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ABCG2/ BCRP          breast cancer resistance protein 

AF   atrial flutter 

ATP   adenosintriphosphate 

AED   antiepileptic drugs 

ABC   ATP-binding cassette 

Da   Dalton 

ECG   electrocardiography 

GDM  gestational diabetes mellitus 

HIV  humanimunodeficiecyvirus 

MDR   multidrug resistance 

M-mode  motion-mode 

MRP   multidrug resistance-associated protein 

MXR   mitoxantrone resistance protein 

NBF   nucleotide-binding fold 

P-gp   P-glycoprotein 

PI   protease inhibitors 

OCT3   extraneuronal monoamine transporter 

hENT    human equilibrative  nucleoside transporters 

OCTN2  carnitine transporter 

SVT   supraventricular tachycerdia 
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For more than half a century, scientists and physicians have recognized pregnant 

women as a unique population from the point of view of drug therapy.  

Until the thalidomide-induced birth defects occurred in the early 1960s, 

physicians generally believed that the uterus provided a protective environment for the 

fetus.  

Subsequently, it has become accepted that any chemical substance, including 

any therapeutic agent, administered to a mother is able to permeate across the placental 

barrier and fetus(Yaffe, 1998).  

When managing a pregnant patient with medication, the treatment of mother and 

fetus, two individual patients, should be considered independently, and the decision 

must be based on the risk/benefit assessment of both (Gedeon and Koren, 2005). It must 

be evaluated in association with other treatment modalities like direct injection of drug 

to the fetal compartment or delivery, which is an option when the fetus is mature 

enough. 

Different clinical situations can occur with the demand for the treatment focused 

on mother or fetus, or the therapy of the same disease of both of them.  

The first group is represented by either chronic illnesses (diabetes mellitus, 

hypertension, asthma, epilepsy etc.) or newly arisen problems like gastrointestinal 

disturbances and infections of the mother. Although there is a continuing need to 

receive chronic medications during pregnancy, drug therapy is still often without a 

specific rationale (Yaffe, 1998).  

Modern pediatrics defined situations like fetal tachycardia, pulmonary 

immaturity which confer great morbidity and mortality numbers. These numbers 

support the preference of transplacental treatment over an expectance approach when 

clinicians wait to treat the disease state after delivery. 

The third group constitutes a drug administration to mother for the same purpose 

for both, mother and child. This is the case of HIV infection when the pharmacotherapy 

aims to  manage the active infection of mother and reduce the probability of vertical 

transmission to the child during labour. 

  For optimization of pharmacotherapy during pregnancy it is necessary to 

understand the mechanisms involved in the transported of drugs from mother to fetus 

across the placenta.  
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 The aim of this work was to summarize recent information on the principles of 

transplacental passage of drugs and to review current approaches in the 

pharmacotherapeutic treatment of selected deseases in pregnancy in context with the 

transplacental drug transfer. The review is based on scientific information gained from 

the internet databases, such as Science Direct, Medline etc. 
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4.1.  Structure of placenta 

 

The primary function of all placentas is to act as an interface between the mother 

and fetus that allows appropriate metabolic exchanges of gases and selective transport 

of different molecules including nutrients and waste products. This function is 

accomplished by bringing maternal and fetal blood into close apposition while 

maintaining both separation of the two circulatory systems and the integrity of maternal 

and fetal organisms. 

Human placenta is a discoid organ formed by both fetal and maternal tissues. 

Maternal part gives rise to septa that mark out functional units – cotyledons. Each 

cotyledon comprises an arbour of villi, branching from large stem villi containing the 

major fetal vessels to free villi that extend into the intervillous space (containing 

maternal blood) (Kaufmann et al., 1988).  

The trophoblast and mesoderm overlying the intervillous space is called the 

chorionic plate. Those villi that spread along the maternal endometrium are called 

anchoring villi, and in the combination with the adjacent compact decidualized 

endometrium they form the basal plate. Maternal blood enters and leaves the 

intervillous space via the basal plate, whereas fetal vessels enter and leave the villi via 

the chorionic plate of the placenta.  

 
Fig. 2. A schematic representation of the human placenta. Modified from internet 

source: www.merck.com 
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Despite variation in the arrangement of layers, trophoblast always forms the 

external epithelium of the fetal component of the placenta. Trophoblast cells are found 

as large multinucleate cells layer, called syncytial trophoblast, which emerges by 

recruiting cytotrophoblast cells (Ringler and Strauss, 1990). The villi have a nearly 

complete cytotrophoblast layer underlying the surface layer of syncytial trophoblast 

during most of the first trimester, but as the gestation proceeds the cytotrophoblast cells 

become stelete and the layer discontinuous.  

Finally syncytial trophoblast develops thick and thin regions, with many of the 

thin regions closely apposed to fetal vessels, where the basement membrane is shared 

with the endothelial cells of the fetal capillary. Although the endothelium may be quite 

thin in these fetal vessels, it is continuous and does not contain fenestrations, so the role 

of the endothelium in the ‗barrier‘ should not be ignored (Firth and Leach, 1996). 

However, the rate-limiting barrier for permeation across the human placenta is the 

syncytiotrophoblast layer (Ala-Kokko et al., 1993; Sibley, 1994; Enders and 

Blankenship, 1999).  

 

Fig. 3. Schematic representation of the maternal-fetal interface in the placenta. 

ST - syncytiotrophoblast; CT - cytotrophoblast;  FV - fetal blood vessel. Adapted 

from Moe, 1995. 

 

Although the syncytial trophoblast appears to be continuous, it is sometimes 
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argued that the combination of basal bays and surface invaginations or a separate 

tubular system results in pathways through the syncytium (Kertschanska et al., 1997). 

Thus the layer of syncytiotrophoblast is histologically and functionally polarized 

with apical surface of maternal facing brush border membrane and fetal-facing basal 

membrane. 

Nomenclature of placental morphology is based on the contributions by different 

extraembryonic membranes and on the tissue layers intervening between maternal and 

fetal blood, separating them into three groups: hemochorial, endoteliochorial, 

epiteliochorial. Human placenta belongs to the group of hemochorial placentas, in 

which maternal blood directly bathes the trophoblast. These placentas can be referred to 

as being hemomono- (human), di- (rabbit), or trichorial (mouse, rat) depending on the 

number of layers of trophoblast cells present in the thinnest portions of the definitive 

placenta (Enders, 1965). For this reason, the information gained about the structure and 

function of placenta should be extrapolated from one species to another with caution 

(Finn, 1994). 

 

 

 

 
Fig. 4. Light micrograph of the villous hemomonochorial chorioallantoic placenta of the 

human. Fetal capillary (FC), maternal blood space (MBS). Adapted from Enders and 

Blankenship, 1999. 
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4.2.  Models for investigation of placental barrier 

 

A variety of in vitro systems currently exists to evaluate the transport and 

metabolism processes of many of the significant endothelial and epithelial tissue 

barriers to drug delivery. The emergence of in vitro models for the human placenta 

within past decades opened the door for investigations of drug transport and metabolism 

mechanisms and apply that knowledge to developing drugs that more selectively target 

either the mother or the fetus in drug therapy (Dancis and Liebes, 1995).  

Human trophoblast culture systems, both primary cultures and cell lines, also 

exist, including those that form monolayers, and have been used to study uptake and 

transport mechanisms at the cellular and molecular levels (Ringler and Strauss, 1990; 

Yui et al., 1994; Bloxam et al., 1997; Liu et al., 1997; Sastry, 1999).  

The obvious importance of the syncytial trophoblast in pregnancy and its ready 

availability from term placentas has resulted in extensive study of this tissue in 

relationship to maternal–fetal transfer (Sibley and Boyd, 1988; Smith et al., 1992). 

Modern cell biological methods have even permitted dissection of this layer by separate 

isolation of apical (microvillus) and basal cell membranes of syncytial trophoblast, as 

used in studies of glucose transporter protein (Jansson et al., 1993) and chloride 

transport (Powell et al., 1998).  

The single cotyledon model is used extensively to characterize the transport and 

the metabolism of numerous pharmacologic agents and nutrients. It is well established 

as a safe in vitro surrogate for human placental transfer. The major attribute that makes 

this a desirable model is that it demonstrates placental transport independent of fetal 

metabolism. Another advantage of this model is the ability to validate each experiment 

individually with the addition of antipyrine (Shenker et al., 1989; Shenker et al., 1987; 

Dancis et al., 1988). The ex vivo technique of dual perfusion of placental lobule (DPPL) 

has proved to be a powerful tool in the prediction of the extent of term placental transfer 

of drugs in vivo (Schneider et al., 1985). However, these data represent 1 time point in 

placental transfer of the drug, namely at delivery, and consequently do not reflect the 

dynamic changes in its concentration. 

One of the traditional in vitro model is BeWo cell line, originally derived from a human 

choriocarcinoma (Patillo and Gey, 1968), quite similar in morphological and 

biochemical features to normal trofoblast cells.  

In vivo techniques to study placental transfer of drugs involve animal studies for 
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measurement of maternal-fetal and fetal maternal clearance, thus studies with 

chronically catheterized macaque (Tuntland et al., 1998), baboon (Garland et al., 1998) 

and sheep (Kumar et al., 1999) have been developped to determine ther mechanism of 

placental drug transfer. 

Recently an imaging methodology providing a means of studying material 

transfers in the placenta at a much higher level of topographic and functional precision 

than previously possible was described. The use of an affinity-based tracer with a 

fluorescent tag, requiring a confocal scanning laser microscope, offers high detection 

sensitivity with high spatial and temporal resolution of processes within five 

compartments (maternal and fetal blood, syncytiotrophoblast, fetal endothelium, 

extracellular matrix). The methodology should set a new standard for studies of drug 

transfer to the fetus (Sölder et al., 2009). 
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4.3.   Drug transport across placenta 

 

Although the placenta was viewed as a protective barrier, the transmission to the 

fetus, of drugs administered to the mother is now widely demonstrated (Pacifici and 

Nottoli, 1995). With the exception of drugs with large molecular weights, such as 

heparin or insulin, most drugs appear to cross the placenta and are associated with 

varying degrees of fetal exposure. 

The predominant mechanism by which substances cross the human placental 

barrier is simple passive diffusion either transcellularly or paracellularly (Robinson et 

al., 1988; Ala-Kokko et al., 1993; Sibley, 1994) and depends upon the transmembrane 

concentration gradient. An inverse relationship generally exists between placental 

transport rates and molecular weight of substances that cross by passive diffusion 

(Schneider, 1991). The physicochemical properties of drugs play a significant role in 

determining transtrophoblast permeation. Molecules that are relatively lipophilic, with 

low protein binding, short elimination half-life, a low degree of ionization (pKa), and 

have molecular weights of less than 600 Da, permeate readily across the 

syncytiotrophoblast layer (Ala-Kokko et al., 1993).    

Several additional factors influence the overall placental permeation. These 

factors include the developmental changes in the placental barrier, such as pH and 

protein gradients, thickness and surface area of the barrier, volume of distribution, rate 

of metabolism and excretion by the placenta and placental blood flow, and specific 

placental transport systems (Elliott et al., 1991; Koren, 2001; Hardmons et al., 2006).  

The placenta expresses a number of carrier mechanisms that are well-characterized in 

other tissues and are yet of unknown physiological significance in placental function 

(Ganapathy et al., 1999). 

 

Other mechanisms including active transport and facilitated diffusion also 

operate in the placenta (Audus, 1999). Although most transporters at the placenta 

probably exist for the purpose of aiding transport of physiologically important 

substrates to the fetus, some transporters appear to prevent transport of chemicals 

(including toxins, xenobiotics) to the fetus (Unadkat et al., 2004).  
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            4.3.1.          Pharmacokinetic aspects 

 

Absorption phase can be altered by maternal changes in gastric secretion and 

motility, disturbing the degree of ionization and solubility. Once absorbed, maternal 

drug metabolism may be influenced due to elevation of endogenous hormones such as 

progesterone, which can stimulate the hepatic microsomal oxidase system and result in 

increased transformation of drugs such as phenytoin (Langer et al., 2000; Lobstein et 

al., 2001). Conversely, theophyline and caffeine experience reduced hepatic elimination 

as a consequence of elevated estradiol. 

Total body water expansion, including plasma volume (Bournissen et al., 2003) 

and generally increase in extracellular fluid space (Langer et al., 2000; Lobstein et al., 

2001) contributes to an increase in volume of distribution and may lower the 

concentration of drugs and increase their elimination half-life. 

Protein binding alterations may also occur as a result of changes in both the 

concentration of specific proteins and changes in protein binding affinity. Decrease in 

maternal serum albumin may lead to corresponding increase in the free fraction of drug 

(Beck, 1981; Boyd and Hamilton, 1970). Increased levels of free fatty acids and total 

lipids due to hormonal changes in pregnancy partially saturate the protein binding 

capacity for drugs. There is a markedly lower concentration of specific binding proteins 

and altered binding affinity of drugs in the fetus (Holcberg et al., 2003a) and there is a 3 

fold lower level of a1-acid glycoprotein in the fetus compared to the mother 

(Bournissen et al., 2003).   

Lipid solubility, the pH of the maternal and fetal fluids, the ionization constant 

of the drug (pKa) and the molecular weight also influence the passage of the drug across 

the placenta. In general, uncharged, un-ionized molecules with high lipid solubility and 

lower molecular weight penetrate the cell membranes more readily than hydrophilic 

ionized drug molecules (Heikkila et al., 1992). 

The pH gradient between the maternal and fetal circulations and the pKa of the 

drug also influence transfer of weak acids and bases. Since fetal plasma is 0.1 lower 

than maternal plasma pH, for weak bases the un-ionized free drug crossing the placenta 

becomes ionized and is trapped in the more acidic fetal circulation (Holcberg et al., 

2003a; Langer et al., 2000), resulting in fetal drug concentrations that may eventually 

exceed maternal plasma concentrations and lead to toxicity. The pH of the amniotic 

fluid is also lower than that of maternal plasma. 



 20 

 4.3.2. ABC family transporters 

 

The ABC transporters are one of the largest families of active transport 

molecules (Higgins, 1992; Dean et al., 2001). There are 48 ABC genes in the human 

genome and they are dispersed mostly on different chromosomes, with a few clusters of 

2–5 genes (Dean et al., 2001).  

The structure of ABC transporters consists of two sets of hydrophobic segments 

that span the membrane and are thought to confer all or most of the specificity of the 

transporter, and a pair of ATP-binding domains or nucleotide-binding folds (NBFs). 

ABC genes either encode a full transporter encoding all four domains, or a half-

transporter with a single TM domain and a single NBF. Half-transporter proteins must 

dimerize as either homo- or heterodimers to form a complete transporter complex. All 

the transporters posses to a greater or leader extent extracellular N-glycosylation 

branches. Based on in vitro studies on P-gp (Shinkel et al., 1993) it appears that this N-

glycosylation is not necessary for the basic transport function of these transporters. 

However, N-glycosylation probably has an important cell-biological role for these 

proteins, helping in stabilizing membrane insertion and possibly routing to, and stability 

in the plasma membrane. 

The group of efflux transporters in the ABC superfamily have been identified in 

the placenta, where they are involved in detoxification processes and multidrug 

resistence, forming an essential part of the barrier (Young et al., 2003; Utoguchi et al., 

2000; Atkinson et al., 2003; Audus et al., 2002; Pascolo et al., 2003; Tanabe at al., 

2001; St-Pierre et al., 2000; Ushigome et al., 2003). 

The generally accepted mechanism of multidrug resistance is that the efflux 

transporters expel a variety of structurally diverse drugs, drug conjugates and 

metabolites from cells against considerable concentration gradients in an ATP-

dependent manner, usually from the apical membrane surface of polarized epithelial 

cells (Bodo et al., 2003). These efflux transporters include P-glycoprotein (P-gp), which 

is encoded by the MDR1 gene, multidrug resistance-associated proteins (MRP-

1through-6 and 10-12), and breast cancer-resistance protein (ABCG2) (Ozben, 2006). 

Other ABC transporters have been implicated in drug resistance, but these other 

transporters play highly specialized roles in normal physiology and are less likely to be 

usurped to play a role in drug resistance. 
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4.3.2.1.  P – glycoprotein 

 

Juliano and Ling in 1976 were the first to note that a particular 170 kD 

glycoprotein was associated with this resistance (Juliano and Ling, 1976) and over a 

decade later the gene encoding P-gp, then termed mdr1 (and later called MDR-1), was 

cloned (Roninson et al., 1986). P-glycoprotein polypeptide consists of two very similar 

halves, each containing 6 putative transmembrane segments, and an intracellular ATP 

binding site, with the first extracellular loop being N-glycosylated.  

P-gp is mainly present in epithelial cells of adrenals, kidneys (brush border cells 

of proximal tubules), liver (biliary canalicular surface of hepatocytes), colon (apical 

surface of columnar epithelial cells), small intestine (epithelial cells), brain (capillary 

endothelial cells), peripheral nerves (capillary endothelial cells), heart, placenta and 

testes (Fojo et al., 1987; Thiebaut et al., 1987; Saito et al., 1997), where it localizes to 

the apical membrane (Thiebaut et al., 1987; Higgins, 1992).  

In the human placenta there is abundant expression of the MDR1 gene 

throughout pregnancy (Mylona et al., 1996; Allikmets et al., 1998) with significant 

levels of P-gp, demonstrated by immunohistochemistry (MacFarland et al., 1994). 

Studies with human microvillar membranes of term human trophoblasts have indicated 

an active MDR1 (Nakamura et al., 1997).  Although P-gp is found in the placentas of 

gravid mice and tends to increase during pregnancy (Novotna et al., 2004), Gil et al. 

(2005) showed a significant decrease of its level in human placenta from the 13-14th to 

the 38-41st week of gestation, suggesting that the ability of the placenta to protect the 

fetus from xenobiotics is greater in early pregnancy than at term. The possibility that 

different cell types within the placenta express P-gp at different stages of gestation 

really exists (Gil et al., 2005).  

It confers a chemoresistance to cells for numerous xenobiotics by actively 

pumping molecules outside cells, in fact translocating its substrates from the basolateral 

to the apical side of the epithelium and consequently decreasing their intracellular 

concentrations (Kartner et al., 1983). This ability to extrude xenobiotics gives this 

protein some physiological properties of protection and detoxification. This principle 

has been directly demonstrated using P-gp deficient mutant or knockout mice for at 

least four different P-gp substrates: an analogue of the pesticide avermectin, the cardiac 

glycoside digoxin, the HIV protease inhibitor saquinavir, and the anticancer drug 

paclitaxel (Lankas et al.,1998; Sugawara et al., 1988; Huisman et al., 2001). However, 
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P-gp is also implicated in the transport and regulation of endogenous molecules such as 

hormones (Wolf and Horwitz, 1992; Ueda et al., 1992) or phospholipids (Oude Elferink 

et al., 1996; Pohl et al., 2002).  

P-gp is involved in the pharmacokinetics of numerous drugs, participated in the 

absorption, distribution and elimination phases, on contrary to cytochrome P450 

enzymes that are only involved in drug metabolism.  

Different types of P-gp interaction exist. First a direct interaction with the 

binding sites on P-gp blocking transport of substrates (e.g. verapamil, cyclosporin A) in 

competitive or non-competitive manner, and secondly an inhibition of ATP binding 

(e.g. vanadate), ATP hydrolysis (e.g. cyclosporin A) or coupling of ATP hydrolysis to 

the translocation of the substrate (Ambudkar et al., 1999). But the mechanisms of P-gp 

inhibition are rather complicated and depend on both substrates and inhibitors, and do 

not always follow simple kinetics (Lin, 2003). Thus it can be supposed that compounds 

able to interact with P-gp activity could induce important modifications of 

bioavailability for numerous concomitantly administered drugs.  

         The transplacental transfer of several drugs such as saquinavir, paclitaxel, and 

digoxin in P-gp knockout mice has been shown to be 2–16 times greater as compared 

with mice with functional P-gp (Smith et al., 1999). Therefore, one might propose that 

the use of drugs that are P-gp substrates would reduce fetal drug exposure (Lankas et 

al., 1998).  Their most striking property is the diversity with few common structural 

denominators. They are usually organic molecules ranging in size from less than 200 Da 

to almost 1900. Most of the efficiently transported molecules are uncharged or (weakly) 

basic in nature, but some acidit compounds can also be transported, albeit at a low rate. 

As most P-gp substrates are quite hydrophobic, in principle they can diffuse passively 

across biological membranes at a reasonable rate.  

In the case of desirable increase of penetration of P-gp substrates beyond 

placental barrier, as with the therapy of fetus, inhibition of P-gp would allow substrates 

of P-gp to cross in considerable amount. Studies evaluating human placental transfer of 

P-gP substrates such as saquinavir have demonstrated that inhibition of P-gp can 

markedly impair its protective efflux function (Mölsä et al., 2005). Thus the uptake of 

P-gp substrates drugs into the fetus can be increased by P-gp inhibitors such as 

cyclosporin A, verapamil and progesterone (Ushigome et al., 2000). 
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Tab. 1. Selected clinically significant substrates of P-gp. Adapted from (Čečková-

Novotná et al., 2006). 

Cytotoxic drugs: 

vinca akaloids, taxanes, antracyclines, actinomycin D, epipodophyllotoxins 

HIV protease inhibitors: 

amprenavir, saquinavir, ritonavir, nelfinavir, indinavir 

Antibiotics: 

erythromycin, levofloxacin, gramicidin B 

Cardiac drugs: 

digoxin, quinidine, carvedilol, celiprolol, talinolol 

Antiemetics: 

domperidone, ondasetrone 

Others: 

ivermectine, colchicine, losartan, phenytoin, morphine 

 

 

However, different results have been found in perfused human placenta, in 

which neither quinidine nor verapamil were able to enhance digoxin concentration in 

the foetal compartment (Holcberg et al., 2003b). The main hypothesis was related by 

authors to the placenta‘s age. Effectively, progesterone is a potent inhibitor of P-gp 

activity and its levels increase with pregnancy age. Thus P-gp activity is probably 

strongly down-modulated in mature placentas, explaining the lack of inhibitor effect.  

The interaction between quinidine and digoxin is directly linked to P-gp 

inhibition, confirmed by the fact that in knock out mice (mdr1a-/-), digoxin plasma 

levels are not modified by quinidine, whereas in wild-type mice, quinidine significantly 

increases plasma digoxin levels by 73% (Fromm et al., 1999).  

In the case of proton pump inhibitors, which are known to interact with drug 

metabolising enzymes, a recent in vitro study has clearly demonstrated that omeprazole, 

lansoprazole and pantoprazole are are able to down-modulate digoxin efflux (Pauli-

Magnus et al., 2001).  

 Many of the initially identifies inhibitors, like the calcium channel blocker 

verapamil or the immunosupressive agent cyclosporin A, turned out to be themselves 

transported substrates of P-gp, suggesting that they act as competitive inhibitors. For 

other inhibitors no significant transport by P-gp could be demonstrated, indicating that 

they probably work through other mechanisms. Still, it may be that some of the latter 

compounds are just diffusing so quickly across membranes that transport by P-gp, 

although it does occur, is not detectable (Litman et al., 2001). 

Actually, the P-gp inhibitors that were initially recognized, such as verapamil, 
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are actually relatively poor P-gp inhibitors in vivo, because of their own 

pharmacodynamic effects that severely restrict the plasma levels that can be achieved. 

By now there are many P-gp inhibitors with increasingly suitable properties for clinical 

use. 

 

Tab. 2.  P-gp inhibitors. Adapted from Čečková-Novotná et al., 2006. 

First generation chemosensitizers: 

verapamil, quinidine, cyclosporin A, progesterone, tamoxifen, trifluoperazine 

trifluopromazine, flupentixol 

Second generation chemosensitizers: 

dexverapamil, PSC833, biricodar, GF120918, MS-209 

Third generation chemosensitizers: 

LY335979, OC144093, XR9576 

Herbal extracts: 

St.John‘s, Rosemary, Rhei Rhizoma, Ephedrae herba 

Antibodies: 

MRK16 

 

 

Food can also interact with P-gp. For example, grapefruit juice, a well-known 

enzymatic inhibitor of cytochrome P450 that leads to increased bioavailability of co-

administered drugs, is implicated in interactions with P-gp, although with rather 

contradictory results. Three studies made evident an inhibition of P-gp activity by 

grapefruit juice on P-gp expressing cell cultures, that increased vinblastine and talinolol 

cell levels (Wang et al., 2001; Takanaga et al., 1998; Spahn-Langguth and Langguth, 

2001). But studies in humus failed to prove an significant effect of grapefruit juice on 

human P-gp activity (Becquemont et al., 2001). Piperine, a major component of black 

pepper, is also known to down-modulate efflux activity of P-gp and inhibit digoxin and 

cyclosporin A transport in P-gp overexpressing cells (Bhardwaj et al., 2002).  

 

4.3.2.2.    MRPs 

 

Multidrug resistance-associated proteins (MRPs) constitute another member 

family of ABC transporters. Currently there are nine known MRPs, six of them fully 

sequenced. Recent findings show that human placenta at term expresses at least free 

members of MRP family: MRP 1, MRP 2 and MRP 3. MRP 2 is expressed on the apical 

membrane of syncitiotrophoblast, while MRP 1 and MRP 3 are expressed on the 

basolateral membrane and the blood vessel endothelia (Borst et al., 2000). 
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Their size and function vary greatly. In contrast P-gp, MRPs appeal to efflux 

polar compounds (Borst et al., 2000) and function mainly as a (co-)tranporter of 

amphipathic organic anions. It can transport hydrophobic drugs and other compounds 

(for example inflammatory mediator leukotriene C4), as proved Mrp1 knockout mouse 

who were viable and fertile but showed deficiencies in LTC4-mediated inflammatory 

reactions (Robbiani et al., 2000), that are conjugated or complexed to glutathione, to 

glucuronic acid, or to sulfate (Leier et al., 1994; Müller et al., 1994; Evers et al., 1996; 

Loe et al., 1996).  

The role of MRPs in the placenta has not been fully explained, but it is likely to 

bear (besides possible pharmacological role) important physiological activity. For more 

detalied review of numerous members of this group please see the review article 

(Schinkel and Jonker, 2003).  

 

4.3.2.3.   ABCG2 

 

The most recently discovered ABC drug efflux transporter is BCRP, named for 

breast cancer resistance protein since it was cloned from a breast cancer subline, or 

mitoxantrone resistance protein, since it appeared to be responsible for the high levels 

of resistance to mitoxantrone observed in cell lines expressing the gene (Dietel et al., 

1990; Nakagawa et al., 1992). Later it was placed in the ―G‖ subfamily of ABC 

transporters and called ABCG2. Unlike the discussed transporters, this is a half-

transporter, like the whole ―G‖ subfamily, consisting of only a single N-terminal, 

intracellular ATP binding site, followed by 6 putative transmembrane segments. The 

last extracellular loop is in all likelihood N-glycosylated (Maliepaard et al., 2001a). 

ABCG2 is a 72-kDa protein composed of 665 amino acids. The transmembrane 

domain of ABCG2 (residues 361 to 655) is predicted to have six transmembrane 

segments and an extracellular loop between segments five and six. Since ABCG2 is a 

half-transporter, it is believed to homodimerize, or possibly oligomerize in order to 

function (Ozvegy et al., 2001), in contrast to other members of the G subfamily of 

transporters ABCG5 and ABCG8, which heterodimerize to form a functional 

transporter (Graf et al., 2002). A tetrameric structure made up of four homodimer 

complexes was suggested (McDevitt et al., 2006). Building a phylogenetic tree using 

protein sequences of primates suggests that the function of ABCG2 has remained 

relatively conserved across vertebrate evolution (Robey et al., 2009).  
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By northern blot analysis, high levels of ABCG2 expression in placenta were 

reported (Doyle et al., 1998), specifically in the syncytiotrophoblasts as examined by 

immunohistochemistry (Maliepaard et al., 2001a). ABCG2 is believed to protect the 

developing fetus from the possible transmission of toxins as well as remove toxins from 

the fetal space (Jonker et al., 2000), as demonstrated for example in studies of transport 

of cimetidine from the fetal to maternal space against a concentration gradient (Staud et 

al., 2006),  ABCG2 mediated transfer of 14C-amino-1-methyl-6-phenylimidazo[4,5-

b]pyridine (Myllynen et al., 2008) and fetal penetration of glyburide (Pollex et al., 2008; 

Zhou et al., 2008; Gedeon et al., 2006; Gedeon et al., 2008). 

The list of substrates and inhibitors of ABCG2 has been steadily expanding 

since its discovery, but yet no clear structure–function relationship has been identified 

that would explain the definitive requirements for a substrate or for an inhibitor. It is 

hoped that closer insights into the structure of ABCG2 could translate into a better 

understanding of the function of the protein, yielding potent and specific inhibitors 

(Robey et al., 2009). 

 

Tab. 3. Selected non-chemotherapy substrates of ABCG2. Adapted from Robey et al., 

2009. 

Antivirals: 

zidovudine (AZT), lamivudine, abacavir 

HMG-CoA reductase inhibitors: 

rosuvastatin, pitavastatin, cerivastatin 

Antibiotics: 

ciprofloxacin, ofloxacin, norfloxacin, erythromycin, 

nitrofurantoin 

Calcium channel blockers: 

Azidopine, dipyridamole, nitrendipene 

Other compounds: 

sulfasalazine, cimetidine, riboflavin, vitamin K3, glyburide, 

d-Luciferin 
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4.3.3. Other transporters 

 

Transporters that are facilitative (or equilibrative) can function both as influx or 

efflux transporters depending on directionality of the concentration gradient (Unadkat et 

al., 2004). It comprises groups of extraneuronal monoamine transporter (OCT3), human 

equilibrative  nucleoside transporters 1 and 2 (hENT1 and hENT2), carnitine transporter 

(OCTN2) 

Extraneuronal Monoamine Transporter (OCT3) is a Na
+
 and Cl

-
-independent 

monoamine transporter and belongs to the family of organic cation transporters. This 

transporter is responsible for importing dopamine and norepinephrine into the fetal 

compartment, and is sensitive to inhibition by steroids. The physiological substrates of 

OCT3 include serotonin, dopamine, norepinephrine and histamine, OCT3 also interacts 

with the antidepressant desipramine (Shang et al., 2003). Transport defects in Orct3-

deficient mice have been observed in embryonic development, indicating the importace 

of OCT3 function during pregnancy (Zwart et al., 2001). 

Although hENT1 is throught to be situated on the brush-border membrane of the 

placental syncytiotrophoblasts (Barros et al., 1995), the placental localization of hENT2 

is currently unknown. hENT1 and hENT2 have a broad specificity for nucleosides and 

nukleoside drugs, both transport purine and pirimidine nucleosides but with different 

affinities (Ward et al., 2000). hENT1 transports cytidine, guanosine, thymidine and 

adenosine with a higher affinity, while hENT2 transports inosine with a higher affinity 

than hENT1. The two transporters also differ significantly in their sensitivity to 

inhibition by the inosine analog, nitrobenzylthioinosine (NBMPR) (Ward et al., 2000; 

Yao et al., 2002; Griffith and Jarvis, 1996). hENT1 and hENT2 efficiently transport 

drugs (Lum et al., 2000) such as gemcitabine (Mackey et al., 1998) and ribavirin (Jarvis 

et al., 1998).  

Carnitine Transporter (OCTN2) is localized at the placental brush-border 

membrane (Wu et al., 2000) as well as in the blood-brain barrier (Friedrich et al., 2003), 

OCTN2 transports carnitine into these privileged sites. The transport of cations by 

OCTN2 occurs in a Na
+
-independent manner, whereas the transport of zwitterions 

occurs in a Na
+
-dependent manner (Wu et al., 2000).  

Because OCTN2 transports organic cations, its activity can be inhibited by 

cationic drug substrates. Ohashi et al. (1999) showed that many zwitterionic and 

cationic drugs inhibit OCTN2 in human embryonic kidney cells, including 
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tetraethylammonium, pyrilamine, quinidine, verapamil and valproate.  

 

4.3.4. Placental metabolism 

 

Apart of the active efflux transporters placenta itself can serve as a metabolic 

shield, as it is known to express a wide range of enzymes involved in phase I as well as 

in phase II of biotransformation reactions (Pasanen, 1999) possibly reducing fetal 

exposure.  

In the case of CYP enzymes, there has been confirmed functional activity in the 

placenta for isoforms CYP1A and CYP2E1. The CYP1A1/1A2 isoform is the dominant 

CYP variant present in the placenta and is inducible by exposures to xenobiotics 

including polycyclic aromatic hydrocarbons, components of tobacco smoke.  Additional 

isoforms, CYP19 (aromatase) and CYP11B (cholesterol side chain-cleaving enzyme) 

are also known to be present in the placenta throughout pregnancy. Placenta has the 

potential to express other CYP isoforms depending on the length of gestation and the 

health of the mother (Pasanen, 1999). 

Activity of several phase II enzymes (e.g. sulphotransferases, glutathione-S-

transferases, uridine diphosphate glucuronosyltransferases or N-acetyltransferase) was 

also revealed in placental tissue. However, none of these enzymes has been proven to 

play an important role in detoxication of xenobiotics (Pasanen, 1999; Syme et al., 

2004). Therefore, proper placental metabolism of drugs and xenobiotics seems to be of 

relatively minor importance in limiting drug passage across the placenta (Syme et al., 

2004). 
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There is a strong evidence for many conditions that the immediate management 

during gestation decreases morbidity and mortality rates. In many cases results advise to 

prefer transplacental drug treatment over other modalities and encourage clinicians to 

treat mother and her child during pregnancy. Maternal DM, treatment of HIV infected 

pregnant women in order to prevent vertical transmission of the virus and fetal 

tachycardia belong to the most challenging situations. 

 

5.1.  Diabetes mellitus 

 

Gestational diabetes mellitus affects 3-10% of pregnancies, and the incidence 

continues to rise with the rising rates of obesity. Approximately 50% of the women 

require medication. The intervention demonstrated a 67% lower risk for a serious 

perinatal outcome (Crowther et al., 2005). 

 Insulin is the preferred pharmacological treatment in pregnancy because it is 

unable to cross the placenta due to its large molecular weight (6000 Da), but pain, 

discomfort as well as the increased cost and training required to administer injections 

make compliance with the therapy a critical issue. 

Oral hypoglycemic agents exemplify a group of medications that has been 

excluded from use in obstetrics for many years, mostly because of the little information 

about their transplacental passage available. Metaanalysis failed to show increased 

teratogenic risk among women treated with oral hypoglycemic agents (OHAs) during 

the first trimester (Gutzin et al, 2003). 

 

 

5.1.1.   Glyburide 

 

Several studies that compared insulin with glyburide, a second-generation 

sulfonylurea, demonstrated similar efficacy in achieving glycemic control (Langer et al., 

2000; Fines et al., 2003; Jacobson et al., 2005; Langer et al., 2005; Ogunyemi et al., 

2007). Neonatal outcomes after glyburide are similar to insulin (Langer et al., 2000; 

Fines et al., 2003), so it appears to be safe by measures of obstetric and neonatal 

outcomes (Moretti et al., 2008), or by an evalution of neonatal body composition which 

precisely reflects individual effects of the maternal environment on fetal growth and 

better estimates fetal effects of various methods of maternal glycemic control (Lain, 
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2009).  

The use of glyburide during pregnancy has potential advantages including 

decreased 

cost, ease of administration, fewer side effects, and patient satisfaction.  

Glyburide has been shown to exhibit marginal placental transfer (Robidoux et al, 

1998). A randomized control trial (Langer et al., 2000) found no detectable levels of 

glibenclamide in cord serum. Glibenclamide‘s exceptionally high protein binding, 

above 99.8%, allows for less than 0.2% of free drug to circulate and cross the placenta. 

Additionally, its high protein binding is coupled to a short elimination half-life made 

possible by its low volume of distribution (0.2 l/kg) and rapid clearance (1.3 

ml/kg/min). In short, glibenclamide has only a brief opportunity to cross the placenta 

(Feig et al., 2004; Koren, 2001). 

Elliott et al.‘s (1991) dually perfused human placental model showed virtually 

no appearance of glibenclamide in the fetal circulation. Even when maternal 

concentrations were 8 fold greater than therapeutic peak levels, suggesting 

glibenclamide may be actively pumped back to maternal circulation, and can both 

maintain maternal steady state concentrations and normoglycemia while decreasing 

fetal exposure and risk of hypoglycemia. 

Recent research, using the ex vivo human placental perfusion model, has 

revealed that glyburide is effluxed by an active mechanism against a concentration 

gradient from the fetal to the maternal compartment and that this mechanism is not 

affected by the P-glycoprotein inhibitor verapamil (Kraemer et al, 2006).  

Further investigation carried out on P-gp, MRP1-3 and ABCG2 overexpressing 

cell lines indicated that glyburide is preferentially transported by ABCG2 and MRP3 

(Gedeon et al, 2006). Additional research using placental brush border membrane 

vesicles revealed a significant increase in the vesicular uptake of glyburide in the 

presence of novobiocin, a  ABCG2 inhibitor, while MRP3 inhibition did not 

demonstrate a similar effect (Gedeon et al, 2008). Hence, this study provides the first 

evidence for ABCG2 as the specific transporter responsible for the active efflux of 

glyburide in the human placenta.  

In addition, the possible involvement of other placental transporters, such as 

MRP5, remains to be established (Meyer Zu Schwabedissen et al, 2005). Likely the 

involvement of MRP transporters in the transport of glyburide, if any, is not clinically 

significant.  
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The data on the kinetics of the formation of glyburide metabolites by the 

microsomal preparations from human and baboon livers and placentas strongly suggest 

that several cytochrome P450 isozymes are involved (Zharikova et al., 2007).However, 

the activity of placental enzymes changes with gestation (Hakkola et al., 1998) and its 

metabolism of glyburide cannot be determined at the different preterm gestational ages.  

Moreover, the metabolites formed in the presence of human placental and 

hepatic microsomes were identical. The major metabolite formed by human placenta is 

M5 (ethyl-hydroxy glyburide), which contributes 87% of the total (Zharikova et al., 

2007). But it is not clear whether they pharmacologically active and what are their 

effects on peri- and neonatal outcome. 

It can be concluded that the CYP isozymes metabolizing glyburide in human 

placenta might be similar to those in the liver, and the lower activity is due to decreased 

expression (Hakkola et al., 1998).  

As mentioned above we can consider glibenclamide and insulin equally effective 

in achieving good glycemic control and in the influence on perinatal outcomes, so the 

published data is robust enough to recommend glibenclamide to GDM women who are 

reluctant to accept insulin. 

 

 

5.1.2.   Metformin 

 

Recently, metformin, currently the only used biguanide, was compared with 

insulin treatment in gestational diabetes mellitus (GDM) patients, and found to be 

similarly as effective as insulin for maternal blood glucose control and neonatal 

outcome (Moor et al, 2005).  

Only scarce data exist explaining the mechanism by which metformin crosses 

biological membranes (Wang et al, 2003; Kimura et al, 2005a; Kimura et al, 2005b) and 

the exact mechanism of the transplacental transfer of metformin is unknown. 

Metformin is a weak base, highly polar, positively charged hydrophilic 

compound, with a small molecular weight, a low binding capacity to plasma proteins, 

and is not known to freely diffuse through cell membranes. The exact mechanism by 

which metformin crosses the biological membranes is not completely understood. 

Metformin has been shown to act as a substrate for three organic cation transporters 

OCT1, OCT2, and OCT3, which are the only transporters known to be involved in 
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metformin transport to date. There are no current data indicating the presence of OCT1 

presence in human placenta, OCT2 is only moderately expressed and OCT3 has 

considerable expression in human placental tissue (Unadkat et al., 2004). Therefore, it 

can be speculated that OCT3, and to some extent OCT2, are responsible for the 

transport of metformin across the human placenta.  

Additional studies are needed to assess the exact mechanism of metformin 

transport across the human placenta, and possible accumulation in the fetal 

compartment.  

The risk to the fetus could be either direct (ie, dependent on the amount of the 

drug transferred from the maternal to fetal circulation) or indirect (ie, because of the 

effects of the 

drug on placental functions).  

The transfer and distribution of metformin in placentas that were obtained from 

uncomplicated pregnancies was not different from diabetic placentas and indicates that 

GDM does not affect the transfer or distribution of metformin, no accumulation of the 

drug in the placental tissue occured. Metformin does not affect placental glucose uptake 

or transport (Elliot et al., 1997). 

Based on the results of ex vivo metformin transfer model (Kovo et al., 2008), it 

could be assumed that fetal exposure to this medication is low, suggesting the safety of 

its use during pregnancy. However, this assumption contradicts recently published data 

that reveals that metformin concentrations in both umbilical artery and vein are roughly 

the same as in maternal serum (Vanky et al, 2005). In the same report (Vanky et al., 

2005), the concentration of metformin in the umbilical vein exceeded that in the 

maternal serum, and the authors suggested that the fetus can excrete metformin to the 

amniotic fluid and reabsorb it into the fetal circulation by swallowing. 

Metformin transferred to the fetal circulation will remain as a free/active drug 

because of its lack of binding to plasma and tissue proteins. Because metformin is a 

hydrophilic drug, the increased total body water volume during pregnancy and 

enhanced renal elimination could reduce its concentration in maternal plasma and 

require dose adjustment. 

We can conclude that metformin is able to cross the mature human placenta, 

thus, fetal exposure must be considered when treating pregnant women with metformin. 
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5.1.3.   Rosiglitazone 

 

Rosiglitazone is a member of thiazolidinediones, potent oral antihyperglycemic 

agents (Patel et al., 1998; Cox et al., 2000) that reduces insulin resistence (Matthews et 

al., 1999) exerting its glucose-lowering effect by binding to peroxisome proliferator-

activated receptor γ (Lehmann et al., 1995; Berger et al.,, 1996). Rosiglitazone improves 

sensitivity to insulin in muscle and adipose tissues and inhibited hepatic 

gluconeogenesis.  

Both glyburide (Elliott et al., 1994) and rosiglitazone (Cox et al., 2000) have 

similar molecular weights and cross placenta by simple diffusion. In addition, 

rosiglitazone is similar to glyburide in that it is extensively (99.8%) bound to plasma 

proteins, particularly albumin. This property of rosiglitazone may explain why the drug 

did not cross into the fetal circulation. Clearance indices of rosiglitazone in the placental 

perfusion studies now reported are comparable with those previously reported for 

glyburide (Elliott et al., 1991; Elliott et al., 1994; Koren, 2001). 

Rosiglitazone, like other drugs of this class, contains a thiazolidinedione core but 

differs from pioglitazone, englitazone, and troglitazone in the presence of an 

aminopyridyl side chain (Perry and Petrie, 1998; Young et al., 1998). It is believed that 

these side chain substitutions are responsible for differences in disposition, metabolism, 

and antidiabetic efficacy (Berger et al., 1996).  

Rosiglitazone has fewer side effects than other thiazolidinediones, importantly 

though, rosiglitazone has been associated with less hypoglycemia and decreased C-

peptide, insulin, and proinsulin levels when compared with glyburide.  

  Rosiglitazone has been classified as a pregnancy category C drug. No ill effects 

on implantation or teratogenicity have been observed in animal studies, however, the 

use of rosiglitazone in rat and rabbit models has been associated with fetal growth 

restriction.  

Although demonstrated, there is also negligible transfer of rosiglitazone across 

the placenta with minimal fetal accumulation, further human studies are needed with 

regard to the safety and efficacy of rosiglitazone before it can be considered for the 

management of pregnancies complicated by diabetes. 
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5.2.  HIV infection 

 

About 6000 HIV-infected women were delivered of live-born infants in 1989 in 

USA (Oxtoby, 1990). With an infection rate of about 30%, about 1800 children were 

HIV-infected.  

About 90% of HIV-infected children is due to vertical transmission from the 

infected mother. This perinatal transmission of HIV occurs as a result of transplacental 

dissemination of the virus and intrapartum exposure to infected blood and genital tract 

(Duff, 1996; Bryson, 1996; John and Kreiss, 1996). 

As HIV crosses the placenta and infects the fetus (Connor et al., 1994; Sperling 

et al., 1996), the treatment of pregnant women with antivirals has two purposes: to 

protect the mother against HIV and to avoid vertical transmission of this virus. HIV 

therapy usually consists of nucleosidic analogue inhibitors of reverse transcriptase in 

combination with one HIV protease inhibitor.  

 

 

5.2.1.    Reverse transcriptase inhibitors 
 

In vitro and in vivo results are consistent with the view that the nucleoside 

reverse transcriptase inhibitors cross the human placenta and produce significant 

pharmacological concentrations in the fetal circulation. Nevirapine, the only studied 

non-nucleoside reverse transcriptase inhibitor, reach the equilibrium between the fetal 

and maternal concentration.  

The nucleoside reverse transcriptase inhibitors, and probably the non-nucleoside 

reverse transcriptase inhibitors, but more information is necessary for these latter drugs, 

cross the human placenta and reach pharmacological significant concentrations in the 

fetal blood. 

           With the exception of didanosine, the nucleoside reverse transcriptase 

inhibitors and nelfinavir, a non-nucleoside reverse transcriptase inhibitor, cross the 

placenta and the cord, and maternal plasma concentrations equilibrate (Pacifici, 2005). 

Cord blood concentrations of zidovudine and lamivudine tend to equal maternal 

concentrations at the time of delivery, whereas cord blood concentrations of didanosine 

and zalcitabine are approximately 50% that of maternal concentrations (Rogers et al., 

1990; Sanberg and Slikker, 1995). Non-nucleotide reverse transcriptase inhibitors, such 

as nevirapine, have also been shown to cross the placenta (Mirochnick, 2000; Rogers et 

al., 1990). Several factors may account for their passage including the drug‘s lower 
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protein binding (60%), low molecular weights, favorable degree of lipophilicity (Voit et 

al., 1985). As well, the majority are not P-gp substrates. Hence, these drugs passively 

diffuse across the placenta and are administered in sufficient doses to cross the placenta 

and prevent maternal-fetal transmission of HIV during labor (Gedeon and Koren, 2006). 

According to the data by Bawdon et al. (1992), didanosine has the lowest 

clearance index (0.13) among the nucleoside reverse transcriptase inhibitors and the 

cord to maternal plasma ratio is lower than the unity (Pons et al., 1991; Chappuy et al., 

2004b). Among the nucleoside reverse transcriptase inhibitors, abacavir has the highest 

clearance index (0.47) and the cord and maternal plasma concentrations of this drug 

equilibrate (Chappuy et al., 2004b). The second and third clearance index is that of 

zidovudine (0.28—0.54) and lamivudine (0.25), and the concentrations of these drugs 

equilibrate in the cord and maternal blood. The highest clearance index was obtained 

with bisheteroypiperazine (0.75), a non-nucleoside reverse transcriptase inhibitor, and 

this antiviral should cross the placenta well but little is known about this drug (Pacifici, 

2005). 

 

            5.2.2.     Protease inhibitors 
 

Both the results obtained in vitro and in vivo show that the protease inhibitors 

poorly transfer the placenta because of their great molecular weight. When the 

molecular weight is greater than 500Da, the clearance index is lower than 0.1 and the in 

vivo placental transfer is incomplete as it is in the case for ritonavir and saquinavir. The 

molecular weight of these compounds ranges from 506Da (amprenavir) to 721Da 

(ritonavir) (Pacifici, 2005). 

The transfer rates of the protease inhibitors ritonavir and saquinavir have been 

extremely low (Casey and Bawdon, 1998; Forestier et al., 2001). Chappuy et al. (2004a) 

have recently shown that the protease inhibitors have a poor transfer across the human 

placenta. 

A recent in vivo study also suggested low placental transfer of both drugs 

(Marzolini et al., 2002). Both saquinavir and ritonavir are known P-gp substrates and a 

possible reason for low transfer is P-gp mediated efflux (Pacifici and Nottoli, 1995). 

Protease inhibitors are substrates of P-gp and few human data are available to evaluate 

their effect in utero (Lee at al., 1998). 

 

Protease inhibitors (PI) do not cross the placenta to a clinically appreciable 
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extent (Maarten et al., 2001). Nelfinavir, ritonavir, saquinavir and lopinavir undergo 

incomplete transplacental transfer (Owen et al., 2005). Low PI placental transfer can be 

attributed to high protein binding (98%) and that these drugs are substrates for placental 

P-gP transporter (Huisman et al., 2000). For example, Saquinavir is a P-gP substrate 

with a high molecular weight (767 g/mol), high protein binding (98%) and partition 

coefficient which may contribute to the small amount that crosses the placenta 

(Forestier et al., 2001). 

 

The protease inhibitors reduce the mother‘s viral load but cannot be used to 

protect the fetus against HIV (Pacifici, 2005). 

However, if certain protease inhibitors are effluxed by the placenta, and do not 

reach the fetus, future use of the appropriate ABC inhibitor may allow for greater 

concentrations in the fetal compartment and the prevention of materno-fetal HIV 

transmission (Gedeon and Koren, 2006). 

             

 

            5.2.3.     Fusion inhibitors 
 

Enfuvirtide, is the first member of a novel class of antiretroviral agents, the 

fusion inhibitors, which interfere with the entry of HIV-1 into the human immune cell 

(Williams, 2003).  

It seems not to be transferred across the placental barrier. Even at maternal 

concentrations twice above therapeutic levels, no placental transfer of enfuvirtide was 

observed (Ceccaldi et al., 2008).  

The high molecular weight of the molecule (4492 kDa) and its ionized state may 

account for the lack of placental transfer (Gavard et al., 2006; Ghosn et al., 2004). First, 

it is unlikely to lead to any toxicity to the fetus, suggesting that enfuvirtide could be 

used in HIV-infected pregnant women without causing fetal exposure, on the other 

hand, it would not have any benefit as direct in utero postexposure prophylaxis to 

protect the fetus from vertical HIV transmission (Ceccaldi et al., 2008). 
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5.3.  Fetal tachycardia 

 

Fetal tachycardia, defined as a heart rate greater than 180 beats/min regardless of 

gestational age, is a condition that occurs in approximately 0.4% to 0.6% of all 

pregnancies (Bergmans et al., 1985). The subset of these cases with more sustained 

periods of tachycardia and higher heart rates is associated with congestive heart failure, 

fetal hydrops, neurologic morbidity, and intrauterine death (Naheed et al., 1996; 

Sonesson et al., 1996; Donn and Bowerman, 1993). Most centers have therefore opted 

for prenatal intervention in the form of maternal pharmacologic treatment (Allan et al., 

1991; Kleinman et al., 1985; Simpson and Sharland, 1998; Cuneo and Strasburger, 

2000; Van Engelen et al., 1994; Frohn-Mulder et al., 1995; Jaeggi et al., 1998; Sonesson 

et al., 1998; Ebenroth et al., 2001; Krapp et al., 2002; Strasburger, 2000; Oudijk et al., 

2000; Oudijk et al., 2002).  

Sustained tachycardias are indications for therapy because of their potential to 

produce fetal hydrops, which is characterized by masive anasarca, cardiomegaly, 

hepatosplenomegaly, and polyhydramnios. The mortality reaches as high as 50% to 

98% (Iliff et al., 1983; Kleinman et al., 1982; Etches and Lemons, 1979; Hutchison et 

al., 1982). 

In the case of persistent tachycardia, established by M-mode fetal 

echocardiography, it is strongly recommended to initiate transplacental treatment, as it 

can improve prognosis dramatically (Pézard et al., 2008). Before initiation of therapy, 

preexisting maternal arrhythmias and/or a prolonged QT segment should be excluded by 

a thorough examination of medical history and a maternal ECG (Oudijk et al., 2004).  

 

After 20 years of accumulated experience, the therapeutic protocol consists of 

the use of four main agents and a three-stage strategy. 

Digoxin is administered as first choice, and if it fails it is followed by flecainide 

(Allan et al., 1991; Frohn-Mulder et al., 1995) or sotalol (Oudijk et al., 2000) either on 

their own or with digoxin as second-line therapy. In this scheme, amiodarone remains 

on reserve for refractory cases and is only used as a third-line agent (Strasburger , 

2005). 

 

5.3.1.   Digoxin 
 

The cardiac glycoside digoxin is clinically used to treat fetal tachyarrhythmias 
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and fetal congestive heart failure (Holcberg et al., 2003b). Digoxin is the most 

commonly used drug (Ito et al., 1994). A steady-state serum digoxin concentration is 

low in pregnancy, compared to nongravid state (Rogers et al., 1972). Pharmacokinetics 

of digoxin during pregnancy is characterized by increased clearance and shorter 

elimination half-life (Azancot-Benisty et al., 1992). Therefore, a dose to maintain 

therapeutic concentrations of digoxin tends to be higher during pregnancy than usual. 

There are no specific data on pharmacokinetics of the other drugs in pregnancy (Ito, 

2001). 

Digoxin has been the drug of first choice in many centers, it is a well-known 

drug with a good evidence-based in neonates and children (Pézard et al., 2008). The 

presence of hydrops is associated with a lower success rate of digoxin monotherapy 

(Van Engelen et al., 1994). This is ascribed to poor placental diffusion of digoxin in 

hydropic placenta (Younis and Granat, 1987).  

Clinically significant interactions between digoxin and P-glycoprotein inhibitors 

have been well recognized.  

Verapamil increases digoxin serum concentrations by inhibiting P-glycoprotein-

mediated digoxin excretion. Similarly in the treatment of fetal tachyarrhythmia, 

coadministered verapamil may enhance digoxin transfer into fetus by blocking placental 

P-glycoprotein. 

Pharmacological manipulation of placental P-glycoprotein and/or other 

transporters has become a potential new option to optimize pharmacotherapy for fetal 

tachyarrhythmias (Ito, 2001).  

 

In conclusion, digoxin is a safe drug in the treatment of fetal tachycardia, 

however, its use results in relatively low conversion rates, and frequently second line 

drugs are required to achieve sinus rhythm (Oudijk et al., 2004).  

 

 

5.3.2.   Flecainide 

 
It has been proposed as an effective drug in the treatment of SVT, especially 

SVT associated with hydrops, either as drug of first choice or in combination with 

digoxin. The transplacental transfer is good (Wagner et al., 1990; Bourget et al., 1994; 

Barjot et al., 1998). 

It has been used as drug of second choice in nonhydropic SVT, and drug of 
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first choice in hydropic SVT resulting in conversion rates ranging from 75 – 92 % 

(Allan et al., 1991; Ebenroth et al., 2001; Krapp et al., 2002). 

Its use in fetal tachycardia therefore is mainly concentrated on SVT complicated 

by hydrops. It has been associated with intra-uterine deaths, however, the occurrence of 

an intrauterine death is a well known complication in fetal hydrops, and we can only 

speculate on the exact relationship with flecainide (Oudijk et al., 2004). 

 

 

5.3.3.    Sotalol 
 

The placental transfer is excellent (Oudijk et al., 2003), as sotalol passes the 

placenta easily and completly (O´Hare et al., 1980). Apparently sotalol does not 

accumulate in the fetus, which implies that the excretion of sotalol by the fetal kidney is 

efficient close to term. The adequate renal excretion may explain the relatively high 

concentration of sotalol in amniotic fluid. Statistically a strong relationship between the 

maternal blood level and the success of therapy was not shown. The therapy-resistant 

cases required either electrical cardioversion or multiple drug therapy, which suggests 

that the success of therapy may be more related to the type of arrhythmia (Oudijk et al., 

2003).  

Sotalol seems to be more efficacious than other drugs in fetal AF. The success 

rate of sotalol as a single therapy in the treatment of atrial flutter in the reported studies 

was approximately 65 %, and reached 80 % after the addition of digoxin (Oudijk, 

2003). 

 Sotalol has been associated with intrauterine deaths, mainly in hydropic cases 

with SVT (Oudijk et al., 2000), we opted for a different strategy (Oudijk et al., 2002). 

The success rate in fetal SVT was approximately 55 % with sotalol as a single drug and 

reached 75 % after the addition of digoxin (Oudijk et al., 2004). 

As proarrhythmia effect of sotalol is known to be dose-related (Hohnloser and 

Woosley, 1994), low initiation doses are preferable and dosage increases should be 

stepwise.  

Some beta-blockers, such as propranolol, have been associated with intrauterine 

growth retardation (Pruyn at al., 1979), but sotalol is not associated with fetal growth 

restriction (Oudijk et al., 2003). 

 

In conclusion, sotalol is a very potent drug in the treatment of fetal AF, with or 



 41 

without hydrops, and is recommended as drug of first choice. Sotalol seems 

contraindicated in SVT complicated by hydrops (Oudijk et al., 2004). 

 

 

5.3.4.    Amiodarone 

 
The transplacental transfer is relatively low (Oudijk et al., 2003). Recently, a 

large study by Strasburger et al. (2004) was published in which amiodarone was 

initiated in drug-refractory fetal tachycardia complicated by hydrops. A high success 

rate of 93 % in SVT was accomplished, and a lower conversion rate of 33 % in AF 

(Strasburger et al., 2004). 

Traditioinally, amiodarone was used as third-line therapy and reserved for 

refractory cases, although amiodarone was shown to be effective for all fetuses, whether 

they were hydropic or not, and whether the agent was used alone or in association with 

digoxin, with the exception of two cases. It confirms observations made by Kositeth et 

al. (Khositseth et al., 2003), Jouannic et al. (2003) and Strasburger et al. (2004). 

Amiodarone is equally so after maternal oral administration (even in hydropic 

cases), with a relatively rapid onset of action despite its mediocre transplacental passage 

(Pézard et al., 2008). Maternal tolerance to amiodarone was also good. No maternal 

thyroid complications were observed. Two patients given the amiodarone-digoxin 

combination showed elevated levels of serum digoxin and clinical signs of digitalis 

intolerance. Amiodarone is known to raise the plasma levels of digoxin, which therefore 

necessitates careful dosage adjustments (Marcus, 1983). Fetal cardiac tolerance was 

also acceptable. To our knowledge, pulmonary and ocular complications linked to the 

use of amiodarone in fetuses have not been reported. Nevertheless, we must attempt to 

keep the duration of amiodarone administration during fetal life as short as possible 

(Pézard et al., 2008). 

 

In conclusion, amiodarone is efficient in the treatment of fetal tachycardias after 

oral maternal administration. When amiodarone is used as first-line monotherapy in 

hydropic fetuses, its benefits seem to outweigh the risks, both for the fetus and mother. 

The study also suggests that amiodarone may be a valuable first-line choice for the 

treatment of less severe forms of fetal STV (Pézard et al., 2008). 
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6. CONCLUSION 
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The expanding knowledge concerning transplacental drug transfer was enabled 

by the development of models in vivo and ex vivo. The layer of syncytiotrophoblast was 

shown as a rate-limiting for drug permeation and pharmacokinetic studies revealed that 

substance penetration is greatly influenced by the activity of efflux transporters. Their 

interactions with inhibiting substances and their own substrates can modulate 

transplacental distribution. 

Detailed investigation of interactions of these substances can offer a framework 

for sophisticated therapy with minimized fetal exposure, or on the contrary, learn to 

give preference to the passage of drugs towards the fetus and target it as the object of 

therapy. 

According to current level of knowledge, appropriate drug candidates, which 

respond by their physical-chemical features to be optimal gestational medications (for 

example glyburide), have been designated. But continued research and sorting 

information will help to achieve more safety for both mother and child. 
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7. SUMMARY 
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After thalidomide-induced birth defects affair, the view of uterus as 

pharmacologically unconquerable site dramatically changed. Subsequently it was 

accepted that any chemical substance permeates across the placenta. As there was a 

continuing need for many mothers to continue to receive medications for chronic 

disease states, extensive research was launched to gain an appropriate rationale.  

Progressive investigation of placental barrier compounds allowed the emergence 

of in vitro and in vivo models, which enabled particularly drug transport studies. 

Syncytiotrophoblast plays an important role as a rate-limiting component of the barrier.  

Detailed understanding of pharmacokinetic changes that occur during gestation 

offered a rationale for pharmacotherapy in pregnancy (large charged molecule, 

excessive protein-binding, short elimination half-life, volume of distribution, fetal-

maternal serum pH gradient). The mechanism of passive diffusion is most important 

way of drug transport.  

Perfusion studies clarified the crucial role of active efflux transporters, members 

of ABC protein family, namely P-glycoprotein, multidrug resistence-associated proteins 

a ABCG2. As P-gp was first to be discovered, is the most studied until now. Its 

substrates and inhibitors are well defined and their interactions are cardinal for rational 

pharmacotherapy in pregnancy. Although, many metabolizing enzymes have been 

identified within placental tissue, including CYP450 isoforms, they seem not to be a 

limiting factor in transplacental passage of drugs. 

Pharmacotherapy can be targeted to mother, fetus or both as in the case HIV 

infection. 

Similar efficacy and safety in the treatment of GDM was proved for insulin and 

oral hypoglycemic agents. The molecule of glyburide was shown as a prototype of an 

optimal agent for the therapy of mother. 

There are marked differences in two concomitantly administered groupes of anti 

HIV drugs: reverse transcriptase inhibitors readily cross the placenta and efficiently 

suppress the activity of virus within the fetus, while protease inhibitors in fact don´t 

penetrate and their effect is restricted to the maternal compartment, where they decrease 

the viral load.  

The most used and successful drugs in fetal tachycardia are digoxin, sotalol, 

flecainide and amiodarone, which are indicated according to the natural of arrythmia 

and clinical status (presence of fetal hydrops). 

Further exploration of efflux transporters modulation will contribute to safer and 
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much more effective treatment. 
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Po thalidomidové aféře se náhled na farmakologickou nedostupnost placenty 

významně změnil. Následně byl přijat názor, že placentu prostupuje v podstatě 

jakákoliv chemická látka. Jelikož je potřeba léčit chronické choroby matky i během 

těhotenství, strhla se vlna výzkumů, která měla dát této léčbě racionální podklad. 

Postupné získávání informací o jednotlivých složkách placentární bariéry 

umožnilo vznik in vitro a in vivo modelů, které podpořily studium léčiv. 

Syncytiotrofoblast hraje důležitou roli v rychlosti přestupu léčiv přes bariéru. 

Pro distribuci léčiv je nezbytné uvažovat změny ve farmakokinetice během 

těhotenství (vazba na bílkoviny, distribuční objem, krátký eliminační poločas, 

polarizace, pH gradient mezi sérem matky a plodu). Pro většinu léčiv je nejdůležitějším 

mechanismem transportu pasivní difuze.  

Klíčovou roli v definitivním prostupu do fetálního kompartmentu má skupina 

ABC proteinů, v placentě zastoupena především P-glykoproteinem, skupinou MRP 

transportních proteinů a ABCG2 transportérem. P-gp byl objeven jako první a je nejlépe 

prozkoumán. Bylo definováno mnoho jeho substrátů a inhibitorů, jejichž vzájemné 

interakce jsou stěžejní pro racionální farmakoterapie v těhotenství. I když byla v rámci 

vlastní placentární tkáně definována celá řada enzymů (včetně izoforem CYP450), zdá 

se, že nejsou limitujícím faktorem pro transplacentární přestup léčiv. 

Cílem farmakoterapie může být jak primárně matka nebo plod, tak v případě 

HIV infekce oba.  

V terapii gestačního diabetu mellitu byla prokázána srovnatelná účinnost a 

bezpečnost insulinu i perorálních antidiabetik. Na modelu glyburidu byl definován 

prototyp léku s optimálními vlastnostmi pro terapii matky.  

Mezi základními skupinami společně podávaných látek v terapii HIV infekce 

jsou významné rozdíly: inhibitory reverzní transkriptázy snadno prostupují a působí na 

virus i v rámci plodu, zatímco inhibitory proteázy v podstatě neprostupují a jejich 

účinek je omezen na organismus matky, tudíž na snížení virové nálože. 

Nejužívanější a nejúspěšnější léčiva používaná v léčbě fetální tachykardie jsou 

digoxin, sotalol, flekainid a amiodaron. Jsou indikovány dle podstaty arytmie a 

klinického stavu (přítomnost fetálního hydropsu). 

Další výzkum modulace funkce lékových transportérů přispěje k bezpečnější a 

efektivnější léčbě.    

  



 49 

  

  

  

  

  

  

  

9. REFERENCES 

  

  

  

  

  

  

  

  



 50 

Ala-Kokko, T.I., Vahakangas, K., Pelkonen, O. (1993) Placental function  and 

principles of drug transfer. Acta Anaesthesiol. Scand. 37, 47–49. 

 

Allan L.D., Chita S.K., Sharland G.K., Maxwell D., Priestly K. (1991) Flecainide in the 

treatment of fetal tachycardias. Br Heart J, 65, 46-48. 

 

Allikmets R., Schriml L.M., Hutchinson A., Romano-Spica V., Dean M. (1998) A 

human placenta-specific ATP-binding cassette gene (ABCP) on chromosome 4q22 that 

is involved in multidrug resistance. Cancer Res. 58, 5337–5339. 

 

Ambudkar S.V., Dey S., Hrycyna C.A., Ramachandra M., Pastan I., Gottesman M.M. 

(1999) Biochemical, cellular, and pharmacological aspects of the multidrug transporter. 

Annu. Rev. Pharmacol. Toxicol. 39, 361–398. 

 

Atkinson D.E., Greenwood S.L., Sibley C.P., Glazier J.D., Fairbairn L.J. (2003) Role 

of MDR1 and MRP1 in trophoblast cells, elucidated using retroviral gene transfer. Am 

J Physiol Cell Physiol, 285, C584-591. 

 

Audus K. (1999) Controlling drug delivery across the placenta. Eur J Pharm Sci, 8, 

161–165. 

 

Audus K.L., Soares M.J., Hunt J.S. (2002) Characteristics of the fetal/maternal 

interface with potential usefulness in the development of future immunological and 

pharmacological strategies. J Pharmacol Exp Ther, 301, 402-409. 

 

Azancot-Benisty A., Jacqz-Aigrain E., Guirgis N.M. et al. (1992) Clinical and 

pharmacologic study of fetal supraventricular tachyarrhythmias. J Pediatr, 121, 608-

613. 

 

Barjot P., Hamel P., Calmelet et al. (1998) Flecainide against fetal supraventricular 

tachycardia complicated by hydrops fetalis. Acta Obstet Gynecol Scand, 77, 353-354. 

 

Barros L.F., Yudilevich D.L., Jarvis S.M., Beumont N., Young J.D., Baldwin S.A. 

(1995) Pflugers Arch., 429(3), 394-399. 

 

Bawdon R.E., Sobhi S., Dax J. (1992) The transfer of anti-human immunodeficiency 

virus nucleoside compounds by the term human placenta. Am J Obstet Gynecol, 167, 

1570–1574. 

 

Beck F. (1981) Comparative placental morphology and function. Dev Toxicol, 35-54. 

 

Becquemont, L., Verstuyft, C., Kerb, R., Brinkmann, U., Lebot, M., Jaillon, P., Funck-

Brentano, C. (2001) Effect of grapefruit juice on digoxin pharmacokinetics in humans. 

Clin. Pharmacol. Ther. 70, 311–316. 

 

Berger J., Bailey P., Bisnas C., Cullinan C.A., Doebber T.W., Hayes N.S., et al. (1996)  

Thiazolidinediones produce a confirmational change in peroxisomal proliferator-

activated receptor-g; binding and activation correlate with antidiabetic actions in db/db 

mix. Endocrinology, 137, 4189-4195. 

 

Bergmans M.G.M., Jonker G.J., Kock H.C.L. (1985) Fetal supraventricular 



 51 

tachycardia: review of the literature. Obstet Gynecol Surv, 40, 61–8. 

 

Bhardwaj R.K., Glaeser H., Becquemont L., Klotz U., Gupta S.K., Fromm M.F. (2002) 

Piperine, a major constituent of black pepper, inhibits human P-glycoprotein and 

CYP3A4. J. Pharmacol. Exp. Ther. 302, 645–650. 

 

Bloxam D.L., Bax B.E., Bax C.M.R. (1997) Culture of syncytiotrophob- utero toxicity 

and lasts for the study of human placental transfer. Part II: Production, culture and use 

of syncytiotrophoblast. Placenta 18, 99–108. 

 

Bodo A., Bakos E., Szeri F., Varadi A., Sarkadi B. (2003) The role of multidrug 

transporters in drug availability, metabolism and toxicity. Toxicol Lett, 140-141, 133-

43. 

 

Borst P., Evers R., Kool M., Wijnholds J. (2000) J.Natl. Cancer Inst., 92(16), 1295-

1302. 

 

Bourget P., Pons J.C., Delouis C. et al. (1994) Flecainide distribution, transplacental 

passage, and accumulation in the amniotic fluid during the third trimester of pregnancy. 

Ann Pharmacother, 28, 1031-1034. 

 

Bournissen G., Feig D., Koren G. (2003) Maternalefetal transport of hypoglycemic 

drugs. Clin Pharmacokinet, 42(4), 303-13. 

 

Boyd J, Hamilton W. (1970).The human placenta. 1st ed. Cambridge:Heffer. 

 

Bryson Y. (1996) Perinatal HIV-1 transmission: recent advances and therapeutic 

interventions. AIDS, 10, S33– 42. 

 

Casey B.M., Bawdon R.E. (1998) Placental transfer of ritonavir with zidovudine in the 

ex vivo placental perfusion model. Am. J. Obstet. Gynecol. 179, 758–761. 

 

Ceccaldi P.-F., Ferreira C., Gavard L., et al. (2008) Placental transfer of enfuvirtide in 

the ex vivo human placenta perfusion model. Am J Obstet Gynecol, 198, 433.1-433.2. 

 

Ceckova-Novotna M., Pavek P., Staud F. (2006) P-glycoprotein in the placenta: 

expression, localization, regulation and function. Reprod Toxicol, 22, 400–410. 

 

Connor E.M., Sperling R.S., Gelber R., Kiselev R., Bey M., Shearer W., et al. (1994) 

Reduction of maternal—infant transmission of human immunodeficiency virus type 1 

with zidovudine treatment. N Engl J Med, 331, 1173–1180. 

 

Cox P., David R., Hollis F., Harris A.M., Miller A.K., Vousden M., et al. (2000) 

Absorption, disposition, and metabolism of rosiglitazone, a potent thiazolidinedione 

insulin sensitizer in humans. Drug Metab Dispos, 28, 772-780. 

 

Crowther C.A., Hiller J.E., Moss J.R., McPhee A.J., Jeffries W.S., Robinson J.S. 

(2005) Effect of treatment of gestational diabetes mellitus on pregnancy outcomes. N 

Engl J Med, 352, 2477-2486. 

 



 52 

Cuneo B.F., Strasburger J.F. (2000) Management strategy for fetal tachycardia. Obstet 

Gynecol, 96, 575–581. 

 

Dancis J, Lehanka J, Levitz M. (1988)  Placental transport of riboflavin: differential 

rates of uptake at the maternal and fetal surfaces of the perfused human placenta. Am J 

Obstet Gynecol 158,204-210. 

 

Dancis, J., Liebes, L. (1995) Drug delivery during pregnancy: evaluation in vitro of 

new drugs. Reprod. Fertil. Dev. 7, 1485–1489. 

 

Dean M., Rzhetsky A., Allikmets R. (2001) The human ATP-binding cassette (ABC) 

transporter superfamily, Genome Res. 11, 1156–1166. 

 

Dietel M., Arps H., Lage H., Niendorf A. (1990) Membrane vesicle formation due to 

acquired mitoxantrone resistance in human gastric carcinoma cell line EPG85-257, 

Cancer Res. 50, 6100–6106. 

 

Donn S.M., Bowerman R.A. (1993) Association of paroxysmal supraventricular 

tachycardia and periventricular leukomalacia. Am J Perinatol, 10, 212–214. 

 

Doyle L.A., Yang W., Abruzzo L.E., Krogmann T., Gao Y., Rishi A.K., Ross D.D. 

(1998) Cloning and characterization of breast cancer resistance protein (BCRP), a 

novel ATP-binding cassette (ABC) transporter that may contribute to the 

multidrugresistance phenotype of MCF-7/AdrVp breast cancer cells, Proc. Am. Assoc. 

Cancer Res. 39. 

 

Duff P. (1996) HIV infection in women. Prim Care Update Ob Gyns, 3, 45–49. 

 

Ebenroth E.S., Cordes T.M., Darragh R.K. (2001) Second-line treatment of fetal 

supraventricular tachycardia using flecainide acetate. Pediatr Cardiol, 22, 483-487. 

 

Elliot B.D., Langer O., Schuessling F. (1997) Human placental glukose uptake and 

transport are not altered by the oral antihyperglycemic agent metformin. Am J Obstet 

Gynecol, 176, 527-530. 

 

Elliott B.D., Langer O., Schenker S., Johnson R.F. (1991) Insignificant transfer of 

glyburide occurs across the human placenta. Am J Obstet Gynecol,165,807-812. 

 

Elliott B.D., Schenker S., Langer O., Johnson R., Prihoda T. (1994) Comparative 

placental transport of oral hypoglycemic agents in humans: a model of human placental 

drug transfer. AmJ Obstet Gynecol, 171, 653–660. 

 

Enders A.C. (1965)  A comparative study of the fine structure of the trophoblast in 

several hemochorial placentas, Am. J. Anat.116, 29–68. 

 

Enders, A.C., Blankenship, T.N. (1999) Comparative placental structure. Adv. Drug 

Del. Rev. 38, 3–16. 

 

Etches P.C., Lemons J.A. (1979) Nonimmune hysrops fetalis: Report of 22 cases 

including three siblings. Pediatrics 64, 326-332. 



 53 

 

Evers R., Zaman G.J.R., van Deemter L., Jansen H., Calafat J., Oomen L.C.J.M., Oude 

Elferink R.P.J., Borst P., Schinkel A.H. (1996) Basolateral localization and export 

activity of the human multidrug resistance-associated protein (MRP) in polarized pig 

kidney cells, J. Clin. Invest. 97, 1211–1218. 

 

Feig D., Kraemer J., Klein J., Koren G. (2004) Transfer of glyburide into breast milk 

[abstract]. Clin Pharmacol Ther, 75, 28. 

 

Fines V., Moore T., Castle S. (2003) A comparison of glyburide and insulin treatment 

in gestational diabetes mellitus on infant birth weight and adiposity. Am J Obstet 

Gynecol, 189, S108. 

 

Finn C.A. (1994) Implantation, in: G.E. Lamming (Ed.), Marshall‘s Physiology of 

Reproduction, Part I, Vol. III, Chapman and Hall, London, pp. 159–231. 

 

Firth J.A., Leach L. (1996) Not trophoblast alone: a review of the contribution of the 

fetal microvasculature to transplacental exchange, Placenta 17, 89–96. 

 

Fojo, A.T., Ueda, K., Slamon, D.J., Poplack, D.G., Gottesman, M.M., Pastan, I. (1987) 

Expression of a multidrug-resistance gene in human tumors and tissues. Proc. Natl. 

Acad. Sci. U.S.A. 84, 265–269. 

 

Forestier F., De Renty P., Peytavin G., Dohin E., Farinotti R., Mandelbrot L. (2001) 

Maternal-fetal transfer of saquinavir studied in the ex vivo placental perfusion model. 

Am J Obstet Gynecol, 185(1), 178-181. 

 

Friedrich A., Prasad P.D., Freyer D., Ganapathy V., Brust P. (2003) Brain Res., 968(1), 

69-79. 

 

Frohn-Mulder I.M., Stewart P.A., Witsenburg M., Den Hollander N.S., Wladimiroff 

J.W., Hess J. (1995) The efficacy of flecainide versus digoxin in the management of 

fetal supraventricular tachycardia. Prenat Dian, 15, 1297-1302. 

 

Fromm M.F., Kim R.B., Stein M., Wilkinson G.R., Roden D.M. (1999) Inhibition of P-

glycoprotein-mediated drug transport: a unifying mechanism to explain the interaction 

between digoxin and quinidine. Circulation, 99, 552–557. 

 

Ganapathy V., Prasad P.D., (1999) Ganapathy ME, Leibach FH. Drugs of abuse and 

placental transport. Adv Drug Deliv Rev, 38, 99–110. 

 

Garland M., Szeto H.H., Daniel S.S., Tropper P.J., Myers M.M., Stark R.I. (1998) 

Pediatr Res, 44(1), 47-53. 

 

Gavard L., Gil S., Peytavin G., et al. (2006) Placental transfer of lopinavir/ritonavir in 

the ex vivo human cotyledon perfusion model. Am J Obstet Gynecol, 195, 296-301. 

 

Gedeon C., Behravan J., Koren G., Piquette-Miller M. (2006) Transport of glyburide by 

placental ABC transporters: implications in fetal drug exposure. Placenta 27(11-12), 

1096-1102. 



 54 

 

Gedeon C., Koren G. (2006) Designing pregnancy centered medications: drugs which 

do not cross the human placenta. Placenta, 27, 861–868. 

 

Gedeon C., Anger G., Piquette-Miller M., Koren G., (2008) Breast cancer resistance 

protein: mediating the trans-placental transfer of glyburide across the human placenta, 

Placenta 29, 39–43. 

 

Ghosn J., Chaix M.L., Peytavin G., et al. (2004) Penetration of enfuvirtide, tenofovir, 

efavirenz, and protease inhibitors in the genital tract of HIV-1-infected men. AIDS, 18, 

1958-1961. 

 

Gil S., Saura R., Forestier F., Farinotti R. (2005) P-glycoprotein expression of the 

human placenta during pregnancy. Placenta, 26, 268-270. 

 

Graf G.A., Li W.P., Gerard R.D., Gelissen I., White A., Cohen J.C., Hobbs H.H. (2002) 

Coexpression of ATP-binding cassette proteins ABCG5 and ABCG8 permits their 

transport to the apical surface, J. Clin. Invest. 110, 659–669. 

 

Griffith D.A., Jarvis S.M. (1996) Biochimica et Biophysica Acta, 1286, 153-181. 

Grohard, P., Akbaraly, J.P., Saux, M.C., Gimenez, S., Robert, J., Brachet-Liermain, A., 

Leng, J.J., 1989. Transplacental passage of doxorubicin. J. Gynecol. Obstet. Biol. 

Reprod. (Paris) 18, 595–600. 

 

Gutzin S.J., Kozer E., Magee L.A., Feig D.S., Koren G. (2003) The safety of oral 

hypoglycemic agents in the first trimester of pregnancy: a metaanalysis. Can J Clin 

Pharmacol, 10, 179–183. 

 

Hakkola J., Pelkonen O., Pasanen M., Raunio H. (1998) Xenobioticmetabolizing 

cytochrome P450 enzymes in the human fetoplacental unit: role in intrauterine toxicity. 

Crit Rev Toxicol, 28, 35–72. 

 

Hardmons J, editor. (2006) Goodman and Gillman‘s the pharmacologic basis of 

therapeutics. 11th ed. New York: McGraw-Hill, p. 1794-888. 

 

Heikkila A., Renkonen O.V., Erkkola R. (1992) Pharmacokinetics and placental 

passage of imipenem during pregnancy. Antimicrob Agents Chemother, 36, 2652-2655. 

 

Higgins C.F. (1992) ABC transporters: from microorganisms to man, Annu. Rev. Cell 

Biol. 8, 67–113. 

 

Hohnloser S.H., Woosley R.L. (1994) Drug therapy: sotalol. N Engl J Med, 331, 31–

38. 

 

Holcberg G., Tsadkin Tamir M., Sapir O., Huleihel M., Mazor M., Ben Zvi Z. (2003a) 

New aspects in placental drug transfer. Placental Drug Transfer, 5, 873-876. 

 

Holcberg G., Sapir O., Tsadkin M., Huleihel M., Lazer S., Katz M., Mazor M., Ben Zvi 

Z. (2003b) Lack of interaction of digoxin and P-glycoprotein inhibitors, quinidine and 

verapamil in human placenta in vitro. Eur. J. Obstet. Gynecol. Reprod. Biol. 109, 133– 



 55 

137. 

 

Huisman M., Smit J., Schinkel A. (2000) Significance of P-glycoprotein for the 

pharmacology and clinical use of protease inhibitors. AIDS, 14, 237-242. 

 

Huisman M.T., Smit J.W., Wiltshire H.R., Hoetelmans R.M., Beijnen J.H., Schinkel 

A.H. (2001) P-glycoprotein limits oral availability, brain, and fetal penetration of 

saquinavir even with high doses of ritonavir, Mol. Pharmacol. 59, 806–813. 

 

Hutchison A.A., Drew J.H., Yu V.Y.H. et al. (1982) Nonimmunologic hydrops fetalis: 

A review of 61 cases. Obstet Gynecol 59, 347-352. 

 

Chappuy E., Treluyer J.M., Rey E., Dime J., Fouche M., Firtion G., et al. (2004a) 

Maternal fetal transfer and amniotic fluid accumulation of protease inhibitors in 

pregnant women who are infected with immunodeficiency virus. Am J Obstet Gynecol, 

191, 558–562. 

 

Chappuy H., Treluyer J.M., Julien V., Dimet J., Rey E., Fouche M., et al. (2004b) 

Maternal-fetal transfer and amniotic fluid accumulation of nucleoside analogue reverse 

transcriptase inhibitors in human immunodeficiency virus-infected pregnant women. 

Antimicrob Agents Chemother, 48, 4332–4336. 

 

Iliff P.J., Nicholls J.M., Keeling J.W. et al. (1983)  Non-immunologic hydrops fetalis: a 

review of 27 cases. Arch Dis Child 58, 979-982. 

 

Jacobson G.F., Ramos G.A., Ching J.Y., Kirby R.S., Ferrara A., Field D.R. (2005) 

Comparison of glyburide and insulin for the management of gestational diabetes in a 

large managed care organization. Am J Obstet Gynecol, 193, 118–124. 

 

Ito S. (2001) Transplacental Treatment of Fetal Tachycardia: Implications of Drug 

Transporting Proteins in Placenta. Seminars in Perinatology, Vol 25, No 3, pp 196-201. 

 

Jaeggi E., Fouron J.C., Drblik S.P. (1998) Fetal atrial flutter: diagnosis, clinical 

features, treatment, and outcome. J Pediatr, 132, 335-339. 

 

Jansson T., Wennergren M., Illsley N.P. (1993) Glucose transporter protein expression 

in human placenta through gestation and in intrauterine growth retardation, J. Clin. 

Endocrinol. Metab. 77, 1554–1562. 

 

Jarvis S.M., Thorn J.A., Glue P. (1998) Br. J. Pharmacol., 123(8), 1587-1592. 

 

John G.C., Kreiss J. (1996) Mother-to-child transmission of HIV. Epidemiol Rev, 18, 

149–157. 

 

Jonker J.W., Smit J.W., Brinkhuis R.F., Maliepaard M., Beijnen J.H., Schellens J.H., 

Schinkel A.H. (2000) Role of breast cancer resistance protein in the bioavailability and 

fetal penetration of topotecan, J. Natl. Cancer Inst. 92,1651–1656. 

 

Jouannic J.M., Delahaye S., Fermont L. et al. (2003) Fetal supraventricular tachycardia: 

a role for amiodarone as second-line therapy? Prenat Diagn, 23, 152-156. 



 56 

 

Juliano R.L., Ling V., (1976) A surface glycoprotein modulating drug permeability in 

Chinese hamster ovary cell mutants, Biochim. Biophys. Acta 455, 152–162. 

 

Kartner N., Riordan J.R., Ling V. (1983) Cell surface P-glycoprotein associated with 

multidrug resistance in mammalian cell lines. Science 221, 1285–1288. 

 

Kaufmann P., Luckhard M., Leiser R. (1988)  Three-dimensional representation of the 

fetal vessel system in the human placenta, Troph. Res. 3, 113–137. 

 

Kertschanska S., Kosanke G., Kaufmann P. (1997) Pressure dependence of so-called 

transtrophoblastic channels during fetal perfusion of human placental villi, Micros. Res. 

Tech. 38, 52–62. 

 

Khositseth A., Ramin K.D., O‘Leary P.W., Porter C.J. (2003) Role of amiodarone in 

the treatment of fetal supraventricular tachyarrhythmias and hydrops fetalis. Pediatr 

Cardiol, 24, 454-456. 

 

Kimura N., Masuda S., Tanihara Y., et al. (2005a) Metformin is a superior substrate for 

renal organic cation transporter OCT2 rather than hepatic OCT1. Drug Metab 

Pharmacokinet, 20, 379–386. 

 

Kimura N., Okuda M., Inui K. (2005b) Metformin transport by renal basolateral 

organic cation transporter hOCT2. Pharm Res, 22, 255–259. 

 

Kleinman C.S., Copel J.A., Weinstein E.M., et al. (1985) Treatment of fetal 

supraventricular tachyarrhythmias. J Clin Ultrasound, 13, 265–273. 

 

Kleinman C.S., Donnersten R.L., DeVore G. et al. (1982) Fetal echocardiography for 

evaluation of in utero congestive heart failure: A technique for study nonimmune fetal 

hydrops. N EngiJ Med 306, 568-575. 

 

Koren G. (2001) Glyburide and fetal safety: transplacental pharmacokinetic 

consideration. Reprod Toxicol,15,227-229. 

 

Kovo M., Haroutiunian S., Feldman N., Hoffman A., Glezerman M. (2008) 

Determination of metformin transfer across the human placenta using a dually perfused 

ex vivo placental cotyledon model. European Journal of Obstetrics and Gynecology 

and Reproductive Biology 136, 29–33. 

 

Kraemer J., Klein J., Lubetsky A., Koren G. (2006) Perfusion studies of glyburide 

transfer across the human placenta: implications for fetal safety. Am J Obstet Gynecol, 

195(1), 270-274. 

 

Krapp M., Baschat A.A., Gembruch U., Geipel A., Germer U. (2002) Flecainide in the 

intrauterine treatment of fetal supraventricular tachycardia. Ultrasound Obstet Gynecol, 

19, 158-164. 

 

Kumar S., Riggs K.W., Rurak D.W. (1999) Drug Metab Dispos, 27(4), 463-470. 

Lafond J, Auger D, Fortier J, Brunette MG. Parathyroid hormone receptor in human 



 57 

placental syncytiotrophoblast brush border and basal plasma membranes. 

Endocrinology 1988;123:2834-40. 

 

Lain K.Y., Garabedian M., Daftary A., et al. (2009) Neonatal adiposity following 

maternal treatment of gestational diabetes with glyburide compared to insulin. Am J 

Obstet Gynecol, 200, 501-506. 

 

Langer O., Conway D., Berkus M., Xenakis E., Gonzales O. (2000) A comparison of 

glyburide and insulin in women with gestational diabetes mellitus. N Engl J Med, 343, 

1134-1138. 

 

Langer O., Yogev Y., Xenakis E.M.J., Rosenn B. (2005) Insulin and glyburide therapy: 

dosage, severiny level of gestational diabetes, and pregnancy outcome. Am J Obstet 

Gynecol, 192, 134-139. 

 

Lankas G.R., L.D. Wise, M.E. Cartwright, T. Pippert, D.R. (1998) Umbenhauer, 

Placental P-glycoprotein deficiency enhances susceptibility to chemically induced birth 

defects in mice, Reprod. Toxicol. 12, 457–463. 

 

Lee C.G., Gottesman M.M., Cardarelli C.O., Ramachandra M., Jeang K.T., Ambudkar 

S.V., et al. (1998) HIV-1 protease inhibitors are substrates for the MDR1 multidrug 

transporter. Biochemistry, 37, 3594-3601. 

 

Lehmann J.M., Moore L.B., Smith-Oliver T.A., Wilson W.O., Wilson T.M., Kliewer 

S.A. (1995) An antidiabetic thiazolidinedione is a high affinity ligand for peroxisome 

proliferator-activated receptor γ (PPARγ). J Biol Chem, 270, 12953-12956. 

 

Leier I., Jedlitschky G., Buchholz U., Cole S.P.C., Deeley R.G., Keppler D. (1994) The 

MRP gene encodes an ATP-depen-dent export pump for leukotriene C4 and 

structurally related conjugates, J. Biol. Chem. 269, 27807–27810. 

 

Lin J.H. (2003) Drug–drug interaction mediated by inhibition and induction of P-

glycoprotein. Adv. Drug. Deliv. Rev. 55, 53–81. 

 

Litman T., Druley T.E., Stein W.D., Bates S.E. (2001)From MDR to MXR: new 

understanding of multidrug resistance systems, their properties and clinical 

significance, Cell. Mol. Life Sci. 58,  931-959. 

 

Liu F., Soares M.J., Audus K.L. (1997) Permeability properties of monolayers of the 

human trophoblast cell line BeWo. Am. J. Physiol. 273, C1596–C1604. 

 

Lobstein R., Lalkin A., Koren G. (2001) Pharmacokinetic changes during pregnancy 

and their clinical relevance. Maternal fetal toxicology a clinician guide, 3rd ed. Marcel 

Dekker Inc., p. 1-21. 

 

Loe D.W., Almquist K.C., Cole S.P.C., Deeley R.G. (1996) ATPcancer dependent 17b-

estradiol 17-(b-D-glucuronide) transport by multidrug resistance protein (MRP), J. 

Biol. Chem. 271, 9683–9689. 

 

Lum P.Y., Ngo L.Y., Bakken A.H., Unadkat J.D. (2000) Cancer Chemother. 



 58 

Pharmacol., 45(4), 273-278. 

 

Maarten T., Huisman J., Smit J., Wiltshire H., Richard M., Hotelmans J., et al. (2001) 

P-glycoprotein limits oral available brain and fetal penetration of saquinavir even with 

high doses of ritonavir. Mol Pharmacol, 59(4), 806-813. 

 

Macfarland A., Abramovich D.R., Ewen S.W.B., Pearson C.K. (1994) Stage-specific 

distribution of P-glycoprotein in first-trimester and full term placenta. Histochem. J. 26, 

417–423. 

 

Mackey J.R., Mani R.S., Selner M., Mowles D., Young J.D., Belt J.A., Crawfor C.R., 

Cass C.E. (1998) Cancer Res., 58(19), 4349-4357. 

 

Maliepaard M., Scheffer G.L., Faneyte I.F., van Gastelen M.A., Pijnenborg A.C., 

Schinkel A.H., van De Vijver M.J., Scheper R.J., Schellens J.H. (2001a) Subcellular 

localization and distribution of the breast cancer resistance protein transporter in 

normal human tissues, Cancer Res. 61, 3458–3464. 

 

Marcus F.I. (1983) Drug interactions with amiodarone. Am Heart J, 106, 924-930. 

 

Matthews D.R., Bakst A., Weston W.M., Hemyaii P. (1999) Rosiglitazone decreases 

insulin resistance and improves beta-cell function in patients with type 2 diabetes. 

Diabetologova, 42(Suppl 1), A228. 

 

McDevitt C.A., Collins R.F., Conway M., Modok S., Storm J., Kerr I.D., Ford R.C., 

Callaghan R. (2006) Purification and 3D structural analysis of oligomeric human 

multidrug transporter ABCG2, Structure 14, 1623–1632. 

 

Meyer Zu Schwabedissen H.E., Grube M., Heydrich B., Linnemann K., Fusch C., 

Kroemer H.K., et al. (2005) Expression, localization, and function of MRP5 (ABCC5), 

a transporter for cyclic nucleotides, in human placenta and cultured human 

trophoblasts: effects of gestational age and cellular differentiation. Am J Pathol, 166(1), 

39-48. 

 

Mirochnick M. (2000) Antiretroviral pharmacology in pregnant women and their 

newborns. Ann N Y Acad Sci, 918, 287–297. 

 

Moe, A.J. (1995) Placental amino acid transport. Am. J. Physiol. 268, C1321–C1331. 

 

Mölsa M., Heikkinen T., Hakkola J., Hakala K., Wallerman O., Wadelius M., et al. 

(2005) Functional role of P-glycoprotein in the human blood-placental barrier. Clin 

Pharmacol Ther, 78, 123-131. 

 

Moor L., Briery C., Martin R., Hood E., Bofill J., Morrison J. (2005) Metformin vs. 

insulin in A2 diabetics; a randomized clinical trial. Am J Obstet Gynecol, 191, 17. 

 

Moretti M.E., Rezvani M., Koren G. (2008) Safety of glyburide for gestational 

diabetes: a meta-analysis of pregnancy outcomes. Ann Pharmacother, 42, 483-490. 

 

Müller M., Meijer C., Zaman G.J.R., Borst P., Scheper R.J., Mulder N.H., deVries 



 59 

E.G.E., Jansen P.L.M. (1994) Overexpression of the gene encoding the multidrug 

resistance-associated protein results in increased ATP-dependent glutathione S-

conjugate transport, Proc. Natl. Acad. Sci. USA 91, 13033–13037. 

 

Myllynen P., Kummu M., Kangas T., Ilves M., Immonen E., Rysa J., Pirila R., 

Lastumaki A., Vahakangas K.H. (2008) ABCG2/BCRP decreases the transfer of a 

food-born chemical carcinogen, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine 

(PhIP) in perfused term human placenta, Toxicol. Appl. Pharmacol. 232, 210–217. 

 

Mylona P., Glazier J.D., Greenwood S.L., Slides M.K., Sibley C.P. (1996) Expression 

of the cystic fibrosis (CF) and multidrug resistance (MDR1) genes during development 

and differentiation in the human placenta. Mol. Hum. Reprod. 2, 693–698. 

 

Naheed Z.J., Strasburger J.F., Deal B.J., Benson D.W., Gidding S.S. (1996) Fetal 

tachycardia: mechanisms and predictors of hydrops fetalis. J Am Coll Cardiol, 27, 

1736–1740. 

 

Nakagawa M., Schneider E., Dixon K.H., Horton J., Kelley K., Morrow C., Cowan 

K.H. (1992) Reduced intracellular drug accumulation in the absence of P-glycoprotein 

(mdr1) overexpression in mitoxantrone-resistant human MCF-7 human breast cancer 

cells, Cancer Res. 52, 6175–6181. 

 

Nakamura Y., Ikeda S., Furukawa T., Sumizawa T., Tani A., Akiyama  S., Nagata Y. 

(1997) Function of P-glycoprotein expressed in placenta and mole. Biochem. Biophys. 

Res. Commun. 235, 849–853. 

 

Novotna M., Libra A., Kopecky M., Pavek P., Fendrich Z., Semecky V., Staud F. 

(2004) P-glycoprotein expression and distribution in the rat placenta during pregnancy. 

Reprod. Toxicol. 18, 785–792. 

 

O‘Hare M.F., Murnaghan G.A., Russell C.J. et al. (1980) Sotalol as a hypotensive 

agent in pregnancy. Br J Obstet Gynaecol, 87, 814–820. 

 

Ogunyemi D., Jesse M., Davidson M. (2007) Comparison of glyburide versus insulin in 

management of gestational diabetes mellitus [see comment]. Endocr Pract, 13, 427-

428. 

 

Ohashi R., Tamai I., Yabuuchi H., Nezu J.I., Oku A., Sai Y., Shimane M., Tsuji A. 

(1999) J. Pharmacol. Exp. Ther., 291(2), 778-784. 

 

Oude Elferink R.P., Ottenhoff R., van Wijland M., Frijters C.M., van Nieuwkerk C., 

Groen A.K. (1996) Uncoupling of biliary phospholipid and cholesterol secretion in 

mice with reduced expression of mdr2 P-glycoprotein. J. Lipid Res. 37, 1065–1075. 

 

Oudijk M.A., Michon M.M., Kleinman C.S., Kapusta L., Stoutenbeek P., Visser G.H., 

Meijboom E.J. (2000) Sotalol in the treatment of fetal dysrhythmias. Circulation., 

101(23), 2721-2726. 

 

Oudijk M.A., Ruskamp J.M., Ambachtsheer E.B., et al. (2002) Drug treatment of fetal 

tachycardias. Pediatr Drugs, 4(1), 49-63 



 60 

 

Oudijk M.A., Ruskamp J.M., Ververs F.F., Ambachtsheer E.B., Stoutenbeek P., Visser 

G.H., Meijboom E.J. (2003) Treatment of fetal tachycardia with sotalol: transplacental 

pharmacokinetics and pharmacodynamics. J Am Coll Cardiol., 42(4), 765-770. 

 

Oudijk M.A. (2003) Fetal tachycardia, diagnosis and treatment and the fetal QT 

interval in hypoxia. Thesis Utrecht. ISBN 90-393-3301-7. 

 

Oudijk M.A., Gerard H.A., Visser and Erik J. Meijboom. (2004) ―Fetal 

Tachyarrhythmia - Part II: Treatment‖. Indian Pacing and Electrophysiology Journal 

(ISSN 0972-6292), 4(4), 185-194. 

 

Owen A., Chandler B., Back D.J. (2005) The implication of P-glycoprotein in HIV: 

friend or foe? Fundam Clin Pharmacol,  283-296. 

 

Oxtoby M.J. (1990) Perinatal acquired human immunodeficiency virus infection. 

Pediatr Infect Dis J, 9, 609–619. 

 

Ozben T. (2006) Mechanisms and strategies to overcome multiple drug resistance in 

cancer. FEBS Lett, 580, 2903-2909. 

 

Ozvegy C., Litman T., Szakacs G., Nagy Z., Bates S., Varadi A., Sarkadi B. (2001) 

Functional characterization of the human multidrug transporter, ABCG2, expressed in 

insect cells, Biochem. Biophys. Res. Commun. 285, 111–117. 

 

Pacifici G.M., Nottoli R. (1995) Placental transfer of drugs administered to the mother. 

Clin. Pharmacokinet. 28, 235– 269. 

 

Pacifici G.M. (2005) Transfer of antivirals across the human placenta, Early Human 

Development, 81, 647-654. 

 

Pasanen M. (1999) The expression and regulation of drug metabolism in human 

placenta. Adv. Drug Del. Rev. 38, 81–98. 

 

Pascolo L., Fernetti C., Pirulli D., Crovella S., Amoroso A., Tiribelli C. (2003) Effects 

of maturation on RNA transcription and protein expression of four MRP genes in 

human placenta and in BeWo cells. Biochem Biophys Res Commun, 303, 259-265. 

 

Patel J., Miller E., Patwardhan R. (1998) Rosiglitazone 011 Study Group. 

Rosiglitazone (BRL49653) monotherapy has significant glucose lowering effect in type 

2 diabetic patients. Diabetes, 47(Suppl 1), A17. 

 

Patillo R.A., Gey G.O. (1968) The establishment of a cell line of human hormone-

synthesizing trophoblast cells in vitro. Cancer Res 28, 1231–1237. 

 

Pauli-Magnus C., Rekersbrink S., Klotz U., Fromm M.F. (2001) Interaction of 

omeprazole, lansoprazole and pantoprazole with P-glycoprotein. Naunyn 

Schmiedebergs Arch. Pharmacol. 364, 551–557. 

 

Perry C., Petrie J.R. (1998) Insulin-sensitizing agents. Emerg Drugs, 3, 247-260. 



 61 

 

Pézard P.G., Boussion F., Sentilhes F., Lépinard C., Couvreur M.H., Victor J., Geslin 

P., Descamps P. (2008) Fetal tachycardia: A role for amiodarone as first- or second-line 

therapy? Archives of Cardiovascular Disease, 101, 619-627. 

 

Pohl A., Lage H., Muller P., Pomorski T., Herrmann A. (2002) Transport of 

phosphatidylserine via MDR1 (multidrug resistance 1) P-glycoprotein in a human 

gastric carcinoma cell line. Biochem. J. 365, 259–268. 

 

Pollex E., Lubetsky A., Koren G. (2008) The role of placental breast cancer resistance 

protein in the efflux of glyburide across the human placenta, Placenta 29,743–747. 

 

Pons J.C., Boubon M.C., Taburet A.M., Singlas E., Chambrin V., Frydman R., et al. 

(1991)  Fetoplacental passage of 2V,3V-dideoxyinosine. Lancet, 337, 732. 

 

Powell T.L., Lundquist C., Doughty I.M., Glazier J.D., Jansson T. (1998) Mechanisms 

of chloride transport across the syncytiotrophoblast basal membrane in the human 

placenta, Placenta 19, 315–321. 

 

Pruyn S.C., Phelan J.P., Buchanon G.C. (1979) Long term propranolol therapy in 

pregnancy: maternal and fetal outcome. Am J Obstet Gynecol, 135, 485–489. 

 

Ringler G.E., Strauss III J.F. (1990) In vitro systems for the study of human placental 

endocrine function. Endocr. Rev. 11, 105–123. 

 

Robbiani D.F., Finch R.A., Jäger D., Muller W.A., Sartorelli A.C., Randolph G.J. 

(2000) The leukotriene C transporter 4 MRP1 regulates CCL19 (MIP-3b, ELC)-

dependent moboli- 

zation of dendritic cells to lymph nodes, Cell 103. 

 

Robey R.W., To Kenneth K.K., Polgar O., Dohse M., Fetsch P., Dean M., Bates S.E. 

(2009) Advanced Drug Delivery Reviews, 61, 3–13 

 

Robidoux J., Simoneau L., St Pierre S., Ech-Chadli H., Lafond J. (1998) Human 

syncytiotrophoblast NPY receptors are located on BBM and activate PLC-to-PKC axis. 

Am J Physiol, 274, E502-9. 

 

Robinson N.R., Atkinson D.E., Jones C.J.P., Sibley C.P. (1988) Permeability of the 

near-term rat placenta to hydrophilic solutes. Placenta 9, 361–371. 

 

Rogers M.C., Willerson J.T., Goldblatt A. et al. (1972) Serum digoxin concentrations 

in the human fetus, neonate and infant. N EnglJ Med, 287, 1010-1013. 

 

Rogers R.C., Sibai B.M., Whybrew W.D. (1990) Labetolo pharmacokinetics in 

pregnancy induced hypertension. Am J Obstet Gynecol, 162(2), 362-366. 

 

Roninson I.B., Chin J.E., Choi K., Gros P., Husman D.E., Fojo A., Shen D.-W., 

Gottesman M.M., Pastan I., (1986) Isolation of human mdr DNA sequences amplified 

in multidrug-resistant KB carcinoma cells, Proc. Natl. Acad. Sci. U. S. A. 83, 4538–

4542. 



 62 

 

Saito, T., Zhang, Z.J., Shibamori, Y., Ohtsubo, T., Noda, I., Yamamoto, T., Saito, H. 

(1997) P-glycoprotein expression in capillary endothelial cells of the 7th and 8th nerves 

of guinea pig in relation to blood–nerve barrier sites. Neurosci. Lett. 232, 41–44. 

 

Sastry B.V.R. (1999) Techniques to study human placental transport. Adv. Del. Rev. 

38, 17–40. 

 

Shang T., Uihlein A.V., Van Asten J., Kalyanaraman B., Hillard C.J. (2003) 

J.Neurochem., 85(2), 358-367. 

 

Shenker S, Johnson R, Hays S, Geneshappa R, Hencerson G. (1989) Effects of 

nicotine/ethanol on human placental amino acid transfer. Alcohol 6,289-296. 

 

Schenker S., Dicke J., Johnson R.F., Mor L.L., Henderson G.I. (1987) Human placental 

transport of cimetidine. J. Clin. Invest. 80, 1428– 1434. 

 

Schinkel A.H., Jonker J.W. (2003) Advanced Drug Delivery Reviews, 55, 3–29. 

 

Schinkel A.H., Kemp S., Dolle M., Ručenko G., Wagenaar E., (1993) N-glycosylation 

and deletion mutants of the human MDR1 P-glycoprotein, J. Biol. Chem. 268, 7474–

7481. 

 

Schneider H, Dancis J. (1985) In vitro perfusion of human placental tissue.In: Keller 

PJ, editor. Contributions to gynecology and obstetrics. vol 13. New York: Karger, p. 1-

189. 

 

Schneider H. (1991) The role of the placenta in nutrition of the human fetus. Am J 

Obstet Gynecol, 164, 967-973. 

Schneider, H., Malek, A., 1995. Lack of permeability of the human placenta for 

erythropoietin. J. Perinat. Med. 23, 71– 76. 

 

Sibley C.P., Boyd R.D.H. (1988) Control of Transfer Across the Mature Placenta, 

Oxford University Press, Oxford.  

 

Sibley C.P. (1994) Review article: Mechanisms of ion transfer by the rat placenta: a 

model for the human placenta? Placenta 15, 675–691. 

 

Simpson J.M., Sharland G.K. (1998) Fetal tachycardias: management and outcome of 

127 consecutive cases. Heart, 79, 576-581 

 

Smit J.W., Huisman M.T., Cantellingen O., Wiltshire H.R., Schinkel A.H. (1999) 

Absence or pharmacological blocking of placental P-glycoprotein profoundly increases 

fetal drug exposure. J Clin Invest, 104, 1441-1447. 

 

Smith C.H., Mose A.J., Ganapathy B. (1992)  Nutrient transport pathways across the 

epithelium of the placenta, Ann. Rev. Nutr. 12, 183–206. 

 

Sölder E, Kremser C, Rohr I, Hutzler P, Debbage P. (2009) Molecular mapping deep 

within a living human organ: analysis of microvessel function on the timescale of 



 63 

seconds and with submicrometre spatial resolution. Histochem Cell Biol; 

doi:10.1007/s00418-009-0570-8. 

 

Sonesson S.E., Fouron J.C., Wesslen-Eriksson E., et al. (1998) Foetal supraventricular 

tachycardia treated with sotalol. Acta Paediatr, 87, 584–587. 

 

Sonesson S.E., Winberg P., Lidegran M., Westgren M. (1996) Foetal supraventricular 

tachycardia and cerebral complications. Acta Paediatr, 85, 1249–1252. 

 

Spahn-Langguth H., Langguth P. (2001) Grapefruit juice enhances intestinal absorption 

of the P-glycoprotein substrate talinolol. Eur. J. Pharm. Sci. 12, 361–367. 

Sperling R.S., Shapiro D.E., Coombs R.W., Tood J.A., Herman S.A., McSherry G.D., 

et al. (1996) Maternal viral load, zidovudine treatment, and risk of transmission of 

human immunodeficiency virus type 1 from mother to infant. N Engl J Med, 335, 

1621–1629. 

 

Staud F., Vackova Z., Pospechova K., Pavek P., Ceckova M., Libra A., Cygalova L., 

Nachtigal P., Fendrich Z. (2006) Expression and transport activity of breast cancer 

resistance protein (Bcrp/Abcg2) in dually perfused rat placenta and HRP-1 cell line, J. 

Pharmacol. Exp. Ther. 319, 53–62. 

 

St-Pierre M.V., Serrano M.A., Macias R.I., et al. (2000) Expression of members of the 

multidrug resistance protein family in human term placenta. Am J Physiol Regul Integr 

Comp Physiol, 279, R1495-503. 

 

Strasburger J.F., Cuneo B.F., Michon M.M., Gotteiner N.L., Deal B.J., McGregor S.N., 

Oudijk M.A., Meijboom E.J., Feinkind L., Hussey M., Parilla B.V. (2004) Amiodarone 

therapy for drug-refractory fetal tachycardia. Circulation., 109(3), 375-379. 

 

Strasburger J.F. (2000) Fetal arrhythmias. Prog Pediatr Cardiol, 11, 1–17. 

 

Strasburger J.F. (2005) Prenatal diagnosis of fetal arrhythmias. Clin Perinatol, 32, 891-

912, viii. 

 

Sugawara I., Katanka I., Morishita Y., Hamada H., Tsuruo T., Itoyama S., Mori S., 

(1988) Tissue distribution of P-glycoprotein encoded by a multidrug-resistant gene as 

revealed by a monoclonal antibody, MRP16, Cancer Res. 48, 1926–1929. 

 

Syme M.R., Paxton J.W., Keelan J.A. (2004) Drug transfer and metabolism by the 

human placenta. Clin Pharmacokinet, 43(8), 487–514. 

 

Takanaga H., Ohnishi A., Matsuo H., Sawada Y. (1998) Inhibition of vinblastine efflux 

mediated by P-glycoprotein by grapefruit juice components in caco-2 cells. Biol. 

Pharm. Bull. 21, 1062–1066. 

 

Tanabe M., Ieiri I., Nagata N., et al. (2001) Expression of P-glycoprotein in human 

placenta: relation to genetic polymorphism of the multidrug resistance (MDR)-1 gene. J 

Pharmacol Exp Ther, 297, 1137-1143. 

 

Thiebaut F., Tsuruo T., Hamada H., Gottesman M.M., Pastan I., Willingham M.C. 



 64 

(1987) Cellular localization of the multidrugresistance gene product P-glycoprotein in 

normal human tissues. Proc. Natl. Acad. Sci. U.S.A. 84, 7735–7738. 

 

Tuntland T, Odinecs A, Nosbisch C, Unadkat J.D. (1998) J Pharmacol Exp Ther, 

285(1), 54-62 

 

Ueda K., Okamura N., Hirai M., Tanigawara Y., Saeki T., Kioka N.,Komano T., Hori 

R. (1992) Human P-glycoprotein transports cortisol, aldosterone and dexamethasone, 

but not progesterone. J. Biol. Chem. 267, 24248–24252. 

 

Unadkat J.D., Dahlin A. Vijay S. (2004) Placental drug transporters. Curr. Drug Metab. 

5, 125– 131. 

 

Ushigome F., Koyabu N., Satoh S., et al. (2003) Kinetic analysis of P-glycoprotein-

mediated transport by using normal human placental brush-border membrane vesicles. 

Pharm Res, 20, 38-44. 

 

Ushigome F., Takanaga H., Matsuo H., Yanai S., Tsukimori K., Nakano H., Uchiumi 

T., Nakamura T., Kuwano M., Ohtani H., Sawada Y. (2000) Human placental transport 

of vinblastine, vincristine, digoxin and progesterone: contribution of Pglycoprotein. 

Eur. J. Pharmacol. 408, 1–10. 

 

Utoguchi N., Chandorkar G.A., Avery M., Audus K.L. (2000) Functional expression of 

P-glycoprotein in primary cultures of human cytotrophoblasts and BeWo cells. Reprod 

Toxicol, 14, 217-224. 

 

van Asperen J., Schinkel A.H., Beijnen J.H., Nooijen W.J., Borst P., van Tellingen O. 

(1996) Altered pharmacokinetics of vinblastine in Mdr1a P-glycoprotein-deficient 

mice. J. Natl. Cancer Inst. 88, 994–999. 

 

Van Engelen A.D., Weijtens O., Brenner J.I., et al. (1994) Management, outcome and 

follow-up of fetal tachycardia. J Am Coll Cardiol, 24, 1371-1375 

 

Vanky E., Zahlsen K., Spigset O., Carlsen S. (2005) Placental passage of metformin in 

women with polycystic ovary syndrome. Fertil Steril, 83, 1575-1578. 

 

Voit R., Schroder S., Peiker G. (1985) Pharmacokinetics studies of azlocillin and 

piperacillin during late pregnancy. Chemotherapy,  31, 417-424. 

 

Wagner X., Jouglard J., Moulin M. et al. (1990) Coadministration of flecainide acetate 

and sotalol during pregnancy: lack of teratogenic effects, passage across the placenta, 

and excretion in human breast milk. Am Heart J, 119, 700-702. 

 

Wang D.S., Kusuhara H., Kato Y., Jonker J.W., Schinkel A.H., Sugiyama Y. (2003) 

Involvement of organic cation transporter 1 in the lactic acidosis caused by metformin. 

Mol Pharmacol, 63, 844–848. 

 

Wang E.J., Casciano C.N., Clement R.P., Johnson W.W. (2001) Inhibition of P-

glycoprotein transport function by grapefruit juice psoralen. Pharm. Res. 18, 432–438. 

 



 65 

Ward J.L., Sherali A., Mo Z.P., Tse C.M. (2000) J. Biol. Chem., 275(12), 8375-8381. 

 

Williams I.G. (2003) Enfuvirtide (Fuzeon): the first fusion inhibitor. Int J Clin Pract, 

57, 890-897. 

 

Wolf D.C., Horwitz S.B. (1992) P-glycoprotein transports corticosterone and is 

photoaffinity-labeled by the steroid. Int. J. Cancer 52, 141–146. 

 

Wu X., George R.L., Huang W., Wang H., Conway S.J., Leibach F.H., Ganapathy V. 

(2000) Biochim. Biophys. Acta, 1466(1-2), 315-327. 

 

www.merck.com 

 

www.pattiramos.com/Placenta.html 

 

Yaffe, S.J. (1998) Introduction. In: Briggs, G., Freeman, R.K., Yaffe, S.J. (Eds.), Drugs 

in Pregnancy and Lactation, Williams & Wilkins, Baltimore, MD, pp. xiii–xix. 

 

Yao S.Y., Ng A.M., Vickers M.F., Sundaram M., Cass C.E., Baldwin S.A., Young J.D. 

(2002) J. Biol. Chem. 277(28), 24938-24948. 

 

Young P.W., Buckle D.R., Cantello B.C.C., Chapman H., Clapham J.C., Coyle P.J., et 

al. (1998) Identification of high-affinity binding sites for insulin sensitizer rosiglitazone 

(BRL-49653) in rodent and human adipocytes using radioiodinated ligand for 

peroxisomal roliferatoractivated receptor gamma. J Pharmacol Exp Ther, 284, 751-759. 

 

Young, A.M., Allen, C.E., Audus, K.L. (2003) Efflux transporters of the human 

placenta. Adv. Drug Deliv. Rev. 55, 125–132. 

 

Younis J.S., Granat M. (1987) Insufficient transplacental digoxin transfer in severe 

hydrops fetalis. Am J Obstet Gynecol, 157, 1268-1269. 

 

Yui, J., Garcia-Lloret, M., Brown, A.J., Berdan, R.C., Morrish, D.W., Wegmann, T.G., 

Guilbert, L.J. (1994) Functional, long-term cultures of human term trophoblasts 

purified by column-elimination of CD9 expressing cells. Placenta 15, 231–246. 

 

Zharikova O.L., Ravindran S., Nanovskaya T.N., Hill R.A., Hankins G.D.V., Ahmed 

M.S. (2007) Kinetics of glyburide metabolism by hepatic and placental microsomes of 

human and baboon. B i ochemical Pharmacology, 73, 2012-2019. 

 

Zhou L., Naraharisetti S.B., Wang H., Unadkat J.D., Hebert M.F., Mao Q. (2008) The 

breast cancer resistance protein (Bcrp1/Abcg2) limits fetal distribution of glyburide in 

the pregnant mouse: an Obstetric-Fetal Pharmacology Research Unit Network and 

University of Washington Specialized Center of Research Study, Mol. Pharmacol. 73, 

949–959. 

 

Zwart R., Verhaagh S., Buitelaar M., Popp-Snijders C., Barlow D.P. (2001) Mol. Cell. 

Biol., 21(13), 4188-4196. 

 

 



 66 

  


