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Exercise and hypoxia unmask pulmonary vascular disease
and right ventricular dysfunction in a 10- to 12-week-old
swine model of neonatal oxidative injury
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Abstract Prematurely born young adults who experienced neonatal oxidative injury (NOI) of the
lungs have increased incidence of cardiovascular disease. Here, we investigated the long-term effects
of NOI on cardiopulmonary function in piglets at the age of 10–12 weeks. To induceNOI, term-born
piglets (1.81 ± 0.06 kg) were exposed to hypoxia (10–12% FiO2), within 2 days after birth, and
maintained for 4 weeks or until symptoms of heart failure developed (range 16–28 days), while
SHAM piglets were normoxia raised. Following recovery (>5 weeks), NOI piglets were surgically
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instrumented to measure haemodynamics during hypoxic challenge testing (HCT) and exercise
with modulation of the nitric-oxide system. During exercise, NOI piglets showed a normal increase
in cardiac index, but an exaggerated increase in pulmonary artery pressure and a blunted increase
in left atrial pressure – suggesting left atrial under-filling – consistent with an elevated pulmonary
vascular resistance (PVR), which correlated with the duration of hypoxia exposure. Moreover, hypo-
xia duration correlated inversely with stroke volume (SV) during exercise. Nitric oxide synthase
inhibition and HCT resulted in an exaggerated increase in PVR, while the PVR reduction by
phosphodiesterase-5 inhibition was enhanced in NOI compared to SHAM piglets. Finally, within
the NOI piglet group, prolonged duration of hypoxia was associated with a better maintenance of
SV during HCT, likely due to the increase in RV mass. In conclusion, duration of neonatal hypoxia
appears an important determinant of alterations in cardiopulmonary function that persist further
into life. These changes encompass both pulmonary vascular and cardiac responses to hypoxia and
exercise.
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Abstract figure legend Exposure of neonatal swine to hypoxia for up to 4 weeks resulted in an increase in pulmonary
vascular resistance (PVR) and right ventricular (RV) hypertrophy that persisted after recovery in normoxia. Exercise
experiments revealed an increased dependency on nitric oxide (NO) to maintain a low PVR, as well as a reduced stroke
volume during exercise. Re-exposure to hypoxia showed an exaggerated increase in PVR, but stroke volume was better
maintained in neonatal hypoxia-exposed animals. eNOS, endothelial nitric oxide synthase.

Key points
� Children who suffered from neonatal oxidative injury, such as very preterm born infants, have
increased risk of cardiopulmonary disease later in life.

� Risk stratification requires knowledge of the mechanistic underpinning and the time course of
progression into cardiopulmonary disease.

� Exercise and hypoxic challenge testing showed that 10- to 12-week-old swine that previously
experienced neonatal oxidative injury had increased pulmonary vascular resistance and nitric
oxide dependency.

� Duration of neonatal oxidative injury was a determinant of structural and functional cardio-
pulmonary remodelling later in life.

� Remodelling of the right ventricle, as a result of prolonged neonatal oxidative injury, resulted in
worse performance during exercise, but enabled better performance during the hypoxic challenge
test.

� Increased nitric oxide dependency together with age- or comorbidity-related endothelial
dysfunction may contribute to predisposition to pulmonary hypertension later in life.

0 Jarno J. Steenhorst is anMD-trained PhDcandidate in the departments of Pediatric andExperimental Cardiology in the Erasmus
MC. In collaboration with multiple departments, he is involved in clinical and pre-clinical studies to understand the influence of
neonatal injury of the lungs on long term cardiopulmonary functional and structural outcomes. The current work investigates
cardiopulmonary consequences of neonatal oxidative injury, predisposing swine to structural and functional alterations that
might be of relevance during late hits to the cardiopulmonary system.
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Introduction

Preterm birth is associated with an increased risk in
cardiopulmonary disease later in life (Crump et al., 2019;
Greer et al., 2021; Zoller et al., 2015). A growing body of
evidence shows that prematurely born infants – with and
without neonatal chronic lung disease – exhibit a distinct
cardiovascular risk profile in childhood and adulthood
(Duke et al., 2021; Lewandowski, Bradlow et al., 2013;
McKay et al., 2021; Telles et al., 2020). Several studies
found a higher incidence of pulmonary arterial hyper-
tension (PAH) and ischaemic heart disease compared to
term born, healthy adults (Crump et al., 2019; Naumburg
& Soderstrom, 2019; Zoller et al., 2015). Knowing if, how
and when prematurely born young adults could progress
into PAH or heart disease is critical to be able to intervene
at early stages.

Young adult survivors of prematurity exhibit higher
pulmonary arterial pressure (PAP), accompanied by a
blunted exercise response, which is associatedwith cardiac
remodelling (Corrado, Barton, Macdonald et al., 2021;
Crispi et al., 2021; Goss et al., 2018). However, conflicting
results have been published concerning the structural
and functional cardiac phenotype in these patients.
Some studies report higher right ventricular (RV) mass
and hyper-contractility, while others report lower RV
mass and a decrease in contractile function, fuelling an
ongoing debate in the literature on cardiac phenotype
of ex-prematurity (Bates et al., 2020; Goss & Eldridge,
2021; Goss et al., 2020; Lewandowski & Levy, 2021;
Lewandowski, Augustine et al., 2013). Duration of peri-
natal oxidative injury seems to be a key contributor to the
pulmonary vascular and cardiac remodelling observed in
humans and animal models (Goss et al., 2015, 2018).

Immediately following birth, the pulmonary circulation
experiences a dramatic increase in flow when lungs
are aerated. In the subsequent period, the pulmonary
vasculature undergoes vascular growth and remodelling,
resulting in a further decrease in pulmonary vascular
resistance (PVR). Oxidative injury during the early
postnatal period impairs this growth and remodelling,
resulting in a higher PVR. In a swine model, previously
developed by our group, we observed that 4 weeks
of hypoxia (10–12% fraction of inspired oxygen (FiO2))
shortly after birth, resulted in pulmonary hypertension
that persisted for several weeks after return to normoxia
(deWijs-Meijler et al., 2018). PAP eventually decreased to
normal levels after return to normoxia, suggesting trans-
ient neonatal pulmonary vascular disease (PVD). Male
piglets were more susceptible to develop persistent PVD.
Remarkably, a large heterogeneity in tolerance for the
duration of the hypoxia period was observed, with high
mortality rates in the third and fourth week of hypoxic
exposure, attributed to RV failure (de Wijs-Meijler et al.,
2018).

Based on these observations, we hypothesized that
insults on the pulmonary vasculature in this trans-
ition period shortly after birth, impairing the post-
natal decrease in resistance, while still requiring the
accommodation of a large increase in pulmonary blood
flow, contribute importantly to risk for development of
cardiopulmonary disease later in life. Consequently, in
the present study, we investigated in 10- to 12-week-old
chronically instrumented swine whether neonatal PVD
has a lasting impact on the cardiopulmonary system, with
persistent structural and functional cardiopulmonary
abnormalities. Secondly, we assessed the influence of
duration of early post-natal hypoxic exposure on the
development of distinct structural and functional cardiac
phenotypes. To unmask cardiopulmonary abnormalities,
we utilized (1) re-exposure to hypoxia and (2) graded
treadmill exercise with a focus on alterations in the nitric
oxide pathway.

Methods

Experiments were performed in accordance with the
Guiding Principles in the Care and Use of Laboratory
Animals as approved by the Council of the American
Physiological Society and with approval of the Animal
Care Committee of Erasmus MC, University Medical
Center Rotterdam (AVD101002016636).
Twenty-four male Yorkshire × Landrace piglets, born

at term at a commercial breeder (Roefs, Woensdrecht,
The Netherlands), were taken from the sow at 36−48 h
after birth. After arrival in our institute, all piglets
received a single dose of artificial colostrum (Colo-active
Plus, Schippers BV, Bladel, The Netherlands) and pig
pusher (MS Pig Pusher Oral, Schippers BV, Bladel, The
Netherlands) on day 2, 3 and 5. The experimental protocol
was adapted from our previous study (de Wijs-Meijler
et al., 2018), and is shown in Fig. 1.

Induction of neonatal oxidative injury

Upon arrival in the facility, piglets were placed in an
incubator (2 m2), in which the fraction of inspired oxygen
could be regulated using a N2 generator (AV5-TT606SC,
Avilo, Dirksland, The Netherlands). Upon arrival in the
facility, 14 piglets (1.81 ± 0.08 kg) were assigned to the
neonatal oxidative injury (NOI) group and were exposed
to normobaric hypoxia with an FiO2 of 10% in the first
week, followed by a weekly increase in FiO2 of 0.5%
per week to a maximum of 12%. Ten piglets weighing
1.80 ± 0.05 kg, P = 0.2105) were assigned to the control
group (SHAM) and were placed in the same incubator
but under normobaric, normoxic conditions. Piglets
were fed every hour using an automated feeding system
with age-appropriate artificial milk (Lactowean Extra
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and Babywean, Denkavit, Voorthuizen, TheNetherlands).
After 1 week, solid food for small piglets was introduced
(Mellow Go and Top Wean, Denkavit).
At week 2, 3, 4 and 8, piglets underwent

echocardiography (Zonare ZS3, Mindray Medical,
Hoevelaken, The Netherlands) under sedation (mixture
of 3−5% sevoflurane and 95−97% oxygen) during
spontaneous breathing. Cardiac function and progression
of pulmonary hypertension were assessed using para-
and substernal views. The protocol included tricuspid
regurgitation peak velocity (TRvel), tricuspid annular
plane systolic excursion (TAPSE), pulmonary artery
acceleration time (PAAT) and left ventricular (LV)
eccentricity index (defined as anterior–posterior diameter
divided by free wall-septal wall diameter). TAPSE values
were normalized to RV length. Echocardiograms were
assessed for intermediate or high pulmonary hyper-
tension probability. Intermediate probability was defined
as TRmax >2.0 m s−1 and/or eccentricity index >1. High
probability was defined as TRmax >3.5 m s−1 and/or
eccentricity index >1.4.
Piglets were checked for clinical symptoms of cardiac

dysfunction twice per day. Moderate dysfunction was
defined as a flattening in growth curve, lethargy and
dyspnoea on exertion. Severe dysfunction was defined
as feeding withdrawal, stable weight >2 days, weight
loss >1 day and dyspnoea at rest.
To reduce mortality, NOI piglets were placed in

a normoxic environment if they exhibited clinical
symptoms and echocardiographic signs of pulmonary
hypertension after at least 14 days of hypoxia. When
intermediate probability of pulmonary hypertension
was observed during echocardiography, piglets were
returned to normoxia when severe clinical symptoms
occurred. When high probability was observed during

echocardiography, moderate clinical symptoms were
sufficient to return to normoxia. After 4 weeks of
hypoxia exposure, piglets were returned to normoxia,
even if end-points as described above were not met. In
the normoxic environment, the number of feeds was
gradually reduced to two servings per day. Water was
available ad libitum.
At least 2 weeks after return to normoxia, NOI and

SHAM piglets were familiarized with exercising on the
treadmill for 3−5 min, ∼3 times per week, to prevent
distress during the subsequent exercise experiments.

Cardiovascular magnetic resonance imaging

Piglets underwent cardiovascular magnetic resonance
(CMR) at two time points during the protocol (Fig. 1).
At least 2 days, but maximally 1 week after return to
normoxia (depending on availability of MRI), the NOI
group underwent CMR, whereas SHAM piglets under-
went CMR at 4–5 weeks of age. With heart-failure
symptoms typically developing in less than 4 weeks, this
may have resulted in a small age-dependent bias, forwhich
we corrected by indexing for weight of the piglets. Twelve
out of 14 NOI piglets and six out of 10 SHAM piglets
underwent CMR at week 12 just before sacrifice.
Piglets were sedated with an intramuscular cocktail

of xylazine (1.75 mg kg−1), tiletamine-zolazepam
(3 mg kg−1) and atropine (0.50 mg). Piglets were
intubated and intravenous access was obtained via an
ear vein. Thiopental (50 mg ml−1) was slowly injected to
achieve breathing suppression. Piglets were transported to
the CMR, while being ventilated with a mobile ventilator
(Carina, Dräger Medical, Best, The Netherlands), placed
in right lateral position and ventilated through extended

Figure 1. Schematic overview of the protocol
Neonatal oxidative injury (NOI) is induced by placing piglets in hypoxia (10–12% fraction of inspired oxygen) for
a maximum of 28 days. After initial recovery (<7 days), swine underwent cardiovascular magnetic resonance
(CMR) under anaesthesia. At the start of week 9, piglets were chronically instrumented. The exercise and hypoxic
challenge experiments (photograph insets) took place from week 10 onward until the second CMR and sacrifice
after week 12. SHAM operated piglets followed the same protocol, but were not subjected to hypoxia in the first
28 days. [Colour figure can be viewed at wileyonlinelibrary.com]
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tubing connecting the endotracheal tube to the ventilator
placed outside the CMR suite. A coupling piece with
a valve ensured that expiration occurred directly into
the ambient space at the site of the endotracheal tube,
thereby avoiding dead space ventilation. Breath-holds
could manually be applied from the operating room. Due
to the lack of arterial access (first CMR) and long distance
between the CMR suite and the laboratory (secondCMR),
no blood samples were taken for blood gas analysis during
CMR. CMR was performed on a 1.5 T clinical scanner
with a dedicated 32-channel phased-array surface coil
(SIGNA artist, GEHealthcare, Milwaukee,WI, USA). The
imaging protocol consisted of retrospectively ECG-gated
2D balanced Steady-State Free Precession cine imaging
with breath-hold. Standard long-axis and short-axis
images with full LV and RV coverage were obtained.
Typical scan parameters were slice thickness 6.0 mm,
slice gap 0 mm, field of view 240−320 × 168−224,
repetition time/echo time 3.8/1.5 ms, flip angle 60°,
NEX 1, acquired matrix 280 × 200 mm, and number of
reconstructed phases 30 per cardiac cycle to maintain
temporal resolution <45 ms. The planning of the short
axis cine images was done according to a standardized
imaging protocol used in every scan, parallel to the
mitral valve planned at both the four- and two-chamber
views and perpendicular to the long axis of the body of

the left ventricle. Short axis slices were acquired from
base to apex with several slices above the mitral valve to
have complete coverage of both the left and right ventricle
and outflow tracts (see Fig. 2). To assess mass and
volumes, endo- and epicardial contours were manually
drawn on end-diastolic and end-systolic short axis cine
images. Volumes were measured and ejection fraction
was calculated. All volumes and mass were indexed for
body weight. RV global longitudinal strain (GLS) was
measured using the four-chamber longitudinal axis by
manually drawing endo- and epicardial contours during
end-diastole and end-systole of the RV with subsequent
automatic tracking during the entire cardiac cycle. The
analyses were done with QMass (version 8.1) and Qstrain
(version 2.0) analytical software from Medis Medical
Imaging Systems BV (Leiden, The Netherlands).

Surgical procedure

At 9 weeks of age, animals were sedated and intubated
as described above and were ventilated with extra FiO2

(30–45%) and sevoflurane (2–3%) to induce adequate
anaesthesia. To achieve proper analgesia, sufentanil (10
μg kg−1 h−1 i.v.) was administered. Depth of anaesthesia
was checked regularly using a pain stimulus, while heart

Figure 2. Planning of the MRI
A and B, planning of the short axis plane
parallel to the mitral valve in the 4-(A) and
2-chamber (B) long axis plane and
perpendicular to the long-axis of the left
ventricle. C and D nine short axis cine slices
of the ventricles in end-diastole (C) and
end-systole (D). [Colour figure can be
viewed at wileyonlinelibrary.com]

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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rate and end-tidal CO2 were monitored continuously.
Piglets were instrumented under sterile conditions as
previously described in detail (De Wijs-Meijler et al.,
2016). Briefly, the chest was opened through the fourth
left intercostal space, and fluid-filled polyvinylchloride
catheters were inserted through puncture holes into the
descending aorta, left atrium, pulmonary artery, RV and
LV and secured in place using a purse string suture.
Catheters were used for pressure measurements, blood
sampling and drug infusion. A transit time flow-probe
(16 mm, Transonic Systems, Ithaca, NY, USA) was placed
around the ascending aorta for measurement of cardiac
output. Catheters and flow probe wire were tunnelled sub-
cutaneously to the back, and the chest was closed in layers.
All animals received buprenorphine (0.015 mg kg−1 i.m.)
once and a fentanyl 72 h slow-release patch (6 μg h−1)
for analgesia, as well as Augmentin (25/5 mg kg−1 i.v.)
for 7 days as antibiotic prophylaxis. All catheters were
flushed daily with heparinized saline (1000–5000 IUml−1

saline) to maintain patency (De Wijs-Meijler et al., 2016).
Following chronic instrumentation, pigswere individually
housed with free access to water. Visual and nose–nose
contact was possible through Plexiglas with holes between
pens.

In vivo haemodynamic measurements

For haemodynamic measurements, fluid-filled pressure
transducers (Combitrans, B Braun Medical BV, OSs, The
Netherlands) were attached to the catheters, placed on
the back of the piglet and calibrated at mid-chest level.
Resting haemodynamic measurements were continuously
recorded using a CODAS workstation (ATCODAS, Dataq
Instruments, Akron, OH, USA) and heart rate, cardiac
output, aortic pressure, PAP, left atrial pressure (LAP),
RV pressure and LV pressure) were obtained using
MATLAB (The MathWorks Inc., Natick, MA, USA) (De
Wijs-Meijler et al, 2016).

Hypoxic challenge test

Upon completion of baseline haemodynamic
measurements, an arterial blood sample was taken in
room air. The piglet was then placed in a box (300 l,
pre-filled with hypoxic gas mixture) for re-exposure to
hypoxia. The pressure catheters and flow probe wire
were tunnelled through a small opening in the box and
connected to the pressure transducers for continuous
pressure and cardiac output measurements. FiO2 in the
box was continuously monitored, while a mixture of N2
and O2 was added to the box with high flow (15 l min−1)
until 14−15% FiO2 was reached and the experiment
started. Haemodynamic measurements and arterial blood
samples were taken at 2, 5, 10, 15 and 20 min. The box

was opened after the measurement at 20 min, followed by
two recovery measurements and blood samples at 25 and
30 min after the initial start of the hypoxic challenge test
(HCT).

Exercise experiments

Haemodynamic measurements were recorded at rest in a
standing position, and arterial and venous blood samples
and rectal temperature were obtained. Piglets were sub-
sequently subjected to a four-stage exercise protocol
(1–4 km h−1 for 3 min per speed). Haemodynamic
variables were continuously recorded, while blood
samples were obtained in the last 60 s of each 3-min
exercise level, when cardiopulmonary steady state
had been achieved. Blood gas analysis consisting of
(rectal) temperature corrected oxygen and carbon
dioxide tension, haemoglobin concentration and oxygen
saturation was performed using an ABL-800 (Radiometer,
Copenhagen, Denmark).
After at least 1 h of rest, piglets repeated the exercise

protocol in the presence of nitric oxide synthase (NOS)
inhibition (20 mg kg−1 of Nω–nitro-l-arginine (l-NNA,
Sigma-Aldrich, St Louis, MO, USA) intravenously) or
phosphodiesterase 5 (PDE5) inhibition (0.16 mg kg−1

sildenafil (Revatio, Pfizer Inc, New York, NY, USA) i.v.).
Exercise runs with a pharmacological intervention were
compared to the closest control exercise experiment
(performed preferably on the same day) without a
pharmacological intervention.

Termination

Piglets were sedated with premedication (xylazine
(1.75 mg kg−1), tiletamine-zolazepam (3 mg kg−1)
and atropine (0.50 mg)) through i.m. injection.
Piglets were intubated and thiopental was slowly
infused until breathing suppression was achieved.
To maintain anaesthesia, piglets were artificially
ventilated with sevoflurane 2−3% and received sufentanil
(10 μg kg−1 h−1) intravenously. A sternotomy was
performed and ventricular fibrillation was induced by
using a 9 V battery. The heart and lungs were excised,
ventricles were weighed and tissues were prepared and
stored for further analysis.

Histology

Samples were excised from the RV wall and fixed in
4% buffered formaldehyde and embedded in paraffin for
histological analyses. RV wall sections (4.0 μm thick)
were stained for quantification of myocardial collagen
deposition, myocyte size and capillary density as pre-
viously published (van de Wouw et al., 2021). Six to

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Table 1. Genes with primers used for qPCR

Gene Forward sequence Reverse sequence

ACTB TCCCTGGAGAAGAGCTACGA AGCACCGTGTTGGCGTAG
CYPA AGACAGCAGAAAACTTCCGTG AAGATGCCAGGACCCGTATG
COL1a1 AGACATCCCACCAGTCACCT TCACGTCATCGCACAACACA
COL3a1 AATCATGCCCTACTGGTGGC CGGGTCCAACTTCACCCTTA
MMP-2 GCAGTGATGGCAAGTTGTGG TTGACATCGTCGTGGGACAG

Abbreviations: ACTB, actin beta; COL1a1, collagen type 1; COL3a1, collagen type 3; CYPA, cyclophilin A; MMP-2, metalloprotease 2.

eight fields were examined in the endocardial part of
each slide, at ×20 magnification. Interstitial collagen
deposition was assessed using picrosirius red staining,
with perivascular collagen deposition being excluded
from the analysis. The areas occupied by collagen fibre
were measured and expressed as a percentage of the
myocardial area. Cross-sectional areas of cardiomyocytes
with clearly visible nuclei were measured for each slide,
using a Gomori silver stain. All measurements were
performed using a microscopy image analysis system
(Impak C, Clemex Vision Image analysis system, Clemex
Technologies, Quebec, Canada) and by a blinded observer.

The accessory lobe of the lungs was inflated and
perfusion fixated through the trachea with 4% buffered
formaldehyde with a pressure of 25 cmH2O. Sections
(4.0 μm thick) were excised and vascular structure
was assessed using a Resorcin–Fuchsin–Van Gieson’s
staining. Whole section images were obtained using the
Hamamatsu NanoZoomer Digital Pathology (NDP) slide
scanner (Hamamatsu Nanozoomer 2.0HT, Hamamatsu
Photonics K.K., Hamamatsu City, Japan). A blinded
observer measured internal and external elastic lamina
areas of small pulmonary arteries (20–60μm in diameter)
using NPD viewer (Hamamatsu). Assuming circularity
of the vessels, inner and outer radius were calculated as:
r = �(area/π). Wall-to-lumen ratio was calculated as
(outer − inner radius)/inner radius.

Molecular analysis

Expression of genes involved in collagen synthesis and
degradation was determined in snap frozen RV tissue.
Total RNA was analysed from and RV tissue. The
Minimum Information for Publication of Quantitative
Real-Time PCR Experiments (MIQE) guidelines were
followed (Bustin et al, 2009). Specifically, RNA purity
and concentration were measured and cDNA (SensiFAST
cDNA synthesis kit, Bioline, London, UK) synthesis was
used to with 500 ng RNA as input. Only RNA with RNA
integrity number >8.5 was used. The CFX96 Real-Time
PCR detection system (Bio-Rad Laboratories, Hercules,
CA, USA) was used to analyse gene expression, using the
SensiMix SBR-green supermix (Bioline). Table 1 shows

the primers used. All genes were normalized using cyclo-
philin A and β-actin as housekeeping genes as these were
more stable than GAPDH and RPL13A. All primers were
tested for linear amplification (efficiency 90−110%) and
PCR products were sequenced at least once to confirm
amplification of the correct target genes.

Western blot

In snap frozen bulk lung tissue from the middle lobe
of the right lung, total endothelial NOS (eNOS) and
phosphorylated eNOS (Ser1177 site) were determined by
SDS-PAGE. Proteins were transferred to nitrocellulose
membranes and blots were probed with primary
anti-phospho-eNOS Ser1177 (1:1000, purified mono-
clonal rabbit anti-human eNOS, CST9570, Cell Signaling
Technology Inc., Danvers, MA, USA), anti-eNOS
(1:500, purified monoclonal mouse anti-human eNOS,
610297, Transduction Laboratory, BD Biosciences, San
Jose, CA, USA), and anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; 1:1000, 14C10, Cell Signaling
Technology). All blots were analysed using the Odyssey
CLX imaging system (LI-COR Biotechnology, Lincoln,
NE, USA). We performed Rout’s test on the data, which
identified one outlier in the NOI group.

Haemodynamic measurements

Off-line analysis of haemodynamics was performed
using CODAS and a program written in MATLAB.
Haemodynamic data were averaged over 10 s. Cardiac
index was calculated as cardiac output/weight. PVR was
defined as (PAP − LAP)/cardiac index. Stroke volume
was calculated as cardiac index/heart rate. RV dP/dtmax
was defined as the maximum rate of rise of RV pressure,
while RV dP/dtmin was defined as maximum rate of fall
of RV pressure. Body oxygen consumption (BV̇O2) was
computed as cardiac index× (arterial O2 content−mixed
venous O2 content). Data from the control runs (i.e. runs
without pharmacological interventions) were averaged for
comparison between groups. Measurements during HCT
(at 2, 5, 10, 15 and 20 min) were averaged and compared
to baseline values.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Statistics

All statistical analyses were performed in SPSS Statistics
version 25 (IBM Corp., Armonk, NY, USA) and Prism
version 8 (GraphPad Software Inc., San Diego, CA,
USA). Continuous parametric variables (according to a
Shapiro–Wilk test) are presented as means ± standard
deviation (SD), while differences between baseline
values of the two groups were tested by a Student’s
t test. Continuous non-parametric variables are pre-
sented as median (interquartile range) and tested by
a Kruskal–Wallace test. A mixed-model ANOVA was
used to analyse the longitudinal HCT and exercise data.
Linear univariate regression modelling was performed
on cardiopulmonary outcomes using duration of hypoxic
exposure within the NOI group as predictor. A value of
P < 0.05 (two-tailed) was considered to be statistically
significant.

Results

Duration of hypoxic exposure and survival

One piglet was taken out of the hypoxic chamber at
day 10 with severe diarrhoea and excluded from further
analysis. Of the 13 remaining NOI piglets, 12 met the
end-points for early return to normoxia during the hypo-
xic period. Despite return to normoxia, heart failure did
not resolve in one piglet at 2 weeks of hypoxic exposure,
while three more piglets had to be euthanized because
of severe heart failure (one at 6 weeks and two more at
11 weeks into the protocol, just prior to the final CMR).
One NOI piglet died shortly after the first CMR from
a non-cardiac-related cause. In the SHAM group, three
piglets died during surgery.

RV imaging and structure

Echocardiography showed that FiO2 of 10−12% resulted
in an increase in TRvel and LV eccentricity index,
while TAPSE decreased, consistent with the presence of
pulmonary hypertension (Table 2). During CMR shortly
after return to normoxia, stroke volume was maintained
inNOI piglets compared to SHAMpiglets, butNOI piglets
showed impaired RV function (decrease in GLS) and
compensatory RV hypertrophy (increase in RV mass).
At 8 weeks of age, that is at least 4 weeks after return
to normoxia, TRvel, LV eccentricity index and TAPSE
normalized. At 12 weeks of age, that is at least 2 months
after return to normoxia, CMR showed recovery of RV
GLS as well (Table 2). Nevertheless, post-mortemweighed
RV mass was still higher in NOI piglets compared to
SHAM piglets (1.8 ± 0.1 vs. 1.5 ± 0.1 g kg−1, P = 0.004)
and correlated with the duration of hypoxic exposure
(Fig. 3). Global RV hypertrophy was accompanied by

increased cardiomyocyte cross-sectional area in NOI
piglets (9.2± 0.5 vs. 7.3± 0.5μm2 kg−1,P= 0.011), which
did not correlate with duration of hypoxic exposure.
Total collagen area, as well as mRNA levels of COL1a1

and COL3a1, MMP2 and MMP9 in the RV were not
different between NOI and SHAM piglets (Fig. 3).
However, there was a negative correlation between RV
mRNA of the COL3a1, coding for the more compliant
collagen type 3, as well as for MMP2 with duration of
hypoxic exposure.

Resting haemodynamics

At 10−12 weeks of age, no significant differences were
found in heart rate, cardiac index, PAP and LAP between
groups under resting conditions (Table 3). Resting PVR
was significantly higher in NOI piglets compared to
SHAM and correlated with duration of hypoxic exposure
(Fig. 4). However, histological analyses showed no
increased muscularization of the pulmonary vasculature,
as wall-to-lumen ratios were similar in both groups
(SHAM0.17± 0.05 vs. NOI 0.16± 0.05, P= 0.953, Fig. 4).

Hypoxic challenge test

During acute re-exposure to hypoxia, NOI piglets showed
a lower LAP and a larger increase in PAP and PVR
compared to SHAM piglets, which was predominantly
seen in the first 5 min of re-exposure to hypoxia (Table 3,
Fig. 5). The exaggerated increase in PVR in NOI piglets
during the HCT did not appear to be influenced by the
duration of postnatal hypoxic exposure. Re-exposure to
hypoxia decreased stroke volume to the same extent in
both groups. Interestingly, prolonged postnatal hypoxic
exposure (>20 days) actually prevented the decrease in
stroke volume despite the marked increase in afterload
(Fig. 5), possibly aided by the higher RV mass in NOI
piglets with the longest exposure to hypoxia (Fig. 3).

Haemodynamics during exercise

Similar to resting conditions, no significant differences
between SHAM and NOI piglets were observed in mean
levels of heart rate, CI and stroke volume during exercise
(Table 3). Interestingly, during heavy exercise we observed
an inverse correlation between stroke volume and the
duration of hypoxia in the NOI group (Fig. 5), which
is likely due to the higher PAP during exercise in NOI
compared to SHAMpiglets. The higher PAP, together with
a lower LAP (Table 3) while CI was maintained, implies
a higher PVR in NOI for any given level of BV̇O2 (Fig. 5).
Notably, PVRdifference betweenNOI and SHAM trended
to increase during exercise, suggesting a lack of pulmonary
vascular recruitment in NOI compared to SHAM piglets.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Table 2. Cardiac imaging throughout the protocol

SHAM n Neonatal oxidative injury n P

Week 2
Weight (kg) 3.4 ± 0.3 8 2.9 ± 0.2 13 0.0001
TAPSE 0.35 ± 0.07 8 0.24 ± 0.06 12 0.0008
TRvel (m s−1) 1.5 ± 0.7 7 2.9 ± 1.0 12 0.0024
LV ED eccentricity index 1.0 ± 0.1 7 1.4 ± 0.2 12 <0.0001
LV ES eccentricity index 1.0 ± 0.1 8 1.5 ± 0.4 12 0.0038

Week 4
Weight (kg) 7.3 ± 0.9 10 5.8 ± 0.8 12 0.0005
TAPSE 0.35 ± 0.13 10 0.28 ± 0.11 12 0.1694
TRvel (m s−1) 1.7 ± 0.4 9 2.7 ± 0.7 12 0.0005
LV ED eccentricity index 1.0 ± 0.1 10 1.2 ± 0.2 12 0.0035
LV ES eccentricity index 1.0 ± 0.1 10 1.3 ± 0.3 12 0.0026

Week 8
Weight (kg) 17.3 ± 2.9 10 15.2 ± 1.9 10 0.0816
TAPSE 0.32 ± 0.06 9 0.32 ± 0.04 9 0.9311
TRvel (m s−1) 1.7 ± 0.5 9 2.2 ± 0.6 9 0.0879
LV ED eccentricity index 1.0 ± 0.1 10 1.0 ± 0.1 9 0.5140
LV ES eccentricity index 1.0 ± 0.1 10 1.0 ± 0.1 9 0.9150

Week 5
Weight (kg) 9.2 ± 1.0 9 7.3 ± 1.4 12 0.0026
Heart rate (bpm) 113 ± 35 9 107 ± 32 12 0.7059
Left ventricle

End-diastolic volume (ml kg−1) 2.8 ± 0.6 9 3.6 ± 1.6 12 0.1480
End-systolic volume (ml kg−1) 1.4 ± 0.4 9 2.0 ± 1.2 12 0.1519
Ejection fraction (%) 52 ± 7 9 48 ± 10 12 0.3605
Mass (g kg−1) 2.1 ± 0.4 9 2.6 ± 0.6 12 0.0222
End-diastolic volume/mass (ml g−1) 1.3 ± 0.2 9 1.3 ± 0.3 12 0.9535
Stroke volume (ml beat−1 kg−1) 1.4 ± 0.4 9 1.6 ± 0.5 12 0.2932
Cardiac index (l min−1 kg−1) 0.154 ± 0.029 9 0.166 ± 0.031 12 0.3956

Right ventricle
End-diastolic volume (ml kg−1) 2.5 ± 0.6 9 3.1 ± 1.1 12 0.1242
End-systolic volume (ml kg−1) 1.0 ± 0.4 9 1.5 ± 0.7 12 0.0880
Ejection fraction (%) 59 ± 8 9 53 ± 9 12 0.1263
Mass (g kg−1) 0.73 ± 0.08 9 1.18 ± 0.36 12 0.0019
End-diastolic volume/mass (ml g−1) 3.4 ± 0.8 9 2.7 ± 0.4 12 0.0138
Global longitudinal strain (%) 26 ± 4 8 19 ± 5 12 0.0044

Week 12
Weight (kg) 35 ± 5 6 27 ± 4 7 0.0102
Heart rate (bpm) 89 ± 7 6 89 ± 20 7 0.9169
Left ventricle

End-diastolic volume (ml kg−1) 2.2 ± 0.4 6 2.4 ± 0.2 7 0.3224
End-systolic volume (ml kg−1) 0.8 ± 0.2 6 1.0 ± 0.1 7 0.1807
Ejection fraction (%) 63 ± 6 6 59 ± 7 7 0.1887
Mass (g kg−1) 1.92 ± 0.08 6 2.02 ± 0.21 7 0.4452
End-diastolic volume/mass (ml g−1) 1.2 ± 0.2 6 1.2 ± 0.2 7 0.6885
Stroke volume (ml beat−1 kg−1) 1.4 ± 0.2 6 1.4 ± 0.3 7 0.9453
Cardiac index (l min−1 kg−1) 0.123 ± 0.017 6 0.122 ± 0.016 7 0.9013

Right ventricle
End-diastolic volume (ml kg−1) 2.1 ± 0.3 6 2.1 ± 0.4 7 0.8678
End-systolic volume (ml kg−1) 0.7 ± 0.2 6 0.7 ± 0.1 7 0.8601
Ejection fraction (%) 65 ± 5 6 66 ± 4 7 0.7174
Mass (g kg−1) 0.81 ± 0.10 6 0.97 ± 0.11 7 0.0183
End-diastolic volume/mass (ml g−1) 2.6 ± 0.3 6 2.2 ± 0.2 7 0.0232
Global longitudinal strain (%) 25 ± 4 6 24 ± 3 7 0.4089

Values are mean ± SD. P-values shown in bold are statistically significant. Abbreviations: ED, end-diastolic; ES, end-systolic; LV, Left
ventricle; NOI, neonatal oxidative injury; PAAT, pulmonary arterial acceleration time; TAPSE, tricuspid annular plane systolic excursion
normalized to right ventricular length; TRvel, tricuspid regurgitation peak velocity.
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PVR during exercise at 4 km h−1 also correlated positively
with duration of hypoxic exposure in 10- to 12-week-old
piglets (Fig. 5). RV dP/dtmax, an index of contractility,
was increased in NOI compared to SHAM piglets during
exercise, likely due to the increased pulmonary artery
pressure in NOI piglets (Table 3). Conversely, the rate of
relaxation, RV dP/dtmin was unaltered in NOI piglets.

Alterations in nitric-oxide signalling

NOS inhibition with l-NNA resulted in an increase in
PVR at rest, which was approximately twice as large in

NOI compared to SHAM piglets (Fig. 6). In accordance
with the larger increase in PVR in response to NOS
inhibition, western blotting revealed increased total eNOS
protein in bulk lung tissue of NOI, while p-eNOS/eNOS
ratio was not different between SHAM and NOI (Fig. 7).
No correlations were found with duration of hypoxic
exposure or PVR. The PVR increased even further in NOI
piglets during exercise, suggesting further impairment
of vascular recruitment and vasodilator capacity during
exercise following loss of NO.
PDE5i resulted in a significant decrease in PVR in both

NOI and SHAM piglets. In contrast to control exercise,
exercise in the presence of PDE5-i produced a further
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reduction in PVR in NOI piglets (Fig. 8). However, the
reduction in PVR with PDE5-i was not accompanied by
significant alterations in stroke volume in either group.

Discussion

The current study investigated the long-term effect of NOI
on cardiopulmonary structure and function in piglets.
The main findings were as follows. (1) CMR shortly after
NOI showed increased RVmass and reduced GLS in NOI
piglets compared to SHAM piglets. (2) After a normoxic
recovery period of 6−8 weeks, resting PAP values of
NOI piglets returned to SHAM values. Nevertheless, PVR
remained elevated and RV hypertrophy persisted. (3)
Both exercise and HCT unmasked left atrial under-filling
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Figure 4. Influence of duration of hypoxia on pulmonary
vascular resistance (PVR), stroke volume and wall-to-lumen
ratio of pulmonary arterioles
Only NOI animals are included in the regression analysis. Data are
shown as means ± SD and as individual data points plotted as a
function of duration of hypoxia; n = 6–8 for SHAM and n = 10–11
for NOI.

and increased PAP as a consequence of an increase in
PVR, in NOI piglets compared to SHAM. (4) During
exercise, duration of neonatal hypoxic exposure correlated
negatively with stroke volume whereas longer neonatal
exposure to hypoxia attenuated or even negated the
decrease in stroke volume during HCT. (5) NOI piglets
demonstrated exaggerated PVR responses to either NOS
or PDE5 inhibition compared to SHAM, implying a –
possibly compensatory – increase inNO-cGMP signalling
in NOI piglets.

Pulmonary vascular disease

It has been proposed that perinatal hits, such as hypoxic
and hyperoxic episodes in preterm infants, predispose to
development of PVD during life (de Wijs-Meijler et al.,
2017). Secondary hits could induce further worsening of
PVD and may even result in PAH with its devastating
course of disease progression (Goss et al., 2017; Hoeper
et al., 2017; McLaughlin & Suissa, 2010). Accordingly,
Naumburg et al., showed an increased incidence of PAH
in preterm born adults and children, while Goss et al.,
detected an early subclinical increase in PAP and PVR in
preterm born young adults (Goss et al., 2018; Naumburg
& Soderstrom, 2019). More than 20 years ago, Sartori
et al. (1999) already showed exaggerated increases in
PAP at high altitudes in adults with a history of peri-
natal pulmonary hypertension.More recently, Barton et al.
(2021) observed an increased cardiac contractile response
to hypoxia as measured by CMR, possibly induced by an
exaggerated increase in afterload. Similarly, in our model,
long-term PVD was unmasked by HCT and by exercise
testing, as evidenced by an exaggerated increase in PVR
and PAP. The increase in PVR during exercise was further
exacerbated in the presence of NOS inhibition, whereas
PDE5 inhibition produced a larger decrease in PVR in
NOI vs. SHAM piglets. Together with the increased eNOS
protein expression in the lungs, our data point towards an
increased dependency on nitric oxide to blunt the effects
of PVD on the pulmonary vasculature. Our observations
are in accordance with data from Chao et al. (2018) that
showed long-lasting histonemodifications associatedwith
an increased expression ofNOS3, encoding eNOS protein,
in a mouse model of neonatal hyperoxia. This suggests
that there are compensatory mechanisms at play to reduce
PAP at rest, using vasodilator capacity of the pulmonary
vasculature, thereby exhausting reserve capacity during
(physiological) stress. Importantly, nitric oxide signalling
is dependent on a healthy pulmonary vascular end-
othelium, which is sensitive to common co-morbidities
such as chronic kidney disease, obesity, smoking, ageing
and LV heart disease (Goss et al., 2017). Nitric oxide
dependency tomaintain a lowPVR, followed by a decrease
in endothelial function due to unhealthy life style and/or

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Figure 5. Pulmonary vascular resistance (PVR) and stroke volume during hypoxic challenge testing and
exercise in 10- to 12-week-old, chronically instrumented piglets
Only NOI animals are included in the regression analysis. Data are shown as means ± SD and as individual data
points plotted as a function of duration of hypoxia; n = 6–7 for SHAM and n = 8 for NOI. Mean �: Average
change during hypoxic challenge test from measurements at 2, 5, 10, 15 and 20 min compared to baseline value.
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comorbid conditions, could be an important contributor
to the progression of PVD in (young) adults with neonatal
oxidative injury of the lungs. Future research should focus
on pulmonary vascular function during stress and the role
of second hits to the endothelium in preterm born young
adults, to prevent the development of overt PAH later
in life.

Right ventricular function and remodelling

Abnormalities in both LV and RV geometry and function
have been observed in young adults born prematurely
(Lewandowski, Augustine et al., 2013; Lewandowski,
Bradlow et al., 2013). In general, RV function seems to
be mostly affected in this population. However, given
their connection via the pulmonary vasculature, as well as
direct ventricular interactions, it is sometimes difficult to
distinguish between RV and LV dysfunction. Altogether,
our data suggest that NOI piglets develop RV hyper-
trophy in order to cope with the increased afterload of
the RV during neonatal hypoxic exposure. This hyper-
trophy seems to be sufficient to maintain stroke volume at
rest. Also, during re-exposure to hypoxia, the RV hyper-
trophy appears to be beneficial, as stroke volume was
least affected in the NOI piglets with the longest exposure
to neonatal hypoxia. Conversely, during exercise, stroke
volume is lowest in these animals, which appears to be
due to LV under-filling, evidenced by the lower LAP,
during exercise. The reduction in atrioventricular pressure
gradient can impair LV filling during exercise (Ruijsink

et al., 2020; Schnell et al., 2017). Left atrial under-filling
is a known feature of pulmonary hypertension, attributed
to impaired RV function (Lumens et al., 2010; Sjogren
et al., 2021). Similarly, several studies reported a decrease
in LV diastolic function in preterm born young adults
(Lewandowski et al., 2021). It is important to realize
that LV relaxation correlates negatively with age, further
impairing LV filling (Bryg et al., 1987). Future research
should focus on the effect of risk profiles of preterm born
young adults, and on the relative roles of NOI of the
lung, RV dysfunction and impaired LV relaxation, in the
reduced stroke volume.
The role of the duration of NOI on the cardiac

phenotype later in life is currently notwell-established, but
is thought to be an important factor (Lewandowski, 2021).
As mentioned above, in our study, extended exposure to
oxidative injury in the neonatal phase increased RVmass,
reduced stroke volume and cardiac index during exercise,
but maintained stroke volume during HCT. Tissue
analysis showed that prolonged hypoxic exposure was
accompanied by a reduction in mRNA expression of the
more compliant collagen type 3, but not in the dominant
collagen type 1, which may have increased RV stiffness,
independent of a change in total interstitial collagen area.
Altogether, the functional, histological and molecular
data suggest a remodelled, stiffer RV after prolonged
exposure to hypoxia. This remodelled ventricle may be
better equipped to deal with a ‘static’ increase in after-
load (without extreme heart rate increase), such as during
acute hypoxia, but less well equipped in dealing with
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Figure 6. Inhibition of nitric oxide
synthase (NOS-i) during exercise in 10-
to 12-week-old, chronically
instrumented piglets
NOI, neonatal oxidative injury piglets; PVR,
pulmonary vascular resistance. Means ± SD
are shown, n = 6 for SHAM and n = 8 for
NOI at rest; in both groups one animal did
not exercise. ∗NOS-i within group. †BV̇O2
within group. ‡Interaction NOS-i × BV̇O2
within groups. §NOS-i between groups.
§Interaction NOS-i × BV̇O2 between groups.
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‘dynamic’ increases in afterload such as during exercise
(with heart rate increase). Our data are consistent with a
rat model using neonatal hyperoxia to induce NOI. Rats
with prolonged NOI (10 days) had a higher cardiac output
upon adult re-exposure to hypoxia, compared to rats with
short NOI time (4 days) and SHAM rats. This counter-
intuitive beneficial effect was attributed to increased RV
hypertrophic remodelling (Goss et al., 2015). Similar
phenotypes have been described in extremely preterm
born young adults. Lewandowski et al. showed an
increased RV mass, while Barton et al., reported an
exaggerated RV response to hypoxia by CMR (Barton
et al., 2021; Lewandowski, Bradlow et al., 2013). Such RV
remodelling has been proposed to be beneficial for late
events (Sanz et al., 2019). Yet, it may also mask early signs
of PVD in this population, increase time to diagnosis and
thereby worsen outcomes (Gaine et al., 2021; Vachiery &
Gaine, 2012).

Clinical relevance

During the Sixth World Symposium on pulmonary
hypertension, exercise pulmonary hypertension was
not reintroduced in the diagnostic guidelines (Galie
et al., 2019). The taskforce declared that accurate right
heart catheterization measurements are challenging to
obtain and are unable to differentiate between pulmonary
arterial wedge pressure and PVD as a possible cause
of exercise pulmonary hypertension. However, this
large animal study shows that functional cardiovascular
testing could be of additional value to phenotyping
cardiovascular responses in adults with NOI of the
pulmonary circulation. Combining exercise or hypo-
xia with (preferably non-invasive) cardiac volume or
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Figure 7. Total endothelial nitric oxide synthase (eNOS)
protein normalized to GAPDH and phosphorylated eNOS
(p-eNOS)/eNOS ratio in lung tissue in 10- to 12-week-old,
chronically instrumented swine
NOI, neonatal oxidative injury piglets. Shown are individual data
points (n = 9 for SHAM and n = 8 for NOI). Mean values are
denoted by the horizontal lines. Original Western blots are shown in
the supplementary data.

pressure measurements is logistically challenging, but
has been performed in experimental and clinical settings
and provides diagnostic and prognostic value (Back-
haus et al., 2021; Barton et al., 2021; Craven et al., 2020;
Huckstep et al., 2021; Le et al., 2020; Macdonald et al.,
2021; Ruijsink et al., 2020). In a preterm born population,
MacDonald et al., showed impaired RV filling using
4D flow CMR during exercise, while Huckstep et al.,
detected decreases in LV ejection fraction during exercise
(Huckstep et al., 2018, 2021; Macdonald et al., 2021).
Barton et al., combined hypoxia with CMR (Barton et al.,
2021). Large scale cohorts should be subjected to these
tests during young adulthood, in order to determine
pathophysiological factors that could deteriorate to overt,
adult PAH or heart failure.
Without clear end-points, designing treatments for

adolescents/young adults exposed to NOI is challenging.
In a recent pilot study by Corrado et al., acute treatment
with sildenafil improved cardiac index as measured with
4D flow CMR (Corrado, Barton, Francois et al., 2021).
PDE5 inhibition using sildenafil is registered for treatment
of adult PAH. For paediatric PVD, however, PDE5
treatment is controversial (Abman et al., 2013). Future
studies should determine whether PDE5 inhibition could
be used as a prophylactic or therapeutic approach in sub-
sets of young adult survivors of NOI, particularly when at
risk for PAH.
In 2019, the European Respiratory Society

recommended exercise training in severe chronic
pulmonary hypertension patients. Exercise was shown to
be safe, cost-efficient and effective in improving exercise
capacity, quality of life and (pulmonary) haemodynamics
(Grunig et al., 2019). In young, preterm born children
(aged 4−6 years), diagnosed with bronchopulmonary
dysplasia, exercise training improved exercise capacity
(Morales Mestre et al., 2018). However, it remains to
be demonstrated whether exercise merely improves
RV function, thereby potentially masking early PVD
symptoms – which could lead to underdiagnosis and
eventually to adverse outcomes – or that the pulmonary
circulation itself also benefits from exercise training.

Strengths and limitations

This work presents a comprehensive study into the late
cardiopulmonary response to NOI in swine, integrating
pulmonary vascular and RV structure and function.
It provides extensive cardiac imaging combined with
invasive measurements combined with exposure to
multiple stressors for the pulmonary circulation. It is
important to note that duration of hypoxia exposure
was dependent on clinical symptoms and was therefore
influenced by the capacity of the RV to adapt to the
increase in afterload induced by hypoxia. Consequently,
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the correlations between duration of hypoxia with RV and
pulmonary vascular responses to exercise and re-exposure
to hypoxia later in life could be the result of prolonged
exposure to the high PAP, but likely also reflect differences
in pathways that may contribute to the vulnerability to
develop PVD and RV dysfunction. Indeed, prolonged
exposure to NOI was associated with a better cardio-
pulmonary response to renewed hypoxia exposure, but
a worse response to exercise. Although unlikely, it is
also possible that the duration of the recovery may
have influenced the results. Shorter exposure to hypo-
xia led - by design - to a longer recovery period, and
resulted in a phenotype that, at rest, resembled the control
animals more in terms of PVR and SV, but not in RV
weight, cardiomyocyte size, total collagen or expression
of COL3a1 and MMP-2.

Clinically, cardiopulmonary development of pre-
mature born infants is compromised by multiple hits,
both antenatally (i.e. intra uterine growth restriction
and infection), and postnatally (NOI and postnatal
infections). In this study, we focused on the influence of
NOI on a young, developing cardiopulmonary system,
thereby simplifying the complexity of the hits. Other
studies have used (premature) sheep, thereby including
infection, placental insufficiency,maternal undernutrition
or chronic hypoxaemia as a factor, but with more limited
follow-up duration (Botting et al., 2014; Darby et al., 2018,
2020, 2022; Vrselja et al., 2022). More complex models
with multiple hits clearly have the advantage that they
mimic the clinical situation more closely. However, in
such complex models, the influence of each individual hit
is more difficult to delineate.

This study investigated cardiopulmonary response to
NOI in swine until 3 months of age, which in terms of
weight is equivalent to a 10-year-old child. Kumari et al.
subjected neonatal rats to 85% hyperoxia for 14 days. At
day 90, rats seemed recovered, but deteriorated at day 365
(Kumari et al., 2019). In our model, the progression of
PVD and/or RV dysfunction later in life are unknown and
remain to be investigated.

Conclusions and future directions

The present study is the first to use a large animal
model to investigate the influence of perinatal oxidative
injury on pulmonary arterial and RV function and
structure in 10- to 12-week-old piglets, at rest, during
exercise and during HCT. Exercise and HCT unmasked
left atrial under-filling, as well as increased PVR and
nitric oxide dependency. Age- or comorbidity-related
loss of pulmonary endothelial function in combination
with an increased nitric oxide dependency in the
pulmonary circulation after NOI could therefore be a
pathophysiological mechanism in the development of
adult PAH after NOI.
Duration of hypoxic exposure correlated negatively

with stroke volume during exercise, but positively during
HCT. These findings indicate that there are distinct
functional and structural cardiopulmonary phenotypes
after exposure to NOI. Hence, testing the functional
cardiopulmonary adaptive response to various stressors
could be useful in stratifying adolescents or young adults
after NOI.
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Figure 8. Inhibition of phosphodiesterase
5 (PDE5-i) at rest and during exercise in 10-
to 12-week-old, chronically instrumented
piglets
NOI, neonatal oxidative injury piglets; PVR,
pulmonary vascular resistance. Mean ± SD are
shown, n = 6 for SHAM and n = 8 for NOI.
∗PDE5-i within group. †BV̇O2 within group.
‡Interaction PDE5-i × BV̇O2 within groups.
§PDE5-i between groups. §Interaction PDE5-i ×
BV̇O2 between groups.
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