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Abstract: Background: Persistent pulmonary hypertension (PPH) is one of the main causes of mortality and 
morbidity in infants affected by congenital diaphragmatic hernia (CDH). Since the structural changes that lead to 
PPH take place already in utero, a treatment starting in the prenatal phase may prevent the occurrence of this 
complication. 
Objective: To summarize the development process of antenatal sildenafil for CDH. 
Methods: The pharmacokinetics and efficacy of sildenafil have been assessed in the rat and the rabbit model. The 
transfer of the drug through the human placenta has been measured with the ex-vivo placenta perfusion model. 
Results from this experiment are being incorporated in a pregnancy-physiologically based pharmacokinetic (p-
PBPK) model. A phase I-IIb placental transfer and safety study is ongoing.  
Results: Sildenafil administration to pregnant rats and rabbits led to therapeutic foetal drug levels without mater-
nal and foetal toxicity, although it was associated with impaired vascular development in foetuses with non-
hypoplastic lungs. Peak concentrations and 24-hour exposure were higher in pregnant rabbits compared to non-
pregnant ones. In rat and rabbit foetuses with CDH, sildenafil rescued the lung vascular anomalies and partially 
improved parenchymal development. Sildenafil crossed the human placenta at a high rate ex-vivo, independently 
from the initial maternal concentration.  
Conclusion: There is preclinical evidence that maternally administered sildenafil prevents the vascular changes 
that lead to PPH in CDH newborns. The phase I/IIb clinical study together with the p-PBPK model will define the 
maternal dose needed for a therapeutic effect in the foetus. Foetal safety will be investigated both in the clinical 
study and in the sheep. The final step will be a multicentre, randomized, placebo-controlled trial. 
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1. THE DISEASE: PULMONARY HYPERTENSION ASSO-
CIATED WITH CONGENITAL DIAPHRAGMATIC HER-
NIA 
 Congenital diaphragmatic hernia (CDH) is a rare disease, oc-
curring in 1 every 2,000–4,000 live births and accounting for 8% of 
all major congenital anomalies [1]. The classical hypothesis is that 
failure to fully form the diaphragm in the first trimester of preg-
nancy results in a diaphragmatic defect. As a consequence, abdomi-
nal organs herniate into the thorax, disturb lung development and 
eventually cause pulmonary hypoplasia. However, studies in ro-
dents have demonstrated that pulmonary hypoplasia in CDH occurs 
prior to diaphragm development [2, 3]. These results led Keijzer 
and co-workers to formulate the “dual-hit hypothesis” [4]. Accord-
ing to this theory, CDH is a primary lung pathology, whose major 
features occur as a result of two independent developmental insults. 
The first insult affects both lungs and occurs before the diaphragm 
has fully developed, in a background of genetic and environmental 
factors. The second hit affects diaphragm formation and further 
impairs the development of the ipsilateral lung through compres-
sion of this lung by the herniated abdominal organs.  
 CDH lungs are characterized by a lower number of generation 
of airways, less and smaller alveoli, thickened alveolar walls and an 
increased amount of interstitial tissue [5], so that there is less alveo- 
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lar airspace and gas exchange surface area. Parallel to airway 
changes, there is an equal reduction in arteries, resulting in a hy-
poplastic vascular bed. Morphologically, the thickening of the vas-
cular wall is determined by the increase in arterial media and ad-
ventitia, by neomuscularisation of the small pulmonary arteries, 
which are normally partially or non-muscularised [6, 7] and by 
hypermuscularisation of the midsized and large vessels (>100µm) 
[8]. The structural remodeling of the small pulmonary arteries re-
duces their ability to dilate, in order to increase the vascular bed 
capacity and reduce the pressure in the pulmonary circulation dur-
ing perinatal transition [9]. After birth, further muscularisation of 
this “immature” pulmonary vasculature occurs, leading to abnormal 
response to mechanical and chemical stimuli [10]. These structural 
changes in the lung vascular compartment lead to persistent pulmo-
nary hypertension (PPH), which cannot simply be solved by surgi-
cally repairing the diaphragm. During perinatal transition, the ele-
vated pulmonary vascular resistance in the abnormally developed 
lung leads to right-to-left shunting of de-oxygenated blood across to 
the systemic circulation. This results in hypoxaemia and ultimately, 
right ventricular failure with systemic hypotension and shock [11]. 
PPH, especially in the context of CDH, is frequently lethal [1] and 
non-responsive to the most commonly used vasodilatory agents, 
such as inhaled nitric oxide (NO) [12, 13]. In the retrospective se-
ries, the presence and severity of PPH has been proven to predict 
pulmonary morbidity and death [14, 15]. Also, beyond neonatal 
pulmonary hypertension, late (months after birth) and chronic 
(years after birth) pulmonary hypertension deeply affect the quality 
of life in CDH survivors [16].   
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2. PRENATAL INTERVENTIONS FOR CDH: RATIONALE 
AND SELECTION OF CANDIDATES  
 Despite the optimization of postnatal strategies, the average 
mortality of CDH remains 30%, and is in many cases related to 
PPH [17]. Although PPH only becomes clinically evident after 
birth, the structural changes that lead to it occur already in utero [6, 
9]. An ideal therapeutic strategy would, therefore, be to act already 
in the prenatal phase, in order to prevent such changes. In foetal 
lungs, in contrast to adults, both the vascular endothelium and the 
smooth muscle cells exist in a “synthetic” or “primed” state and 
their growth and differentiation can be modulated by exogenous 
stimuli [18, 19]. Therefore, in foetuses the potential for vascular 
cell growth is increased, provided an intervention can target this. 
 Obviously, any antenatal intervention requires a method for 
adequate case selection.  
 Today, prenatal ultrasound screening allows identifying 70% of 
CDH cases by the second trimester of pregnancy [20]. In isolated 
cases, the combination of ultrasound markers (side of the defect, the 
presence of liver herniation and lung size) allows to personalize 
prognosis and to stratify CDH foetuses into groups with increasing 
pulmonary hypoplasia and corresponding mortality rates [21]. The 
literature on prediction of PPH is more limited (systematically re-
viewed in [22]). Although several candidate parameters have been 
suggested in individual case series, including measurements of lung 
size [23-26], as well as herniation of abdominal organs into the 
chest [24, 27-29], the latter systematic review did not identify a 
strong predictor for PPH. New studies are currently being per-
formed to validate the previously suggested indices and to identify 
new and better predictors. Among these, direct assessment of the 
pulmonary vasculature [30-32] and assessment of left ventricle 
dimensions [33] may provide additional information. 
 The foetuses with the worst prognosis could be offered intrau-
terine treatment. Foetal lung growth can be stimulated by tracheal 
occlusion (TO), which is currently offered as a percutaneous proce-
dure (FETO). Although promising outcomes have been reported 
[34], FETO remains investigational hence is evaluated in a random-
ized clinical trial in foetuses with left-sided CDH and severe and 
moderate hypoplasia (www.totaltrial.eu) [35]. The moderate TO-
TAL-trial has already recruited more than 85% of the sample size 
(158 patients analysed at the fourth interim analysis in 12/2018). 
The arm for severe CDH started later [36], and the first interim 
analysis was done in 10/2017 (46 patients). 
 Independently from the outcome of that trial, FETO remains a 
complex, not widely available invasive procedure with an inherent 
risk for preterm delivery, partly offsetting the beneficial effects of 
foetal therapy [37]. The maximum post-FETO survival reported in 
severe cases is 50–60%, which in part is caused by insufficient 
airway growth and, above all, limited improvement of vascular 
development. Indeed, whereas FETO increases lung size, it does 
not seem to solve the problem of PPH [38]. Alternative prenatal 
strategies are therefore required to also address the problem of PPH. 
Preferentially, these would be medical rather than surgical, to over-
come the risks and limitations of foetal procedures. The best solu-
tion would be a treatment for PPH already proven safe and effective 
postnatally. Ideally, the drug should be effective after maternal 
intake, and should have no significant adverse effects on the mother 
or foetus.  

3. THE STUDY DRUG: SILDENAFIL 
 Sildenafil is a selective inhibitor of phosphodiesterase type 5 
(PDE 5), which specifically degrades cyclic guanosine monophos-
phate and is found in high concentrations in the pulmonary arteries 
and the corpora cavernosa. Normally, endothelium-derived NO 
stimulates the production of cyclic guanosine monophosphate 
(cGMP), which then mediates smooth muscle relaxation. By inhib-
iting PDE5, sildenafil inhibits the breakdown of cGMP to GMP, 

thus prolongs the actions of cGMP. Higher cellular concentrations 
of cGMP stimulate the formation of cGMP-dependent protein 
kinase (PKG). Competitive inhibition of PDE3 by sildenafil also 
inhibits the breakdown of cyclic adenosine monophosphate 
(cAMP), which results in increased production of cAMP-dependent 
protein kinase (PKA) [39]. Vasodilation results from modulation of 
ion channel activity by cGMP and, to a minor extent, cAMP. Fur-
thermore, PKA and PKG modulate smooth muscle proliferation. 
Therefore, in contrast with conventional vasodilators, which im-
prove haemodynamics but do not inhibit the histological progres-
sion of the disease, sildenafil may prevent or even reverse vascular 
remodelling [40] (Fig. 1). Sildenafil is administered orally, is well 
tolerated with few drug interactions, and does not require intensive 
monitoring, making it an attractive alternative to other drugs for the 
treatment of PPH. Although PDE 5 is expressed in all visceral and 
vascular smooth muscle cells, sildenafil has only a modest effect on 
systemic blood pressure [41]. In the context of pulmonary hyper-
tension, sildenafil is currently approved for the adult and paediatric 
population [42]. There is a growing interest for the use of sildenafil 
for the treatment of PPH of various aetiologies in the newborn [43], 
including CDH [44-46], in particular when other therapies such as 
inhaled NO fail. The efficacy of postnatal sildenafil treatment in 
CDH newborns is currently evaluated in a randomized controlled 
trial within the “ERNICA” European Reference Network (CoDi-
NOS trial, EudraCT number: 2017-000421-13). The drug is also 
approved for the treatment of erectile dysfunction.  

4. ANIMAL STUDIES 

4.1. Efficacy of Sildenafil in Animal Models for CDH 
 Luong et al (2011) were the first to evaluate the efficacy on 
transplacental sildenafil in the nitrofen rat model for CDH [47]. 
When administered subcutaneously to the dams from gestational 
day (GD) 11.5 to 20.5 (term= GD21), sildenafil increased pulmo-
nary vessel density, reduced vessel wall thickness and right ven-
tricular hypertrophy and improved postnatal pulmonary artery re-
laxation in CDH foetuses. This observation has been confirmed in 
the same model by several subsequent studies with different ex-
perimental designs  [48, 49], even when sildenafil was given at a 
more relevant time point in pregnancy, mimicking administration at 
a later stage of lung development [50, 51]. The nitrofen rodent is an 
‘early’ model, which mimics disturbances of lung and diaphragm 
development from early gestation. However, foetal lung develop-
ment in rats differs from humans, since alveolarisation only occurs 
after birth.  
 We therefore investigated the effects of antenatal sildenafil in a 
larger animal model (the rabbit), because it has a lung development 
similar to man. When CDH is surgically induced in healthy foetal 
rabbits in their pseudoglandular phase (GD23 out of 31), it repro-
duces the clinical phenotype in various aspects [52, 53]. The rabbit 
model also permits a more detailed assessment of foeto-maternal 
safety, because placental transfer in the latter half of pregnancy 
mirrors that in humans [54]. The rabbit mid-gestational and end-
gestational placenta are functionally positioned between rodents 
(haemotrichorial) and man (haemomonochorial) [55]. Also, preg-
nancy-induced haemodynamic changes are comparable with those 
present in women, that is, with a steady increase in maternal blood 
pressure in the latter half of gestation [54].  
 After surgical induction of CDH, does were randomized to 
receive a daily subcutaneous injection of either sildenafil (10 
mg/kg) or placebo from GD24 to GD30. At term, does were eutha-
nized to harvest the foetuses [56]. The proportionate medial thick-
ness of peripheral lung vessels was significantly higher in CDH 
pups compared with controls, yet fell in the normal range when 
CDH foetuses were exposed to sildenafil. These vessels were also 
more often muscularised in CDH foetuses than in controls, whereas 
sildenafil treatment was associated with a degree of peripheral ves-
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sels muscularisation in the normal range. Sildenafil was also asso-
ciated with an increase in immunoreactivity for vascular endothelial 
growth factor (VEGF) and its receptor Flk-1 in the lung paren-
chyma, both in CDH foetuses and in controls. VEGF is of para-
mount importance in lung development, as it contributes to pulmo-
nary angiogenesis and vessel growth, with subsequent alveolar 
maturation and adequate matching of ventilation and perfusion [57, 
58]. The decreased VEGF expression in the lung parenchyma is a 
consistent finding in CDH, both in humans  [59] and in animal 
models [47, 56, 60, 61].Sildenafil might upregulate VEGF expres-
sion by activation of endothelial nitric oxide synthase (eNOS) [62]. 
The analysis of vessel branching on reconstructed 3D images ac-
quired with micro-CT demonstrated that the placebo-exposed CDH 
foetuses had significantly fewer vessels of the fifth order or higher 
(further called ‘peripheral’) compared with controls. Again, the 
number of peripheral vessels of sildenafil-exposed CDH foetuses 
was in the normal range (Fig. 2). Of interest, the proportion of pe-
ripheral vessels was reduced in control foetuses treated with silde-
nafil. The mechanism behind this finding remains unclear but may 
be related to a reduction in pulmonary blood pressure [63]. This 
could be beneficial in lungs with increased vascular resistance but 
might lead to adverse effects, such as hypoperfusion and impaired 
vessel growth in normal lungs. Finally, we could demonstrate re-
duced in utero pulmonary vascular resistance by micro-ultrasound 
in both CDH and control foetuses treated with sildenafil. Sildenafil 
also had an effect on the lung parenchyma. At birth, sildenafil ex-
posed foetuses had a normal mean terminal bronchiolar density. 
Functionally, sildenafil improved postnatal lung mechanics as dem-
onstrated by Flexivent ventilation. 
 In summary, in the rabbit model, sildenafil reversed the patho-
logical changes in peripheral vessels, improved vascular branching  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (2). Effect of sildenafil on lung vasculature in the CDH rabbit model. 
Representative 3D surface rendered images showing impaired vascular 
branching in CDH-foetuses, which is restored by exposure to sildenafil. 
From Russo et al [89]. Reproduced with permission from BMJ Publishing 
Group Ltd. 
and also improved airway morphometry in CDH. All these changes 
might be expected to prevent the development of PPH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Schematic representation of the mechanism of action of sildenafil on the pulmonary vasculature. eNOS, endothelial nitric oxide synthase; NO, nitric 
oxide; GC, guanylate cyclase; GTP, guanosine triphosphate; GMP, guanosine triphosphate; cGMP, cyclic GMP; PDE, phosphodiesterase; ATP, adenosine 
triphosphate; AMP, adenosine monophosphate; cAMP, cyclic AMP; PKG, cGMP-dependent protein kinase; PKA, cAMP-dependent protein kinase. Repro-
duced with permission from UZ Leuven, Leuven, Belgium. Drawing: Myrthe Boymans. 

 



4    Current Pharmaceutical Design, 2019, Vol. 25, No. 00 Russo et al. 

4.2. Transplacental Transfer of Sildenafil: Preclinical Pharma-
cokinetic and Pharmacodynamics 
 In the study by Luong et al [47], sildenafil was administered 
subcutaneously to the dams at a dose of 50 mg/Kg/d, and was de-
tected in foetal blood with a peak at 6 hours. CDH was associated 
with a significant decrease in lung cGMP concentration and in-
creased activated PDE 5 expression. Maternal sildenafil treatment 
produced a marked increase in lung cGMP in CDH foetuses and in 
controls and a significant attenuation in active PDE 5 expression, 
indicating that sildenafil is biologically active in the foetal lung. 
The expression on VEGF was also increased by sildenafil.  
 In the rabbit, a dose of 10 mg/Kg/d led to therapeutic foetal 
plasma concentrations for at least 22 h/day [56]. The target thera-
peutic interval in the foetus was between 47 and 500 ng/mL, ac-
cording to previous studies on pulmonary hypertension. Peak con-
centrations in excess of 500 ng/mL in humans have been previously 
shown to cause a 40% incidence of visual disturbances and 25% of 
vascular events [64]. A target of 47 ng/mL was selected so that the 
concentration of unbound sildenafil would produce a 53% inhibi-
tion of PDE 5 activity [65]. This was also the target concentration 
used in the trial for FDA approval of sildenafil to treat pulmonary 
arterial hypertension in children [66]. Sildenafil kinetics was similar 
in the maternal and foetal circulation, with a peak at 30 minutes and 
concentrations above the maximal target (500 ng/ml) for the first 
hour. Of note, plasmatic sildenafil concentrations in foetal and ma-
ternal plasma 22 hours after the third day of therapy did not differ 
from those 22 hours after the first injection, indicative that the drug 
is not accumulating.  
 We also investigated the effect of pregnancy on the pharma-
cokinetics of sildenafil in rabbits [67]. Using NONMEM, we per-
formed population pharmacokinetic modelling based on plasma 
samples from pregnant and non-pregnant rabbits. All animals re-
ceived a single subcutaneous sildenafil administration at the same 
dose used in the efficacy study (10  mg/kg). One sample was ob-
tained per rabbit at different time-points up to 22 hours after the 
injection. Compared to non-pregnant rabbits, the central and pe-
ripheral volume of distribution and inter-compartmental clearance 
of sildenafil were lower in pregnant rabbits. The formation clear-
ance from sildenafil to its metabolite desmethylsildenafil was also 
reduced during pregnancy. Therefore, pregnancy leads to an in-
creased peak concentration and 24-hour exposure for sildenafil. The 
pregnancy-related alterations in the pharmacokinetic profiles of 
sildenafil in rabbits demonstrate that extrapolation from non-
pregnant to pregnant subjects might be inappropriate, or even haz-
ardous, and should be validated in pregnant women. 

4.3. Ex-vivo Study: Transfer of Sildenafil Through the Human 
Placenta 
 It was therefore essential to determine clinically which dose 
would need to be given to a mother in order to obtain therapeutic 
foetal sildenafil levels. This information is at present missing. We 
therefore first evaluated the transfer of sildenafil through the human 
placenta, by using an ex-vivo placenta perfusion model [68]. Dual 
perfusion of a single placental lobule is a validated experimental 
model to study human placental transfer of substances and reliably 
predict foetal exposure to maternally administered drugs [69]. Pla-
centas were collected after term delivery from healthy volunteers, 
cannulated and dually perfused. Sildenafil citrate was added to the 
maternal circulation at two different concentrations: the maximum 
tolerated concentration (MC, 500 ng/mL) and the therapeutic con-
centration (TC, 50 ng/mL), respectively. Samples were collected 
from both the foetal and the maternal reservoir at different time-
points for three hours and the concentration of sildenafil was de-
termined. The ratio between foetal and maternal concentrations 
(FM ratio) was calculated for each time-point.  
 Sildenafil crossed the placenta at both initial maternal concen-
trations. Both maternal and foetal levels reached a plateau at 90-120 

minutes. At steady state, the FM ratio was above 0.9 for both MC 
and TC placentas, indicating that sildenafil crosses the placenta at 
relatively high rates independently from the maternal concentration. 
This suggests that there is sufficient placental transfer to reach tar-
get foetal drug levels at non-toxic maternal doses. 

4.4. Phase I-IIb Trial: In-vivo Transplacental Transfer and 
Safety 
 Based on the ex-vivo data, and on the information on the use of 
sildenafil in pregnancy coming from other studies, we have de-
signed and initiated recruitment for a phase I-IIb clinical trial (Eu-
draCT number 2016-002619-17) [70]. This is a randomized, 
investigator blinded, double armed parallel groups study with the 
primary objective to measure the in-vivo transfer of sildenafil 
through the placenta in women at two gestational ages: the second 
and early third trimester (women undergoing termination of preg-
nancy at weeks 20.0 to 32.6) and term (women with CDH foetuses 
at weeks 36.6 to 40). These correspond to the period when silde-
nafil treatment would start (i.e. after diagnosis and prediction of 
prognosis, which is most accurate after 20 weeks, but ideally before 
the end of the canalicular stage [71]), and end. Participants are ran-
domized to two different sildenafil doses (25 or 75 mg), both al-
ready used in clinical studies in the pregnant population [72, 73]. In 
the second trimester study, a single dose of the investigational 
product is administered before termination of pregnancy, and ma-
ternal and foetal blood samples are collected at the time of foeticide 
for determination of sildenafil concentration. In the study in term 
women, sildenafil is administered three times daily from three days 
before planned delivery until actual delivery, following which ma-
ternal and umbilical cord samples are collected. Indices of short 
term maternal and foetal tolerance and of the vasodilatory effect of 
sildenafil on the foetal pulmonary circulation are also measured. 

4.5. In silico Model: A Pregnancy-Physiologically-Based Phar-
macokinetic Model to Predict Human Foetal Exposure After 
Maternal Administration of Sildenafil 
 Transplacental parameters estimated from the ex-vivo model 
can be implemented in pregnancy–physiologically based pharma-
cokinetic (p-‐PBPK) models. This approach has special relevance in 
relation to recent guidance from regulatory agencies on drug devel-
opment during pregnancy and lactation. p-PBPK modelling and 
simulation can complement clinical trials for this vulnerable patient 
population [74].  
 After building and validating a PBPK model for sildenafil in the 
adult population, we are now creating a p-PBPK model by imple-
menting physiological parameters (e.g. gestational age-dependent 
changes in maternal weight, individual organ volumes/blood flows, 
cardiac output, glomerular filtration rate, and drug-metabolizing 
enzyme activities), data from the placenta transfer experiment and 
data on the foetal and amniotic fluid compartment. The present 
approach will enable a basic prediction of foetal pharmacokinetic 
prior to drug administration to the mother. This will be a useful tool 
to integrate the results of our phase I-IIb dose-finding clinical study, 
and to help elucidate appropriate dosing information. 

4.6. Additional Preclinical Studies: The Lamb Model  
 Sheep are a higher species, size-wise more comparable to hu-
mans, and their foetal physiology is very similar to that of humans. 
Surgical induction of CDH at GD65 (term = 145 days) leads to 
pulmonary hypoplasia with airway and vascular changes similar to 
clinical autopsy specimens [75]. The main advantage of this model 
is that foetal/newborn lambs can undergo catheterization, therefore 
pulmonary resistances and flow can be measured directly [76, 77]. 
Evidence in the sheep model is already present for tadalafil, another 
PDE 5 inhibitor [78], which had a biological effect on the foetal 
lung. However, there is little clinical experience on the use of tada-
lafil during pregnancy, and use of this drug in the neonatal and 
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infant population is considered contraindicated by some authors due 
to lack of maturation of the glucuronidation pathway [79]. Silde-
nafil is therefore a more logic choice.  
 We are now conducting with the group of Prof Hooper at the 
Ritchie Centre (Melbourne, Australia) studies on transplacental 
sildenafil administration to foetal lambs with CDH. 
 Furthermore, together with the group of Prof Flake at Chil-
dren’s Hospital of Philadelphia, we have designed an experiment on 
a unique lamb model to further investigate the effects of sildenafil 
in CDH foetuses. This group has recently developed an extra-
uterine support system that mimics the uterine environment and 
reproduces foetal physiology in foetal lambs [80]. The system per-
mits to keep extremely preterm foetal lambs (GD106) surviving for 
up to four weeks, maintain physiological hemodynamics, integrity 
of the foetal circulation, organ growth, and lung maturation, and 
transition to extra-uterine life. This “Extracorporeal Support of the 
Premature Infant” (ESPI) model offers a unique opportunity to 
investigate foetal pharmacologic therapy by removing the con-
founding effects of the maternal-placental axis. Furthermore, this is 
the only setting allowing continuous foetal monitoring (both inva-
sive and with ultrasound) and is therefore ideal to assess the effect 
of sildenafil on the foetal (pulmonary) circulation and other hemo-
dynamic effects on the organs. This will provide a unique set of 
data on foetal efficacy and safety of sildenafil treatment. It will be 
the first application of ESPI for studying pharmacologic effects on 
the foetus.  
 Results from both those sheep studies will further support clini-
cal translation. Since lambs can be ventilated and monitored for 
several hours after birth, these experiments will provide additional 
information on foetal and short-term neonatal safety. 

4.7. Maternal and Foetal Safety: Available Data from Other 
Clinical Studies 
 Sildenafil has already been used in pregnant women. Several 
case reports on the chronic use of sildenafil for treatment of mater-
nal pulmonary hypertension demonstrated efficacy without appar-
ent maternal or foetal side effects [81-83]. The drug has also been 
used in case series for treatment of early onset pre-eclampsia [73] 
and intrauterine growth restriction (IUGR) [84] and in randomized 

clinical trials for the treatment of IUGR (STRIDER trial) [72] and 
oligohydramnios [85]. Its use during labor to reduce foetal distress 
is being assessed in an ongoing randomized controlled trial [86]. A 
systematic review demonstrated that sildenafil administration is 
safe for the mother [87]. However, the Dutch arm of the STRIDER 
trial on maternal sildenafil administration for intrauterine growth 
restriction was recently suspended, because of the lack of benefit 
yet “potential signal of harm relating to an increased incidence of 
persistent pulmonary hypertension” [88]. This finding mandates 
additional studies on foetal safety and stresses the concept that the 
drug should only be prescribed in the context of high-quality clini-
cal trials.  
 However, we believe that this suspicion should not lead to the 
immediate suspension of all studies on sildenafil in pregnancy. 
There are several arguments for that. First, the increased incidence 
of PPH in the Dutch trial is not consistent with results of the other 
STRIDER-studies in the UK and New Zealand/Australia (data not 
yet published), nor with other studies on antenatal sildenafil ad-
ministration. Second, assuming there would be an association be-
tween sildenafil and PPH in IUGR foetuses, this should not auto-
matically be extrapolated to other clinical conditions, such as 
women with CDH-foetuses. In the case of CDH, foetal lung devel-
opment is impaired hence not comparable to that in case of growth 
restriction. The effect of sildenafil on the lung vasculature is there-
fore expected to be different. The different effects of sildenafil on 
normal and abnormal lungs have already been shown in animal 
studies, including our study in the rabbit model [50, 89].  
 In conclusion, antenatal sildenafil still represents a promising 
strategy for CDH, but confirming foetal safety is of utmost impor-
tance. Useful information on short term foetal and neonatal toler-
ance will be provided by our phase I-IIb clinical trial as well by the 
ongoing studies in the sheep model. After those, a phase IV ran-
domized, placebo-controlled trial will allow to investigate also long 
and medium term safety.  

CONCLUSION 
 In the past years, we and others have explored the potential of 
repurposing sildenafil as a transplacental therapy to prevent the 
occurrence of PPH in CDH foetuses. This review summarizes the 

 

Fig. (3). Schematic representation of the developmental plan for sildenafil as a foetal treatment in CDH. 
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drug development process up to now and the ongoing steps to clini-
cal application (Fig. 3). Given the results of preclinical studies, we 
were granted orphan designation of this drug for the prenatal pre-
vention of PPH in CDH from the European Medical Agency [90]. If 
foetal safety and efficacy are confirmed by the current studies, the 
final step will be a multicentre, randomized, placebo-controlled trial 
to demonstrate efficacy of sildenafil in reducing the occurrence of 
PPH in CDH infants. Recently, the European Commission has sup-
ported the creation of European virtual thematic networks (Euro-
pean Reference Networks), aimed at sharing knowledge, exchang-
ing information and facilitating collaborations between specialized 
centres. “ERNICA” is the European reference network on rare dis-
eases of the foregut (including CDH) grouping skills from 20 
centres in 11 countries. Such network will facilitate randomized 
clinical trials on CDH foetuses, despite the rarity of the condition.  
 Further research is ongoing both in humans and in animal mod-
els to improve the understanding of the pathophysiology of the 
foetal pulmonary circulation and the mechanisms causing PPH. All 
this might allow individualisation of antenatal treatments and 
optimisation of their timing, dosing and duration.” 
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