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Fetal Concentrations of Budesonide and Fluticasone Propionate: a Study in Mice
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Abstract. The study goal was to evaluate the transplacental transfer of two corticoste-
roids, budesonide (BUD) and fluticasone propionate (FP), in pregnant mice and investigate
whether P-glycoprotein (P-gp) might be involved in reducing BUD transplacental transfer.
Pregnant mice (N = 18) received intravenously either low (104.9 μg/kg) or high (1049 μg/kg)
dose of [3H]-BUD or a high dose of [3H]-FP (1590 μg/kg). In a separate experiment, pregnant
mice (N = 12) received subcutaneously either the P-gp inhibitor zosuquidar (20 mg/kg) or
vehicle, followed by an intravenous infusion of [3H]-BUD (104.9 μg/kg). Total and free
(protein unbound) corticosteroid concentrations were determined in plasma, brain, fetus,
placenta, kidney, and liver. The ratios of free BUD concentrations in fetus versus plasma
K(fetus, plasma, u, u) 0.42 ± 0.17 (mean ± SD) for low-dose and 0.38 ± 0.18 for high-dose BUD
were significantly different from K = 1 (P < 0.05), contrary to 0.87 ± 0.25 for FP, which was
moreover significantly higher than that for matching high-dose BUD (P < 0.01). The BUD
brain/plasma ratio was also significantly smaller than K = 1, while these ratios for other tissues
were close to 1. In the presence of the P-gp inhibitor, K(fetus, plasma, u, u) for BUD (0.59 ± 0.16)
was significantly increased over vehicle treatment (0.31 ± 0.10; P < 0.01). This is the first
in vivo study demonstrating that transplacental transfer of BUD is significantly lower than
FP’s transfer and that placental P-gp may be involved in reducing the fetal exposure to BUD.
The study provides a mechanistic rationale for BUD’s use in pregnancy.
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INTRODUCTION

Inhaled corticosteroids (ICS) represent a cornerstone in
the management of asthma. Asthma guidelines recommend
that pregnant asthma patients should be treated with ICS to
the same degree as non-pregnant women (1). The lack of
toxicity of ICS in the treatment of asthma during pregnancy

has been reported in systematic reviews (2–4). Recent studies
showed that fetal adrenal activity and growth are unaffected
by continued ICS treatment during pregnancy (5). Study
results from the Swedish Medical Birth Register found that
2968 mothers who had used budesonide (BUD) during early
pregnancy gave birth to normal infants (3). Because more
data are available on BUD during pregnancy than for other
ICS, the US Food and Drug Administration assigned inhaled
and intranasal BUD a safety category B ranking (6) and the
NAEPP (National Asthma Education Prevention Program)
considered it to be the preferred ICS (7). However, even
though BUD and fluticasone propionate (FP) are widely used
in pregnant women with asthma, our understanding of
placenta transfer of those ICS is limited.

During pregnancy, nutrient and drug transfer across the
placenta can be mediated by passive or facilitated diffusion,
active transport, and pinocytosis (8). A number of efflux drug
transporters have been identified in the placenta. These
include the breast cancer resistance protein (BCRP), P-
glycoprotein (P-gp), and other multidrug resistance proteins
(8,9). P-gp is expressed at the apical surface of the
syncytiotrophoblast membrane of the human placenta (8),
and its major role is believed to reduce the transplacental
transfer of toxic xenobiotic compounds from the mother to
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the fetus. Not only endogenous but also some synthetic
corticosteroids are substrates for placental metabolism (10). For
example, the placental enzyme 11 beta-hydroxysteroid dehydro-
genase-2 (11 beta-HSD2) converts cortisol and corticosterone to
their inactive metabolites (10). Metabolism of synthetic cortico-
steroids such as dexamethasone, beclomethasone dipropionate,
prednisolone, and betamethasone by 11 beta-HSD2 has also
been shown, while BUD and FP were not metabolized by this
placental enzyme (11).

Dexamethasone, methylprednisolone, cortisol, and aldo-
sterone have been shown to be P-gp substrates with
dexamethasone acting as P-gp substrate and inducer (12–
15). Several in vitro studies have suggested that BUD,
beclomethasone dipropionate, mometasone furoate, and
ciclesonide, but not FP, are P-gp substrates (16,17). However,
studies evaluating the placental P-gp-mediated efflux of ICS
are missing.

To better understand the transplacental transfer of ICS,
and its potential relevance for selecting effective and safe
corticosteroids for treatment of women during pregnancy, this
study evaluated the placental transfer of two corticosteroids,
BUD and FP, which are used in inhalation therapy of asthma.
We further assessed the potential role of the placental drug
transporter P-gp in modulating the access of fetal exposure to
BUD in pregnant mice.

MATERIALS AND METHODS

Chemicals

[ 3H ] - b ud e s o n i d e (BUD) ( s p e c ifi c a c t i v i t y
540GBqmmol−1) and [3H]-fluticasone propionate (FP) (specific
activity 125 GBq mmol−1) were provided by AstraZeneca
(Mölndal, Sweden). Isoflurane USP was purchased from
Piramal (Piramal Critical Care, Inc., Bethlehem, PA, USA).
Zosuquidar 3HCL was purchased from MedKoo Biosciences
(Morrisville, NC, USA), and 3H-digoxin (specific activity
975 GBq/mmol) was obtained from PerkinElmer (Boston,
MA, USA). Unlabeled BUD, FP, and digoxin were purchased
from Sigma Chemical Co. (St. Louis, MO, USA).

Preparation of the Study Drugs

In order to prepare tritium-labeled, low-dose and high-
dose BUD, and high-dose FP solutions for intravenous
administration, adequate amounts of unlabeled BUD or FP
were added to an ethanol stock solution of [3H]-BUD or [3H]-
FP, respectively. Ethanol was evaporated under a stream of
nitrogen. The residue was reconstituted in a mixture of
phosphate-buffered saline (PBS) (85% (v/v)), ethanol (5%
(v/v)), and Cremophore RH40 (10% (v/v)).

For each mouse, an individual drug solution was
prepared, where the amount of unlabeled drug was adjusted
to the mouse body weight, whereas the amount of tritiated
drug was constant (each mouse received equal radioactive
dose independent of mouse body weight). Thus, in the drug
solutions prepared for different mice, the total drug concen-
trations were different and dependent on mouse body weight
while radioactive concentrations were independent of mouse
body weight. For a mouse weighing 30 g, BUD solution was
prepared at 13.6 μg/mL for the low-dose administration and

at 136 μg/mL for the high-dose administration. Radioactive
concentration in all BUD solutions was 250 μCi/mL. In BUD
solutions prepared for mice weighing 30 g, [3H]-BUD made
54.4% of the total BUD content in the 13.6 μg/mL solution
and 5.4% in the 136 μg/mL solution.

For each mouse, two concentrations of FP solution were
prepared: one for intravenous bolus dose and another for
intravenous infusion. For a mouse weighing 30 g, concentra-
tions of bolus and infusion solutions were 253 μg/mL and
145 μg/mL, respectively. Radioactive concentrations for all FP
bolus and infusion solutions were 318 μCi/mL and 182 μCi/
mL, respectively. The percentage of [3H]-FP in the solutions
was the same in the bolus and infusion solutions; in FP
solutions prepared for a mouse weighing 30 g, [3H]-FP made
18.6% of the total FP content.

The solution of P-gp inhibitor, zosuquidar, was formu-
lated in a mixture of ethanol (20% (v/v)), polyethylene glycol
200 (60% (v/v)), and 5% glucose (20% (v/v)) to the final
concentration of 5 mg/mL.

Animal Studies

All animals were housed in an animal facility of the
University of Florida and provided with standard chow ad
libitum. Studies were performed using protocol 201207548
approved by the Institutional Animal Care and Use Commit-
tee at the University of Florida, Gainesville, FL, USA.
C57BL/6J mice with weight between 25 and 36 g (The
Jackson Laboratory, Bar Harbor, ME, USA) were allowed
to breed. After male and female mice were caged together,
female mice were checked daily and pregnant mice were
identified by the presence of a vaginal plug. The day on which
the vaginal plug was detected was designated as day E0.5
(half a day pregnant). Studies were performed with mice
averaging a gestation period of 14.5 days.

Animal Studies with Either BUD or FP Administered

Pregnant C57BL/6J mice (N = 18, average gestation
period ~ 14.5 days) were divided into three groups (N = 6
per group). Animals in a given group received either a low
dose of [3H]-BUD (group 1), high dose of [3H]-BUD (group
2), or a high dose of [3H]-FP (group 3). The drugs were
administered through the tail vein employing a loading bolus
dose of 50.5 μg/kg BUD (in 112 μL volume), 505 μg/kg BUD
(in 112 μL volume), or 1010 μg/kg FP (in 120 μL volume) for
groups 1, 2, and 3, respectively. This was followed by a
constant rate infusion of 54.4 μg/kg BUD, 544 μg/kg BUD, or
580 μg/kg FP for groups 1, 2, and 3, respectively, each in
120 μL volume infused over a period of 2 h at a flow rate of
1 μL/min. Thus, mice in low-dose BUD group, high-dose
BUD group, and high-dose FP group received total doses of
104.9 μg/kg BUD, 1049 μg/kg BUD, and 1590 μg/kg FP,
respectively. The radioactive dose was independent of mouse
body weight, with all mice getting either low-dose or high-
dose BUD received 58 μCi per mouse and all mice getting FP
received 60 μCi per mouse.

At the end of infusion, blood was collected through
cardiac puncture. Mice were sacrificed by cervical dislocation
after anesthesia with isoflurane. Blood plasma was prepared,
while brain, placenta, fetus, kidney, and liver were collected,
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washed in PBS to remove blood, and then homogenized after
transfer into fresh 3 volumes of PBS (volume of PBS adjusted
to the volume of actual organ) using an ULTRA-TURRAX
three times over 10-s burst with 10 s under cooling on ice.
Total and free (protein unbound) concentrations of BUD and
FP in homogenates were determined immediately as de-
scribed below.

Animal Studies with P-gp Inhibitor

Zosuquidar was chosen as P-gp inhibitor because it is
highly specific in blocking P-gp—but not BCRP—or MRP-
mediated processes (18,19). The dose of 20 mg/kg was
selected in preliminary experiments using [3H]-digoxin as
the P-gp substrate (20). To investigate the role of P-gp in
modulating fetal exposure of BUD, pregnant mice (N = 12)
were randomized to receive subcutaneous zosuquidar (N = 6)
or vehicle (N = 6). After 30 min, this was followed by tail vein
administration of [3H]-BUD (104.9 μg/kg, consisting of
loading bolus dose of 50.5 μg/kg and infusion of 54.4 μg/kg
BUD over 2 h). Maternal plasma and tissue homogenates
were prepared as described above, and the total and free
(protein unbound) drug concentrations were determined
immediately as described below.

Drug Analysis

Plasma and tissue homogenates prepared for the deter-
mination of total drug concentrations, or samples taken from
the donor and acceptor compartment of the dialysis unit for
the determination of the fraction unbound to protein, were
mixed after addition of 10 volumes of a mixture of methanol/
acetone (50:50 (v/v)). After centrifugation, the supernatant
was removed, dried over a stream of nitrogen, and
reconstituted in mobile phase (methanol/water 70:30 (v/v)),
to be further analyzed by high-performance liquid chroma-
tography (HPLC). The recovery during this precipitation step
was investigated for plasma and all tissues included in this
study over a drug concentration range of 0.2 to 200 ng/mL for
BUD and FP. The overall recovery across all biological fluids
and drug concentrations (0.2–200 ng/mL in plasma and tissue
homogenates) was 93.2 ± 6.9% for BUD and 94.2 ± 5.0% for
FP with no concentration or tissue dependency observed.

The HPLC system consisted of an LC 20AD Shimadzu
pump, a SIL 10AF auto injector, a SPD-M10 AVP controller,
and a FRC 10A fraction collector (Shimadzu, Columbia, MD,
USA). UV detection was performed at 254 nm. The C18
reversed phase column (150 × 4.6 mm; 5-mm particle size)
(Waters, Milford, MA, USA) was used. The mobile phase
containing methanol and water (70:30 (v/v)) was used at a flow
rate of 1 mL/min. The fractions containing intact drug, indicated
by the appearance of the unlabeled drug peak, were collected
using the HPLC fraction collector mixed with 10 mL of
scintillation fluid (Ultima Flo M; PerkinElmer, Boston, MA,
USA), and radioactivity (disintegrations per minute (dpm)) was
determined using a Beckman Scintillation Counter LS 6500
(Beckman Inst., Fullerton, CA, USA). The drug concentrations
were calculated from dpm estimates considering the specific
activity of the analytes. The HPLC method (21) was previously
shown to separate BUD from its main metabolites. In prelim-
inary experiment, it was ensured that both BUD and FP labeled

and unlabeled material co-eluted. In addition, radioactivity was
only eluting together with unlabeled BUD or FP (no additional
radioactive peaks), with the exception of radioactivity eluting in
the solvent front (radioactive water). BUD and FP’s calibration
curves were linear over the concentration range of 0.8–80 ng/mL
(r2 > 0.993 for BUD; r2 > 0.996 for FP).

Determination of the Percent Protein Unbound Drug in
Plasma and Tissue Homogenate

Equilibrium Dialysis

Experiments were performed using a commercial equi-
librium dialysis cell (Pierce Biotechnology, Thermo Fisher
Scientific, Waltham, MA, USA) using a cellulose membrane
with 12-kDA cutoff under conditions suggested by the
manufacturer and validated by Waters et al. for a diverse set
of compounds (22). Under these conditions, our in vivo
results in mice (percent of unbound BUD in plasma and
tissues; Table I) agreed well with those obtained in rats
(plasma in mice: % unbound = 8.7–9.7, in rat: % unbound =
7.4; brain in mice: % unbound = 3.3–3.5, in rat: % unbound =
5.8; kidney in mice: % unbound = 1.2–1.5, in rat: %
unbound = 2.6; liver in mice: % unbound = 2.7–3.2, in rat: %
unbound = 2.0) (23). The comparison between rat and mice
data seems feasible, as plasma binding of BUD was shown to
be constant across a wide range of species (24).

In Vitro Experiments

To estimate the percent unbound of BUDand FP in plasma
and tissues, control in vitro experiments were performed where
freshly prepared plasma and tissue homogenate, obtained from
untreated animals, were spiked with BUD or FP: 60 ng/mL into
plasma and 50–500 ng/mL into tissue homogenates, to mimic
results of the in vivo experiments (for details, see Table I).
Experiments were performed in triplicate.

In Vivo Experiments

To evaluate the in vivo binding of BUD and FP, plasma
and tissue homogenate samples from six mice per group were
investigated. For plasma samples, 200 μL of plasma was
added to the donor compartment and 350 μL of PBS was
added to the receiver compartment. For tissue samples,
500 μL of homogenate was added to donor compartment
and 750 μL of PBS was added to the receiver compartment.
The rapid equilibrium dialysis (RED) (Thermo Fisher
Scientific, Waltham, MA, USA) device was then placed onto
a shaker (30 rpm) and incubated at 37°C in a temperature-
controlled incubator for 4 h until equilibration of the drug
concentrations in the two compartments. Samples were taken
from donor and receiver compartments (plasma 150 μL
donor, 200 μL receiver; tissues including brain, fetus,
placenta, kidney 300 μL donor, 500 μL receiver; liver tissue
150 μL donor, 200 μL receiver), matched with the equal
volume of opposite matrix and precipitated with 10 parts (v/v)
of methanol/acetone (50:50 (v/v)), vortexed, and then centri-
fuged. The supernatant was collected, dried, reconstituted in
HPLC mobile phase (methanol/water (70:30 (v/v)), and
analyzed by HPLC (as described above).
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The protein unbound fraction of drug was calculated using
the ratio of the concentration in the receiver compartment
(PBS) and the concentration in the donor compartment (spiked
tissues) at equilibrium obtained after dialysis according to Eq. 1:

fu ¼ C receiver compartment
C donor compartment

ð1Þ

where fu is the fraction of unbound drug in the tissues,
Creceiver compartment is the measured drug concentration in the
receiver compartment, and Cdonor compartment is the measured
drug concentration in the donor compartment after dialysis.
The percentage of protein bound drug was then calculated as
(1 − fu) × 100. Assuming linear binding, the fraction of un-
bound drug in tissues was calculated from the estimates in
diluted tissue homogenate according to Eq. 2:

fu; tissue ¼ fu; homogenate
1−fu; homogenateð Þ �Dþ fu; homogenate

ð2Þ

where fu,tissue is the free fraction of drug in the tissue,
fu,homogenate is the free fraction of drug in the tissue
homogenate, and D is the volume dilution factor of the tissue
homogenate (4-fold for all tissues). The fraction bound to
protein in the tissue was then calculated as 1 − fu,tissue.

Free drug concentration was derived from Eq. 3:

Cu ¼ Ctotal� fu ð3Þ

where Cu is the free concentration of study drug, Ctotal is the
total concentration of study drug, and fu is the free, unbound
fraction of drug.

The ratio of free drug tissue concentration to free drug
maternal plasma concentration was calculated according to Eq. 4:

K tissue; plasma; u; uð Þ ¼ Cu; tissue
Cu; plasma

ð4Þ

where Cu,tissue is the free drug concentration in tissues and
Cu,plasma is the free drug concentration in maternal plasma.

Corrections for blood contamination of the tissue samples
were performed as described by Khor and Mayersohn (25)
with tissue contamination fractions (VFb, fraction of removed
tissue representing blood) taken from Brown et al. (26). VFb

for brain, kidney, and liver were reported to be 0.03, 0.24, and
0.31, respectively, from the Table 30 in Brown et al. paper.
Briefly, plasma concentrations were converted into blood
concentrations (CTb) by considering blood/plasma ratio of
0.8 for BUD (27) and 0.7 for FP (28). The ratios of corrected to
uncorrected (Ctot) drug tissue concentrations were derived
from Equation 18 in Khor and Mayersohn paper, and
calculated as (Ctot −VFb × CTb) / Ctot × (1 −VFb), which is
equivalent to R/R′ ratio in Khor and Mayersohn, assuming
estimated blood concentrations to be relevant for all tissues,
and where R is tissue-to-blood distribution coefficient when a
correction is made for residual blood but not for the interstitial
fluid while R′ is apparent tissue-to-blood distribution coeffi-
cient when no correction is made.

Preliminary experiments in non-pregnant mice were
performed to ensure that the combination of loading dose
and 2-h infusion would be sufficient to reach steady state.
Theoretical steady-state concentrations calculated from the
relationship between steady-state drug concentrations in
plasma Cpss, infusion rate K0, and systemic clearance (Cpss =
K0 /CL) were compared for these two high extraction drugs
with experimentally observed plasma concentrations consid-
ering the mouse liver blood flow as clearance (5.4 L/h/kg)
(29). The good agreement between predicted Cpss concen-
trations (53.7 ng/mL for high-dose BUD and FP infusions)
with measured plasma concentrations (54.2 ± 6.8 ng/mL for
BUD and 63.4 ± 2.3 ng/mL for FP) strongly suggests that
steady state was reached in the animals.

Statistical Analysis

Data are presented as arithmetic means ± standard
deviation (SD). For two groups of samples with equal
variances, unpaired two-tailed Student’s t test was performed,
while for two groups of samples with unequal variances, two-
tailed Welch’s t test was used. To test whether unbound
partition coefficients (K(tissue, plasma, u, u)) were significantly
different from K(tissue, plasma, u, u) = 1, the 95% confidence
intervals (CIs) were calculated and one-sample t test was

Table I. Percent Unbound (%) of BUD and FP (Mean (SD)) Determined in In Vitro and In Vivo Experiments in Maternal Plasma and
Selected Tissues from Pregnant Mice (N =Number of Mice per Group)

Plasma Brain Fetus Placenta Kidney Liver

BUD
In vitro (N = 3) 10.2 (1.9) 3.0 (1.3) 5.1 (2.3) 3.8 (1.8) 1.4 (0.3) 2.9 (1.7)
In vivo
104.9 μg/kg (N = 6) 8.7 (1.2) 3.3 (2.0) 4.8 (1.9) 4.7 (2.1) 1.2 (0.5) 2.7 (0.7)
1049 μg/kg (N = 6) 9.7 (1.7) 3.5 (1.6) 5.5 (1.9) 4.3 (1.1) 1.5 (0.4) 3.2 (1.0)

FP
In vitro (N = 3) 1.4 (0.3) 0.80 (0.04) 2.1 (0.4) 1.2 (0.2) 0.40 (0.04) 0.40 (0.04)
In vivo
1590 μg/kg (N = 6) 1.1 (0.2) 1.2 (0.2) 1.5 (0.5) 0.9 (0.2) 0.5 (0.1) 0.5 (0.1)

For BUD in vitro study: plasma, brain, and fetus were spiked with 60 ng/mL BUD, placenta and liver with 200 ng/mL, and kidney with 500 ng/
mL to mimic the in vivo conditions. For FP in vitro study: plasma, brain, and fetus were spiked with 60 ng/mL FP, placenta, kidney, and liver
with 200 ng/mL FP. A density of 1 g/mL was assumed for the tissue preparations
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used. The analyses were performed using R-3.2.4 and Prism
(GraphPad Software Inc., San Diego, CA, USA). Differences
were considered statistically significant at P < 0.05.

RESULTS

The protein unbound of BUD and FP (percent unbound)
in plasma and selected tissue homogenates (brain, fetus,
placenta, kidney, and liver) were determined both in in vitro
and ex vivo experiments (for details, see BMaterials and
Methods^ section). Both methods resulted in similar percent
unbound values (Table I). The percent unbound of FP was
nearly one order of magnitude lower than that of BUD in
plasma and liver, two to four times lower in fetus, three to
four times lower in brain, and three to five times lower in
placenta and kidney, which is consistent with a more
pronounced protein binding of FP compared to BUD.
Moreover, the observed plasma protein binding for BUD
and FP in experimental mice was in agreement of those in
humans. The observed plasma protein binding in mice in vivo
was 90.3–91.3% for BUD and 98.9% for FP (Table I), while
the literature reported values for BUD and FP were 91.4%
and 99.3%, respectively, in humans (30). Table II indicates
that for the selected infusion time of 2 h, steady state was
reached as free concentrations of BUD and FP in plasma
were similar to those in the control organs (liver and kidney).
This was further supported by comparison of observed and
predicted steady-state (Cpss =K0 / CL) concentrations. To
calculate infusion dose and intravenous loading dose, we have
used the mouse liver blood flow of 5.4 L/h/kg (29) as systemic
clearance for BUD and FP, and literature values for volume
of distribution at steady state (Vdss) 9.4 L/kg for BUD (24)
and 2-fold higher (18.8 L/kg) for FP. The results indicated
that the measured concentrations agreed with predicted total
drug plasma concentration at steady-state (Cpss) values
(Table II).

The total and free (not bound to protein) drug concen-
trations in plasma and tissues obtained in the in vivo studies
for the low dose of BUD (104.9 μg/kg) are summarized in
Table II. Increasing the BUD dose by a factor of 10 resulted
in approximately 10-fold higher total and free BUD concen-
trations in plasma and tissues, which suggests linear pharma-
cokinetics of BUD in this dose range. Total concentrations
observed after low and high BUD doses in plasma and
selected tissues were in the range of 10−8 M and 10−7 M with
higher concentrations observed in kidney and liver. The total
BUD concentrations in plasma and tissues after the high dose
of BUD (1049 μg/kg) were similar to concentrations found
after administration of FP (1590 μg/kg; Table II), with the
exception of plasma and kidney concentrations for which
statistically significant differences between FP and BUD were
detected. Although the total BUD plasma concentration was
30% lower, the BUD kidney concentration was 2.4-fold
higher than those of FP (Table II). In contrast, the free FP
concentrations in plasma and all investigated tissues were
significantly lower than those of BUD: 6-fold in plasma, 3-fold
in brain and fetus, 5-fold in placenta and liver, and 8-fold in
kidney (Table II), which is consistent with the several-fold
lower percent unbound of FP compared to BUD (Table I).

BUD and FP high-dose groups revealed total drug
concentrations which were in average 35–40% lower in fetus

than in plasma (Table II). More importantly, however, the
free BUD concentrations in fetus and brain were more than
60% lower than in plasma while other tissues showed similar
or higher (kidney) free concentrations when compared with
free plasma concentrations (Table II). Differences or agree-
ment between free concentrations in plasma and tissues can
be evaluated by calculating the partition coefficients (K(tissue,

plasma, u, u)) between drug free concentrations in the selected
tissues and plasma (Table III); e.g., the K(fetus, plasma, u, u) of
0.38 and K(brain, plasma, u, u) of 0.39 for high-dose BUD were
significantly different from K = 1, in contrast to K values for
the other tissues. A very similar pattern was observed in the
low-dose BUD group with free BUD concentrations in fetus
and brain being 58% and 67% lower than that in plasma,
while other tissue concentrations of free BUD were similar to
or higher (kidney) than plasma concentrations (Table II).
This resulted in BUD’s K(fetus, plasma, u, u) estimate of 0.42 and
K(brain, plasma, u, u) estimate of 0.33, both being significantly
different from K = 1, contrary to K values for the other tissues
(Table III). Compared to BUD, the distribution of free FP in
plasma, fetus, and brain was much more uniform (Tables II
and III); free FP concentrations in fetus and brain were only
13% and 25% lower than that in plasma, respectively, and
concentrations of free FP in other tissues were similar to or
higher (liver) than that in plasma. This is reflected by an
K(fetus, plasma, u u) ratio of 0.87 and a K(brain, plasma, u, u) ratio of
0.75 which are not significantly different from K = 1 and
similar to K values for other tissues (Table III). Furthermore,
the K(fetus, plasma, u, u) and K(brain, plasma, u, u) estimates were
significantly larger for FP than those for high-dose BUD
(Table III, Fig. 1), indicating that BUD transport from plasma
to fetus and brain is significantly reduced as compared to FP.

To evaluate the role of P-gp in modulating the placental
transfer of BUD, the effect of the P-gp inhibitor, zosuquidar,
on BUD plasma-tissue distribution was investigated after
administration of the low dose of BUD (104.9 μg/kg;
Table IV). After maternal subcutaneous administration of
zosuquidar (20 mg/kg), the increase in total BUD concentra-
tions was observed in all tissues and plasma; however, this
increase was statistically significant only for the liver tissue
(Table IV). The free concentrations of BUD in all the tissues
and plasma were also increased after inhibitor administration,
and the 2.7-fold increase in fetus and the 1.9-fold increase in
brain were statistically significant as compared to vehicle
control, while the increases for the other tissues and plasma
were not statistically significant (Table IV). The resulting
K(fetus, plasma, u, u) increased nearly 2-fold in the presence of
the inhibitor as compared to vehicle control (K(fetus, plasma, u,

u) 0.59 ± 0.16 versus 0.31 ± 0.10; P < 0.05), whereas K values
for other tissues were not significantly increased. The 1.4-fold
increase in K(brain, plasma, u, u) was close to statistical
significance (K(brain, plasma, u, u) 0.61 ± 0.19 versus 0.44 ± 0.13;
P = 0.09; Table V and Fig. 2) while for other tissues, the
resulting P values were far from statistical significance.

DISCUSSION

This is the first study in a pregnant mouse model to
determine the total and free drug concentrations of BUD and
FP in maternal plasma, placenta, and fetus. This study was

Page 5 of 10 53The AAPS Journal (2019) 21: 53



performed to assess potential differences between BUD and
FP in their placental transfer.

P-gp expression in mouse placenta has been demon-
strated in a number of studies (e.g., (31)). As a further
example, placental P-gp deficiency has been shown to
enhance susceptibility to chemically induced birth defects in
mice (32).

BUD has been identified as substrate for intestinal P-gp
in human cell lines in vitro (16). It has also been associated
with murine P-gp at the blood-brain barrier in rodents (33) as
we demonstrated that the brain glucocorticoid receptor
occupancy of BUD and triamcinolone acetonide (a murine
P-gp substrate (33)) is directly correlated to the degree of P-
gp expression in adult (high P-gp expression, low receptor
occupancy) and neonatal rats (low P-gp expression, higher
receptor occupancy) (33–35). In addition, BUD lacks affinity
for other main transporters (36). Further, murine and human
P-gp show similar substrate specificity for glucocorticoids
(37). All together, based on literature data, it is likely that
BUD is a substrate for murine P-gp, although direct evidence
to support this is lacking. This further suggests that the mouse
model might be a good model for assessing the exposure of

the fetus to ICS and potential control of this exposure by P-
gp. We were therefore interested in investigating whether the
distribution of BUD and other ICS into the fetus of mice
might be restricted and whether P-gp might be involved.

We decided to deliver the drugs through the intravenous
route. As we were only interested in evaluating the systemic
fate of the two ICS, conclusions drawn from systemic,
intravenous drug administration are valid also for pulmonary
delivery, while intravenous dosing is more reproducible and
results in smaller variability in exposure than pulmonary
delivery. During initial setup and selection of the animal
model, drug recovery, length of the infusion time, and protein
binding were evaluated. Recovery of BUD and FP during the
purification step was judged to be sufficient as generally more
than 90% of the drugs were recovered. Further, an agreement
was shown between in vitro and in vivo maternal plasma and
tissue protein–binding estimates (percent unbound) for each
of the drugs in the matrices tested (Table I), validating further
the in vivo and analytical procedures used. While a direct
comparison with literature data was not possible because of
the lack of such data for mice, plasma protein–binding

Table III. The Free Drug Concentration Ratios of Selected Tissue to Plasma (K(tissue, plasma, u, u)) for BUD and FP (Mean (SD)) in Pregnant
Mice (N = 6 Mice per Group) After Intravenous Bolus and Infused Dose (Total Drug Dose Is Shown)

K(brain, plasma, u, u) K(fetus, plasma, u, u) K(placenta, plasma, u, u) K(kidney, plasma, u, u) K(liver, plasma, u, u)

Low dose
BUD (104.9 μg/kg) 0.33 (0.16)# 0.42 (0.17)# 0.82 (0.28) 1.30 (0.41) 0.84 (0.28)
95% CI 0.17–0.49 0.25–0.59 0.53–1.11 0.87–1.72 0.55–1.14

High dose
BUD (1049 μg/kg) 0.39 (0.20)# 0.38 (0.18)# 0.84 (0.24) 1.43 (0.47) 1.10 (0.30)
95% CI 0.18–0.60 0.18–0.57 0.59–1.09 0.94–1.92 0.78–1.41
FP (1590 μg/kg) 0.75 (0.30)* 0.87 (0.25)** 1.14 (0.32) 1.13 (0.35) 1.39 (0.24)
95% CI 0.44–1.06 0.61–1.12 0.81–1.47 0.76–1.49 0.13–1.64

Data are based on results of Table II. A density of 1 g/mL was assumed for the tissue preparations
95% CI 95% confidence interval
*P < 0.05; **P < 0.01 for the comparison between FP and high BUD dose (1049 μg/kg); #P < 0.05 for the comparison between the actual K
values and K = 1 (the same results obtained by 95% CI analysis and one-sample t test)

Table II. Total and Free BUD and FP Concentrations (Mean (SD)) in Maternal Plasma and Selected Tissues in Pregnant Mice (N = 6 Mice per
Group) After Intravenous Bolus and Infused Dose (Total Drug Dose is Shown)

Plasma (ng/mL) Brain (ng/g) Fetus (ng/g) Placenta (ng/g) Kidney (ng/g) Liver (ng/g)

Total concentration
BUD (104.9 μg/kg) 4.91 (0.79) 4.67 (1.35) 3.77 (0.85) 8.43 (3.29) 48.0 (5.9) 13 (3)
BUD (1049 μg/kg) 50.7 (8.0) 52.2 (6.2) 32.9 (14.3) 97.7 (37.5) 447 (78) 170 (38)
FP (1590 μg/kg) 72.3 (16.5)* 48.1 (20.2) 43.9 (7.7) 97.5 (24.2) 185 (41)** 204 (37)

Free concentration
BUD (104.9 μg/kg) 0.43 (0.09) 0.14 (0.08) 0.18 (0.08) 0.37 (0.18) 0.56 (0.25) 0.35 (0.13)
BUD (1049 μg/kg) 4.90 (1.30) 1.81 (0.92) 1.92 (1.08) 4.26 (2.32) 6.98 (2.76) 5.25 (1.32)
FP (1590 μg/kg) 0.77 (0.21)** 0.58 (0.29)* 0.66 (0.22)* 0.88 (0.32)* 0.83 (0.21)** 1.06 (0.31)**

A density of 1 g/mL was assumed for the tissue preparations. When adjusting total concentrations in brain, kidney, and liver for potential blood
contamination (0.03, 0.24, and 0.31 as volume fraction of blood in brain, kidney, and liver, respectively (26)), total drug concentrations in brain,
kidney, and liver for low BUD dose were calculated to be 0.5%, 29.0%, and 31.4% higher, respectively, when the method by Khor and
Mayersohn was applied (25). Similar estimates were obtained for the high-dose studies (BUD 0.7%, 28.7%, 34.2%; FP − 0.2%, 22.9%, 33.8%
for brain, kidney, and liver, respectively). It was assumed that fetus was not contaminated with maternal blood and that the very small
differences between corrected and uncorrected brain concentrations were of no relevance for the conclusions of this study. Therefore,
uncorrected values were continued to be used, as we were mainly interested in fetus and brain concentrations, while liver and kidney data are
only shown for completeness
*P < 0.05; **P < 0.01 for the comparison between FP and high BUD dose (1049 μg/kg); this was the only statistical comparison done

53 Page 6 of 10 The AAPS Journal (2019) 21: 53



estimates (Table I) agreed with literature values for other
rodents and humans.

One of the hypotheses of the study was that P-gp affects
the transplacental transfer of corticosteroids. As the placental
expression levels of P-gp vary during pregnancy, this study
was performed at the highest level of expression during mid
gestation in mice (pregnancy day 12.5 to day 15.5) (38). This
allowed a better evaluation of the effects of placental P-pg on
the transfer of BUD and FP as variability in P-gp levels across
animals was reduced. Reaching steady state was important, as
only then, a direct comparison between free concentrations in
plasma and tissues was meaningful when the goal was probing
for active transport phenomena between tissues and plasma.
Free drug concentrations were used over total drug concen-
trations as only free drug is relevant for induction of
pharmacological effects and relevant for distribution pro-
cesses (39).

Kidney, liver, and brain were included in the study as
control organs for which transporters are likely to not affect
the free concentrations of corticosteroids (liver, kidney) or
have been shown to affect the distribution of corticosteroids
(brain) (33,34). It might be argued that kidney concentrations
might be confounded by drug present in urine. However,
BUD and most other ICS are predominantly cleared through
hepatic metabolism, and metabolites are generally present in
urine while intact corticosteroids are generally not found in
urine. Indeed, intact BUD has been reported to be absent
from urine (40). Similarly, FP is also cleared extensively
through hepatic metabolism, and its intrinsic clearance is even
higher than that of BUD. The high concentration of FP in the
kidney samples requires, however, further investigations. It is

recognized that in order to obtain a meaningful liver partition
coefficient, e.g., for deriving correct volume of distribution
terms, correction for liver metabolism has to be performed
(41). We were, however, not interested in the determination
of partition coefficients, but only in the comparison of free
tissue concentrations in defined organs. These free tissue
concentrations were determined experimentally and could
have been compared directly across tissues. However, we
used the free plasma concentrations as reference concentra-
tion by calculating the ratio of free tissue concentration to
free plasma concentration, to easily capture differences in
free tissue concentrations and compare them directly with
free plasma concentrations. The lung was not included in the
study to limit the experimental work, which had to be
performed directly after the drug infusion, and as previous
studies already showed that free concentrations of corticoste-
roids in lungs are similar to those in plasma (23).

As to be expected, total and free concentrations of BUD
in plasma and all tissues investigated showed linear pharma-
cokinetics, with total concentrations in plasma, brain, fetus,
and placenta in the order of 10−8 M after administration of
low dose and 10−7 M after high dose of BUD (Table II).
Importantly, free concentrations of BUD in brain and fetus,
but not in the remaining tissues, were approximately 2.5–3
times smaller than free concentrations in maternal plasma
after either dose of BUD. This suggests that for these tissues,
active transporters might be modulating placental and brain
distribution of BUD. Taking into account the low specific
activity of [3H]-FP as compared to [3H]-BUD, and a greater
chance for reliable results using higher doses and
radioactivity, we have used a FP dose that matched the high

Fig. 1. The bar plot of free drug concentration ratios of brain (a) and fetus (b) to maternal plasma
in pregnant mice after high dose of BUD (1049 μg/kg) or FP (1590 μg/kg). Mean ± SD (N = 6 per
group); *P < 0.05; **P < 0.01

Table IV. The Total and Free BUD Concentrations (Mean (SD)) in Maternal Plasma and Selected Tissues After Low BUD Dose
(104.9 μg/kg) Administered in Pregnant Mice (N = 6 Mice per Group) After Administration of P-gp Inhibitor or Its Vehicle

Plasma (ng/mL) Brain (ng/g) Fetus (ng/g) Placenta (ng/g) Kidney (ng/g) Liver (ng/g)

Total concentration
BUD (+vehicle) 4.11 (0.81) 4.70 (1.55) 3.00 (0.83) 6.27 (1.59) 41.80 (11.19) 10.40 (2.00)
BUD (+inhibitor) 4.83 (1.47) 7.62 (4.57) 4.26 (1.26) 9.55 (3.63) 42.00 (16.24) 15.77 (5.24)*

Free concentration
BUD (+vehicle) 0.34 (0.09) 0.15 (0.04) 0.10 (0.01) 0.24 (0.10) 0.36 (0.09) 0.30 (0.19)
BUD (+inhibitor) 0.44 (0.10) 0.27 (0.11)* 0.27 (0.12)* 0.37 (0.21) 0.70 (0.33) 0.49 (0.18)

*P < 0.05 for the comparison between the two groups (BUD + inhibitor versus BUD + vehicle) performed separately for the total and free
concentrations of BUD
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dose of BUD. Similar to high-dose BUD, the total concen-
trations of FP in plasma, brain, fetus, and placenta were in the
order of 10−7 M. Importantly, in contrast to BUD, the free
concentrations of FP in brain and fetus were only slightly and
non-significantly smaller than that in maternal plasma
(Table II), although overall lower free concentrations of FP
were observed in all tissues and plasma compared to BUD
concentrations. This finding is in agreement with the higher
protein binding of FP as compared to BUD. Noteworthy, a
higher protein binding is not necessarily an advantage for an
ICS as smaller free concentrations in lung and other organs
will not improve therapeutic targeting by an ICS and can be
adjusted for by optimizing the dose (23).

To adjust for differences in plasma concentrations, the
ratio of steady-state free tissue to plasma concentrations (also
known as unbound partition coefficient; i.e., K(tissue, plasma, u,

u), Table III) was consequently used for comparison of BUD
and FP results. The coefficient K(tissue, plasma, u, u) has been
widely used in the literature to evaluate the transporter-
mediated drug distribution in blood-brain barrier (42–44). In
the present study, the smallest K values, in the range 0.33–
0.42, were observed for BUD in brain and fetus (Table III),
and they were significantly different from K = 1, demonstrat-
ing reduced transfer of BUD from plasma into brain and
transplacental transfer into fetus, while K values for liver,
kidney, and placenta were close to K = 1. The results for brain
are in agreement with results of ex vivo glucocorticoid
receptor binding studies for which BUD’s receptor occupancy
was smaller than for other organs (kidney, liver) (33). The
rather high K value in placenta was surprising, as the placenta
is thought to express transport proteins. Our results suggest
that the functioning of the placental barrier does not result in
lower placental drug concentrations, but a protection of the
fetus. Contrary to BUD, estimates of the partition coefficient
K observed for FP in brain (0.75) and fetus (0.87) were not

significantly different from K = 1 and were significantly higher
than the ones for BUD (0.39 for brain and 0.38 for fetus for
high-dose BUD), indicating that brain and transplacental
protection are lower for FP than those for BUD. Similar
results for the brain, namely, a more efficient transfer of FP
into the brain tissue, was also reported for ex vivo receptor
binding studies (33).

The studies with BUD and a specific P-gp inhibitor,
zosuquidar, showing statistically significantly increased free
BUD concentrations in fetus (nearly three times) and brain
(nearly two times) after administration of zosuguidar (Table IV)
clearly indicate that P-gp is at least in part responsible for the
reduction in transplacental and brain transfer of BUD. We
observed that inhibition of P-gp with zosuquidar increased total
BUD concentrations in fetus (1.42-fold; P=0.06 ), placenta (1.52-
fold; P=0.07 ), and brain (1.62-fold; P=0.19 ). While these
differences were not statistically significant because the studies
were underpowered for total BUD concentrations, there was a
clear trend towards increased total BUD concentrations in fetus
and placenta. However, from a pharmacological point of view,
free drug concentrations are of much greater relevance than the
tissue total drug concentration. Table IV clearly shows that free
BUD concentrations increased significantly in brain (1.80-fold)
and fetus (2.70-fold) upon P-gp inhibition, despite the rather small
group size (N = 6). In placenta, the increase of free BUD
concentrations was not statistically significant (P=0.20 ), which
can be explained by the fact that within the placenta, exchange
occurs between maternal and fetal blood. Indeed, placental P-gp
activity is generally quantified by deriving the fetus to maternal
blood ratio, and placental drug concentrations are often not even
reported (45).

As such, the differences found in our study between
BUD and FP are also in agreement with in vitro transport
studies, which indicated that BUD is a substrate and inducer
of P-gp (13,16,46), while FP is not (17). The differences in the

Table V. The Free BUD Concentration Ratios (Mean (SD)) of Selected Tissue to Plasma (K(tissue, plasma, u, u)) After Low BUD Dose
(104.9 μg/kg) Administered in Pregnant Mice (N = 6 Mice per Group) After Administration of P-gp Inhibitor or Its Vehicle

K(brain, plasma, u, u) K(fetus, plasma, u, u) K(placenta, plasma, u, u) K(kidney, plasma, u, u) K(liver, plasma, u, u)

BUD (+vehicle) 0.44 (0.13) 0.31 (0.10) 0.74 (0.29) 1.11 (0.32) 0.85 (0.36)
BUD (+inhibitor) 0.61 (0.19) 0.59 (0.16)** 0.81 (0.33) 1.54 (0.42) 1.10 (0.29)

**P < 0.01 for the comparison between the two groups (BUD + inhibitor versus BUD + vehicle)

Fig. 2. The bar plot of free BUD concentration ratios of brain (a) and fetus (b) to maternal plasma
in pregnant mice after low BUD dose (104.9 μg/kg) administered in pregnant mice after
administration of P-gp inhibitor or its vehicle. Mean ± SD (N = 6 per group); **P < 0.01
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partition coefficients of BUD observed between zosuquidar
and vehicle control experiments were statistically significant
for fetus, and almost achieved statistical significance for the
brain (a larger number of animals probably would have
resulted in statistical significance also for brain).

Although we demonstrated that P-gp is playing a critical
role in placental transfer of BUD, the tissue partitioning of BUD
or other corticosteroids may be influenced by other ATP-
binding cassette (ABC) transporters or solute carrier (SLC)
transporters. Placenta expresses a variety of influx and efflux
transporters, and their expression levels are often dependent on
gestational age. We thus do not rule out a possibility that other
placental ABC or SLC transporters might also participate in
regulating the exposure of fetus to BUD or other corticoste-
roids. This might also be the reason that inhibition of P-gp did
not result in a complete elimination of the free drug concentra-
tion gradient between plasma and fetus.

It should be noted that for corticosteroids, effects and
side effects are induced by the same glucocorticoid receptors.
This means that for ICS, the concentration-effect and
concentration-side effect relationships are superimposed.
Safety and efficacy of an ICS are therefore only determined
by corticosteroid dose, receptor affinity, and other pharma-
cokinetic factors. Since differences in the effect/safety profile
of two ICS are solely based on differences in their pharma-
cokinetic profiles and dose used, differential tissue distribu-
tion between corticosteroids is likely to be of relevance.

Overall, it is important to emphasize that conclusions
made in the present study are based on tissue-free drug
concentration, making potential differences in tissue binding
irrelevant. We strongly believe that the pregnant mouse
model is providing meaningful information to further improve
our understanding of placental transfer of corticosteroids.
The fact that BUD is also a human P-gp substrate, as shown
by Dilger et al. (16), argues for the relevance of our findings
also for humans.

CONCLUSION

In conclusion, we demonstrated that transplacental
passage of BUD, but not FP, is reduced and that P-gp is
likely involved in this process. These results shed light on the
mechanism by which placental P-gp modulates fetal exposure
to BUD and improve our knowledge of placental transfer of
ICS. If transferrable to humans, the reduction of free fetal
BUD concentrations by zosuquidar-sensitive mechanisms
might represent an additional argument for the current use
of BUD in pregnant asthmatics, as suggested by epidemio-
logical studies (3).
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