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Abstract

1. There is growing interest in the use of sildenafil during pregnancy for various maternal and
fetal conditions. This study aims to investigate the effect of pregnancy on the maternal
pharmacokinetics (PK) of sildenafil and its main metabolite desmethylsildenafil in rabbits.
Using NONMEM, population PK modeling was performed based on plasma samples from 31
rabbits of whom 15 were pregnant and 16 were not. All received a single subcutaneous
sildenafil dose of 10 mg/kg. One sample was obtained per rabbit at either 30, 60, 120, 360,
720 or 1320 min after sildenafil administration.

2. A two- and one-compartment PK-model best described the data for sildenafil and
desmethylsildenafil, respectively. Compared to non-pregnant rabbits, the central and
peripheral volume of distribution and inter-compartmental clearance of sildenafil were
lower in pregnant rabbits [32.1 versus 12.2 L, 110 versus 44.4 L and 25.5 versus 12.1 L/h; all
p50.05]. The formation clearance from sildenafil to desmethylsildenafil was also reduced
during pregnancy [13.3 versus 7.8 L/h; p50.05].

3. In contrast, the elimination clearance of desmethylsildenafil, was higher in pregnancy [73.5
versus 116. 9; p50.05]. In rabbits, pregnancy impacts PK parameters of sildenafil and its
metabolite, leading to an increased peak concentration and 24 h exposure for sildenafil and
a decreased 24 h exposure for desmethylsildenafil.
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Introduction

Sildenafil is a selective phosphodiesterase 5 (PDE5) inhibitor

registered for the treatment of erectile dysfunction

(Nightingale, 1998) and pulmonary hypertension in adults

(Galie et al., 2005). Apart from pulmonary arteries and the

corpora cavernosum, PDE5 is abundantly expressed in various

tissues, including the placenta and the fetus (Ribaudo et al.,

2016). Hence, there has been a growing interest in the use of

sildenafil during pregnancy for maternal and fetal conditions.

In this unique setting, therapy involves at least two individ-

uals, the pregnant mother and the fetus, both of them

considered a special population. Therefore, demonstration of

efficacy and tolerability in both subjects in relevant animal

models is a critical step for clinical implementation.

The rabbit is the third most widely used experimental

mammal after mice and rats within the European Union

(McArdle et al., 2009). As a model to study fetal and

placental development, the rabbit presents several advantages

over other species. Rabbits are widely available, have low

housing needs, a timed gestation and a short reproductive

cycle, with pregnancy lasting 31 days (Fischer et al., 2012).

Similar to rodents, rabbits have large litters, allowing to test

the effect of treatments on multiple fetuses at the same time.

However, the relatively large size of rabbit fetuses compared

with other laboratory animals makes functional assessments

and noninvasive monitoring of fetal growth and wellbeing

feasible (Hodges et al., 2013; Russo et al., 2016). The rabbit

model also allows more detailed assessment of feto-maternal

safety than rodents. Pregnancy-induced hemodynamic

changes are comparable with those in women, i.e. with a

steady increase in maternal blood pressure throughout

gestation (Lee et al., 1982; McArdle et al., 2009).

Furthermore, placental transfer in the latter half of pregnancy

mirrors that in humans, since the rabbit mid- and end-

gestational placenta is functionally positioned between
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rodents (hemo-trichorial) and man (hemo-monochorial)

(Enders and Blankenship, 1999; McArdle et al., 2009).

This makes the rabbit a pertinent model for the study of

transplacental therapies, including sildenafil.

It is known that pregnancy is associated with various

physiological changes that may lead to significant variations

in the pharmacokinetic (PK) profile of many drugs. However,

in all clinical applications of sildenafil during pregnancy, the

therapeutic dose has been extrapolated from studies in non-

pregnant adults, as very limited information is available on

the PK of sildenafil in pregnancy (Samangaya et al., 2009).

Likewise, little information is present in the literature on the

influence of pregnancy on drug metabolism in rabbits (Matar,

2013; Matar and Marafie, 2011). PK studies in the pregnant

population are a critical first step before any study on

transplacental therapy can be performed, both in translational

and in clinical research. Such PK studies can be optimized by

reducing the number of samples required, both for ethical and

economic reasons. Population PK modeling is a useful tool to

deal with sparse data sampling meeting the need to minimize

the sample size (De Cock et al., 2011). Moreover, by using

population PK-modeling sources of variability in PK can be

identified.

The present study aims to investigate the effect of

pregnancy on the PK of sildenafil and its main metabolite

desmethylsildenafil in rabbits, by using population PK

modeling.

Materials and methods

In vivo study design

This prospective study was approved by the Ethics Committee

on Animal Experimentation of the Faculty of Medicine, KU

Leuven, Leuven, Belgium (Project number: P014/2013).

Hybrid Dendermonde-New Zealand white rabbits from a

certified farm were used. Animals were housed in individual

cages at normal room temperature on a 12/12-h light schedule

with free access to food and water. They were treated in

accordance with the Guide for the Care and Use of Laboratory

Animals. Two experimental groups were included: non-

pregnant (N = 16) and time mated pregnant rabbits at

24 days of gestation (N = 15). All animals received a single

subcutaneous injection of 10 mg/kg sildenafil citrate (TEVA,

Wilrijk, Belgium) diluted in saline solution at a concentration

of 6 mg/mL. Rabbits were randomized to obtain a single

blood sample from the central ear artery at different scheduled

time points either 30, 60, 120, 360, 720 or 1320 min after

sildenafil administration. Blood samples were collected in

EDTA tubes and centrifuged at 3000 rpm for 15 min. The

plasma was stored at –80 �C until analysis.

Drug assay

Plasma concentration of sildenafil and its active N-desmethyl

metabolite desmethylsildenafil was measured using liquid

chromatography-mass spectrometry (Vos et al., 2008) at the

Department of Clinical Pharmacology and Pharmacy, VU

University Medical Centre, Amsterdam, The Netherlands.

The assay is linear over 1–600 ng/mL for sildenafil

and 1–300 ng/mL for desmethylsildenafil, with the lower

limit of the ranges representing the lower limits of quantifi-

cation (LLOQ) of sildenafil and its metabolite. Its intra-

and inter-assay accuracies range from 92.8 to 103.2% and

intra- and inter-assay imprecision does not exceed 15%

(Vos et al., 2008).

Population PK analysis and internal validation

The population PK of sildenafil and desmethylsildenafil was

characterized with non-linear mixed effects modeling using

NONMEM version 7.2 software, subroutine ADVAN13,

TOL9 (ICON Development Solutions, Ellicott City, MD).

The first-order estimation method with the interactions option

(FOCE-I) was used. Pirana (version 2.9.4.), R (version 3.3.0)

and PsN� (version 4.4.8) were used to process runs, visualize

data, and evaluate the model output. Concentrations of

desmethylsildenafil were converted to sildenafil equivalents

(ng/mL) based on molecular weights (molecular weight

sildenafil: 474,5764 g/mol, molecular weight desmethylsilde-

nafil: 460.55 g/mol) (PubChem).

The model building process was performed in a stepwise

manner: (1) choice of the structural model, (2) choice of the

statistical sub-model, (3) choice of the covariate model, and

(4) model evaluation (Krekels et al., 2011). Discrimination

between different models was made by the likelihood ratio

test using the Objective Function Value (OFV) (i.e. –2 log

likelihood). A decrease in OFV of 3.84 (p50.05 assuming a

�2 distribution) between nested models with one degree of

freedom was considered statistically significant. The good-

ness-of-fit-plots, conditional weighted residuals versus popu-

lation predicted concentrations, conditional weighted

residuals versus time and observed versus population pre-

dicted concentrations were also evaluated. Finally, precision

of the parameter estimates, parameter confidence intervals,

and condition number were evaluated.

Structural and statistical model

One, two, and three compartment PK models for sildenafil

and desmethylsildenafil concentrations were tested. In order

to capture a possible delay in desmethylsildenafil formation,

transit compartment models for the formation of the metab-

olite were also considered.

Because of the study design, some assumptions had to be

made. The bioavailability after subcutaneous administration

could not be identified without intravenous data and was

therefore assumed to be 100%. Consequently all model

parameters were estimated relative to the fraction absorbed.

The fraction of sildenafil that is converted to desmethylsilde-

nafil in rabbits is unknown. However, conversion to

desemethylsildenafil represents the main metabolic pathway

both in humans and in rabbits (Walker et al., 1999). This

fraction was therefore assumed to be 100% both in pregnant

and non-pregnant rabbits; consequently volume of distribu-

tion and formation and elimination clearance parameters of

the metabolite were estimated relative to the fraction

metabolized (fm) (Qidwai et al., 2010). As absorption was

near completion at the time of the first sample (30 min), the

absorption rate constant (Ka) could not be estimated accur-

ately and was therefore fixed to 25 h�1. At the end of model

development, a sensitivity analysis was performed to estimate

2 F. M. Russo et al. Xenobiotica, Early Online: 1–8



how this assumption affected the final estimates of the model

parameters.

As only one sample per rabbit was obtained, intra- and

inter-individual variability could not be identified separately.

Therefore only residual variability was estimated, for this a

proportional (Equation (1)), additive (Equation (2)) and a

combined error model (combination of Equations (1) and (2))

were tested. This means for the jth observed concentration (Y)

of the ith individual the relation (Yij):

Yij ¼ Cpred, ij� 1þ "ij

� �
ð1Þ

Yij ¼ Cpred, ij� "ij

� �
ð2Þ

Where Cpred,ij is the predicted concentrations and eij is a

random value from a normal distribution with a mean of zero

and an estimated variance of �2.

Covariate model

Both bodyweight and pregnancy were evaluated as potential

covariates in the covariate analysis on all PK-parameters of

both sildenafil and desmethylsildenafil.

Bodyweight was entered into the model using a linear or

power equation (Equation (3)).

Pi ¼ �1�
BWi

4:3

� �X

þ�2 ð3Þ

In the equation Pi represents individual parameter values,

�1 and �2 represent the population parameter values for the

covariate relationship and BWi represents the covariate value

bodyweight, which is normalized for the median bodyweight

(4.3 kg) for the full population. X is the exponent of the power

function, which was fixed to 1 for a linear function or

estimated for a power function. For pregnancy, the fractional

change for the pregnant group was estimated compared to the

non-pregnant group.

Potential covariates were separately entered into the

model. When more than one significant covariate (p5.05,

dOFV 3.84) was identified, the covariate causing the largest

drop in OFV was retained in the model. Additional

covariates had to further reduce this OFV to be retained.

In addition, a reduction in the variance of the random effects

was evaluated upon inclusion of the covariate on the

parameters. The covariate model was further evaluated as

discussed in the section ‘‘Population PK analysis and

internal validation’’.

Internal validation

The predictive performance of the model was evaluated with

the normalized prediction distribution error (NPDE) method

(Comets et al., 2008). In order to perform this analysis, the

original dataset was simulated 1000 times. Each observed

concentration was compared to the range of simulated

concentrations for that observation using the NPDE package

in R. A histogram of the NPDE distribution and scatterplots

showing the NPDE versus time and versus predicted concen-

trations, stratified for sildenafil and desmethylsildenafil, were

used to evaluate the final model.

Simulations

To examine the effect of pregnancy on the PK of sildenafil

and its main metabolite, the final PK model was used to

simulate concentration–time curves upon a 10 mg/kg sub-

cutaneous injection in pregnant versus non-pregnant rabbits.

The median bodyweight of the full study population was used

to calculate the dose. Sildenafil and desmethylsildenafil

concentrations were plotted versus time.

Sample size calculation

Since this is an observational pharmacokinetic study, and

there is no information in the literature about sildenafil

pharmacokinetics in rabbits after subcutaneous administra-

tion, no reliable sample size calculation is possible (Shannon

et al., 1998). We assumed that a sample size of 3 animals per

group for each time point is an ethical balance between the

research question and the exposure of animals to the drug.

Since the analysis of sildenafil levels showed low (520%)

standard deviation within the groups, and since the population

PK model can handle sparse sampling in a small population,

we considered the sample size to be sufficient.

Results

Fifteen pregnant rabbits (median bodyweight [range] 4.6 kg

[4.0–5.9]) and sixteen non-pregnant rabbits (3.9 kg [2.5–6.2])

were included in this study. Six rabbits (3 pregnant and 3 non-

pregnant) were sampled at the same time point for t = 30, 60,

360, 720, and 1320 min. An additional sample was collected

from one non-pregnant rabbit at 120 min after injection. From

each rabbit one sample was available for analysis. None of the

samples for sildenafil or desmethylsildenafil were below the

LLOQ.

Figure 1. Schematic overview of the population PK model of sildenafil
(S) and desmethylsildenafil (DMS). Ka: absorption rate constant of
sildenafil from the subcutaneous depot compartment, V1S: central
volume of distribution for sildenafil, V2S: peripheral volume of
distribution for sildenafil, Q: inter-compartmental clearance for sildena-
fil, CLfDMS/fm: formation clearance of sildenafil to desmethylsildenafil,
VDMS/fm: volume of distribution of desmethylsildenafil, CLeDMS/fm:
elimination clearance of desmethylsildenafil. fm = fraction metabolized
to desmethylsildenafil. All model parameters are relative to the
subcutaneous bioavailability.

DOI: 10.1080/00498254.2017.1422217 Sildenafil in pregnant rabbits 3



Structural and statistical model

A two-compartment model for sildenafil and a one-compart-

ment model for desmethylsildenafil best fitted the data

(Figure 1). Proportional error models best described residual

variability for the sildenafil and desmethylsildenafil

concentrations.

Covariate model

Parameter estimates of the final model in pregnant and non-

pregnant rabbits are provided in Table 1. Pregnancy was a

significant covariate for the central (V1S) and peripheral

(V2S) volume of distribution of sildenafil, resulting in a lower

V1S (–62%) and V2S (–60%) in pregnant rabbits compared to

non-pregnant rabbits. In addition, the inter-compartmental

clearance of sildenafil (Q) was significantly lower in preg-

nancy (–53%) The formation clearance from sildenafil to

desmethylsildenafil (CLfDMS/fm) was lower in pregnant as

compared to non-pregnant rabbits (–41%) while the elimin-

ation clearance of desmethylsildenafil (CLEDMS/fm) was

higher in pregnant animals (þ40%). After inclusion of

pregnancy in the model, bodyweight did not significantly

improve the model further. The sensitivity analysis performed

for the fixed absorption rate constant showed no effect on the

final model parameters when Ka from 2.5 to 250 h�1 was

tested, as the differences between the estimated values were

less than 10%.

Goodness-of-fit plots of the final model is shown in

Figure 2. The population predicted and observed concen-

trations for both pregnant and non-pregnant rabbits were

evenly distributed around the line of unity, indicating that

the model describes the concentrations accurately. The

conditional weighted residuals over time and over the

concentration range were also unbiased, suggesting there is

no time or concentration related bias in the model

predictions.

Internal validation

The NPDEs for sildenafil and desmethylsildenafil are

depicted in Figure 3. The histogram followed the normal

distribution. No trend was seen in the NPDE versus time and

the NPDE versus predicted concentrations, suggesting

unbiased model predictions of sildenafil and desmethylsilde-

nafil concentrations over time and over the concentration

range.

Simulations

Figure 4 shows population-predicted sildenafil and des-

methylsildenafil concentrations after a subcutaneous injection

of 10 mg/kg sildenafil in pregnant and non-pregnant rabbits of

the same bodyweight. As a result of the lower central and

peripheral volume of distribution of sildenafil, the maximum

concentration (Cmax) for sildenafil is higher in pregnant

rabbits compared to non-pregnant rabbits (Figure 4(A)).

Furthermore, as a result of a lower formation clearance from

sildenafil to desmethylsildenafil, the area under the curve

(AUC) from 0 to 24 h of sildenafil is higher in pregnant

rabbits. However, when considering the AUC0-1, the differ-

ence between pregnant and non-pregnant rabbits diminishes

due to differences in peripheral distribution of the drug. In

addition, an effect of pregnancy on the elimination clearance

of desmethylsildenafil resulted in a lower AUC0–24 h in

pregnant rabbits (Figure 4(B)).

Discussion

We investigated the effect of pregnancy on the PK of

sildenafil and its main metabolite in rabbits as a representa-

tive preclinical model. We observed a significant (p50.05)

lower volume of distribution of sildenafil in pregnant rabbits

compared to non-pregnant rabbits, resulting in a higher

predicted maximum concentration (Figure 4(A)).

Table 1. PK parameters of the final population PK model for sildenafil and desmethylsildenafil in pregnant and
non-pregnant rabbits.

Final model

Parameter Non-pregnant rabbits (RSE%) Pregnant rabbits (RSE%)

Sildenafil
CLfDMS/fm (L/h) 13.3 (5.7) 13.3*0.589 (8) = 7.8
V1S (L) 32.1 (11.9) 32.1*0.38 (27.6) = 12.2
V2S (L) 110.0 (16.2) 110.0*0.404 (18.7) = 44.4
Q (L/h) 25.5 (15.6) 25.5*0.471 (19.8) = 12.0
Ka (h�1) 25 FIX

Desmethylsildenafil
VDMS / fm (L) 226.0 (12.7)
CleDMS / fm (L/h) 73.5 (10.5) 73.5*1.59 (16.9) = 116.9

Residual variability [�2] (RSE%)
Proportional error sildenafil 0.0435 (22)
Proportional error desmethylsildenafil 0.15 (24)

The parameter values in pregnant rabbits are presented as the parameter values multiplied by the estimated fraction.
RSE: relative standard error, Ka: absorption rate constant of sildenafil, V1S: central volume of distribution for
sildenafil, V2S: peripheral volume of distribution for sildenafil, Q: intercompartmental clearance of sildenafil,
CLfDMS / fm: formation clearance from sildenafil to desmethylsildenafil, VDMS / fm: central volume of distribution
of desmethylsildenafil, CleDMS / fm: elimination clearance of desmethylsildenafil, fm: fraction metabolized to
desmethylsildenafil. All parameters are relative to the subcutaneous bioavailability.
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Furthermore, as a result of lower formation clearance

(p50.05) from sildenafil to desmethylsildenafil, the AUC0–

24 h of sildenafil was higher in pregnant rabbits. Finally,

pregnancy was associated with an increase in elimination

clearance (p50.05) of desmethylsildenafil, resulting in a

lower AUC0–24 h for the metabolite (Figure 4(B)).

These results are counterintuitive. Sildenafil is primarily

metabolized by the CYP3A4 isoenzyme, and to a lesser extent

CYP2C9 (Muirhead et al., 2002; Walker et al., 1999). In

humans, activity of these cytochrome isoforms is induced

during pregnancy, which contributes to the increased clear-

ance of many drugs (Feghali et al., 2015; Hebert et al., 2008).

PK studies in rabbits on drugs metabolized by the same

isoforms have shown a similar increase in clearance (Matar,

2013; Matar and Marafie, 2011). This is in contrast with what

we observed for sildenafil. Furthermore, sildenafil is highly

bound to plasma protein both in humans and rabbits (Walker

et al., 1999). An increase in the elimination clearance of

sildenafil would then also be expected as a result of the

decrease in plasma proteins concentrations associated to

pregnancy (Cheung et al., 1989). Finally, an increase in

plasma volume caused by pregnancy is expected (Qasqas

et al., 2004). For sildenafil we observed a decrease in volume

of distribution, while no effect of pregnancy has been

Figure 3. Normalized prediction distribution error (NPDE) of the final model for sildenafil (top panels, A–C) and desmethylsildenafil (bottom panels,
D–F) in pregnant and non-pregnant rabbits. The histograms show the NPDE distribution for sildenafil (A) and desmethylsildenafil (D). The distribution
of the NPDE versus time after dose (B, E) and NPDE versus the concentrations (C, F) are also illustrated.

Figure 2. Goodness-of-fit plots of pregnant (blue, triangle) and non-pregnant (red, circle) rabbits for sildenafil (panel A) and desmethylsildenafil (panel
B). The y- and x- axis of the population predictions versus concentrations and the x-axis of conditional weighted residuals (CWRES) versus population
predicted concentration are on a log-scale.

DOI: 10.1080/00498254.2017.1422217 Sildenafil in pregnant rabbits 5



observed on the volume of distribution of its metabolite. The

elimination clearance of sildenafil in desmethylsildenafil is

increased in pregnancy.

As no data after intravenous administration were available,

it was assumed that 100% of the administered subcutaneous

dose was absorbed. Furthermore, since we had no urine

samples, absolute sildenafil amounts being eliminated

through the different routes could not be established.

Walker et al. reported that sildenafil is mostly metabolized

to N-desmethylsildenafil and in a much lesser extent through

other metabolic pathways in the non-pregnant rabbit (Walker

et al., 1999). Therefore, and as only N-desmethylsildenafil as

a metabolite was measured, the assumption of 100% conver-

sion was made. Consequently, if the fraction of formation to

other metabolites and absorption is known in both pregnant

and non-pregnant rabbits all the PK parameters should

decrease proportionally and if the fraction metabolized to

desmethylfildenafil would be less than 100%, all parameters

related to the metabolite would also decrease proportionally.

This is the first study comparing sildenafil PK in pregnant

and non-pregnant subjects, using a rabbit model. The

counterintuitive differences in PK parameters suggest that

additional, still unexplored, mechanisms may contribute to the

effect of pregnancy on sildenafil metabolism and distribution.

This is of interest for future animal research, both on

sildenafil and on other compounds with a therapeutic

indication during pregnancy. This is of relevance, since

several new indications for sildenafil in pregnancy are

claimed and are investigated in animal studies. To guarantee

the translational impact of such studies, demonstration that

the drug is administered at the target therapeutic dose in the

study population—be it animal experimental or human—is

mandatory. We chose for limited sampling per animal, to

reduce individual burden. Population modeling can still deal

with this data and the improved statistical power compared to

more traditional data analysis techniques.

Furthermore, given the minimal impact on animal welfare,

a single drug administration followed by a single blood

sample can potentially be performed in animals already

included for other experimental purposes. As a result, such

PK studies might be accomplished without additional ani-

mals, in agreement with the 3R’s rules on Humane

Experimental Techniques (Russell, 1995).

The results from this study also underline the need for PK

studies in pregnant patients using sildenafil. Sildenafil

treatment during pregnancy is becoming more common in

the clinical setting. Several case reports have been published

on the chronic use of sildenafil in pregnant patients with

pulmonary hypertension (Lacassie et al., 2004; Molelekwa

et al., 2005; Streit et al., 2009). Sildenafil has also been

evaluated as a treatment of placentation disorders, such as

preeclampsia (Samangaya et al., 2009) and intrauterine

growth restriction (von Dadelszen et al., 2011), and in

pregnancies complicated by oligohydramnios (Maher et al.,

2017). Currently, three phase III trials on sildenafil treatment

during pregnancy are ongoing, two in cases with intrauterine

growth restriction (Ganzevoort et al., 2014), and one in

normal pregnancies to reduce the risk of fetal distress during

labor (Dunn et al., 2016). Despites these practices, we are

unaware of a sildenafil PK study specifically in pregnant

patients. Only one study provides limited information on

maximum and mean sildenafil plasma concentrations after

Figure 4. Population predicted sildenafil
concentrations (A) and desmethylsildenafil
concentrations (B) over time in pregnant
(blue, dotted line) and non-pregnant rabbits
(red, solid line) weighing 4.3 kg after
10 mg/kg subcutaneous sildenafil.
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administration at different doses (Samangaya et al., 2009).

However, this study was conducted in patients having

preeclampsia, which is associated with changes in body

composition, liver and kidney function that can profoundly

influence drug metabolism (Ganzevoort et al., 2004;

Jeyabalan and Conrad, 2007).

The pregnancy-related alterations in the PK profiles of

sildenafil and its metabolite as shown in our study, demon-

strates that extrapolation from non-pregnant to pregnant

subjects might be hazardous, or should at least be validated in

pregnant women.

We acknowledge the limitations of this study. First,

sildenafil was administered in pregnant rabbits at 24 days of

gestation, corresponding to the late second/early third

trimester. This gestational age was selected because it

corresponds to the gestational period in which sildenafil is

indicated for most of the aforementioned pregnancy compli-

cations in the clinical setting. Also, the physiological

alterations related to pregnancy are expected to be most

profound in the second half of the pregnancy (Matar and

Marafie, 2011). Due to this study design, pregnancy could

only be studied as a dichotomous covariate, while changes in

plasma volume, blood perfusion, kidney and liver function are

gestational age-specific (Feghali et al., 2015). Potential

differences in sildenafil PK across gestation were therefore

not investigated. Secondly, the preferred route of drug

administration in a clinical setting is oral, while we used

subcutaneous administration. We assessed different routes and

regimens in pilot rabbit studies (data not published). Oral

administration could not guarantee a controlled intake of the

right dose in the rabbits, unless done via gavage. However,

most of the animal studies on sildenafil in pregnancy require

chronic daily administration, often together with fetal

manipulations necessary for outcome assessment. Repeated

gavages in this setting would then induce excessive stress in

the animal, increasing the risk of fetal loss and maternal

discomfort. On the contrary, daily subcutaneous injections at

a dose of 10 mg/kg led to sildenafil plasma levels within the

therapeutic range (Russo et al., 2016) with minimal stress for

the animal. However, the effect of pregnancy on gastrointes-

tinal absorption and pre-systemic metabolism (e.g. entero-

cyte), as well as the influence of food intake on PK

parameters following oral administration (Nichols et al.,

2002) have to be considered when translating the results of

this study to the human setting. Finally, the maternal PK data

are only the first, but crucial step to further investigate trans-

placental transfer and fetal PK. This is especially of relevance

when the fetus represents the target compartment since there

is recent preclinical evidence that the drug may be used in

women carrying fetuses with congenital diaphragmatic hernia

(CDH) to prevent the occurrence of pulmonary hypertension

after birth (Luong et al., 2011; Mous et al., 2016; Russo et al.,

2016).

In conclusion, the present study shows that the PK profile

of sildenafil and its metabolite in rabbits is changed during

the second half of gestation, leading to higher predicted peak

concentration and 24-h exposure for sildenafil and lower 24-h

exposure for its metabolite in pregnant rabbits. This infor-

mation might be of relevance for future animal studies as well

as for the design of PK studies in humans.
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