» Additional material is
published online only. To view
please visit the journal online
(http:/dx.doi.org/10.1136/
thoraxjnl-2015-207949).

'Cluster Organ Systems,
Department of Development
and Regeneration, Biomedical
Sciences, KU Leuven, Leuven,
Belgium

2Department of Obstetrics and
Gynecology, University
Hospitals Leuven, Leuven,
Belgium

3Department of Pediatrics,
University Hospitals Leuven,
Leuven, Belgium

“Department of Obstetrics and
Gynecology, Clinica Alemana,
Santiago, Chile

>Department of Imaging and
Pathology, Biomedical
MRI/MoSAIC, KU Leuven,
Leuven, Belgium

®Department of Obstetrics and
Gynecology, University of
Milano-Bicocca, Monza, Italy
"Department of Neonatalogy,
University Hospitals Leuven,
Leuven, Belgium

8Department of Obstetrics and
Gynecology, Institute of
Women's Health, University
College London, London, UK

Correspondence to
Professor Jan Deprest, Fetal
Medicine Unit, Division of
Woman and Child, Department
of Obstetrics and Gynaecology,
University Hospitals Leuven,
Herestraat 49, Leuven 3000,
Belgium;
jan.deprest@uzleuven.be

Received 20 October 2015

Revised 17 February 2016

Accepted 20 February 2016
Published Online First

17 March 2016

CrossMark

To cite: Russo FM,
Toelen J, Eastwood MP,
et al. Thorax 2016;71:
517-525.

ORIGINAL ARTICLE

Paediatric lung disease

Transplacental sildenafil rescues lung abnormalities
in the rabbit model of diaphragmatic hernia

Francesca M Russo, "% Jaan Toelen, "> M Patrice Eastwood,' Julio Jimenez,"*
Andre Hadyme Miyague," Greetje Vande Velde, Philip DeKoninck,’

Uwe Himmelreich, Patrizia Vergani,® Karel Allegaert,"” Jan Deprest

ABSTRACT

Introduction The management of congenital
diaphragmatic hernia (DH) would benefit from an
antenatal medical therapy, which addresses both lung
hypoplasia and persistent pulmonary hypertension. We
aimed at evaluating the pulmonary effects of sildenafil in
the fetal rabbit model for DH.

Methods We performed a dose-finding study to
achieve therapeutic fetal plasmatic concentrations
without toxicity following maternal sildenafil
administration. Subsequently, DH fetuses were randomly
exposed to transplacental placebo or sildenafil 10 mg/kg/
day from gestational day 24 until examination at term
(day 30). Efficacy measures were ipsilateral pulmonary
vascular and airway morphometry, micro-CT-based
branching analysis, Doppler flow in the main pulmonary
artery and postnatal lung mechanics.

Results Fetal sildenafil plasmatic concentration was
above the minimal therapeutic level for at least 22 h/day
without maternal and fetal side effects. The placebo-
exposed DH fetuses had increased wall thickness in
peripheral pulmonary vessels and significantly less
fifth-order vessels compared with controls (CTR).
Sildenafil-exposed DH fetuses, instead, had a medial and
adventitial thickness in peripheral pulmonary vessels in
the normal range and normal vascular branching. Fetal
pulmonary artery Doppler showed a reduction of
pulmonary vascular resistances both in DH and in CTR
fetuses treated by sildenafil compared with the placebo-
treated ones. Sildenafil also reversed the mean terminal
bronchiolar density to normal and improved lung
mechanics, yet without measurable impact on
lung-to-bodyweight ratio.

Conclusions In the rabbit model for DH, antenatal
sildenafil rescues vascular branching and architecture,
reduces pulmonary vascular resistances and also
improves airway morphometry and respiratory mechanics.

INTRODUCTION

The prevalence of congenital diaphragmatic hernia
(DH) ranges between 1 and 4/10 000 births. This
means that in Europe around 2000 children are
born with this condition every year (2008).! Lung
development is first hit already in the embryonic
period, but is further disturbed by lack of space
when viscera herniate through the defect into the
chest. As a consequence, DH lungs have fewer and
less mature airway branches, a smaller cross-
sectional area of pulmonary vessels with structural
remodelling and altered vasoreactivity.” At birth,

1,2,8

What is the key question?

» Data from rodent studies suggest that antenatal
sildenafil could attenuate the lung vascular
changes, which lead to pulmonary
hypertension in infants affected by congenital
diaphragmatic hernia, but the safety and
efficacy of the drug still need to be validated in
a higher animal model.

What is the bottom line?

» In the rabbit model for diaphragmatic hernia,
maternally administered sildenafil reverses all
the pathological changes in lung peripheral
vessels and also results in a morphological and
functional improvement in lung parenchyma
without obvious fetal and maternal toxicity,
except for fetuses with normally developed
lungs in whom it seems to decrease vascular
branching.

Why read on?

» This study provides proof of the efficacy and
safety of antenatal sildenafil in rabbit fetuses
with experimental diaphragmatic hernia, and
paves the way for translation towards clinical
evaluation, which eventually may reduce the
high mortality and morbidity related to this
condition.

these changes lead to respiratory insufficiency and
persistent pulmonary hypertension (PPHT).> The
latter is lethal in up to 30%, despite prenatal refer-
ral to high volume centres that offer standardised
neonatal care.* *° Survivors may suffer from add-
itional morbidities such as chronic PPHT in up to
50% of cases, chronic lung disease, gastro-
oesophageal reflux and, later in life, thoracic
deformations.®

Prenatal medical imaging methods can be used to
identify future non-survivors’ and therefore offer
the potential for prenatal interventions that could
avoid that outcome. Fetoscopic endoluminal tra-
cheal occlusion (FETO) is an investigational minim-
ally invasive procedure that prevents egress of lung
liquid, causing increased pulmonary stretch leading
to accelerated lung growth.® Observational studies
have shown an apparent increase in survival and
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Paediatric lung disease

reduced early neonatal respiratory morbidity compared with
historical controls (CTR).? Still, the procedure leads to preterm
delivery in 25% of cases and the maximum post-FETO survival
is 50%-60%. The remainder mortality is caused by insufficient
airway growth and/or limited vascular development. Therefore,
complementary or preferentially alternative non-invasive thera-
peutic treatments would be welcomed. These should ideally
address both the vascular and airway problems in the disease.

The phosphodiesterase type 5 (PDES) inhibitor sildenafil
induces pulmonary vascular dilatation and pulmonary angiogen-
esis, and it inhibits pulmonary artery remodelling and perivascu-
lar smooth muscle proliferation.’® It has been approved by the
Food and Drug Administration (FDA) for use in pulmonary
hypertension in adults'® and often used as second-line therapy
in PPHT in the newborn.!? Furthermore, clinical trials have
been recently approved to evaluate its effect in pregnancies with
severe intrauterine growth restriction."” The drug has also
already been considered for prenatal treatment of DH. In the
rat model, maternally administered sildenafil improved all
pathological features which are the basis for PPHT, without
measurable side effects in other PDES-expressing organs.'*
However, before these findings can be translated into the clinical
setting, a study in a larger animal model with a lung develop-
ment more similar to that of man is needed. In this study, we
assessed the safety and transplacental passage of sildenafil and
evaluated its efficacy in the rabbit DH model.

METHODS
This study was approved by the Ethics Committee on Animal
Experimentation of the Faculty of Medicine, KU Leuven,
Leuven, Belgium (Project number: P014/2013) and follows the
Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines for reporting animal research.

Below is a summary of the Methods; additional details can be
found in the online supplementary material.

Determination of the therapeutic interval

Total target sildenafil concentration (calculated as sildenafil
concentration +50% of its active N-desmethyl metabolite
DM-sildenafil concentration'’) was between 47 and 500 ng/
mL, according to previously published literature. Peak concen-
trations in excess of 500 ng/mL in humans have been previ-
ously shown to cause a 40% incidence of visual disturbances
and 25% of vascular events.'® A target of 47 ng/mL was
selected so that the concentration of unbound sildenafil would
be expected to produce a 53% inhibition of PDES activity.!”
This was also the target concentration used in the trial for
FDA approval of treatment of pulmonary arterial hypertension
in children.'®

Dose-finding and tolerance study

The optimal sildenafil dose defined by a pilot study (described
in details in the online supplementary material) was tested in a
larger sample size to study the kinetics and assess the safety of
the drug. Does underwent a sham laparotomy on gestational
day (GD)23 (term=31 days) to take into account the effects of
surgery on tolerance indices. After the operation, does were
randomly assigned to two groups, receiving either placebo or
sildenafil 10 mg/kg/day for a maximum of 7 days (from GD24
to GD30) (figure 1A). In the sildenafil group, does were ter-
minally anaesthetised at 30 and 60 min, 6, 12 and 22 h after
the first injection and an additional time point 22 h after the
third injection, and maternal blood samples were collected by
central ear artery puncture. Immediately after maternal

euthanasia, three randomly chosen fetuses from each doe were
delivered via caesarean section and anaesthetised with 200 L
ketamine given intraperitoneally. Fetal blood samples were
obtained by cardiac puncture. Blood samples were centrifuged
at 3000 rpm for 15 min, frozen and analysed for sildenafil and
DM-sildenafil by high-performance liquid chromatography with
mass spectrometric  detection (VU Medisch Centrum
Laboratory for Clinical Pharmacology and Pharmacy,
Amsterdam, The Netherlands).'’

Remaining does were monitored daily for tolerance indices
until harvest at GD31. These were maternal weight change per-
centage (WCP=(body weight before therapy—body weight at
end of therapy)/body weight at end of therapyx100); changes
from baseline in behaviour, assessed by a combination of
validated behavioural scales®® 2! (see online supplementary
table S1); heart rate change percentage (HRCP=(HR before
the sham laparotomy—HR before the harvest)/HR before the
harvestx100) monitored by a pulse oximeter. Fetal tolerance
indices were fetal body weight (FBW) and fetal loss rate.

Efficacy study

Time-mated does underwent feto-maternal surgery on GD23
for induction of left-sided DH as previously described.”?
In each doe, a maximum of three fetuses were operated, that is,
on the ovarian ends and one additional fetus at least one gesta-
tional sac away from the operated fetuses. After surgery, does
were randomly assigned to receive a daily injection of either
placebo or the selected dose of sildenafil from GD24 until
GD30 by using randomisation software (GraphPad Software).
Tolerance indices were recorded till GD31, when does were
euthanised to harvest the fetuses. Non-operated littermates of
comparable size to the operated ones served as CTR.

Gross anatomy

Gross anatomy was evaluated in fetuses further used for lung
morphometry analysis. Fetuses were delivered 20 min after
maternal sacrifice to ensure fetal death and prevent fetal breath-
ing. FBW and total fetal lung weight were measured, allowing
calculation of the lung-to-body weight ratio (LBWR).

Airway and vascular morphometry

Fetal lungs and the trachea were removed en bloc and processed
as described in the online supplementary material®® for histo-
logical and immunohistochemical analysis.

Vascular architecture assessed by micro-CT scans

Details on the method for in vivo barium perfusion and CT
scan acquisition are provided in the online supplementary
material. The vessel volume/total volume ratio was calculated
based on full stack histograms of a manually delimited volume
of interest.”* Finally, manual counting of vessel branching and
order on reconstructed three-dimensional (3D) images was
performed.?

Fetal ECG

Fetal ECG was performed on GD30.5, 3 h after the last dose of
sildenafil. The VisualSonics VEVO 2100 (Toronto, Canada)
high-resolution microultrasound platform and a VisualSonics
MS-250 transducer (13-24 MHz, VisualSonics) were used for
data acquisition, which was done in accordance with the
American Society of Echocardiography guidelines and standards
for performance of the fetal ECG.*® 7 M-mode ECG indices
and Doppler measurements are described in the online supple-
mentary material.
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Figure 1 Kinetics and tolerance of A
sildenafil 10 mg/kg/day. (A) Timeline of
the dose-finding and tolerance study.
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Measurements of ventilatory mechanics
Lung function was assessed in fetuses used previously for ECG
measurements. After ultrasound examination of selected fetuses,
involved fetuses were delivered via caesarean section for lung
function testing as earlier described.”® The hysterotomy was
sutured to prevent excessive bleeding and the does were main-
tained under general anaesthesia until the extraction of the last
selected fetus, after which they were euthanised.

Invasive lung function testing was performed after 3-5 min of
spontaneous breathing using a forced oscillation technique with
the FlexiVent system (FlexiVent; SCIREQ, Montreal, Canada).

Statistics

According to the previously published literature,” we deter-
mined that a sample size of five and six fetuses/group would
provide a power of >90% with a two-sided type I error of 5%
to detect a 10% reduction in proportionate medial thickness
(%MT) and a 20% reduction in mean terminal bronchiolar
density (MTBD) respectively.

The Kolmogorov—Smirnov test was used to assess the distribu-
tion of variables. Those with a normal distribution are presented
as mean=SD and t test or analysis of variance combined with
Tukey’s multiple comparisons test were used to evaluate differ-
ences between treatment groups. Variables not normally distrib-
uted were expressed as median and IQR and were analysed
using the Wilcoxon rank-sum test. A detailed overview of

—— Sildenafil 10 mg/kg
...m.- Placebo

) o N\ S
V- " v W v v
% oy oY % oY ¥

D Q

individual outcome measures and statistical tests is provided in
the online supplementary table S2. A 2-tailed p<0.05 was con-
sidered significant. All comparisons were performed using Prism
for Windows V.5.0 (GraphPad software, San Diego, California).

RESULTS

Sildenafil crosses the placenta and reaches stable fetal

levels without inducing fetal toxicity

Figure 1B shows maternal and fetal total plasma concentration
profiles after subcutaneous administration of 10 mg/kg sildenafil
starting on GD24. This dose led to therapeutic fetal plasmatic
concentrations for at least 22 h/day. Sildenafil kinetics was

Table 1 Tolerance parameters in placebo-treated and
sildenafil-treated animals

Placebo Sildenafil 10 mg/kg/day  p Value
WCP 3.8+1.9 0.4+6.9 0.3
HRCP —6.8£18.25 —6.0+21.2 0.9
Mean fetal loss rate (%) 9.1£5.1 8.2+12.7 0.7
FBW (g) 43.2+7.5 46.2+7.2 0.1

Values represent mean=SD.

N=5 does and 30 fetuses: placebo group; N=5 does and 34 fetuses sildenafil group.
FBW, fetal body weight; HRCP, heart rate change percentage; WCP, weight change
percentage.
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Table 2 Number of fetuses and pregnancy loss rate in the different study groups

Read outs

Medication Induction of DH Survival at CS Histology prCT-arteriograms Functional measures
Placebo

Does 9 9

DH fetuses 22 19/22 6 6 7

CTR fetuses 57 52/57 6 6 7-5*
Sildenafil

Does 9 9

DH fetuses 23 17123 6 5t 5

CTR fetuses 60 54/60 6 6 6

*Two fetuses underwent ECG examination, but were excluded for the lung mechanics analysis due to occurrence of pneumothorax during ventilation.

t0ne fetus was excluded for suboptimal barium perfusion.

wCT, micro-CT; CS, caesarean section; CTR, control; DH, diaphragmatic hernia; GD, gestational day.

similar in the maternal and fetal circulation, with a peak at
30 min and concentrations above the maximal target for the
first hour. Of note, plasmatic sildenafil concentrations in fetal
and maternal plasma 22 h after the third day of therapy did not
differ from those 22 h after the first injection, indicative that the
drug is not accumulating.

Tolerance indices were compared in animals treated with sil-
denafil or placebo for 7 days. There were no significant differ-
ences in WCEB HRCE fetal loss rate and FBW (table 1).
Similarly, the course of the behavioural score was comparable
between the sildenafil and placebo-treated does (figure 1C).

Subsequently, 18 does underwent laparotomy on GD23 with
surgical creation of DH in 45 fetuses. Of these, 36 fetuses

(80%, 19/22 placebo-exposed and 17/23 sildenafil-exposed,
p=0.4) survived until harvesting. In all pups, the presence of a
diaphragmatic defect and liver herniation was confirmed at
obduction. Out of a total of 106 unoperated littermates alive at
harvesting, 37 (19 placebo exposed and 18 sildenafil exposed)
were used as CTR for further histological and functional ana-
lyses (table 2). FBW did not differ between the four study
groups, nor the other fetal tolerance indices (see online
supplementary figure S1A). DH fetuses had a significantly lower
LBWR compared with CTR (12.4*0.5% vs 25.2+4.9%,
p<0.001). Sildenafil-exposed DH fetuses had a LBWR within
the range of DH fetuses exposed to placebo (see online
supplementary figure S1B).

CIR i’

S
24

&

Figure 2 Airway and vascular morphometry. (A and B) Representative H&E (A) and Miller's (B) stained sections showing differences in lung
parenchyma and in medial and adventitial thickness in the four study groups. (C) Mean terminal bronchiolar density (MTBD). (D) Proportionate
medial thickness (%MT) and proportionate adventitial thickness (%AT). Scale bar: 20 um. Large horizontal bars in the middle indicate mean, error
bars indicate SD. Significant post hoc corrected p values are reported above comparisons: a: p<0.001, b: p=0.008, c: p=0.002, d: p=0.034,

e: p=0.049. CTR, control group; DH, diaphragmatic hernia; plac, placebo; sild, sildenafil.
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Sildenafil reverses the parenchymal and vascular changes

of DH

Airway morphometric measures were comparable in DH and
CTR fetuses with the exception of MTBD, a measure of distal
airway complexity, which was increased in DH fetuses treated
with placebo. Sildenafil-exposed DH fetuses had an MTBD
within the range of CTR fetuses (figure 2A, C). Vascular mor-
phometric indices are displayed in figure 2B, D. The %MT
and proportionate adventitial thickness (%AT) were signifi-
cantly higher in DH pups compared with CTR, yet fell in the
normal range when DH fetuses were exposed to sildenafil.
The differences were more pronounced in vessels with an
external diameter (ED) <60 wm, which correspond to the
intra-acinar or resistance vessels’® (see online supplementary
figures S2A and S2B). The drug had no effect on vascular
indices in CTR pups.

Sildenafil reduces peripheral vascular muscularisation and
increases parenchymal Vascular Endothelial Growth Factor
(VEGF) expression

DH fetuses had proportionally more muscularised peripheral
vessels than CTR (mean=SD: 36+7% vs 13+4%, p<0.001)
(figure 3A, D), whereas sildenafil treatment was associated with

a degree of peripheral muscularisation in the normal range (20
+290). There was no measurable effect of sildenafil on CTR
fetuses. Again, these differences were more evident in vessels
with an ED <60 wm (see online supplementary figure 2C).
Sildenafil was also associated with an increase in the immunor-
eactivity for VEGF and its receptor Flk-1 in the lung paren-
chyma, both in DH fetuses and in CTR (figure 3B, C, E, F).
The expression of VEGF and Flk-1 in vascular wall cells,
instead, did not differ between the four study groups (see online
supplementary figure S3).

Sildenafil does not affect vessel volume but restore vessel
branching in DH lungs

Quantification of vessel volume using micro-CT (wCT) showed
a high variability in the vessel volume/total lung volume ratio,
with no significant differences within the four groups
(figure 4A). The analysis of vessel branching on reconstructed
3D images demonstrated that the placebo-exposed DH fetuses
had significantly fewer vessels of the fifth order or higher
(further called ‘peripheral’) compared with CTR (mean+SD: 18
+10% vs 49+10%, p<0.01). The number of peripheral vessels
of sildenafil-exposed DH fetuses was in the normal range (43
+7%). In CTR fetuses exposed to sildenafil, instead, the
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Figure 3  Effect of sildenafil on muscularisation of peripheral vessels and on the VEGF pathway. (A) Representative sections stained for smooth
muscle actin (SMA) showing muscularised or partially/non-muscularised vessels. (B and C) Representative immunohistochemical staining for VEGF (B)
and Flk-1 (C) in lung parenchyma. (D) Percentage of SMA-positive vessels in all vessels with external diameter <100 um. (E and F) Quantification of
the immunoreactivity for VEGF (E) and FIk-1 (F) in lung parenchyma. Scale bar: 20 um. Large horizontal bars in the middle indicate mean, error bars
indicate SD. Significant post hoc corrected p values are reported above comparisons: a: p<0.001, b: p=0.012, ¢: p<0.042, d: p= 0.02, e: p<0.035.

CTR, control group; DH, diaphragmatic hernia; plac, placebo; sild, sildenafil.
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Figure 4 Lung vascular architecture. (A) Vessel volume/total lung volume ratio. (B) Proportion of vessels of fifth order or higher in both lungs and
in the left lung. (C) Representative three-dimensional surface rendered images showing impaired vascular branching in DH fetuses, which is restored
by exposure to sildenafil. Inserts depict magnified middle lobe of the ipsilateral lung. Large horizontal bars in the middle indicate mean, error bars
indicate SD. Significant post hoc corrected p values are reported above comparisons: a: p<0.001, b: p=0.003, c: p=0.008. CTR, control group;

DH, diaphragmatic hernia; plac, placebo; sild, sildenafil.

percentage of peripheral vessels was not different from
placebo-exposed DH fetuses (23+11%). These differences were
present in both lungs as well as in the ipsilateral (most hypoplas-
tic) lung (figure 4B, C).

Sildenafil has a measurable effect on non-invasive

pulmonary vascular flow measurement

None of the measured ECG morphological and Doppler para-
meters differed between DH and CTR fetuses (data not shown).
However, both DH and CTR fetuses exposed to sildenafil had
an increased acceleration time/ejection time (AT/ET) ratio in the
main  pulmonary  artery Doppler  compared  with
placebo-exposed DH and CTR fetuses, indicating a vasodilatory
effect of the drug on the fetal pulmonary circulation in exposed
fetuses (figure SA, B).

Sildenafil improves lung mechanics in DH fetuses

In placebo-exposed DH fetuses, static compliance was signifi-
cantly reduced and static elastance significantly increased com-
pared with CTR. Also, DH fetuses had a significantly decreased
total lung capacity. In DH fetuses exposed to sildenafil, these
parameters were within the normal range. Of note, this study

group presented a higher variability compared with the others
in all measured parameters (figure 5C).

DISCUSSION

In the present study, we demonstrate that, in the rabbit model
for DH, maternal sildenafil administration rescues parenchymal
and vascular lung abnormalities induced by DH without any
obvious side effect, except for fetuses with normally developed
lungs in whom it seems to decrease vascular branching.

We chose the rabbit because it has a lung development similar
to man. Unlike rats, humans and rabbits alveolize in utero.?’
When in rabbits DH is induced in the pseudoglandular phase, it
reproduces the clinical phenotype in various aspects.”> 3! The
rabbit model also allows more detailed assessment of feto-
maternal safety, because placental transfer in the latter half of
pregnancy mirrors that in humans.*> The rabbit mid-gestational
and end-gestational placenta is functionally positioned between
rodents (hemotrichorial) and man (hemomonochorial).>? Also,
pregnancy-induced haemodynamic changes are comparable with
those present in women, that is, with a steady increase in mater-
nal blood pressure in the latter half of gestation.*?

In the first part of our study, we assessed the pharmacokinet-
ics of sildenafil in normal pregnant rabbits. We used a
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Figure 5 Functional measurements. (A) Representative images of the Doppler waveforms of the main pulmonary artery. (B) Acceleration time/
ejection time (AT/ET) ratio; N=5 per DH-sildenafil, 6 per CTR sildenafil, 7 per the placebo-exposed DH fetuses and placebo-exposed CTR groups.
(C) Measures of lung mechanics: total lung capacity, static compliance and static elastance. Large horizontal bars in the middle indicate mean,
error bars indicate SD. Significant post hoc corrected p values are reported above comparisons: a: p<0.001, b: p=0.01, ¢: p=0.023, d: p=0.002,
e: p=0.004, f: p=0.003. CTR, control group; DH, diaphragmatic hernia; plac, placebo; sild, sildenafil.

comprehensive number of maternal as well as fetal safety mea-
sures when testing dosages and administration regimens. We did
not observe obvious clinical side effects with 10 mg/kg/day even
though this dose was associated with a short period of above-
target sildenafil levels. We also excluded drug accumulation after
serial administration, a process that otherwise with chronic use
could result in toxicity. Thus, we corroborated the aforemen-
tioned data from the rodent model, that is, that sildenafil is well
tolerated by fetuses in the later stages of gestation.'*

In addition to this, we investigated the effects of sildenafil
treatment on the developing lung. The drug had an effect on
parenchymal development with significant improvement in
MTBD. The interactions between the airways and blood vessels
are critical during lung development.®** Therefore, it is postu-
lated that antenatal interventions designed to prevent vascular
remodelling may rescue vascular and airway changes.'* ** The
functional analysis of the lungs with forced oscillation technique
parallels the histological findings. As previously experimentally
and clinically demonstrated, lung mechanics are significantly
compromised in DH.>! We showed that such changes are
reverted or at least attenuated by sildenafil, though with a high
variability among fetuses. Nevertheless, other relevant param-
eter of lung function (like tissue damping or hysteresivity) could
not be extensively investigated due to technical difficulties
related to DH lung fragility. Thus, it is possible that parenchy-
mal lung growth is still not ideal as there was no major con-
comitant increase in LBWR.

The vascular changes associated with DH are known to
induce PPHT. Although PPHT is best known as a postnatal
event in DH, the structural changes are already present in

utero.”> 3¢ The potential benefit of sildenafil on the

pathophysiology of PPHT has already been demonstrated in the
nitrofen rat model.'* In the rabbit, sildenafil reversed the patho-
logical changes in peripheral vessels and improved vascular
branching in DH. At the structural level, sildenafil restored vas-
cular wall thickness and muscularisation of peripheral arteries to
normal levels. We also performed immunohistochemical analysis
for VEGF and for its receptor Flk-1, but in the vasculature we
did not detect a difference between the four cohorts. Yet in the
alveolar parenchyma, sildenafil increased VEGF-positive and
Flk-1-positive cell density both in DH and CTR lungs. VEGF
has been shown to interact with the nitric oxide (NO) pathway,
by inducing release of NO from vascular endothelial cells and
regulating endothelial NO synthase (eNOS) expression.’” The
activation of eNOS mediated by sildenafil could, in turn, upre-
gulate VEGF expression.’®

To our knowledge, this is the first study in animal models for
DH, where specific methods for quantitative assessment of
vessel density and branching have been used. We did so using
barium—gelatin angiograms and 3D reconstruction on wCT
images. We observed decreased peripheral vascular branching in
DH fetuses, which was reversed by sildenafil. The latter had also
a measurable effect on CTR fetuses, where it reduced vascular
branching. This is in line with what has been demonstrated in
the rat model.' The mechanism behind this finding remains
unclear, but may be related to a reduction in pulmonary blood
pressure.’” This could be beneficial in lungs with increased vas-
cular resistances, but on the other hand it cannot be excluded
that it has adverse effect in more normal lungs, such as hypoper-
fusion and impaired vessel growth in normal lungs. This finding
should prompt cautious use of sildenafil treatment in DH cases
with milder forms of lung hypoplasia.
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Finally, we demonstrated that sildenafil causes a measurable
vasodilation of the pulmonary vasculature, resulting in an
increased AT/ET ratio of the pulmonary artery Doppler wave-
form. However, we did not observe any difference between DH
fetuses and CTR either in this Doppler parameter or in the
cardiac structural dimensions. This is in contrast to what was
observed in the nitrofen model.>® DH rats had lower pulmonary
artery Doppler ET/ET ratios and PI compared with CTR. In
that study, Doppler measurements were performed on the
contralateral first branch of the pulmonary artery branch as
opposed to the main pulmonary artery in our study. This differ-
ence may be caused by the measurable impact of shunting via
the ductus arteriosus in our measurement.

Our study design, as well as the animal model, has some lim-
itations. These include the lack of vascular assessment of extra-
pulmonary vessels, in particular in the brain and liver. We
neither did perform quantitative PCR analysis of relevant genes
involved in the pathway. PCR, however, only allows a quantifi-
cation of expression levels in the lung as a whole and not in spe-
cific structures such as conductive airways, parenchyma or
vasculature, unless structures have been previously discriminated
by laser-capture microdissection. Nor do we have postnatal out-
comes with regard to long-term toxicity of the drug. Also, our
assessment methods of pulmonary flow and resistance or struc-
tural cardiac impact failed to demonstrate a difference between
treatment groups. This is not different from clinical reality, as in
humans there is no robustly validated prenatal ultrasound pre-
dictor for PPHT. It would also be interesting to evaluate more
selective PDES inhibitors, like tadalafil.** However, use of tada-
lafil in the neonatal population is contraindicated due to lack of
maturation of the glucuronidation pathway vital for drug metab-
olism.*! Finally, additional studies may be justified to further
investigate the relevant pathways involved in the therapeutic
effect of the drug, measurement of PPHT (either invasively or
non-invasively) and extensive performance of lung function
testing. This may be done both in the rabbit model as well as
sheep.

In conclusion, we proved that sildenafil is effective in revers-
ing many of the parenchymal and vascular effects of DH in the
fetal rabbit. Our results corroborate the clinical safety of this
drug during pregnancy and might pave the way for clinical
application of a novel antenatal medical strategy for DH.
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