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OR I G I N A L R E S E A R CH

Hydrocortisone normalizes phosphodiesterase-5 activity in

pulmonary artery smooth muscle cells from lambs with

persistent pulmonary hypertension of the newborn

Marta Perez,1 Stephen Wedgwood,2 Satyan Lakshminrusimha,3 Kathryn N. Farrow,1

Robin H. Steinhorn2

1Department of Pediatrics, Northwestern University, Chicago, Illinois, USA; 2Department of Pediatrics, University of California
Davis Medical Center, Sacramento, California, USA; 3Department of Pediatrics, University at Buffalo, Buffalo, New York, USA

Abstract: Phosphodiesterase-5 (PDE5) is the primary phosphodiesterase in the pulmonary vasculature. It

degrades cyclic guanosine monophosphate (cGMP) and inhibits cGMP-mediated vasorelaxation. We previ-

ously reported that hydrocortisone treatment decreased hyperoxia-induced PDE5 activity and markers of

oxidative stress in lambs with persistent pulmonary hypertension of the newborn (PPHN) ventilated with

100% O2. The objective of our study was to determine the molecular mechanism by which hydrocortisone

downregulates PDE5 and oxidative stress in fetal pulmonary artery smooth muscle cells (FPASMCs) from

PPHN lambs. PPHN FPASMC were incubated for 24 hours in either 21% or 95% O2. Some cells were

treated with 100 nM hydrocortisone and/or �1 μM helenalin, an inhibitor of nuclear factor κ B (NFκB), a
redox-sensitive transcription factor. Exposure to hyperoxia led to increased PDE5 activity, oxidative stress,

and NFκB activity. Pretreatment of PPHN FPASMC with hydrocortisone normalized PDE5 activity, de-

creased cytosolic oxidative stress, increased expression of extracellular superoxide dismutase and NFκB
inhibitory protein, and decreased NFκB activity. Similarly, treatment with NFκB inhibitor, helenalin, de-

creased PDE5 activity. These data suggest that hyperoxia activates NFκB, which in turn induces PDE5 ac-

tivity in PPHN FPASMC, whereas treatment with hydrocortisone attenuates these changes by blocking

reactive oxygen species–induced NFκB activity.
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INTRODUCTION

Persistent pulmonary hypertension of the newborn (PPHN)

is the product of a failed pulmonary vascular transition to

extrauterine life and results in elevated pulmonary artery

pressures, hypoxemia, and respiratory insufficiency. PPHN

is an important cause and consequence of hypoxic respira-

tory failure in term and late preterm newborns and affects

up to 1 in 500 term neonates.1 In addition to being asso-

ciated with a substantial risk of mortality, PPHN is also

associated with significant short-term and long-term mor-

bidities.2-4 Commonly used PPHN therapies include me-

chanical ventilation, oxygen, and the use of pulmonary va-

sodilators, such as inhaled nitric oxide (iNO).5,6 Although

iNO improves oxygenation and reduces the need for ex-

tracorporeal membrane oxygenation, it does not improve

survival, and up to 40% of infants do not respond or do not

sustain their response to NO.7,8 Although hypoxemia of-

ten prompts the administration of high concentrations of

oxygen for infants with PPHN, a growing body of liter-

ature demonstrates that even brief periods of hyperoxia

trigger oxidative stress as well as changes in enzyme ac-

tivity and vascular reactivity.9-11 Thus, new therapies are

needed for newborns with PPHN.

Disruptions of the NO–cyclic guanosine monophos-

phate (cGMP) signaling pathway play an important role

in pathogenesis of PPHN. Activation of NO leads to pro-

duction of cGMP, a critical second messenger for smooth
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muscle relaxation. cGMP is in turn inactivated by the

cGMP-specific phosphodiesterase, or phosphodiesterase-5

(PDE5), the predominant phosphodiesterase in lung vas-

culature and an important therapeutic target in PPHN.12

Although high concentrations of oxygen are widely used

to promote pulmonary vasodilation in infants with PPHN,

new evidence indicates that such therapy may upregulate

PDE513,14 and paradoxically increase pulmonary vascular

contractility.15 We previously demonstrated that ventila-

tion of healthy neonatal sheep with 100% O2 for 24 hours

increases PDE5 protein expression and activity in the re-

sistance pulmonary arteries (PAs).13 Similarly, exposure

of cultured fetal PA smooth muscle cells (FPASMCs) to

24 hours of hyperoxia increases PDE5 expression and ac-

tivity, changes that can be reversed by treatment with the

antioxidant N-acetylcysteine.13 Moreover, PPHN may in-

dependently alter expression and activity of key enzymes

in the NO-cGMP pathway. For example, ventilation with

100% oxygen increases PDE5 activity in PAs of PPHN

lambs more than in control lambs,13,14 and basal PDE5

activity is higher in FPASMC isolated from PPHN relative

to healthy lambs.16

Hyperoxia produces lung injury in part through in-

creased formation of reactive oxygen species (ROS). One

consequence of increased ROS is activation of nuclear

factor κ B (NFκB), a redox-sensitive transcription factor

that plays an important role in immune and inflamma-

tory responses. NFκB activation has been described in

states of increased oxidative stress,17,18 whereas treatment

with antioxidants decreases NFκB activity.19-21 NFκB acti-

vation has been implicated in clinical diseases that in-

clude pulmonary arterial hypertension (PAH) in adults22

and bronchopulmonary dysplasia in preterm infants.23

Recent evidence from a lamb model of PPHN suggests

that basal NFκB activity is elevated,24 but the effect of

hyperoxia on NFκB activity in PPHN is not known.

Glucocorticoids are used in neonatal intensive care to

treat a variety of diseases, including adrenal insufficiency

and pressor-resistant hypotension. Although steroids have

been used in adults with connective tissue diseases associ-

ated with pulmonary arterial hypertension, there are very

few data regarding their potential benefits in neonatal pul-

monary hypertension. Glucocorticoids have been found to

improve oxygenation and attenuate the pulmonary hyper-

tensive response in animal models of meconium aspira-

tion syndrome,25 a common cause of PPHN. In case re-

ports from human neonates, steroids have been reported

to decrease hospital stay and duration of oxygen use af-

ter meconium aspiration.26-28 More recently, new data

have emerged on the use of steroids in animal models of

PPHN. Prenatally administered betamethasone attenu-

ated oxidative stress and improved in vitro PA response to

vasodilators in a fetal lamb model of pulmonary hyper-

tension.29 Methylprednisolone improved oxygenation and

attenuated the pulmonary hypertensive response in a por-

cine model of meconium aspiration.25 We recently dem-

onstrated improved oxygenation and decreased PDE5 ac-

tivity in PPHN lambs treated with hydrocortisone.30

Given the wide variety of potential effects of steroids, it is

not yet clear what specific mechanisms are responsible for

the effects of hydrocortisone on PDE5. We recently re-

ported that NFκB activity is elevated in fetal lambs with

pulmonary hypertension.24 Because glucocorticoids have

been reported to antagonize NFκB activity,31 and there are

possible binding sites for NFκB on the PDE5 promoter,32

we hypothesized that NFκB is a potential target of hydro-

cortisone in PPHN. The goal of our study was to test the

hypothesis that hydrocortisone normalizes PDE5 activity

by reducing oxidative stress and NFκB.

METHODS

Cell culture
Primary cultures of FPASMCs from intrapulmonary ar-

teries of fetal lambs with PPHN induced by in utero

ductal ligation were prepared as previously described.16

All cultures were maintained in Dulbecco modified Eagle

medium supplemented with 1 g/L glucose (Mediatech),

10% fetal bovine serum (Hyclone), antibiotics (Media-

tech), and antimycotics (Mediatech) at 37°C in a humidi-

fied atmosphere with 5% CO2–95% air. All experiments

were performed using cells at between passage 2 and 4,

because we have previously characterized that these cells

maintain their PPHN phenotype through passage 4.16

PPHN FPASMCs were treated in incubators with 21%

O2–5% CO2 or 95% O2–5% CO2 with or without 100 nM

hydrocortisone (Sigma) or 1 μM helenalin (Calbiochem).

On the basis of dose-titration studies (data not shown),

we used a 100-nM concentration of hydrocortisone, which

is equivalent to levels achieved after physiologic replace-

ment dosing in neonates.33 PPHN FPASMC were har-

vested for analysis after 24 hours using 1X Mg-lysis buffer

(Upstate) supplemented with a protease inhibitor cocktail

(Sigma) and a phosphatase inhibitor cocktail (EMD Bio-

sciences). Cell extracts were sonicated, and protein con-

centration was determined using the Bradford assay.34

PDE5 activity assay
After treatment, PPHN FPASMCs were harvested, and

protein was prepared as described above. Protein extracts

were purified over a Centri-Spin 10 column to remove any
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phosphate contamination (Princeton Separations). Pro-

tein concentration was determined using the Bradford

method. Total protein (5 μg) was assayed for cGMP hydro-

lytic activity using a commercially available colorimetric

cyclic nucleotide phosphodiesterase assay kit (Enzo) with

and without sildenafil (Sigma) as described previously.13

Results are shown as the PDE5-specific picomoles of

cGMP hydrolyzed per milligram total protein per minute.

Detection of reactive oxygen species
PPHN FPASMCs were infected with 100 plaque-forming

units per cell of a ratiometic green fluorescent protein

(roGFP) adenoviral construct as previously described.13

roGFP is a previously characterized ratiometric fluores-

cent probe sensitive to cellular oxidative stress.35,36 To

create this probe, surface-exposed residues in green fluo-

rescent protein (GFP) were replaced with cysteine resi-

dues capable of forming disulfide bonds. Assessment of

fluorescence ratios therefore provides a real-time mea-

sure of cysteine thiol redox status in live cells. roGFP-

infected PPHN FPASMCs were exposed to 21% O2–5%

CO2 or 95% O2–5% CO2 for 24 hours, with and without

100 nM hydrocortisone, and their oxidative status was

subsequently analyzed using multilaser flow cytometry

as previously described.13,36

Plasmid DNA transfection and luciferase assays
NFκB promoter activity was determined using the

pGL4.32 (luc2P/NF-κB-RE/Hygro) plasmid (Promega).

PPHN FPASMC were cotransfected with 4 μg of plasmid

DNA and 0.1 μg pRL-CMV Vector (Promega) on a 10-cm2

tissue culture plate at 90% confluence, using lipofectamine

(Gibco) according to the manufacturer’s instructions. After

24 hours, cells were split onto 6-well plates and allowed to

adhere. Luciferase activity in protein extracts was deter-

mined 72 hours after transfection using the Dual-Luciferase

Reporter Assay System (Promega) and a Femtomaster FB12

luminometer (Zylux). Activity was normalized to the inter-

nal renilla luciferase control to correct for differences in

transfection efficiencies. PPHN FPASMCs were treated in

incubators with 21% O2–5% CO2 or 95% O2–5% CO2 with

or without 100 nM hydrocortisone (Sigma) for 24 hours be-

fore luciferase assays.

Western blot analysis
After treatment, PPHN FPASMCs were harvested for total

protein (40 μg). Protein concentration was measured using

the Bradford assay. PDE5 and NFκB inhibitory protein

(IκB) expression were assessed via Western blot, which

was performed as previously described.13 Membranes were

blocked for 1 hour at room temperature with 5% nonfat

dry milk in Tris-buffered saline containing 0.1% Tween 20

(1X TBST) and incubated overnight at 4°C with primary

antibody in 5% milk plus 1X TBST at an appropriate dilu-

tion (1:500 for mouse anti-PDE5 [BD Transduction], 1 ∶ 500
for goat anti-IκB [Santa Cruz Biotechnology], 1 ∶ 1,000 for

rabbit anti-Nox1 [Santa Cruz Biotechnology], 1 ∶ 1000 for rab-
bit anti-Nox4 [Santa Cruz Biotechnology], 1 ∶ 1,000 for rabbit
anti-extracellular superoxide dismutase [ecSOD; Enzo Life

Sciences], and 1 ∶ 2,000 for mouse β-actin [Sigma]). The

membranes were washed and incubated with the appro-

priate secondary antibody diluted 1 ∶ 1,000 in 5%milk plus

1X TBST. Membranes were then washed and exposed via

chemiluminescence (Pierce). Bands were analyzed using

a Digital Science Image Station (Kodak). Expression was

normalized to β-actin. Data are shown as fold relative to

21% untreated FPASMC.

Statistical analysis
All data are expressed as the mean � SEM. Results were

analyzed by one-way analysis of variance with Bonferroni

multiple comparison test where appropriate, using Prism

software (GraphPad). Statistical significance was set at

P < 0.05.

RESULTS

Hydrocortisone normalizes hyperoxia-induced PDE5
activity in PPHN FPASMC
We have recently reported that hydrocortisone treatment

of PPHN lambs ventilated with 100% O2 leads to normal-

ization of pulmonary arterial PDE5 expression and activ-

ity relative to untreated PPHN lambs.30 In this study,

we determined the effects of hydrocortisone treatment

on PDE5 in hyperoxia-exposed FPASMC isolated from

PPHN lambs. Similar to our recent report,16 24 hours of

hyperoxia did not significantly alter PDE5 protein expres-

sion in PPHN FPASMC (Fig. 1). We also did not observe

any changes in PDE5 expression after hydrocortisone

treatment (Fig. 1). In contrast to expression, and in agree-

ment with our previous work,13,16 hyperoxia induced a

2.4� 0.4 fold increase in PDE5 activity in PPHN FPASMC

(P < 0.05). Hydrocortisone treatment significantly de-

creased PDE5 activity to levels equivalent to room air–

exposed cells (P < 0.05; Fig. 2). Hydrocortisone did not al-

ter PDE5 activity in PPHN FPASMC exposed to normoxia.

Hydrocortisone attenuates cytosolic oxidative stress
in PPHN FPASMC exposed to hyperoxia
We previously reported that the hyperoxia-mediated ef-

fects on PDE5 activity are likely mediated via increases
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in ROS.13 Hydrocortisone treatment of intact ventilated

PPHN lambs decreased markers of oxidative stress and

decreased PDE5 activity relative to untreated animals.30

In this study, we sought to directly determine the effects

of hydrocortisone on oxidative stress in isolated PPHN

FPASMC. Because we previously reported higher cyto-

solic protein thiol oxidation in FPASMC from PPHN

lambs compared with control animals,37 we first investi-

gated the effects of hyperoxia and hydrocortisone on cyto-

solic oxidative stress. After 24-hour exposure of FPASMC

to 95% O2, cytosolic oxidative stress, as measured by the

redox-sensitive probe roGFP, was increased by 1.7 � 0.3

fold (P < 0.05; Fig. 3A). Hydrocortisone (100 nM) de-

creased cytosolic roGFP oxidation in PPHN FPASMC

to levels equivalent to room air–exposed cells (P < 0.05;

Fig. 3A). Although hyperoxia exposure also significantly

increased mitochondrial matrix RoGFP oxidation (1.9 �
0.2 fold; P < 0.05), hydrocortisone did not blunt oxidant

stress in this compartment (Fig. 3B).

Hydrocortisone increases ecSOD protein
expression but does not affect Nox4 and Nox1
in hyperoxia-exposed PPHN FPASMC
To elucidate the potential mechanisms by which hydro-

cortisone attenuates oxidative stress in PPHN FPASMCs,

we investigated its effects on the expression of NADPH

oxidase subunits, Nox1 and Nox4. Nox1 has been shown

to be an important contributor to hyperoxia-induced ROS

production in mice,38 whereas Nox4 expression is upregu-

lated in PAs and isolated PASMC from PPHN lambs.24

We observed no significant changes in Nox1 or Nox4 ex-

pression with hyperoxia and no effects with hydrocortisone

treatment (Fig. 4). Next, we wanted to determine whether

hydrocortisone affects the expression of SOD enzymes.

The promoters of all SOD enzymes have been reported to

contain glucocorticoid response elements.39,40 Although

there were no significant changes in either CuZnSOD or

MnSOD expression (data not shown), hydrocortisone in-

creased ecSOD protein expression by 71% � 26% (P <

0.05; Fig. 5) compared with untreated cells.

Figure 2. Hydrocortisone (HC) normalizes hyperoxia-induced
phosphodiesterase-5 (PDE5) activity in fetal pulmonary artery
smooth muscle cells (FPASMCs) from lambs with persistent pul-
monary hypertension of the newborn (PPHN). PPHN FPASMC
were exposed to 21% O2–5% CO2 or 95% O2–5% CO2 � 100 nM
HC for 24 hours, and total protein was harvested. PDE5-specific
activity was measured as the sildenafil-inhibitable fraction of to-
tal cyclic guanosine monophosphate (cGMP) hydrolysis and nor-
malized for total milligrams of protein. Data are shown as means
� SEM (n ¼ 6 for 21% untreated and 95% plus 100 nM HC; n ¼
4 for 21% plus 100 nm HC and 95% untreated; read in du-
plicates). Asterisk indicates P < 0.05 versus 21% untreated; num-
ber sign indicates P < 0.05 versus 95% untreated.

Figure 1. Hydrocortisone (HC) does not affect phosphodiesterase-
5 (PDE5) protein expression in fetal pulmonary artery smooth
muscle cells (FPASMCs) from lambs with persistent pulmo-
nary hypertension of the newborn (PPHN). A, PPHN FPASMC
were exposed to 21% O2–5% CO2 or 95% O2–5% CO2 � 100 nM
HC for 24 hours. Cells were harvested for total protein and sub-
jected to PDE5 Western blot analysis with β-actin normalization.
Data are shown as means � SEM (n ¼ 8 for all groups). B, Rep-
resentative Western blots are shown for PDE5 and β-actin in
PPHN FPASMC.
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Hydrocortisone decreases NFκB activity induced by
exposure of PPHN FPASMC to hyperoxia
The ROS-activated transcription factor NFκB mediates re-

sponses to inflammatory and oxidant insults and offers

a potential link between oxidant stress and subsequent

lung injury. NFκB inhibition has been reported to attenu-

ate hyperoxic lung injury in mice,22 and it decreased pul-

monary hypertension and prevented right ventricular

hypertrophy in a rat monocrotaline model of pulmonary

hypertension.41 These findings led us to hypothesize that

NFκB activation may play a role in neonatal pulmonary

hypertension.24 Here we demonstrate that hyperoxia sig-

nificantly increased NFκB-driven luciferase reporter activ-

ity in PPHN FPASMC by 2.2 � 0.1 fold (P < 0.05; Fig. 6).

Treatment with hydrocortisone blunted the increase in

NFκB reporter activity by 30% � 7% (P < 0.05; Fig. 6).

Figure 3. Hydrocortisone (HC) blocks hyperoxia-induced cytosolic reactive oxygen species (ROS) in fetal pulmonary artery smooth
muscle cells (FPASMCs) from lambs with persistent pulmonary hypertension of the newborn (PPHN). The redox sensor ratiometic
green fluorescent protein (roGFP) was used to assess oxidant levels in the cytosol (A ) and mitochondrial matrix (B ). A, PPHN
FPASMC were exposed to 21% O2–5% CO2 or 95% O2–5% CO2 � 100 nM HC for 24 hours, and oxidation of the cytosolic roGFP
probe was measured (n ¼ 4). B, PPHN FPASMC were exposed to 21% O2–5% CO2 or 95% O2–5% CO2 � 100 nM HC for 24 hours,
and oxidation of the mitochondrial roGFP probe was measured (n ¼ 7). Data are shown as mean � SEM for percentage maximal
oxidation of roGFP. Asterisk indicates P < 0.05 versus 21% untreated; number sign indicates P < 0.05 versus 95% untreated.

Figure 4. Hydrocortisone (HC) does not affect expression of Nox1 and Nox4 in fetal pulmonary artery smooth muscle cells
(FPASMCs) from lambs with persistent pulmonary hypertension of the newborn (PPHN). PPHN FPASMC were exposed to 21%
O2–5% CO2 or 95% O2–5% CO2 � 100 nM HC for 24 hours. Cells were harvested for total protein and subjected to Nox1 (A) and
Nox4 (B) Western blot analysis, with β-actin normalization. Data are shown as means � SEM (Nox1: n ¼ 11 for 21% untreated,
95% untreated, 95% plus 100 nM HC, n ¼ 10 for 21% plus 100 nM HC; Nox4: n ¼ 9 for 21% untreated and 95% untreated, n ¼ 8 for
21% plus 100 nM HC, 95% plus 100 nM HC).
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Hydrocortisone increases IκB protein expression in
PPHN FPASMC
NFκB exists in the cytoplasm in an inactive form associ-

ated with regulatory IkB proteins. Following stimulation of

the NFkB cascade, the inhibitory IkB is degraded, thereby

allowing NFkB translocation into the nucleus where it

serves as a transcription factor. Because IκB expression is

an important regulator of NFκB activity, we sought to de-

termine the effects of hyperoxia and hydrocortisone treat-

ment on IκB expression. In contrast to previous studies

in microvascular endothelial cells, which have shown de-

creased IκB expression in response to hyperoxia,42 we found

that 24 hours of hyperoxia did not alter IκB protein ex-

pression in PPHN FPASMC (Fig. 7). In both normoxic

and hyperoxic PPHN vascular smooth muscle cells, hydro-

cortisone treatment significantly increased IκB expression

(P < 0.05; Fig. 7).

NFκB inhibition decreases hyperoxia-induced PDE5
activity but does not affect PDE5 protein expression
in PPHN FPASMC
Based on our observations that hyperoxia upregulates

both PDE5 activity and NFκB reporter activity in PPHN

FPASMC, we next sought to determine the effects of

NFκB inhibition on PDE5 expression and activity. Treat-

ment with an inhibitor of NFκB, helenalin, did not affect

PDE5 protein expression (Fig. 8A); however, it decreased
hyperoxia-induced PDE5 activity to a similar extent as

treatment with hydrocortisone (decrease by 69% � 11%

with helenalin and by 63% � 17% with hydrocortisone;

P < 0.05; Fig. 8B). Treatment of FPASMC with the com-

bination of helenalin and hydrocortisone decreased PDE5

activity by 54% � 15%, similar to levels seen with either

agent alone (Fig. 8B).

DISCUSSION

Although corticosteroids have been widely used in the neo-

natal intensive care unit for the treatment of pulmonary dis-

eases such as bronchopulmonary dysplasia and have been

suggested as possible therapy for neonates with meconium

aspiration syndrome, little is known about their effects in

PPHN. We recently reported that hydrocortisone improves

oxygenation, decreases oxidative stress, and normalizes

PDE5 activity in neonatal lambs with PPHN secondary to

antenatal ductal ligation.30 In this study, we explored the

molecular mechanisms for these effects by studying the

effects of hydrocortisone on FPASMC isolated from PPHN

lambs. We found that treatment with hydrocortisone de-

Figure 5. Hydrocortisone (HC) increases expression of extracel-
lular superoxide dismutase (ecSOD) in fetal pulmonary artery
smooth muscle cells (FPASMCs) from lambs with persistent
pulmonary hypertension of the newborn (PPHN). A, PPHN
FPASMC were exposed to 21% O2–5% CO2 or 95% O2–5%
CO2 � 100 nM HC for 24 hours. Cells were harvested for total
protein and subjected to ecSOD Western blot analysis, with β-
actin normalization. Data are shown as means � SEM (n ¼ 7 for
21% untreated, 21% plus 100 nM HC, 95% untreated, n ¼ 8 for
95% plus 100 nM HC). Number sign indicates P < 0.05 versus
95% untreated. B, Representative Western blots are shown for
ecSOD and β-actin in PPHN FPASMC.

Figure 6. Hydrocortisone (HC) attenuates nuclear factor κ B
(NFκB) activity induced by exposure to hyperoxia in fetal pulmo-
nary artery smooth muscle cells (FPASMCs) from lambs with
persistent pulmonary hypertension of the newborn (PPHN).
PPHN FPASMC were transfected with a plasmid containing
consensus NFκB sites upstream of a luciferase reporter. Forty-
eight hours after transfection, PPHN FPASMC were exposed to
21% O2–5% CO2 � 100 nM HC or 95% O2–5% CO2 � 100 nM
HC for 24 hours. Relative light units were determined in a
luminometer and normalized to an internal renilla luciferase
control plasmid. Data are shown as means � SEM (n ¼ 4 for
all groups). Asterisk indicates P < 0.05 versus 21% untreated;
number sign indicates P < 0.05 versus 95% untreated.
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creased hyperoxia-induced PDE5 activity, decreased cyto-

solic oxidative stress, increased ecSOD expression, decreased

NFκB reporter activity, and increased IκB expression. Our

findings also suggest that the hydrocortisone-induced re-

duction in NFκB activation is at least partly responsible

for the decrease in PDE5 activity.

We have reported a number of important differences

between PASMC from PPHN lambs and PASMC from

healthy control lambs, including higher basal PDE5 ac-

tivity, lower cGMP response to NO, higher basal levels

of oxidant stress in the mitochondrial matrix and cytosol,

and higher NFκB activity.16,24,37 Given these differences,

we used FPASMC isolated from PPHN lambs as a tool

to investigate the aberrant vascular signaling pathways

characteristic of PPHN and to determine the effect of

hyperoxia on these pathways. Consequently, we investi-

gated the effects of hydrocortisone in PPHN FPASMC

to gain mechanistic insights into its beneficial effects on

vascular function in intact PPHN lambs. First, we deter-

mined the effects of treatment with physiologic concen-

trations of hydrocortisone on PDE5 expression and ac-

tivity. Unlike our reported findings in cells from normal

late-gestation fetal lambs,13,16 hyperoxia did not increase

PDE5 protein expression in FPASMC from PPHN lambs

(Fig. 1). However, in contrast to expression, PDE5 activ-

ity was dramatically upregulated by hyperoxia, and hydro-

cortisone completely blocked this increase (Fig. 2). This is

similar to our recent findings that hydrocortisone nor-

malizes PDE5 activity in resistance PAs of PPHN lambs

ventilated with 100% O2 for 24 hours.30

We previously reported that PDE5 activity is upregu-

lated by increased ROS and that this effect is reversed by

treatment with antioxidants in intact neonatal PPHN lambs

and in smooth muscle cells isolated from them.13,14,16

Therefore, we next investigated the effects of hyperoxia

with and without hydrocortisone on oxidative stress in two

subcellular compartments, using a previously character-

ized redox-sensitive probe, roGFP. As might be expected,

exposure of PPHN FPASMC to hyperoxia for 24 hours

resulted in increased oxidative stress, both in the cytosol

and in the mitochondrial matrix (Fig. 3). We recently re-

ported that hydrocortisone decreases vascular oxidative

stress in ventilated lambs with PPHN,30 and in this study,

we now report that hydrocortisone treatment selectively

decreases cytosolic oxidative stress in pulmonary vascular

smooth muscle without affecting mitochondrial matrix

ROS (Fig. 3). We hypothesized that this effect of hydrocor-

tisone was due to either decreased production of ROS or

induction of antioxidant enzymes. Although we observed a

trend toward hyperoxia-mediated increases in expression

of NADPH subunits, Nox1 and Nox4, we did not find any

significant effects of hydrocortisone treatment on their ex-

pression (Fig. 4). Hydrocortisone treatment did, however,

increase expression of one of the superoxide dismutase

enzymes, ecSOD (Fig. 5). Interestingly, we previously dem-

onstrated that PPHN is associated with diminished ecSOD

activity.37 We hypothesize that increased expression of

ecSOD in steroid-treated FPASMC might reduce oxidant

stress in response to hyperoxia, in agreement with studies

in rodents that have shown that overexpression of ecSOD

attenuates hyperoxic lung injury.43

One potential consequence of increased oxidative stress

is activation of NFκB, a key transcription factor impli-

cated in the pathogenesis of conditions associated with in-

creased ROS,19,44 including several pulmonary diseases

such as primary pulmonary hypertension45 and the devel-

opment of chronic lung disease of prematurity.18,46,47

NFκB inhibition has been shown to prevent monocrotaline-

induced pulmonary hypertension in rodents,41 and we re-

Figure 7. Hydrocortisone (HC) increases protein levels of the
nuclear factor κ B (NFκB) inhibitory protein (IκB). A, Fetal pul-
monary artery smooth muscle cells (FPASMCs) from lambs with
persistent pulmonary hypertension of the newborn (PPHN) were
exposed to 21% O2–5% CO2 or 95% O2–5% CO2 � 100 nM HC
for 24 hours. Cells were harvested for total protein and subjected
to IκB Western blot analysis, with β-actin normalization. Data are
shown as means � SEM (n ¼ 7 for all groups). Asterisk indicates
P < 0.05 versus 21% untreated; number sign indicates P < 0.05
versus 95% untreated. B, Representative Western blots are
shown for IκB and β-actin in PPHN FPASMC.
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cently reported that its activity is elevated in fetal lambs

with chronic intrauterine pulmonary hypertension.24 In

this study, we found that hyperoxia exposure significantly

increased NFκB activity in PPHN FPASMC and that this

effect was attenuated by treatment with hydrocortisone

(Fig. 6). Interestingly, a recent report demonstrated NFkB

inhibition by dexamethasone in tracheobronchial lavage

fluid of premature infants with respiratory distress.47

To understand the mechanism responsible for hydro-

cortisone’s effects on NFkB, we studied protein expres-

sion of IκB, an important inhibitor of NFκB. In contrast

to earlier studies that have demonstrated IκB degradation

in hyperoxia in endothelial cells,42,48 24 hours of hyper-

oxia did not induce significant differences in IκB expres-

sion in PPHN FPASMC (Fig. 7). In agreement with

decreased NFκB reporter activity, we observed that hy-

drocortisone increased IκB protein expression in both

normoxic and hyperoxic PPHN FPASMC (Fig. 7). This is

similar to a previous report that another steroid, methyl-

prednisolone, increases IκB expression in pulmonary

endothelial cells.48 Of note, although hydrocortisone in-

creased IκB expression in both normoxia and hyperoxia-

exposed cells, decreased NFκB activity was observed only

in hyperoxia-exposed cells. The level of NFκB activity in

normoxia-treated cells was similar for both hydrocorti-

sone-treated and untreated cells, regardless of the induc-

tion of IκB expression by hydrocortisone. This suggests

that the basal NFκB activity present in normoxic cells is

essential for cell functioning and cannot be further inhib-

ited by increased IκB expression.

Finally, we investigated the effects of NFκB inhibition

on PDE5 activity after hyperoxia exposure. Although the

link between NFκB and PDE5 has not been well studied,

analysis of the PDE5 promoter demonstrates putative

NFκB binding sites.32 In addition, other investigators have

shown that treatment of human PASMCs with an inhibitor

of IκB degradation reduces PDE5 transcript levels.49 In our

studies, we observed no differences in PDE5 protein with

either hydrocortisone or with NFκB inhibitor (Fig. 8A).
PDE5 activity, however, was attenuated by treatment with

Figure 8. Helenalin (Hel), an nuclear factor κ B (NFκB) inhibitor, blocks hyperoxia-induced phosphodiesterase-5 (PDE5) activity in
fetal pulmonary artery smooth muscle cells (FPASMCs) from lambs with persistent pulmonary hypertension of the newborn
(PPHN). PPHN FPASMC were exposed to 21% O2–5% CO2 or 95% O2–5% CO2 � 100 nM hydrocortisone (HC) � 1 μM helenalin
for 24 hours. A, Protein extracts were subjected to PDE5 Western blot analysis, with β-actin normalization. Data are shown as
means � SEM (n ¼ 4 for all groups). B, PDE5-specific activity was measured as the sildenafil-inhibitable fraction of total cGMP
hydrolysis and normalized for milligram of protein. Data are shown as means � SEM (n ¼ 4–8; read in duplicates). Asterisk indicates
P < 0.05 versus 21% untreated; number sign indicates P < 0.05 versus 95% untreated.
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either hydrocortisone or NFκB inhibitor alone as well as

treatment with both agents (Fig. 8B). This decrease re-

sulted in activity levels similar to basal activity in cells cul-

tured under normoxic conditions (Fig. 8B).
The data presented here, taken together with our find-

ings in ventilated lambs with PPHN, strongly suggest a

possible role for glucocorticoids in the treatment of PPHN.

We speculate that, by increasing ecSOD expression, ste-

roids reduce ROS-mediated induction of NFκB activity

and PDE5 activity (Fig. 9). The speculation that increases

in ecSOD expression attenuate NFκB are in agreement

with other studies that have demonstrated that ecSOD

overexpression blocks NFκB activity in mouse epithelial

cells subjected to oxidative stress.50 However, questions re-

main about the interplay between steroids, oxidant stress,

PDE5, and NFκB. Although there are possible NFκB bind-

ing sites on the PDE5 promoter, we did not find evidence

for NFκB upregulation of PDE5 expression under condi-

tions of increased oxidative stress. We also found no sig-

nificant changes in PDE5 expression after hydrocortisone

or with NFκB inhibition, which suggests that the effects of

these agents on PDE5 activity may be via posttranslational

modification. It is also unclear whether anti-inflammatory

properties of hydrocortisone play a role in decreasing PDE5

activity. Although the role of inflammation in PPHN is not

well understood, inflammation is increasingly being recog-

nized as an important factor in adult idiopathic pulmo-

nary arterial hypertension.51 A recent report also suggests

that PDE inhibitors may have direct anti-inflammatory ef-

fects in hyperoxic lung injury.52

There are several limitations to our study. All of our

experiments were conducted in FPASMC isolated from

lambs with pulmonary vascular remodeling due to chronic

intrauterine pulmonary hypertension. As we have previ-

ously demonstrated,16 PPHN FPASMC have a different

phenotype from cells isolated from healthy fetal lambs.

Therefore, they provide a valuable tool to investigate the

dysregulated signaling pathways that produce PPHN and

to determine the cellular effects of therapeutic agents, such

as hydrocortisone. We also acknowledge that, although our

studies provide new insights into potential pathways by

which hydrocortisone reduces PDE5 activity, the exact mo-

lecular mechanisms by which hyperoxia activates PDE5

activity remain unclear. Additional studies are needed to

determine whether the changes we have observed with hy-

drocortisone are genomic in nature, because steroids have

been shown to have both genomic and nongenomic effects.

In conclusion, we have demonstrated that hydrocorti-

sone normalizes PDE5 activity, decreases cytosolic oxida-

tive stress, increases ecSOD expression, and increases

IκB expression and decreases NFκB activity in FPASMC

cultured from PPHN lambs. We propose a mechanism

by which hydrocortisone attenuates ROS production by

induction of ecSOD, which results in decreased NFκB
activity and normalization of PDE5 activity (Fig. 9). These

results confirm our initial in vivo findings that hydrocor-

tisone has a direct effect on NO-cGMP signaling in vascu-

lar smooth muscle30 and represent the first description of

NFκB-mediated regulation of PDE5 activity in the setting

of neonatal pulmonary hypertension. Our findings pro-

vide mechanistic insights for the improvement in oxy-

genation observed when PPHN lambs are treated with

hydrocortisone. Furthermore, the finding that hydrocorti-

sone leads to decreased PDE5 activity supports its poten-

tial use as a therapeutic agent in PPHN, a disease as-

sociated with increased oxidative insults and aberrations

of the NO signaling pathway, including PDE5. Clinical

trials to evaluate the role of hydrocortisone in PPHN are

warranted.
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Figure 9. Model for the effects of hydrocortisone on
phosphodiesterase-5 (PDE5) in fetal pulmonary artery smooth
muscle cells (FPASMCs) from lambs with persistent pulmo-
nary hypertension of the newborn (PPHN). Exposure to hy-
peroxia leads to increased reactive oxygen species (ROS) produc-
tion, resulting in increased nuclear factor κ B (NFκB) activity
with subsequent induction of PDE5 activity. Hydrocortisone
disrupts this pathway by increasing extracellular superoxide
dismutase (ecSOD) expression, leading to attenuation of ROS
signaling and normalization of PDE5 activity. IκB: NFκB inhibi-
tory protein.
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