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ABSTRACT
Purpose Drug transfer into milk is a general concern during
lactation. Because data are limited in human subjects, particu-
larly for new drugs, experimental animal models of lactational
drug transfer are critical. This study analyzed drug transfer into
milk in a mouse model, as well as the contribution of similar and
dissimilar host factors.
Methods Milk/plasma drug concentration ratios (M/P) in
humans were obtained from the literature, while those in mice
were determined experimentally after intraperitoneal implanta-
tion of osmotic pumps containing drugs of interest. Unbound
drug fractions in plasma and milk were determined in vitro for
both species.
Results M/P values were determined for 27 drugs in mice and
compared with those in human. These values were increased
in mice for 21 drugs; the geometric mean ratio of M/P between
mice and humans was 2.03 (95% CI, 1.42–2.89) for all 27
drugs. These results were reasonably explained by the relatively
high protein and lipid content in mouse milk. Moreover,
species-specific asymmetrical transport systems were suggested
for 9 drugs.
Conclusions In addition to species-specific differences in milk
protein and lipid content, variances in asymmetrical drug trans-
port across the mammary epithelium may yield discordant M/P
values in humans and mice.

KEY WORDS breastfeeding . lactation . mammary
epithelium . species-specific differences . transporter

ABBREVIATIONS
ABC ATP-binding cassette
AUC area under the drug concentration-time

curve
BCRP breast cancer resistance protein/ABC

transporter G2
BEH bridged ethyl hybrid
Cm drug concentration in milk
Cm,lipid drug concentration in lipid fraction of milk
Cm,skim drug concentration in skim milk
Cm,unbound unbound drug concentration in skim milk
Cp drug concentration in plasma
Cp,unbound unbound drug concentration in plasma
DMSO dimethyl sulfoxide
fm unbound drug fraction in skim milk
fm,total fraction of drug free from binding to milk

protein and lipid
fp unbound drug fraction in plasma
Kf milk lipid-to-water partition coefficient
LC-MS/MS liquid chromatography-tandem mass

spectroscopy
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M/P ratio of drug concentration in milk to that
in plasma

M/Punbound ratio of unbound drug concentration in
milk to that in plasma

M/Punbound,pred M/Punbound ratio predicted based on pH
partition theory

OCT organic cation transporter
SDS sodium dodecyl sulfate
SLC solute carrier
UPLC ultra-performance liquid chromatography

INTRODUCTION

Breastfeeding is the optimal method of feeding for the healthy
growth and development of infants, given the high nutritional
value and absorption and digestion rate of breast milk. The
impact of breastfeeding has been well established in recent
years (1). Breastfeeding protects against several infectious dis-
eases, such as respiratory tract illnesses, diarrhea, otitis media
in infancy, and bacterial translocations in the innate sterile
intestinal tissues of newborns. Several morbidities associated
with allergic diseases are also decreased in breastfed infants,
because the newborns acquire both humoral and cell-
mediated immunity via breast milk. For example, breast milk
contains elevated levels of transforming growth factor-β, an
essential anti-allergy cytokine, during early lactation.
Furthermore, accelerated neurocognitive development is as-
sociated with infants who are provided with breast milk in-
stead of artificial milk (2), which is possibly related to the long-
chain polyunsaturated fatty acid content in breast milk (3).
Finally, trustful and reciprocal mother-infant bonds are cre-
ated via breastfeeding and/or skin-to-skin contact, particularly
among very preterm infants in intensive care units (4–6).
Indeed, breastfeeding of infants under 2 years of age has the
greatest potential impact on child survival of all preventive
interventions, with the potential to prevent 1.3 million deaths
in children under 5 years of age in the developing world (7).

A matter of importance for infant health is that most
maternally ingested drugs or chemical compounds transfer,
at least to some extent, into breast milk. However, information
on drug transfer into and retention by breast milk is only
available for a limited number of medications in humans,
because such information is not usually requested when a
new drug is approved for use by lactating mothers. Given
the vagaries of drug transfer, human data cannot be antici-
pated, although information stemming from pertinent animal
models is sometimes accessible. On the other hand, it is not
well established whether animal data qualitatively and
quantitatively reflect drug distribution in human milk. This
lack of knowledge has caused mothers who require medica-
tion to give up nursing on their own accord, or based on the

advice of medical practitioners. Consequently, their infants
do not receive the established benefits of breast milk, neces-
sitating methods to better predict drug transfer into human
milk.

Several models have been proposed to address this issue
(8). For example, the pH-partition theory was applied to
predict drug distribution between plasma and milk in early
animal studies (9). Atkinson and Begg extended this theory
to advance the “phase distribution model”, in which drug
distribution into milk was evaluated by a combination of the
pH-partition theory, protein binding, and distribution into
milk lipids (10,11). The phase distribution model is based on
the hypothesis that a rapid equilibrium of drug concentra-
tions exist between plasma and milk; however, a major
limitation of this model is that the drug concentration-time
courses in plasma and milk do not usually increase or
decrease in parallel (12,13).

We recently conducted an exhaustive search of the litera-
ture regarding human clinical data of drug concentration-time
profiles in plasma and milk. By fitting these data to one or two
compartment model, reliable secretion and reuptake clear-
ance data across the mammary epithelium were obtained for
49 out of a total of 64 drugs analyzed (14). Based on these
data, we proposed equations predicting secretion and reup-
take clearance from physicochemical parameters. These equa-
tions proved useful not only for predicting the milk to plasma
area under the drug concentration-time curve (AUC) ratio,
but also the drug concentration-time profile in human milk
(14). Nonetheless, our prediction methods were not always
reliable, because asymmetrical transport processes were
not considered (8,15–17). This is a major concern, given
that some drugs are conveyed by transporters or other
transfer mechanisms including exocytotic transport and
vesicular transcytosis across the mammary epithelium
(18). If the contribution of these transfer sysytems was
taken into account, a more general and dependable pre-
diction method could be constructed.

Breast cancer resistance protein/ATP-binding cassette
(ABC) transporter 2 (BCRP) is the only example to date of a
transporter whose contribution to drug transfer into milk is
clearly demonstrated in humans as well as experimental ani-
mals (19,20). Although transporters other than BCRP are
expressed at the mRNA level in mammary epithelial cells
during lactation, it is not clear whether these transporters
are actually involved in drug transport across the mammary
epithelium to affect the drug content in milk (21,22). To
address such a fundamental issue, information regarding the
unbound drug concentration ratio betweenmilk and plasma is
critical. If the ratio is higher or lower than that explained by
the pH-partition theory, asymmetrical conveyance is likely
involved. However, to the best of our knowledge, a compre-
hensive analysis has not yet been conducted of milk/plasma
drug ratios in humans or in experimental animals.
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The objective of the present research was thus to system-
atically compare drug distribution in breast milk for a large
number of compounds in humans and mice, and to assess
the contribution of similar versus dissimilar host factors to this
process. The investigated factors include protein binding in
plasma and skim milk, partitioning of drugs into the milk
lipid fraction, and asymmetrical transport across the mam-
mary epithelium. Thirty-two drugs were selected as model
compounds whose transfer into human milk was analyzed in
our previous report (14). The mouse was chosen as an
experimental animal model, because it is often employed
in the preclinical drug development process.

MATERIALS AND METHODS

Drugs

Acetaminophen, cephalothin sodium salt, clindamycin hydro-
chloride, disopyramide phosphate salt, labetalol hydrochlo-
ride, nitrofurantoin, (±)-propranolol hydrochloride, terbuta-
line hemisulfate salt and (±)-verapamil hydrochloride were
obtained from Sigma-Aldrich (St. Louis, MO). Acyclovir,
alprazolam, atenolol, anhydrous caffeine, cefotaxime sodium
salt, cephapirin sodium salt, diltiazem hydrochloride, metro-
nidazole, nitrazepam, prednisolone, 6-propyl-2-thiouracil
(propylthiouracil) and trazodone hydrochloride were from
Wako (Osaka, Japan). Chloramphenicol, cimetidine and the-
ophylline were from Nacalai Tesque (Kyoto, Japan).
Fluconazole, metoprolol, mirtazapine, praziquantel and
quetiapine fumarate were from LKT Laboratories, Inc. (St.
Paul, MO). Triprolidine hydrochloride was from MP
Biomedicals, LLC (Solon, OH). Metformin was from Alexis
Biochemicals (San Diego, CA). Moclobemide was from
Toronto Research Chemicals (Brisbane, Canada). All other
reagents were of analytical grade.

Sample Collection and Animal Handling

Primiparous pregnant female mice (ddY strain), mating
age=9 weeks and gestational age=16 days, were purchased
from Japan SLC (Hamamatsu, Japan). Following parturi-
tion and during lactation, mothers were individually paired-
housed with their pups in a room maintained at 25°C and
50% relative humidity. The animals had ad libitum access to
a normal chow diet (CMF diet, Oriental Yeast Co., Ltd.,
Tokyo, Japan) and tap water. The litter size was standard-
ized to eight pups (four males and four females) at 4 days
postpartum. The research protocol adhered to the
“Principles of Laboratory Animal Care” (National
Institutes of Health (NIH) publication #85-23, revised in
1985) and was approved by the Animal Studies Committee
of the University of Tokyo.

Implantation of Micro-Osmotic Pumps

Cassette dosing was used for drug administration to mice (n=6
for each group). The 32 drugs were divided into five groups
(group A, 7 drugs in one pump; group B, 6 drugs in one pump;
group C, 10 drugs in two pumps; group D, 5 drugs in three
pumps; and group E, 4 drugs in one pump), taking into
consideration possible competition between the drugs for the
known transport systems in mammary epithelia, compatible
drug solvents in each osmotic pump, the detergent to be
employed in the pretreated ultrafiltration devices, and the
gradient program for liquid chromatography (Supplementary
Material Table 1). For example, acyclovir, cimetidine and
nitrofurantoin are transported by BCRP in the mammary
epithelium (19,20) and were thus divided into different groups.
Regarding the solvents, 50% dimethyl sulfoxide (DMSO) or
distilled water was used according to the manufacturer’s in-
structions for each drug. The drug dose (mg/kg/day) was
customized according to the clinical dose and the detection
limit for each drug (Supplementary Material Table 1).

Micro-osmotic pumps (Alzet® model 1003D, Durect
Corporation, Cupertino, CA) containing each drug combi-
nation were implanted intraperitoneally into lactating mice
at the postnatal age of 14 days. The pumps had a reservoir
volume of 97±7 μL and a constant flow rate of 0.95±
0.02 μL/h over a period of 72 h. Each mouse received ether
anesthesia via inhalation and was intraperitoneally implanted
with one to three pumps containing the appropriate combi-
nation of drugs (Supplementary Material Table 1). After the
operation, mice were returned to their home cages with their
pups and fed ad libitum. All mice survived the surgical proce-
dure and appeared to be lactating normally, given that all
pups thrived throughout the course of the experiment, with a
constant increase in body weight.

Collection of Milk

Milk was collected from nursing mice at 60 h after implanta-
tion of the pumps. The mother mice were separated from
their pups at 8 h before the indicated milking time and
injected with 10 units of oxytocin (Sigma-Aldrich). A milking
apparatus for laboratory animals (Automated Milker WAT-
2008, Little Leonardo Corporation, Tokyo, Japan) was used
in order to gather the milk samples. The settings were as
follows: −140 mmHg for the pressure, 60 times/min for the
pulsation frequency, and 60% for the suction. Inhaled ether
anesthesia was used to sedate the mice. Suction was applied to
one nipple of a supine mouse by using the teat cup of the
milker, with manual massaging. After a small amount of milk
was obtained, suction was subsequently applied to another
nipple in a similar fashion. Milking was finished after all 10
nipples of the nursing mother were treated in this manner,
resulting in the collection of around 200 μL ofmilk per mouse.
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The collected milk was placed into a siliconized eppendorf
tube and frozen at −80°C until analysis. Next, blood was
drawn from the jugular vein, collected into a heparinized
and siliconized tube (Watson, Tokyo, Japan), and centrifuged
for 3 min at 13,000 rpm. The supernatant representing the
plasma sample was frozen at −80°C until analysis.

Protein concentrations in total milk and skim milk (pre-
pared as described below) were measured by the BCA
method (Pierce BCA Protein Assay Kit, Thermo Fisher
Scientific, Rockford, IL). A creamatocrit measurement was
performed to evaluate the lipid contents of the milk. Briefly,
the milk was centrifuged in a hematocrit capillary tube, and
the length of the cream layer was expressed as a percentage
of the length of the milk column (23).

Measurement of Drug Concentrations in Milk
and Plasma

Concentrations of the drugs in milk (Cm) and plasma (Cp) were
measured as follows. An aliquot (50 μL) of thawed milk or
plasma sample was mixed with acetonitrile (500 μL)
containing 100 nM carbamazepine as an internal standard,
vortexed, and deproteinized by centrifugation for 10 min at
3,500 rpm for the milk and at 15,000 rpm for the plasma. An
aliquot (450 μL) of each supernatant was condensed and dried
by using a centrifugal concentrator (SpeedVac, Thermo
Fisher Scientific). Desiccated milk samples were dissolved in
40% acetonitrile (200 μL) and n-hexane (100 μL) and
vortexed in order to remove the lipids. An aliquot (120 μL)
of the acetonitrile layer was applied to the sampling plates.
Plasma samples were dissolved in 40% acetonitrile (200 μL),
and an aliquot of the acetonitrile layer (120 μL) was applied to
the plates. Carbamazepine was used as the internal standard.

Liquid chromatography-tandem mass spectroscopy (LC-
MS/MS) was performed by using an ultra-performance liquid
chromatography (UPLC) system and a Quattro Premier XE
mass spectrometer (Waters, Milford, MA) with a 1.7 μm
particle Acquity UPLC™ BEH (bridged ethyl hybrid) C18

analytical column (2.1 mm×100 mm, Waters). Samples were
kept at 4°C in the sample injector, and aliquots of 7.5 μL were
injected. The oven temperature was 40°C, and the flow rate
was 0.3 mL/min. Acetonitrile or methanol was selected as the
organic solvent in the mobile phase. The mobile phase
consisted of formic acid-acetonitrile (0.1:99.9, v/v) or formic
acid-methanol-20 mM ammonium acetate (0.1:97.9:2.0,
v/v/v) (see Supplementary Material Table 1 for a summary
of detailed LC-MS/MS analytical conditions).

Determination of the Unbound Fraction and Partition
Ratio In Vitro

Because the amount of milk and plasma obtained from each
mouse was limited, it was not practical to measure unbound

drug concentrations in vivo in milk and plasma. Alternatively, in
vitro experiments were conducted to independently determine
the unbound fraction in milk and plasma, as described below.

Blank mouse milk samples were collected from lactating
ddYmice (11–13 weeks old) at several time points. These mice
were treated in the same manner as the experimental mice,
without the implantation of the pumps. In addition, blank
human milk samples were obtained with written consent from
healthy nursing mothers whose children were admitted to the
University of Tokyo Hospital. The mothers did not take any
medications for at least 72 h prior to milk sampling. The
research protocol followed the tenets of the Declaration of
Helsinki promulgated in 1964 and was approved by Research
Ethics Committee at the Faculty of Medicine and the
Graduate School of Medicine of the University of Tokyo.

Pooled mouse and pooled human milk samples were
centrifuged (2,000×g, 15 min, room temperature) and sepa-
rated into skim and lipid portions. The specimens were then
reconstituted by mixing the skim and lipid portions to ensure
lipid contents of 20% for themousemilk and 5% for the human
milk, respectively. The protein concentrations in the milk were
92.0 mg/mL and 13.9 mg/mL for mouse and human samples,
respectively. The pH of the reconstituted milk was 7.2. An
aliquot of reconstituted milk (1.35 mL) was combined with
the appropriate drug mixture (150 μL; the same drug combi-
nations that were employed above for the in vivo experiments
were also employed for the in vitro experiments; Supplementary
Material Table 1) to yield a milk sample (1.5 mL) containing
final drug concentrations of 1 μM and lipid concentrations of
18% and 4.5% for themouse and human samples, respectively.

Samples were then transferred to siliconized 1.5 mL tubes
(Watson, Tokyo, Japan), gently turned upside down and right
side up 10 times, and incubated for 5 min at 37°C to achieve
equilibration of protein binding and distribution into milk
lipid. After collecting an aliquot (50 μL) for the measurement
of drug concentration (Cm), the remaining 1.45 mL was
centrifuged at 2,000×g for 15min. Next, the sample was snap
frozen in liquid nitrogen, and skim milk was obtained by
removing the upper lipid layer. An aliquot was thawed and
used for the measurement of drug concentration in the skim
milk (Cm,skim), and the remaining sample was centrifuged for
5 min at 15,000 rpm to remove aggregates. An aliquot of the
supernatant (300 μL) was then transferred to a Nanosep 10 K
Omega ultrafiltration device (molecular weight cutoff>
10,000, Pall Corporation, Washington, NY) pretreated with
a surfactant (5% Tween-20/5% sodium dodecyl sulfate (SDS)
or 5%Triton X-100) to minimize nonspecific drug adsorption
(see Supplementary Material Table 1) and centrifuged
(5,000×g, 5 min, room temperature) to separate out proteins.

Nonspecific adsorption to the device was corrected by
employing the recovery ratio of each drug dissolved in dually
ultrafiltrated blank milk. The ultrafiltrated sample (50 μL) was
mixed with 2% formic acid (50 μL) and subjected to LC-
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MS/MS analysis for the determination of Cm, unbound (un-
bound drug concentration in skim milk). Cm and Cm,skim were
measured according to the same method as described above.

The unbound fraction in skim milk, fm, was calculated by
dividing Cm,unbound by Cm,skim (24). The fraction of drug free
from binding to milk protein and lipid, fm,total, was calculat-
ed by dividing Cm,unbound by Cm. The drug concentration in
the lipid fraction of milk, Cm,lipid, was calculated by Eq. 1.

Cm;lipid ¼ Cm;total−Cm;skim � 1−Creamatocrit � 10−2ð Þ
Creamatocrit� 10−2

ð1Þ

The milk lipid-to-water partition coefficient, Kf, was cal-
culated by dividing Cm,lipid by Cm,unbound (24).

Next, blankmouse plasma samples were collected from non-
nursing ddY female mice (11–13 weeks old of the age). Pooled
mouse plasma samples (450 μL) were spiked with the appro-
priate drug mixture (50 μL; again, the same drug combinations
that were employed for the in vivo experiments were also
employed for the in vitro experiments; Supplementary
Material Table 1) to yield a final concentration of 500 nM
for each drug. Samples were gently turned upside down and
right side up 10 times and incubated for 5 min at 37°C to
achieve equilibration. An aliquot (50 μL) was reserved to
measure the drug concentration in plasma (Cp), and 300 μL
of the remaining sample was transferred to pretreated
Nanosep 10 K Omega ultrafiltration devices (Pall
Corporation) and processed in the same way as described
for Cm,unbound to measure Cp,unbound (unbound drug concen-
tration in the plasma).

The unbound fraction in plasma, fp, was calculated by
dividing Cp,unbound by Cp for the mouse. Human fp values
were obtained from the DrugBank database (http://www.
drugbank.ac/) or the package insert for each drug. The ratio
of the drug concentration in milk to that in plasma, M/P, was
calculated by dividing Cm by Cp for the mouse. The human
M/P(AUC) values described in our previous report (14) were
employed as M/P values in the current investigation.

The ratio of unbound drug concentration in milk to that
in plasma, M/Punbound, was initially calculated by Eq. 2. On
the other hand, M/Punbound is only anticipated to reach
equilibrium for uncharged drugs, with equalized drug con-
centrations in the milk and the plasma. Accordingly, the
ratio was predicted (M/Punbound,pred) with Eqs. 3 and 4 for
acidic and basic drugs, respectively, based on the pH-
partition theory. Drug pKa values were obtained from the
DrugBank database (http://www.drugbank.ac/).

M=Punbound ¼ M=P� f m;total

f p
ð2Þ

M=Punbound;pred ¼ 1þ 10 milkpH−pKað Þ

1þ 10 7:4−pKað Þ ð3Þ

M=Punbound;pred ¼ 1þ 10 pKa−milkpHð Þ

1þ 10 pKa−7:4ð Þ ð4Þ

RESULTS

Measurement of Drug Concentration Ratio in Mouse
Plasma and Milk

The production rate and composition of milk changes exten-
sively during the first several days after parturition inmice, but
remain relatively stable at later time periods (i.e., 2 weeks after
parturition) (25). Considering these early changes, we
designed the osmotic pump implantation experiments so as
to administer drugs to the animals at 14 days after partition.
Next, milk was collected at 3 days after pump implantation to
maximize the volume of milk obtained and to minimize inter-
individual variability of its constituents. Sixty hours after im-
plantation of the osmotic pumps, the production of milk was
well preserved. Neither milk protein content nor creamatocrit
value were not significantly affected by capsule implantation
(Supplementary Material Fig. 1). These parameters were also
not significantly different among mice groups, implanted with
different number of capsules containing different kinds of
drugs (Supplementary Material Fig. 1).

Drug concentrations in both plasma and milk were
successfully determined for 27 out of 32 drugs in mice
(Table I and Fig. 1). Notably, M/P values were higher
in mouse than in human for 21 of these 27 drugs. The
geometric mean ratio of M/P between mouse and hu-
man was 2.03 (95% confidence interval (CI), 1.42–2.89).
M/P values were more than 3-fold higher in mouse
relative to human for diltiazem (3.3-fold), metformin
(7.7-fold), praziquantel (5.9-fold), propylthiouracil (45.6-
fold), quetiapine (3.1-fold), and terbutaline (8.7-fold). In
mice, M/P values fluctuated from the lowest value of
0.20 for cefotaxime and trazodone, to the highest value
of 13.3 for terbutaline (Fig. 1). On the other hand, the
lowest human M/P value was 0.08 for cefotaxime, and
the highest was 4.18 for cimetidine (Table I). Drug
concentrations in plasma were under the detection limit
for cephapirin (< 8 nM), mirtazapine (< 0.8 nM), and
nitrofurantoin (< 20 nM), while concentrations in
milk were under the detection limit for cephalothin
(< 8 nM), cephapirin (< 8 nM), and prednisolone
(< 4 nM). Known BCRP substrates (acyclovir and ci-
metidine) were highlighted with closed circles in Fig.1.
Higher M/P values of acyclovir (4.2) and cimetidine
(10.3) were similar to those reported previously in mice
(19). It indicated that our evaluation method can detect
such asymmetrical transport system.
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Comparison of fp, fm,total, fm and Kf Values
Between Human and Mouse

The higher M/P values observed for mouse versus human
(Fig. 1) are potentially ascribable to species-specific differ-
ences in the unbound fraction of drugs in plasma and/or
milk; for example, higher mouse fp values and/or lower
mouse fm,total values. This is because, in principle, only
unbound (not associated with protein or lipid) and union-
ized drug molecules can diffuse across the mammary epi-
thelium, while molecules associated with protein and/or
lipid droplets are retained in the blood or milk compartment
(10,24). Therefore, we next compared fp and fm,total values in
human and mouse (Table II). The experimentally deter-
mined mouse fp values were similar but slightly higher than
the corresponding human values; the geometric mean ratio
of fp values between mouse and human was 1.24 (95% CI,
1.04–1.49), and a linear correlation was observed between
the fp values in the two species (y=0.860x – 0.004, r2=
0.737, Fig. 2a). On the other hand, the fm,total values were
significantly lower in mouse than in human; in this case, the
geometric mean ratio between mouse fm,total and human
fm,total was 0.64 (95% CI, 0.52–0.77). This relationship was
more evident for drugs with fm,total values of less than 0.75 in
mouse (Fig. 2b).

Furthermore, we separately determined fm and Kf for
mouse and human to investigate the detailed cause of the
species-specific differences between fm,total values (Table II).
The fm values varied largely in mouse compared with hu-
man (Fig. 3a), with significantly lower fm values in mouse
(Fig. 3a); the geometric mean ratio between mouse fm and
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human fm was 0.53 (95% CI, 0.43–0.65). These observa-
tions signify that protein binding by drugs in skim milk is
significantly higher in the mouse. Next, we successfully
calculated the mouse and human Kf values for 26 drugs.
The Kf values in mouse were slightly lower than those in
human; the geometric mean ratio between mouse Kf and
human Kf was 0.61 (95% CI, 0.40–0.95), and a linear
correlation was observed between their logarithmic values
(y=0.837x+0.286, r2=0.489, Fig. 3b). Taken together, the-
se results indicate that the higher M/P values in mouse can
be mostly explained by the lower fm,total values. The lower
fm,total values in mouse can in turn be explained by the
increased binding of drugs to protein in skim milk, in addi-
tion to a massive partitioning of drugs into the lipid fraction
due to the higher creamatocrit percentage in mouse versus
human milk (18.0% versus 4.5%).

Unbound Drug Concentration Ratio Between Milk
and Plasma

The contribution of asymmetrical transport across the
mammary epithelium was next examined by comparing
unbound drug concentration ratios between plasma and
milk (M/Punbound) for mice and humans. Asymmetrical

transport process should be considered in cases where the
M/Punbound value significantly deviates from the value pre-
dicted by the pH-partition theory (10,24). M/Punbound
values were calculated by using unbound fraction parame-
ters for 27 drugs (Table I). In contrast to the results for M/P
(Fig. 1), no trend indicated that the overall M/Punbound
values were higher or lower in mouse compared to human.
Furthermore, the ratio between mouse M/Punbound and
human M/Punbound were close to 1.0 with some exceptions
(see below and Discussion) (Fig. 4). The geometric mean
ratio between mouse M/Punbound and human M/Punbound
was 1.03 (95% CI, 0.70–1.52).

M/Punbound values predicted based on the pH-partition
theory are also shown in Table I, assuming a pH of 6.8–7.2
for standard milk. Classification of drugs based on the
observed and predicted M/Punbound values are summarized
in Fig. 5. The M/Punbound values for 18 out of 27 drugs were
within a 3-fold higher or lower range of the predicted values
(average M/Punbound at pH6.8–7.2), while the M/Punbound
values of the other 9 drugs were not (Table I, Fig. 4). Among
these 9 drugs, the M/Punbound values of 5 drugs (cefotaxime,
human and mouse; metformin, human; triprolidine, mouse;
trazodone, human and mouse; and verapamil, mouse) were
more than 3-fold lower than predicted. In contrast, the
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M/Punbound values of the other 4 drugs (acyclovir, mouse;
cimetidine, human and mouse; clindamycin, human; and
terbutaline, mouse) were more than 3-fold higher than
predicted. These results suggest that there is little species-
specific variation regarding the M/Punbound for cimetidine,
cefotaxime, or trazodone (the M/Punbound values were more

than 3-fold higher or lower than predicted for both species),
whereas species-specific differences do exist for acyclovir,
clindamycin, metformin, terbutaline, triprolidine, and ve-
rapamil (M/Punbound values were more than 3-fold higher or
lower than predicted for one of the species, but not the
other).

DISCUSSION

This is the first report in which the transfer of drugs
with physiologically diverse actions into breast milk was
comprehensively compared between mouse and human,
with consideration of the possible contribution of
carrier-mediated transport across the mammary epithe-
lium. Our major findings are as follows: 1) M/P values
were higher in mouse relative to human for most com-
pounds; 2) M/Punbound values were similar in the two
species with some exceptions (see below); 3) drug bind-
ing to proteins and partitioning into the lipid fraction
contributed to the more extensive drug distribution in
mouse versus human milk; and 4) a significant contribu-
tion of asymmetrical transport processes was suggested
for some compounds in both humans and mice. These
findings are discussed in detail in the following para-
graphs, along with possible interpretations.

First, the trend toward higher M/P values in mice (Fig. 1)
is not surprising given the higher protein and lipid content in
mouse versus human milk. The protein constituents of mouse
milk range from 97.0–213.6 mg/mL, depending on the
mouse strain (26). These figures are about 10–20 times
higher than the protein concentration in human milk
(9.2 mg/mL (27)). Moreover, the creamatocrit percentage
in mouse milk is also higher than that in human milk (18.8%
versus 4.5%, on average (14)). As shown in Fig. 2, fm,total

values were generally lower in the mouse, while fp values
were similar between human and mouse. Higher binding to
milk proteins and partitioning into the lipid fraction in
mouse milk results in the retention of the drug in the milk
compartment. The lower protein binding in human milk
may ensue from the lower serum albumin content in human
milk (0.5 g/L) (28), which is less than one-tenth of that in
mouse milk (4.8–10.2 mg/mL) (29). On the other hand, the
concentration of serum albumin was similar in human plas-
ma (44 mg/mL) (30) and mouse plasma (38 mg/mL) (31). As
a result, the correlation between fp and fm was better in mice
(y=0.682x+0.128, r2=0.598) than in humans (y=0.210x+
0.702, r2=0.147) (Supplementary Material Fig. 2). To our
knowledge, no other reports have provided evidence
supporting the general importance of species-specific differ-
ences in the concentration of milk albumin, a major drug-
binding component in breast milk, to drug distribution
during lactation.
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In this study, the contribution of additional drug-binding
protein(s) in milk was also suggested for a particular
drug, propylthiouracil. Indeed, the protein binding of
propylthiouracil in mouse plasma was low (fp=0.71), while
that in milk was high (fm=0.14), indicating the presence of a
specific binder other than serum albumin in mouse milk.
This observation may account for the relatively high con-
centration of propylthiouracil in mouse milk (M/P=5.84)
compared with human milk (M/P=0.13). Interestingly,
propylthiouracil is the considered safest of the anti-thyroid
medications for use in lactating human mothers, whereas
the pharmacological impact of propylthiouracil on breastfed
rat pups is well known (32,33). Although the M/P of
propylthiouracil was not determined in the rat study, it is
probably also high in this experimental animal.

M/Punbound values of 27 drugs were mostly centered
around 1.0, consistent with the commonly accepted pH-
partition theory. However, for drugs with M/Punbound values
higher or lower than predicted, an asymmetrical transport
system should be suspected. As summarized in Fig. 5, 9 out
of 27 drugs fell into this category. These 9 drugs were further
classified based on different points of views. From the view-
point of asymmetrical drug transport, 4 drugs (acyclovir,
cimetidine, clindamycin, and terbutaline) were categorized
into a group associated with secretory passage across the
mammary epithelium, and the other 5 (cefotaxime, trazo-
done, triprolidine, metformin, and verapamil) were catego-
rized into a group associated with absorptive reuptake trans-
port. From the viewpoint of species-specific variations in drug
transport, 6 drugs (acyclovir, clindamycin, metformin, terbu-
taline, triprolidine, and verapamil) were categorized into a
group with extensive species-specific differences, while the
other 3 (cefotaxime, cimetidine, and trazodone) were catego-
rized into a group with little species-specific disparity.

Maternally ingested cimetidine is concentrated in the
milk of mouse, rat, and human, but not rabbit (12,15–17).
The contribution of BCRP to the secretion of cimetidine
into milk was previously established by using gene knockout
mice (19,20). Similarly, acyclovir is also concentrated in the
milk of mouse by BCRP. Our current results, showing a
more than 3-fold higher than predicted M/Punbound value
for cimetidine and acyclovir in mice, are consistent with
these previous observations (19). However, it is unknown
whether terbutaline and clindamycin are also substrates of
BCRP.

Expression profiles have been demonstrated for many
potential candidate transporters in the mammary gland
(21,22), including various solute carriers (SLC) and ABC
transporters. For example, organic cation transporter
(OCT) 1 (also known as SLC family member 22A1
(SLC22A1)) and OCT3 (also known as SLC22A3) mRNAs
are both expressed in mammary epithelial cells. Moreover,
OCT1 is induced during lactation in humans (21) and rats

(14). Among the 27 drugs investigated in the current study,
cimetidine (34) and metformin (35) are representative sub-
strates of OCT family proteins. Furthermore, disopyramide
reportedly interacts with rat OCT1 and OCT2 (also known
as SLC22A2) (36) and is transported by human OCT3 (37),
but the functional significance of OCT family members in
the passage of drugs across the mammary epithelium has
not yet been reported.

Our results showed that the M/Punbound value of
metformin was 4.35 in mouse, which was quite similar
to the predicted value (3.98−1.58 at milk pH of 6.8–
7.2) based on the pH-partition theory, whereas the
M/Punbound value in human (0.53) was far lower than
the predicted value (Table I). This suggests that active
transport by OCT family members is not necessarily
involved in the secretory transport of metformin into
the milk. Moreover, the M/P value of cimetidine in
wild-type mice (approximately 13–14) was significantly
reduced to as low as 2–3 in BCRP knockout mice (19).
From the M/Punbound,pred, fp and fm,total values for ci-
metidine determined in this study (Table II), M/P can
be predicted to be 1.8–2.8, which is consistent with the
value observed in BCRP knockout mice. These consid-
erations also imply that BCRP on the apical membrane
is sufficient for the secretory transport of cimetidine in
wild-type mice. Strictly speaking, however, the possibil-
ity cannot be excluded that uptake transporters, such as
OCT family members, are necessary for the entry of
drugs from the blood into mammary epithelial cells,
which are subsequently secreted into the milk by
BCRP. To conclusively address this issue, experiments
employing OCT knockout mice would be advantageous.

Predictability of drug transfer into milk could be im-
proved by the quantification and correct integration of
asymmetrical transport, though it is not established in hu-
man as well as in experimental animals. Actually,
M/Punbound values of 4 compounds including clindamycin,
nitrazepam, triprolidine, and verapamil, were higher in
human than mouse by more than 3-fold. From the safety
point of view, under-prediction of M/Punbound in human
should be avoided. Better understanding of this machinery
in mammary epithelia in human and experimental animals
would improve the predictability of drug transfer into milk
in human and finally secure the infants from unnecessary
exposure to drug.

CONCLUSIONS

This study is the first of its kind to comprehensively
show species-specific differences in drug transfer into
milk during lactation. In addition to the large quantita-
tive difference in milk protein and lipid content in mice
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and humans, important similarities and dissimilarities in host
transporter systems for certain drugs emerged. Consideration
of asymmetrical transport processes is anticipated to improve
the predictability of drug transfer into milk.
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