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ABSTRACT: We investigated the effect of pregnancy on nitrofurantoin (NFT) disposi-
tion in wild-type and Bcrp1�/� mice. Pregnant and non-pregnant mice were adminis-
tered NFT intravenously (5 mg/kg) or orally (10 mg/kg). Blood samples were collected at
various times (5–60 min) after drug administration, plasma NFT concentrations deter-
mined by HPLC/UV, and pharmacokinetic parameters estimated. Dose-normalized area
under the plasma concentration–time curve (AUC), terminal plasma half-life (T1/2), total
plasma clearance (CL), and steady-state volume of distribution (Vss) of intravenous NFT
in wild-type or Bcrp1�/� mice were not altered by pregnancy. After oral administration,
pregnancy did not affect dose-normalized AUC of NFT in wild-type mice; however, dose-
normalized AUC in Bcrp1�/� mice was decreased by approximately 70% by pregnancy.
In conclusion, since Bcrp1 plays a minor role in the systemic clearance of NFT in female
mice, pregnancy did not affect disposition of intravenous NFT despite the fact that Bcrp1
expression in the liver and kidney of mice is significantly induced by pregnancy. On the
other hand, pregnancy may affect expression and activity of certain intestinal efflux
transporters and/or metabolic enzymes in Bcrp1�/� mice, resulting in a drastic decrease
in the systemic exposure of oral NFT in pregnant Bcrp1�/� mice. � 2009 Wiley-Liss, Inc.

and the American Pharmacists Association J Pharm Sci 98:4306–4315, 2009
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INTRODUCTION
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of drug therapy for various diseases that require
treatment during pregnancy, including viral,
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fungal and bacteria infection, epilepsy, hyperten-
sion, and gestational diabetes.1 Drug therapy
during pregnancy could be complicated by the fact
that pregnancy may induce changes in pharma-
cokinetics by altering factors that can influence
the absorption, distribution, and elimination of
drugs.2 These factors include plasma albumin
concentration and thus plasma protein binding
of drugs,3 glomerular filtration rate,4 and the
expression and activity of drug metaboliz-
ing enzymes5–10 and possibly transporters as
well.10–13 It is thus important to understand the
mechanisms by which drug disposition is altered
by pregnancy so that guidelines for drug use
during pregnancy may be optimized.
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The breast cancer resistance protein (BCRP/
ABCG2) is an ATP-binding cassette (ABC) efflux
transporter belonging to the subfamily G of
the large ABC transporter superfamily.14 BCRP
transports a wide variety of substrates, rang-
ing from chemotherapeutic agents to organic
anions.15,16 Owing to its high level expression in
organs important for drug disposition (e.g., the
liver, small intestine, and the blood–brain and
placental barriers),14,17–19 the role of BCRP in
absorption, distribution, and elimination of drugs
has been demonstrated in numerous studies.20–25

We have previously shown that the expression
of Bcrp1, the murine homolog of human BCRP, in
various organs of pregnant mice changes with
gestational age.12 The protein levels of Bcrp1 in
the liver, kidney, and placenta of pregnant mice at
gestation day (gd) 15 were significantly increased
three to fourfold relative to those at gd 10, gd 19 or
in non-pregnant mice (term in mice is approxi-
mately 19–21 days). On the other hand, the
protein levels of Bcrp1 in the small intestine were
not significantly influenced by pregnancy.12

Since BCRP/Bcrp1 plays a significant role in the
disposition of substrate drugs, the pregnancy-
induced change in Bcrp1 expression may lead to
alterations in the pharmacokinetics of drugs
during pregnancy compared with non-pregnancy.

Therefore, in the present study, we system-
atically investigated the effect of pregnancy on
nitrofurantoin (NFT) disposition in mice and
the potential impact of Bcrp1. For several reasons
NFT was selected as a model BCRP/Bcrp1
substrate. First, NFT is an antibiotic commonly
used by pregnant women to treat urinary tract
infection.26 Hence, the data obtained from an
animal model may have implications for NFT
disposition in pregnant women. Second, NFT is
a selective substrate for BCRP/Bcrp1, but not for
P-gp and MRP2.27 Third, NFT has been validated
as an in vivo probe for Bcrp1 function in mice and
rats.20,27,28

MATERIALS AND METHODS

Materials

NFT and furanzolidone were purchased from
Sigma (St. Louis, MO). Polyethylene glycol
400 (PEG 400) was obtained from Spectrum
Laboratory Products, Inc. (Gardena, CA).
HPLC-grade acetonitrile and methylene chloride
were from Fisher Scientific Co. (Morris Plains,
NJ). PBS was from Gibco (Carlsbad, CA). Micro-
DOI 10.1002/jps JOURNA
con Ultracel YM-10 centrifuge tubes were from
Millipore (Billerica, MA).

Animal Studies

FVB wild-type mice and the first generation of
Bcrp1�/� mice with FVB genetic background were
purchased from Taconic (Hudson, NY). Under a
breeding license purchased from Taconic, male
and female Bcrp1�/� mice were mated to generate
offspring, which were used in the subsequent
animal experiments. Pregnant and non-pregnant
wild-type and Bcrp1�/� mice were cared for in
accordance with the United Stated Public Health
Service policy for the Care and Use of Laboratory
Animals. The animal studies were approved by
the Institutional Animal Care and Use Committee
at the University of Washington. The mice had
free access to food (a standard diet) and water, and
were maintained on a 12:12 h automatically timed
light/dark cycle. Male mice of 7–9 weeks of age
were mated with female mice of the same age.
Female mice that demonstrated sperm plug
were separated and housed in new cages. Gesta-
tional age was calculated based on the estimated
time of insemination (presence of sperm plug as gd
0). Progress of pregnancy was regularly monitored
by visual inspection. Pregnant mice at gd 15 were
used, as we have previously shown that the
protein levels of Bcrp1 in the liver and kidney of
pregnant mice peak at gd 15.12

For intravenous administration, NFT was
dissolved in 10% (v/v) ethanol, 40% (v/v) PBS,
and 50% (v/v) PEG 400 at a concentration of
1.5 mg/mL. Under anesthesia (isoflurane), the
pregnant and non-pregnant wild-type or Bcrp1�/�

mice (at gd 15) were administered NFT by retro-
orbital injection (5 mg/kg body weight). For oral
gavage administration (10 mg/kg body weight),
NFT was dissolved in 50% (v/v) ethanol and 50%
(v/v) PEG 400 at a concentration of 3.3 mg/mL.
At various times (5, 10, 20, 30, 40, and 60 min)
after drug administration (n¼ 3 per time point),
animals were sacrificed under anesthesia (iso-
flurane) by cardiac puncture. Blood samples were
collected in heparinized microtainer tubes (Becton
Dickinson, Franklin Lakes, NJ) and centrifuged.
Blank mouse plasma samples were collected from
undosed mice. Plasma samples were harvested
and stored at �208C until analysis.

NFT HPLC/UV Assay

NFT concentrations in the plasma samples from
pregnant and non-pregnant mice were deter-
L OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 11, NOVEMBER 2009
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mined by a validated HPLC/UV assay as described
previously.20 Plasma concentrations of NFT in
pregnant wild-type and pregnant Bcrp1�/� mice,
after intravenous administration, were obtained
from our previously published study.20 This is
indicated in the corresponding figure legend and
table.

Pharmacokinetic Data Analysis

Pharmacokinetic parameters were estimated
using pseudoprofile-based bootstrap method as
previously described.29 Briefly, in the first
step, plasma samples (one sample per mouse)
obtained at various time points (5–60 min) were
used to generate 50 composite plasma NFT
concentration–time profiles for each mouse group
(e.g., pregnant or non-pregnant wild-type mouse
group) by selection of one point from three points
at each time, permitting random replacement,
and construction of 50 pseudo-profiles. This
resampling with random replacement was pro-
grammed and performed in R language. Area
under the plasma concentration–time curve
(AUC) from time 0 to infinity (AUC0–1) and from
0 to 60 min (AUC0–60 min), terminal plasma half-
life (T1/2), and steady-state volume of distribution
(Vss) after intravenous or oral administration
were then estimated using non-compartmental
approach (WinNonLin 3.2, Pharsight, Mount
View, CA) for each pseudo-profile. AUC0–60 min

was calculated using the linear trapezoidal
method. This generated an estimate of the
distribution of the above pharmacokinetic para-
meters. In the second step, resampling with
random replacement of three samples each time
from the ‘‘empirical’’ distribution was repeated 50
times, and 50 estimates of the mean of each
parameter were calculated. Finally, the means
and standard deviations of the pharmacokinetic
parameters were calculated using the estimates
from the second resampling technique. Bioavail-
ability (F) of orally administered NFT was
estimated as the ratio of (AUC0–1)oral/Doseoral

and (mean AUC0–1)intravenous/Doseintravenous.
Pregnant or non-pregnant mice were adminis-

tered NFT based on their body weight (5 and 10
mg/kg for intravenous and oral administration,
respectively). Since pregnant mice usually have
multiple litters (6–14 fetuses), this results in the
total pregnant body weight being nearly 1.5 times
the non-pregnant body weight. Hence, pregnant
mice received a larger amount of NFT than non-
pregnant mice due to increased body weight,
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 11, NOVEMBER 20
resulting in a larger AUC. Mean�SD of the
body weight of non-pregnant wild-type, pregnant
wild-type, non-pregnant Bcrp1�/�, and pregnant
Bcrp1�/� mice were 21.2� 2.2, 32.3� 3.6,
23.2� 2.6, and 31.9� 4.9 g, respectively. The
increase in body weight of pregnant mice com-
pared to non-pregnant mice is mainly due to the
weight of fetuses and placenta. We previously
showed that NFT in the fetuses of pregnant mice
only accounted for a small fraction of the total
amount of NFT in the body,20 suggesting that the
fetus is not a major site for NFT distribution.
We estimated total plasma clearance (CL) and
dose-normalized AUC using the following
equations

CL ¼ mean actual dose of the respective mouse group

AUC0�1

Dose � normalized AUC

¼ AUC

mean actual dose of the respective mouse group
Determination of Unbound Fractions of NFT in
Mouse Plasma

Unbound fractions of NFT in plasma samples
from pregnant and non-pregnant wild-type or
Bcrp1�/� mice were determined using ultrafiltra-
tion. Briefly, 400 mL of blank mouse plasma were
spiked with 5 mg/mL NFT and the mixtures were
incubated for 2 h at 378C. Blank human plasma
samples were also incubated in parallel for 2 h at
378C. Then, the NFT-mouse plasma mixtures or
blank human plasma samples were loaded into
centrifuge tubes (Microcon Ultracel YM-10, Milli-
pore) and centrifuged at 1000g for 5 min at 378C.
The filtrates were discarded and the remaining
mixtures were centrifuged again for 5 min under
the same condition. The second filtrates were
collected for analysis. The internal standard (IS),
furazolidone, was then added into 20 mL of the
filtrates from spiked mouse plasma samples
to achieve a final concentration of 1 mg/mL. In
parallel, IS was added into 20 mL to the filtrates
from the blank human plasma samples to achieve
a final concentration of 1 mg/mL, and NFT
was also added to achieve the concentration range
0.1–5 mg/mL to generate a calibration curve (each
calibrator was assayed in triplicate). NFT con-
centrations in the filtrates (Cu) of mouse plasma
samples were then determined by the HPLC/UV
assay. Unbound fractions ( fu) of NFT in spiked
09 DOI 10.1002/jps
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mouse plasma samples were calculated using the
following equation:

fu ¼ Cu

5 mg=mL
� 100%

NFT concentration of 5 mg/mL was used for the
following reasons. First, the unbound fraction of
NFT in human plasma was not saturated within
the 1–10mg/mL range (data not shown). As a weak
acid, NFT mostly binds to albumin in plasma, and
albumin concentrations in human and mice
plasma are similar.30 Thus, binding of NFT to
protein in mouse plasma at 5 mg/mL is expected to
be non-saturable. Second, 5 mg/mL NFT was
within the range of mouse plasma concentrations
achievable in vivo.20

Statistical Analysis

All the estimated pharmacokinetic parameters
were presented as mean�SD. Statistical signifi-
cance, when indicated, was analyzed using the
Student’s t-test, and differences with p-values
<0.05 were considered significant.

RESULTS

Effect of Pregnancy on NFT Disposition in Mice after
Intravenous Administration

After intravenous administration, dose-normal-
ized NFT plasma concentration–time profiles in
wild-type or Bcrp1�/� pregnant and non-pregnant
mice were comparable (Fig. 1). As a result, no
matter whether the mice were pregnant or non-
pregnant, dose-normalized AUCs in wild-type or
Bcrp1�/� mice did not change much (Tab. 1).
These results indicated that pregnancy did not
affect the systemic exposure of NFT in either
wild-type or Bcrp1�/� mice after intravenous
administration. We also estimated T1/2, CL, and
Vss. As would be expected from the plasma con-
centration–time profiles (Fig. 1), these pharma-
cokinetic parameters were also comparable in
pregnant and non-pregnant wild-type or Bcrp1�/�

mice after intravenous administration (Tab. 1).

Effect of Pregnancy on NFT Disposition in Mice
after Oral Administration

After oral administration, dose-normalized NFT
plasma concentrations in non-pregnant Bcrp1�/�

mice were drastically increased compared to those
in non-pregnant wild-type mice (Fig. 2A). Dose-
normalized AUCs of NFT in non-pregnant Bcrp1�/�
DOI 10.1002/jps JOURNA
mice were approximately 2.5 times greater than
those in non-pregnant wild-type mice (Tab. 2).
Consequently, bioavailability (F) of NFT in non-
pregnant Bcrp1�/� mice was increased to 71%
from 41% in non-pregnant wild-type mice (Tab. 2).
This suggests that Bcrp1 plays a significant
role in restricting oral bioavailability of NFT in
non-pregnant mice.

Unlike the plasma concentrations of NFT
in non-pregnant wild-type mice which peaked at
10–20 min (Fig. 2A), the plasma concentrations of
NFT in non-pregnant Bcrp1�/� mice did not
decrease much until 40 min (Fig. 2A). Thus, the
absorption process of oral NFT seemed to be
significantly slowed in non-pregnant Bcrp1�/�

mice compared to wild-type mice. The plasma
concentrations of NFT in pregnant Bcrp1�/� mice
were low and did not change much over time
(Fig. 2B), suggesting that a significant and clear
elimination phase of oral NFT in pregnant
Bcrp1�/� mice did not exist during the course of
sampling. Therefore, except AUC0–60 min for
pregnant Bcrp1�/� mice and AUC0–60 min and
AUC0–1 for non-pregnant Bcrp1�/� mice, other
pharmacokinetic parameters of oral NFT such as
CL could not be accurately estimated in this
study due to lack of sufficient data points in
the terminal elimination phase. We also only
estimated AUC0–60 min and AUC0–1 values of oral
NFT for pregnant and non-pregnant wild-type
mice (Tab. 2).

Dose-normalized NFT plasma concentration–
time profiles of pregnant and non-pregnant
wild-type mice were similar (Fig. 2C), leading to
comparable dose-normalized AUCs in these mice
(Tab. 2). Bioavailability of oral NFT in wild-type
mice was around 40–55%, which was not drama-
tically altered by pregnancy (Tab. 2). However,
dose-normalized NFT plasma concentrations
in pregnant Bcrp1�/� mice were drastically
decreased compared to those in non-pregnant
Bcrp1�/� mice (Fig. 2D), resulting in a 70% de-
crease in dose-normalized AUC0–60 min in preg-
nant Bcrp1�/� mice compared to non-pregnant
Bcrp1�/� mice (Tab. 2). Dose-normalized AUC0–60 min

in pregnant Bcrp1�/� mice was slightly lower than
that in pregnant wild-type mice (Tab. 2).

Unbound Fractions of NFT in Pregnant and
Non-Pregnant Mouse Plasma

Pregnancy may alter NFT disposition through
changing plasma protein binding. We therefore
measured plasma protein binding of NFT in
L OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 11, NOVEMBER 2009



Table 1. Pharmacokinetic Parameters of NFT in Pregnant and Non-Pregnant Mice after Intravenous
Administration (5 mg/kg)

Wild-Type Mice Bcrp1�/� Mice

Pregnant Non-Pregnant Pregnant Non-Pregnant

Dose-normalized AUC0–60 min [(mg �min/mL)/mg] 0.70� 0.05 0.83� 0.13 0.95� 0.09 1.25� 0.20
Dose-normalized AUC0–1 [(mg �min/mL)/mg] 0.70� 0.05 0.84� 0.08 1.03� 0.09 1.30� 0.14
T1/2 (min) 9.90� 1.79 8.24� 0.86 17.1� 6.13 10.1� 1.7
CL (mL/min) 1.44� 0.09 1.28� 0.11 0.99� 0.10 0.84� 0.12
Vss (mL) 16.7� 1.6 13.82� 1.8 21.21� 3.81 11.9� 2.5

NFT was administered by intravenous (retro-orbital) injection. Plasma samples were collected, NFT concentrations determined
by HPLC/UV, and pharmacokinetic parameters estimated as described in Materials and Methods Section. Data shown are
mean�SD. The plasma concentrations of NFT in pregnant wild-type and pregnant Bcrp1�/� mice after intravenous administration
were taken from our published study.20

Figure 1. NFT disposition in mice after intravenous administration. Dose-normalized
plasma concentration–time profiles of NFT in non-pregnant wild-type and Bcrp1�/� mice
(A), in pregnant wild-type and Bcrp1�/� mice (B), in pregnant and non-pregnant wild-
type mice (C), and in pregnant and non-pregnant Bcrp1�/� mice (D). Mice were
administered NFT (5 mg/kg body weight) intravenously by retro-orbital injection.
Plasma samples were collected and NFT concentrations determined as described in
Materials and Methods Section. Data shown are mean�SD (n¼ 3 per time point). Dose-
normalized NFT plasma concentrations were calculated by dividing the NFT plasma
concentrations by the mean actual dose of the respective mouse group. The NFT plasma
concentrations in pregnant wild-type and pregnant Bcrp1�/� mice after intravenous
administration were obtained from our previously published study.20 Plasma concen-
trations of NFT in pregnant and non-pregnant mice are presented with dashed and solid
lines, respectively.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 11, NOVEMBER 2009 DOI 10.1002/jps
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Figure 2. NFT disposition in mice after oral administration. Dose-normalized
plasma concentration–time profiles of NFT in non-pregnant wild-type and Bcrp1�/�

mice (A), in pregnant wild-type and Bcrp1�/� mice (B), in pregnant and non-pregnant
wild-type mice (C), and in pregnant and non-pregnant Bcrp1�/� mice (D). Mice were
administered NFT (10 mg/kg body weight) by oral gavage. Plasma samples were
collected and NFT concentrations determined as described in Materials and Methods
Section. Data shown are mean�SD (n¼ 3 per time point). Dose-normalized NFT plasma
concentrations were calculated as described in Figure 1. Plasma concentrations of
NFT in pregnant and non-pregnant mice are presented with dashed and solid lines,
respectively.

EFFECT OF PREGNANCY ON NITROFURANTOIN DISPOSITION IN MICE 4311
pregnant and non-pregnant mouse plasma. As
shown in Table 3, unbound fractions of NFT
in pregnant and non-pregnant Bcrp1�/� mouse
plasma were 38.0� 4.7% and 46.4� 1.9%, respec-
tively, and were not significantly different. The
Table 2. Pharmacokinetic Parameters of NFT in Pregnan
(10 mg/kg)

W

Pregna

Dose-normalized AUC0–60 min [(mg �min/mL)/mg] 0.34� 0
Dose-normalized AUC0–1 [(mg �min/mL)/mg] 0.42� 0
F 0.55� 0

NFT was administered by oral gavage. Plasma samples were
pharmacokinetic parameters estimated as described in Materials and
CL, and Vss for all animal groups and AUC0–1 for pregnant Bcrp1�/�

sufficient data points in the terminal elimination phase. NE, not es

DOI 10.1002/jps JOURNA
unbound fraction of NFT in pregnant wild-type
mice (43.6� 3.7%) was slightly but significantly
lower than that in non-pregnant wild-type mice
(64.4� 6.3%). Unbound fraction of NFT in human
plasma was approximately 40%.31
t and Non-Pregnant Mice after Oral Administration

ild-Type Mice Bcrp1�/� Mice

nt Non-Pregnant Pregnant Non-Pregnant

.03 0.33� 0.03 0.23� 0.04 0.84� 0.05

.03 0.35� 0.02 NE 0.91� 0.05

.04 0.41� 0.04 NE 0.71� 0.04

collected, NFT concentrations determined by HPLC/UV, and
Methods Section. Data shown are mean�SD. The data of T1/2,

mice after oral administration were not estimated due to lack of
timated.

L OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 11, NOVEMBER 2009



Table 3. Unbound Fractions of NFT in the Plasma of
Pregnant and Non-Pregnant Wild-Type or Bcrp1�/�

Mice

Wild-Type Bcrp1�/�

Pregnant mice 43.6� 3.7 38.0� 4.7
Non pregnant mice 64.4� 6.3 46.4� 1.9
p-value 0.013� 0.075

Unbound fractions of NFT were determined using ultrafil-
tration as described in Materials and Methods Section. Data
shown are mean�SD from three independent determinations.
Significant difference between pregnant and non-pregnant
wild-type mice: �p< 0.05 by the Student’s t-test.
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DISCUSSION

While the bioavailability of NFT in humans was
approximately 90%,31 the bioavailability of NFT
in rodents and rabbits was relatively low (e.g.,
30% in rabbits).32,33 In the present study, we
showed that the oral bioavailability of NFT in
wild-type female mice was 40–55% (Tab. 2), which
is in the same range as previously reported.33 The
studies using rat liver by Jonen34 suggested a
minor role of hepatic metabolism in the elimina-
tion of NFT in rats. Moreover, Watari et al.32

showed that the bioavailability of NFT in rabbits
following intraduodenal administration and por-
tal vein infusion was nearly unity. Thus, these
authors concluded that the loss of dose of oral NFT
in rabbits was likely due to incomplete absorption
and/or gastric degradation (e.g., through nitror-
eduction by the intestinal flora), rather than
metabolism in the intestine and/or the hepatic
first-pass effect.32 NFT can readily cross tissue
membranes by passive diffusion,35 which cannot
explain the relatively low bioavailability of NFT
in rodents either. Thus, efflux transporters
expressed in the apical membrane of the intestinal
epithelium could play a role in limiting oral
absorption of NFT. BCRP/Bcrp1 is highly
expressed in the apical membrane of the intestinal
epithelium.17,36 Consistent with this tissue dis-
tribution pattern, Merino et al.27,33 demonstrated
that AUC of orally administered NFT in Bcrp1�/�

mice was significantly increased compared with
that in wild-type mice. Likewise, we also showed
that the systemic exposure of oral NFT was
increased 2.5-fold in non-pregnant Bcrp1�/� mice
compared to non-pregnant wild-type mice, leading
to an increase in oral bioavailability of NFT
(Fig. 2A and Tab. 2). These results suggest
that Bcrp1 restricts oral bioavailability of NFT
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 11, NOVEMBER 20
in non-pregnant mice, presumably through limit-
ing intestinal absorption of the drug. A similar
role of Bcrp1 in reducing absorption of oral NFT in
rats has also been demonstrated.28

Merino et al.27,33 reported a nearly twofold
increase in AUC of intravenous NFT in Bcrp1�/�

male mice compared to wild-type male mice.
However, we noted that the lack of Bcrp1
increased the systemic exposure (dose-normalized
AUCs) of NFT by only approximately 50% in non-
pregnant mice after intravenous administration
(Fig. 1A and B, and Tab. 1). This suggests
that Bcrp1 does not seem to play a major role in
the systemic clearance of NFT in female mice.
Consistent with this conclusion, pregnancy had no
effect on the systemic clearance of NFT in mice
after intravenous administration (Fig. 1C and D,
and Tab. 1), even though we have previously
shown that the Bcrp1 protein levels in the liver
and kidney of pregnant mice are induced three to
fourfold compared to non-pregnant mice.12 This
observation may be explained as follows. First,
Bcrp1 did not have a substantial effect on renal
excretion of NFT in mice even though it is highly
expressed in mouse kidney.27 Second, hepato-
biliary excretion of NFT in mice only accounted for
less than 10% of the total dose of NFT admini-
strated intravenously.27 The remaining fraction of
the dose was mainly eliminated by nitroreduction
occurring in body tissues. Thus, as in humans,37,38

nitroreduction in tissues is likely a major
elimination route of NFT in mice. Third, Merino
et al.27,33 demonstrated a twofold increase in
AUC of intravenous NFT in Bcrp1�/� male mice
compared to wild-type male mice, which is likely
attributable to a remarkable contribution of Bcrp1
(98%) to the hepatobiliary excretion of NFT.27

However, consistent with the observation of this
study, they also showed that the lack of Bcrp1
only slightly increased the systemic exposure of
intravenous NFT in female mice.33 This sex-
difference in the effect of Bcrp1 on systemic
exposure of NFT is likely due to the sex-dependent
expression of Bcrp1 in mouse liver. Bcrp1
expression in the liver of female mice has been
shown to be significantly lower than that in male
mice, and the role of Bcrp1 in hepatobiliary
excretion of NFT in wild-type female mice was
nearly completely diminished compared to that
in wild-type male mice.33 Thus, our data are
consistent with those published by Merino et al.33

AUCs of oral NFT in wild-type mice were also
not altered by pregnancy (Tab. 2). Several factors
may contribute to this lack of change. First,
09 DOI 10.1002/jps
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although we showed that while Bcrp1 expression
in the liver and kidney of pregnant mice was
induced by pregnancy, its expression in the small
intestine was not significantly altered.12 Thus,
the influence of Bcrp1 on the absorption of oral
NFT is not expected to be changed by pregnancy.
The data from oral NFT study are thus consistent
with the conclusion drawn from intravenous NFT
study that Bcrp1 is not a major player in the
systemic clearance of NFT in female mice. Second,
gastric emptying time and intestinal transit time
can be increased by 30–50% during pregnancy.39

This could actually have occurred in our study,
because the time of maximum concentrations of
NFT in pregnant wild-type mice appeared to be
somewhat delayed compared to non-pregnant
wild-type mice (Fig. 2C). Increase in resident
time in the gastric intestinal tract could increase
absorption of NFT and compensate for the
increase in elimination due to increased Bcrp1
expression in the liver during pregnancy. Any
change in free drug concentration could lead to
altered hepatic first-pass effect. However, the
small change in plasma protein binding by
pregnancy in wild-type mice (Tab. 3) is not
expected to alter systemic exposure of NFT to a
noticeable extent, because as stated earlier
hepatic first-pass effect does not play a major role
in the elimination of NFT.

Of particular interest of this study is the finding
that there was a drastic decrease (by 70%) in
systemic exposure of oral NFT in pregnant
Bcrp1�/� mice compared with non-pregnant
Bcrp1�/� mice (Fig. 2D and Tab. 2). Such a drastic
change is unlikely caused by an alteration in
plasma protein binding because unbound fraction
of NFT in the plasma of Bcrp1�/� mice was not
affected by pregnancy (Tab. 3). Reasons for this
drastic change in NFT exposure are not known,
but might possibly be caused by the following
factors. Expression and activity of certain efflux
transporters and/or metabolic enzymes in the
gastric intestinal tract could be upregulated in
pregnant Bcrp1�/� mice to compensate for the
functional loss of Bcrp1. These efflux transporters
and/or enzymes could be further induced by
pregnancy, leading to decreased absorption,
increased degradation, and/or metabolism of
NFT in pregnant Bcrp1�/� mice after oral
administration. As to why this does not happen
in wild-type mice is not clear. Clearly, there
appears to be some interaction between Bcrp1
knockout and pregnancy. Further studies are
needed in future work to elucidate the mecha-
DOI 10.1002/jps JOURNA
nisms underlying this drastic change in the
disposition of oral NFT in pregnant Bcrp1�/�

mice. For example, microarray studies may
illustrate which genes’ expression in maternal
organs (e.g., the small intestine) of the Bcrp1�/�

mice is altered by pregnancy, and what is the
functional consequence of this change for NFT
disposition which could be accessed by studies
such as ex vivo small intestinal perfusion to
measure the absorption of NFT or in situ deter-
mination of the basolateral to apical transport of
NFT across the small intestine as well as in vitro
metabolism studies of NFT using the mouse small
intestinal homogenates.

In summary, our data show that the systemic
exposure and pharmacokinetic characteristics of
NFT in wild-type female mice, after intravenous
and oral administration, are not significantly
affected by pregnancy, even though Bcrp1 expres-
sion in the liver and kidney of mice has been
shown to be significantly induced by pregnancy.
This suggests that Bcrp1 plays a minor role in the
systemic clearance of NFT in female mice. The
most interesting and important finding of this
study is that the systemic exposure of oral NFT
was drastically reduced by pregnancy in Bcrp1�/�

mice, but not in wild-type mice. Such data
may have clinical implications. For example, if
pregnancy does not affect NFT disposition in
humans, dose adjustment may not be necessary
for the use of NFT in pregnant women. It would be
also important to know if NFT disposition in
women with low or no BCRP expression caused
by genetic variations may be similarly affected
by pregnancy as in Bcrp1�/� mice. However,
caution should be taken when extrapolating the
mouse data to humans, as the pharmacokinetic
characteristics of NFT in humans and mice are
quite different.
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