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a  b  s  t  r  a  c  t

The  immunosuppressant  azathioprine  is  increasingly  being  used  in  pregnancy.  The  human  placenta  is
considered  a relative  barrier  to  the  major  metabolite,  6-mercaptopurine  (6-MP),  and  likely  explains  the
lack of  proven  teratogenicity  in  humans.  The  aim  of  this  study  was  to determine  how  the human  placenta
restricts  6-MP  transfer  using  the  human  placental  perfusion  model.  After  addition  of  50  ng/ml  (n  =  4)  and
500 ng/ml  (n =  3)  6-MP  into  the  maternal  circulation,  there  was a biphasic  decline  in its concentration  and  a
eywords:
lacenta
regnancy
-Mercaptopurine
zathioprine

delay  in  fetal  circulation  appearance.  Under  equilibrative  conditions,  the  fetal-to-maternal  concentration
ratio  was  >1.0  as  a result  of  ion  trapping.  Binding  to placental  tissue  and  maternal  pharmacokinetic
parameters  are  the  main  factors  that restrict  placental  transfer  of 6-MP.  Active  transport  is  unlikely
to  play  a significant  role  and  drug  interactions  involving,  or polymorphisms  in,  placental  drug  efflux
transporters  are  not  likely  to put  the  fetus  at risk  of  higher  6-MP  exposure.
lacental perfusion

. Introduction

The immunosuppressant azathioprine (AZA) is increasingly
eing used in pregnancy for the treatment of autoimmune diseases
r for organ transplant patients [1].  Peak incidence of autoimmune
iseases, including inflammatory bowel disease (IBD) and systemic

upus erythematosus, occurs in women during the childbearing
ears [2] and successful pharmacologic therapy in these women
as improved the feasibility of pregnancy [3]. Treatment with AZA

s required into pregnancy to prevent relapse of the disease or organ
ejection; thus, treatment can also minimize adverse fetal effects
ssociated with the underlying maternal disease [3].

Several studies have investigated the safety of AZA in preg-
ancy. A review of 27 case series and three large retrospective and
rospective studies did not find an increased risk for major mal-
ormations associated with the use of AZA in pregnancy [1,3–5].
owever, one recent study reported a trend for increased mal-
ormations and an increased risk specifically for ventricular/atrial
eptal defects after prenatal AZA exposure [6].  An increased risk for
rematurity and lower birth weight has also been reported, but this

Abbreviations: 6-MP, 6-mercaptopurine; AZA, azathioprine; BCRP, breast can-
er resistance protein; CNT, concentrative nucleoside transporter; TPMT, thiopurine
ethyltransferase; MRP5, multidrug resistance protein 5; F:M, fetal to maternal;

CG, human chorionic gonadotropin; ENT, equilibrative nucleoside transporter;
UC, area under the curve.
∗ Corresponding author at: Hospital for Sick Children, Division of Clinical Pharma-
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el.:  +1 416 813 5781; fax: +1 416 813 7562.
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may  be related to the underlying maternal disease [1,6]. Although
evidence supports the relative safety of AZA in pregnancy com-
pared to the untreated disease [5],  safety concerns still arise from
its mechanism of action and its toxicity during pregnancy in animal
studies [3].  Over eighty percent of women with IBD have unwar-
ranted concerns about medications, including AZA, in pregnancy
and fears surrounding medications are greater than the effect of
IBD exacerbation [7].  Moreover, some physicians still choose not to
administer AZA during pregnancy or to discontinue treatment in
the third trimester [8].

After oral administration, AZA is extensively (>80%) cleaved into
6-mercaptopurine (6-MP) in the blood [3].  6-MP is a purine ana-
logue, and after further conversion into active metabolites, it can
inhibit de novo purine ribonucleotide synthesis leading to inhibi-
tion of cell proliferation. Furthermore, 6-MP can be cytotoxic after
incorporation of its metabolites into cellular DNA. Since 6-MP tar-
gets rapidly dividing cells, the developing fetus would theoretically
be expected to be sensitive to its cytotoxicity. However, even high
dose 6-MP was not found to be useful as a single-agent medical
abortifacient in early pregnancy, leading the authors to suggest that
this drug does not alter cell division in trophoblastic tissues [9].

The observed safety of AZA in pregnancy likely results, in part,
from the placenta limiting fetal exposure to the main metabolite, 6-
MP.  Indeed, only 1–2% of maternal 6-MP concentrations are found
in cord blood and the human placenta is considered to be a rel-
ative barrier to 6-MP and its metabolites [10,11].  However, the

mechanism of how the placenta restricts 6-MP transfer to the fetus
is unknown. 6-MP is a substrate for several drug transport pro-
teins, including breast cancer resistance protein (BCRP) [12]. BCRP
is highly expressed in the placenta and is localized to the brush

dx.doi.org/10.1016/j.reprotox.2011.08.008
http://www.sciencedirect.com/science/journal/08906238
http://www.elsevier.com/locate/reprotox
mailto:gkoren@sickkids.ca
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order (maternal-facing) membrane of the syncytiotrophoblast
13].  The importance of BCRP and other placental transporters in
imiting fetal exposure to various drugs has been demonstrated in
oth human and animal models [14,15]. The objective of this study
as to determine the mechanisms by which the placenta restricts

-MP transfer. Understanding these mechanisms will allow for pre-
iction of fetuses that may  be at risk of higher exposure to 6-MP as

 result of drug interactions with, or polymorphisms in, placental
rug efflux proteins.

. Methods

.1. Materials

6-Methylmercaptopurine (6-MMP) and 6-thioxanthosine were obtained from
P  Biomedicals (Solon, Ohio). 6-Thiouric acid was  obtained from US Biological

Swampscott, MA) and toluene from EMD  Chemicals (Gibbstown, NJ). HPLC-grade
ethanol was  ordered from Fisher Scientific (Fair Lawn, NJ). All other chemicals
ere purchased from Sigma (St. Louis, MO). The water used for all experimental pro-

edures was obtained from a Milli-Q Advantage A10 Ultrapure Water Purification
ystem (Millipore, Billerica, MA).

.2. Placental perfusion

The dual perfusion of a placental lobule was previously described by Miller
t  al. [16] and adapted in our laboratory [15,17]. Term placentas were obtained
mmediately after elective caesarean sections from healthy mothers with uncom-
licated pregnancies from Mount Sinai or St. Michael’s Hospitals in Toronto,
ntario. Research ethics board approval at each hospital was obtained and
aternal consent was  obtained prior to the surgery. The placentas were trans-

erred to the lab in heparinised ice-cold phosphate-buffered saline where a
ein/artery pair supplying a clearly identifiable cotyledon was chosen for can-
ulation [17]. Maternal and fetal circulations were established within 30 min of
elivery.

The  perfusate consisted of M199 tissue culture medium (Sigma, St. Louis, MO)
ontaining heparin (2000 U/l), glucose (1.0 g/l), kanamycin (100 mg/l), and 40,000
olecular-weight dextran (maternal 7.5 g/l; fetal 30 mg/l). Antipyrine (1 mM)  was

dded to the maternal circulation as a marker of passive diffusion. Flow rates were
aintained at 2–3 and 13–14 ml/min in the fetal and maternal circuits, respec-

ively. The maternal perfusate was equilibrated with 95% O2, 5% CO2 and the fetal
ith  95% N2, 5% CO2. Maternal and fetal circuits were maintained at pH 7.4 and

.35, respectively, by the addition of small volumes of sodium bicarbonate and
ydrochloric acid. This pH mimics the slightly more acidic fetal circulation observed

n  vivo [18]. The temperature of the circuits and the perfusion chamber was kept at
7 ◦C.

Each perfusion consisted of a 1 h closed pre-experimental control period, fol-
owed by a 3 h closed experimental period, and a final 1 h closed post-control period.
he post-control period was  omitted from the perfusions where 6-MP was added
o  only the maternal circulation since this allowed measurement of drug binding to
lacental tissue. The perfusates in both circulations were replaced with fresh media
rior to each of the 3 periods. During the pre- and post-control periods, samples were
aken every 15 min  to analyze glucose and oxygen consumption, and human chori-
nic gonadotropin (hCG) secretion as measures of tissue viability. These measures
ere taken every 30 min during the experimental period. Tissue viability measures
ere calculated as previously described [15]. Fetal reservoir volume and fetal per-

usion pressure were monitored as an indicator of tissue integrity. pH, pO2, and
CO2 were monitored using a blood gas analyzer (Radiometer ABL 725, Copenhagen,
enmark). During the experimental period, 50 ng/ml or 500 ng/ml 6-MP was  added

o  the maternal circulation only or simultaneously to both the fetal and maternal
irculations. 50 ng/ml is the maximum concentration obtained after oral adminis-
ration of AZA in adult renal transplant recipients [19,20]. Samples were taken for

easurement of 6-MP every 10 min  for the first half-hour and every half-hour fol-
owing. The perfusion was  terminated at any time if there was a >3 ml/h loss in fetal
eservoir volume.

The expected fetal to maternal (F:M) ratio at steady state resulting from ion
rapping – given the change in pH between the fetal and maternal circulations –
as  calculated using a modified form of the Henderson–Hasselbalch equation that

ncorporates the two  pKa of 6-MP:

F
M

= 1 + 10(pKa2−pHF) + 10(pKa1+pKa2−2pHF)

1 + 10(pKa2−pHM) + 10(pKa1+pKa2−2pHM)
This equation was derived by assuming conservation of mass and rapid equi-
ibration between the neutral and protonated forms of 6-MP (6-MP, 6-MP+, and
-MP++). Only the un-ionized form is assumed to cross the membrane. Data are
xpressed as mean ± SEM unless otherwise indicated. F:M ratios were compared
sing a two-tailed Student’s t-test.
xicology 32 (2011) 349– 353

2.3. Sample analysis

Perfusate samples were stored at −20 ◦C until analysis. 6-MP and its metabolites
(6-MMP, 6-thioxanthosine, 6-thiouric acid, 6-thioguanine) were extracted using a
method adapted from Lennard and Singleton [21]. 500 �l of perfusate was added
to  500 �l of 6 mM DL-dithiothreitol and 500 �l of 1.5 M H2SO4 in duplicate. Since
6-TG was  not detected in any of the perfusions, it was further used as an inter-
nal  standard (100 ng/ml). One of each sample was heated at 100 ◦C for 1 h for acid
hydrolysis of the thionucleotide metabolites back into the parent thiopurine and for
extraction of 6-methylmercaptopurine [21]. Samples not being heated were kept on
ice.  After cooling on ice, 500 �l of 3.8 M NaOH was added followed by 6 ml  of isoamyl
alcohol (170 mM)  and phenylmercury acetate (1.3 mM)  in toluene and placed in an
automatic rotator for 15 min. The mixture was centrifuged at 2500 × g for 15 min at
room temperature and the toluene layer was added to a new tube. 200 �l of 0.1 M
HCl was  added and vortexed for 2 × 1 min. 70 �l of the aqueous phase was injected
onto a Atlantis T3 Column (3 �m, 4.6 mm × 150 mm)  protected with a guard car-
tidge (3 �m,  4.6 mm × 20 mm)(Waters, Milford, MA). The mobile phase consisted of
acetonitrile, methanol, and KH2PO4 (0.02 M;  pH 2.25) (3:1:96, v/v/v) [22] and was
filtered through a 0.45 �m filter. The flow rate was 1.0 ml/min.

The HPLC system (Shimadzu, Columbia, MD)  consisted of a solvent delivery
pump (LC-10AT), auto injector (SIL-10A), degasser (DGU-14A), controller (CBM-
20), and dual wavelength UV detector (SPD-20A). 6-MP was  monitored at 313 nm;
6-MMP at 303 nm;  and 6-thioguanine, 6-thioxanthosine, and 6-thiouric acid at
342  nm.  The chromatograms were acquired and analyzed using Shimadzu Class-
VP Software, Version 7.4 SP2. The limit of quantification was 2 ng/ml for 6-MP and
6-thioguanine and 5 ng/ml for 6-MMP, 6-thiouric acid, and 6-thioxanthosine.

3. Results

A  total of 16 cotyledons from different placentae were per-
fused with 6-MP and the physical parameters for the perfusions
are given in Table 1. The mass of the perfused cotyledons ranged
from 10.22 to 32.0 g. Throughout the experiments, measures of pla-
cental viability, integrity, and function remained within normal
ranges and were not significantly different between the control
and experimental phases (Table 1). There was  no significant differ-
ence between experimental and control periods in the fetal arterial
pressures. The rate of antipyrine appearance in the fetal circulation
during the experimental period was  equal to the rate of disappear-
ance from the maternal circulation with values of 0.030 ± 0.002 and
0.032 ± 0.003 �mol/g/min, respectively.

After addition of 50 ng/ml 6-MP into the maternal circulation
only, there was a biphasic decline in its concentration from this
compartment (Fig. 1A); an initial rapid decline during the first
30 min, followed by a slower decline in the final 150 min. There
was a delay in the transfer of 6-MP in the fetal circulation as
measurable concentrations of 6-MP appeared only after 30 min.
This delay suggests uptake and retention of 6-MP by the placen-
tal tissue. After 3 h, the mean fetal concentration of 6-MP was
8.8 ± 1.71 ng/ml and the mean fetal to maternal (F:M) concen-
tration ratio was  0.44 ± 0.06. After addition of the higher 6-MP
concentration (500 ng/ml), there was a similar biphasic decline
from the maternal circulation (Fig. 1B). 6-MP was detected in all
three perfusions at 20 min, which is more rapid compared to the
perfusions at the lower concentration. After 3 h, the mean fetal con-
centration of 6-MP was  91.48 ± 7.50 ng/ml and the mean F:M ratio
was 0.57 ± 0.04.

When equal concentrations (50 ng/ml or 500 ng/ml) were added
to both fetal and maternal circulations at the start of the exper-
imental period, the fetal to maternal (F:M) ratio increased over
time (Fig. 2). The F:M ratios of 6-MP at the end of the 180 min
experimental period were 1.21 ± 0.08 and 1.19 ± 0.04 for 50 ng/ml
and 500 ng/ml, respectively. The F:M ratios increased significantly
from time 0 to 180 min  at both the 50 and 500 ng/ml concentra-
tions (p = 0.007, p = 0.02, respectively). 6-MP is a basic drug with
two pKa’s (pKa1 = 7.77, pKa2 = 11.17) [23], and basic drugs are more

ionized in the fetal circulation since it is slightly more acidic than
the maternal (7.35 vs. 7.40, respectively)[18].  The expected F:M
ratio at equilibrium based on ion trapping alone was calculated to
be 1.22.
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Table  1
Placental viability parameters and metabolic capacity throughout the perfusions (n = 16 cotyledons from independent placentae) (mean ± SEM).

Viability parameter Pre-control Experiment Post-control

Fetal arterial inflow pressure (mmHg) 40.36 ± 1.11 40.71 ± 1.08 42.91 ± 1.81
hCG  production (mIU/g/min) 57.52 ± 10.12 39.62 ± 6.83 40.86 ± 13.07
Oxygen (�mol  O2/g/min)

Transfer 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.00
Delivery 0.48 ± 0.05 0.48 ± 0.04 0.45 ± 0.07
Consumption 0.22 ± 0.02 0.22 ± 0.02 0.23 ± 0.04

Glucose consumption (�mol/g/min) 0.42 ± 0.05 0.36 ± 0.04 0.38 ± 0.06

Fig. 1. Maternal-to-fetal transfer of 6-mercaptopurine after dual perfusion of a sin-
g
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Fig. 2. Concentrations of 6-MP in the fetal and maternal circulations after perfusion
of  a single placental lobule under equilibrative concentrations of (A) 50 ng/ml (n = 5)
le  placental lobule. 6-mercaptopurine was added to the maternal circulation at (A)
0  ng/ml (n = 4) or (B) 500 ng/ml (n = 3) and transfer was determined for a period of
80  min. Data are shown as mean values ± SEM at each time point.

After perfusion with 50 ng/ml 6-MP, the metabolites including
-MMP, 6-thioguanine, 6-thioxanthosine, 6-thioinosine, and 6-
hiouric acid (and the related thionucleotide metabolites) were not
etected in the fetal nor the maternal circulations. At the ten-fold
igher 6-MP concentration of 500 ng/ml, only 6-MMP  was  detected
ith a mean concentration of 11.75 ± 2.02 and 8.65 ± 5.97 ng/ml in

he fetal and maternal circulations, respectively, at 180 min. Two
f the seven perfusions at 500 ng/ml had 6-MMP  below the limit of
etection. The tissue-to-maternal perfusate ratio was 0.49 ± 0.08 at
he end of 180 min  of perfusion (n = 7). The tissue-to-maternal per-
usate ratio was not significantly different between the 50 ng/ml
nd the 500 ng/ml perfusions.

. Discussion

The human placenta is considered a relative barrier to 6-MP and
ts metabolites [10,11,24] and our study demonstrates that placen-
al binding and not active transport limits transfer. Limited fetal
xposure to 6-MP may  in part explain why studies have not shown

onclusive evidence that 6-MP is teratogenic [1,5,6].  Understand-
ng the mechanism of this limited transfer will allow for prediction
f fetuses that may  be at risk for higher exposure or for prediction
f potential drug interactions.
and  (B) 500 ng/ml (n = 4). (C) The fetal to maternal (F:M) concentration ratios for the
perfusion under equilibrative conditions. Data are shown as mean values ± SEM at
each time point.

After introduction of a clinically relevant concentration into the
maternal circulation, there was a rapid decline in maternal levels,
however, there was a delay in appearance of 6-MP in the fetal cir-
culation. This delay can be attributed to the uptake and binding by
the placental tissue. After addition of a 10-fold higher concentra-
tion, there was  also a delay in the appearance of 6-MP in the fetal
circulation. The appearance of 6-MP in the fetal circulation was
more rapid for 500 ng/ml, suggesting saturation of tissue binding
sites. Although binding to the tissue delayed placental transfer, the
tissue to maternal perfusate ratio at the end of the perfusion was
low. This low ratio is similar to the placenta to maternal plasma
ratio observed in vivo after therapeutic abortions in the ninth to
fifteenth week of gestation [10]. The human placenta does have a
capacity to sequester 6-MP and thus decrease transfer to the fetus
[10].

To determine if there is active efflux of 6-MP into the maternal
circulation, we introduced the drug into both fetal and maternal
circulations as this methodology has been used previously to iden-

tify placental efflux [15,25]. After 180 min  of perfusion, the F:M
ratio was above 1.0. Under equilibrative conditions at 50 ng/ml and
500 ng/ml, the term placenta was  not able to concentrate 6-MP into
the maternal circulation. This suggests that efflux of 6-MP into the
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aternal circulation is not responsible for or plays a very minor
ole in the limited placental transfer of 6-MP. The F:M ratio at the
nd of the 3 h experimental period at both 50 ng/ml and 500 ng/ml
as not significantly different from the calculated F:M ratio based

n ion trapping. This supports ion trapping as the mechanism for
he observed F:M ratio at steady state.

During pregnancy, nucleoside transporters transfer nucleotides
rom the mother to the fetus. Equilibrative nucleoside transporters
ENTs) 1, 2 and concentrative nucleoside transporter 2 (CNT2) have
een localized to the brush-border membrane of the syncytiotro-
hoblast [26]. 6-MP is a substrate for the ENTs [27], however, these
re energy-independent transporters and are only capable of equili-
rative (not concentrative) transport [28] and are not likely to play

 role in the transfer under equilibrative conditions. Only mRNA
xpression (not protein) of CNT2 was demonstrated in the human
lacenta [26], thus it is unlikely that CNTs would play a major role

n the F:M distribution of 6-MP. 6-MP is also a substrate for mul-
idrug resistance protein 5 (MRP5) [29,30].  MRP5 is localized to the
asolateral membrane of the syncytiotrophoblast and also on fetal
ndothelial cells [31] and could thus transport 6-MP to the fetal
irculation. However, the expression of MRP5 decreases in term
ompared to pre-term placentas [31], thus it is unlikely that MRP5
lays an important role in our perfusion model.

Our results show that active efflux of 6-MP is not the mecha-
ism responsible for limited placental transfer. After introducing
-MP in the maternal circulation only, the fetal 6-MP concentra-
ion was approximately half of the maternal. This is higher than
hat observed in vivo where 6-MP transfer to the fetus is lim-
ted [10,11]. The placental perfusion model is a useful model for
etermining transport mechanisms, but does not always correlate
ell with in vivo data if non-placental pharmacokinetic variables

re important factors in fetal exposure [32,33]. Two non-placental
harmacokinetic factors for 6-MP, namely distribution and clear-
nce, are likely to be important in the limited transfer in vivo.
irst, distribution of 6-MP includes binding to placental tissue as
emonstrated in our experimental model, but also 6-MP is rapidly
onverted into intracellular metabolites. Because of the intracel-
ular location, the metabolites are not free to cross the placenta in
ivo [24]. Second, maternal metabolism of 6-MP and its correspond-
ng short t1/2 of 1 h [34,35] will limit fetal exposure by decreasing
he maternal area under the curve (AUC). Saarikoski and Seppala
10] suggested that maternal metabolism of 6-MP was important
n limiting exposure as they observed that 6-thiouric acid, an inac-
ive metabolite, was the main metabolite transferred to the fetus.

etabolism by the placenta does not likely play an important role
n limited fetal 6-MP exposure as in our perfusions 6-MMP  was  the
nly metabolite detected and only after perfusion with 500 ng/ml
f 6-MP. In vivo, 6-MMP  was not detected in RBC from cord blood
n 3 infants; however, the limit of detection in this study was  not
rovided [11]. Furthermore, 6-MMP  is not stable in blood samples
nd may  have degraded before the samples were analyzed [36].

A limitation of our placental perfusion model is that it uses term
lacentas. Generalizations to earlier gestational ages are difficult,

ncluding extrapolations to the embryonic period where the pla-
ental structure varies. Our results suggest that the distribution
f 6-MP and its short maternal t1/2 are the key factors limiting
ransfer. These factors are unlikely to change in the different stages
f pregnancy and monitoring maternal plasma for 6-MP and its
etabolites would prevent elevated drug concentrations during

regnancy [11]. Another limitation to our study is that there is
o information available regarding plasma concentrations of 6-MP
uring pregnancy. The clinically relevant concentration used in our

tudy was determined in adults taking AZA at similar doses to those
dministered during pregnancy. Although the Km for BCRP and 6-
P has not been published, a linear rate of transfer was observed

t higher concentrations than those utilized in our study [12].

[

xicology 32 (2011) 349– 353

5. Conclusions

Pharmacological therapy with AZA during pregnancy is needed
to prevent relapse of autoimmune diseases or rejection of renal
transplants. Studies looking at the safety of AZA and its major
metabolite, 6-MP, have demonstrated that the benefit of treating
the disease outweighs the risk of maintaining treatment during the
pregnancy [37]. Additional large epidemiological studies and meta-
analyses are needed to provide conclusive evidence regarding the
teratogenicity of 6-MP [5],  especially to account for the pharmaco-
genetic variability in thiopurine S-methyltransferase (TPMT) [38].
The placenta acts as a relative barrier to 6-MP and its metabolites
[10,11,24],  and our results suggest that maternal pharmacokinetic
factors and placental binding limit transfer. These findings sup-
port monitoring maternal plasma for elevated levels of 6-MP and
metabolites are useful in preventing potential fetal toxicity [11].
Our results also suggest that active transport of 6-MP into the
maternal circulation is not an important mechanism. Therefore,
polymorphisms or drug interactions involving active drug trans-
port proteins in the placenta are unlikely to leave a fetus more
vulnerable to 6-MP exposure.
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