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AIM(S)
The current investigation aims to provide new insights into fetal exposure
to tacrolimus in utero by evaluating maternal and umbilical cord blood
(venous and arterial), plasma and unbound concentrations at delivery. This
study also presents a case report of tacrolimus excretion via breast milk.

METHODS
Maternal and umbilical cord (venous and arterial) samples were obtained at
delivery from eight solid organ allograft recipients to measure tacrolimus
and metabolite bound and unbound concentrations in blood and plasma.
Tacrolimus pharmacokinetics in breast milk were assessed in one subject.

RESULTS
Mean (�SD) tacrolimus concentrations at the time of delivery in umbilical
cord venous blood (6.6 � 1.8 ng ml-1) were 71 � 18% (range 45–99%) of
maternal concentrations (9.0 � 3.4 ng ml-1). The mean umbilical cord
venous plasma (0.09 � 0.04 ng ml-1) and unbound drug concentrations
(0.003 � 0.001 ng ml-1) were approximately one fifth of the respective
maternal concentrations. Arterial umbilical cord blood concentrations of
tacrolimus were 100 � 12% of umbilical venous concentrations. In addition,
infant exposure to tacrolimus through the breast milk was less than 0.3% of
the mother’s weight-adjusted dose.

CONCLUSIONS
Differences between maternal and umbilical cord tacrolimus
concentrations may be explained in part by placental P-gp function, greater
red blood cell partitioning and higher haematocrit levels in venous cord
blood. The neonatal drug exposure to tacrolimus via breast milk is very low
and likely does not represent a health risk to the breastfeeding infant.

WHAT IS KNOWN ABOUT THIS
SUBJECT
• Utilizing a non-specific assay, tacrolimus has

been reported to cross the placenta
resulting in fetal exposure. Tacrolimus has
also been reported to transfer into breast
milk.

WHAT THIS STUDY ADDS
• This is the first study to report unbound

(active) tacrolimus and metabolite
concentrations in the umbilical cord blood
and breast milk. It provides insight into the
factors influencing drug transfer in
pregnancy and lactation as well as
interpretation of tacrolimus concentrations
in the newborn.
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Introduction

Tacrolimus is an immunosuppressive agent widely used
for the prevention of rejection in solid organ transplant
recipients [1]. Although usually managed successfully,
pregnancy following transplantation is associated with
many complications [2–4]. Published data characterizing
tacrolimus and metabolite transfer across the placenta,
metabolism by the fetus and excretion into breast milk
are limited. Utilizing a non-specific immunoassay, mean
umbilical cord plasma concentrations have been reported
to be 0.71 � 0.77 ng ml-1 (49% of maternal plasma concen-
trations) [2]. However, clinical immunoassays are not spe-
cific for the parent compound nor are they accurate at low
concentrations [5, 6].Since tacrolimus crosses the placenta,
one potential concern is the effect of tacrolimus in utero
exposure on the developing fetus [4].

Tacrolimus is a substrate for P-glycoprotein (P-gp), one
of several drug transporters expressed and active on pla-
cental syncytiotrophoblasts [7]. Some of these transport-
ers, such as P-gp, minimize fetal exposure by effluxing drug
back into the maternal circulation [8]. Umbilical cord blood
is part of the fetal circulation. Umbilical cord venous blood
brings oxygen and nutrients from the placenta to the fetal
inferior vena cava and the umbilical arteries return fetal
blood from the internal iliac arteries to the placenta. We
utilized venous umbilical cord : maternal blood, plasma
and unbound tacrolimus and metabolite concentration
ratios at the time of delivery to characterize placental
transfer in vivo [9]. In plasma, tacrolimus has been shown to
bind to a1-acid glycoprotein and albumin [10, 11]. There is
a low percentage of unbound tacrolimus in plasma (5.4 �
0.7% during mid and late pregnancy and 2.8 � 0.4% in
maternal plasma post-partum) [12]. Furthermore, tac-
rolimus concentrates in erythrocytes, with a blood : plasma
ratio ranging from 4 to 42, resulting in an even lower
fraction unbound in whole blood [13, 14]. It is unbound
drug that is available to bind receptors and cross mem-
branes, including those involved in drug transfer across the
placenta and into the breast milk [15]. To our knowledge,
only one study has evaluated in vivo placental transfer of
tacrolimus utilizing a highly sensitive and specific assay,
although metabolite concentrations were not reported
[16].

Maternal CYP3A4/5 metabolic activities in the liver and
small intestine are the major determinants of steady-state
circulating maternal drug concentrations following oral
drug administration [17–20]. In adult healthy volunteers,
tacrolimus clearance is reported to be 0.040 � 0.009 l h–1

kg-1 [21]. Extensive pre-systemic metabolism and P-gp
efflux limits the oral bioavailability of tacrolimus in non-
pregnant women and men to approximately 14 � 6% [22,
23]. Paediatric patients (0.7–13.2 years of age) have been
reported to have a faster clearance 0.138 � 0.071 l h–1 kg-1

and require a higher weight adjusted dosage despite their
higher absolute bioavailability (31 � 24%) than adults [21].

Recently, the pharmacokinetics of tacrolimus in infants less
than 30 days of age were published [16]. Placental transfer
resulted in neonatal concentrations similar to maternal
concentrations. Tacrolimus concentrations in the infants
declined by ~15% per day [16]. This finding likely reflects
initial metabolism by CYP3A7, which is then gradually
replaced by CYP3A4 metabolism after birth [24]. In the
fetus, CYP3A7 is the major cytochrome P450 enzyme
expressed in the liver, accounting for ~50% of the total
cytochrome P450 content [20]. CYP3A7 is less efficient at
metabolizing tacrolimus than either CYP3A4 or CYP3A5
(relative catalytic efficiencies of 29% and 18%,respectively)
[18]. Measurement of tacrolimus and metabolite concen-
tration gradients between the umbilical vein and artery
can provide information on fetal metabolism of tacrolimus
and its impact on fetal exposure [9].

Tacrolimus crosses into breast milk [4, 5] and some
women have been advised against breastfeeding during
therapy, despite apparently low infant exposure [2, 25].
In the current study, we characterized both the tacro-
limus milk : blood and milk : plasma area under the
concentration–time curve ratios. In addition, we deter-
mined unbound drug concentration in milk and plasma
to gain an understanding of the mechanism by which
tacrolimus is transferred into human milk across the
mammary epithelium [26].

Methods

Subjects of the study
The study was approved by the Institutional Review Boards
at the University of Washington, Georgetown University
and the University of Texas Medical Branch at Galveston
and was conducted in accordance with their guidelines. All
subjects gave written informed consent. Eight pregnant
subjects participated in the tacrolimus placental transfer
study. One additional subject participated in the breast
milk sample collection for measurement of tacrolimus con-
centrations.

Sample collection
A total of eight pregnant subjects participated in the pla-
cental transfer study. Maternal and umbilical cord (arterial
and venous) blood samples were collected immediately
after delivery in seven cases. The mean time interval
between dosing and sample collection was 4.9 h (range 1.7
to 10.3 h) for maternal blood and 4.5 h (range 1.6 to 10.1 h)
for umbilical cord blood. For one other subject, whose
delivery occurred 4.5 h after tacrolimus dosing, maternal
blood was collected 30 min before delivery while venous
cord blood was collected 30 min after delivery.

For one additional subject who did not participate in
collection of labour and delivery samples, a breast milk
pharmacokinetic study was completed 45 weeks and 1 day
after delivery. Sequential blood samples (5 ml) were col-
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lected over one dosing interval (just before (0 h) and at 0.5,
1, 1.5, 2, 3, 4, 6, 8, 10, 12 h after a regular oral dose), proc-
essed and stored as previously described [12]. Breast milk
collections were performed using the Medela Classic
double electric breast pump, into glass bottles every 3 h,
over one dosing interval. Both breasts were completely
emptied of milk during each collection.The subject did not
breastfeed her infant during the study day. Glass pipettes
were used for all transfers to avoid adsorptive loss of
tacrolimus.

Tacrolimus and metabolite analysis
Tacrolimus and metabolite concentrations in blood,
plasma and milk samples were quantified utilizing a previ-
ously reported LC-MS/MS assay [12, 27]. Calibration curves
for tacrolimus and its metabolites were generated by plot-
ting the peak area ratios of tacrolimus or metabolite to
internal standard against known standard tacrolimus or
metabolite concentrations. Standard curve concentrations
for tacrolimus ranged from 0.005 ng ml-1 to 40 ng ml-1.The
limit of quantitation was 0.005 ng ml-1 for tacrolimus, and
in the range of 0.003–0.04 ng ml-1 for 13-DMT, 15-DMT,
31-DMT and 12-HT in blood, urine and plasma samples.
Intra-day and inter-day coefficients of variation for the
assays were all less than 10%.

Unbound fractions in plasma (fup) and blood (fub) were
determined as previously reported [12]. An ultracentrifu-
gation procedure adapted from Nakai et al. [28] was used
to determine unbound fraction of tacrolimus in milk (fum).

Pharmacokinetic analysis
Non-compartmental pharmacokinetic analysis was per-
formed using WinNonlin software version 5.2 (Pharsight,
Mountain View, CA). Measured milk concentrations for
each 3 h interval were used to determine the amount
excreted (milk concentration ¥ milk volume). The esti-
mated amount excreted daily was the sum of the 3 h inter-
vals over the 12 h sampling period multiplied by 2. The
tacrolimus dose ingested by a typical, exclusively breastfed
3-month-old infant was also estimated, by assuming a
breast milk ingestion of 150 ml kg–1 day-1. The tacrolimus
dose ingested by the actual infant was also calculated
based on the measured concentrations and excreted milk
volume.

To elucidate the difference in whole blood : plasma
(Kb : p) concentration ratios between maternal and cord
blood, the partitioning of tacrolimus between blood cells
and plasma (Kbc/p) was estimated by Kbc/p = (Kb/p/Hct) -
(1/Hct) + 1 [29]. Kb : p is the blood : plasma concentration
ratio and Hct represents the haematocrit. For maternal
blood, Hct was not available for samples at term. Instead,
pre-term haematocrit values (28.7 � 3.8%, range 25%–
35%) for the same individual (56 � 53 days before deliv-
ery) were used for six subjects. For one other subject
whose haematocrit was not available, the mean value

(28.7) was used. For venous umbilical cord blood, an
average reported haematocrit value of 51% was used for
all calculations [30].

Statistical analysis
Descriptive statistics are presented as mean � SD, unless
otherwise indicated. Statistical comparisons were con-
ducted using a paired two-sided Student’s t-test (Graph-
Pad Prism 5, La Jolla, CA, USA). A P value less than 0.05 was
considered significant.

Results

Patient demographics
The women participating in this study are a subset of
women previously reported describing the pharmacoki-
netics of tacrolimus during pregnancy [12]. A total of eight
pregnant subjects (three non-Hispanic White, three His-
panic, one non-Hispanic Black, one Asian), age 25.4 � 6.2
years and height 158.4 � 8.8 cm, participated in the pla-
cental transfer study. All subjects were solid organ trans-
plant recipients (four kidney, one kidney/pancreas, one
kidney/heart, two liver) and were receiving tacrolimus
orally for immunosuppression. The dosing intervals were
8 h (n = 4), 12 h (n = 3) or 24 h (n = 1).The mean gestational
age at delivery was 36.8 � 2.9 weeks.

The liver transplant recipient who participated in the
breast milk sample collection weighed 55.1 kg on her
study day. The infant weight was not measured.

Placental transfer of tacrolimus
Maternal (n = 8) and umbilical cord blood (n = 7 for venous
and n = 5 for arterial) were collected at the time of delivery.
The average tacrolimus dosage was 7.5 � 2.6 mg day-1

(range 4–12 mg day-1). For the one patient who gave birth
to twins, two individual umbilical cord venous blood
samples were collected, analyzed separately, then aver-
aged, as their tacrolimus concentrations differed by only
4.9%.Tacrolimus was assayed in plasma from maternal (n =
7) and umbilical venous cord (n = 6) samples while plasma
samples from cord arterial blood were haemolyzed and
therefore not included in analysis. Unbound tacrolimus
concentrations were determined in maternal (n = 7) and
umbilical cord venous (n = 5) plasma samples. Total and
unbound tacrolimus concentrations are presented in
Table 1.

The mean tacrolimus concentrations in maternal blood
and venous umbilical cord blood were 9.0 � 3.4 ng ml-1

and 6.6 � 1.8 ng ml-1, respectively; i.e. venous umbilical
cord blood tacrolimus was 71 � 18% (range 45–99%) of
maternal blood concentrations (Figure 1). In comparison,
venous cord plasma tacrolimus was only 23 � 11% (range
12–44%) of maternal plasma concentrations. The percent
unbound of tacrolimus in maternal plasma (4.4 � 2.8%)
was comparable with that in umbilical cord venous plasma
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(3.6 � 0.8%). Accordingly, the percent of unbound
tacrolimus in venous cord to maternal plasma was 19 �
10% (range 9–36%), similar to the concentration ratio cal-
culated based on total plasma concentrations (23 � 11%).

The tacrolimus venous umbilical cord blood : plasma
concentration ratios (Kb : p) (83.0 � 24.2, range 46.9–107.5)
were,on average,274% higher than maternal ratios (22.2 �
5.7, range 16.0–29.8, P < 0.003, Figure 2A). Tacrolimus par-
tition ratio between blood cells and plasma was calculated
to be 75.4 � 19.0 (range 49.3–97.1) in maternal blood and
161.9 � 47.5 (range 91.0–209.7) in venous umbilical cord
blood (P < 0.02, Figure 2B).

The umbilical cord venous : maternal (Figure 1) or arte-
rial : venous drug concentration ratios did not vary as a
function of time between dosing and sample collection (n
= 5 for observations for which both arterial and venous
umbilical concentrations were available). Arterial umbilical
cord blood concentrations of tacrolimus were 100 � 12%
of venous concentrations (range 81–113%).

Of the four primary metabolites of tacrolimus, the
pharmacologically inactive metabolites 13-O-desmethyl
tacrolimus (13-DMT) and 15-O-desmethyl tacrolimus (15-
DMT) could be measured in all umbilical cord samples,
while the active metabolite 31-O-desmethyl tacrolimus

Table 1
Tacrolimus concentrations (ng ml-1) and concentration ratios in maternal,
umbilical cord blood and plasma samples. Results reported as mean � SD
(range)

Concentration
Maternal
venous

Umbilical cord
venous

Umbilical cord
arterial

Blood 9.0 � 3.4 6.6 � 1.8 5.7 � 1.0

(4.1, 13.7) (4.9, 10.1) (4.6, 7.25)

(n = 8) (n = 7) (n = 5)
Plasma 0.40 � 0.20 0.09 � 0.04

(0.23, 0.80) (0.05, 0.16)
(n = 7) (n = 6)

Unbound drug 0.017 � 0.010 0.003 � 0.001

(0.006, 0.030) (0.002, 0.006)

(n = 7) (n = 5)
Ratio Venous umbilical

cord : maternal
Umbilical cord
arterial : venous

Blood 0.71 � 0.18 1.00 � 0.12

(0.44, 0.99) (0.81, 1.14)

(n = 7) (n = 5)
Plasma 0.23 � 0.11

(0.13, 0.44)
(n = 6)

Unbound drug 0.19 � 0.10

(0.09, 0.36)

(n = 5)
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Figure 1
Tacrolimus venous umbilical cord blood : maternal blood, venous
umbilical cord plasma : maternal plasma and venous umbilical cord
unbound : maternal unbound concentration ratios in eight patients,
shown by the time after last dose of tacrolimus to blood sampling. For
each ratio, the different data points represent an observation in a differ-
ent subject.�, venous cord blood : maternal blood (n = 7); �, venous cord
plasma : maternal plasma (n = 6); , venous cord unbound : maternal
unbound (n = 5)
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Figure 2
Tacrolimus maternal blood : plasma (n = 7), venous umbilical cord
blood : plasma (n = 6) concentration ratios in patients, taking tacrolimus
at the time of delivery (A) and the calculated Kbc/p, the tacrolimus parti-
tioning ratio between blood cells and plasma, in maternal blood (n = 7)
and venous umbilical cord blood (n = 6) (B).The horizontal lines represent
the mean ratios. A) �, maternal blood : maternal plasma; �, venous cord
blood : venous cord plasma; B) �, maternal blood Kbc/p; �, Venous Cord
Blood Kbc/p
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(31-DMT) was quantifiable in four out of eight venous cord
samples (including two individual umbilical cord venous
blood samples from one patient who gave birth to twins)
at very low concentrations (0.02 � 0.01 ng ml-1) (see sup-
plementary Table S1 for metabolite concentrations). The
umbilical cord venous : maternal concentration ratios of
31-DMT, 13-DMT and 15-DMT in blood were 0.42 � 0.23,
0.67 � 0.14 and 1.05 � 0.43, respectively. Similar to the
parent drug, venous umbilical cord plasma concentrations
of 13-DMT and 15-DMT were only 13 � 8% and 9 � 7% of
maternal plasma concentrations, respectively. The umbili-
cal cord arterial : venous blood ratios of 13-DMT and
15-DMT were both 1.13 � 0.10.

Excretion of tacrolimus into milk
The amount of tacrolimus excreted in breast milk over a
12 h steady-state dosing interval was determined in one
patient, treated with 1.5 mg of oral tacrolimus twice daily.
Tacrolimus concentration in breast milk peaked later than
blood or plasma (6 h, 1 h and 1 h respectively). Peak and
trough concentrations in milk were 1.11 and 0.78 ng ml-1,
respectively (Figure 3A). The average concentration of tac-
rolimus in milk was 0.93 ng ml-1, comparable with previ-
ously reported values [5, 25]. The milk : blood and
milk : plasma AUC ratios in this subject were 0.13 and 2.89,
respectively. Tacrolimus percent unbound in milk and
plasma were 3.7 � 0.6% (n = 3) and 2.7 � 0.4% (n = 3),
respectively. The calculated unbound tacrolimus
milk : plasma AUC ratio was 3.96 (Figure 3B).

Daily tacrolimus excretion into milk was estimated to
be 32.0 ng, corresponding to 0.059% of the mother’s
weight-adjusted dose (54.4 mg kg–1 day-1). The tacrolimus
exposure via breast milk for an average 3-month-old exclu-
sively breast-fed infant was estimated to be 0.14 mg kg–1

day-1, i.e. 0.3% of the mother’s weight-adjusted dose. The
mean concentration of 13-DMT in milk was 0.03 ng ml-1

(trough to peak concentration ranged from 0.01 to
0.04 ng ml-1), much lower than that of parent drug. The
other metabolites were all under their limits of quantita-
tion in breast milk.

Discussion

Fetal exposure to tacrolimus has been evaluated in a
limited number of studies [2, 16].The current investigation
characterizes whole blood, plasma and unbound tac-
rolimus concentrations in maternal and umbilical cord
blood samples at delivery, providing new insights into fetal
tacrolimus exposure.This study also presents an additional
report of an infant being breast fed by a mother receiving
tacrolimus-based immunosuppressive therapy.

Many factors are known to influence drug transfer
across the placenta, including placental barrier permeabil-
ity in relation to the physicochemical properties of the
drug, facilitated or active drug transport, and drug

biotransformation [9]. Tacrolimus is lipophilic with a
molecular weight of 804 Da. Although its molecular
weight exceeds the relative cut off (500 Da) for easy
diffusion across the placenta, some degree of passive dif-
fusion is expected [31]. For fetal development, the distri-
bution, function and toxicity of tacrolimus in different
organs, such as the interruption of T cell development at
critical phases within the fetal thymus, potential func-
tional changes in the fetal brain, renal insufficiency and
neonatal hyperkalaemia need to be considered [2, 32].
Although prematurity occurred in 53% of 170 infants born
to kidney transplant recipients taking tacrolimus, and 46%
had low birth weight [33], the incidence of major malfor-
mations in the National Transplantation Pregnancy Regis-
try was not much higher than that in the general
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Tacrolimus concentration (logarithmic scale) in maternal blood, plasma
and breast milk (A) and steady-state unbound tacrolimus concentrations
in maternal plasma and breast milk (B) of one subject over a single dosing
interval.The subject was treated with 1.5 mg of tacrolimus twice daily for
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milk unbound drug; , plasma unbound drug
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population [32]. Jain et al. concluded that neonatal com-
plications were minor and congenital anomalies were
rare, the latter supported by the absence of congenital
anomalies in a report from British Columbia [34, 35].
Instead, the greatest concerns for the infants exposed to
tacrolimus in utero appear to stem from maternal compli-
cations such as hypertension, pre-eclampsia and prema-
ture rupture of membranes which might be related in part
to placental or maternal endothelial effects and changes
in blood flow ultimately requiring preterm delivery. Any
evaluation of the contribution of tacrolimus to maternal
complications in pregnancy is confounded by the other
maternal conditions.

Tacrolimus is a P-gp substrate [7] and thus subject to
the actions of this placental transporter, which limits fetal
exposure to xenobiotics in the maternal circulation by
active efflux at the microvillous, maternal-facing syncytio-
trophoblast plasma membrane [36]. Indeed, the observed
mean unbound drug concentration ratio between umbili-
cal cord venous blood and maternal blood was 0.19 �
0.10, suggesting efficient tacrolimus efflux. The placental
transfer of ciclosporin, another icalcineurin inhibitor and
P-gp substrate [7], has also been studied. The umbilical
cord : maternal blood ciclosporin concentration ratio at
delivery has been reported to be 0.2 at 6 h after the last
dose [37], 0.56 at 8 and 10 h after the last dose [38], and
approximately 1 at 20 h after the last dose [39]. Although
an unbound concentration ratio was not reported, these
data for ciclosporin, like ours for tacrolimus, are con-
sistent with fetal-to-maternal P-gp mediated drug efflux.
Because the placenta is at its thinnest and the expression
of P-gp is substantially decreased towards term, fetal
tacrolimus exposure at the time of our study may be
maximal compared with exposure at earlier gestational
ages [9, 40].

The differences observed in the venous umbilical
cord : maternal concentration ratio based upon blood
(0.71 � 0.18), plasma (0.23 � 0.11) and unbound drug
(0.19 � 0.10) measurements may be explained by greater
partitioning of tacrolimus into cord blood cells and a
higher haematocrit in cord blood, compared with the
maternal blood. Kbc/p expresses a drug’s binding to con-
stituents in RBCs and other blood cell types vs. binding to
plasma proteins (viz. albumin and a1-acid glycoprotein)
[29]. Previous studies have shown that RBC uptake
accounts for >80% of the cellular fraction of tacrolimus in
blood [41]. Hence, the two-fold higher Kbc/p value in venous
umbilical cord blood compared with that in maternal
blood most likely reflects a greater uptake of tacrolimus
into fetal RBCs, compared with maternal RBCs. The mecha-
nism of this difference in RBC : plasma partitioning is
unclear. The absolute lymphocyte count is on average 2.7
times greater in human umbilical cord blood than in adult
peripheral blood [42]. However, because tacrolimus associ-
ated with the lymphocyte fraction is very low (0.61%) com-
pared with the erythrocyte fraction (83.2%) [41], it cannot

account for the two-fold higher Kbc/p. One limitation for the
current analysis is that haematocrit was not available for
samples at term, but values for the same subject 56 � 53
days before delivery were used by assuming that haemat-
ocrit is relatively stable during the third trimester. This
assumption is based on average haematocrit values that
were reported to increase by only ~2 percentage points
over the third trimester of pregnancy [43].

The concentration of tacrolimus in whole blood does
not necessarily reflect its concentration at the intracellular
site of action for calcineurin inhibition within lymphocytes
[44–46]. In utero immunosuppression from maternal tac-
rolimus administration may correlate better with the
unbound tacrolimus concentration. In this and other
studies, tacrolimus concentration in plasma has been
shown to reflect unbound concentration better than the
concentration in whole blood [47]. It has been shown that
the dose of tacrolimus required for a 50% inhibition of IL-2
release by T cells was 10-fold higher in cultures with RBCs
than without [48], suggesting that fetal immunosuppres-
sion may be limited by greater drug RBC partitioning and a
higher haematocrit in cord blood.

Differential protein binding between the fetal and
maternal circulations can be a critical determinant of pla-
cental drug transfer since it is the unbound drug that
equilibrates across the placenta [9, 49]. Concentrations of
both albumin and a1-acid glycoprotein, the plasma pro-
teins that bind tacrolimus [10, 11], increase gradually
throughout gestation in fetal plasma and vary across tri-
mester in the maternal circulation [50]. However, we
observed no significant difference in the unbound fraction
of tacrolimus between maternal and umbilical cord
plasma. Similarly, Hutson et al. suggested that protein
binding may not be a significant factor in establishing the
umbilical cord : maternal concentration ratio at steady-
state when efflux transporters limit drug transfer [9].

Arterial and venous umbilical cord blood concentra-
tions for tacrolimus were comparable, suggesting that fetal
liver CYP3A7 does not seem to play a quantitatively impor-
tant role in fetal tacrolimus disposition. Furthermore, we
did not observe a difference in the primary metabolite
concentration (13-DMT and 15-DMT) in the umbilical cord
arterial and venous blood (supplementary Table S1).
Studies with greater sample size are needed to examine
further whether significant metabolism of tacrolimus, and
local metabolite formation, occurs in the fetus.

The safety of tacrolimus for the nursing infant warrants
special consideration [32]. The amount of tacrolimus
excreted in breast milk in our case report was only 0.059%
of the maternal weight-adjusted dose. For an exclusively
breast-fed infant at 3 months of age, the estimated tac-
rolimus dose ingested via breast milk was estimated be to
0.3% of the maternal weight-adjusted dose.This is consist-
ent with a previous case report of a breast-fed infant
receiving approximately 0.5% of the maternal weight-
adjusted dose [25]. Additionally, French et al. [5] described
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a 2.5-month-old infant exposed to tacrolimus through
breast milk who was developing well physically and neu-
rologically, Armenti et al. [51] reported five nursing infant
cases with no reports of problems in the children and Jain
et al. [2] reported colostrum concentrations comparable
with our results and satisfactory post-natal growth and
development. Recently, Bramham et al. [16] reported that
breast-fed infants did not have higher tacrolimus concen-
trations compared with bottle-fed infants and concluded
that ingestion of tacrolimus by infants via breast milk is
negligible. Our data indicate that the infant exposure to
tacrolimus via breast milk is extremely low and should not
lead to adverse effects in the nursing infant, although long
term follow up studies in these children require further
investigation. In the first neonatal week, clinicians can
expect to see some residual tacrolimus in newborn blood
samples carrying over from in utero exposure, which is
much higher than exposure via breast milk.

The observation that the total milk : plasma and
unbound milk : plasma AUC ratios were 2.89 and 3.96,
is consistent with a previously reported calculated
milk : plasma ratio of 2.2 [26]. These ratios suggest active
transport of tacrolimus in the mammary gland and/or
movement into milk through fat from the mammary
gland. Both P-glycoprotein and breast cancer resistance
protein (BCRP) are located in the apical membrane of
mammary epithelial cells, where they can actively extrude
a variety of compounds [52]. Although the multidrug
transporter BCRP is strongly induced in the mammary
gland of humans during lactation and is responsible for
the active secretion of substrates into milk [53], tacrolimus
was not shown to be its substrate [54]. For P-gp, its mRNA
[55] and protein expression are detected in human
mammary gland epithelial cells, but the protein expres-
sion levels are thought to be too low to support quantifi-
able drug transporting activity [56]. Edwards et al. [57]
demonstrated protein expression of P-gp in lactating rat
mammary tissue, but concluded that it does not have a
significant role in the secretion of nelfinavir into rat milk.
Nonetheless, the unbound milk : plasma concentration
ratio data are most consistent with some form of
mammary efflux activity, mediated by P-gp or other uni-
dentified transporters.

In conclusion, fetal tacrolimus exposure, expressed as
the umbilical cord venous blood : maternal blood concen-
tration ratio, averaged 71% of maternal exposure at term,
while the mean umbilical cord venous plasma and
unbound drug concentrations were approximately one
fifth of the respective maternal concentrations. These
observations may be explained in part by placental P-gp
mediated efflux, by greater red blood cell partitioning and
higher haematocrit levels in the fetus. There was no clear
evidence of significant fetal tacrolimus metabolism. In
addition, the neonatal drug exposure to tacrolimus in
breast milk was very low, suggesting no health risk to the
breastfeeding infant.
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