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Pharmacogenetics of drug-induced
birth defects:
The role of polymorphisms of placental transporter
proteins
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ABSTRACT

PHARMACOGENETICS OF PLACENTAL TRANSPORTER PROTEINS
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One of the ongoing issues in perinatal medicine is the risk of birth defects associated
with maternal drug use. The teratogenic effect of a drug depends, apart from other
factors, on the exposition of the fetus to the drug. Transporter proteins are known
to be involved in the pharmacokinetics of drugs and have an effect on drug level and
fetal drug exposure. This condition may subsequently alter the risk of teratogenicity,
which occurs in a dose-dependent manner. This review focuses on the clinically
important polymorphisms of transporter proteins and their effects on the mRNA
and protein expression in placental tissue. We also propose a novel approach on how
the different genotypes of the polymorphism can be translated into phenotypes to
facilitate genetic association studies. The last section looks into the recent studies
exploring the association between P-glycoprotein polymorphisms and the risk of fetal
birth defects associated with medication use during pregnancy.
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INTRODUCTION

It is increasingly recognized that the activity of these transporters is affected by
genetic polymorphisms. Studies on the pharmacogenetics of these transporters are
gaining momentum, particularly in their importance in transporter expression and
function, as well as the pharmacotherapy of substrate drugs (7–11). The knowledge
so far has promoted a notion on the effect of polymorphisms on the drug disposition
in the placenta and the fetal exposure to teratogenic drugs. Some studies have pursued
the significance of efflux transporter protein polymorphisms in placental drug
transport. The changes in the expression or function of the transporter proteins are
known to alter the amount of drugs transferred into the placenta in vitro or ex vivo
(12). However, it is relatively difficult to study the effects of these polymorphisms on
the protein function in a clinical setting because the clinical outcome may also involve
other mechanisms including the pharmacokinetics and pharmacodynamics of drug
substrates.
The objective of this review is to gain insight into the current knowledge of the
functional polymorphisms of transporter proteins in the placenta and potential
applications in the risk determination of drug-induced birth defects. We also propose
a novel approach to group polymorphisms according to functionality, herein referred
to as ‘phenotype groups’, instead of studying the polymorphisms separately to
facilitate studies on the association between transporter polymorphisms and their
functional effects.
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Transporter proteins are expressed in many different tissues, such as the liver, lungs,
pancreas, kidneys, intestines and brain. These transporters are also expressed in the
placenta, in which they are involved in the transport of endogenous compounds
and drugs across the placenta. Owing to the important role of the transporters in
maternal-to-fetal drug disposition, they have been well-characterized with respect
to structure, localization and physiological activity in the placenta (1–5). These
transporters are recognized as protective barriers to the fetus from the harmful effects
of the drugs taken by the mother. The exposure to teratogenic drugs in a specific dose
range may interfere with the development of fetal organ systems, leading to structural
anomalies. The fetus is most susceptible to the teratogenesis during the crucial
organogenesis stage, which occurs from implantation to 54–60 days after conception
(6). In this early stage of pregnancy, some of the transporter proteins are already
expressed in the placental tissue. In addition, the expression pattern throughout
pregnancy varies between transporters, which will be discussed in detail for each
transporter.

METHODS
A literature review was performed from February until September 2013 using the
PubMed database. Articles are searched using the combinations of the following
keywords: ‘p-glycoprotein [MeSH]’, ‘ABCG2’, ‘MRP*’, ‘ABCC*’, ‘organic anion
transporters [MeSH]’, ‘organic cation transport proteins [MeSH]’, ‘human multidrug
and toxin extrusion protein 1’, ‘genetic polymorphism [MeSH]’, ‘ethnic groups’,
‘placenta’ and ‘transport’. See Figure 1 for the search strategy outline.

PubMed/MEDLINE search
Number of articles retrieved: 382
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Articles excluded: 292
Article review (48)
Not related to transporters of interest (111)
Do not report on allele frequencies from
healthy subjects (19)
No report on allele frequencies (3)
No report on transport activity (11)
Other than in vitro study (90)
No data in placental tissue (7)
Language other than English (3)
Number of articles reviewed: 90
Articles excluded: 31
Article review (1)
No data in placental tissue (4)
No report on transport activity (3)
No report on SNP of interest (7)
Duplication (16)
Number of articles reviewed: 59
Articles included: 61
From reference chaining
Number of articles included: 120

Figure 1: Search strategy
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Pharmacogenetics of transporter proteins
Placental transporter proteins & known polymorphisms
Various transporter proteins are expressed and localized in the placental
syncytiotrophoblast, a multinucleated cell formed by the fusion of the differentiating
cytotrophoblast. The plasma membrane of the syncytiotrophoblast consists of two
distinct regions, the brush border apical membrane, which is facing the maternal
blood circulation, and the basal/basolateral membrane, which is facing the fetal
blood circulation. To reach the fetus, any compound from the maternal circulation
has to pass through the brush border apical membrane and subsequently the basal
membrane of the placenta, both endowed with the transporters mentioned (1,3).
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Additional to passive diffusion through the cell membrane, the transfer of
drugs across the placenta is also facilitated by the transporter proteins, either
with active transport via the ABC transporters or the facilitated transport via
the SLC transporters. It is important to outweigh the risks against the benefits
when prescribing certain drugs such as antidepressants, antiepileptics and
immunosuppressants to pregnant women, because these drugs have been associated
with an increased risk for birth defects. The majority of these drugs is lipid soluble,
and will normally diffuse into the placental syncytiotrophoblast, and this is where the
role of transporters takes place. Drugs that are substrates for the efflux transporter
will be transported back into the maternal circulation, while drugs that have diffused
into the fetal circulation will be transported back into the syncytiotrophoblast. This
mechanism reduces the amount of drug entering the fetal circulation and hence the
fetal exposure to any harmful effects associated with the drugs.
As the placenta is mainly of fetal origin, we can expect that the polymorphism
in the fetal gene is responsible for the expression and activity of placental
transporters. A polymorphism may cause a substitution of amino acid in the
formation of protein, which can be seen with nonsynonymous SNPs, and
may subsequently have an effect on the expression or function of the protein.
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Relevant for drug transport, syncytiotrophoblasts express two major types of
transporter proteins: ATP- binding cassette (ABC) transporter proteins and solute
carrier (SLC) transporter proteins (Figure 2). These transporters are specifically
localized at one of the membrane regions to facilitate the transport of various
compounds, including nutrients and endogenous substrates such as carbohydrates
and proteins, from the maternal to the fetal blood circulation or vice versa. Another
important role of the transporters is to provide a protection barrier for the fetus
against harmful effects of drugs taken by the mother.

Meanwhile, the synonymous SNPs that cause no changes in amino acid sequence
have also been studied for their effect on gene and protein expression.
Any change in the expression or function of these transporters may influence
the entry of drugs into the fetal circulation, and thereby have an effect on the
fetal exposure to the drugs, which may consequently alter the risk of birth defects
associated with teratogenic drugs. Several polymorphisms have been identified and
a number of them have been shown to be functionally important in the transport of
endogenous substrates and drugs (Appendix 3.1).
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Figure 2: Localization of ABC efflux transporters and SLC transporters in the
human placenta. ABC, ATP-binding cassette; BCRP, breast cancer resistance
protein; MATE, Multidrug and toxin extrusion transporter; MRP, Multidrug
resistance-associated protein; OATP, Organic anion transporting polypeptide;
OCT, Organic cation transporter; OCTN, Organic cation/carnitine transporter;
P-gp, P-glycoprotein; SLC, solute carrier
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P-glycoprotein (P-gp)
P-gp, encoded by the ABCB1 gene, belongs to the ATP-binding cassette transporters
and is localized at the maternal-facing apical membrane of the syncytiotrophoblast
(13). P-gp acts as an efflux transporter and is involved in the transport of a wide
variety of compounds with different chemical structures, including a large number of
therapeutic drugs (5). The expression is higher in preterm pregnancy and decreases
with gestational age, suggesting that it plays a role in protecting the fetus from
teratogenic drugs during the crucial organogenesis period (14).
The first evidence of ABCB1 gene polymorphism was reported by Mickley and
colleagues, when they found two SNPs, 2677G>T in exon 21 and 2995G>A in
exon 24 (15). Subsequently numerous findings on other SNPs were reported. The
synonymous 3435C>T in exon 26 is the most studied SNP of P-gp, initiated by the
findings from Hoffmeyer and colleagues who reported the association of the 3435T
variant allele with lower expression of P-gp in duodenal tissue (16).

4

Several studies have investigated the effect of 3435C>T in human placental tissue on
mRNA and protein expression, but similar to other tissues, the results are conflicting
(Appendix 3.2). The variant allele has been associated with lower mRNA expression
in the full-term placenta trophoblast tissue compared with the wild-type allele (17),
but this association has not been confirmed in another study (18). The same allele has
also been associated with both increased and decreased P-gp protein expression in the
placenta, although the studies used different types of placental tissue (18–20).
The expression of P-gp in the placenta does not depend only on the fetal genotype.
Investigating both maternal and fetal genotypes, Hitzl et al. have found lower
placental P-gp expression when both mother and infant were homozygous or
heterozygous carriers of the variant allele of 3435C>T. These results suggest that it
is necessary to take the maternal genotype into account when determining the effect
of polymorphism in placental tissue, with a probable role of maternal blood vessels in
expressing P-gp, apart from the syncytiotrophoblast (18). The study also looked into
the effect of haplotypes, a set of SNPs on a single chromosome or chromosome pair.
In the 2677G>T/3435C>T haplotype, the maternal variant haplotype has been shown
to be associated with lower mRNA and protein expression. However, the association
was neither present in the fetal haplotype nor the combination of both maternal and
fetal genotypes (18).

75

PHARMACOGENETICS OF PLACENTAL TRANSPORTER PROTEINS

Effect of polymorphisms in the human placenta: mRNA/protein expression

A significant effect on P-gp expression was also observed with 1236C>T, in which
the T allele was associated with significantly lower P-gp expression compared with
the wild-type C allele (20). A SNP at the promoter region, the -129T>C, has been
found to cause lower gene transcription efficiency that resulted in a twofold decrease
in protein expression. The promoter region plays a crucial part as an initiator in the
protein transcription process (21).
Even though mRNA is important for protein translation and expression, there was no
correlation found between P-gp mRNA and protein expression level (18). Since most
of the studies quantified mRNA expression in full-term placenta samples, the fact that
mRNA undergoes rapid degradation after delivery compared with protein may also
cause the actual level of mRNA to be prone to bias (12).

PHARMACOGENETICS OF PLACENTAL TRANSPORTER PROTEINS
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Effect of polymorphisms in human placenta: substrate transport
In the human placenta, and similarly in transfected cell lines, effects of P-gp
polymorphisms on efflux activity seem to be independent of their effect on mRNA
and protein expression (19–20,22). Thus, the level of protein expression is not a good
predictor for its efflux activity of drug substrate through the placenta (Appendix 3.3).
The 3435C>T polymorphism has been reported to cause an increase in paclitaxel
efflux activity (20), but not for saquinavir (19). However, an increase in transplacental
transfer was observed for quetiapine, meaning that the efflux activity, on the contrary,
was somehow decreased (23). Although both the studies on saquinavir and quetiapine
used a reproducible and well-established placental perfusion method, the sample sizes
were small and other transporters, which were not studied, could also play a role in the
efflux of these substrate drugs (19,23). Hemauer and colleagues, who used paclitaxel
as a well-established P-gp substrate with bigger samples of placental brush border
membrane vesicles, found an increased function of this transporter associated with
3435C>T, 1236C>T and 2677G>T/A polymorphisms. The function was measured
by the transport of paclitaxel into the inside-out vesicles (20).
There are various limitations in studies using placental tissues in genotyping and
protein quantification analysis (as reviewed by Hutson et al. 2010) (12). A major
concern is the small number of placental tissue samples. As one example, the
expression of P-gp decreases with gestational age, therefore age-matched samples are
required to obtain a significant association. The second concern is the environmental
factors that can also affect the regulation and transport activity, especially with the
use of medications known to be inducers or inhibitors of transporter proteins.
Another concern is that the results are susceptible to the substrate-dependent effect.
A different effect on transport activity has been observed for different substrates,
76

probably results from the transport activity of secondary transporters for which
the drug is also a substrate (8). An alteration in P-gp efflux activity for a substrate
with high affinity to it can be assumed to be more significant compared with other
substrates with lower affinity, in which the efflux transport by other transporters may
have countered the previous alteration. Therefore proper selection of the substrate is
important in assessing the changes in P-gp activity associated with polymorphism.
Breast cancer resistance protein (BCRP)

Effect of polymorphisms in the human placenta: mRNA/protein expression
Only one study has included the effect of ABCG2 polymorphisms on the mRNA
and protein expression of BCRP in the human placenta. As reported by Kobayashi
et al., 421C>A was significantly associated with changes in the BCRP protein level;
the homozygous C allele expressed the highest level, followed by heterozygous, while
the A allele expressed the lowest. Since no alteration in mRNA expression has been
associated with this SNP, it was postulated to be the effect of post-transcriptional
regulation. The 376 C>T polymorphism was detected in only two individuals in this
study; hence a statistical analysis cannot be carried out. Nevertheless, both who were
present with the heterozygous genotype exhibit lower protein levels (31).
Multidrug resistance-associated proteins (MRPs)
The MRPs are expressed by ABCC family genes and consist of nine membrane
proteins important in the efflux transport of anion conjugates (5). At present, human
placenta at full-term is known to express at least four members of the MRP protein
family: MRP1, MRP2, MRP3 and MRP5. Because MRP2 is the only MRP with known
functional polymorphisms studied in human placenta, we will focus only on this
transporter.
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BCRP is a 75 kDa membrane protein located at the apical surface of the
syncytiotrophoblast (24,25) and the luminal membrane of fetal endothelial cells
in terminal and intermediate villi (26). The expression pattern of placenta BCRP
during pregnancy is not conclusive, with two studies reporting the constant levels of
mRNA throughout pregnancy (27,28) while the latter study also reported an increase
in BCRP expression with advancing gestational age. BCRP shows considerable
overlap in substrate transport specificity with P-gp, including many anticancer,
antiviral and antibiotic drugs (29). BCRP is encoded by the ABCG2 gene, and several
polymorphisms of this gene were found more often in the Asian population, for
example 421C>A, 34G>A and 376C>T (30,31).

MRP2 (ABCC2) is located at the apical membrane of the syncytiotrophoblast facing
the maternal blood (32,33) and in contrast to P-gp, its expression increases during
gestation, suggesting that it is important in fetal protection during late pregnancy (33).
SNP analysis carried out by Ito and colleagues has listed six nonsynonymous SNPs in
48 healthy Japanese, and a year later Itoda et al. have reported 23 SNPs in the exonic
region and four SNPs in the promoter region (34,35). A notable difference of allele
frequency between different ethnicities applies to 3972C>T, which was present in
approximately 34–36% of Caucasians, in approximately 22% of Japanese and in less
than 3% of southeastern populations (34–36). Meanwhile, several SNPs were only
found in Asians, while Caucasians and other ethnicities were mainly endowed with
wild-type alleles (34–37).
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Effect of polymorphisms in the human placenta: mRNA/protein expression
The effect of the three ABCC2 SNPs, -24C>T, 1249G>A and 3972C>T on mRNA
and MRP2 expression in human placenta is not remarkable, except for the influence
of 1249G>A on mRNA level. A trend of lower expression in carriers of the variant
allele was observed in preterm placenta samples (n = 26). A similar, but not significant
trend was also observed for 3972C>T associated with the MRP2 protein expression
level in both preterm and full-term placentas (33). This observation needs further
studies to evaluate the significance, possibly with larger sample sizes.
Organic anion transporting polypeptides (OATPs)
The OATPs belong to the superfamily of SLC, and the genes are classified in the
SLCO family of genes. These transporters are important in the uptake transport
of amphipathic physiological substrates in a sodium and ATP-independent
manner, including bile salts, steroid conjugates and thyroid hormones into the
syncytiotrophoblast, although their usage in the fetus is not known (5). OATP2B1
and OATP4A1 proteins are present in the syncytiotrophoblast, while only low
levels of mRNAs were detected for OATP1A2, OATP1B1 and OATP1B3 in the
placental trophoblast (38–41). OATP2B1 is localized on the basolateral surface of the
syncytiotrophoblast and membranes of the cytotrophoblast (42) while OATP4A1 is
predominantly found in the apical membrane of the syncytiotrophoblast (43).
Recent studies have reported 49 polymorphisms in the SLCO1B1 gene (44,45) and
388A>G was the most common in most ethnicities. Relative to other populations,
it was more abundant in the African population (60–80%) (46), while 521T>C was
present in less than 22.5% of Caucasians, African–Americans and Asians. The most
frequently occurring functional SNPs for the SLCO1B3 gene were the 334T>G
(Ser112Ala) and 699G>A (Met233Ile), which were present in the majority of the
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Caucasian and Asian populations (Appendix 3.1).
Effect of polymorphisms in human placenta: substrate transport

Other placental transporter proteins
The organic cation transporters (OCTs), organic cation/carnitine transporters
(OCTN2) and multidrug and toxin extrusion transporters (MATEs) are also expressed
in the placental tissue. Known polymorphisms of these transporters have been
reported, but nothing has been reported regarding their effects in the placental tissue.
Among the OCTs, OCT3, known as the ‘placenta- specific’ OCT, is most abundant
in the placenta and uterine tissue, compared with OCT1 and OCT2, which are
predominantly expressed in the liver and kidney tissues, respectively. Encoded by the
SLC22A3 gene, it is localized at the basolateral membrane of the syncytiotrophoblast
together with OCT1 (SLC22A1) (40). Transport of organic cations mediated by
OCT3 in the placenta is electrogenic, independent of Na+, reversible with respect
to direction and occurs in a concentration-dependent manner (47). This explains
how this transporter is capable of transporting the maternally administered cationic
compounds from the placenta to the fetal side and oppositely into the placenta
when the level is higher in the fetal blood (48). It also presumably plays a role in the
excretion of metabolic waste products or xenobiotics from the fetus. Sakata and
colleagues have reported three SNPs which are functional in vitro: 346G>T, 1199C>T
and 1316C>T, in which 346G>T was only present in African–Americans, and the
latter two were observed in Asians and Caucasians (49). For OCT1, the relatively
more common 1022C>T (Pro341Leu) and 1222A>G (Met480Val) were extensively
79
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Since the OATPs are not very abundant in the placenta, the effect of SLCO genes in
drug transfer in this tissue is not yet widely studied. Only one study used the placental
tissue to investigate the effects of three SLCO gene polymorphisms on the transfer
of repaglinide (Appendix 3.3). The mRNAs of SLCO1B1 and SLCO1B3 genes have
been found in the placenta, but not their proteins (OATP1B1 and OATP1B3), yet the
results showed that a haplotype of the SLCO1B3 gene caused changes in repaglinide
transfer. Samples with the heterozygous haplotype 334T>G/699G>A (n = 4)
showed higher fetal-to-maternal transfer of repaglinide compared with the wild-type
haplotype, 334GG/699AA (n = 2) (p = 0.09) (41). None of the other SNPs identified
in the placenta samples were found to be associated with significant changes in the
repaglinide transfer (41). Although the sample size was extremely limited, this study
provided an initial result on the effect of OATP polymorphisms in placental tissue,
which necessitates further study in determining whether the same effect holds true for
drug substrates other than repaglinide, preferably with larger sample sizes.

explored and responsible for the alterations in transporter function in relation to
metformin response [50].
The OCTNs include OCTN1 (SLC22A4) and OCTN2 (SLC22A5), which are both
structurally related to the OCTs, and are most abundant in kidney and placental
tissues (47,51). Both are localized at the apical surface of the syncytiotrophoblast.
They transport carnitine, an endogenous metabolite important for lipid metabolism,
from the mother to the fetus through pH-dependent transport (52,53) as well as
organic cations and cationic drugs (54). The most studied SNP of the SLC22A4
gene, 1507C>T, was markedly present in Caucasians (39–43%) in contrast to African–
Americans and Asians (55).
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The MATEs are encoded by the SLC47A gene family, MATE1 by the SLC47A1 and
MATE2 by the SLC47A2 gene. There are two splice variants found for MATE2:
MATE2-K and MATE2-B, with the former being the active form and predominantly
expressed. MATE1 is highly expressed in the kidney, adrenal gland, skeletal muscle
and other tissues, while MATE2-K is a kidney-specific protein. Both function as the
H+/organic cation antiporter in transporting the organic cations (56). Recently the
expression of MATE1 and MATE2 mRNA was also observed in the first trimester
human placenta, although with a high level of variability, while in the full-term
placenta, MATE1 mRNA was not detected (57). A study in the rat fullterm placenta
demonstrated that Mate1 was responsible for the efflux of organic cation into the
maternal circulation after it was taken into the cell from the fetal circulation by Oct3
(58). Therefore it may indicate that the MATE1 is expressed at the apical membrane
of the syncytiotrophoblast. MATEs transport organic cations including some drugs:
metformin, cimetidine, procainamide, and some anionic and zwitterionic compounds
(59). Polymorphisms of SLC47A1 have been explored for a few SNPs that are only
present in less than 3% of Asians (60,61).
Translating functional effects of polymorphisms into phenotype groups based
on in vitro transport studies
In clinical studies, the polymorphisms of transporter proteins are generally
investigated for their implications for the pharmacokinetic, clinical response and
susceptibility for adverse drug reactions, which are likely to be associated with their
role in regulating the drug level in the blood circulation (for extensive reviews see
(62–65)). The effect of transporter polymorphisms on drug disposition may vary
between tissues. Studies on pharmacokinetics and therapeutic efficacy of, for example
paclitaxel, in association with P-gp polymorphisms showed different effects in
different tissues. 3435C>T and 2677G>T/A have been shown to be associated with
a reduction in paclitaxel clearance in renal tissues (66,67), but no such correlation was
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found in other studies (68,69). Studies on the efficacy of paclitaxel have found that
2677G>T/A was beneficial in ovarian cancer patients treated with this drug (70), but
no such association was noted in other studies (71,72).

Apart from the substrate-dependent and substrate specificity effects, an interesting
effect of haplotypes was also observed. One example is the effect of the
1222G>A/1258A>del (M420del/M408V) haplotype of the SLC22A1 gene in the
transport of imatinib. The 1258del variant itself reduces the transport activity of
this drug, but no effect was found in haplotype 1222G/1258del, indicating that the
presence of 1222G counteracts the effect of the 1258del variant (78). Haplotype
studies may provide a better explanation and understanding of the functional effect
of polymorphisms. 3435C>T has been shown to be functional despite the fact that it
is a synonymous SNP, in which a haplotype effect was observed instead of an effect
of the SNP itself.
The effect of transporter polymorphisms on the pharmacokinetic and
pharmacodynamic parameters of the substrate drugs requires further understanding
of other factors, including variation in the nature of transporter expression in
different cells. Therefore, we take into account only the results from studies using
transfected cell lines on the effect of polymorphisms in the in vitro transport activity
of the placental transporters. These studies showed a more classical way to determine
the direct effect of polymorphism, excluding the effect of other physiological
81
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The disparity of the results may have been caused by, among others, the substratedependent effect and the substrate-specificity effect. The substrate-dependent effect,
as discussed earlier, takes into account the transport activity of other transporters. The
second effect concerns the substrate specificity, in which multiple binding domains
may be present for different substrates in one transporter protein. A nonsynonymous
SNP causes changes in the amino acid sequence and protein conformation and can
affect the binding site and transport kinetics of some drugs, while the efflux activity
of other drugs with different binding sites is not affected (73). As the SNP causes
alteration in substrate recognition, it is also likely to lead to changes in transporter
function (74,75). For example, the 848C>T and 1022C>T variants of the SLC22A1
gene encoding for OCT1, did not show altered metformin uptake compared with the
wild-type variant, but reduced uptake of lamivudine was observed with both variants
(76). The changes in substrate recognition may explain affinity changes in substrates,
as seen in the OCTN2 -503F variant, which was associated with less affinity for
carnitine and other endogenous substrates but higher affinity for tetraethylammonium
and various xenobiotics (verapamil, cimetidine, lidocaine and quinidine) than the wildtype (77).

parameters or underlying mechanisms involved in in vivo studies.
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Comparison and interpretation of the results is also challenging since there is no
generally accepted method to perform this. In genetic association analysis, studies
using rare SNPs with very low allele frequency may need a large sample size to
conclude an association between the SNP and the outcome. We therefore propose to
classify the phenotypes as either ‘increased activity’, ‘decreased activity’, ‘normal’ or
‘abolished activity’, based on the in vitro transport activity of drug substrates. If the
information on drug substrates is unavailable, the classification will be based on the
results of the endogenous substrate transport. Some of the functional SNPs listed in
Appendix 3.1 are not commonly found in the population, for example, 571G>A and
1292-3GT->TG, which are both found only in leukemia patients (79,80). Therefore,
grouping the SNPs by similar functional in vitro effect, as has previously been done
for metabolic enzymes such as CYP2D6 (81), will provide a reasonable option in
genetic studies to search for associations between transporter polymorphisms and
functional effect (Table 1 & Appendix 3.4). By grouping SNPs together according
to their functionality, a cumulative phenotype frequency will be used instead of the
allele frequency of individual SNPs. This allows for genetic association studies using a
smaller sample size with reasonable effect sizes and power.
Do transporter protein polymorphisms play a role in the risk for drug-induced
birth defects?
As transporter protein polymorphisms may influence the placental transfer of drugs,
it is likely that the fetal exposure to drugs taken by the mother is affected. There
are few studies exploring the effects of transporter protein polymorphisms on the
outcome of the newborn, and even fewer focused specifically on the events of druginduced birth defects. Earlier animal studies suggest that Mdr1a and Mdr1b genes,
encoding for P-gp in mice, play a role in the protection of the fetus from teratogenic
effect of xenobiotics in the maternal bloodstream, and the fetal genotype is shown
to be important in regulating the protection (82,83). The mice strains with knockout
P-gp genes have shown susceptibility to cleft palate following the administration
of phenytoin to the pregnant dams. Among 48 fetuses with cleft palate, 36 had the
heterozygous (mdr1a+/-) genotype and 12 were homozygous for the knockout gene
(mdr1a-/-) (83).
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NA

NA

NA

NA

NA

1507C>T

-207G>C

1557G>C

NA

OATP1B3

OATP2B1

OATP1B1

OCT1

OCT3

OCTN1

OCTN2

MATE1

MATE2

848C>T,
859C>G

41C>T, 181C>T, 848C>T,
1022C>T, 289C>A,
350C>T, 616C>T,
566C>T, 659G>T,
1201G>A, 1258A>del, 1393G>A

192G>T

NA

632_633GC>TT

191G>A,
1438G>A

NA

-207G>C,
1441G>T,51C>G, 364G>T, 904A>G
191G>A, 1438G>A,
404T>C, 1012G>A,
191G>A, 929C>T,
983A>C, 1012G>A,
1421A>G, 1557G>C,
373C>T

NA

NA

1507C>T

373C>T, 1012G>A

430C>T, 1645C>T

NA

NA

346G>T, 1199C>T,
1316C>T

NA

NA

480C>G, 848C>T,
1022C>T, 1222A>G,1258A>del,
1222A>G/1258A>del

NA

NA

NA

388A>G†, 521T>C†

NA

767C>G†,
334T>G/699G>A†
-282G>A†, 935G>A†

NA

NA

571G>A, 1199G>T,
1292-3GT>TG, 3322T>C

2366C>T, 4348G>A,
4430C>T, 4544G>A

Diminished

Decreased

SNPs with phenotype groupings

1249G>A, 4430C>T

61G>A, 3751G>A,
2677G>A

Normal

PHARMACOGENETICS OF PLACENTAL TRANSPORTER PROTEINS

See Appendix 3.3 & Appendix 3.4 for further details.
† Transport activity through the placenta. NA, not available

4430C>T

1985T>G, 1199G>A,
2005C>T, 3421T>A

Increased
1236C>T†, 2677G>T/A†,
3435C>T†, 266T>C,

MRP2

P-gp

Placental transporters

Table 1. Summary of phenotype groupings of placental transporter polymorphisms according to in vitro transport of substrates.
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With regards to clinical studies, two studies have reported the role of P-gp 3435C>T
in the risk of drug- induced birth defects. In contrast to the previous study, which
demonstrates a role of the fetal genotype, these studies have shown that the maternal
genotype is an important determinant of risk for birth defects. A study by Bliek
et al. has shown that mothers carrying the 3435TT genotype and using any type
of medication during the periconception period had a significantly higher risk
(6.2-fold) of having children with cleft lip with or without cleft palate. The risk is
increased to 19.2-fold for mothers who were not taking periconceptional folic acid
supplementation (84). On the other hand, Obermann-Borst et al. have found an
association between maternal 3435CT/ TT genotypes, maternal general medication
use and an increased risk of congenital heart defects among the offspring, although
the association was not statistically significant. Nevertheless, the risk was significantly
increased to threefold in mothers who were not taking folic acid supplementation.
Children who were carriers of 3435CT/TT genotypes, were also at an increased risk
of having this defect compared with children with the CC genotype, and the risk was
increased to threefold if the mothers were not taking folic acid supplementation.
When both maternal and fetal genotypes were taken into consideration, the risk was
fairly increased (85).
The results from Bliek et al. and Obermann-Borst et al. support the conclusion
of Hitzl et al. that lower P-gp expression in the placenta was observed with the
maternal 3435TT genotype (18), thus increasing the susceptibility of the fetus
to teratogenicity. The results from the clinical studies discussed above suggest that
transporter polymorphisms play a role in fetal drug exposure and subsequently the
risk for drug-induced birth defects. Therefore, more studies are warranted to shed
light on this issue. With regards to that, there are several determinants that need to be
considered before performing similar types of research. The first determinant is the
type of medications used by the mothers, which are suspected to cause birth defects.
The medications that have strong associations with certain birth defects, and are also
transported by the transporter of interest, are more likely to be relevant in the study.
The second determinant is the source of genotype, either from the mother or the
child. The genotype of the mother determines the pharmacokinetics of the drug in
the maternal circulation, which later determines the level of fetal exposure to the drug.
The fetal genotype, on the other hand, contributes to the transporter expression in the
placenta. The best way to measure the association is to consider the genotypes from
both the mother and the child.
There is an abundant room for further progress in determining the role of transporter
polymorphisms in evaluating the risk for drug-induced birth defects. However, there
are many challenges in executing pharmacogenetic studies in this topic. First of all,
84

maternal physiological changes during pregnancy may alter the pharmacokinetics of
the drug of interest. With regards to the maternal drug circulation, the transporter
proteins expressed in other major tissues, such as liver, kidney and intestine also play
an important role in drug distribution and excretion from the maternal circulation.
Efflux transporters expressed in the intestine may affect the oral bioavailability of
drug substrates, while those that are expressed in the kidney and liver may have an
effect on the hepatobiliary or renal excretion of drug substrates. Any changes in the
expression and function of these transporters associated with the maternal genetic
polymorphisms may also affect the drug level in the maternal circulation, which
further leads to variation in substrate concentrations available for maternal-to-fetal
transport.

The next challenge is the role of metabolic enzymes in the pharmacokinetics of drugs,
in which the enzymes are highly polymorphic. It is widely known that the transporter
proteins and metabolic enzymes work together in a ‘drug transporter-metabolism
alliance’ (as proposed by Benet (86)) by limiting the entry of teratogenic drugs into
the fetus. Polymorphisms of either one or both of them may affect their functions,
and these factors are difficult to measure. In addition, metabolic enzymes are also
expressed by the placenta to further limit the entry of reactive drug metabolites that
might be teratogenic (see review by Rubinchik-Stern and Eyal (87)).
The placental barrier itself is believed to be very protective for the fetus, and
minor changes in transporter activity may be counteracted by other mechanisms
of protection in a normal physiologically functional placenta. Moreover the same
transporters may also be expressed in the fetal capillary endothelium as well as in
the syncytiotrophoblast. Functionality changes associated with polymorphisms are
conflicting for certain transporter proteins and some of the teratogenic drugs are
transported by more than one transporter. Therefore, it is difficult to detect which
polymorphisms of which transporters are responsible for the changes in risk of druginduced birth defects.
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The second challenge is that there is no direct way of measuring the transporter
protein function and fetal exposure to drugs. Previous in vivo and in vitro studies
have only been carried out using full-term placentas, even though the expression of
transporter proteins is known to change throughout gestational age. It is not currently
known whether polymorphisms may alter the protein expression in one stage but
not the other. Therefore it is unclear whether the change in transporter function is
different between the placenta of the first trimester and full-term placenta.

CONCLUSION & FUTURE PERSPECTIVE
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The mechanism of maternal-to-fetal drug transport is complex, substrate dependent
and affected by physiological changes over the stages of gestation. Therefore, it is an
intricate process to measure fetal drug exposure during pregnancy. New methods or
study designs that can address the limitations mentioned in this review may be useful
in exploring the role of transporter protein polymorphism in drug teratogenicity. One
of the possibilities is to use the preterm placental tissue from therapeutic abortions,
instead of full-term placenta, to mimic the physiological conditions during the first
trimester of pregnancy. Another possibility is to perform retrospective observational
studies with the occurrence of birth defects as the outcome. Cases of birth defects
with a history of prenatal exposure to teratogenic drugs may provide a proxy for an
increased fetal exposure to drugs, compared with nonmalformed controls. This design
may provide knowledge on the teratogenic risks based on the interactions effect
between genetic polymorphisms and exposure to drugs. Analysis of the SNPs using
phenotype groupings instead of individual SNPs enables genetic association studies
to be performed using smaller sample sizes. Birth defects are rare disorders, and
finding the cases that have been exposed to drugs adds to the challenge. Nevertheless,
it is intriguing to explore whether pharmacogenetics contributes to the risk of druginduced birth defects, and specifically, why certain fetuses are more susceptible to the
teratogenic effect of drugs than others.
This topic involves the health of not only pregnant women taking clinically indicated
drugs, but also of the future generation. Further knowledge on patient susceptibility
may guide healthcare providers in making risk–benefit assessments in the selection of
drugs for these women. Hence we anticipate that more attention will be given to this
field in the next few years or decades.
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