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Abstract

The use of drugs in pregnancy always raises concerns regarding potential fetal exposure and

possible adverse effects through their accumulation in fetal tissues and organs. Barusiban is an

oxytocin antagonist under development for potential use as tocolytic in preterm-labor patients. It

displays greater affinity for the oxytocin receptor compared to vasopressin V1A receptor and would

thus not interfere with vasopressin-induced effects of the V1A receptor. Barusiban placental transfer

was determined in the rabbit and cynomolgus monkey and in an ex vivo human cotyledon model.

In the rabbit, there was an approximately 5% transfer of barusiban from the maternal to the fetal

blood, without significant accumulation in any of the investigated fetal tissues. In the cynomolgus

monkeys, the mean fetal plasma barusiban concentration was 9.1% of the maternal level. This was

similar to the percentage of barusiban transfer in the human placental single cotyledon, which once

equilibrated ranged between 9.3 and 11.0% over the observation period. The transfer of the small-

molecule antipyrine as a comparator in this human model was approximately three times greater.

The similarity in the degree of transfer in the cynomolgus monkey and human cotyledon, while

being less in the rabbit, may reflect the species-specific placental barrier structure between the

maternal and fetal compartments. In conclusion, limited placental transfer of barusiban occurred

in all three models. The similarity of barusiban transfer in the cynomolgus and the human placental

single cotyledon suggests the latter ex vivo model to be useful in assessing future drug candidates

to be used in pregnant women.

Summary Sentence

Limited barusiban placental transfer occurred in all three models, with the similarity of transfer in

the cynomolgus and the human cotyledon, suggesting this ex vivo model to be useful in assessing

human placental transfer of pharmaceuticals.
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Introduction

There are always potential concerns and regulatory expectations
regarding maternal medications and potential fetal exposure dur-
ing pregnancy. Placental drug transfer studies can help to identify
possible hazard and thus the safety of such compounds, because
resultant fetal circulatory levels may lead to exposure with or with-
out accumulation in tissues and organs, possibly producing adverse
effects.

Premature labor leads to early childbirth, associated with imme-
diate and long-term health problems [1]. Therefore, tocolytic drugs
are given for imminent preterm to prevent premature labor. This
allows, for example, sufficient time for transfer to a neonatal inten-
sive care unit and accelerated fetal lung maturation by antena-
tal hydrocortisone treatment, reducing the risk of related medical
problems [2]. Molecular size plays a role in placental transfer [3].
Generally, tocolytic peptides display low placental transfer and tend
to be less toxic than small molecules, some of which can readily
cross the placenta and may have toxic metabolism issues, possibly
affecting fetal health. Indeed, up to 100% transfer has been observed
for MgSO4 in humans [4, 5], greater than 60% for dihydropyridine
nifedipine [6, 7], up to 90% for fenoterol [8], and 26% or 70%
for ritodrine hydrochloride used in short- or long-term treatment,
respectively [9, 10], whereas only 12% was reported for the peptide
atosiban [11]. Several papers have described MgSO4-related reduced
fetal heart rate (HR), HR variation (HRV), and bradycardia as
well as fetal respiratory depression [12]. Nifedipine was shown to
significantly reduce fetal HR while increasing HRV [13]. Ritodrine
was reported to increase the fetal HR while lowering the long-term
HRV, accompanied by increased left cardiac stroke volume, cardiac
output, and pulsatility index of the middle cerebral artery [14, 15].
Although dihydropyridine nicardipine was reported to have a lower
transfer of 17% [16], it was shown in rhesus monkey fetus to induce
acidosis and hypoxemia [17]. Therefore, low transfer is important to
reduce the risk of potential fetal adverse effects of tocolytics.

Barusiban (FE 200440) is a peptide oxytocin antagonist for
potential future use as a tocolytic drug in preterm-labor patients,
being slightly smaller than atosiban. It displays an approximately
300 times higher affinity for the cloned human oxytocin receptor
(OTR) than the cloned human vasopressin V1A receptor (V1AR)
when expressed in human embryonic kidney (HEK)-293 cell mem-
branes [18]. Similarly, barusiban has a greater potency for the OTR
when expressed in Chinese hamster ovary cells than the V1AR
expressed in HEK-293 cells (Ki 0.64 nM vs. 11 nM) (unpublished
data). By contrast, atosiban displays a higher affinity for the cloned
human V1AR than the OTR (Ki 3.5/4.7 nM vs. 81/397 nM) [19,
20] and greater potency (Ki 0.27 nM vs. 20 nM) (unpublished
data). Barusiban binds to transmembrane regions 1 and 2 of the
OTR rather than the agonist-binding extracellular N-terminus, while
atosiban does not appear to bind to either of these sites [21]. Whereas
the extracellular domain of the oxytocin and vasopressin receptors
shares approximately 80% amino acid homology [22], this is only
30–50% over the entire receptor molecule [23]. The amino acid
sequence difference between the receptors in the barusiban-binding
region may thus contribute to barusiban’s greater binding affinity
for the OTR. Consequently, barusiban had practically no effect on
vasopressin-induced contractions of isolated term-pregnant human
myometrium [18], whereas it dose-dependently inhibited oxytocin-
induced contractions of isolated human preterm and term myome-
trial strips with a greater tendency than atosiban [24]. In OTR-
knockout mice, the dams exhibited normal parturition but displayed

an inability to lactate, such that the pups were unable to survive
because of a lack of suckling [25]. Because barusiban is planned for
use during pregnancy, this raises the question of the potential for
placental transfer and possible fetal risks.

The rabbit is a standard model to test reproductive toxicology
[26] and has been used previously in the toxicological evaluation of
barusiban (unpublished data), is qualified as a relevant non-clinical
species, and is accepted by the regulatory authorities for this study
type. The rabbit placental barrier at term has two trophoblastic cell
layers, syncytiotrophoblasts in direct contact with maternal blood
and cytotrophoblasts overlying fetal blood vessels [27], compared to
the single trophoblastic layer (syncytiotrophoblasts) of the human
placenta at term [28]. The rabbit OTR shares 88% amino acid
sequence identity with the human receptor, increasing to 92%, when
also including highly similar amino acids (unpublished data). A
further non-clinical model, in which barusiban is pharmacologically
active, is the cynomolgus monkey, which has similarities to humans
in reproductive physiology [29] and embryo/fetal development [30].
Like humans, the cynomolgus monkey is hemomonochorial, with
a single syncytiotrophoblast layer separating maternal blood from
fetal blood vessels [27, 28]. Moreover, its OTR amino acid sequence
shares 97% identity with humans, increasing to 99%, when includ-
ing highly similar amino acids (unpublished data). The investigation
of barusiban’s effect in the pregnant cynomolgus monkey found it to
be more potent and its action longer lasting than atosiban in reduc-
ing oxytocin-induced uterine contractions, the effects being readily
reversed by a high-dose oxytocin infusion [31]. This confirmed
barusiban’s apparent greater potency compared to atosiban observed
previously using isolated human preterm and term myometrial strips
[24]. Furthermore, barusiban was more effective than fenoterol in the
cynomolgus monkey in reducing induced uterine contractions [32].
However, a Phase II clinical trial did not demonstrate a statistically
significant effect of barusiban over the placebo group, although there
was a tendency in all the barusiban treatment groups toward a
higher proportion of women who did not deliver within 48 h with
increasing predosing cervical length. [33]. Furthermore, with the high
number (72%) in the placebo group who did not deliver within 48 h,
this would have reduced the possibility of detecting a significant
difference between the barusiban groups and the placebo group. A
dually perfused model of a human placental single cotyledon has
been used in transplacental studies since 1972 [34]. This model has
been shown with numerous compounds to accurately predict in vivo
transfer at steady state after modeling for differences in maternal and
fetal/neonatal protein binding and blood pH [35].

Here, for pharmacokinetic safety reasons, we investigated barusi-
ban placental transfer in vivo in the rabbit and cynomolgus monkey
and in an ex vivo human perfusion model. The results will help to
characterize barusiban’s placental transfer kinetics in clinical use.

Materials and methods

Placental transfer in rabbits

This study was conducted in compliance with the good laboratory
practice (GLP) regulations 1999 (SI 1999 No. 3106) for the United
Kingdom and with the OECD GLP Principles (ENV/MC/CHEM
(98) 17), which are accepted by the USFDA. Twelve healthy pregnant
female New Zealand white rabbits aged 5–6 months and weighing
3.0–4.4 kg were obtained from Harlan UK (Bicester, UK). The rabbits
were housed individually in stainless steel rabbit cages under a 12-h
light/dark cycle and acclimatized for 4 days. The temperature and
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relative humidity of the room housing the animals was 19–22 ◦C and
25.5–92%, respectively. Stanrab diet (Special Diets Services, Witham,
UK) and mains tap water were provided ad libitum.

Barusiban supplied by Ferring AB (Limhamn, Sweden) (see
Methods Supplement for dose preparation) was administered
intravenously as a single bolus injection via an ear vein once daily
for 7 days (days 24–30 of gestation). The mean daily dose was
3.01 ± 0.013 mg/kg at 1 mL/kg in 0.9% saline, with a mean
radioactive dose of 522 ± 1 kBq/kg (14.1 ± 0.021 μCi/kg).

Blood was obtained via an ear artery immediately prior to sacri-
fice. Three maternal animals were sacrificed by barbiturate overdose
at 10 min and 1, 3, and 10 h post-dose, and blood transferred to a
heparinized tube. Necropsy was undertaken for each dam and one
fetus of each sex. Fetal blood was obtained by cardiac puncture
and various tissues were collected. Radioactivity in plasma and
tissue samples was determined by liquid scintillation counting. (See
Methods Supplement for preparation of blood, plasma, and tissue
samples and determination of barusiban content.)

Placental transfer in cynomolgus monkeys

This study was in compliance with the GLP regulations as outlined in
the German Chemical Law, the OECD Principles, and the U.S. FDA
for Nonclinical Laboratory Studies and was approved by the Mün-
ster District Council, planned experiment No. 14/87. Three female
purpose-bred and sexually mature cynomolgus monkeys (Macaca
fascicularis), were obtained from Best Engineering Company Ltd.
and Vanny Chain Technology Ltd. (both Hong Kong). On gestation
day 140, the animals weighed 3.9–4.2 kg and were at least 3 years
old. On arrival, all animals received a clinical inspection and were
subsequently regularly examined. The animals were acclimatized
for a minimum of 6 weeks, being housed under a 12-h light/dark
cycle in a climate-controlled room, providing a minimum of 10
air changes/h, with temperature and relative humidity routinely of
19–25 ◦C and 30–70%, respectively. The animals were individually
housed in stainless steel cages (600 × 600 × 800 mm; E. Becker
& Co GmbH, Castrop–Rauxel, Germany). Tools for environmental
enrichment were provided in each cage. Each animal received twice
daily 50 g of a commercial pellet diet for primates (Ssniff P10, Ssniff
Spezialdiäten GmbH, Soest, Germany), fresh fruit normally twice
weekly, and one slice of bread once weekly. Tap water was provided
ad libitum.

Prior to caesarean section (C-section) on day 150 ± 1 of gesta-
tion, barusiban (Ferring AB) at 10 mg/mL in isotonic 0.04 M acetate
buffer pH 4.3 diluted using 0.9% saline was infused intravenously
into the saphenous vein using an infusion pump for 2 h to a
maximal dose of 300 μg/kg (based on previous pharmacodynamic
experiments [31]) in 5 mL/kg. Maternal blood samples were obtained
from the brachial vein (approximately 1.5 mL) prior to initiation of
dosing (as control) and 1 and 2 h thereafter.

For C-section, the animals were intramuscularly anesthetized
using ketamine hydrochloride (Ketavet; Pharmacia & Upjohn
GmbH, Erlangen, Germany) and xylazine hydrochloride (Rompun;
Bayer Vital GmbH & Co. KG, Leverkusen–Bayerwerk, Germany). C-
section was performed, and amniotic fluid (10 mL) and fetal blood
(approximately 1.5 mL) from the umbilical vein were collected.
Fetuses were subsequently sacrificed by an intravenous injection
of ketamine hydrochloride via the umbilical vein. The fetuses
were sexed and examined for external abnormalities. Following
completion of the study, there were no signs of major illness in the

adults, and all healthy females were returned to the primate colony
following CRO procedures.

Plasma samples were analyzed for barusiban by radioimmunoas-
say and amniotic fluid samples by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) (see Methods Supplement for blood
and amniotic fluid preparation and analyses).

The ratios of fetal plasma barusiban at C-section/maternal
plasma after 2 h and amniotic fluid barusiban concentrations at
C-section/maternal plasma after 2 h of infusion were calculated.
Assuming that the maternal plasma barusiban concentrations after
2 h and the fetal plasma and amniotic barusiban concentrations at
C-section were from normally distributed populations, parametric
statistical analyses were performed, with a paired t-test for the
barusiban concentrations using GraphPad Prism (Version 6, La Jolla,
CA).

Human cotyledon transfer

This study was approved by the Ethics Commission of the Medical
Faculty of the University of Vienna and the General Hospital of
Vienna AKH, Austria (approval no. EK Nr: 248/2003). Seventeen
placentas with no signs of chorioamnionitis were obtained with
written consent from women with uncomplicated obstetric histories
after pregnancies of gestational weeks 39–41 and birth weights of
3–4 kg (see Methods Supplement for cotyledon preparation).

Ex vivo perfusions were performed according to published meth-
ods [34, 36], using a placental double-sided open cotyledon perfu-
sion model (see Methods Supplement for preparation). Following a
stabilization period, the fetal circulation flow rate was continued
at 2 mL/min, and the maternal circulation was re-established at
10 mL/min, maintaining the perfusate at 36.5 ◦C using a water
bath. Barusiban (Ferring Pharmaceuticals A/S, Copenhagen, Den-
mark; in isotonic 0.04 M acetate buffer pH 4.3) was applied at
1.2 μM (1 μg/mL) in the perfusate (corresponding to the maximum
serum concentrations in clinical trials on intravenous administration
of a 10-mg bolus [33]). Antipyrine (Sigma) as an inert reference
compound was co-infused at 531 μM (0.1 mg/mL) [37, 38]. Only
experiments in which the fetal arterial inflow equaled the venous
outflow were analyzed. Perfusate samples were obtained from the
fetal venous cannula after 1, 5, 10, 30, 60, 90, and 120 min and
stored at −20 ◦C. Following each experiment, membrane integrity
was tested by adding 5 mL Evans blue dye (0.1 mg/mL NaCl; Sigma-
Aldrich Co.), which cannot cross the placental barrier, to the fetal
circuit. Barusiban was analyzed by automated protein precipitation
followed by liquid chromatography and tandem mass spectrometry.
Spectrophotometric quantitative determination of antipyrine was
based on a published method [39]. (See Methods Supplement for
details of the analytical methodology.)

The area under the curve (AUC) of barusiban and the reference
small-molecule antipyrine of the transfer time course was calculated
using the trapezoidal method. The AUC of the barusiban transfer
time course was compared to that of antipyrine using a paired t-test
and the Pearson correlation coefficient determined using GraphPad
Prism. The mean of the ratios of barusiban to antipyrine transfer
AUC time courses was calculated using GraphPad Prism. Normality
of the distribution of the Pearson r and AUC ratio values was
confirmed using the D’Agostino K2 test.

Results

All data are presented as the mean ± standard deviation.
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Figure 1. Rabbit maternal and fetal blood and plasma mean barusiban levels. Note the much higher scale for the maternal (left) compared to fetal (right)

barusiban levels. Only approximately 5% of the maternal barusiban was transferred to the fetus. Standard deviation is shown for all maternal time points and

for fetal when n ≤ 3 (n = 3 for maternal; n = 1–6 for fetal when sample obtained).

Rabbit placental transfer

At each time point, there was no maternal mortality (n = 3), and
one fetus of each sex was investigated from each dam (maximum
n = 6). The highest maternal blood and plasma barusiban levels
were detected 10 min post-dose of 18 856 ± 6679 nM and 28
225 ± 7189 nM, respectively (both n = 3) (Figure 1). For technical
reasons, no fetal plasma samples were available for analysis and
only one for blood containing 1000 nM barusiban (3.8% of the
adult). Barusiban was detected in the fetal adrenal gland but only
in two out of five fetuses, with minimal levels of 2456 and 5059 nM
(9.3 and 19.1%, respectively, of the maternal blood), while in the
other three fetuses, it was below the lower level of quantification
(LLOQ) of 50 dpm (5.46 × 10−3 nmoles total barusiban) above
the background (Table 1). In other fetal tissues, the barusiban level
was either extremely low (<1% of the maternal blood) or less than
LLOQ.

The mean barusiban 1 h post-dose in maternal blood of
6189 ± 2728 nM and plasma of 9926 ± 4063 nM (both n = 3)
were 32.8 and 35.2%, respectively, of the maximum level (Figure 1).
Fetal blood barusiban after 1 h was slightly lower at 793 ± 514 nM
(n = 3), being 79.3% of that after 10 min and representing 4.2%
of the peak maternal level. Fetal plasma barusiban after 1 h was
1421 ± 759 nM (n = 2) (representing 5.0% of the peak maternal
level). Barusiban in most tissues samples was less than LLOQ or less
than 1% of the maternal peak blood level (Table 2). In the single
amniotic fluid sample available, a minimal amount of barusiban
of 3070 nM (16.3% of the maximal parental plasma level) was
found. In two fetal adrenals, the barusiban was 5.0 and 15.7% of
the maximal parental plasma level, in the remaining four adrenals
being less than LLOQ (Table 2).

At 3 h post-dose, the barusiban level had fallen further in
maternal blood to 1143 ± 769 nM and in plasma to 2224 ± 743 nM
(both n = 3) (Figure 1), 6.1 and 7.9% of their respective maximum
levels. The fetal blood barusiban was further slightly lower at
600 ± 381 nM (n = 4), while the plasma barusiban remained similar
at 1383 ± 169 nM (n = 2) to that after 1 h. Barusiban was again

present at a minimal level of 3061 nM (16.2% of the maximum
maternal plasma level) in the single available amniotic fluid sample
(Table 3). In two fetal adrenals, barusiban was 26.6 and 16.4% of
the maximum maternal plasma level, in the other three available
adrenals being less than LLOQ (Table 3). The mean fetal carcass
barusiban level was 705 ± 360 nM (n = 5), similar to that in fetal
blood but less than in fetal plasma at this time.

By the final time-point of 10 h post-dose, the barusiban in
maternal blood of 111 ± 37 nM and plasma of 488 ± 55 nM
(both n = 3) (Figure 1) were less than 1% and less than 2% of the
first determination, respectively. Final barusiban in fetal blood was
348 ± 349 nM and in plasma 742 ± 420 nM (both n = 6), less
than 2% and less than 3% of initial maternal levels, respectively. In
the two available amniotic fluid samples, again a minimal barusiban
concentration could be detected of 1077 ± 243 nM (5.7% compared
to the maximal maternal blood level), being lower compared to
3 h (Table 4). Only one of the six adrenals in the fetuses was the
barusiban above the LLOQ at a minimal level of 2258 nM (12.0%
of the maximal maternal blood level). In all other fetal tissues,
barusiban was present at less than 1% of peak maternal blood level
or less than LLOQ.

The results indicate that following intravenous bolus barusiban
administration, only a minimal amount of the barusiban crossed the
placental barrier to reach the fetal blood. In most of the fetal tissues,
the barusiban concentrations were generally much lower than in
the blood/plasma, with many individual results below the limit of
reliable quantification.

Cynomolgus monkey placental transfer

There was no mortality or treatment-related clinical signs through-
out the study. Live fetuses (one male, two females) displaying no
abnormalities were delivered by C-section in the three adults.

The mean maternal plasma barusiban concentration was
1952 ± 628 nM (n = 3) 1 h after initiating dosing (Table 5). After 2 h,
the mean maternal plasma barusiban was 2666 ± 1319 nM, having
increased in two animals by 40.4 and 54.6% while decreasing by
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Table 1. Rabbit fetal tissue barusiban levels 10 min after the final maternal dose.

Tissue Concentration (nmoles/kg tissue)

1 M 2 M 3 M 1 F 2 F 3 F Mean ± SD

Adrenal <LLOQ <LLOQ 2456 <LLOQ NS 5059 3119 ± 1527∗∗
Amniotic NS 1073 NS 929 NS NS 831 ± 85∗∗
Aorta ND <LLOQ ND ND NS ND <LLOQ
Brain ND <LLOQ <LLOQ ND NS ND <LLOQ
Heart <LLOQ <LLOQ <LLOQ 24 NS <LLOQ 24∗
Kidney 49 72 147 72 NS 123 77 ± 34
Liver 61 80 95 54 NS 102 65 ± 17
Lung 25 59 28 36 NS 31 30.0 ± 11.0
Testes <LLOQ ND <LLOQ – – – <LLOQ
Ovaries – – – <LLOQ NS ND <LLOQ∗∗
Carcass 322 383 376 288 NS 446 301 ± 50

M, male; F, female; SD, standard deviation; ND, not detected; NS, no sample: <LLOQ, below lower limit of quantification.
∗Based on single value.
∗∗Based on two values.

Table 2. Rabbit fetal tissue barusiban levels 1 h after the final maternal dose.

Tissue Concentration (nmoles/kg tissue)

4 M 5 M 6 M 4 F 5 F 6 F Mean ± SD

Adrenal 2959 <LLOQ 940 <LLOQ <LLOQ <LLOQ 1618 ± 1185∗∗
Amniotic NS NS 3068 NS NS NS 3068∗
Aorta <LLOQ <LLOQ <LLOQ <LLOQ ND <LLOQ <LLOQ
Brain ND <LLOQ <LLOQ <LLOQ ND 20 20∗
Heart <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ

Kidney 60 20 75 63 36 40 41 ± 17
Liver 67 52 57 47 39 59 44 ± 8
Lung 89 35 75 98 80 63 61 ± 18
Testes <LLOQ ND <LLOQ – – – <LLOQ
Ovaries – – – <LLOQ <LLOQ <LLOQ <LLOQ
Carcass 782 328 292 702 237 843 441 ± 227

M, male; F, female; SD, standard deviation; ND, not detected; NS, no sample; <LLOQ, below lower limit of quantification.
∗Based on single value.
∗∗Based on two values.

Table 3. Rabbit fetal tissue barusiban levels 3 h after the final maternal dose.

Tissue Concentration (nmoles/kg tissue)

7 M 8 M 9 M 7 F 8 F 9 F Mean ± SD

Adrenal <LLOQ 5024 NS <LLOQ 3100 <LLOQ 3372 ± 1129∗∗
Amniotic 3061 NS NS NS NS NS 3061∗
Aorta <LLOQ <LLOQ NS ND <LLOQ ND <LLOQ A
Brain <LLOQ ND NS <LLOQ <LLOQ ND <LLOQ
Heart <LLOQ <LLOQ NS <LLOQ <LLOQ <LLOQ <LLOQ
Kidney 92 89 NS 36 71 61 58 ± 19
Liver 192 100 NS 46 86 54 79 ± 48
Lung 122 72 NS 53 99 45 65 ± 27
Testes ND <LLOQ NS – – – <LLOQ∗∗
Ovaries – – – ND <LLOQ ND <LLOQ
Carcass 1198 335 NS 364 811 816 585 ± 299

M, male; F, female; SD, standard deviation; ND, not detected; NS, no sample: <LLOQ, below lower limit of quantification.
∗Based on single value.
∗∗Based on two values.
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Table 4. Rabbit fetal tissue barusiban levels 10 h after the final maternal dose.

Tissue Concentration (nmoles/kg tissue)

10 M 11 M 12 M 10 F 11 F 12 F Mean ± SD

Adrenal <LLOQ <LLOQ <LLOQ 2258 <LLOQ <LLOQ 2258∗
Amniotic NS NS NS 1249 905 NS 1077 ± 243∗∗
Aorta <LLOQ ND ND <LLOQ ND <LLOQ <LLOQ
Brain ND <LLOQ <LLOQ <LLOQ ND <LLOQ <LLOQ
Heart <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
Kidney 118 67 57 83 53 111 68 ± 23
Liver 59 71 57 76 51 77 54 ± 9
Lung 47 45 42 17 61 77 46 ± 16
Testes ND <LLOQ ND – – – <LLOQ
Ovaries – – – <LLOQ <LLOQ <LLOQ <LLOQ
Carcass 265 840 649 330 1190 1098 605 ± 320

M, male; F, female; SD, standard deviation; ND, not detected; NS: no sample; <LLOQ, below lower limit of quantification.
∗Based on single value.
∗∗Based on two values.

Table 5. Cynomolgus monkey maternal and fetal barusiban levels.

Animal number Maternal plasma
after 1 h (nM)

Maternal plasma
after 2 h (nM)

Fetal plasma at
C-section ± SD

(nM)

Plasma ratio: fetal
at

C-section/maternal
after 2 h

Amniotic fluid at
C-section (nM)

Ratio: amniotic
fluid at

C-section/maternal
plasma after 2 h

1 (F) 2265 3181 257 ± 11 0.081 54 0.017
2 (M) 1229 1167 149 ± 7 0.128 27 0.023
3 (F) 2361 3650 234 ± 30 0.064 61 0.017
Mean ± SD 1952 ± 628 2666 ± 1319 213 ± 57∗ 0.091 ± 0.033 47 ± 18∗ 0.019 ± 0.004

Samples were obtained from three adult animals and their respective single fetus. Maternal plasma and the amniotic fluid represent a single value, while for fetal plasma, the values are
the mean of triplicate determinations. C-section, caesarean section; SD, standard deviation; F, female fetus; M, male fetus.
∗P < 0.05 vs. mean maternal plasma level after 2 h.

5.0% in the third animal. Fetal plasma obtained during C-section
contained a mean of 213 ± 57 nM barusiban (n = 3), being 9.1%
of the mean maternal plasma level after 2 h (P = 0.0415). The mean
amniotic barusiban concentration at C-section of 47 ± 18 nM (n = 3)
was 1.9% of the maternal plasma after 2 h (P = 0.0109).

Human placental transfer

In total, 17 placentas were perfused. Two were excluded before
barusiban application, because the arterial inflow and venous out-
flow were unequal, while in the other Evans blue leakage occurred in
the membrane-integrity test. In a further two placenta, the barusiban
level was above the highest measurable limit for the inflow (maternal
side), the data thus being excluded from calculations. Overall, a
steady-state barusiban transfer from maternal to fetal side of approx-
imately 11% was attained within 10 min in the 13 placentas included
for analysis (Figure 2). For the reference small molecule antipyrine,
the transfer in the same 13 placentas peaked after 10 min at 35%
before falling back to a steady-state transfer of approximately 29%
from 30 min. However, the time course pattern was quite variable
from placenta to placenta for both barusiban and antipyrine, which
may make the mean time course misleading. By contrast, for any
given placenta, the time course patterns of barusiban and antipyrine
were similar to each other. Therefore, the area under the curve (AUC)
of the time course was a more representative quantification of the
placental transfer, which was 1246 ± 437%·min for barusiban vs.
3511 ± 988%·min for antipyrine (P < 0.0001, r2 = 0.8922), and

the AUC ratio of barusiban to antipyrine was 36 ± 11% (95%
confidence interval: 30–43%).

Discussion

In the present study, three different model systems were investigated.
The rabbit is a standard model used to test reproductive toxicology
[26] and the cynomolgus monkey, a large non-clinical model with a
similar placental barrier to the human. The ex vivo human cotyledon
model provides an insight into the actual clinical transfer.

Following barusiban administration in rabbits, only a limited
amount crossed the placental barrier, reaching a level in the fetal
blood and plasma of approximately 5% of the corresponding max-
imum on the maternal side. In most of the fetal tissues investigated,
the barusiban concentrations were generally much lower than in
the blood/plasma, in many cases below the limit of reliable quan-
tification. Similarly, on intravenous barusiban infusion for 2 h to
pregnant cynomolgus monkeys, limited placental transfer occurred,
reflected in the fetal plasma and amniotic fluid containing only
6.4–12.8 and 1.7–2.3% of the peak maternal plasma concentration,
respectively. Again, in the perfused human placenta model, only
approximately 11% barusiban diffusion or transport into the fetal
circulation occurred, which was significantly lower compared to a
peak of 35% for the small-molecule control antipyrine (P < 0.0001).

The level of barusiban transfer was similar in the cynomolgus
monkey and human cotyledon perfusion model compared with in
vivo atosiban transfer, a non-apeptide of slightly higher molecular
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Figure 2. Percentage transfer of barusiban as well as antipyrine as a small-molecule control in isolated human cotyledons. Standard error bars are shown

(n = 13).

weight, reported in pregnant women at term of 12% [11]. The
human cotyledon ex vivo barusiban transfer of approximately 11%
was clearly below that reported in humans for the smaller tocolytics
MgSO4, nifedipine, fenoterol, and ritodrine hydrochloride, which
ranged from 26% up to approximately 100% [4–10].

The tissue distribution pattern of barusiban in the rabbit fetuses
was similar to that observed in a quantitative whole-body autoradio-
graphy (QWBA) study in the marmoset (unpublished data). Addi-
tionally, in both species, the radioactivity in fetal brain was normally
below the limit of quantification (12 pmoles/g tissue for the mar-
moset).

The lower transfer of barusiban from maternal to fetal blood
in the rabbit compared with the cynomolgus monkey and human
cotyledon model may reflect species-specific placental barrier struc-
ture between the maternal and fetal compartments. Cynomolgus
monkey and human placentas are hemomonochorial, with a single
placental cell layer separating the maternal blood from fetal blood
vessels [27, 28]. These displayed similar barusiban placental trans-
fer in the present study, with approximately 9% of the maternal
barusiban in the cynomolgus monkey and approximately 11% for
the ex vivo human cotyledon reaching the fetal side. By contrast,
this transfer was lower at approximately 5% in the rabbits, which
have a hemodichorial placenta at term, with a double cell layer
separating the maternal blood from fetal blood vessels [27]. While
earlier in gestation the presence of the inverted yolk sack in the
rabbit, which is absent in primates and humans [40], may con-
tribute to drug transport or accumulation, this is no longer present
at term in the current study. However, this structure would have
to be taken into consideration when using this model to assess
drug transfer earlier in gestation. Furthermore, in the rat, with a
triple placental trophoblastic cell layer (hemotrichorial; one layer of
cytotrophoblasts contacting the maternal blood and two layers of
syncytiotrophoblasts) [27], barusiban in a QWBA study was below
the limit of quantitation (40 pmoles/g) at all sampling times in
the fetuses (unpublished data). A similar effect of placental barrier
structure on transfer was observed for atosiban, which reached 12%
in humans, but could not be detected in sheep, this animal with an
epitheliochoral placenta of multiple cell layers between the maternal
and fetal blood [11, 41].

Commonly used tocolytics are small-molecule drugs that were
developed for clinical conditions other than preterm labor [42], for
example, MgSO4, to treat/prevent low blood magnesium, arrhyth-
mias, and acute asthma; ritodrine in asthma; fenoterol in asthma
and chronic obstructive pulmonary disease; and nifedipine as an
antihypertensive. Atosiban was the first drug specifically developed
to treat preterm labor, which is approved in the EU and numerous
countries globally, although not in the USA. It is a mixed V1AR/OTR
antagonist and mainly acts in reproductive tissues, avoiding systemic
adverse effects; however, it can still affect the vascular V1AR [43].
The concentration of V1A binding sites is high in human uterine
tissues, particularly in the decidua, in all such tissues being approxi-
mately 50–60% of the level of oxytocin binding sites [44]. Barusiban,
a new oxytocin antagonist, displayed considerably higher affinity in
ligand-binding assays [18] and greater potency in functional, cell-
based reporter gene assays for the human OTR than the human
V1AR (unpublished data). A selective action of this new analogue
on oxytocin responses, without influencing the uterine V1AR, was
demonstrated in term-pregnant human myometrium [18]. Barusiban
displayed concentration-dependent inhibition of oxytocin-induced
contractions in both isolated human preterm and term myometrial
strips, the effect at least as potent as atosiban [24]. Furthermore, in
pregnant cynomolgus monkeys stimulated with oxytocin, barusiban
displayed improved tocolytic potency and longer duration of action
compared to atosiban [31]. Therefore, barusiban is a potential future
alternative for atosiban, particularly with its greater affinity for the
OTR than the V1AR compared with atosiban.

Any drug that can cross the placental barrier may pose a potential
risk in fetal development. Therefore, the present study was per-
formed for pharmacokinetic safety reasons, with placental transfer
of barusiban investigated in two animal models together with a
human placental cotyledon model. Low transfer of barusiban in
all three models and the limited accumulation in the rabbit fetal
tissues were found. Furthermore, the amount of barusiban applied
to the rabbits and cynomolgus monkeys was approximately 20 and
two times greater, respectively, than the highest therapeutic dose
[33] to ensure high but well-tolerated maternal exposure, to see
any potential transfer, and to identify potential fetal target organs.
Barusiban was applied in the perfusate to the human cotyledon at a
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concentration corresponding to the maximum serum concentrations
in clinical trials on intravenous administration of a 10-mg bolus,
the maximum amount applied [33]. Therefore, considering the low
barusiban transfer in all three models and the limited accumulation
in the rabbit fetal tissues, at the therapeutic level, limited amounts of
barusiban would be expected in the fetal tissues. Rasmussen et al.
[45] reported that there were no barusiban-related effects in the
mother or offspring on treating pregnant cynomolgus monkeys with
up to 2.5 mg barusiban/kg body weight/day from day 85 of gestation
until delivery. Detailed examination of the offspring over a 9-month
postnatal period found no barusiban-related effects on developing
organ systems or on behavior. Moreover, Thornton et al. [33] in a
clinical study reported a very low level of fetal and neonatal adverse
events with maternal barusiban, which did not differ from those
observed on placebo treatment, and their frequency of occurrence
did not alter with increasing maternal barusiban dosage. In the same
study, barusiban did not result in any difference in physical or mental
development in the offspring at a 1-year follow-up.

Maternal barusiban placental transfer needs to be determined
in the clinical situation to confirm a limited transfer to human
fetal blood. This would show how closely the transfer levels seen
both in vivo in the cynomolgus, with a similar placental barrier
structure, and ex vivo with the isolated human cotyledon reflect
human maternal transfer. Consequently, this would indicate whether
they are good models, as already shown, for example, for other drugs
in the cotyledon model [35], to be used in further, more extensive
studies of barusiban as well as in the future to test other poten-
tial peptide tocolytics. Future clinical trials of barusiban, including
in comparison with other tocolytics, will elucidate any fetal side
effects, which appear to be unlikely for barusiban based on current
knowledge.

There were several limitations to the study. In the explorative rab-
bit study, the number of rabbits was limited, and not all fetuses were
examined. Furthermore, only a limited number of time points were
investigated, with available fetal blood/plasma samples restricted
at the earlier time points and of amniotic fluid throughout. The
cynomolgus study was restricted to three animals for ethical reasons,
and in the fetuses, only plasma barusiban levels at a single time point
were investigated and not the tissue distribution.

Conclusions

The limited placental transfer of barusiban in both animal studies
and in isolated human placenta suggests that in maternal therapy,
there would be restricted fetal exposure. This contrasts with the
greater transfer determined here of the small-molecule antipyrine
and of small-molecule tocolytic treatments in the literature. Because
the placental barrier structure may influence the level of tocolytic
transfer, care must be taken in extrapolating from the transfer levels
observed in animal studies to the clinical situation. The similarity
of barusiban transfer in the cynomolgus, with its comparable fetal
development to humans, with the human placental single cotyledon
reflects the previously reported ability of the latter ex vivo model to
accurately predict in vivo human drug transfer and thus be useful in
assessing pharmaceutical drug candidates to be administered during
pregnancy in women.

Supplementary material

Supplementary material is available at BIOLRE online.
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