 μL of cGMP EIA buffer (Cayman

Chemical, Ann Arbor, MI). cGMP levels in the samples were measured in duplicate using a

commercially available EIA kit (Cayman Chemical). Results were measured using a Bio-Rad

iMark automated plate reader (Hercules, CA) at 405 nm [6, 23]. sGC activity results are shown

as pmol cGMP/minute/mg total protein.

Cyclic GMP enzyme immunoassay (EIA)

Briefly, small PAs from 21d mice were isolated as described in the PA protein isolation. After

manual dissociation the iron-filled vessels were lysed with 0.1 N HCl to inactivate the endoge-

nous phosphodiesterases. Samples were then purified as per manufacturer’s protocol (Cayman

Chemical). cGMP levels were measured by EIA in duplicate, using a commercially available kit

as previously described [6]. Results were measured using a Bio-Rad iMark automated plate

reader at 405 nm. Results are shown as pmol cGMP/mL/mg total protein.

Statistical analysis

Data are expressed as dot plots with each dot representing an individual animal with means

and SEM represented by horizontal lines. Results were analyzed by unpaired t-test or ANOVA

with post-hoc Bonferroni’s analysis using Prism software version 7.0 (Graphpad Software Inc.,

San Diego, CA) with significance set at p�0.05.

Results

Neonatal mice demonstrate alveolar simplification, RVH and decreased

vessel density after 14d of chronic oxygen exposure

Newborn mice were exposed to room air or 75% O2 (chronic hyperoxia, CH) for 14d and re-

turned to room air until 21d, when heart and lung tissue were harvested. Alveolar simplifica-

tion, RVH and decreased vessel density were evident at 14d, and this lung and cardiovascular

damage persisted at 21d (Figs 1–3). The mean alveolar area was increased by 23% (529±11

μm2 vs. 427±4 μm2) (Fig 1A), chord length was increased by 17% (41±1.0 μm vs. 35±0.9 μm)

(Fig 1B), and alveolar counts were decreased by 28% (120±7 vs. 167±6) (Fig 2A) as compared

to age-matched controls. There were no statistical differences in septal thickness between

controls and CH animals (Fig 2B). The representative micrographs of the lung structure are

shown in Figs 1C and 2C. The Fulton’s Index was 28% higher (0.37±0.02 vs. 0.29±0.03) when

compared to controls (Fig 3A). Histological sections of 21d mouse lungs were stained with

vWF. CH mice showed a significant decrease of 27% (5.41±0.33 vessels/high power field

(HPF) vs. 7.44±0.27 vessels/HPF) in vessel density compared to age-matched controls (Fig

3B). Representative micrographs of the vessel counts are shown in Fig 3C.

CH mice have vessel remodeling that persists at 21d

Lungs from CH mice and aged-matched controls were inflation fixed and stained to assess

medial wall thickness as an indirect measure of pulmonary hypertension. 21d CH mice still

hyperoxia + recovery. Bar = 50 μm. Data are expressed as dot plots with each dot representing individual animals with means and SEM represented by

horizontal lines. Results were analyzed using an unpaired t-test.

https://doi.org/10.1371/journal.pone.0180957.g003
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Fig 4. Mice exposed to hyperoxia during the neonatal period have persistently elevated medial wall thickness at 21d. Mice were

exposed to hyperoxia or room air for 14d, followed by recovery in room air for an additional 7d (21d). (A) MWT was measured as the ratio of the

small PA wall area over total PA area (n = 9–10 animals per group). (B) Representative H&E-stained lung sections are shown for control 21d

and hyperoxia + recovery 21d. Bar = 50 μm. Data are expressed as dot plots with each dot representing individual animals with means and

SEM represented by horizontal lines. Results were analyzed using an unpaired t-test. PA = Pulmonary Artery, AW = Airway.

https://doi.org/10.1371/journal.pone.0180957.g004
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Fig 5. PA sGCβ expression is persistently decreased after neonatal hyperoxia exposure. Mice were exposed to hyperoxia or

room air for 14d, followed by recovery in room air for an additional 7d (21d). PA protein expression of sGCα (A), sGCβ (C), and

Oxygen-induced PH persists after room air recovery
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had subtle but significant evidence of vessel remodeling: medial wall thickness (MWT) was

increased by 16% (0.36±0.02 vs. 0.31±0.01) compared to controls (Fig 4A). Representative

micrographs of pulmonary arteries are shown in Fig 4B.

CH mice have disrupted components of cGMP signaling

We isolated PA protein from 21d mice and evaluated the lysates for protein expression of

sGCα, sGCβ, and PDE5 (Fig 5) as well as for sGC activity, cGMP levels, and PDE5 activity (Fig

6). The small PAs from 21d CH mice showed a modest decrease in sGCß expression (0.86

±0.04 fold control vs. 1±0.05 fold control), but did not show any significant difference in either

sGC alpha expression or sGC activity (Figs 5A, 5C, and 6A). However, while PDE5 protein

expression was unchanged in CH mice relative to controls (Fig 5E), PDE5 activity was signifi-

cantly elevated by 4.1 fold (2175±424 pmol cGMP hydrolyzed/min/mg protein vs. 531±165

pmol cGMP hydrolyzed/min/mg protein) in CH mice compared to controls at 21d (Fig 6C).

Finally, total cGMP levels in the isolated small PAs were not significantly different than room

air controls (Fig 6B).

Sildenafil administered during room-air recovery does not improve

alveolar simplification, decreased vessel density or vessel remodeling

caused by chronic neonatal oxygen exposure

We have established that 14d of hyperoxia starting at birth causes alveolar simplification,

RVH, decreased vessel density, and vessel remodeling that does not resolve with 7d of room

air recovery. We subsequently treated these mice with subcutaneous sildenafil injections dur-

ing the room-air recovery period. Mice that were treated with sildenafil did not show any sig-

nificant improvement in their alveolar structure, vessel density or vessel remodeling when

compared to vehicle-treated control animals (Figs 7–10). Representative micrographs of lung

architecture, vessel counts, and pulmonary arteries are shown in Figs 7C, 8C, 9C and 10B,

respectively.

Sildenafil administered during room-air recovery improves RVH

21d CH mice had significant RVH compared to room-air controls (0.35±0.02 vs. 0.27±0.02)

(Fig 9A). Sildenafil-treated CH mice showed a significantly improved Fulton’s Index com-

pared to CH+vehicle mice (0.30±0.01 vs. 0.35±0.02) (Fig 9A). Thus, sildenafil administered

during the room-air recovery period significantly attenuates RVH, but does not repair other

components of the lung and cardiovascular damage caused by neonatal hyperoxia exposure.

Sildenafil attenuates PDE5 activity in the small PAs of CH mice

To evaluate if sildenafil repairs NO-cGMP signaling in the small PAs of 21d mice, we isolated

PA protein from mice that were administered sildenafil during the room air recovery period.

PA lysates were analyzed for protein expression of sGCα, sGCβ, and PDE5 as well as for

cGMP content and PDE5 activity. There were no significant differences in protein expression

of sGCα, sGCβ, or PDE5 in either vehicle-treated or sildenafil-treated mice (Fig 11). There

was a trend towards increased cGMP levels with sildenafil treatment in both control and

PDE5 (E) were measured by western blot and normalized to β-actin (n = 7–8 animals per group). Representative Western blots are

shown for sGCα (B), sGCβ (D), PDE5 (F), and corresponding β-actin. Data are shown as fold changes relative to untreated

controls and are expressed as dot plots with each dot representing individual animals with means and SEM represented by

horizontal lines. Results were analyzed using an unpaired t-test.

https://doi.org/10.1371/journal.pone.0180957.g005
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Fig 6. Neonatal hyperoxia exposure is associated with persistent abnormalities in pulmonary artery

cGMP signaling. Mice were exposed to hyperoxia or room air for 14d, followed by recovery in room air for an

Oxygen-induced PH persists after room air recovery
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hyperoxia groups that did not reach statistical significance (Fig 12A). Hyperoxia-induced

PDE5 activity was significantly lower in the small PAs of CH+sildenafil animals compared to

the CH+vehicle animals (539±169 pmol cGMP hydrolyzed/min/mg protein vs. 1834±580

pmol cGMP hydrolyzed/min/mg protein)(Fig 12B).

Discussion

Given the paucity of available treatment options, oxygen therapy remains the cornerstone of

BPD treatment. Yet, there is increasing evidence from animal models that neonatal hyperoxia

exposure disrupts pulmonary alveolar and vascular development resulting in long-term dys-

function [7–9, 24–28]. Neonatal mice exposed to prolonged hyperoxia develop BPD-like lung

injury characterized by alveolar simplification, cardiovascular remodeling, and aberrant

cGMP signaling [6]. While it is apparent that even short exposures to oxygen during the neo-

natal period can lead to persistent injury in rodents [6, 9, 10, 29], it is not clear how long such

injury lasts and if recovery can be accelerated through the use of targeted pharmacological

treatment. In the present study, we wanted to determine whether the cardiopulmonary and

signaling anomalies associated with neonatal hyperoxia exposure persist even after a period of

room air recovery. We demonstrate that exposure of neonatal mice to high levels of oxygen

during the first two weeks of life leads to persistent pulmonary and cardiovascular anomalies

as well as disruptions in pulmonary vascular NO-cGMP signaling that are still apparent at one

month of life. This is consistent with other recent studies suggesting that hyperoxia-mediated

lung and cardiovascular injury can last up to 8 weeks of age in mice [8, 26–28]. However, to

date, no one has investigated potential therapeutic options in established disease, which is

where data is desperately needed clinically. In the present study, we show that treatment with

low dose sildenafil, a PDE5 inhibitor, during the first week of room air recovery, is associated

with more rapid improvement in RVH and decreases in vascular PDE5 activity. However, sil-

denafil does not improve the rate of lung repair and recovery.

One of the consequences of early life hyperoxic exposure is impairment in alveolar growth,

a finding that has been consistently reported in infants with BPD [30]. Similarly, exposure of

newborn rodents to high levels of oxygen results in an arrest of alveolar development, leading

to alveolar simplification [7, 31]. In agreement with other published reports demonstrating the

persistence of alveolar simplification in adult rats and mice exposed to hyperoxia during the

neonatal period [8, 26–29, 32], we demonstrate that this impairment in alveolarization persists

in our model, showing no significant recovery after a 1 week period of room air recovery (Figs

1 and 2). One group has demonstrated in mice that septal thickness is unchanged after 14d of

exposure to 85% O2, but is modestly increased after 14d of room air recovery [21], whereas

another group using >90% O2, showed an increase in septal thickness after 10d of exposure

[33]. In rats, some groups have seen increased septal thickness with 100% O2, but others have

not with 60% O2 [34, 35]. Thus, there is some variability in hyperoxia-induced changes in

septal thickness that seems dose dependent. In addition, differences in tissue embedding meth-

ods have been reported to affect the final analysis of lung structure [36, 37]. In this paper, we

did not see the increase in septal thickness after recovery (Fig 2B), likely because we used a

more mild oxidative insult with 75% O2. In addition to aberrant alveolar growth, BPD is

additional 7d (21d). (A) sGC activity was measured as previously described [6] (n = 8 animals per group). (B)

PA lysates were assayed for cGMP by enzyme-linked immunoassay, and cGMP was normalized for

milligrams of total protein (n = 7 animals per group). (C) PDE5 specific activity was measured as the sildenafil-

inhibitable fraction of total cGMP hydrolysis, normalized for total milligrams of protein (n = 7 animals per

group). Data are expressed as dot plots with each dot representing individual animals with means and SEM

represented by horizontal lines. Results were analyzed using an unpaired t-test.

https://doi.org/10.1371/journal.pone.0180957.g006
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Fig 7. Sildenafil treatment during recovery does not ameliorate alveolar simplification. Mice were exposed to hyperoxia or

room air for 14d, followed by recovery in room air for an additional 7d ± sildenafil or vehicle. Hematoxylin-stained sections were

imaged, and (A) mean alveolar area and (B) chord length were measured (n = 6–7 animals per group). (C) Representative

hematoxylin-stained lung sections are shown for vehicle-treated control, vehicle-treated hyperoxia + recovery, sildenafil-treated

control, and sildenafil-treated hyperoxia + recovery. Bar = 50 μm. Data are expressed as dot plots with each dot representing

individual animals with means and SEM represented by horizontal lines. Results were analyzed by ANOVA with post-hoc

Bonferroni’s analysis.

https://doi.org/10.1371/journal.pone.0180957.g007
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Fig 8. Sildenafil treatment during recovery does not affect hyperoxia-induced decreases in alveolar counts. Mice were

exposed to hyperoxia or room air for 14d, followed by recovery in room air for an additional 7d ± sildenafil or vehicle. H&E sections

were imaged, and (A) alveolar counts and (B) septal thickness were measured (n = 5–7 animals per group). (C) Representative H&E

lung sections are shown for vehicle-treated control, vehicle-treated hyperoxia + recovery, sildenafil-treated control, and sildenafil-

treated hyperoxia + recovery. Bar = 50 μm. Data are expressed as dot plots with each dot representing individual animals with

means and SEM represented by horizontal lines. Results were analyzed by ANOVA with post-hoc Bonferroni’s analysis.

https://doi.org/10.1371/journal.pone.0180957.g008
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Fig 9. Sildenafil administered during room air recovery improves hyperoxia-induced RVH but does not impact vessel counts.

Mice were exposed to hyperoxia or room air for 14d, followed by recovery in room air for an additional 7d ± sildenafil or vehicle. (A)
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characterized by abnormal cardiovascular and microvascular development [38] but it is

unclear how long these vascular changes persist. Similar to infants with BPD who develop pul-

monary hypertension, neonatal mice exposed to 2 weeks of hyperoxia demonstrate RVH,

thickening of resistance PAs, and decreased lung vascularization [6, 39]. Here we demonstrate

that both RVH and vessel numbers continue to be significantly affected at 21d such that the

right ventricle remains hypertrophied, and there are fewer small vessels in the lungs (Fig 3).

We have recently published that the RVH is not completely resolved until 8 weeks of age in

mice exposed to hyperoxia during the neonatal period [26]. Medial wall thickness, a marker of

pulmonary vascular remodeling, remains elevated in 21d mice (Fig 4). Another very recent

study demonstrated that neonatal rats recovered from a milder hyperoxic insult (60% O2) by

P28 [34]. Taken together, these results suggest that the timeline of recovery from hyperoxic-

cardiopulmonary injury depends both on severity of exposure and genetic background, which

is consistent with the variability seen in human infants.

Next, we wanted to determine the mechanism responsible for the persistent cardiovascular

and pulmonary vascular changes we observed. Work in animal models of pulmonary hyper-

tension has demonstrated that impairments in the nitric oxide-cGMP pathway play an impor-

tant role in the development of pulmonary hypertension [6, 40, 41]. Our lab has previously

shown that mice exposed to 2 weeks of neonatal hyperoxia demonstrate decreased sGCβ pro-

tein expression, decreased sGC activity, increased PDE5 activity, and decreased cGMP levels

[6]. In the current study, we found that there is still a striking increase in vascular PDE5 activ-

ity evident on day 21 (Fig 6). A very modest decrease in sGCβ protein expression is still pres-

ent, but interestingly, there appears to be some compensatory increase in sGC activity and

cGMP on day 21, suggesting that the mouse vasculature attempts to repair the hyperoxia-

mediated damage (Fig 6).

Given the aberrant PDE5 activation, we sought to determine whether treatment with sil-

denafil, a PDE5 inhibitor, during room air recovery, is sufficient to speed the recovery of any

of the persistent pulmonary vascular abnormalities we have observed in our model. PDE5

inhibitors are widely available in the clinical setting and have been utilized as therapy in BPD-

associated PH [16–19, 42]. Work from animal models has demonstrated that treatment with

high dose sildenafil during hyperoxia exposure promotes alveolarization and attenuates PH

in neonatal rat models of hyperoxic lung injury [11–13] and in bleomycin-induced fibrosis

mouse model [43]. Sildenafil has also been found to attenuate PH in monocrotaline-induced

rat models of PH [14, 15]. However, sildenafil now comes with a Food and Drug Administra-

tion (FDA) warning against its use in pediatric patients as a result of clinical studies showing

increased mortality in patients over one year of age and with weights> 8 kg taking high doses

[44]. Of note, several clinical trials are ongoing currently to address the pharmacokinetics and

safety of sildenafil in populations of premature infants (NCT01670136, NCT02421068, and

NCT02244528). In light of this clinical landscape, we wanted to determine the effects of low

dose sildenafil treatment on established disease in our model. Previous work from our lab has

demonstrated that low-dose sildenafil treatment during the period of hyperoxia exposure

improves pulmonary vascular remodeling and decreases RVH while also attenuating vascular

PDE5 activity and increasing cGMP [6]. Since most infants with BPD do not receive treatment

Fulton’s index (RV weight/LV+S weight) was used to assess RVH (n = 11–14 animals per group). (B) vWF staining was performed on

lung sections to evaluate vessel number. Small non-muscularized PAs (<100 μM) were counted and averaged per animal (n = 5–7

animals per group). (C) Representative phase and fluorescent images are shown for vehicle-treated control, vehicle-treated hyperoxia

+ recovery, sildenafil-treated control, and sildenafil-treated hyperoxia + recovery. Bar = 50 μm. Data are expressed as dot plots with

each dot representing individual animals with means and SEM represented by horizontal lines. Results were analyzed by ANOVA with

post-hoc Bonferroni’s analysis.

https://doi.org/10.1371/journal.pone.0180957.g009
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Fig 10. Sildenafil treatment during recovery does not ameliorate increased MWT associated with neonatal

hyperoxia exposure. Mice were exposed to hyperoxia or room air for 14d, followed by recovery in room air for an
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with PDE5 inhibitors until after PH has been established, we wanted to determine if treatment

with low dose sildenafil during room air recovery would demonstrate similar benefits. In

agreement with our previous findings that neonatal mice given low-dose sildenafil during

hyperoxia continue to demonstrate alveolar simplification [6], we did not observe any effects

of later administration of low-dose sildenafil on alveolar development (Figs 7 and 8). This is in

contrast to other studies in the rat model of hyperoxia-induced lung injury, where much larger

doses (100 mg/kg/day) led to improvement of alveolarization [11–13]. Of note, a key difference

that might explain this lack of improvement is that we administered sildenafil after hyperoxia

exposure, in contrast to the studies investigating high doses in rat models where the drug was

administered during oxygen exposure [11]. Also, those studies were done in rats and utilized

much higher doses that would far exceed a clinically relevant dose for human infants [45].

Interestingly, there was no beneficial effect of sildenafil on pulmonary vascular remodeling in

hyperoxic mice during recovery (Fig 10). This is in contrast with our previous results demon-

strating the sildenafil given during hyperoxia can prevent vascular remodeling [6]. Despite no

observable benefit of sildenafil on remodeling of small PAs and lack of effects on vessel density,

there were clear improvements in hyperoxia-induced RVH (Fig 9A). Combined with recently

published studies from our lab demonstrating positive effects of sildenafil on right ventricular

PDE5 activity and cGMP levels [26], these findings suggest that sildenafil has direct and dis-

tinct effects on the myocardium both during hyperoxia and during room air recovery, inde-

pendent of its effects on the pulmonary vascular bed.

Finally, we investigated effects of rescue sildenafil on PA protein expression of sGC and

PDE5 as well as on pulmonary vascular cGMP concentration and PDE5 activity. Because silden-

afil, which impacts downstream PDE5, has not previously been shown to impact upstream sGC

activity in cardiovascular tissues or cells [46], we did not investigate effects of sildenafil on sGC

activity. Sildenafil treatment did not have any significant effects on protein expression of sGC

subunits or PDE5 in the vasculature (Fig 11). It was, however, associated with decreased PDE5

activation and a trend towards increased cGMP levels that did not reach statistical significance

(Fig 12). The inability to reach a statistically significant increase in PA cGMP may be due to

changes in the activity of other cGMP-hydrolyzing phosphodiesterases present in the pulmo-

nary artery during recovery. Future studies will be needed to investigate this in more detail.

In total, the data in the present study is consistent with clinical data that shows that sildena-

fil administered to children with established PH is only modestly effective [16–19]. In these

studies, sildenafil is generally effective at improving PH by echocardiography, but has little

impact on respiratory parameters such as oxygen requirement. This is consistent with our

results in this study where sildenafil improved RV recovery, but did not impact alveolarization

or vascular development. Our data would suggest that future studies should utilize a multi-

drug approach such as combining a PDE5 inhibitor and perhaps an sGC activator such as rio-

ciguat to drive increases in cGMP levels. Riociguat has recently been shown to be safe and pos-

sibly effective in patients with PH due to congenital heart disease [47]. Alternatively, if other

phosphodiesterases are implicated, other phosphodiesterase inhibitors may be required.

In conclusion, we have demonstrated that neonatal hyperoxia exposure leads to persistent

alveolar and cardiovascular changes in mice, and that some of these changes can be reversed

additional 7d ± sildenafil or vehicle. (A) H&E stained sections were imaged, and MWT was measured as the ratio of the

small PA wall area over total PA area (n = 6–7 animals per group). (B) Representative H&E-stained lung sections are

shown for vehicle-treated control, vehicle-treated hyperoxia + recovery, sildenafil-treated control, and sildenafil-treated

hyperoxia + recovery. Bar = 50 μm. Data are expressed as dot plots with each dot representing individual animals with

means and SEM represented by horizontal lines. Results were analyzed by ANOVA with post-hoc Bonferroni’s

analysis. PA = Pulmonary Artery, AW = Airway.

https://doi.org/10.1371/journal.pone.0180957.g010
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Fig 11. Sildenafil treatment during room air recovery does not affect PA protein expression of sGα, sGCβ, or

PDE5. PA protein expression of sGCα (A), sGCβ (C), and PDE5 (E) were measured by western blot and normalized to

β-actin (n = 7 animals per group). Representative Western blots are shown for sGCα (B), sGCβ (D), PDE5 (F), and

corresponding β-actin. Data are shown as fold changes relative to vehicle-treated controls and are expressed as dot

plots with each dot representing individual animals with means and SEM represented by horizontal lines. Results were

analyzed by ANOVA with post-hoc Bonferroni’s analysis.

https://doi.org/10.1371/journal.pone.0180957.g011
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Fig 12. Sildenafil treatment of hyperoxia-exposed mice during recovery attenuates PDE5 activity without

significant effects on cGMP levels. Mice were exposed to hyperoxia or room air for 14d, followed by recovery
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by treatment with low-dose sildenafil during the period of recovery. Our findings also suggest

that in addition to effects on vascular PDE5 activity, sildenafil has distinctive protective effects

on right ventricle remodeling. The long-term consequences of early oxygen exposure on the

developing lung and myocardium and the best treatment strategies to reverse or lessen those

changes deserve future study in order to improve therapeutic options for these high-risk

infants.

Acknowledgments

The authors thank Gina A. Kim for her technical assistance with mouse surgeries and colony

maintenance. Histology services were provided by the Northwestern University Mouse Histol-

ogy and Phenotyping Laboratory, which is supported by NCI CCSG P30 CA060553 awarded

to the Robert H. Lurie Comprehensive Cancer Center.

Author Contributions

Conceptualization: Marta Perez, Keng Jin Lee, Herminio J. Cardona, Joann M. Taylor,

Kathryn N. Farrow.

Formal analysis: Marta Perez, Keng Jin Lee, Herminio J. Cardona, Kathryn N. Farrow.

Funding acquisition: Marta Perez, Kathryn N. Farrow.

Investigation: Marta Perez, Keng Jin Lee, Herminio J. Cardona, Joann M. Taylor, Mary E.

Robbins, Gregory B. Waypa, Sara K. Berkelhamer, Kathryn N. Farrow.

Methodology: Marta Perez, Keng Jin Lee, Herminio J. Cardona, Joann M. Taylor, Mary E.

Robbins, Gregory B. Waypa, Sara K. Berkelhamer, Kathryn N. Farrow.

Resources: Kathryn N. Farrow.

Supervision: Kathryn N. Farrow.

Writing – original draft: Marta Perez, Keng Jin Lee, Kathryn N. Farrow.

Writing – review & editing: Marta Perez, Keng Jin Lee, Herminio J. Cardona, Joann M. Tay-

lor, Mary E. Robbins, Gregory B. Waypa, Sara K. Berkelhamer, Kathryn N. Farrow.

References
1. Fanaroff AA, Stoll BJ, Wright LL, Carlo WA, Ehrenkranz RA, Stark AR, et al. Trends in neonatal morbid-

ity and mortality for very low birthweight infants. American journal of obstetrics and gynecology. 2007;

196(2):147.e1–8. Epub 2007/02/20. https://doi.org/10.1016/j.ajog.2006.09.014 PMID: 17306659.

2. Bhat R, Salas AA, Foster C, Carlo WA, Ambalavanan N. Prospective analysis of pulmonary hyperten-

sion in extremely low birth weight infants. Pediatrics. 2012; 129(3):e682–9. Epub 2012/02/09. https://

doi.org/10.1542/peds.2011-1827 PMID: 22311993; PubMed Central PMCID: PMCPmc3289526.

3. Khemani E, McElhinney DB, Rhein L, Andrade O, Lacro RV, Thomas KC, et al. Pulmonary artery hyper-

tension in formerly premature infants with bronchopulmonary dysplasia: clinical features and outcomes

in the surfactant era. Pediatrics. 2007; 120(6):1260–9. Epub 2007/12/07. https://doi.org/10.1542/peds.

2007-0971 PMID: 18055675.

in room air for an additional 7d ± sildenafil or vehicle. (A) PA lysates were assayed for cGMP by enzyme-linked

immunoassay, and cGMP was normalized for milligrams of total protein (n = 5–6 animals per group). (B) PDE5

specific activity was measured as the sildenafil-inhibitable fraction of total cGMP hydrolysis, normalized for total

milligrams of protein (n = 4–7 animals per group). Data are expressed as dot plots with each dot representing

individual animals with means and SEM represented by horizontal lines. Results were analyzed by ANOVA with

post-hoc Bonferroni’s analysis.

https://doi.org/10.1371/journal.pone.0180957.g012

Oxygen-induced PH persists after room air recovery

PLOS ONE | https://doi.org/10.1371/journal.pone.0180957 August 9, 2017 22 / 25

https://doi.org/10.1016/j.ajog.2006.09.014
http://www.ncbi.nlm.nih.gov/pubmed/17306659
https://doi.org/10.1542/peds.2011-1827
https://doi.org/10.1542/peds.2011-1827
http://www.ncbi.nlm.nih.gov/pubmed/22311993
https://doi.org/10.1542/peds.2007-0971
https://doi.org/10.1542/peds.2007-0971
http://www.ncbi.nlm.nih.gov/pubmed/18055675
https://doi.org/10.1371/journal.pone.0180957.g012
https://doi.org/10.1371/journal.pone.0180957


4. Check J, Gotteiner N, Liu X, Su E, Porta N, Steinhorn R, et al. Fetal growth restriction and pulmonary

hypertension in premature infants with bronchopulmonary dysplasia. Journal of perinatology: official

journal of the California Perinatal Association. 2013; 33(7):553–7. Epub 2013/01/19. https://doi.org/10.

1038/jp.2012.164 PMID: 23328924; PubMed Central PMCID: PMCPmc3633609.

5. Murthy K, Savani RC, Lagatta JM, Zaniletti I, Wadhawan R, Truog W, et al. Predicting death or trache-

ostomy placement in infants with severe bronchopulmonary dysplasia. Journal of perinatology: official

journal of the California Perinatal Association. 2014; 34(7):543–8. Epub 2014/03/22. https://doi.org/10.

1038/jp.2014.35 PMID: 24651732.

6. Lee KJ, Berkelhamer SK, Kim GA, Taylor JM, O’Shea KM, Steinhorn RH, et al. Disrupted pulmonary

artery cyclic guanosine monophosphate signaling in mice with hyperoxia-induced pulmonary hyperten-

sion. American journal of respiratory cell and molecular biology. 2014; 50(2):369–78. Epub 2013/09/17.

https://doi.org/10.1165/rcmb.2013-0118OC PMID: 24032519; PubMed Central PMCID:

PMCPmc3930949.

7. Warner BB, Stuart LA, Papes RA, Wispe JR. Functional and pathological effects of prolonged hyperoxia

in neonatal mice. The American journal of physiology. 1998; 275(1 Pt 1):L110–7. Epub 1998/08/05.

PMID: 9688942.

8. Ramani M, Bradley WE, Dell’Italia LJ, Ambalavanan N. Early exposure to hyperoxia or hypoxia

adversely impacts cardiopulmonary development. American journal of respiratory cell and molecular

biology. 2015; 52(5):594–602. Epub 2014/09/26. https://doi.org/10.1165/rcmb.2013-0491OC PMID:

25255042.

9. Yee M, White RJ, Awad HA, Bates WA, McGrath-Morrow SA, O’Reilly MA. Neonatal hyperoxia causes

pulmonary vascular disease and shortens life span in aging mice. The American journal of pathology.

2011; 178(6):2601–10. Epub 2011/05/10. https://doi.org/10.1016/j.ajpath.2011.02.010 PMID:

21550015; PubMed Central PMCID: PMCPmc3124332.

10. Datta A, Kim GA, Taylor JM, Gugino SF, Farrow KN, Schumacker PT, et al. Mouse Lung Development

and NOX1 Induction During Hyperoxia Are Developmentally Regulated and Mitochondrial ROS-Depen-

dent. American journal of physiology Lung cellular and molecular physiology. 2015:ajplung.00176.2014.

Epub 2015/06/21. https://doi.org/10.1152/ajplung.00176.2014 PMID: 26092998.

11. Ladha F, Bonnet S, Eaton F, Hashimoto K, Korbutt G, Thebaud B. Sildenafil improves alveolar growth

and pulmonary hypertension in hyperoxia-induced lung injury. American journal of respiratory and criti-

cal care medicine. 2005; 172(6):750–6. Epub 2005/06/11. https://doi.org/10.1164/rccm.200503-510OC

PMID: 15947285.

12. de Visser YP, Walther FJ, Laghmani el H, Boersma H, van der Laarse A, Wagenaar GT. Sildenafil

attenuates pulmonary inflammation and fibrin deposition, mortality and right ventricular hypertrophy in

neonatal hyperoxic lung injury. Respiratory research. 2009; 10:30. Epub 2009/05/01. https://doi.org/10.

1186/1465-9921-10-30 PMID: 19402887; PubMed Central PMCID: PMCPmc2681457.

13. Park HS, Park JW, Kim HJ, Choi CW, Lee HJ, Kim BI, et al. Sildenafil alleviates bronchopulmonary dys-

plasia in neonatal rats by activating the hypoxia-inducible factor signaling pathway. American journal of

respiratory cell and molecular biology. 2013; 48(1):105–13. Epub 2012/10/16. https://doi.org/10.1165/

rcmb.2012-0043OC PMID: 23065129.

14. Liu H, Liu ZY, Guan Q. Oral sildenafil prevents and reverses the development of pulmonary hyperten-

sion in monocrotaline-treated rats. Interactive cardiovascular and thoracic surgery. 2007; 6(5):608–13.

Epub 2007/08/03. https://doi.org/10.1510/icvts.2006.147033 PMID: 17670742.

15. Schermuly RT, Kreisselmeier KP, Ghofrani HA, Yilmaz H, Butrous G, Ermert L, et al. Chronic sildenafil

treatment inhibits monocrotaline-induced pulmonary hypertension in rats. American journal of respira-

tory and critical care medicine. 2004; 169(1):39–45. Epub 2003/09/06. https://doi.org/10.1164/rccm.

200302-282OC PMID: 12958054.

16. Mourani PM, Sontag MK, Ivy DD, Abman SH. Effects of long-term sildenafil treatment for pulmonary

hypertension in infants with chronic lung disease. The Journal of pediatrics. 2009; 154(3):379–84, 84.

e1-2. Epub 2008/10/28. https://doi.org/10.1016/j.jpeds.2008.09.021 PMID: 18950791; PubMed Central

PMCID: PMCPmc2783835.

17. Nyp M, Sandritter T, Poppinga N, Simon C, Truog WE. Sildenafil citrate, bronchopulmonary dysplasia

and disordered pulmonary gas exchange: any benefits? Journal of perinatology: official journal of the

California Perinatal Association. 2012; 32(1):64–9. Epub 2011/09/24. https://doi.org/10.1038/jp.2011.

131 PMID: 21941230.

18. Tan K, Krishnamurthy MB, O’Heney JL, Paul E, Sehgal A. Sildenafil therapy in bronchopulmonary dys-

plasia-associated pulmonary hypertension: a retrospective study of efficacy and safety. European jour-

nal of pediatrics. 2015; 174(8):1109–15. Epub 2015/03/23. https://doi.org/10.1007/s00431-015-2515-7

PMID: 25796626.

19. Trottier-Boucher MN, Lapointe A, Malo J, Fournier A, Raboisson MJ, Martin B, et al. Sildenafil for the

Treatment of Pulmonary Arterial Hypertension in Infants with Bronchopulmonary Dysplasia. Pediatric

Oxygen-induced PH persists after room air recovery

PLOS ONE | https://doi.org/10.1371/journal.pone.0180957 August 9, 2017 23 / 25

https://doi.org/10.1038/jp.2012.164
https://doi.org/10.1038/jp.2012.164
http://www.ncbi.nlm.nih.gov/pubmed/23328924
https://doi.org/10.1038/jp.2014.35
https://doi.org/10.1038/jp.2014.35
http://www.ncbi.nlm.nih.gov/pubmed/24651732
https://doi.org/10.1165/rcmb.2013-0118OC
http://www.ncbi.nlm.nih.gov/pubmed/24032519
http://www.ncbi.nlm.nih.gov/pubmed/9688942
https://doi.org/10.1165/rcmb.2013-0491OC
http://www.ncbi.nlm.nih.gov/pubmed/25255042
https://doi.org/10.1016/j.ajpath.2011.02.010
http://www.ncbi.nlm.nih.gov/pubmed/21550015
https://doi.org/10.1152/ajplung.00176.2014
http://www.ncbi.nlm.nih.gov/pubmed/26092998
https://doi.org/10.1164/rccm.200503-510OC
http://www.ncbi.nlm.nih.gov/pubmed/15947285
https://doi.org/10.1186/1465-9921-10-30
https://doi.org/10.1186/1465-9921-10-30
http://www.ncbi.nlm.nih.gov/pubmed/19402887
https://doi.org/10.1165/rcmb.2012-0043OC
https://doi.org/10.1165/rcmb.2012-0043OC
http://www.ncbi.nlm.nih.gov/pubmed/23065129
https://doi.org/10.1510/icvts.2006.147033
http://www.ncbi.nlm.nih.gov/pubmed/17670742
https://doi.org/10.1164/rccm.200302-282OC
https://doi.org/10.1164/rccm.200302-282OC
http://www.ncbi.nlm.nih.gov/pubmed/12958054
https://doi.org/10.1016/j.jpeds.2008.09.021
http://www.ncbi.nlm.nih.gov/pubmed/18950791
https://doi.org/10.1038/jp.2011.131
https://doi.org/10.1038/jp.2011.131
http://www.ncbi.nlm.nih.gov/pubmed/21941230
https://doi.org/10.1007/s00431-015-2515-7
http://www.ncbi.nlm.nih.gov/pubmed/25796626
https://doi.org/10.1371/journal.pone.0180957


cardiology. 2015; 36(6):1255–60. Epub 2015/04/01. https://doi.org/10.1007/s00246-015-1154-0 PMID:

25824807.

20. Simon DM, Arikan MC, Srisuma S, Bhattacharya S, Tsai LW, Ingenito EP, et al. Epithelial cell PPAR

[gamma] contributes to normal lung maturation. FASEB journal: official publication of the Federation of

American Societies for Experimental Biology. 2006; 20(9):1507–9. Epub 2006/05/25. https://doi.org/10.

1096/fj.05-5410fje PMID: 16720732.

21. Velten M, Heyob KM, Rogers LK, Welty SE. Deficits in lung alveolarization and function after systemic

maternal inflammation and neonatal hyperoxia exposure. Journal of applied physiology (Bethesda, Md:

1985). 2010; 108(5):1347–56. Epub 2010/03/13. https://doi.org/10.1152/japplphysiol.01392.2009

PMID: 20223995; PubMed Central PMCID: PMCPMC2867533.

22. Farrow KN, Lee KJ, Perez M, Schriewer JM, Wedgwood S, Lakshminrusimha S, et al. Brief hyperoxia

increases mitochondrial oxidation and increases phosphodiesterase 5 activity in fetal pulmonary artery

smooth muscle cells. Antioxidants & redox signaling. 2012; 17(3):460–70. Epub 2012/01/11. https://doi.

org/10.1089/ars.2011.4184 PMID: 22229392; PubMed Central PMCID: PMCPmc3365357.

23. Farrow KN, Lakshminrusimha S, Czech L, Groh BS, Gugino SF, Davis JM, et al. SOD and inhaled nitric

oxide normalize phosphodiesterase 5 expression and activity in neonatal lambs with persistent pulmo-

nary hypertension. American journal of physiology Lung cellular and molecular physiology. 2010; 299

(1):L109–16. Epub 2010/04/20. https://doi.org/10.1152/ajplung.00309.2009 PMID: 20400523; PubMed

Central PMCID: PMCPmc2904095.

24. Berger J, Bhandari V. Animal models of bronchopulmonary dysplasia. The term mouse models. Ameri-

can journal of physiology Lung cellular and molecular physiology. 2014; 307(12):L936–47. Epub 2014/

10/12. https://doi.org/10.1152/ajplung.00159.2014 PMID: 25305249; PubMed Central PMCID:

PMCPmc4269689.

25. O’Reilly M, Thebaud B. Animal models of bronchopulmonary dysplasia. The term rat models. American

journal of physiology Lung cellular and molecular physiology. 2014; 307(12):L948–58. Epub 2014/10/

12. https://doi.org/10.1152/ajplung.00160.2014 PMID: 25305248.

26. Heilman RP, Lagoski MB, Lee KJ, Taylor JM, Kim GA, Berkelhamer SK, et al. Right ventricular cyclic

nucleotide signaling is decreased in hyperoxia-induced pulmonary hypertension in neonatal mice.

American journal of physiology Heart and circulatory physiology. 2015; 308(12):H1575–82. Epub 2015/

04/12. https://doi.org/10.1152/ajpheart.00569.2014 PMID: 25862831; PubMed Central PMCID:

PMCPmc4469878.

27. Rieger-Fackeldey E, Park MS, Schanbacher BL, Joshi MS, Chicoine LG, Nelin LD, et al. Lung develop-

ment alterations in newborn mice after recovery from exposure to sublethal hyperoxia. The American

journal of pathology. 2014; 184(4):1010–6. Epub 2014/02/13. https://doi.org/10.1016/j.ajpath.2013.12.

021 PMID: 24518568.

28. Velten M, Britt RD Jr., Heyob KM, Welty SE, Eiberger B, Tipple TE, et al. Prenatal inflammation exacer-

bates hyperoxia-induced functional and structural changes in adult mice. American journal of physiology

Regulatory, integrative and comparative physiology. 2012; 303(3):R279–90. Epub 2012/06/22. https://

doi.org/10.1152/ajpregu.00029.2012 PMID: 22718803; PubMed Central PMCID: PMCPmc3423987.

29. Yee M, Chess PR, McGrath-Morrow SA, Wang Z, Gelein R, Zhou R, et al. Neonatal oxygen adversely

affects lung function in adult mice without altering surfactant composition or activity. American journal of

physiology Lung cellular and molecular physiology. 2009; 297(4):L641–9. Epub 2009/07/21. https://doi.

org/10.1152/ajplung.00023.2009 PMID: 19617311; PubMed Central PMCID: PMCPmc2770788.

30. Jobe AJ. The new BPD: an arrest of lung development. Pediatric research. 1999; 46(6):641–3. Epub

1999/12/10. PMID: 10590017.

31. Randell SH, Mercer RR, Young SL. Postnatal growth of pulmonary acini and alveoli in normal and oxy-

gen-exposed rats studied by serial section reconstructions. The American journal of anatomy. 1989;

186(1):55–68. Epub 1989/09/01. https://doi.org/10.1002/aja.1001860105 PMID: 2782288.

32. Randell SH, Mercer RR, Young SL. Neonatal hyperoxia alters the pulmonary alveolar and capillary

structure of 40-day-old rats. The American journal of pathology. 1990; 136(6):1259–66. Epub 1990/06/

01. PMID: 2356858; PubMed Central PMCID: PMCPmc1877590.

33. Martin CR, Zaman MM, Gilkey C, Salguero MV, Hasturk H, Kantarci A, et al. Resolvin D1 and lipoxin A4

improve alveolarization and normalize septal wall thickness in a neonatal murine model of hyperoxia-

induced lung injury. PloS one. 2014; 9(6):e98773. Epub 2014/06/04. https://doi.org/10.1371/journal.

pone.0098773 PMID: 24892762; PubMed Central PMCID: PMCPMC4043836.

34. Mankouski A, Kantores C, Wong MJ, Ivanovska J, Jain A, Benner EJ, et al. Intermittent hypoxia during

recovery from neonatal hyperoxic lung injury causes long-term impairment of alveolar development: a

new rat model of BPD. American journal of physiology Lung cellular and molecular physiology. 2016:

ajplung.00463.2016. Epub 2016/12/04. https://doi.org/10.1152/ajplung.00463.2016 PMID: 27913427.

Oxygen-induced PH persists after room air recovery

PLOS ONE | https://doi.org/10.1371/journal.pone.0180957 August 9, 2017 24 / 25

https://doi.org/10.1007/s00246-015-1154-0
http://www.ncbi.nlm.nih.gov/pubmed/25824807
https://doi.org/10.1096/fj.05-5410fje
https://doi.org/10.1096/fj.05-5410fje
http://www.ncbi.nlm.nih.gov/pubmed/16720732
https://doi.org/10.1152/japplphysiol.01392.2009
http://www.ncbi.nlm.nih.gov/pubmed/20223995
https://doi.org/10.1089/ars.2011.4184
https://doi.org/10.1089/ars.2011.4184
http://www.ncbi.nlm.nih.gov/pubmed/22229392
https://doi.org/10.1152/ajplung.00309.2009
http://www.ncbi.nlm.nih.gov/pubmed/20400523
https://doi.org/10.1152/ajplung.00159.2014
http://www.ncbi.nlm.nih.gov/pubmed/25305249
https://doi.org/10.1152/ajplung.00160.2014
http://www.ncbi.nlm.nih.gov/pubmed/25305248
https://doi.org/10.1152/ajpheart.00569.2014
http://www.ncbi.nlm.nih.gov/pubmed/25862831
https://doi.org/10.1016/j.ajpath.2013.12.021
https://doi.org/10.1016/j.ajpath.2013.12.021
http://www.ncbi.nlm.nih.gov/pubmed/24518568
https://doi.org/10.1152/ajpregu.00029.2012
https://doi.org/10.1152/ajpregu.00029.2012
http://www.ncbi.nlm.nih.gov/pubmed/22718803
https://doi.org/10.1152/ajplung.00023.2009
https://doi.org/10.1152/ajplung.00023.2009
http://www.ncbi.nlm.nih.gov/pubmed/19617311
http://www.ncbi.nlm.nih.gov/pubmed/10590017
https://doi.org/10.1002/aja.1001860105
http://www.ncbi.nlm.nih.gov/pubmed/2782288
http://www.ncbi.nlm.nih.gov/pubmed/2356858
https://doi.org/10.1371/journal.pone.0098773
https://doi.org/10.1371/journal.pone.0098773
http://www.ncbi.nlm.nih.gov/pubmed/24892762
https://doi.org/10.1152/ajplung.00463.2016
http://www.ncbi.nlm.nih.gov/pubmed/27913427
https://doi.org/10.1371/journal.pone.0180957


35. Chen X, Walther FJ, van Boxtel R, Laghmani EH, Sengers RM, Folkerts G, et al. Deficiency or inhibition

of lysophosphatidic acid receptor 1 protects against hyperoxia-induced lung injury in neonatal rats. Acta

physiologica (Oxford, England). 2016; 216(3):358–75. Epub 2015/10/27. https://doi.org/10.1111/apha.

12622 PMID: 26495902; PubMed Central PMCID: PMCPMC4738067.

36. Nardiello C, Mizikova I, Silva DM, Ruiz-Camp J, Mayer K, Vadasz I, et al. Standardisation of oxygen

exposure in the development of mouse models for bronchopulmonary dysplasia. Disease models &

mechanisms. 2017; 10(2):185–96. Epub 2017/01/10. https://doi.org/10.1242/dmm.027086 PMID:

28067624; PubMed Central PMCID: PMCPMC5312005.

37. Schneider JP, Ochs M. Alterations of mouse lung tissue dimensions during processing for morphome-

try: a comparison of methods. American journal of physiology Lung cellular and molecular physiology.

2014; 306(4):L341–50. Epub 2014/01/01. https://doi.org/10.1152/ajplung.00329.2013 PMID:

24375800.

38. Abman SH. Bronchopulmonary dysplasia: "a vascular hypothesis". American journal of respiratory and

critical care medicine. 2001; 164(10 Pt 1):1755–6. Epub 2001/12/06. https://doi.org/10.1164/ajrccm.

164.10.2109111c PMID: 11734417.

39. Hansmann G, Fernandez-Gonzalez A, Aslam M, Vitali SH, Martin T, Mitsialis SA, et al. Mesenchymal

stem cell-mediated reversal of bronchopulmonary dysplasia and associated pulmonary hypertension.

Pulmonary circulation. 2012; 2(2):170–81. Epub 2012/07/28. https://doi.org/10.4103/2045-8932.97603

PMID: 22837858; PubMed Central PMCID: PMCPmc3401871.

40. Farrow KN, Groh BS, Schumacker PT, Lakshminrusimha S, Czech L, Gugino SF, et al. Hyperoxia

increases phosphodiesterase 5 expression and activity in ovine fetal pulmonary artery smooth muscle

cells. Circulation research. 2008; 102(2):226–33. Epub 2007/11/10. https://doi.org/10.1161/

CIRCRESAHA.107.161463 PMID: 17991881; PubMed Central PMCID: PMCPmc2268610.

41. Xia XD, Xu ZJ, Hu XG, Wu CY, Dai YR, Yang L. Impaired iNOS-sGC-cGMP signalling contributes to

chronic hypoxic and hypercapnic pulmonary hypertension in rat. Cell biochemistry and function. 2012;

30(4):279–85. Epub 2012/02/01. https://doi.org/10.1002/cbf.2796 PMID: 22290599.

42. Leibovitch L, Matok I, Paret G. Therapeutic applications of sildenafil citrate in the management of paedi-

atric pulmonary hypertension. Drugs. 2007; 67(1):57–73. Epub 2007/01/11. PMID: 17209664.

43. Hemnes AR, Zaiman A, Champion HC. PDE5A inhibition attenuates bleomycin-induced pulmonary

fibrosis and pulmonary hypertension through inhibition of ROS generation and RhoA/Rho kinase activa-

tion. American journal of physiology Lung cellular and molecular physiology. 2008; 294(1):L24–33.

Epub 2007/10/30. https://doi.org/10.1152/ajplung.00245.2007 PMID: 17965319.

44. Barst RJ, Ivy DD, Gaitan G, Szatmari A, Rudzinski A, Garcia AE, et al. A randomized, double-blind, pla-

cebo-controlled, dose-ranging study of oral sildenafil citrate in treatment-naive children with pulmonary

arterial hypertension. Circulation. 2012; 125(2):324–34. Epub 2011/12/01. https://doi.org/10.1161/

CIRCULATIONAHA.110.016667 PMID: 22128226.

45. Walker DK, Ackland MJ, James GC, Muirhead GJ, Rance DJ, Wastall P, et al. Pharmacokinetics and

metabolism of sildenafil in mouse, rat, rabbit, dog and man. Xenobiotica; the fate of foreign compounds

in biological systems. 1999; 29(3):297–310. Epub 1999/04/29. https://doi.org/10.1080/

004982599238687 PMID: 10219969.

46. Kirsch M, Kemp-Harper B, Weissmann N, Grimminger F, Schmidt HH. Sildenafil in hypoxic pulmonary

hypertension potentiates a compensatory up-regulation of NO-cGMP signaling. FASEB journal: official

publication of the Federation of American Societies for Experimental Biology. 2008; 22(1):30–40. Epub

2007/08/08. https://doi.org/10.1096/fj.06-7526com PMID: 17679609.

47. Rosenkranz S, Ghofrani HA, Beghetti M, Ivy D, Frey R, Fritsch A, et al. Riociguat for pulmonary arterial

hypertension associated with congenital heart disease. Heart (British Cardiac Society). 2015. Epub

2015/07/03. https://doi.org/10.1136/heartjnl-2015-307832 PMID: 26135803.

Oxygen-induced PH persists after room air recovery

PLOS ONE | https://doi.org/10.1371/journal.pone.0180957 August 9, 2017 25 / 25

https://doi.org/10.1111/apha.12622
https://doi.org/10.1111/apha.12622
http://www.ncbi.nlm.nih.gov/pubmed/26495902
https://doi.org/10.1242/dmm.027086
http://www.ncbi.nlm.nih.gov/pubmed/28067624
https://doi.org/10.1152/ajplung.00329.2013
http://www.ncbi.nlm.nih.gov/pubmed/24375800
https://doi.org/10.1164/ajrccm.164.10.2109111c
https://doi.org/10.1164/ajrccm.164.10.2109111c
http://www.ncbi.nlm.nih.gov/pubmed/11734417
https://doi.org/10.4103/2045-8932.97603
http://www.ncbi.nlm.nih.gov/pubmed/22837858
https://doi.org/10.1161/CIRCRESAHA.107.161463
https://doi.org/10.1161/CIRCRESAHA.107.161463
http://www.ncbi.nlm.nih.gov/pubmed/17991881
https://doi.org/10.1002/cbf.2796
http://www.ncbi.nlm.nih.gov/pubmed/22290599
http://www.ncbi.nlm.nih.gov/pubmed/17209664
https://doi.org/10.1152/ajplung.00245.2007
http://www.ncbi.nlm.nih.gov/pubmed/17965319
https://doi.org/10.1161/CIRCULATIONAHA.110.016667
https://doi.org/10.1161/CIRCULATIONAHA.110.016667
http://www.ncbi.nlm.nih.gov/pubmed/22128226
https://doi.org/10.1080/004982599238687
https://doi.org/10.1080/004982599238687
http://www.ncbi.nlm.nih.gov/pubmed/10219969
https://doi.org/10.1096/fj.06-7526com
http://www.ncbi.nlm.nih.gov/pubmed/17679609
https://doi.org/10.1136/heartjnl-2015-307832
http://www.ncbi.nlm.nih.gov/pubmed/26135803
https://doi.org/10.1371/journal.pone.0180957

