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ABSTRACT 
 

The aim of this project was to study ATP binding cassette (ABC) transporters in the 

human placenta, in particular their regulation and role in trophoblast differentiation and 

survival. The presence and localisation of four major placental drug transporters, multidrug 

resistance gene product 1 and 3 (MDR1 and 3)/ABC subfamily B members 1 and 4 

(ABCB1 and 4), multidrug resistance associated proteins 1 and 2 (MRP1 and 2)/ABCC1 

and 2 and breast cancer resistance protein (BCRP)/ABCG2 was initially studied in term 

human placenta, cultured primary trophoblast and BeWo and Jar trophoblast-like cell lines. 

Jar cells were found to be more similar to nondifferentiated cytotrophoblast with respect to 

their ABC protein expression profile, whereas BeWo cells more closely reflected 

differentiated syncytiotrophoblast. Treatment of primary term trophoblasts in vitro with 

cytokines (TNF-α or IL-1β) decreased expression and activity of apical transporters 

ABCB1/MDR1 and ABCG2/BCRP. Growth factors, on the other hand, increased BCRP 

expression and activity, while estradiol stimulated BCRP, MDR1 and MDR3 expression 

MDR1/3 functional activity. The ability of BCRP/ABCG2 to abrogate the apoptotic effects 

of TNF-α and ceramides was studied in primary trophoblast and BeWo cells using 

pharmacological and molecular (siRNA) approaches. The results suggest that 

BCRP/ABCG2 contributes to the resistance of trophoblast cells to cytokine-induced 

(extrinsic) apoptosis, whereas its effects on apoptosis activated via the intrinsic 

mitochondrial pathway is minimal. This altered resistance was associated with increased 

intracellular accumulation of ceramides and reduced ability to maintain phosphatidylserine 

in the inner leaflet of the plasma membrane. A role for BCRP/ABCG2 in cell protection 

from differentiation-induced stressors was also demonstrated during the process of cell 

fusion associated with transient loss of plasma membrane lipid asymmetry. Finally, 

expression of BCRP/ABCG2 (and 9 other genes) was studied in 50 placentas from normal 

pregnancy and pregnancies complicated with fetal growth restriction (FGR). A marked 

reduction of BCRP/ABCG2 and MDR1/ABCB1 expression was observed in FGR 

placentas, while other transporter genes were unaffected. Collectively these data suggest 

that BCRP/ABCG2 and probably other ABC transporters may play a hitherto unrecognised 

survival role in the placenta, conferring a “stress resistance” to trophoblast cells.  
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CHAPTER 1. GENERAL INTRODUCTION 
 
1.1. Drug exposure in pregnancy 
 

Studies conducted over the past few years indicate that drug consumption in 

pregnancy is increasing [1], with antihypertensive, tocolytic, antibacterial and antiviral 

drugs commonly prescribed to pregnant women [2, 3]. In addition, non-prescription 

drugs are also commonly taken during pregnancy either by choice (as in drugs of abuse, 

self-medication) or inadvertently [4]. A recent multi-centre study of drug administration 

during pregnancy concluded that almost two-thirds of all pregnant women in the USA 

were prescribed some form of pharmaceutical prior to delivery [5]. Perhaps most 

alarmingly, nearly 1/20 of those surveyed had taken a category D or X drug, supporting 

similar concerns raised in an earlier Scandinavian study [6]. The most common 

category D and X drugs taken in this study were atenolol, secobarbital, doxycycline, 

lorazepam, clonazepam, tamezepam and flurazepam. The incidence of drug taking was 

much higher in the first trimester than later in pregnancy. Clearly, the potential for 

significant adverse effects on the fetal wellbeing, both direct and indirect (via maternal 

or placental damage) is considerable in this environment.  

In contrast to classical perceptions of the placenta as a fetoprotective barrier, 

numerous studies over the past few decades have shown that almost any xenobiotic 

administered to the mother is able to cross the placenta to some extent. Interest in the 

placenta’s ability to prevent drug passage and thereby lower fetal plasma concentrations 

has increased markedly recently, following the identification of drug efflux transporters 

located on the maternal face of placental villi. The demonstration in 1998 that mdr1 

(i.e. mdr1a & 1b) knockout mice are highly susceptible to avermectin-induced 

teratogenesis provided proof of principle that placental drug transporters could play a 
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significant fetoprotective role in pregnancy [7]. In recent years, a large number of 

transporters have been found to be expressed in the placenta, some of which may have 

clinically significant roles with respect to transplacental passage of xenobiotics [8, 9]. 

As an organ of exchange, this is not unexpected! While some of these proteins are 

located on the apical surface of the placental villi, and act as efflux pumps to expel 

substrates from the placenta into maternal plasma, others function as importers, 

bringing in both endogenous substrates and xenobiotics from the maternal compartment 

and thereby enhancing fetal exposure. Hence, the vectorial nature and cellular / 

subcellular localisation of transporters are critical factors to be considered when 

interpreting their biological role and clinical significance [8]. The existence of 

transporters with overlapping substrate specificity but with vectorially opposing 

directions, makes it crucial to have a thorough appreciation of the net effects of all 

relevant transporters, a factor that is often not given due consideration in the research 

literature.  

It is widely appreciated that many placental transporters are involved in 

maintaining the flow of important nutrients and macromolecules needed for placental 

function and fetal development. Drugs that act as inhibitors or competitive substrates 

for these transporters may under some circumstances exert negative effects by 

inhibition of normal homeostatic processes. The growing interest in pharmacogenomics 

has also lead to the awareness that placental drug transporter expression and activity is 

likely to vary markedly between pregnancies, suggesting considerable variability could 

exist in fetal susceptibility to certain xenobiotics [9]. This is an active area of research 

where significant findings are anticipated in the near future. In the context of this 

discussion it should be kept in mind that most drugs cross the placenta to some extent 

by passive diffusion, depending primarily on their physicochemical characteristics 
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(molecular weight, lipid/water solubility, protein binding characteristics) [9, 10]. Net 

flux of drug across the placenta is, therefore determined not only by expression, 

localisation, activity and specificity of transporters, but also by the concentration 

gradient across the placenta (determined by maternal and fetal pharmacokinetic 

properties), the placental blood flow, differences in pH and protein binding between 

fetal and maternal environments, and extent of placental metabolism and storage [9].  

In this introduction I shall explore what is known of the placental expression 

and activity of active drug transporters from the perspective of drug efficacy and 

toxicity in pregnancy. The fetus, being both an unintentional and intentional target of 

maternal drug administration, and also being highly susceptible to drug-induced 

toxicity and teratogenicity, will be a particular focus. However, it should not be 

forgotten that the placenta itself is a potential pharmacological target in terms of 

viability, function and uptake. Although I shall briefly review placental facilitative 

(secondary and tertiary active) transporters, the main thrust of this discussion will deal 

with the ABC transporter family where there is clear evidence of clinically significant 

effects on materno-fetal drug distribution. 
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1.2.  Placental structure and drug passage  
 

The structural and functional elements of the placenta vary significantly 

between first trimester and term as the placenta matures and its requirements change. 

The maternal face of the placenta comprises the syncytiotrophoblast or placental 

epithelium, basal membrane and underlying cytotrophoblast, mesenchymal cells, 

stromal tissue, and the endothelium lining the fetal capillaries (Fig. 1-1).  
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Figure 1-1. Structure of term human placenta 

A. 3-dimensional image of the developing embryo (source: 

http://www.fotosearch.com); B and C. schematic representation of feto-placental complex 

(source: http://www.embryology.med.unsw.edu.au); D. Histological section of the term human 

placenta: maternal blood (M), fetal capillaries (F), and trophoblastic epithelium (T). 

 
 

22



CChapter 1. 

 

Fi

dr

tro

in

lo

(w

di

di

fu

igure 1-2. 

rug transpo

A cros

ophoblast, m

ndicate eithe

calisation is 

white boxes) 

irection. Tho

irection. Onl

unction as po

 

 

 

 

 

 

Vectorial 

orters in th

ss-sectional c

mesenchyme 

er an apica

indicated by

are believed

ose on the ri

ly those tran

tential drug t

disposition

he human p

cartoon of a 

(M), and f

al/brush bord

y a question

d to transpo

ight of the d

nsporters kno

transporters 

n and anat

placenta 

terminal term

fetal capillar

der, basolat

n mark. Tran

rt their subs

diagram (fille

own to be b

are shown [1

 

tomical and subcelluular localisaation of 

m placental v

ries (FC) ind

teral or end

nsporters on 

strates from 

ed boxes) ac

both expresse

10].  

villus is show

dicated. The

dothelial loc

the left hand

a placental (

ct in a mater

ed in the hu

wn, with the 

e large bloc

calisation. U

d side of the

(or fetal) to 

rnal/placenta

uman placent

syncytial 

k arrows 

Uncertain 

e diagram 

maternal 

al-to-fetal 

ta and to 

 23
 



Chapter 1. 

 
 

24

The polarised syncytial membrane possesses a brush-border apical surface that 

is in contact with maternal blood, and possesses a microvillous structure to obtain 

maximal exchange surface area. 

During the first trimester, the placental epithelium consists of several layers and 

undergoes active proliferation forming a barrier up to 20 μm thick between maternal 

blood and fetal capillaries. However, as pregnancy progresses the composition and 

structure of the placenta changes. The terminal villi increase in number resulting in a 

rise in exchange area, increase in capillary area, accompanied by reduction in maternal-

fetal separation (2-5� μm). As the placenta matures, its anatomy, exchange area and 

expression profile also alter, including expression of various transporters and drug 

metabolising enzymes [9]. Hence, placental drug disposition varies according to 

gestational age. Generally speaking, the placenta is at its most protective early in 

gestation when the fetus is most vulnerable. 

As most lipid soluble drugs with a molecular weight <500 Da can cross the 

placenta by passive diffusion, functional protection against xenobiotics within the 

placenta can be accomplished through two main mechanisms: feto-maternal transport 

by active efflux transport proteins, and biotransformation by phase I and II 

metabolising enzymes [9]. The first of these is considered to be the most biologically 

important, with the placenta expressing many types of transporters with affinity for a 

large range of endogenous and exogenous compounds. However, it should be pointed 

out that the placenta has considerable capacity for sulphation, glucuronidation and 

glutathione conjugation, related mainly to its role as a steroid endocrine organ [9, 11, 

12]. So far several families of transmembrane carriers have been described in human 

placenta and this number is constantly growing. These will be described in the 

proceeding section. 
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1.3. The ABC transporter family 
 

Among those transporters identified in the placenta to date, the ATP binding 

cassette (ABC) superfamily of active transporters, including multidrug resistance gene 

product 1 (MDR1/ABCB1), breast cancer resistance protein (BCRP/ABCG2), and the 

multidrug resistance-associated proteins (MRPs/ABCC1-6 and 7-11), are probably the 

most significant in terms of drug transport, being efficient transporters of a wide variety 

of xenobiotics/endobiotics (Table 1-1), and in particular the efflux of potentially toxic 

compounds [13-15]. Members of the ABC superfamily share extensive sequence 

homology and domain organisation [11, 12]. ABC proteins bind and hydrolyze ATP 

thus providing the necessary energy to transport their substrates across cell membranes 

against a concentration gradient. The general structure of ABC transporters comprises 

12-17 transmembrane (TM) regions. While most ABC proteins function as monomers, 

so-called “half transporters” such as BCRP/ABCG2 may dimerize to achieve fully 

functional efflux activity [13, 14]. An increasing number of compounds have been 

identified as substrates of ABC efflux proteins, including clinically-important drugs 

such as immunosuppressive agents, HIV protease inhibitors, cardiovascular drugs, anti-

cancer drugs, sedatives, anticonvulsants, steroids, antimicrobial and antiparasitic agents 

[19, 20]. Endogenous substrates include steroid hormones and vitamins, thyroxin, 

prostaglandins, cytokines and their metabolites. Experiments performed at the National 

Cancer Institute suggest that this list could be extended by several hundreds [14]. There 

is much interest as to how ABC transporters maintain such broad, yet distinct, substrate 

specificities, and several reviews have been devoted to this topic [14-16]. 
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Table 1-1. Primary active drug efflux transporters in the human placenta 
 

Group/class Members Direction Representative substrates 
Placental  

localization 

ABCB - ATP binding 

cassette superfamily B 

MDR1/ ABCB1 

/ P-glycoprotein 

Maternal 

 

Hydrophobic / cationic conjugates and drugs: estradiol glucuronide, 

glucocorticoids, dexamethasone, verapamil, nifedipine, digoxin, 

paclitaxel, etoposide, vinblastine, doxorubicin, protease inhibitors, 

fexofenadine, methadone, phenytoin, cyclosporine A, lovastatin 

Syncytiotrophoblast (apical) 

 MDR3 / ABCB4 Fetal 
Phospholipids and xenobiotics: Phosphatidylcholine, bile acids, digoxin, 

paclitaxel, and vinblastine 
Trophoblast (basolateral) 

ABCC - ATP binding 

cassette superfamily C 
MRP1 / ABCC1 Maternal & fetal 

Hydrophobic/organic anions and conjugates: 

glutathione/sulfate/glucuronide conjugates, methotrexate, etoposide, 

vinblastine, HIV protease inhibitors 

Syncytiotrophoblast (basal) 

& fetal endothelium 

 MRP2 / ABCC2 
Maternal 

 

Hydrophobic/anions and conjugates: methotrexate, etoposide, 

vinblastine, ampicillin, doxorubicin 
Syncytiotrophoblast (apical) 

 MRP3 / ABCC3 Maternal & fetal Anionic conjugates & xenobiotics: methotrexate, etoposide 
Syncytiotrophoblast (apical) 

& fetal endothelium 

 MRP5 / ABCC5 Maternal & fetal Cyclic nucleotides: cGMP, nucleoside analogs, methotrexate 
Syncytiotrophoblast  (basal) 

& fetal endothelium 

ABCG - ATP binding 

cassette superfamily G 
BCRP / ABCG2 Maternal 

Hydrophobic/anionic xenobiotics and steroid conjugates: Estrone 

sulfate, phosphatidyl serine, mitoxantrone, topotecan, quercetin, 

doxorubicin, methotrexate, imatinib mesylate, nitrofurantoin, zidovudine 

Syncytiotrophoblast (apical) 
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1.3.1. Breast cancer-resistance protein (BCRP)/ABCG2 
 
 The ABC half-transporter BRCP/ABCG2 (also known as mitoxantrone 

resistance-associated protein or placental-specific ABC)[17] is expressed at extremely 

high levels in the placenta, as well as the uterus [18], and is localized to the apical 

surface of the chorionic villi syncytiotrophoblast (Fig. 1-2) [19]. Its substrates include a 

variety of anti-cancer agents, organic cations and lipophilic conjugates (Table 1-1) [20], 

and like many ABC transporters its activity is inhibited by cyclosporine A [26]. The 

most recent studies have shown stable levels of BCRP/ABCG2 mRNA and its protein 

throughout gestation, but its function in placenta remains unproven [21]. In pregnant 

mice, the fetal penetration of topotecan (a BCRP/ABCG2 substrate) was increased two-

fold relative to control animals by the BCRP/ABCG2 blocker GF120918, indicating a 

role for BCRP/ABCG2 in maintaining placental barrier function [22]. The in vivo data 

and overlapping substrate specificity with MDR1/ABCB1 suggests that BCRP/ABCG2 

could play a similar role to MDR1/ABCB1 in regulating drug absorption and 

distribution. Due to its relative abundance, it could potentially be the major placental-to-

maternal drug efflux pump in the human placenta, and could also be an important efflux 

pump for the removal of fetal biliary acids and pigments [23]. Interestingly BRCP has 

been recently identified as the major ABC efflux transporter in the mammary glands of 

humans, cows, and mice during lactation [29, 30].  It is located primarily in the apical 

membrane of the alveolar epithelial cells, and is responsible for the secretion into milk 

of vitamins [24] and many xenobiotics, drugs and toxins [25], very much in contrast to 

its apparent feto-protective role in the placenta [26]. 
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1.3.2.   Multidrug resistance gene products 1 and 3 (MDR1, 3) / 

(ABCB1, ABCB4) 
 

The archetypal ABC protein is a multidrug resistance gene product 1 

(MDR1/ABCB1), encoded by the multidrug resistance 1 (MDR1/ABCB1) gene. 

MDR1/ABCB1 can actively extrude a wide range of chemically diverse substrates from 

the cytoplasm, including numerous drugs. Hydrophobic or slightly charged compounds 

are typical substrates (Table 1-1). Many drugs encountered during pregnancy are 

known MDR1/ABCB1 substrates and some have been shown to be actively extruded 

from placental trophoblast cells using a variety of approaches and models [24, 25]. 

MDR1 expression in the placenta has been documented both at the mRNA and protein 

level [27] and has been shown to be greatest during the first trimester of pregnancy 

[21]. MDR1/ABCB1 is located at the apical surface of the placental 

syncytiotrophoblast membrane, where it is responsible for the efflux of substrates from 

trophoblast into the maternal plasma (Fig. 1-2) [14, 32, 34]. Studies using mdr1(a/b) 

knockout or a naturally MDR1/ABCB1-deficient strain of mice have demonstrated 

unambiguously the importance of MDR1/ABCB1 in protecting the fetus from 

potentially toxic or teratogenic compounds [7].  

In comparison, the MDR3/ABCB4 gene product (MDR2 in the rodent), a 

MDR1/ABCB1 homolog, transports a limited range of substrates such as digoxin, 

paclitaxel, and vinblastine [35]. Instead, MDR3/ABCB4 acts primarily as a “flippase” 

involved in the translocation of phospholipids, in particular phosphatidylcholine (PC), 

across the membrane [28]. Originally believed to be a liver specific transporter, 

primarily exporting phosphatidylcholine into the bile canaliculus, expression of 

MDR3/ABCB4 in human placenta has recently been reported, although its cellular 

location and direction of transport remains unknown [29]. However, it is reported to be 
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expressed more abundantly in the 3rd trimester compared to the 1st trimester [28], a trend 

opposite to that of MDR1/ABCB1. The functional significance of MDR3/ABCB4 in 

placenta is unknown, and to date there are no studies confirming its ability to act as a 

xenobiotic/endobiotic efflux protein in the placenta. 

 
1.3.3. Multi-drug-resistance associated proteins (MRPs) 

 
The MRP family of transporters (ABCC) mediate the ATP-dependent transport 

of amphiphilic anions and conjugated lipophilic molecules [29]. They have a narrower 

xenobiotic substrate profile than MDR1/ABCB1, and it is speculated that they may 

serve primarily as efflux pumps for endogenous anionic compounds and conjugated 

metabolites (Table 1-1) [15]. For example, it has been speculated that MRPs are 

critically involved in the efflux of toxic fetal metabolites, in particular unconjugated 

bilirubin and bile acids [39, 40]. Certainly, MRPs have a role in the removal of 

glutathione (GSH), glucuronide or sulphate conjugated metabolites from cells [21, 41]. 

However, some unmodified toxins and drugs have been shown to be transported by the 

MRP family, although their transport requires the presence of GSH [31, 32].  

The expression of MRP1/ABCC1 in placenta has been detected at both the 

mRNA and protein level [14, 34]. In contrast to MDR1/ABCB1, MRP1/ABCC1 

expression increases with trophoblast maturation, suggesting a particular role for these 

proteins in the organ functional development [30]. There is some doubt about the 

cellular localisation of MRP1/ABCC1 in the placenta. Immunohistochemical staining 

and immunoblotting studies indicate that MRP1/ABCC1 is expressed on the basal 

membrane of syncytiotrophoblast and the luminal side of endothelial cells in the fetal 

capillaries [31] (Fig. 1-2). However, St-Pierre et al. demonstrated the apical expression 
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of MRP1/ABCC1 in placental membrane vesicles [32, 33]. This question needs to be 

addressed before we can fully understand the physiological function of the protein.  

The substrate specificity of MRP2/ABCC2 is similar to that of MRP1/ABCC1, 

and includes glutathione conjugates such as leukotriene C4 (LTC4), bilirubin 

glucuronides, and a number of drugs and conjugated drug metabolites (Table 1-1) [25, 

28]. MRP2/ABCC2 plays an important role in facilitating bilirubin glucuronide 

secretion from hepatocytes into the bile [32]. Its role in the efflux of bilirubin from the 

fetal compartment is postulated but has not yet been confirmed [36]. The expression of 

MRP2/ABCC2 protein and mRNA in human placenta has been detected in the apical 

face of the syncytiotrophoblast membrane, but not in fetal blood vessels [13, 42] (Fig. 

1-2). Pascolo and co-workers reported a modest 2-fold increase in MRP2/ABCC2 

mRNA in the late verses early gestation placenta [30].  

MRP3/ABCC3 shares a considerable overlap in substrate specificity with 

MRP2/ABCC2, transporting a wide range of bile salts, a limited range of anticancer 

agents and glucuronide conjugates including estradiol-17-β-glucuronide (E17G) (Table 

1-1), but not various glutathione conjugates which are substrates for MRP2/ABCC2 

and MRP1/ABCC1 [16, 29, 37, 38]. The placenta expresses MRP3 at the mRNA and 

protein level with no significant difference in mRNA expression between early and late 

gestation [30]. The protein has been immunolocalized to both fetal blood vessels 

(endothelium) and the apical syncytiotrophoblast membrane (Fig. 1-2), suggesting it 

can efflux substrates out of the placenta in either the fetal or maternal direction [36]. 

MRP4/ABCC4 is a transporter of reduced glutathione, bile salts, urate, cyclic 

nucleotides and their analogs, prostaglandins and a variety of anti-cancer drugs such as 

methotrexate and topotecan [45, 48, 49]. MRP4 mRNA expression has been 

documented in the placenta [18], although its cellular localisation is as yet unknown. 



Chapter 1. 

31 
 

The ability of MRP4/ABCC4 to provide an active efflux of anti-HIV drugs (e.g. 

nucleoside analogs such as AZT [33]) from the placenta may be important in terms of 

the antiviral therapy during HIV positive pregnancies, as this group of drugs is 

implicated in the impairment of the fetal developmental pathology. MRP4/ABCC4 can 

actively transport several prostaglandins including PGE1 and PGE2 [34]. As 

prostaglandins play important roles in maintaining vascular tone and various fetal 

homeostatic mechanisms during pregnancy, an assessment of the contribution of 

MRP4/ABCC4-dependant transport of these biologically active compounds is needed. 

MRP5/ABCC5 shows approximately 33–37% amino acid identity to 

MRP1/ABCC1 [33]. However, its substrate specificity is more restricted, being 

predominantly limited to cyclic nucleotides such as cGMP [38, 51]. In the human 

placenta, expression of protein and mRNA for MRP5/ABCC5 has been reported and 

functional activity measured in placental basal membrane vesicles and fetal 

endothelium (Fig. 1-2) [32]. MRP5/ABCC5 is also expressed in a trophoblast-like 

choriocarcinoma cell line, BeWo. The higher expression of MRP5/ABCC5 in placenta 

during the first trimester may indicate a specific role in regulating cGMP accumulation 

during organogenesis and differentiation.  

Recently, expression of MRP7/ABCC10 mRNA has been reported in the 

placenta [18], but so far, there are no publications focusing on the localization and 

physiological role of this protein in pregnancy. In vitro transport studies have indicated 

that expression of MRP7/ABCC10 is specifically associated with the Mg/ATP-

dependent transport of estradiol glucuronide. In contrast, only modest transport of LTC4 

was observed and transport of several other established MRP substrates was 

insignificant. Hence, MRP7/ABCC10 appears to be a lipophilic anion transporter 

involved in cellular extrusion/detoxification [34]. MRP8/ABCC11 has been detected in 
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the human placenta albeit at low levels [34]. This transporter is an export pump for 

cyclic nucleotides and confers resistance to several antiviral nucleotide analogue drugs 

that may be important in pregnancy; it is also a transporter of bile acids and 

steroid/eicosanoid conjugates [30, 39]. Another MRP gene, ABCC13, has been cloned 

from placental cDNA library, but so far there are no data showing implication of this 

transporter in drug transport and functional significance in placenta [35]. 

 
1.3.4. The Organic Anion Transporters (OATs) 

 
The organic anion transporter (OAT) family, part of the amphiphilic solute 

branch of the Major Facilitator Superfamily [36], are transporters of a range of 

endogenous substrates (e.g. urates, uremic toxins, bile acids, dicarboxylates, 

prostaglandin and steroid conjugates, neurotransmitter metabolites) and xenobiotics 

such as non-steroidal antiinflammatories, chemotherapeutics, β-lactam antibiotics, and 

anti-viral/nucleoside analogs (Table 1-2) [56, 57]. OATs are important in renal 

elimination and detoxification, and are localized either on the apical or basolateral 

membrane of proximal tubule cells where they effect both the influx or efflux of 

organic anions. Energy to drive their action is supplied by a decarboxylate/organic 

anion exchanger linked in turn to an Na+/K+ ATPase-driven sodium gradient [36]. 

OAT1 was the first member of this family to be identified in the placenta [37], followed 

by OAT4  and (tentatively) OAT3 [38]. OAT1 and 3, which are involved in anion 

influx across the renal basolateral membrane, would be predicted to be expressed on the 

syncytial basement membrane and thus aid in the elimination of toxins and xenobiotics 

from the fetal circulation (Fig. 1-2). OAT4, on the other hand is expressed on the apical 

surface of renal proximal tubule cells, but in the placenta is present in the 

cytotrophoblast layer that underlies the syncytium [39]. Hence, it is likely to mediate 
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the efflux of steroid conjugates from the fetal circulation, via the placenta, to the 

mother. 

 
1.3.5. Organic Anion Transport Polypeptides (OATPs) 

 
The OATP family of transporters is responsible for the Na+-independent uptake 

of bile acids by hepatocytes [40]. OATPs transport a wide range of organic anions, 

including steroid conjugates, thyroid hormones, prostanoids, digoxin, statins, 

methotrexate, antibiotics and non-steroidal antiinflammatory drugs (Table 1-2) [40]. 

OATP-1 (SLC21A3), OATP-8 (SLC21A8), OATP-B (SLC21A9), D (SLC21A11) and 

-E (SLC21A12) expression has been documented in the placenta [46, 49-51]. OATP-B 

is relatively abundant in placenta and is localized to the basolateral membrane of the 

syncytium where it carries out the uptake of estrone-3-sulfate [41]. OATP-E in contrast 

has been localized to the apical surface of the syncytiotrophoblast [42]. OATP-8 may 

have a role in the uptake of fetal unconjugated bilirubin [43]. There have been no 

studies investigating the role of these proteins in placental drug transport. 

 
1.3.6. Organic cation transporters (SLC22 family) 

 
OCTN1/SLC22A4 is a polyspecific organic cation transporter (OCT) that has 

recently been localised to the brush border membrane of the syncytiotrophoblast of term 

placenta [44] and demonstrated to be biologically active in transporting substrates such 

as bile salts and antidepressant drugs (Table 1-2). OCTN2/SLC22A5 is also expressed 

on the apical syncytiotrophoblast membrane [45, 46] and has the important role of 

delivering carnitine from the maternal circulation to the fetus.  
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Table 1-2.  Secondary active/facilitative drug uptake transporters in the human placenta 

Group/class Member Direction Representative substrates Placental 
localization 

Equilibrative nucleoside 
transporters (uptake) 

hENT1/SLC29
A1 Fetal 

Nucleosides, anti-cancer/-viral nucleosides, 
vasodilators: Gemcitabine, cladribine, ribavirin, 

dilazep, dipyridamole

Syncytiotrophoblast 
(apical) 

(Na+-independent) hENT2/SLC29
A2 Fetal ? Nucleosides, anti-cancer/-viral nucleosides: 

Gemcitabine, ribavirin, dilazep, dipyridamole 
Syncytiotrophoblast 

(?) 

 hENT3/SLC29
A3 Lysosomal? Nucleosides Syncytial 

(intracellular) 
 

Monoamine transporters SERT/SLC6A4 Fetal Monoamine neurotransmitters: Serotonin, 
amphetamines 

Syncytiotrophoblast 
(apical) (Na+/Cl- gradient-driven)  

 NET/SLC16A5 Fetal Monoamine neurotransmitters: 
Norepinephrine, dopamine, amphetamines 

Syncytiotrophoblast 
(apical) 

(Na+/Cl- -independent) OCT3/SLC22A
3 Maternal 

Monoamines and antidepressants: Serotonin, 
norepinephrine, dopamine, histamine, 

amphetamines, imipramine, clonidine, cimetidine

Syncytiotrophoblast 
(basal) 

Organic cation 
transporters OCTN1/SLC22

A4 
Maternal  / 

fetal 
Organic cations & xenobiotics:  Bile salts, 

fluoxetine, citalopram, verapamil 
Syncytiotrophoblast 

(apical)  
(ATP-dependent uptake) 

 OCTN2/SLC22
A5 

Fetal / 
maternal 

Organic cations & xenobiotics: Carnitine, 
methamphetamine, quinidine, verapamil, 
cephaloridine, glibenclamide, imipramine

Syncytiotrophoblast 
(apical) 

Carboxylate transporters MCT1/SLC16A
1 

Maternal / 
fetal Monocarboxylates: lactate, pyruvate, aspirin Syncytiotrophoblast 

(basal) (H+-gradient driven) 

 MCT4/SLC16A
4 Fetal? Monocarboxylates: lactate, pyruvate, aspirin Syncytiotrophoblast 

(apical) 
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Table 1-2. Continued 

Group/class Member Direction Representative substrates Placental 
localization 

Organic anion 
transporters 

hOAT1/SLC22
A6 Fetal? 

 
Cyclic nucleotides, organic anions, lipophilic 

conjugates: Acetaminophen, indomethacin, 
naproxen, penicillins, cephalosporins, methotrexate, 
valproate, zidovudine, gancyclovir, neurotransmitter 

metabolites, steroid sulfates, prostanoids

Unknown 

(sodium-independent 
uptake) 

hOAT4/ 
SLC22A11 

Maternal/ 
fetal? 

Organic anions, steroid sulfates: Estrone 3 
sulfate, DHEAS, indomethacin, penicillin G, 

furosemide 

Syncytium 
 (basal / apical?) 

 OATP1A2/SLC
O1A2 

Maternal/ 
fetal? 

Anionic xenobiotics, prostanoids, steroid 
conjugates, cyclic nucleotides: estrone sulfate, 

cortisol, digoxin, penicillins, furosemide, 
pravastatin, indomethacin, probenecid, thyroxine, 

cholate

Syncytiotrophoblast 
(basal) 

 OATP1B3/ 
SLCO1B1 

Maternal/ 
fetal? 

Organic anions, steroid conjugates: T3, 
DHEAS, unconjugated bilirubin methotrexate 

Trophoblast 
(?location) 

 OATP2B1/ 
SLCO2B1 

Maternal/ 
fetal? 

Organic anions, steroid sulfates: Estrone 3 
sulfate, DHEAS, PGE2, PGD2, LTC4, 

sulfobromophthalein, glibenclamide, pravastatin, 
fexodenadine

Syncytiotrophoblast 
(basal) 

 OATP4A1/SLC
O4A1 

Maternal/ 
fetal? 

Organic anions, steroid sulfates, 
prostaglandins. 

Syncytiotrophoblast 
(apical) 
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1.3.7. Monoamine transporters 
 

The placenta expresses the serotonin transporter (SERT) and a 

dopamine/norepinephrine transporter (NET) on the apical brush border surface of the 

syncytium (reviewed by Ganapathy et al. [8]). Both transporters are dependent on the 

intracellular Na+ and Cl- gradient, and both are capable of importing amphetamines in 

addition to their physiological substrates (SERT in particular) (Table 1-2). NET 

expression in placenta is upregulated by exposure to cocaine [45]. The monoamine 

uptake transporter OCT3, in contrast, is putatively localised to the basal membrane of 

the syncytiotrophoblast layer, and its activity is dependent not on the Na+/Cl- gradient 

but on membrane potential. OCT3 can also transport amphetamines plus some 

antidepressants such as imipramine [8], although in the opposite direction to SERT and 

NET. 

 
1.3.8. Nucleoside transporters 

 
The expression of three equilibrative nucleoside transporters has been detected 

in the placenta, hENT1/SLC29A1, hENT2/SLC29A2 and hENT3/SLC29A3 [69-71]. 

ENT1 & 2 are Na+-independent transporters of purine and pyrimidine nucleosides (e.g. 

uridine and adenosine) (Table 1-2). They also show specificity for chemotherapeutic 

nucleoside analogs and vasodilator drugs such as dipyridamole and dilazep. ENT1 

immunolocalizes to the brush border membrane of the syncytium [46], while ENT2 

localization remains to be determined (Fig. 1-2). ENT3 expression is particularly 

abundant in the placenta. ENT3 is predominantly an intracellular protein, highly 

sensitive to pH, at least partially associated with lysosomes, and insensitive to the 

classical nucleoside transport inhibitors[47]. 
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1.3.9. Carboxylate transporters 
 

Multiple transporters for mono and dicarboxylates (e.g. lactate, succinate) are 

expressed in the placenta [8]. Monocarboxylate transporters (MCT) 1 and 4 are present 

in syncytium in the term placenta, although in different membrane locations [52]. 

Members of the MCT family are H+ co-transporters and facilitate carboxylate transport 

across the syncytium according to the trans-membrane gradient of their substrates. 

MCT1 is located on the basal membrane, whereas MCT4 is mainly localised to the 

apical membrane (Table 1-2). Because of its apical localisation, MCT4 in particular is 

thought to be important in the removal of lactic acid from the fetus/placenta. Other 

monocarboxylate transporters (MCT3, MCT5, MCT6 and MCT7) are also present in the 

placenta at the mRNA level [8], but nothing is known at this time of their cellular 

localisation and direction of transport in the placenta [8]. Both mono- and di-

carboxylate transporters can transport weak organic acids such as acetylsalicylic acid 

and cefdinir, in addition to their physiological substrates [8]. 
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1.4. Pharmacological and functional significance of placental 
drug transporters 

 
Category D and X drug administration in pregnancy [5] occurs as a result of a 

clinical judgement that the need for pharmacological treatment outweighs the risks to 

the fetus. Drugs prescribed for the treatment of cardiovascular disease, infection, 

epilepsy, psychiatric disturbances and cancer, for example, are in many cases necessary 

for maternal wellbeing and survival. As mentioned previously, placental drug 

transporters, particularly those of the ABC family, are able to efflux many commonly 

administered drugs out of the placenta. In this section, the clinical evidence that 

supports a role for placental drug transporters in reducing fetal plasma drug 

concentrations and minimising adverse effects will be examined.  

The focus will be on ABC transporter substrates of known toxicity where there 

is evidence of their prescription in selected pregnancy conditions: cancer, 

cardiovascular disease, psychiatric disorders, and HIV infection (Table 1-3). Some of 

these drugs are also metabolised during placental transfer, some may also be actively 

imported into the placenta, while others may be inhibitors of placental transfer of 

endogenous compounds, and as such exert indirect effects on placental and fetal 

wellbeing. Although the majority are administered to treat maternal complications, for 

some, the fetus may be the intended patient. Drug failure may be a consequence of drug 

efflux under these circumstances. 

 
1.4.1. Anti-cancer chemotherapy 

 
The diagnosis of cancer during pregnancy is a rare, albeit an increasingly 

common event [48]. A population-based retrospective review of infant birth and death 

found the frequency of primary neoplasms diagnosed during pregnancy was 19 per 
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100,000 live singleton births [49]. The most frequently documented primary malignant 

neoplasms associated with delivery were breast cancer (3.7 per 100,000), thyroid 

cancer (3.3 per 100,000), cervical cancer (1.6 per 100,000), ovarian cancer (1.5 per 

100,000) and Hodgkin’s disease (1.0 per 100,000). These figures are, however, notably 

lower than previously estimated frequency of malignancies during pregnancy of 1 in 

1000 deliveries [50, 51].  

Many chemotherapeutic agents are designated FDA pregnancy category D or X, 

indicating that there are data on pregnant women indicating potential risk to the fetus, 

especially when applied during the first trimester, the period of organogenesis [1]. The 

risk: benefit considerations under these circumstances are difficult, and it is important 

that a complete knowledge of feto-placental drug disposition is available to help make 

an informed and considered decision. Many anticancer drugs are known to be active 

transporter substrates [14, 16]. Anthracyclines (doxorubicin), vinca alkaloids 

(vinblastine/vincristine), antimetabolites (methotrexate), steroid receptor antagonists 

(tamoxifen), cisplatin and topoisomerase I inhibitors (topotecan) are “classical” 

substrates for ABC transporters and have been used for treatment of malignancies in 

pregnancy. Methotrexate is also prescribed for treatment of rheumatoid arthritis and 

psoriasis during pregnancy [61, 64, 65] (Table 1-3). 

Doxorubicin was among the first drugs identified as a MDR1/ABCB1 and 

MRP2/ABCC2 substrate [16, 52]. The importance of MDR1/ABCB1 in doxorubicin 

distribution was subsequently confirmed in mdr1(a/b) knockout mice and in studies 

using coadministration of doxorubicin and mdr1(a/b) inhibitors [53, 54]. In vitro 

studies of doxorubicin transport showed no passage of the drug even at high doses [55]. 

An in vivo study reported the absence of doxorubicin in the amniotic fluid at 20 weeks 

of gestation suggesting minimal transfer to the fetus [56]. The drug has, on the other 
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hand, been found in liver, kidney and some other tissues of a 17 week old aborted fetus 

but was not detected in amniotic fluid, brain and intestine [57, 58]. Animal studies 

indicate that doxorubicin has significant teratogenic potential, especially during 

organogenesis [1]. With regards to human pregnancy it remains unclear why this effect 

is only observed sporadically, but variable protection of the fetus by placental drug 

efflux pumps is a plausible explanation. 

Vincristine and vinblastine are both substrates for MDR1/ABCB1, 

MRP1/ABCC1 and MRP2/ABCC2 [16]. They are actively effluxed from trophoblast-

like BeWo cells via their apical surface and this is inhibited by cyclosporine A, a 

MDR1/ABCB1 inhibitor [59]. Despite the obvious potential risk of teratogenesis with 

administration of vinca alkaloids in pregnancy, malformations are, in fact, uncommon 

[1, 50].  

Topoisomerase I inhibitors (e.g. topotecan) have been used in pregnancy for 

treatment of ovarian cancer, leukaemia and small cell lung cancer [60]. While no 

teratogenicity data from human studies are available at this time, topotecan is 

teratogenic in animals [1]. Topotecan is a well known substrate for both major placental 

efflux pumps, BCRP/ABCG2 and MDR1/ABCB1. Silencing of BCRP/ABCG2 

expression by siRNA increases the sensitivity of BeWo cells to topotecan by 8 to 10-

fold [61], while in other cancer cell types transfection with BCRP/ABCG2 increases 

resistance against topotecan >100-fold [62]. Experiments using a pharmacological 

blocker of BCRP/ABCG2 activity have demonstrated that, in mdr1(a/b) knockout mice, 

BCRP/ABCG2 inactivation results in 2 to 3-fold greater levels of topotecan in the fetal 

circulation serum compared to control animals [22]. 

Although administration of the folic acid antagonist methotrexate is 

contraindicated in pregnancy [1], it is still used for treatment of acute leukaemia, breast 
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cancer, hydatiform mole, choriocarcinoma and rheumatoid arthritis in pregnant women 

[60]. Methotrexate is a well known substrate for several ABC transporters including 

MDR1/ABCB1, MRP1/ABCC1, 3, 4, 5 and BCRP/ABCG2 [14, 16]. These transporters 

would be expected to pump methotrexate into both the maternal and fetal 

compartments. Individual fetuses appear to exhibit wide variability in susceptibility to 

this drug, ranging from no discernable effects to severe malformations [50, 60, 63]. This 

variability may be partly related to variations in placental efflux capacity due to the 

presence of polymorphisms in genes encoding ABC pumps, which have been shown to 

influence methotrexate distribution in many other biological systems. 

 
1.4.2. Cardiovascular pharmacotherapy 

 
Cardiovascular disease during pregnancy is relatively frequent and poses 

considerable risk for both mother and a baby [64]. Hypertensive disorders complicate 

7-10 percent of pregnancies and are a major cause of maternal morbidity and mortality 

[65]. Congenital heart disease is also an important factor. Pregnant women with heart 

disease are at risk of heart failure, arrhythmias, and stroke [64, 66], and their babies are 

at risk of complications such as fetal growth restriction, premature birth, and 

intrauterine death [67]. Aggressive pharmacologic treatment during pregnancy is 

usually reserved for those patients with severe symptoms or when sustained episodes 

are poorly tolerated in the presence of structural cardiac abnormalities [67]. This can 

reach levels of 7% of all pregnancies [5]. The most frequently used cardiovascular 

drugs include cardiac glycosides (e.g. digoxin), beta-blockers, adenosine, calcium 

channel blockers and diuretics [67]. Many of these are ABC transporter substrates. 

MDR1/ABCB1 has, for example, been reported to efflux celiprolol, quinidine, 

nifedipine, verapamil, amiodarone and warfarin [57, 73, 74] (Table1-3).  
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Active transfer of digoxin by MDR1/ABCB1 in BeWo cells was first 

demonstrated by Ushigome et al. [59]. Using a placental perfusion model, digoxin was 

shown to exhibit limited passage across the human term placenta with a fetal-to-

maternal (F:M) transfer ratio (calculated as the ratio between the steady-state 

concentrations in fetal venous and maternal arterial plasma) between 0.25-0.35 [68]. In 

an animal model, Smit et al. demonstrated 2.4-fold greater transplacental transfer of 

digoxin in mdr1(a/b) knockout mice compared to wild type animals [69]. Digoxin has 

been found to cross the placental barrier to the fetus, but the extent of passage appears 

to vary according to gestational length. In the late 1st trimester, when placental 

MDR1/ABCB1 expression is at its highest, only 0.05-0.1% of the injected dose was 

recovered from the three fetuses [1]. Fetal umbilical blood sampling of a 25-week fetus 

with severe hydrops fetalis treated with maternal digoxin revealed poor placental 

transfer of digoxin, even after 2 weeks of therapeutic maternal concentrations [70]. At 

34 weeks of gestation, average concentrations of digoxin in cord blood (three reports) 

were 50, 81 and 83% of maternal serum, again suggesting restricted transfer across the 

third trimester placenta [1].  

L-type calcium-channel blockers are used for treatment of hypertension during 

pregnancy. Nifedipine and verapamil, well known substrates/inhibitors for 

MDR1/ABCB1, are the most commonly prescribed calcium channel antagonist [77-79]. 

They are pregnancy category C drugs. There are no adequate reports or well controlled 

studies of their effects on human fetuses [1, 64]. However, in rodents both drugs are 

teratogenic and embryotoxic [1]. Nifedipine crosses the human placenta, but fetal 

concentrations do not reach maternal levels, achieving a F:M ratio of ~0.75 [71]. 

Verapamil crosses the human placenta, but fetal concentrations do not reach maternal 

levels. In one clinical study, two of six newborns studied had cord concentrations 17% 
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and  26% of maternal levels, while in four others, the drug could not be detected in the 

cord blood Nifedipine and verapamil are not only substrates for MDR1/ABCB1, but 

also functional inhibitors [16].  

In theory, this may be important with respect to the transfer of other drugs and 

endogenous substrates by MDR1/ABCB1, but such interactions have yet to be shown 

to be clinically relevant β-adrenoceptor blockers are used in pregnancy for the 

treatment of hypertension and arrhythmia [64, 66]. Celiprolol (pregnancy category D) is 

a third generation cardio-selective β-blocker and a MDR1/ABCB1 substrate that is 

administered in pregnancy [72]. An in vitro placental perfusion study demonstrated 

limited maternal-to-fetal transfer of celiprolol, being three or four time less than that of 

lipid-soluble β-blockers [73]. In vivo transfer data is limited, but in a few pregnancies 

that have been studied fetal plasma concentrations have been reported to be only 25-

50% of maternal concentrations, suggesting limited placental passage [74]. Treatment 

during the second trimester of pregnancy impairs both fetal and placental growth, 

whereas administration during the third trimester affects only placental weight [1]. 
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Table 1-3. Pharmacological substrates of ABC transporters administered in pregnancy 

ABC efflux substrate, examples Therapeutic category Transporter Frequency of administration FDA pregnancy 
risk category 

Macrolides, fluoroquinolines, 
cephalosporins, (tetracycline) Antibiotic MDR1 Up to 40% of pregnancies 

(0,01-0,1% for tetracycline) 
Usually B or C, (D 

for tetracycline) 
Nitrofurantoin Urinary antiseptic BCRP 7.4 % pregnancies B 
Chloroquine Antimalarial MDR1 In endemic zones, very frequently C 

Ivermectin, abamectin Antihelminthic MDR1 Similar to non pregnant? C 
Phenytoin, carbamazepine Antiepileptic MDR1 <1 % pregnancies D or X 

Zidovudine, ritonavir, saquinavir Antiretroviral MDR1, BCRP, MRPs In endemic zones, very frequently B or C 
Doxorubicin, vinblastine, etoposide, 

methotrexate Anticancer MDR1, MDR3, BCRP, 
MRPs 0.1 % of all pregnancies D or X 

Digoxin, digitoxin Cardiac glycosides MDR1, MDR3  C 

Verapamil, nifedipine Calcium channel blocker MDR1  C 

Celiprolol, talinolol b- blocker MDR1 Up to 2% pregnancies C or D 
Temocaprilat ACE inhibitor MPR2  C or D 

Amiodarone, quinidine Antiarrhythmics MDR1  C or D 
Warfarin Anticoagulant MDR1? 0.01% pregnancies X 

Olanzapine, amisulpride Antipsychotic MDR1 Similar to non pregnant? Usually C 
Amitryptiline, norttryptiline, citalopram Antidepressant MDR1 2-3% of pregnancies C or D 

Cimetidine, cetirizine H antagonist MDR1 Unknown B or C 
Domperidone, ondansetron Antiemitic MDR1 Not known B or C 

Paracetamol, fentanyl, morphine Nonopioid and opioid 
analgesics MDR1, MPRs 14,2 % of pregnancies Usually C 

Cyclosporine A, tacrolimus Immunosuppressant MDR1, MPRs Unknown (rare) C 
Loperamide Antidiarrhoeal MDR1 Unknown B 

Cerivastatin, lovastatin Lipid lowering drugs MDR1 Unknown (rare) D or X 
Dexamethasone, beclamethazone, 

hydrocortisone Glucocorticoids MDR1, BCRP 1-2% of pregnancies C, D or X 

44 
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Amiodarone, a relatively toxic drug used to treat difficult or resistant cases of 

maternal arrhythmias [75], is a putative MDR1/ABCB1 substrate [76, 77]. Amiodarone 

has been used successfully to treat serious maternal arrhythmias and more recently, 

amiodarone has also been administered for the treatment of fetal arrhythmias, in 

particular fetal supraventricular tachycardia [78]. The transplacental transfer of 

amiodarone has been reported to be extremely low. The F:M ratio for this drug was 

only 0.01-0.03 [68]. In a study of ten cases of maternal amiodarone administration, 

amiodarone concentrations in cord blood were markedly reduced relative to maternal 

levels, by 70-90% in nine cases and 40% in the tenth [1]. Normal outcomes, as well as 

the evidence of serious adverse effects directly attributable to amiodarone, have been 

observed; it remains to be determined whether genetic variability in trans-placental 

passage could account for this range of observations [1].  

 
1.4.3. Anticonvulsant drugs 

 
Epilepsy is the most common neurologic disorder in pregnancy, affecting 

approximately 0.4-1% of pregnant women [79, 80]. Failure to prevent seizures can lead 

to maternal trauma, placental abruption, fetal hypoxia and intracerebral hemorrhage and 

increased risk of congenital malformations [81]. On the other hand antiepileptic drugs 

are associated with either teratogenic or toxic effects [1, 79, 81]. The incidence of 

anticonvulsant administration in pregnancy is approximately 0.5%. There is evidence 

that at least six antiepileptic drugs are extruded by MDR1/ABCB1 [82]. The most 

commonly used anticonvulsants - valproic acid, phenytoin, phenobarbital, and 

carbamazepine - are all substrates for ABC efflux pumps [82, 83] (Table 1-3). 

Interestingly, in vivo and in vitro studies demonstrate that fetal concentrations of 

anticonvulsants are typically equivalent to maternal levels [80]. Valproate, for example, 
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readily crosses placenta, and cord/maternal serum ratios at term are reported to vary 

from 0.52 to 4.6 [80]. Of course, fetal valproate pharmacokinetics are subject to a 

number of other factors in addition to transplacental efflux, any or all of which can 

contribute to the wide inter-individual variability in F:M ratios observed. In general, 

exposure to valproate in pregnancy increases the risk of major birth defects by more 

than 5-fold [1]. However, the majority of fetuses are not affected by the drug, although 

it is not known if this is related to reduced fetal exposure through placental efflux 

mechanisms. 

 
1.4.4. HIV infection and antiretroviral drugs 

 
Almost 18 million women worldwide are HIV (human immunodefficiency 

virus) positive, with infection in pregnancy approaching 30% in some areas. Vertical 

transmission accounts for 90% of HIV infection in children [84]. Administration of 

antiretroviral drugs in pregnancy, labour and postpartum period can result in significant 

reductions in the rate of mother-to-child (vertical) transmission of HIV [90-92]. While 

maternal administration of zidovudine (AZT) to prevent vertical HIV transmission is a 

well-validated treatment protocol, the efficacy of other commonly used antiviral drugs, 

such as non-nucleoside reverse transcriptase inhibitors (e.g., nevirapine, lamifudin) and 

proteases inhibitors (e.g., ritonavir, saquinavir) during pregnancy is still under 

investigation, although they are currently administered to HIV-positive women in 

pregnancy (Table 1-3) [85]. Combination drug therapies have also been shown to 

decrease the risk of perinatal transmission compared with AZT monotherapy [65]. At 

the same time several studies have identified adverse effects of combination 

antiretroviral during pregnancy, including congenital and neonatal abnormalities [86, 

87].  
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There is abundant evidence that various anti-HIV drugs, nucleoside analogs, 

non-nucleoside reverse transcriptase inhibitors (NNRTIs) and protease inhibitors, are 

substrates for ABC transporters such as MDR1/ABCB1, MRP2/ABCC2, MRP4 and 

BCRP/ABCG2 [16, 92-94]. It is important to note that protease inhibitors are not only 

substrates for MDR1/ABCB1 but are also able to inhibit BCRP/ABCG2-mediated 

efflux. Surprisingly, despite the fact that AZT is a substrate for various active 

transporters present in the placenta, there is no evidence of active transport of AZT 

across the human placenta. Indeed, studies have indicated that AZT rapidly crosses the 

placenta in both animals and humans by passive diffusion [1, 88]. It has been reported 

that a unique BCRP/ABCG2 genotype confers cellular resistance to AZT in CD4 (+) T 

cells [89]. A more recent study using a T-cell line demonstrated that the wild-type 

BCRP/ABCG2 also confers cellular resistance to AZT, and this effect was completely 

removed by the BCRP/ABCG2-specific inhibitor. Although AZT is generally 

considered to be non-teratogenic in humans, transplacental genotoxicity studies show 

that both short and long term in utero exposure to AZT induces DNA damage in most 

fetal organs examined at birth (reviewed by Poirier et al. [90]). A similar scenario is 

likely to occur for human pregnancy. Nucleoside analogs have been associated with 

fatal neonatal mitochondrial dysfunction after in utero exposure [91]. In high (mM) 

concentrations AZT, decreases growth rate and increases apoptosis in trophoblast cell 

lines [92], suggesting the possibility of placental toxicity.  

In contrast, in vitro and in vivo studies clearly indicate limited transplacental 

passage of HIV protease inhibitors [93, 94]. Median cord verses maternal plasma 

concentrations of nelfinavir, ritinavir, sequinavir and lovinavir vary by up to 10-fold 

[94]. These data, together with the in vitro studies discussed above, demonstrate a 

significant role for ABC efflux pumps in maintaining placental barrier function. 
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However, in contrast to the situation with most drugs, this effect would be associated 

with pharmacologic failure since the fetus itself is a target for HIV therapy. 

 
1.4.5. Antidepressants and sedatives 

 
Pregnancy is associated with an increased need for pharmacological treatment 

of depression, particularly in women with preexisting disorders [95, 96]. Indeed, 

antidepressants are among the most commonly prescribed category D drugs in 

pregnancy (approximately 1.5-3%) [5]. However, the majority of antidepressants drugs 

have the potential to cause long term behavioural and neuro-developmental effects in 

exposed human fetuses [1, 96]. Children exposed to selective serotonin reuptake 

inhibitors (SSRIs) during pregnancy, for example, are documented to have lower than 

normal APGAR scores and psychomotor development indices [97]. Tricyclic 

antidepressants (TCAs) have gained wide acceptance for use in the treatment of 

depression in pregnant women, although their pharmacokinetics during pregnancy have 

been poorly characterized [98]. Some evidence suggests that some antidepressants (e.g., 

amitriptyline and fluoxetine, for example) may be teratogenic, being associated with 

limb abnormalities, minor malformations and long-term neurological changes [1, 96].  

Different antidepressants are substrates for active drug efflux transporters [99]. 

Recent studies with mdr1(a/b) knockout mice have demonstrated significant differences 

in distribution of citalopram, risperidone, venlafaxine, amitriptyline and some other 

neuroactive drugs, compared to wild type controls [100, 101]. Using the isolated 

perfused human placenta model, the mean placental transfer ratio of amitriptyline has 

been reported as 0.08 (nortriptyline, 0.065)[98]. Transport of the SSRI citalopram 

across the placenta has been similarly studied using the single perfused placental 

cotyledon model. The mean steady state placental transfer ratio was only 0.09 [102]. 
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Another study reported neonatal plasma concentrations of citalopram and its main 

metabolites were 64% of maternal levels [103]. A more recent clinical study 

demonstrated 8-fold inter-individual variations in citalopram F:M ratios, varying from 

0.17 to 1.42 [99]. Interestingly, in this study umbilical cord levels of all antidepressants 

examined (citalopram, fluoxetine, paroxetine, and sertraline) were invariably lower 

than corresponding maternal concentrations, with F:M ratios ranging from 0.29-0.89 

[99]. A recent study in sheep also confirmed this trend, with fetal plasma fluoxetine 

concentrations being ~ 33% of maternal levels at steady state [104]. Collectively, these 

studies support the proposition that placental active transport/efflux mechanisms 

minimise fetal exposure to various antidepressants. 
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1.5. Inter-individual variations in placental drug transfer 
 

Inter-individual variations in drug distribution may be attributed to many 

factors, including gender, race, genetics, diet, disease state, and concurrent medications. 

Large inter-individual differences in ABC transporter expression and activity in various 

tissues have been reported with functional consequences for drug pharmacokinetics 

[105, 106].  

 
1.5.1. BCRP/ABCG2 polymorphism 

 
Several groups have reported naturally occurring SNPs in the BCRP/ABCG2 

gene. The G34A and C421A polymorphisms occur at a relatively high frequency in 

most ethnic populations [107, 108]. Kabayashi et al. studied the contribution of 

polymorphisms in BCRP/ABCG2 gene to placental expression [109]. Twenty 

polymorphisms were detected and sequenced. Of these, G34A and C421A were 

frequently observed in placenta (18–36%), while on the other hand C376T, which 

creates a stop codon, was found with an allelic frequency of only 1% [109]. These 

authors reported that levels of placental BCRP/ABCG2 protein were significantly lower 

in homozygotes containing the A421 allele compared to those with the C421 allele, 

while heterozygous samples displayed intermediate levels. Japanese subjects were 

found to have significantly higher frequencies of the G34A and C421A SNPs compared 

to other ethnic populations, while the C376T polymorphism was only detected in 

Japanese. Hence, the association between ethnicity and frequency of BCRP/ABCG2 

variants implies that transplacental passage of pharmacological BCRP/ABCG2 

substrates is also likely to vary according to ethnicity [109]. 
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1.5.2. MDR1/ABCB1 polymorphism 
 

Several MDR1/ABCB1 single nucleotide polymorphisms (SNPs) have been 

identified in individuals of differing ethnicities, and the number is constantly growing 

[110]. Hoffmeyer et al. identified several different MDR1/ABCB1 SNPs in Caucasian 

volunteers [111]. One SNP, C3435T was detected in a substantial proportion of the 

individuals analysed [111]. Although this polymorphism does not lead to an amino acid 

change, Verstuyft et al. found that the C3435T SNP caused a significant change in 

digoxin pharmacokinetics [112]. The C3435T polymorphism has recently been shown 

to influence helfinavir pharmacokinetics, with higher plasma levels of the drug and 

more rapid virologic response in HIV-1 infected children [113]. C3435T was also 

recently correlated with occurrence of nortriptyline-induced postural hypotension [114]. 

Twelve novel MDR1/ABCB1 SNPs have recently been described among Japanese 

patients [115]. 

Variable expression of MDR1/ABCB1 in the human placenta and its association 

with mutations of the MDR1/ABCB1 gene was described by Hitzl and co-authors 

[117]. MDR1/ABCB1 mRNA and MDR1/ABCB1 protein levels were studied in 73 

full-term human placentas of Caucasians, together with their respective MDR1/ABCB1 

genotypes/haplotypes, and the presence of C3435T and G2677T/A polymorphisms in 

mothers and infants. MDR1/ABCB1 mRNA levels were not significantly different 

between these genotype groups. However, MDR1/ABCB1 expression was significantly 

lower when both mother and infant were homozygous for the 3435T allele. Moreover, 

placentas from mothers carrying both polymorphisms also had a significantly lower 

MDR1/ABCB1 expression compared to placentas of wild-type individuals. Tanabe et 

al. identified nine MDR1/ABCB1 SNPs in the human placenta [116]. Of these, the 

G2677 SNP was associated with lower levels of placental MDR1/ABCB1. Taken 
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together, these data indicate that MDR1/ABCB1 polymorphisms are relatively common 

and may be associated with altered MDR1/ABCB1 expression in human placenta with 

clinical consequences arising from altered fetal drug exposure [117]. 

 
1.5.3. Genetic polymorphism in ABCC subfamily 

 
With respect to other ABC members, a number of studies have identified 

numerous SNPs in the MRP1/ABCC1, MRP2/ABCC2 and MRP3/ABCC3 genes, some 

leading to amino acid substitutions that are likely to be important for the functional 

activity of the these efflux pumps [118-120]. Meyer zu Schwabedissen et al. have 

studied the effect of single nucleotide polymorphisms (C-24T; G1249A, and C3972T) 

in the MRP2/ABCC2 gene on placental expression. One of these polymorphisms 

(G1249A) resulted in a significantly reduced expression of MRP2 mRNA in pre terms 

placentas [179]. 
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1.6. Significance of ABC transporters for cell survival and 
protection against endogenous toxins  

 
Many ABC transporters such as MDR1/ABCB1, BCRP/ABCG2 and MRPs 

were initially described as drug efflux pumps, conferring resistance to cancer cells and 

rescuing these cells from drug-induced apoptosis [14, 16, 128]. Analysis of PubMed 

citations shows that the majority of published studies are focused on these transporters 

in context of their implication in drug transport across biological barriers or, conferring 

multidrug resistance in cancer. Significantly less attention has been paid to other 

functions that these transporters may have in normal tissues (not exposed to toxic 

xenobiotics). More recently ABC transporters have been implicated in cell protection 

from various pro-apoptotic injuries induced by endogenous molecules such as 

cytokines and hypoxic damage [120-122].  

Defined by specific morphology, an apoptotic cell discretely packages DNA 

fragments into small bodies for phagocytotic removal; all evidence of death is 

eliminated, thus avoiding an inflammatory response. Central to the execution of 

apoptosis is a family of cysteine proteases known as caspases (see review [121, 122]). 

Constitutively present in the cytosol of most cells, caspases are involved in at least two 

functionally separable yet molecularly linked pathways leading to apoptosis [132, 133]. 

The best-defined pathway involves ligation of death receptors, typically 

members of the tumour necrosis factor (TNF-α) superfamily, such as Fas and TNF-α 

receptor (TNFR), at the cell surface (Fig. 1-3). Binding of a ligand initiates receptor 

trimerization and recruitment of adaptor proteins such as Fas associated protein with 

death domain (FADD), which in turn interacts in a homophilic manner with death 

effector domains of initiator caspases 8 and 10 [118, 119]. The complex formed by 

receptors, adaptor proteins and initiator caspases is called the death-inducing signaling 
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complex (DISC) [120]. This activated complex gives rise to enzymatically active 

downstream effector caspases 3 and 7 causing protein degradation and subsequent 

DNA fragmentation [120]. Activation of this system is known to be functionally and 

structurally associated with specific membrane microdomains enriched in sphingolipids 

such as ceramides cholesterol and death receptors [121-124].  

 

 

Fas -L/TNF-α

Fas/TNFR
FADD/TRADD

BidCaspase 8/10

Pro-caspase 3/7

Caspase 3/7

Nuclear damage,
DNA fragmentation

Mitochondria

Fas-L/TNF-α

 

Figure 1-3. Extrinsic apoptotic pathway mediated through cytokine receptors  
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The second caspase-dependent pathway involves the disruption of the 

mitochondrial transmembrane potential and the release of mitochondrial proteins such 

as cytochrome c (Fig. 1-4)[125]. This pathway is also called ‘intrinsic’ due to induction 

of apoptosis via intracellular signals. After DNA damage induced by stressors such as 

exposure to chemotherapeutic drugs, growth factor withdrawal or UV radiation, 

mitochondria release cytochrome C from their intermembrane space [120]. Cytochrome 

c then binds to the apoptotic protease-activating factor Apaf-1, which undergoes an 

ATP-dependent conformational change and oligomerisation and then binds pro-caspase 

9, forming the apoptosome [126, 127]. Initiator caspase 9 is then activated to cleave and 

activate effector caspases 3 and 7 [120]. 

 
Figure 1-4. Intrinsic apoptotic pathway initiated via mitochondrial damage 
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As mentioned previously, some ABC transporters can rescue cells from 

apoptosis induced by endogenous toxins. This antiapoptotic, protective mechanism is 

related to the ability of ABC pumps to expel intracellular mediators of apoptosis or 

other yet unknown mechanisms [125, 128]. Several ABC substrates which are 

endogenous inducers of apoptosis have been identified and include ceramides, 

cytotoxic prostaglandins and products of heme metabolism, in particular 

protoporphyrin IX [31, 131, 132].  

MDR1/ABCB1 has been reported to transport phospholipids across cell 

membranes [139, 140]. It has been hypothesized that MDR1/ABCB1 may act as a 

primary anti-apoptotic mechanism by reducing the pool of plasma membrane 

sphingomyelin (SM) that can be hydrolyzed to ceramide [129]. Bezombes et al. 

demonstrated that KG1a cells, which overexpress functional MDR1/ABCB1, could 

provide resistance to cell death mediated by TNF-α. They showed that expression of 

functional MDR1/ABCB1 correlated with a significant decrease in the inner leaflet 

associated SM pool and inhibition of TNF-induced ceramide production and apoptosis 

[129]. The MDR1/ABCB1 reversal agent PSC-833 was shown to enhance SM 

redistribution from the outer to the inner plasma membrane, and augment subsequent 

TNF-mediated apoptosis. However, these studies were not able to determine whether 

MDR1/ABCB1 is directly responsible for inhibiting SM pools, or whether PSC-833 

was exhibiting an effect on ceramide production independent of MDR1/ABCB1 

expression [125, 129]. More recently, Pallis et al. demonstrated that monoclonal 

antibodies to MDR1/ABCB1 and the reversal agent PSC-833 increased apoptosis 

induced by growth factor withdrawal in cells from patients with acute myeloid 

leukemia which overexpress MDR1/ABCB1 [130]. Furthermore, exogenous SM was 

able to augment serum starvation-induced apoptosis in MDR1/ABCB1 negative cells, 
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but not MDR1/ABCB1 positive cells. Taken together, these studies suggest that 

MDR1/ABCB1 may provide protection against apoptosis mediated by some cell death 

stimuli by reducing the amount of SM available for conversion to ceramides [125].  

To establish whether MDR1/ABCB1 can inhibit cell death induced by non-drug 

stimuli, and to attribute a physiological function to MDR1/ABCB1 on immune cells, 

the effect of MDR1/ABCB1 on death receptor-mediated cell death has been examined 

by a number of researchers. Following from the work of Bezombes et al. demonstrating 

that TNF-mediated apoptosis could be inhibited by MDR1/ABCB1 expression [129], 

other researchers determined that MDR1/ABCB1 could provide specific resistance to 

both Fas and TNF-mediated cell death [133, 138]. Inhibition of cell death was reversed 

by monoclonal antibodies to MDR1/ABCB1 and pharmacological inhibitors, indicating 

that resistance was specific to functional MDR1/ABCB1. Furthermore, it has been 

demonstrated that inhibition of Fas-mediated and drug-mediated apoptosis correlates 

with inhibition of caspase activation, which was also reversible by MDR1/ABCB1 

antagonists [134, 139]. The mechanism by which MDR1/ABCB1 can modulate Fas-

induced cell death remains to be resolved. It has been shown that Fas forms clusters of 

caps upon receptor triggering in a ceramide-dependent fashion and these clusters are 

internalized into sphingolipid and cholesterol enriched lipid rafts [122, 123, 131]. 

MDR1 is known to regulate both cholesterol and sphingolipid trafficking, and 

therefore, it can’t be completely excluded that MDR1/ABCB1 inhibits Fas-mediated 

apoptosis by disrupting formation of the lipid rafts, inhibiting signaling events 

downstream of receptor aggregation and DISC formation [125]. 

Although it appears MDR1/ABCB1 can inhibit cell death induced by caspase-

dependent death stimuli, there is mounting evidence that MDR1/ABCB1 cannot protect 

against caspase-independent death stimuli [125]. 
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Recent findings by Paumi et al. indicated the significance of MRPs for cell 

protection against endogenous toxic metabolites, in particular 15-deoxy-Δ12,14 

prostaglandin J2 (15d-PGJ2) [132]. This potent cyclopentenone prostaglandin has been 

shown to be cytotoxic in some tumour cells and, as a ligand of peroxisome proliferator 

activated receptor α (PPARα) and inhibitor of NF-κB, to influence the transcriptional 

regulation of several genes. A glutathione conjugate of 15d-PGJ2, 15-d-PGJ2-SG was 

shown to be a substrate for the efflux pumps MRP1/ABCC1 and MRP3/ABCC3 

attenuating the cytotoxicity and transactivating activity of 15d-PGJ2 in MCF7 breast 

cancer cells. When compared with parental MRP-negative MCF7 cells, expression of 

MRP1/ABCC1 and MRP3/ABCC3 conferred 2-fold protection from 15d-PGJ2 

cytotoxicity. 15d-PGJ2-mediated transcriptional activation was evaluated in cells 

transiently transfected with a reporter gene under the transcriptional control of a PPAR 

responsive element [132]. Treatment of parental MCF7 cells with 15d-PGJ2 resulted in 

a time-dependent induction of reporter gene activity that was measurable with 

concentrations of added 15d-PGJ2 as low as 100 nM. In contrast, expression of 

MRP1/ABCC1 or MRP3/ABCC3 abolished 5d-PGJ2-dependent reporter gene 

induction. Depletion of intracellular glutathione reversed MRP1/ABCC1- and 

MRP3/ABCC3-mediated attenuation of 15d-PGJ2 cytotoxicity and transactivation. 

These data indicated that MRP1/ABCC1 and MRP3/ABCC3 could modulate the 

biological effects of 15d-PGJ2, and other cyclopentenone prostaglandins, in a 

glutathione-dependent manner [132].  

BCRP/ABCG2 has also been shown to enhance cell survival in stress 

conditions. Studies of Krishnamurthy et al. demonstrated that BCRP/ABCG2 confers a 

strong survival advantage under hypoxic conditions [133, 134]. They have shown that 

under hypoxia, progenitor cells from BCRP/ABCG2 -/- mice have a reduced ability to 
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form colonies as compared with progenitor cells from BCRP/ABCG2 mice. Blocking 

BCRP/ABCG2 function in BCRP/ABCG2 progenitor cells markedly reduces survival 

under hypoxic conditions. However, blocking heme biosynthesis reverses the hypoxic 

susceptibility of BCRP/ABCG2 -/- progenitor cells, a finding that indicates that heme 

molecules (e.g., porphyrins) are detrimental to BCRP/ABCG2 -/- cells under hypoxia. 

BCRP/ABCG2 specifically binds heme, and cells lacking BCRP/ABCG2 accumulate 

porphyrins. BCRP/ABCG2 expression was up regulated by hypoxia and this up-

regulation involves the hypoxia-inducible transcription factor complex HIF-1 [133].  

 Another group of proven endogenous ABC substrates potentially important for 

cell survival include a variety of structural lipids which form the lipid bilayer of the 

plasma membrane and membranes of intracellular organelles. One of the ultimate 

features of a eukaryotic cell is a non-uniform distribution of membrane-lipids, 

vertically as well as laterally [135, 136]. The paradigm for the vertical non-random 

distribution is the plasma membrane, where phosphatidylcholine (PC), SM, and 

glycosphingolipids are primarily located on the exoplasmic leaflet, while 

aminophospholipids, including PS and phosphatidylethanolamine (PE), are generally 

enriched in the cytoplasmic leaflet (Fig. 1-5). Other minor phospholipids, such as 

phosphatidic acid and phosphatidylinositol (PI), are also enriched on the cytoplasmic 

face. Such asymmetrical distribution is related to each lipid regulating various 

biological events through interaction with other molecules [137]. 
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Figure 1-5. Regulation of the transbilayer lipid distribution in cellular membranes 

 In early secretory organelles, such as the endoplasmic reticulum (ER), membrane 

proteins facilitate rapid flip-flop of lipids and allow them to equilibrate between the two 

membrane leaflets independently of ATP. This system is unable to accumulate a given lipid in 

one leaflet, thereby promoting a symmetric lipid distribution across the bilayer. In contrast, flip-

flop of phospholipids across the plasma membrane (PM) is constrained owing to high levels of 

cholesterol and sphingolipids and/or the absence of constitutive bi-directional flippases. Thus, 

ATP-dependent flippases can maintain an asymmetric lipid distribution by moving specific 

lipids towards (P-type ATPase family members) or away from the cytosolic leaflet (ABC 

transporters). Cellular activation triggered by cytosolic calcium can collapse the lipid 

asymmetry by the transient activity of an ATP-independent scramblase [137-139].  
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Figure 1-6. Loss of plasma membrane lipid asymmetry and apoptosis after 

exposure to a stress factor  

Exposure to pro-apoptotic stressors leads to activation of sphingomyelinases, 

cleavage of SM to ceramides, inactivation of flippases and floppases, activation of 

scramblase (ATP independent) and externalisation of PS.  

 
 

Exposure to pro-apoptotic stressors such as cytokines, UV radiation, heat shock 

leads to activation of sphingomyelinases, cleavage of SM to ceramides, inactivation of 

flippases and flopases, activation of scramblase and externalisation of PS [146-148] 

(Fig 1-6). 

 Sphingolipids such as ceramides and their metabolites are mediators of cell 

differentiation/proliferation and apoptosis, all potentially can be substrates for ABC 

transporters [139, 140]. Ceramides are efficiently removed through a number of 

intracellular mechanisms including inactivation of ceramides by glycosylation and 
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incorporation into glycolipids and gangliosydes [140]. After glycosylation, 

MDR1/ABCB1 either pumps the products out from the cell, or into the lumen of Golgi 

vesicles where it is further processed and inactivated in “sphingomyelin cycle” [141, 

142]. Accumulation of ceramides has been shown to be associated with effects of pro-

apoptotic cytokines (Fig. 1-6), particularly in tumour cells where these lipid mediators 

activate caspases with subsequent cell death [142, 143].  

Ceramides can also reproduce most of the features of cell differentiation, 

including an irreversible cell cycle arrest and inhibition of mitogenic responses, without 

activation of apoptosis [140]. Ceramides can also be converted to sphingosine 1 

phosphate (S1P), a potent mitogen. Changes in intracellular sphingolipid levels have 

been shown reflect a balance between apoptosis and differentiation [144]. 

Some ABC transporters have also been shown to maintain asymmetry of lipid 

bilayers by intra-membrane translocation of structural lipid molecules such as PC or 

PS. Members of the ABC transporter family are responsible for an active outward 

transport of lipids from the cytoplasmic leaflet to the exoplasmic leaflet of the plasma 

membrane [130-132]. In studies with short chain lipids, human MDR3/ABCB4 was 

found to be specific for PC [152, 153], whereas, unexpectedly, the closely related 

multidrug transporter MDR1/ABCB1 translocated a wide variety of short chain lipids, 

including the short chain PC platelet-activating factor [138, 139]. The glutathione-

dependent multidrug transporter MRP1/ABCC1 transports short-chain PC, PS, SM, and 

glucosylceramide analogs, and it has been suggested that it maintains the outward 

orientation of natural choline phospholipids to the plasma membrane [156-158]. 

However, whether MDR1/ABCB1 and MRP1/ABCC1 translocate natural long chain 

lipids and whether this is physiologically relevant remains unclear. Likewise, members 

of these subfamilies in yeast translocated various short-chain lipids to the outer face of 
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the plasma membrane, and the overexpression of these transporters caused endogenous 

aminophospholipids to accumulate at the cell surface [145]. Many of these ABC 

transporters have also been implicated in the development of drug resistance [16, 146]. 

This suggests that the mechanism by which drugs are extruded from cells is closely 

related to the flippase mechanism by which lipids are translocated across membranes, 

and that lipid translocation and drug transport may take place through the same 

transport mechanisms. However, evidence for this has only be provided so far with 

various short-chain fluorescent lipid derivatives.  

Many substrates of ABC pumps are amphipathic compounds [14, 150]. Some of 

these molecules can intercalate into the lipid bilayer and change plasma membrane 

tension characteristics, and markedly increase endocytosis rates and associated cell 

siganling pathways [147]. These data suggest the possibility that ABC pumps may act 

as keepers of plasma membrane tension and regulatiors of endocytosis, although no 

data supporting this hypothesis have been published so far. 
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1.7. Regulatory effects of inflammation on ABC transporter 
gene and protein expression 

 
Infection and inflammation occur relatively commonly in pregnancy, and are 

associated with important pregnancy complications such as preeclampsia, preterm 

labour and fetal inflammatory response syndrome. Numerous studies have highlighted 

the role of pro-inflammatory cytokines in the development of obstetric pathologies, and 

have described the elaboration of these and other immunoregulatory factors from the 

placenta [161-163]. Concentrations of the pro-inflammatory cytokines are elevated 

from the first trimester of pregnancy in women who later developed preeclampsia or 

first trimester spontaneous abortion [148]. Elevated TNF-α levels have been reported 

early in pregnancy in women with gestational diabetes. Placentas from diabetic 

pregnancies secrete increased amounts of TNF-α in response to glucose. Moreover, 

TNF-α has recently been suggested as one of the main predictors of insulin resistance 

in human pregnancy [149, 150]. In addition infections or inflammatory stimuli often 

alter drug disposition in animals and humans [151, 152]. 

A variety of drugs, toxic agents, ultraviolet irradiation (UV), and heat shock 

have been shown to increase MDR1/ABCB1 expression [163, 164]. However, the 

specific effects of inflammation are not well established. Results from studies 

demonstrating that the hepatic expression of MDR1/ABCB1 is regulated by 

inflammatory stimuli may be tissue or cell-type specific. Different experimental models 

of inflammation may elicit different responses in MDR1/ABCB1 mRNA, protein 

expression, and activity [153]. In addition, the process of inflammation results in the 

release of numerous cytokines, including interleukin 1β (IL-1β), interleukin 6 (IL-6), 

and TNF-α from activated lymphocytes and macrophages [153]. The role of these 
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individual cytokines in the overall effects of inflammation on the regulation of the ABC 

transporter family remains unknown. 

 
1.7.1. Whole animal models 

 
Whole-animal models provide information on the overall effects of 

inflammation on the transcription and activity of the mdr1(a/b) subfamily of drug 

transporters. However, the specific effects of cytokines on hepatic mdr1a/b expression 

are complicated by the release of a complex series of endogenous cytokines. These 

cytokines may exert their own direct effects, or may act indirectly by stimulating the 

release of other cytokines [143, 145, 146]. In vivo models, being dynamic and variable, 

make it difficult to evaluate the specific mechanisms of altered mdr1(a/b) expression. 

Certainly, in vivo models have great utility in characterizing the general nature of 

events, and suggest clinical relevance. However, with inflammatory processes, more 

isolated in vitro systems often are needed to further elucidate the specific roles of 

individual cells and inflammatory modulators on the regulation of these proteins. The 

findings for individual cytokines are summarized below.  

 
1.7.1.1. Interleukin 1β 

 
In order to investigate the effects of IL-1β on mdr1(a/b), Hartmann et al. 

injected 8-week-old mice each with IL-1β (either 36, 89, 357, or 7000 ng) 

intraperitoneally and sacrificed the animals at 6 or 24 h. Livers from each animal were 

harvested for protein and mRNA analysis. IL-1β administration at all doses diminished 

mdr1(a/b) mRNA expression to 45–60% of control. No dose-related effects with IL-1β, 

were observed which suggests that either IL-1β  is not the primary cytokine regulating 

mdr1(a/b) expression, or all doses of IL-1β were too high to elucidate a dose response 
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relationship [154]. Other researchers have evaluated the dose- and time-dependent 

effects of IL-1β on primary rat hepatocytes [159, 160]. Generally, it appears that IL-1β 

can exert direct effects on mdr1(a/b) activity in cell culture via posttranscriptional 

mechanisms. Furthermore, it is likely that the mRNA changes observed in the whole 

animal model are due to a magnified inflammatory reaction with the release of other 

cytokines or endogenous substances that can modulate mdr1(a/b). 

 
1.7.1.2. Interleukin 6 

 
IL-6 can significantly decrease mdr1a/b mRNA and protein expression and 

activity [166, 170, 171]. These investigations demonstrate that IL-6 is an important 

factor in the modulation of mdr1(a/b) expression and suggest that the altered expression 

is due to decreased transcription rates. Since these alterations in mdr1(a/b) message and 

activity are similar to that shown in LPS- and turpentine-induced inflammatory models, 

IL-6 is most likely one of the primary modulators of mdr1(a/b) expression in acute 

inflammation [153]. 

 
1.7.1.3. Tumour Necrosis Factor - α 

 
One whole-animal study has been performed with TNF-α. Hartmann et al. 

administered TNF-α to mice intraperitoneally at 1.6 ng, 160 ng, and 400 ng/animal. 

Neither mdr1(a/b) mRNA levels nor protein expression were affected at the lower of the 

two doses. However, in response to the 400 ng dose, mRNA levels of mdr1a/b increased 

up to 600% relative to that of control at 24 hours.  
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1.7.2. Human cell lines 
 

Several studies were focused on specific effects of proinflammatory cytokines 

on ABC transporter expression in different human cell lines. HuH7 and HepG2 cells 

were treated with IL-1β, IL-6, or TNF-α and expression of MDR1/ABCB1 and the 

MRP/ABCC transporters were examined by RT-PCR and efflux assays [155]. 

Significant reductions in the MDR1-mediated efflux of Rhodamine 123 and MDR1 

mRNA levels were observed in HuH7 cells. Cytokine-treated HuH7 cells also 

demonstrated 1.6- to 2.6-fold greater efflux of the MRP substrate, 5-

carboxyfluorescein. IL-1β and IL-6 treatments increased MRP activity and MRP1 

mRNA levels in HepG2 cells. These data suggests that although cytokine-mediated 

suppression of MDR1/ABCB1 may alter drug resistance in malignant cells, these 

cytokines may also impose an induction in other multidrug resistance genes [155]. 

Another study elucidated cytokine effects on MDR1/ABCB1 gene expression and 

potentiation of chemosensitivity in four human colon carcinoma cell lines; LoVo, 

HT115, SW480, and LS174T. There was a qualitative decrease in MDR1/ABCB1 

mRNA at 48 and 72 h with all the cytokines for LoVo, HT115, and SW 480 cell lines. 

Cytokine pre-treatment also enhanced the cytotoxicity of vincristine and doxorubicin 

from 2.5- to 16-fold in these three cell lines. Since the LS174T cell line does not 

display prominent MDR1/ABCB1-mediated multidrug resistance, vincristine or 

doxorubicin toxicity would not be expected to be modulated by these cytokines [156]. 

The effects of TNF-α (2.5 ng/ml), IFN-γ (5 ng/ml), and IL-2 (8 ng/ml) were also tested 

on the human colon carcinoma cell lines HCT15 and HCT116, which are known to 

display MDR1/ABCB1-mediated drug resistance [157]. There was a time-dependent 

decrease in MDR1/ABCB1 expression with all cytokines up to a maximal decrease at 

48 h. mRNA returned to near baseline levels by 72 h. Similarly, there was time-
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dependent decrease in MDR1/ABCB1 protein expression up to 48 h with a return 

toward baseline by 72 h. MDR1/ABCB1 protein expression maximally decreased to 

approximately 40% of control values for all cytokines at 48 hours [157]. These 

investigators also studied the effect of TNF-α and IL-2 transfection into the human 

colon carcinoma cell lines HCT15 and HCT116. The expression of either cytokine 

resulted in a decrease in MDR1/ABCB1 mRNA and a decrease in MDR1/ABCB1 

protein expression [158]. In addition, transfection of TNF-α or IL-2 enhanced 

intracellular doxorubicin and vincristine accumulation and cytotoxicity. These 

cytokine-mediated effects on MDR1/ABCB1 mRNA, protein, and activity were 

inversely related to cytokine concentrations with cells with greatest cytokine expression 

also exhibiting the lowest levels of MDR1/ABCB1 expression and activity [158]. In 

contrast to the previous studies, other authors demonstrated an increase in 

MDR1/ABCB1 mRNA in response to 10 ng/ml IFN-γ exposure in CaCo2 cells. In 

addition, MDR1/ABCB1 mRNA expression was also increased in response to IL-6 and 

IL-1β treatment by 13 to 24% at 24 hours [159]. Others have also reported IFN-

γ induced up-regulation of both MDR1/ABCB1 mRNA and protein expression without 

incidence on MDR1/ABCB1 activity in CaCo2 cells [160]. In contrast to previous 

study this group found that TNF-α induced both a strong time-dependent diminution 

(56%) of MDR1/ABCB1 mRNA and a significant decrease of unidirectional transport 

of rhodamine 123 after 48 h of exposure at 10 ng/ml [160]. The reason for the marked 

difference in response of MDR1/ABCB1 to cytokines is not known, but could be 

explained in part by differences in subclones of the cell line or potency of the cytokine 

preparation. 

Only a few publications have been devoted to regulation of other ABC proteins 

by inflammatory signals [161, 162].  
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Lipopolysaccaride (LPS), IL-6, IL-1β or TNF-α were administered in vivo to mice or in 

vitro to Hepa 1-6 mouse hepatoma cells. LPS treatment profoundly suppressed hepatic 

mRNA levels of mrp2 and mrp3, but did not significantly alter mrp1 expression. IL-6 or 

IL-1β administration also suppressed mrp2 mRNA levels. TNF-α administration 

affected mRNA levels of mrp2 and mrp3 [163]. 

 Analysis of the current literature has shown that there there is little if any data 

on effects of pro-inflammatory cytokines on expression of other members of ABC 

family BCRP/ABCG2 and MRP1,3 and 7/ABCC1,3 and 7. Although inflammation 

appears to have a role in the regulation of ABC efflux transporters, further investigation 

is needed to clarify the role of inflammation and individual inflammatory mediators on 

their expression and activity and to determine the clinical relevance of these findings. 
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1.8. Summary and research aims 
 
 The placenta plays an important role in protecting the fetus from exogenous and 

endogenous toxic compounds. The ABC superfamily of transporters appears to be 

particularly important in this context, being specifically dedicated to removal of 

xenobiotics and toxic endogenous metabolites from the fetal organism and placenta. 

Recently, ABC transporters have been shown to exert potent anti-apoptotic effects in 

cancer and stem cells protecting them from various pathogenic signals (such as 

hypoxia, pro-inflammatory cytokines and UV light-induced injury) via active efflux of 

harmful endogenous compounds. Human placenta expresses several members of the 

ABC superfamily: MDR1/ABCB1, MRPs and the more recently discovered 

BCRP/ABCG2, which has the highest level of expression in the placenta among all 

human organs and tissues.  

 Infection and inflammation occur relatively commonly in pregnancy, and are 

associated with important pregnancy complications such as preeclampsia, fetal growth 

restriction, preterm labour and fetal inflammatory response syndrome. Numerous 

studies have highlighted the role of pro-inflammatory cytokines (TNF-α, IL-1β and IL-

6) in the development of obstetric pathologies, and have described the elaboration of 

these and other immunoregulatory factors in the placenta. To date, there are no 

publications on the regulation by cytokines of the activity/expression of drug 

transporters in the placenta, or on the significance of the ABC proteins for placental 

protection against apoptosis. 
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The overall goal of this project: 
 
 To determine the significance of placental ABC transporters for 

trophoblast survival and to study the effects of pro-inflammatory mediators 

on their expression and functional activity.  
 

The specific aims of this project are: 

1. To study protective (anti-apoptotic) effects of ABC family transporter 

BCRP/ABCG2 in primary trophoblast and placental-like cell lines in response to pro-

inflammatory mediators (e.g. TNF-α, IFN-γ) and other stressors. 

2. To determine the effects of pro-inflammatory mediators (TNF-α, IL-1β, IL-6) on 

the expression of ABC transporters (BCRP/ABCG2, MDR1/ABCB1, MRP-1, 

MRP2/ABCC2) in vitro using placental cell lines and primary trophoblast obtained from 

human term placenta. 

3. To correlate the changes in ABC transporter gene expression with altered activity 

of drug efflux transporters in response to pro-inflammatory cytokines.  

4. To assess the interaction between cytokines and anti-apoptotic 

modulators/growth factors in the regulation of placental drug transport activity.  

5. To explore other paradigms of placental pathology, such as placental 

insufficiency and fetal growth restriction, with respect to placental drug efflux activity 

and ABC transporter expression. 
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CHAPTER 2.  MATERIALS AND METHODS 
 
2.1. Materials  
 

2.1.1. Cell lines, reagent and chemicals 
 

Jar (J), BeWo (B) and CaCo2 cells were obtained from American Type Culture 

Collection (Manassas, USA). DNAse I (molecular grade), Superscript III cDNA 

Synthesis Kit, lipofectamine 2000 and lipofectamine RNAi MAX transfection reagent, 

DMEM, Ham’s F-12, Ham’s F-12K, Medium 199 (M199), fetal calf serum (FCS), 

charcoal-stripped FCS, GlutaMAX™, human recombinant EGF and insulin, transferrin, 

sodium selenite, penicillin and streptomycin were from Invitrogen (Auckland, NZ and 

Carlsbad, USA). Power SybrGreen PCR Master Mix was from Applied Biosystems 

(Warrington, UK); Difco trypsin 250 was supplied by Becton & Dickinson (Sparks, 

MD, USA). The RNAqueous Kit for total RNA extraction was from Ambion 

(Huntington, UK) and complete protease inhibitor from Roche Diagnostics (Mannheim, 

Germany). Nitrocellulose Hybond membrane and Cy-3 labelled goat anti-mouse 

antibody were purchased from Amersham Pharmacia Biotech (Buckinghamshire, UK), 

SuperSignal® Substrate was from Pierce Biotechnology (Rockford, USA). Monoclonal 

anti-MDR1/ABCB1 (clone 3C3.2), MDR3/ABCB4 (clone P3 II-26), MRP1/ABCC1 

(clone QCRL 3), MRP2/ABCC2 (clone M2 I-4) and BCRP/ABCG2 (clone BXP 21) 

antibodies were purchased from Chemicon (Temecula, USA); the anti-MDR (anti-

MDR1/MDR3) monoclonal antibody (clone C219) was from ID Labs (Taree, 

Australia). Anti-cytokeratin 7 antibody was from DacoCytomation (Glostrup, 

Denmark). Monoclonal anti-β actin, the anti-MDR1/ABCB1 monoclonal antibody 

(clone F4) peroxidase conjugated goat anti-mouse antibody, cholesterol, bicinchoninic 

acid (BCA) reagent, Hoechst 33258, Hoechst 33342, mitoxantrone, and Sigma fastTM 
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3,3–diaminobenzidine tablets were purchased from Sigma-Aldrich (St. Louis, USA). 

pRNAT-CMV3.1/Hygro vector was from Genscript (Piscataway, USA). Afl2 and 

BamH1 enzymes were from New England BioLabs (Ipswich, USA), mouse monoclonal 

anti-phosphatidylserine antibody (clone 4B6) from Abcam (Cambridge, USA), 

recombinant human TNF-α from PreProTech (Canton, USA), and hygromycin from BD 

Bioscience (Bedford, USA). Ko 143 was a generous gift from Dr John Allen (Centenary 

Institute of Cancer Medicine and Cell Biology, Australia). Recombinant human IFN-

γ and M30 antibody (used as marker of execution stages of apoptosis) was purchased 

from Roche Diagnostics (Mannheim, Germany). Mitoxantrone [3H] (special activity 

3Ci/mmol) was obtained from Moravek Biochemicals Inc (Brea, CA, USA). Digoxin [3H] 

(special activity (37 Ci/mmol) was purchased from Perkin Elmer Life Science (MA, 

U.S.A.) 

Apoptosis activators 1-(3,4–dichlorobenzyl)-1H-indole-2,3-dione and (-)-

deguelin were purchased from Calbiochem, EMD Biosciences Inc (Darmstadt, 

Germany). N-hexanoyl-D-erythro-sphingosine (C6 ceramide), N-octanoyl-D-erythro-

sphingosine (C8 ceramide), N-palmitoyl-D-erythro-sphingosine (C16 ceramide), N-

stearoyl-D-erythro-sphingosine (C18 ceramide), N-arachidoyl-D-erythro-sphingosine 

(C20 ceramide), N-lignoceroyl-D-erythro-sphingosine (C24 ceramide) and N-palmitoyl 

(D31)-D-erythro-sphingosine (C16-D31 ceramide) were all from Avanti Polar Lipids 

(Alabaster, AL, US). General chemicals (analytical grade) were from Serva 

(Heidelberg, Germany), Scharlay Chemie (Barcelona, Spain), or AppliChem 

(Darmstadt, Germany).  

 
2.1.2. Primary trophoblast cell culture 

 
Placentas for trophoblast isolation and immunohistochemistry were obtained 

with informed consent from women after delivery by Caesarean section at term. 
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Cytotrophoblasts were isolated using trypsin digestion as previously described by 

Kliman et al. [164] with modifications [165]. Villous tissue from term placenta was 

subjected to 8 consecutive digestions in 0.25% trypsin, supernatants collected and cells 

isolated by centrifugation at 300 g for 7 min. Erythrocytes were removed by incubation 

of the cell pellet in red cell lysis buffer (50 mM NH4Cl, 10 mM NaHCO3, and 0.1 mM 

EDTA), and cytotrophoblasts were purified by centrifugation at 1,200 g for 20 min on a 

discontinuous Percoll gradient (20–60%). Cells between the 40 and 50% Percoll bands 

were collected and plated in 96, 24 or 6 well plates. The cells were grown for 24 h in 

M199 media, supplemented with 10% FCS, EGF (10 ng/ml), insulin (5 ng/ml), 

transferrin (10 ng/ml), sodium selenite (0.2 nM), and penicillin/streptomycin (100 U/ml) 

in a 5% CO2 humidified atmosphere at 37°C. After 24 h in culture, cells were washed 

with phosphate buffered saline (PBS), and media was replaced by M199 media 

supplemented with 10% FCS.   

 
2.1.3. Cell culture 

 
BeWo and Jar cells were cultured in 1:1 DMEM/ Ham’s F-12 with 10% FCS 

and 1 x GlutaMAX™ without antibiotics. Passages 5-15 were used for experimentation. 

Cell reserves were kept frozen in liquid nitrogen in cryovials in FCS with 10% dimethyl 

sulfoxide (DMSO). 
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2.2. Methods 
 

2.2.1. Quantitative real-time PCR 
 

2.2.1.1. Total RNA isolation 
 

Total RNA synthesis from placental tissue was extracted using Trizol® reagent 

Invitrogen (Carlsbad, USA) according to the protocol outlined below:  

Frozen placental tissue (~100 mg) – was crushed into powder in liquid N2 using 

pestle and mortar and transferred to a tube containing 1 ml of Trizol® reagent and 

homogenized using an IKA Labortechnik (IKA Works, Malaysia). 200 μl 

chloroform/ml of Trizol ® reagent was added to each sample, mixed by vortexing and 

centrifuged at 10 000 x g for 15 min at 4˚C. After centrifugation the aqueous phase (top 

layer) was collected using barrier tips, 500 μl of cold isopropanol added to each sample 

(on ice), left to precipitate for 30 – 40 min at -20˚C, and then centrifuged at 10 000 x g 

for 15 min at 4˚C. The pellet then washed with 1ml 75% ethanol with rapid vortex, spun 

down for 5 min, ethanol removed, and pellet was dried for ~10 min. Dry pellets were 

dissolved in 20 – 50 μl of DEPC-treated H2O (depending on the size of pellets) on ice 

for 5-10min and stored at -80˚C 

An RNAqueous ® Phenol-Free Total RNA isolation Kit based on the ability of 

glass fibers to bind nucleic acids was used for mRNA isolation from cell lines and cell 

culture according to the manufacturer’s instructions.  

The quality of RNA obtained was tested with capillary electrophoresis (Fig. 2-

1) and by analysis of the A280/260 and A260/230 ratio.  
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2.2.1.2. Sample treatment with DNAse I 
 

All samples were treated with DNAse I (amplification grade) to remove 

genomic DNA. The following were added to a 0.5 ml microfuge tube on ice: 

  
 
Total RNA   1 μg 

10 x DNAse buffer  1 μl 

DNAse I (1 U/μl)  1 μl 

 

DEPC-water was added to adjust the total volume of mixture to 10 μl and the 

tubes incubated for 15 min at room temperature. After incubation, 1 μl of 25 mM 

EDTA was added to each tube and incubated for 10 min at 65 °C. Following 

incubation, the tubes were placed on ice prior to reverse transcription.  
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Figure 2-1. Capillary electrophoretic analysis of total RNA from BeWo and 

cytotrophoblast cells isolated using RNAqueous ® kit (Ambion) perfomed on an 

Agilent Bioanalyser 

 The RNA integrity and overall quality was assessed by spectral inspection of 28S 

(upper) and 18S (lower) bands. Both bands look fairly sharp with apparent mobilities of about 2 

kb and 0.9 kb respectively relative to the markers. Smearing in the sample 9 reflects degradation 

of the ribosomal RNA. 
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2.2.1.3. Reverse transcription 
 

First-strand cDNA synthesis with random hexamer primers was carried out with 

SuperScript IIITM First-Strand Synthesis Kit for RT-PCR according to the 

manufacturer’s instructions. 

 
The following were added to a 0.5 ml microfuge tube on ice: 
 
 Total RNA    1 μg 

 Random hexamers (50 ng/μl)  1 μl 

 dNTP mix (10 mM)   1 μl 

 

DEPC-water was added to adjust the volume of the mixture to 10 μl and the tubes 

incubated at 65 °C for 5 min. While the tubes were incubating, the cDNA synthesis mix 

was made up as follows: 

 

 10 x RT buffer    2 μg per reaction 

 MgCl2 (25 mM)    4 μg per reaction 

 DTT (0.1 mM)   2 μg per reaction 

 RNAse OUT (40 U/μl)  1 μg per reaction 

 SuperScript III RT (200 U/μl)  1 μg per reaction 

 
 

10 μl of cDNA synthesis mix was then added to each tube, gently mixed and 

collected by brief centrifugation. The tubes were incubated at 25 °C for 10 min, 

followed by 50 min at 50 °C. The reaction was then terminated by incubating 85 °C for 

5 min and the tubes chilled on ice. 
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Table 2-1. Gene-specific PCR primers used for real time PCR 

Gene 5' Primer 3' Primer 
BCRP/ABCG2 GGATGAGCCTACAACTGGCTT CTTCCTGAGGCCAATAAGGTG 
MDR1/ABCB1 GTGGTGGGAACTTTGGCTG TACCTGGTCATGTCTTCCTCC 
MDR3/ABCB4 ATCGAGACGTTACCCCACAA CATTCTGGATGGTGGACAGG 
MRP1/ABCC1 GTGTTTCTGGTCAGCCCAACT TTGGATCTCAGGATGGCTAGG 
MRP2/ABCC2 CCACTTTGTTTTGAGCAAACTGT CCAGCTCTATGGCTGCTAGAA 
18 S rRNA GATCCATTGGAGGGCAAGTCT CCAAGATCCAACTACGAGCTTTTT 
SDHA TGGGAACAAGAGGGCATCTG CCACCACTGCATCAAATTCATG 
TBP TGCACAGGAGCCAAGAGTGAA CACATCACAGCTCCCCACCA 
IL-1β GGCTTATTACAGTGGCAATGAG TCCATGGCCACAACAACTGA 
IL-6 GACAGCCACTCACCTCTTCA TTCACCAGGCAAGTCTCCTC 
TNF-α CCCAGGCAGTCAGATCATCTT TCTCAGCTCCACGCCATT 
HIF-1α CCAGTTACGTTCCTTCGATCAGT TTTGAGGACTTGCGCTTTCA 

Syncytin CGGACATCCAAAGTGATACATCCT TGATGTATCCAAGACTCCACTCCA 

β–hCG CTACTGCCCCACCATGACCC TGGACTCGAAGCGCACATC 
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Table 2-2. Real time PCR amplification parameters for all tested genes 

Gene Slope R2 Exponential 
amplification  

BCRP/ABCG2 -3.16 0.99 2.07 

MDR1/ABCB1 -3.03 0.98 2.14 

MDR3/ABCB4 -3.30 0.99 2.01 

MRP1/ABCC1 -2.93 0.99 2.19 

MRP2/ABCC2 -3.16 0.99 2.07 

18 S rRNA -3.39 0.99 1.97 

SDHA -3.31 0.99 1.98 

TBP -3.32 0.99 1.98 

IL-1β -3.33 0.99 1.99 

IL-6 -2.99 0.99 2.16 

TNF-α -2.97 0.98 2.17 

HIF-1α -3.14 0.99 2.08 

Syncytin -3.27 0.99 2.02 

β –hCG -3.44 0.99 1.95 
 

Real-time PCR for all target genes was performed using gene specific, intron-

spanning primers (Table 2-1) in triplicate using Power SybrGreen PCR Master Mix in 

a reaction volume of 20 μl in 384 well plates on an ABI Prism 7900 HT (Applied 

Biosystems, Warrington, UK). Exponential amplification for all genes examined was 

within 1.95 - 2.19 range (Table 2-2). Amplification of a single product for each primer 

set was confirmed by dissociation curve analysis, and all products were visualized after 

electrophoresis on 2% agarose gel.  
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2.2.1.4. Visualisation of PCR products by agarose gel electrophoresis 
 
Buffers and Solutions 
 
50 X TAE buffer: 

Tris base                          242 g 

Glacial acetic acid              57.1 g 

EDTA (0.5 M, pH 8)            100 ml 

MilliQ water               to 1 L 

Solution was diluted 1:50 in MilliQ water to make up 1 X TAE buffer. 

 

6 X DNA loading dye: 

Bromophenol blue   25 mg 

Sucrose    4 g 

MilliQ water    10 ml  

 

Method 
 

2 % (w/v) agarose was dissolved in 1 X TAE buffer by heating in a microwave 

oven at 1 min intervals. The mixture was allowed to cool prior to the addition of 0.1 % 

ethidium bromide and poured into a gel tray. Once set, the gel was placed in an 

electrophoresis chamber and filled with 1 x TAE buffer until the gel was just 

submerged. PCR products and the DNA ladder were diluted with 6 x loading dye (1:6 

ratio) and loaded into the wells. The gels were run at 90 V for approximately 50 min 

and the bands visualised in a UVP Bioimaging System (UVP, USA). 



Chapter 2. 

82 
 

2.2.2. Bicinchoninic acid (BCA) assay 
 

2.2.2.1. Preparation of BCA standards 
 

A set of standard solutions were prepared by dissolving BSA in sodium 

hydroxide (1 M) to a concentration of 4 mg/ml. The stock standard solutions were then 

subjected to a 1 in 2 serial dilution, where 200 μl of BSA solution was added to 200 μl 

of 1 M sodium hydroxide, giving a set of solutions with the following protein 

concentrations: 2000, 1000, 500, 250, 125, 62.5, 31.25, 0 μg/ml. 

 
2.2.2.2. BCA working reagent 

 
Copper sulphate (4% stock) was diluted 1:50 with BCA reagent (Sigma-

Aldirich, St. Louis, USA) and mixed. 

 
2.2.2.3. Loading standards and samples 

 
25 μl of the standards were loaded into the first two columns (in duplicate) of a 

96-well microtitre plate (Greiner Bio-one, Gamburh, Germany). Solubilised protein 

samples were diluted 1 in 10 in sodium hydroxide and 25 μl of the samples loaded in 

duplicate into the subsequent columns. BCA reagent (200 μl) was added to each well, 

and the plate incubated on an orbital shaker at room temperature for at least 1 h.  

 
2.2.2.4. Reading the plate 

 
The plate was placed onto a Spectramax plate reader with an absorbance 

wavelength set at 562 nm. Standard curves were prepared by measuring the absorbance 

of BSA (wavelength 562 nm) in serial dilutions. The calibration curves were linear (r2 

>0.99) over the concentration range tested (0 – 2000 μg/ml) and the precision of all 

standards was acceptable (CV < 5 %).  The protein concentration was calculated with 

Softmax Pro V software by comparing the absorbance of the known protein BSA 

standards with those from the unknown samples. 
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2.2.3. Immunoblotting 

 
Immunoblotting was perfomed on either total cellular protein lysates, or purified 

microsomal fractions where low abundance membrane-bound proteins were being 

studied. Crude membrane preparations from cytotrophoblasts (72 h culture), BeWo and 

Jar cell lysates  were prepared from cells cultured in T75 Falcon flasks by sonication in 

3 ml of B1 buffer (10 mM Tris-HCl, pH 7.4 with complete protease inhibitor tablet (1 

tablet in 10 ml of buffer) using a Bandelin Electronic Sonicator (Bandelin Electronic, 

Berlin, Germany). The nuclei and cell debris were removed from the homogenate by 

centrifugation at 900 x g for 10 min at 4 °C. The resulting supernatant was centrifuged 

at 100 000 x g for 90 min at 4 °C in TLA100 rotor, Optima TLX 120 Ultracentrifuge 

(Palo Alto, USA). After extraction, membranes were solubilized by sonication in B2 

buffer (10 mM Tris-HCL, pH 7.4, 1% triton-X100, 1% SDS, 0.5% deoxycholic acid and 

complete protease inhibitor) and maintained for a minimum of 1 h at 4°C. Insoluble 

material was removed by centrifugation at 14,000 x g for 10 min at 4 °C and 

supernatant stored at -80°C.  

Total cell lysates were prepared by sonication in the same buffer (B2) using 

primary trophoblast (or cell lines) after 24, 72 and 120 h of incubation. Protein 

concentration was measured by BCA assay calibrated to bovine serum albumin. 

Proteins (20-30 µg) were separated under reducing conditions on a 4-12% BisTris 

precast polyacrylamide gradient gel (Invitrogen, Carsbad, USA) and transferred for 90-

120 min at 30 V to nitrocellulose membrane in an XCELLTM transfer module 

(Invitrogen, Carsbad, USA). Membranes were blocked in 2% non-fat milk powder in 

phosphate buffered saline (PBS) with 0.1% Tween 20 (PBS-T) for at least 3 h and 

incubated overnight with at 4 ºC monoclonal antibodies diluted as follows:  
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Anti-MDR1/ABCB1, clone 3C3.2                              (1:800)  

Anti-MDR1/ABCB1, clone F4                                   (1:100) 

Anti-MDR3/ABCB4, clone P3 II-26                          (1:500)  

Anti-MRP1/ABCC1, clone QCRL 3                          (1:500)  

Anti-MRP2/ABCC2, clone M2 I-4                             (1:500) 

Anti-BCRP/ABCG2, clone BXP 21                           (1:500) 

Anti-MDR1/3, clone C219                                          (1:200)  

Membranes were then washed in PBS-T 3 times for 10 min and incubated with 

horseradish peroxidase-conjugated goat anti-mouse antibody (1:5000) diluted in 2% 

non-fat milk powder in PBS-T, and visualized by enhanced chemiluminescence for 1-60 

min recorded on CP-BU NewTM X-ray film (Agfa, Westerlo-Heultje, Belgium) and 

developed using the Kodak X-OMAT 1000 Processor (Eastman Kodak Company, NY, 

USA). Band intensity was quantitated by densitometry using Quantity One software 

from BioRad, (Hercules, USA). Equivalence of protein loading was confirmed by 

secondary immunoblotting with anti-β-actin antibody (1:10 000) applied to the lower 

half of the membranes, processed as described above.  

 
2.2.4. Analysis of chromatin condensation and nuclear 

fragmentation 
 

Apoptotic cell death was measured by fluorescent microscopic analysis of 

chromatin condensing with the karyophilic dye Hoechst 33258. Cells were seeded into 

24 or 96-well plates and incubated with the various compounds. After 48 h in culture, 

the cells were fixed in 4% paraformaldehyde in PBS (pH 7.4) and stained with Hoechst 

33258 (5 µg/ml in PBS) for 10 min at room temperature. Following washing with PBS, 

nuclear morphology was examined under a UV-visible inverted fluorescence 

microscope (Olympus IX 71, Tokyo, Japan). Apoptotic cells were distinguished from 
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viable cells by their nuclear condensation and fragmentation and their higher intensity 

of blue nuclear fluorescence. For statistical analysis, approximately 1000 cells were 

counted in eight random microscopic fields at 400 x magnification. 

 
2.2.5. Immunocytochemical detection of cytokeratin 18 neo-epitope 

with M30 antibody 
 

Cytokeratin 18 neo-epitope detection with the M30 antibody was used as a 

marker of execution stages of apoptosis [166]. BeWo cells were seeded in 96-well plates 

and incubated with tested compounds as described in Chapter 6. Prior to fixation, cells 

were gently washed with PBS and fixed in ice-cold methanol for 10 min, washed once 

with PBS and incubated with M30 primary antibody diluted 1:100 in PBS containing 

1% bovine serum albumin (BSA), followed by incubation with peroxidase-labelled 

detection secondary antibody. Visualisation of the positive cells was achieved using 

Sigma fastTM 3,3–diaminobenzidine tablet set (DAB peroxidase substrate). As a 

negative control the primary antibody was omitted. Each experiment was performed at 

least 3 times. 

 
2.2.6. Detection of phosphatidylserine externalization 

 
The appearance of phosphatidylserine (PS) on the cell surface was detected by 

immunocytochemistry with a monoclonal anti-PS antibody. Cells were cultured in 24-

well plates, washed 3 times prior to experimentation and after the desired duration of 

incubation with test treatments incubated without fixation with anti-PS antibody diluted 

1:1000 in PBS containing 0.5% albumin, followed by incubation with Cy3-labelled 

detection antibody diluted 1:300 in the same buffer. After incubation, cells were 

washed thoroughly with PBS and fixed in 10% formaldehyde. Counterstaining with 

Hoechst 33258 (described in 2.2.4 section) was used for nuclei visualisation. Each 
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experiment was performed 3 times. Quantitative analysis was carried out using ImageJ 

1.36b software from National Institutes of Health (USA) and expressed in normalised 

fluorescent units (NFU), representing an area of positive PS staining normalised to the 

total area of nuclei in the same field. 

 
2.2.7. Measurement of caspase 3/7 activity  

 
Caspase 3/7 activity was measured using Apo-ONE Homogenius Caspase 3/7 

Assay from Promega Corporation (Madison, USA) according to the manufacturer’s 

protocol. Cells were seeded in 24-well plates at a density of 50000/well and incubated 

with test agents described in Chapters 6 and 8. Control wells contained medium without 

cells to obtain a value for background fluorescence. After incubation, cells were lysed 

and fluorescent substrate added. Plates were then placed on shaker for 30 seconds and 

incubated at room temperature for 30-180 minutes. Fluorescence was measured on a 

Wallac 1420/Victor2 reader (Wallac, Turku, Finland). 

 
2.2.8. Measurement of caspase 8 activity 

 
Caspase 8 activity was measured using Caspase-Glo 8 Assay from Promega 

Corporation (Madison, USA) according to the manufacturer’s protocol. Cells were 

seeded in 96-well plates at density 10 000/well and incubated with test agents. Control 

wells contained medium without cells were used to obtain a value for background 

luminescence value. After incubation, plates were kept at room temperature for 30 min, 

and then 50 μl of Caspase-Glo ® 8 Reagent was added to each well. After shaking for 

30 seconds and incubation at room temperature for 30-60 min, luminiscence was 

measured on a Wallac 1420/Victor2 reader.  

 

 



Chapter 2. 

87 
 

2.2.9. Trypan blue exclusion assay for cell survival 
 

Aliquots (10 μl) of resuspended cells were placed in a microtube with 0.1% 

trypan blue solution (10 μl). Cells were pipette-mixed thoroughly, and 10 μl of 

cell/trypan blue solution added to a haemocytometer. After 5 min, cells (at least 200) 

were counted in 3 separate fields, and the numbers of blue (dead) and non-blue (live) 

cells recorded for each field. Dead cells were expressed as a percent of total cell 

number. 

 
2.2.10. Cell viability (MTT) assay 

 
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

based on the method of Mosmann et al. [167] was used to assess BeWo cells viability 

in 96 well plates after 24, 48 and 72 h of exposure to the various test agents. At the 

desired time points, cells were incubated with MTT reagent (0.5 mg/ml final 

concentration) for 2 – 4 h under standard culture incubation conditions. 200 μl of 10% 

SDS in 0.01 M hydrochloric acid solution was added to the wells and the plate returned 

to the incubator overnight. The following day, the plate was placed in a multi-plate 

spectrophotometer (Molecular Devices, CA, USA) and optical density reflecting 

concentration of the formazan dye was determined at 590 nm. 

 
2.2.11. Analysis of syncytium formation 

 
Syncytium formation was assessed by the quantitation of the distribution of 

desmoplakin and nuclei in cells after fixation and immunostaining as previously 

described [168]. The staining of desmoplakin, present at the intercellular boundaries in 

aggregated cells, progressively disappears with syncytium formation. After culture for 

the desired periods of time cells were fixed and then incubated with anti-desmoplakin 

I&II antibody diluted 1:100 in PBS for 1 hour at room temperature or at 4 ºC overnight. 
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Cell nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI)-containing 

mounting medium (Vectashield®). From a random point near the middle of the well, 

the nuclei contained in 100 desmoplakin-delimited syncytia were counted. Three wells 

were examined for each experimental condition. The results are expressed as a function 

of nuclei number per syncytium. 

 
2.2.12. Immunofluorescence histochemistry 

 
Placental pieces approximately 1 cm3 in volume were cut from random areas 

judged to be intact and of a healthy appearance, and washed in sterile PBS. Small 

pieces were quickly frozen on dry ice in Optimum Cutting Temperature (OCT) 

compound (Lab-Tec Products, USA) and stored at - 80°C. Cryostat sections (10-12 μm) 

were then sliced with a Leica CM 3050S microtome cryostat (Leica Microsystems, 

Germany) at – 20 °C, transferred onto Superfrost Plus glass slides (Biolab Scientific, 

Auckland, NZ), and fixed in ice-cold acetone for 15 min. Sections were blocked in 5 % 

normal horse serum in PBS for 30 min prior to incubation with the following primary 

antibodies overnight at 4°C: anti-MDR1/ABCB1, anti-MDR3/ABCB4, anti-

MRP1/ABCC1, anti-MRP2/ABCC2, and anti-BCRP/ABCG2 (all diluted 1 in 50 in 

PBS, same clones as for immunoblotting) containing 1% BSA. After incubation, 

sections were washed in PBS-Tween (three buffer changes, 5 min each), and incubated 

with either with Cy3 or Alexa Fluor 488-conjugated secondary antibody (1 in 300 

dilution in the same buffer) for 2-3 h at room temperature. Sections were then washed 

in PBS-T (three buffer changes, 5 min each) counterstained with DAPI (Vector 

Laboratories, USA) and mounted with Vectashield® (Vector Laboratories, USA) for 

examination with a Zeiss LSM 150 MetaLaser confocal microscope (Carl Zeiss, 

Germany). 
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2.2.13. Preparation of BCRP/ABCG2 short hairpin RNA 
(shRNA) constructs for stable transfection 

 
A specific sequence targeting BCRP/ABCG2 within exon 7 (Genbank accession 

number: NM_004827) was used for shRNA preparation  

sense: 5’-AAGATGATTGTTCGTCCCTGCT-3’ 

antisense: 5’-AAGCAGGGACGAACAATCATCT-3’ 

 This sequence has previously been shown to efficiently and specifically knock 

down BCRP/ABCG2 gene expression in BeWo cells [169]. Oligonucleotides, 

synthesized by Invitrogen NZ Ltd (Auckland, NZ), were annealed and ligated into 

pRNAT-CMV3.1/Hygro vector (Fig. 2-2) using Afl2 and BamH1 enzymes according 

to the manufacturer’s protocol.  

 

Figure 2-2. pRNAT-CMV3.1/Hygro map  

In this vector, CMV promoter drives the expression of shRNA, and SV40 promoter 

drives the expression of the resistance gene. shRNA cassettes can be easily inserted into the 

vectors between BamH I and Afl II sites. shRNA sequence can be confirmed by DNA 

sequencing using Reverse Sequencing Primer DA0012 (5’-TAGAAGGCACAGTCGAGG-3’) 

This vector also carries cGFP (coral GFP) for convenient tracking of transfection efficiency. 
89 
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2.2.14. Bacterial transformation for specific gene expression 
plasmids 

 
The cloned plasmid for the expression of a specific gene was amplified by 

transforming it into a DH5α™ strain of Escherichia coli (E. coli) (Invitrogen, Carlsbad, 

CA, USA). DH5α™ bacteria were mixed with the plasmids and incubated on ice for 30 

min. Bacteria were subsequently heat shocked briefly for 2 min by incubating in a 42°C 

water bath (Grant Instruments Ltd., Cambridge, UK) to allow the uptake of plasmids, 

followed by instant cooling on ice for other 5 min. Luria-Bertani (LB) broth (0.5 ml) 

was added to each tube and incubated in the 37°C incubator (Sanyo Electric Co. Ltd., 

Japan) for 45 min. Bacteria were then spread on a petri dish with a layer of solidified 

LB Agar. Due to the presence of a specific cassette inside the cloned plasmid 

(ampicillin in pRNAT-CMV3.1/Hygro), transformed bacteria were resistant to the 

corresponding antibiotic utilised as a selectable marker for positively transformed 

colonies. After bacterial plates had been incubated in the 37°C incubator for 16 h, a 

single colony from each petri dish was picked up and placed in 400 ml of LB Broth 

containing a specific concentration of selective antibiotic (100 μg/ml ampicillin was 

used in culture of bacteria transformed with pRNAT-CMV3.1/Hygro plasmids). The 

growth of cultures were performed at 37°C with vigorous shaking (250 rpm) in a 

Bioline® automatic incubator shaker (Edwards Instrument Co., Narellan, Australia) for 

further 15 h. 

 
2.2.15. Plasmid DNA Purification 

 
Following culture (37°C) in antibiotic-supplied LB Broth, extraction and 

purification of plasmid DNA from transformed DH5α™ bacteria was performed 

utilizing a QIAGEN® Plasmid Maxi Kit (Qiagen, Hilden, Germany). The bacterial cells 

were harvested by centrifugation at 1000 x g for 10 min at 4 ºC using a Multifuge 3S-R 
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centrifuge (Kendro Laboratory Products, Sorvall-Heraeus, Germany). The pellet was 

re-suspended in 10 ml Buffer P1 by vortexing, which was followed by adding 10 ml of 

Buffer P2, and mixing thoroughly by gently inverting 4-6 times. After a 5-min further 

incubation at room temperature (RT), 10 ml of chilled Buffer P3 was immediately 

mixed with the sample and incubated on ice for 20 min. The compound solution was re-

mixed by several gentle invertions and centrifuged at 8500 x g for 75 min at 4ºC. The 

supernatant containing plasmid DNA was removed and centrifuged again at 8500 x g 

for 40 min at 4 ºC. In order to improve the level of purification, this step was repeated. 

During this period, 10 ml of Buffer QBT was applied to equilibrate the QIAGEN-tip 

500 column and the DNA- containing supernatant was loaded onto the processed 

QIAGEN-tip 500. The majority of contaminants were removed by allowing 30 ml of 

Buffer QC to move through the QIAGEN-tip after further washing with another 30 ml 

of Buffer QC, plasmid DNA was eluted with 15 ml of Buffer QF. Isopropanol (10.5 ml) 

was mixed with the eluate at RT then centrifuged at 8500 x g for 55 min at 4ºC to 

precipitate the DNA. The DNA pellet was washed with 5 mL of 70% ethanol at RT and 

then re-precipitated by centrifuging at 8500 x g for 20 min. The supernatant was 

carefully decanted and the pellet allowed to air dry before being redissolved in a 

suitable volume (50-100 μl) of MilliQ water. DNA was stored at -20ºC. The shRNA 

inserts of several plasmids were sequenced to confirm correct nucleotide sequence prior 

to experimentation.  

 
2.2.16. Stable transfection of BeWo cells 

 
BeWo cells purchased from American Type Culture Collection were cultured in 

6 well plates and after reaching 50-70% confluence were transfected with the pRNAT-

CMV3.1/Hygro-BCRP/ABCG2 shRNA construct with lipofectamine reagent as 

described below according to the manufacturer’s protocol. A vector containing a 
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scrambled siRNA sequence was used as a negative control. In brief, 1 μg plasmid and 

10 μl of transfection reagent were added to 200 μl of DMEM without serum. After 

incubation for 20 min at room temperature, another 600 μl of serum free DMEM was 

added to give a total volume of 800 μl. Growth medium was then removed from the 

cells, and the transfection mix added and incubated overnight. The following day 

culture medium with 20% serum was added to the cells without removing the 

transfection mixture, and 72 h later, hygromycin selection initiated. BeWo clones stably 

expressing integrated plasmids were established after selection in hygromycin (50 

μg/ml) for at least 15 days. 

 
2.2.17. Transient transfection using BCRP/ABCG2 antisense 

oligonucleotides 
 

Three different StealthTM BCRP/ABCG2 siRNA duplexes, designed and 

synthesised by Invitrogen (San Diego, USA), were used for transient inhibition of 

BCRP/ABCG2 gene expression in BeWo cells (Table 2-3). BeWo cells (5-10,000/well 

in 96 well plates, 50,000/well in 24-well plates) were transfected using lipofectamine 

RNAi MAX transfection reagent as outlined below, according to the reverse 

transfection protocol provided by the manufacturer. For validation experiments, 

different final concentrations of duplexes were applied ranging from 1 to 50 nM. 

Lipofectamine RNAi MAX reagent was used at concentrations from 0.5 – 1.5 μl per 

well in 24 well plates; 0.1, 0.2, 0.3 μl per well in 96 well plates. For the effects of 

BCRP silencing, all three StealthTM BCRP/ABCG2 siRNA were combined in equal 

proportions at a final concentration 20 nM (shown to be as efficient as 50 nM). 

Transfection employed 1 μl per well in 24 well plate or 0.2 μl per well in 96 well plates 

of Lipofectamine RNAi MAX reagent, which showed no signs of toxicity in pilot 
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experiments. As a control, cells were transfected with an equivalent amount of 

StealthTM scrambled siRNA duplexes with the same GC content.  

 

Table 2-3. StealthTM BCRP siRNA duplexes used for transient BCRP silencing 

Sequence 1 5’–AUAACCAGCUGAUUCAAAGUAUCCC-3’ 

Sequence 2 5’-  UAAUGAUGUCCAAGAAGAAGUCUGC-3’ 

Sequence 3 5’ - UAAGAUGACACUCUGUAGUAUCCGC-3’ 

 
 
 

2.2.18. Protoporphyrin IX detection 
 

BeWo cells cultured in 24 well plates were harvested with trypsin, resuspended 

in fresh media, and protoporphyrin IX concentration was measured by fluorescence in a 

LSRII flow cytometer (BD Biosciences, Bedford, USA). To induce protoporphyrin IX 

fluorescence, the excitation wavelength was set at 405 nm, and the emission filter at 

695 nm/40 nm [133, 170]. 

 
2.2.19. Substrate accumulation experiments using radioactively 

labelled drugs  
 

[3H] Mitoxantrone accumulation in cultured BeWo cells was measured in 

duplicate in 12-well plates (1 x 106/ cells per well). Cells were cultured for 2 days in 

standard conditions. Prior to the study, cells were washed with PBS; 1 ml of Tyrode 

solution was then added to each well, followed by incubation with test substances (or 

vehicle) for 15-20 min at 37oC. After washing with PBS, fresh Tyrode solution 

containing 20-100 nM of [3H] mitoxantrone (3 Ci/mmol) was added. After incubation 

for 120 min, cells were washed 3 times with ice-cold PBS, lysed with 0.5 ml of 1 M 

NaOH, neutralized with HCl, and radioactivity determined by liquid scintillation 

counting in Liquid Scintillation Analyser TriCarb 2900 TR (PerkinElmer Instruments, 

IL, USA). Substrate accumulation studies (expressed as cpm per µg protein) were 
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carried out on 4 independent passages of cells and the results pooled for collective 

analysis.  

 
2.2.20. Substrate accumulation experiments using fluorescent 

substrates  
 

Substrate efflux activity of cells in monolayer culture was measured by selective 

inhibition of intracellular accumulation of fluorescent MDR/MRP and BCRP/ABCG2 

substrates, calcein AM and Hoechst 33442, respectively. The selective MDR1/ABCB1, 

MRP/ABCC and BCRP/ABCG2 inhibitors used were Pgp-4008 (5 μM), MK-571 (10 

μM) and fumitremorgin C (FTC, 5 μM), respectively. Concentrations used had been 

previously shown to inhibit more than 90% of transporter activity [171-174]. For 

functional studies, trophoblast cells were plated in triplicate in 24-well plates at 5 x 105 

cells per well and incubated for 3 days prior to experimentation. BeWo and Jar cells 

were plated in 24-well plates (2 x 105 cells per well in triplicate) and incubated 1 day 

prior to experimentation. All cells were washed in HEPES-buffered Tyrode’s solution 

and selective blockers were added in the same buffer. After 30 min incubation at 37oC, 

fluorescent substrates were added to final concentrations of 0.4 μM (calcein AM) and 5 

μg/ml (Hoechst 33442). After various incubation times (15-90 min) cells were washed 

three times with cold Tyrode’s solution and lysed in 10 mM Tris-HCl/1% Triton-X 100 

(pH 7.4). Accumulation of fluorescent substrates was measured on a Wallac 

1420/Victor2 fluorescence reader at 485/535 nm for calcein AM and 355/460 nm for 

Hoechst 33442.  

 
2.2.21. Endocytosis rate measurement 

 
BeWo cells were seeded in 6 well plates and cultured at standard conditions for 

2-3 days to reach 70-80% confluency. After treatments with forskolin (see Chapter 9), 
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cells were incubated for 10 min with 5 mg/ml fluorescein-dextran (average molecular 

weight 4000 kDa), gently rinsed, and fixed for 5 min in 2% formaldehyde. Internalised 

fluorescence was observed at 490 nm (absorption)/ 510 nm (emission) using Olympus 

XI-71 inverted fluorescence microscope. 

 
2.2.22. Lipid analysis by mass spectrometry 

 
Ceramide and cholesterol analysis were performed on a Thermo Finnigan TSQ 

Quantum Ultra AM mass spectrometer operating in a multiple reaction monitoring, 

positive ionization mode. Ceramides (Fig. 2-3) were extracted following the previously 

described protocol [175]. Briefly, cells were washed twice in PBS, then 1 ml of ice-cold 

methanol with internal standard C16-D31 ceramide (10 ng/ml) was added to each well. 

Cells were scraped, sonicated, and extracted with 3ml methanol/chloroform (2:1 v/v) 

overnight at 48oC. On the next day chloroform (1 ml) and water (2 ml) was added to the 

existing solvent mix, and samples were then centrifuged at 3000 x g for 15 min. The 

lower, organic fraction (approx 1 ml) was then collected and evaporated in glass tubes 

using HetoVac vacuum centrifuge (Heto, Denmark). Residues were then reconstituted 

in 90 μl of methanol/chloroform (25:75), and 8 μl injected into liquid 

chromatography/mass spectrometry system (Table 2-4 and 2-5). Isocratic reverse-

phase chromatography was performed on a Phenomenex Luna 3 μ 50 x 3 mm C18 

column with a 100% methanol mobile phase at a flow rate 800 μl/min. Peaks 

corresponding to the expected elution profiles of the target analytes (Fig. 2-4) and 

internal standards were identified, collected, and processed using Xcalibur software 

system. Quantitative analysis was based on the calibration curves generated with 

known amounts of synthetic standards. An equal amount of the internal standard was 

used to determine and apply correction for extraction loss. 
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A.

B.
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D.

E.

F.

A.
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C.

D.

E.

F.

Figure 2-4. Specific peaks reflecting internal standard (C16-D31) and tested 

ceramides species (B) C16; (C) C18; (E) C20 and (F) C24 ceramide elution time 

Line (A) shows specific peaks for all tested ceramides. Line (D) represents a specific 

peak corresponding to the internal standard (C16-D31 ceramide). 
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The target analyte/internal standard peak area ratios were plotted against analyte 

amount/sample to generate the calibration curve. The target analyte/internal standard 

peak area ratios from the samples were similarly normalized to their respective internal 

standards and compared with the calibration curves by a linear regression (Fig. 2-5, 2-

6). Finally, ceramide concentrations were normalised to cholesterol levels in the same 

sample to control for variability in cell number and extraction loses.  

 

Cholesterol
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Figure 2-5. Standard curve for cholesterol generated using the Xcalibur software 

system 
Plot was generated using the Xcalibur software system. Representative plot of one of 3 

independent experiments.  
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Figure 2-6. Standard curves for (A) C16 ceramide, (B) C18 ceramide, (C) C20 ceramide, (D) C24 ceramides 

Plots were generated using the Xcalibur software system. Representative plot of one of 3 independent experiments.  
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Table 2-4. Mass Spectrometry parameters used for ceramide detection 

 
Ion Source Type APCI  "-" 

Auto Peak Width Setting Yes 
Discharge current 4 

Vaporizer Temperature 75 
Sheath Gas Pressure 0 

Ion Sweep Gas Pressure 5 
Capillary Temperature 250 

Capillary Offset 35 
 
Table 2-5.  Collision energy and ion fragment characteristics  
 

Molecule 
Parent 

compound 
mass 

Fragment 
mass 

Collision 
argon 

pressure 

Collision 
energy 

C16 
ceramide 536.5 280.2 1.2 33 

C16 D31 
ceramide 567.7 310.4 1.2 33 

C18 
ceramide 564.5 308.2 1.2 33 

C 20 
ceramide 592.55 336.2 1.2 33 

C24 
ceramide 648.63 392.3 1.2 33 

Cholesterol 369.3 161.1 1.2 23 
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2.3. Statistics 
 

In vitro studies. All studies were performed at least 3 times; descriptive 

statistics were performed for each data set and the data combined for collective 

analysis. Graphs were plotted and data transformed with Microsoft Excel 2003 (San 

Diego, USA). Statistical analysis was performed with Sigmastat software from Systat 

Software Inc (Richmond, USA). Ceramide data were analysed by one-way ANOVA 

with repeated measures. For apoptosis and viability experiments one-way ANOVA was 

applied, followed by Student-Newman-Keul’s test. P < 0.05 was considered to be 

significant.  

FGR study. Rank sum test was used to analyse the significance of differences 

between the clinical characteristics and multiple linear regression analysis was used to 

model the relationship between expression of transporter mRNA and mRNA of 

regulatory gene expression. 

 



Chapter 3. 

102 
 

CHAPTER 3.  ABC DRUG TRANSPORTER 
EXPRESSION AND FUNCTIONAL ACTIVITY IN 
TROPHOBLAST–LIKE CELL LINES AND 
DIFFERENTIATING PRIMARY TROPHOBLAST  
 
3.1. Introduction 
 
 As an organ of exchange, the human placenta expresses a large number of 

transport proteins responsible for active translocation of endogenous substrates and a 

wide spectrum of pharmacological agents. The ABC superfamily of transporters 

appears to be particularly important in this context, being specifically dedicated to 

removal of xenobiotics and toxic endogenous metabolites from the fetal organism [7, 

22]. Human placenta expresses several members of the ABC superfamily; of these the 

most effective for drug transfer are MDR1/ABCB1, MRPs 1 and 2/ABCC1 and 2, and 

BCRP/ABCG2 [176-178]. Expression of the MDR1 homolog MDR3/ABCB4 has been 

reported in the placenta recently [168], although other authors have failed to detect 

MDR3/ABCB4 mRNA expression in term placenta [176]. There is nothing known of 

MDR3/ABCB4 protein expression, function or activity, and its cellular localization 

within the placenta.  

 Choriocarcinoma Jar and BeWo cells express several ABC transporters and 

have been used as models for studying active drug transport in placenta [59, 177]. 

However, their suitability for this purpose remains questionable and their similarities 

and differences relative to primary trophoblast cell types have not been evaluated. 

Expression of MDR1/ABCB1 has been reported in BeWo cells by several authors and 

the cell line has been used for analysis of transplacental transfer of MDR substrates [59, 

177]. On the other hand, other investigators have failed to detected expression of the 
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transporter both at mRNA and protein level in these cells [178]. No quantitative studies 

on protein expression and functional activity of MDR1/ABCB1, BCRP/ABCG2 and 

MRPs/ABCCs have been published in primary trophoblast compared to the carcinoma 

cell lines.  

 In contrast to the commonly used cell lines, cytotrophoblasts do not proliferate 

in vitro, but undergo cellular differentiation and fusion, changing their expression 

profile during this process. Recently, marked elevation of MRP2/ABCC2 mRNA and 

protein expression was demonstrated in cultured trophoblasts with differentiation [179]. 

No published studies have yet investigated the changes in MDR1/ABCB1, 

BCRP/ABCG2 and MRP1/ABCC1 levels during trophoblast differentiation and fusion 

in vitro. The aim of the present study was to investigate and characterize the expression 

and functional activity of BCRP/ABCG2, MDR1/ABCB1, MDR3/ABCB4, 

MRP1/ABCC1 and 2 in trophoblast-like BeWo and Jar cells, together with primary 

cytotrophoblast cultures at different stages of differentiation, and to compare and 

validate their suitability for the analysis of the ABC system function and regulation in 

the placenta. 
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3.2. Results 
 

3.2.1. Comparative levels of transporter gene expression in 

human term placenta, cultured trophoblast, Jar and 

BeWo cells 
 

3.2.1.1. Expression of ABC transporter mRNA 
 

Real time PCR was used to analyse ABC transporter gene expression in total 

RNA extracted from placental tissues, cultured primary trophoblast, Jar and BeWo 

cells. Expression of MDR1/ABCB1, MDR3/ABCB4, MRP1/ABCC1, MRP2/ABCC2, 

and BCRP/ABCG2 was detected by real-time PCR in all cell/tissue types. 

MDR1/ABCB1 expression showed the greatest dynamic range between cell types. 

Relative expression was highest in placenta and primary trophoblast, almost 200- and 

1,000-fold greater than in Jar and BeWo cells, respectively (Fig. 3-1A). Levels of 

MDR3/ABCB4 gene expression were higher than MDR1/ABCB1 in all cell types, with 

significantly less variation between primary tissues and cell lines (Fig. 3-1B). 

BCRP/ABCG2 expression was also abundant in all samples, being greatest in BeWo 

cells and lowest in the placenta (Fig. 3-1C). MRP1/ABCC1 expression was also highest 

in BeWo cells, almost twofold greater than in Jar cells, primary trophoblast, and total 

placenta (Fig. 3-1D). MRP2/ABCC2 mRNA was highly expressed in all samples; 

however, in contrast to MRP1/ABCC1, expression of MRP2/ABCC2 was lowest in 

BeWo cells (Fig. 3-1E).  
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Figure 3-1. Relative expression (mean ± SD, n = 4) of MDR1/ABCB1 (A), 

MDR3/ABCB4 (B), BCRP/ABCG2 (C), MRP1/ABCC1 (D) and MRP2/ABCC2 (E) 

mRNA in BeWo, Jar, primary trophoblast (Troph) and whole placenta (Pl)  

For quantitative analysis of gene expression, the comparative Ct method for relative 

quantification (2-ΔΔCt) was applied. Expression of the target genes was normalized to the level 

of 18s rRNA and relative to a calibrator (sample with lowest expression).  For statistical 

analysis one-way ANOVA was used, followed by Student-Newman-Keuls test. *P<0.05, ** 

P<0.01, *** P<0.001.  
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To confirm placental MDR3/ABCB4 mRNA expression as indicated by PCR 

analysis using primer sequence A, PCR was performed on placental cDNA (pooled 

cDNA from term and preterm placentas, n=10) using two additional primer sequences 

(Table 3-1); human liver cDNA (pooled from n=3 samples) was used as a positive 

control. All primers detected MDR3/ABCB4 mRNA expression in placental and liver 

samples (Fig. 3-2). However, the three different primer sequences generated dissimilar 

levels of amplification of MDR3/ABCB4 from placenta, while no significant difference 

in amplification was observed using cDNA from the human liver (Fig. 3-2).  

 

Table 3-1. Gene-specific PCR primers used for MDR3/ABCB4 amplification trials   

MDR3/ABCB4 
primers Forward Reverse Source 

A ATCGAGACGTTACCCCACAA CATTCTGGATGGTGGACAGG [180] 

B TGATGTGGAAACCGATGGACT CATCATCGCCTGGTCCAAA [181] 

C GCTGTGTCAGGAATTGTTGA TCGAAAACAACCGGCATAGG [176] 
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Figure 3-2. Relative expression of MDR3/ABCB4 in human placenta vs liver 

For quantitative analysis of gene expression, the comparative Ct method for relative 

quantification (2-DDCt) was applied. For PCR amplification of MDR3/ABCB4, three different 

primer sets (Table 3-1) were applied at a final concentration 200 nM. Equal amounts of cDNA 

and similar PCR conditions were used. Expression of the target gene was normalized to the 

expression levels of GAPDH mRNA. Primer set A was used for MDR3/ABCB4 amplification 

in all expression and regulatory experiments presented in chapters 3 and 5 respectively. 
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3.2.1.2. Expression of ABC transporter proteins 

 
Protein expression in purified membranes extracted from BeWo, Jar, and 

primary trophoblasts after 72 h of incubation was analyzed by immunoblotting using 

specific anti-ABC transporter antibodies. Expression of P-gp (MDR1/ABCB1) protein 

was readily detectible in trophoblast cells, more so than in Jar cells, whereas in BeWo 

cells it was barely detectible (Fig. 3-3A). Using an MDR3/ABCB4 specific antibody, 

MDR3/ABCB4 protein expression was demonstrated in both choriocarcinoma cell lines 

and cultured trophoblasts (Fig. 3-3B). MDR3/ABCB4 protein expression was lower in 

BeWo and Jar cells compared to cytotrophoblast cells, which differed from the mRNA 

expression pattern. BCRP/ABCG2 protein was highly expressed in all cell types (Fig. 

3-3C) and was most abundant in BeWo cell extracts, consistent with its mRNA 

expression. MRP1/ABCC1 protein was readily detectible in both cell lines, but was 

present in much lower amounts in trophoblasts (Fig. 3-3D). In contrast to its abundant 

expression at the level of mRNA, MRP2/ABCC2 protein was undetectable in BeWo 

and Jar cells and was present only at very low levels in cultured trophoblasts (Fig. 3-

3E). 

 
3.2.1.3. Functional studies 

 
In BeWo cells, the selective MDR1/ABCB1 inhibitor Pgp-4008 significantly 

increased accumulation of calcein-AM (a fluorescent MDR1 substrate) over the 

duration of the experiment (Fig. 3-4). Functional activity of MDR1/ABCB1 was also 

clearly present in Jar cells and trophoblast, with about a 40% increase in calcein-AM 

accumulation after 60 min incubation in the presence of Pgp-4008 (P<0.05). Enhanced 

accumulation of calcein-AM (also a substrate for MRP1/ABCC1) was clearly detectible 

in BeWo and Jar cells in the presence of the MRP inhibitor MK-571 (P<0.05). In good 
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agreement with the immunoblotting data, MK-571 had practically no effect on calcein-

AM accumulation in primary trophoblast cells. Accumulation of the BCRP/ABCG2 

substrate Hoechst 33342 was significantly higher in BeWo, Jar, and trophoblast cells in 

the presence of BCRP/ABCG2 selective blocker fumitremorgin C (P<0.05; Fig. 3-4). 
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Figure 3-3. Protein expression (mean ± SD, n = 4) of ATP-binding cassette (ABC) 

proteins in BeWo, Jar, and primary trophoblasts as determined by 

immunoblotting using specific antibodies 

CaCo2 cells (E) were used as a positive control for detection of MRP2/ABCC2. For 

statistical analysis, 1-way ANOVA was applied, followed by the Student-Newman-Keul’s test. 

*P < 0.05, **P< 0.01, and ***P< 0.001. 
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Figure 3-4. Functional expression of MDR1/3, MRPs and BCRP/ABCG2 in BeWo, 

Jar and primary trophoblast 

Drug efflux activity was measured by selective inhibition of intracellular accumulation 

of fluorescent MDR/MRP and BCRP/ABCG2 substrates, calcein AM and Hoechst 33442, 

respectively. The selective MDR, MRP and BCRP/ABCG2 inhibitors used were Pgp-4008 (5 

μM), MK-571 (10 μM) and fumitremorgin C (FTC, 5 μM), respectively. Statistical significance 

was assessed by two-way ANOVA with repeated measures. Mean ± SD, n = 4; *P<0.05 was 

considered to be significant. 
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3.2.2. Influence of trophoblast differentiation on ABC 
transporter expression 

 
 Term cytotrophoblast cells differentiated between days 1 and 3 of culture, and 

formed multinucleated syncytium by day 5 (Fig. 3-5, 3-6). The effect of trophoblast 

differentiation on expression of ABC transporters was assessed by determining their 

expression levels (mRNA and protein in total cell lysates) at 24, 72 and 120 h of 

incubation. Trophoblast MDR1/ABCB1 and MDR3/ABCB4 mRNA levels at 120 h of 

incubation decreased by more than 60 % (P<0.05), relative to those at 24 h (Fig. 3-7A 

and B). In contrast, levels of BCRP/ABCG2 mRNA increased during in vitro 

differentiation by 4-fold (P<0.001) (Fig. 3-7C). The changes in protein expression with 

differentiation were even more significant. The MDR3/ABCB4 selective antibody 

indicated that MDR3/ABCB4 protein was present in abundance at 24 h, but was 

reduced by ~50% by day 3, and by 80% on day 5 (Fig. 3-8A). Immunoblotting with 

C219 antibody, which detects MDR1/ABCB1 with high affinity/sensitivity and also 

cross reacts with the MDR3/ABCB4 isoform, revealed a more than 40% reduction of 

expression with differentiation (72 h) to almost undetectable levels following 

syncytialization at the 120 h time point (Fig. 3-8B). In contrast, immunodetectable 

BCRP/ABCG2 increased by ~3-fold in abundance with differentiation (Fig. 3-8C). 

Immunoblotting studies indicated very low expression of both MRP transporter 

proteins in all trophoblast samples during differentiating, below the reliable limit of 

quantitation (data not shown). 
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Figure 3-7. Changes in MDR1/ABCB1 (A), MDR3/ABCB4 (B), and BCRP/ABCG2 

(C) mRNA expression with trophoblast differentiation 

Mean ± SD, n = 4. Expression levels were calibrated to the level at 120 h (MDR1 and 

3/ABCB1 and 4) and 24 h (BCRP/ABCG2). For statistical analysis, 1-way ANOVA was 

applied followed by the Student-Newman-Keul’s test. *P < 0.05, **P < 0.01, and ***P < 0.001. 
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Figure 3-8. Changes in MDR3/ABCB4 (A), MDR1/MDR3 (B), and BCRP/ABCG2 

protein expression (C) with trophoblast differentiation 

Expression of MDR3/ABCB4 (Mean ± SD, n = 4) was detected either by anti-

MDR3/ABCB4 specific antibody (P3 II-26) or C219 antibody, which preferentially recognizes 

the MDR1/ABCB1 isoform. *P<0.05, **P<0.01, and ***P <0.001. For statistical analysis, 1-

way ANOVA was applied followed by the Student- Newman-Keul’s test. 
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3.3. Discussion 
 
 In this chapter I have characterized and compared ABC transporter gene and 

protein expression, together with drug efflux activity, in two commonly used 

choriocarcinoma cell lines and primary trophoblast cells in culture. BeWo and Jar cells 

are frequently employed as models of trophoblast biology, and have been used by many 

investigators to study trophoblast transport in vitro [63, 174, 175]. The findings indicate 

that, although these cell lines share some similarity with trophoblast cells with respect 

to their drug efflux capacity, their differences are notable and significant. Thus care 

must be taken, to use these cell models appropriately in light of their limitations. I have 

also shown that ABC expression changes significantly as trophoblasts differentiate in 

culture, likely reflecting the phenotypic differences between cytotrophoblasts and 

syncytialised trophoblast, in addition to other putative functions related to 

regulation/maintenance of cellular viability and differentiation status. Functional 

studies, employing specific inhibitors to achieve selectivity, confirmed the presence of 

efflux capacity attributable to specific ABC transporters (MDR1/ABCB1, 

BCRP/ABCG2 and MRPs/ABCC) in the cell types studied. However, caution must be 

exercised in attempting to compare efflux activity between cell types using these data. 

Significant variations in apparent efflux rates could occur as a result of different factors 

relating to culture conditions and metabolic status, that could render cell-to-cell 

comparisons invalid.  

 MDR1/ABCB1 is believed to be the most pharmacologically active xenobiotic 

efflux pump, and has been localized to the apical surface of the syncytial membrane 

[31]. My findings, at both the mRNA and protein level, indicate that although it is 

present in the placenta, the expression of this transporter is extremely variable across 

the cell types studied. MDR1/ABCB1 expression in BeWo cells in particular was 
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extremely low, consistent with the work of Atkinson et al. [178]. This data highlights 

the inappropriateness of the use of BeWo cells as a model to study placental 

MDR1/ABCB1 activity. In contrast, other authors have reported MDR1/ABCB1 

expression and apparent activity in BeWo cells using classical MDR1/ABCB1 

substrates [59, 177]. The finding that BeWo cells (and the other cells studied) express 

MDR3/ABCB4 protein raises the possibility that the MDR1/ABCB1 activity previously 

reported could reflect some contribution from the MDR3/ABCB4 transporter. Levels of 

MDR1/ABCB1 activity in BeWo, Jar and trophoblast cells were not markedly 

dissimilar. Although it was readily detectible, levels of MDR3/ABCB4 protein 

expression in BeWo cells were significantly lower than in Jar cells, which 

paradoxically had the lowest level of MDR3/ABCB4 mRNA expression. Levels of 

MDR1/ABCB1 activity in BeWo, Jar and trophoblast cells were not markedly 

dissimilar. This discrepancy suggest that translational regulation plays an important role 

in determining functional MDR3/ABCB4 expression, and are a salient reminder of the 

importance of confirming mRNA expression data with appropriate protein/activity 

studies.  

 MDR3/ABCB4 has been reported to have a more restricted drug transport 

profile than MDR1/ABCB1, being mainly involved in the efflux of phosphatidylcholine 

from cells [28, 169]. However, several MDR1/ABCB4 substrates, such as digoxin and 

vinblastine, have been shown to be substrates for this transporter [161], and it may 

prove to be more active in this regard than originally perceived. To the best of my 

knowledge, calcein AM has not been tested as a MDR3/ABCB4 substrate, and no direct 

studies have examined Pgp-4008 inhibition of MDR3/ABCB4 activity, although 

archetypal MDR1/ABCB1 blockers cyclosporine A, PSC 833, and verapamil do inhibit 

MDR3/ABCB4 activity [160]. It is, therefore, not possible to conclude with absolute 
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confidence that the Pgp-4008-mediated effects on calcein AM accumulation that we 

observed represents evidence of MDR3/ABCB4 activity in BeWo cells, although it 

remains a likely and plausible explanation for our findings.  

Although MDR3/ABCB4 is generally considered a liver-specific transporter, its 

expression in human term and preterm placenta has recently been described, with levels 

apparently increasing towards term [181, 182]. Interestingly, this expression profile is 

opposite to MDR1/ABCB1, the abundance of which decreases as pregnancy progresses 

[21, 27]. However, in contrast to these studies, other authors have failed to detect 

MDR3/ABCB4 mRNA expression in term placenta [176]. Using the same primer 

sequences described in these studies [176, 181] in addition to our own primers, 

MDR3/ABCB4 mRNA expression was readily detectable in pooled placental RNA, 

although there were marked differences in the Ct values obtained in a pilot experiment, 

raising the possibility that the various primers were amplifying differing transcripts. No 

such differences occurred when the same primer sets were used to amplify 

MDR3/ABCB4 from human liver cDNA. These interesting data suggest that the 

MDR3/ABCB4 mRNA transcript may differ in terms of sequence or structure between 

liver and placenta, although further studies are needed to investigate and confirm these 

observations.  

Unexpectedly, the immunoreactive MDR3/ABCB4 was identified 

predominantly in the basolateral membrane of the syncytium of the term placenta (see 

Chapter 4), in contrast to the apical orientation of MDR1/ABCB1. Therefore, 

MDR3/ABCB4 presumably mediates the vectorial transport of substrates towards the 

fetus, rather than out of the fetus/placenta as brought about by MDR1/ABCB1. This is a 

novel finding that may have important clinical implications with respect to placental 

drug efflux. 
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BCRP/ABCG2 expression was found at very high levels in all three placental 

cell types studied, consistent with the placenta being identified as a major site of 

expression of this transporter. Levels of activity appeared to be relatively similar in cell 

lines and primary trophoblasts, although BeWo cells expressed considerably higher 

levels of BCRP/ABCG2 mRNA and protein. The reasons for this are not known. The 

roles and natural substrates for this transporter in the human placenta have not yet been 

conclusively identified. Studies in animal models have suggested that BCRP/ABCG2 

may contribute to the placenta’s ability to reduce fetal-to-maternal drug passage [22]. 

Recently, BCRP/ABCG2 has been reported to confer resistance to hypoxia via removal 

of toxic products of heme metabolism from cytoplasm [133], a function that may be 

important for trophoblast survival in some pregnancy complications.  

 Very low levels of expression and minimal functional activity of MRP1/ABCC1 

were detected in trophoblast, while BeWo and Jar cells both had considerable 

expression and activity. The functional significance of MRP1/ABCC1 in human 

placenta remains unclear, although several authors have found this transporter in the 

basal syncytiotrophoblast membrane and the luminal membrane of fetal endothelium, 

suggesting maternal-to-fetal vectorial transport [31, 171]. Since MRP1/ABCC1 is 

expressed not only in placental trophoblast but also in placental endothelium [183], the 

use of trophoblast-like cell lines to study MRP function in the placenta must be 

undertaken with caution, particularly in light of the much greater levels of expression 

and activity identified in Jar and BeWo cells. 

 In contrast to MRP1/ABCC1, MRP2/ABCC2 protein was virtually 

undetectable in both cell lines and present at very low levels in cultured trophoblasts. 

This finding is somewhat at odds with the very high levels of MRP2/ABCC2 gene 

expression detected in all cell types, suggesting the presence of inhibitory processes 
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operating at the level of translation. Expression of MRP2/ABCC2 in the human 

placenta has been reported by several authors in the apical membrane of 

syncytiotrophoblast, and most recently has been shown to be higher in term vs. preterm 

placenta [119, 171]. However, other authors have failed to find this protein in purified 

apical membranes obtained from term placenta and BeWo cells [30], and whether 

MRP2/ABCC2 plays a significant role in the placenta remains unclear. MRP2/ABCC2 

polymorphisms have recently been identified in the human placenta [179] providing a 

potential explanation for the differences in levels of MRP2/ABCC2 expression and 

activity noted in various studies.  

 BeWo and Jar cells proliferate in culture and do not spontaneously fuse, 

whereas term trophoblast cells start to fuse from day 2 in culture and form 

differentiated syncytium by day 4-5. Dramatic changes in MDR1/ABCB1 and 

BCRP/ABCG2 expression with trophoblast maturation were revealed in the present 

work, raising the question as to whether this reflects phenotypic differences between 

cytotrophoblast and syncytiotrophoblast cell types, or whether the transporters actively 

participate in the process of trophoblast differentiation. Certainly, our findings appear 

to be consistent with the higher abundance of MDR1/ABCB1 reported in first trimester 

placenta [21, 27], where the number of non-differentiated cytotrophoblasts cells is far 

greater than at term.  

 The formation of the syncytium entails activation of caspases, loss of the 

asymmetry of the cell membrane, and externalisation of PS very similar to apoptosis 

[172-174]. The structure and composition of the cell membrane is critical for cell 

fusion, differentiation and apoptosis. Recently, sphingolipids such as ceramides and 

their metabolites (lipid mediators of cell differentiation / proliferation / apoptosis) have 

been shown to be substrates for ABC transporters, in particular for MDR1/ABCB1. 
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MDR1/ABCB1 and BCRP/ABCG2 have also been shown to maintain asymmetry of 

lipid bilayers by intra-membrane translocation of lipid molecules, including SM and PS 

[140, 141, 176]. It is tempting to speculate that ABC transporters may be actively 

involved in the process of trophoblast differentiation, regulating intracellular levels of 

phospholipids, and mediating changes in lipid composition of membrane during cell 

fusion. This possibility is tested in Chapters 6 and 8. It remains unclear why expression 

of both MDR1/ABCB4 and MDR3/ABCB4 should decline so dramatically with 

trophoblast fusion, since this is a trend that is directly opposite to the pattern of the 

other ABC transporters studied (increased expression with trophoblast maturation). 

Perhaps this phenomenon reflects the requirement for high levels of MDR1/ABCB1 

expression early in gestation, when the fetus is at its most vulnerable, and when 

trophoblast differentiation is not complete. 

 In summary, the data presented in this chapter highlight both similarities and 

differences in ABC efflux pump expression and activity in primary trophoblasts and 

trophoblast-like cell lines, suggesting that BeWo and Jar cells have restricted usefulness 

as models of trophoblast drug transport. BeWo cells demonstrate an expression pattern 

similar to the syncytiotrophoblast in vitro, while Jar cells are more similar to the non-

differentiated cytotrophoblasts. All cell types studied showed evidence of functional 

expression of MDR1/ABCB1 and BCRP/ABCG2, while MRP1/ABCC1 and 2 protein 

expression was very low throughout, and MRP activity was detected only in the cell 

lines. Importantly, we also demonstrated that the MDR3/ABCB4 isoform is highly 

expressed in the placenta and cultured trophoblasts/cell lines. Intriguingly, its 

orientation suggests it effluxes in the opposite direction to MDR1/ABCB1. The changes 

observed in MDR1/ABCB1 and BCRP/ABCG2 expression with cellular fusion and 

syncytialisation, which may reflect either phenotypic changes or functional roles in cell 
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differentiation, are consistent with gestational age-related changes reported for these 

transporters [21, 27]. 
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CHAPTER 4.  LOCALIZATION OF ABC DRUG 
TRANSPORTERS IN HUMAN TERM PLACENTA 
 
4.1. Introduction 
 

The placental barrier separates the fetal and maternal circulation and provides a 

selective exchange of nutrients and metabolites between these two systems. It comprises  

the trophoblast epithelium and basement membrane, placental stroma, and the 

endotheliocytes of fetal capillaries [184]. In the third trimester, the thickness of the 

barrier within endothelium-capillary membranes can be as low as 2 μm [184]. 

Theoretically, there are four potential membranes for location of specific carrier 

molecules in this system: apical and basolateral membrane of the trophoblast and the 

same membranes in the endotheliocytes. Apical efflux carriers in the trophoblast and 

basolateral transporters located in the endothelium will presumably pump their 

substrates from fetus to mother. This direction will be ideal for feto-protection if the 

substrates are toxic compounds. In contrast, basolateral transporters in the trophoblast 

and luminal transporters in the endothelial cells will tend to concentrate their substrates 

in the fetal circulation and therefore are unlikely to be dedicated to feto-protection but 

rather to nutrient transport from mother to fetus. A third possibility/interpretation is that 

the transporters may be primarily involved in reducing xenobiotic accumulation in the 

placenta, irrespective of direction of efflux. 

As was previously mentioned, there are four major ABC transporters: 

MDR1/ABCB1, BCRP/ABCG2 and MRP1/ABCC1 and MRP2/ABCC2 implicated in 

drug transfer in normal and malignant tissues [14, 146]. Although all of them have been 

intensively investigated in the human placenta [119, 176-178], several questions are still 

unclear and require further investigation. There is growing evidence that the “classic’ 

unidirectional model is unlikely to be applicable to the placental barrier since some 
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pumps were found on the both sides of the placental barrier. At least two “classic” drug 

transporters MRP1/ABCC1 and BCRP/ABCG2 have been reported in both apical and 

basolateral membranes of the trophoblast or luminal membranes of the fetal capillaries, 

suggesting bidirectional efflux of the substrates from placental tissues [31, 180]. 

However, it should be appreciated that the vast majority of immunohistochemical 

studies published so far were carried out with primary antibodies with a possibility of 

cross-reaction with other members of the ABC superfamily or other proteins [176, 183]. 

For example, Sun et al. used a mouse anti-human MDR1/ABCB1 monoclonal antibody 

(G-1; Santa Cruz, Santa Cruz, CA) for detection of MDR1/ABCB1 in term placenta and 

found it to both sides of syncytiotrophoblast [176]. However, the cross-reactivity of this 

antibody with the MDR1/ABCB1 homologue, MDR3/ABCB4, was not taken into 

account in this study. At the same time, as discussed in the previous chapter, others 

found high levels of MDR3/ABCB4 mRNA expression in the term placenta [182]. The 

expression of BCRP/ABCG2 was previously reported in the trophoblast layer, but more 

recent studies have indicated the transporter is also expressed in the fetal capillaries. 

Collectively, these data suggest the importance of further analysis of the ABC 

transporter expression in the placenta with specific primary antibodies to reduce cross-

reactivity and apply highly sensitive confocal microscopy to avoid optical artefacts. In 

this chapter, the immunolocalisation of five ABC transporters in human term placenta is 

presented: MDR1/ABCB1, MDR3/ABCB4, MRP1/ABCC1, MRP2/ABCC2 and 

BCRP/ABCG2. 
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4.2.4. MDR3/ABCB4 
 
 As shown on Fig. 4-3A and B, localization of MDR3/ABCB4 protein was 

detected after immunofluorescence at the basolateral side of trophoblast layer using the 

anti-MDR3/ABCB4 specific primary antibody (P3 II-26). In some villi we observed 

specific staining in cytoplasm of a single trophoblast nuclei or groups of nuclei (Fig. 4-

3C). Mesenchymal cells of the trophoblast villi, presumably endothelial cells, also 

showed clear immunostaining compared to the negative control, which was essentially 

unstained (Fig. 4-3D & E).  

 
 
Figure 4-3. Immunofluorescent localisation of MDR3/ABCB4 in human placenta 

Cryostat sections were incubated with (A,B,C), or without (D,E) anti-MDR3/ABCB4 

selective primary antibody, followed by Cy3-labeled (red) secondary antibody. Red signal 

represents MDR3/ABCB4 immunofluorescence staining. Sections were mounted with 

Vectashield® and counterstained with DAPI (blue staining of nuclei). Arrows on panel A and B 

represent MDR3/ABCB4 located predominantly at the basolateral side of syncytiotrophoblast 

and endothelial cells of placental vessels. Arrows on panel C shows cytoplasmic staining in 

local zones of syncytiotrophoblast. X: times magnification. 
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4.3. Discussion 
 

This study identified the localisation of all the major ABC transporters in the 

human term placenta. Immunoreactive MDR3/ABCB4 was identified predominantly in 

the basolateral membrane of the syncytium of the term placenta, in contrast to the 

apical orientation of MDR1/ABCB1. Therefore, MDR3/ABCB4 presumably mediates 

the vectorial transport of substrates towards the fetus, rather than out of the 

fetus/placenta as mediated by MDR1/ABCB1. This novel finding may have important 

clinical implications with respect to placental drug efflux. Further studies are needed to 

address the physiological role of MDR3/ABCB4 in placenta, although this function 

may be more significant in 3rd trimester since levels of the transporter increase 

dramatically compared with the first trimester [167]. Knockout of MDR3/ABCB4 in 

mice or genetic abnormalities of MDR3/ABCB4 in humans lead to severe cholestasis 

induced by reduced phosphatidylcholine efflux from hepatocytes to bile [185]. It is 

likely, therefore, that MDR3/ABCB4 may play an important role in the transport of 

lipids to the fetus.  

  We found that BCRP/ABCG2 and MDR1/ABCB1 proteins are expressed not 

only on apical membrane of syncytiotrophoblast, but also luminal membrane of 

placental endotheliocytes. This localisation pattern appears to contradict the traditional 

view on the ABC transporters protecting fetus against xenotoxins circulating in the 

maternal blood. For example, BCRP/ABCG2 and MDR1/ABCB1 were thought to be 

critical for fetal protection, based on the high level of expression in the apical 

membrane of syncytiotrophoblasts, and their function as xenobiotic efflux pumps [22]. 

However a recent study has shown that BCRP/ABCG2 is capable of concentrating 

toxins in breast milk, thus highlighting apparently dissimilar function in a different 

organ [26].  
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Apart from their role in xenobiotic transport, BCRP/ABCG2, MDR1/ABCB1 

and MRP1/ABCC1 can also transport a wide range of physiological substrates including 

sphingolipids, eicosanoids (prostaglandins and leukotrienes), steroid conjugates 

(estrogen sulphates and glucuronides), and metabolic regulators and by-products 

(reduced glutathione, folates, bilirubin and bile salts) [126, 127, 172-174]. This 

substrate flexibility implicates these pumps in various homeostatic and cytoprotective 

functions independent of xenobiotic efflux, alluding to what might be their major role in 

the placenta. The placenta is also known to be highly enriched in stem cells essential for 

its normal growth and function even in the 3rd trimester of pregnancy. Both 

BCRP/ABCG2 and MDR1/ABCB1 are highly expressed in stem cells isolated from 

different tissues [186, 187], where they play a cytoprotective role [188], suggesting the 

intriguing possibility that, as for other stem cells, the ABC proteins such as 

BCRP/ABCG2 may have important functions in maintaining aspects of placental stem 

cell differentiation, viability and pluripotency. This hypothesis will be further explored 

in Chapters 6 - 8. 

Confocal laser microscopy showed MRP1/ABCC1 localisation primarily on the 

basolateral surface of the trophoblastic epithelium, although significant apical staining 

was also present. The predominantly basolateral expression of MRP1/ABCC1 is in 

agreement with its localisation in the blood-cerebral spinal fluid-barrier (choroid plexus) 

and the blood-testis-barrier, while apical MRP1/ABCC1 expression has been reported in 

the blood-brain-barrier [146]. Studies perfomed in this laboratory have also described 

MRP1/ABCC1 localisation on apical and basolateral surfaces in the amniotic epithelial 

cells [189]. Based on the dual expression of MRP1/ABCC1 in syncytiotrophoblasts, 

MRP1/ABCC1 may have a cytoprotective function preventing the accumulation of 

xenobiotics inside cells, rather than participating in the barrier function of the placenta.  
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 MRP2/ABCC2 immunofluorescence has also been reported in the apical 

membrane of the amnion epithelium, consistent with its site of expression in other 

tissues such as placenta, liver, kidneys, intestine and brain [146]. The apical expression 

in the syncytiotrophoblast suggests that it may have a significant role in the transfer of 

compounds into maternal blood and may reduce fetal exposure to drugs, although the 

biological significance of MRP2/ABCC2 is debatable given the apparently low level of 

protein detected by immunoblotting as described in Chapter 3.  

Detection of BCRP/ABCG2, MDR1/ABCB1 and MRP1/ABCC1 on the luminal 

membrane of the fetal capillaries challenges the orthodox view that they serve a 

primarily feto-protective role. However, it remains unclear whether antibody-based 

localisation studies completely avoid non-specific effects associated with cross-

reactivity of the primary antibodies. Further studies employing other methods such as in 

situ hybridisation or laser-microdissection of the endothelial cells with subsequent PCR 

analysis of the certain genes will help to exclude the possibility of false positive results. 
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CHAPTER 5.  REGULATION OF ABC 
TRANSPORTER EXPRESSION IN PRIMARY 
TROPHOBLAST 
 
5.1. Introduction 
 

Of the xenobiotic transporters expressed on the maternal facing apical surface of 

the placental syncytiotrophoblast membrane, the most abundant are MDR1/ABCB1, 

also known as P-glycoprotein, and BCRP/ABCG2. These proteins play prominent roles 

in effluxing drugs and toxic metabolites out of the fetoplacental compartment [7, 22]. 

Interestingly, BCRP/ABCG2 is also expressed in endothelial cells lining the fetal 

capillaries [179], suggesting that it may also serve to pump substrates out of the 

placenta and in to the fetal circulation. The two predominantly basolateral (i.e. fetal-

facing) ABC transporters, MDR3/ABCB4 and MRP1/ABCC1 [31, 190], transport their 

substrates from mother to fetus, vectorially opposite to MDR1/ABCB1 and 

BCRP/ABCG2. These transporters are localised to the basement membrane of the 

syncytium and the fetal capillary endothelium [183]. In cases where substrate 

specificity overlaps, net transfer across the placenta will be determined by the balance 

of activity of maternal- and fetal-facing transporters. 

Little is known of the factors that regulate ABC transporter expression and 

activity in the placenta. There is some evidence that their expression changes with 

gestational age, although the data are inconsistent [21, 170, 180]. During trophoblast 

differentiation and syncytialization, BCRP/ABCG2 and MRP1 and 2 /ABCC1 and 2 

expression is significantly increased [30, 119, 167], while MDR1/ABCB1 and 

MDR3/ABCB4 expression is markedly reduced [190]; it is not known, however, 

whether this change in ABC expression profile is a function of differentiation, or 
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whether it is plays an integral part of the differentiation process. Epidermal growth 

factor (EGF), which promotes in vitro trophoblast differentiation and protection from 

apoptosis [190, 191], increases BCRP/ABCG2 expression in primary trophoblasts 

[191], consistent with the increase in BCRP/ABCG2 expression associated with 

syncytialisation. Insulin-like growth factor II (IGF-II) is also known to be a major 

modulator of placental growth and development and is likely to be involved in 

regulation of apoptosis and cell differentiation [192]. However, the effects of IGF-II, 

EGF or other growth factors on placental ABC expression remain undetermined. 

The roles of estrogen and progesterone in the regulation of placental 

BCRP/ABCG2 expression have been investigated, although only in the BeWo 

choriocarcinoma cell model [182, 183]. Both a marked increase and decrease in 

BCRP/ABCG2 expression was reported in response to treatment with 17β-estradiol, 

with progesterone playing a lesser but synergistic role. The effects of steroids on ABC 

transporter expression in primary trophoblast cells have not yet been described. 

I hypothesized that, while steroids and growth factors derived from the placenta 

might be expected to drive placental ABC expression and function, a decline in ABC 

transporter expression might be predicted under pathological conditions in which 

placental function is compromised. Conditions such as placental insufficiency/fetal 

growth restriction, preeclampsia and gestational diabetes are relatively common 

pregnancy disorders in which elevated cytokine concentrations are believed to play a 

role [204-206]. Placental expression of the pro-inflammatory cytokine TNF-α ����is 

elevated in preeclampsia and gestational diabetes [149, 193]. Some studies have also 

found elevated IL-1β and IL-6 expression with preeclampsia [194]. Microbial 

inflammatory activation is also associated with increased placental cytokine expression 

[195]. The effects of cytokines on human placental ABC transporter expression have 
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not been studied to date, although findings from other tissues [155] and animal models 

[196] would suggest that TNF-α, IL-1β and IL-6 may decrease the expression of 

MDR1/ABCB1, while IL-6 may stimulate MRP1/ABCC1 expression. There is 

insufficient data to base any prediction of the effects of cytokines on MDR3/ABCB4 

and BCRP/ABCG2 expression. 

The present study, therefore, was carried out to establish the effects of steroids 

(estradiol and progesterone), growth factors (EGF and IGF-II) and cytokines (TNF-α, 

IL-1β and IL-6) on the transcriptional regulation of mRNA and protein expression of 

MDR1/ABCB1, MDR3/ABCB4, BCRP/ABCG2 and MRP1/ABCC1 in primary 

trophoblast cells in monolayer culture. Functional studies were also carried out to 

support the physiological/pharmacological interpretation of the most significant 

findings of the expression studies. 
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5.2. Regulatory compounds tested in this study 
 

     Trophoblast cells cultured in M199 supplemented with 10% charcoal-stripped 

FCS were exposed to test regulators at concentrations as follows: TNF-α (20 ng/ml), 

IL-1β (2 ng/ml), IL-6 (20 ng/ml), EGF (10 ng/ml), IGF-II (25 ng/ml), estradiol (100 

nM), and P4 (100 nM). With the exception of TNF-α, these concentrations were 

selected to achieve levels that approximate maximal physiological concentrations 

reported in either peripheral or extracellular fluids [155, 197-201]. With respect to TNF-

α, because of its potential to induce trophoblast apoptotic death, 20 ng/ml was selected 

for these studies, representing the maximal concentration that could be used without 

exerting significant (< 10%) loss of viability (as assessed by MTT assay) over 48 h of 

treatment. None of the other test agents had any effects on cell viability. Effects of 

regulators on mRNA expression were tested at 12 h, the time point at which both 

inhibition and stimulation of mRNA expression could be clearly and consistently 

observed (data from pilot experiments). Protein levels were measured after 48-h 

exposure to test treatments. This relatively extended time point was selected because of 

the long half-life (14–17 h) of transporter proteins [202]; incubation for shorter time 

periods (24 h) was not sufficient to detect reductions in transporter protein expression, 

although stimulation of expression was observable. Because spontaneous trophoblast 

fusion and differentiation (syncytialization) took place during culture, the results 

obtained represent changes in protein expression and function additional to those caused 

by responses to differentiation. 
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5.3. Results 
 

5.3.1. Expression studies 
 

5.3.1.1. Effects of pro-inflammatory cytokines 
 

The most significant changes in the ABC transporter mRNA expression 

occurred after 12h exposure to test treatments. At this time point, MDR1/ABCB1 

mRNA expression was inhibited by TNF-α and IL-1β by almost 45% (P<0.05) (Fig. 5-

1). Expression of BCRP/ABCG2 mRNA was also markedly and consistently (>40%) 

down regulated by TNF-α and IL-1β (P<0.05), whereas exposure to IL-6 had little 

effect on the expression of the apical transporters.  

 

0

50

100

150

200

250

300

BCRP MDR1 MDR3 MRP1

R
el

at
iv

e 
ex

pr
es

si
on

 a
s 

%
 c

on
tr

ol
(m

ea
n 

+/
- S

D
)

**

*
* *

* *

TNF-α (20 ng/ml)

IL-1β (2 ng/ml) 
IL-6 (20 ng/ml)

Figure 5-1. Relative expression of ABC transporter mRNA in primary trophoblast 

after 12 h exposure to pro-inflammatory cytokines, as determined by real-time 

PCR  

Expression of target genes was normalized to the level of 18s rRNA and expressed as a 

percentage of control (mean ± SD, n = 5). For statistical analysis one-way ANOVA was used, 

followed by Student-Newman-Keuls test. # P<0.05. 
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Figure 5-2. Immunoblotting analysis of protein expression (mean ± SD, n = 5) of 

ABC proteins in primary trophoblast after 48 h exposure to pro-inflammatory 

cytokines  

A, representative series of blots; B, average band intensity (n = 5 experiments), 

normalized to β-actin, and expressed relative to control. For statistical analysis, one-way 

ANOVA was performed, followed by Student-Newman-Keuls test. # P<0.05. 
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In contrast, the basolateral transporters showed a very different response to 

cytokine treatment. MDR3/ABCB4 mRNA levels were increased by IL-6 by >70%, 

although this response was quite variable between experiments. Neither TNF-α nor IL-

1β significantly altered expression of MDR3/ABCB4 mRNA (or protein) at any time 

point tested. However, expression of MRP1/ABCC1 mRNA was significantly (P<0.05) 

increased by TNF-α (64%), and IL-6 (63%) after 12 h treatment (Fig. 5-1). 

Little or no effect of cytokine treatment on ABC transporter protein levels was 

observed after 24 h (data not shown), consistent with their reported long half lives 

[203]. However, after 48 h cytokine treatment an approximately 50% decrease in 

MDR1/ABCB1 and BCRP/ABCG2 abundance was observed in response to TNF-α and 

IL-1β (Fig. 5-2), consistent with the changes in mRNA expression. IL-6-treated cells 

exhibited >30% reduction in BCRP/ABCG2 and MDR1/ABCB1 protein levels 

compared to control, but this effect was not statistically significant. However, in 

contrast to the mRNA data, which showed increased MRP1/ABCC1 expression with 

cytokine treatment, no significant changes in MRP1/ABCC1 protein levels were 

observed. On the other hand, MDR3/ABCB4 protein expression was significantly 

increased by >40% in response to IL-6 (P<0.05), consistent with the mRNA findings 

(Fig. 5-2).  

 
5.3.1.2. Effects of growth factors 

 
EGF (10 ng/ml) significantly increased BCRP/ABCG2 mRNA levels by >120% 

above control (P<0.05) (Fig. 5-3A). IGF-II (25 ng/ml) also significantly increased 

BCRP/ABCG2 mRNA by ~70% (P<0.05). EGF treatment resulted in an apparent 

increase in MDR3/ABCB4 mRNA expression by >40% but this effect did not reach 

statistical significance. MDR1/ABCB1 and MRP1/ABCC1 mRNA expression 

demonstrated no response to either EGF or IGF-II.  
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Figure 5-3. Relative expression of ABC transporter mRNA in primary trophoblast, 

determined by real-time PCR, after 12 h exposure to test agents 

A, EGF and IGF-II; B, estradiol (E2) and progesterone (P4). Expression of target genes 

was normalized to the level of 18s rRNA and expressed as a percentage of control (mean ± SD, 

n = 5). For statistical analysis one-way ANOVA was performed, followed by Student-Newman-

Keuls test. # P<0.05. 
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Figure 5-4. Protein expression (mean ± SD, n = 5) of ABC proteins in primary 

trophoblast after 48 h exposure to EGF, IGF-II, estradiol and progesterone as 

determined by immunoblotting  

A, representative series of blots; B, average band intensity (n = 5 experiments) 

normalized to β-actin, and expressed relative to control. For statistical analysis, one-way 

ANOVA was applied, followed by Student-Newman-Keuls test. # P<0.05.  
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5.3.1.3. Effects of sex steroids. 
 

17β-estradiol (100 nM) stimulated expression of MDR1/ABCB1 mRNA by 

~50% above control and MDR3/ABCB4 by >60% (P<0.05) (Fig. 5-3B). Estradiol also 

increased mean BCRP/ABCG2 mRNA expression by >50%, although this did not 

reach statistical significance, and had no significant effects on MRP1/ABCC1 gene 

expression. Progesterone (100 nM) stimulated MRP1/ABCC1 mRNA expression by 

almost 90% (P<0.05), but had no other significant effects on ABC transporter mRNA 

expression (Fig. 5-3B)  

Changes in protein expression were minimal or modest after 24 h treatment, but 

after 48 h reached statistical significance. BCRP/ABCG2 protein levels were increased 

by EGF treatment by ~90% above control after 48 h of exposure (P<0.05) (Fig. 5-4). 

EGF also increased MDR3/ABCB4 protein levels by ~50% (P<0.05). IGF-II 

significantly increased BCRP/ABCG2 protein levels by ~50% (P<0.05) but had no 

effects on the protein levels of the other three transporters. Consistent with the mRNA 

data, MDR1/ABCB1 and MRP1/ABCC1 protein expression was unaltered by either 

EGF or IGF-II. In contrast, after 48 h of exposure to estradiol, significant increases in 

both MDR1/ABCB1 and MDR3/ABCB4 protein levels (~60% above control) were 

observed (P<0.05) (Fig. 5-4). BCRP/ABCG2 protein levels were also significantly 

increased by >50% by estradiol treatment (P<0.05), supporting the observed trend 

towards increased mRNA expression. Neither estradiol nor progesterone had any 

significant effects on MRP1/ABCC1 protein abundance. However, progesterone had a 

weak stimulatory effect on MDR1/ABCB1 protein expression, increasing levels by 

~40% (P<0.05) despite a lack of detectable change in mRNA levels. 
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5.3.2. Functional studies 
 

Short term accumulation studies were undertaken, using radiolabelled substrates 

for BCRP/ABCG2 ([3H] mitoxantrone) and MDR1/ABCB1 and 3 ([3H] digoxin), to 

confirm that the changes in expression observed were translated into altered efflux rates. 

Cells were pre-treated for 48 h with TNF-α, EGF and estradiol, since these agents 

exerted the most significant changes in BCRP/ABCG2 and MDR1/ABCB1 protein 

expression. Substrate accumulation was assessed at two time points, 20 and 60 min. As 

shown in Figure 5A, trophoblast cells pre-treated with TNF-α demonstrated 

significantly increased accumulation of [3H] mitoxantrone at the 60 min time point 

(15.0 ± 3.9 % above control, mean ± SD, n = 4). In contrast, treatment with EGF 

resulted in significantly decreased accumulation of the BCRP/ABCG2 substrate at both 

the 20 and 60 min time points (-17.5 ± 5.9 and -12.2 ± 8.8 % of control, respectively; 

P<0.05) (Fig. 5-5A). These findings were consistent with the observed negative and 

positive effects of TNF-α and EGF, respectively, on BCRP/ABCG2 expression. 

Estradiol treatment significantly decreased accumulation of [3H] digoxin at the 60 min 

time point (- 20.9 ± 6.5 % of control), consistent with its ability to up-regulate 

MDR1/ABCB1 and MDR3/ABCB4 protein (Fig. 5-5B). 

 
 
 
 
 
 
 
 
 
 
 
 



Chapter 5. 

 

0

5

10

15

20

25

30

0 10 20 30 40 50 60

Control
TNF-alpha (20 ng/ml)
EGF (10 ng/ml)

M
ita

xa
nt

ro
ne

 a
cc

um
ul

at
io

n
(p

m
ol

/m
g 

of
 p

ro
te

in
) *

*

0

0.5

1

1.5

2

0 10 20 30 40 50 60

Control
TNF-alpha (20 ng/ml)
E2 (100 nM)

D
ig

ox
in

 a
cc

um
ul

at
io

n
(p

m
ol

/m
g 

of
 p

ro
te

in
)

*

Time (min)

*

A.

B.

0

5

10

15

20

25

30

0 10 20 30 40 50 60

Control
TNF-alpha (20 ng/ml)
EGF (10 ng/ml)

M
ita

xa
nt

ro
ne

 a
cc

um
ul

at
io

n
(p

m
ol

/m
g 

of
 p

ro
te

in
) *

*

0

0.5

1

1.5

2

0 10 20 30 40 50 60

Control
TNF-alpha (20 ng/ml)
E2 (100 nM)

D
ig

ox
in

 a
cc

um
ul

at
io

n
(p

m
ol

/m
g 

of
 p

ro
te

in
)

*

Time (min)

*

0

5

10

15

20

25

30

0 10 20 30 40 50 60

Control
TNF-alpha (20 ng/ml)
EGF (10 ng/ml)

M
ita

xa
nt

ro
ne

 a
cc

um
ul

at
io

n
(p

m
ol

/m
g 

of
 p

ro
te

in
) *

*

0

0.5

1

1.5

2

0 10 20 30 40 50 60

Control
TNF-alpha (20 ng/ml)
E2 (100 nM)

D
ig

ox
in

 a
cc

um
ul

at
io

n
(p

m
ol

/m
g 

of
 p

ro
te

in
)

*

Time (min)

*

A.

B.

 
Figure 5-5. Accumulation of radiolabelled substrates for BCRP/ABCG2 (A, [3H] 

mitoxantrone) or MDR (B, [3H] digoxin) in primary trophoblasts after 20 and 60 

minute incubation  

Cells were pre-treated with either TNF-α (20 ng/ml), EGF (10 ng/ml) or estradiol (100 

nM) for 48 h prior to study. Accumulation (as counts per minute [cpm]) was expressed relative 

to total protein concentration (mean ± SD). A representative experiment, one of four conducted 

on different trophoblast cultures, is shown. Statistical significance was assessed by one-way 

ANOVA with repeated measures. * P<0.05 was considered to be significant. 
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5.4. Discussion 
 

In this study I have demonstrated for the first time differential regulation of 

placental apical and basolateral drug transporters by cytokines, growth factors and sex 

steroids. Most interestingly, it has been found that expression of the apical efflux 

transporters MDR1/ABCB1 and BCRP/ABCG2 was significantly down-regulated by 

TNF-α and IL-1β �, cytokines associated with several placental pathologies. In 

contrast, the expression of MDR3/ABCB4 and MRP1/ABCC1, localized 

predominantly in the basolateral membrane of trophoblast, was either up-regulated or 

unchanged following cytokine treatment. These data suggest that placental exposure to 

pro-inflammatory cytokines may decrease fetal protection from xenobiotics and/or 

create conditions where active transport of drugs to the fetus will be enhanced. In 

contrast, EGF and estradiol, two factors associated with placental growth and 

differentiation, were found to up-regulate BCRP/ABCG2, MDR1/ABCB1 and 

MDR3/ABCB4 expression, consistent with the notion that these transporters reflect the 

phenotype of the mature syncytiotrophoblast and hence act to sustain syncytial 

function.  

Previously published studies on ABC transporter expression in the human 

placenta have used a number of different models, paradigms and culture conditions, 

making comparison of results difficult. Trophoblast-like carcinoma cells (BeWo, Jar, 

Jeg3) may be useful for investigating some aspects of ABC transporter regulation, but 

need to be used with caution. These cell lines do not undergo spontaneous 

differentiation and fusion in culture, but proliferate and divide, and respond abnormally 

to growth/apoptotic regulators. On the other hand, when primary trophoblasts are 

extracted and cultured, they are inevitably exposed to dramatic environmental changes 

in concentrations of various modulators, growth factors and steroid hormones. These 
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changes may unintentionally affect the expression of ABC genes and alter the results of 

regulation studies. In particular, steroid exposure in culture needs to be monitored and 

controlled. Treating FCS with activated charcoal will significantly reduce levels of 

estrogens and other steroids in the media and therefore allow a more representative 

response of ABC genes to test factors. It has been previously demonstrated that if 

charcoal-stripped serum is used in the culture medium the response of the 

BCRP/ABCG2 gene to estradiol is significantly increased [61]. The presence of the 

estrogenic compound phenol red in media may also change the response of ABC genes 

to estrogens [204]. Caution is also recommend when ABC transporter expression and 

regulation is studied at the RNA level only, as it has been previously demonstrated that 

mRNA levels do not always closely correlate with ABC protein expression in 

trophoblast cultures [190]. In the present studies, changes in protein levels at 48 h in 

general correlated with changes in mRNA expression at 12 h, the difference in time 

reflecting approximately two half lives of the proteins concerned (assuming half-life 

data from other tissues can also be applied to trophoblast). However, significant 

posttranslational effects on protein expression cannot be ruled out, however, and may 

explain the discrepancies observed between mRNA and protein data for MRP1/ABCC1 

with regards to cytokine and progesterone regulation. 

Exposure of the placenta to elevated cytokine concentration is believed to occur 

during a number of obstetric disorders associated with placental pathologies. 

Concentrations of TNF-α in maternal serum are elevated from the first trimester of 

pregnancy in women who subsequently developed preeclampsia or first trimester 

spontaneous abortion [148]. Elevated TNF-α concentrations have also been reported 

early in pregnancy in women with gestational diabetes [150] and placentas from 

diabetic pregnancies secrete increased amounts of TNF-α in response to glucose [193]. 
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Finally, the placenta is also exposed to high cytokine levels with intrauterine infection 

[195]. While concentrations of TNF-α reported in maternal plasma (< 50 pg/ml), are 

considerably lower than those used in this study local levels in the placenta are likely to 

be much higher than in the peripheral circulation since the placenta is a source of this 

cytokine. The regulatory effects of cytokines on expression of drug transporters in 

trophoblasts have not been studied to date. However, in a pregnant rat model LPS 

administration was recently reported to reduce placental mdr(1a/b) expression and 

increase fetal uptake of an mdr(1a/b) substrate [196], although the specific role of 

cytokines in this response was not determined. In the liver and other organs and tissues, 

pro-inflammatory cytokines have been implicated in the regulation of the function and 

expression of several ABC transporters (MDR1/ABCB1, MRPs/ABCC), demonstrating 

predominantly inhibitory effects [154, 205]. Our results suggest that TNF-α and IL-1β 

have inhibitory effects on expression of the major placental apical drug transporters, 

while IL-6 can exert either stimulatory or inhibitory effects depending on the 

transporter. In contrast, basolateral transporters seem relatively insensitive to cytokine 

regulation. 

Trophoblast cells pre-treated with TNF-α demonstrated a significantly increased 

accumulation of the BCRP/ABCG2 substrate ([3H] mitoxantrone) compared to controls, 

consistent with the negative effects observed of TNF-α on BCRP/ABCG2 mRNA and 

protein expression. Studies also showed a very modest effect on functional activity of 

MDR1/3 in the trophoblasts, in apparent contradiction with the observed reduction of 

MDR1/ABCB1 mRNA and protein by TNF-α. However, it should be noted that digoxin 

is also a substrate for MDR3/ABCB4 [206, 207], expression of which was not down-

regulated by TNF-α in these studies. Due to the absence of blockers selective for 
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MDR1/ABCB1 or 3, it is at present difficult to study the efflux activity of these 

transporters independently with confidence.  

It has been shown previously in Chapter 3 that levels of ABC transporters vary 

markedly with trophoblast differentiation. These findings confirm and further dissect 

effects of differentiation reported in previously published studies. Levels of 

BCRP/ABCG2 and MRP1/ABCC1 and MRP2/ABCC2 increase with trophoblast 

differentiation, whereas MDR1/ABCB1 and MDR3/ABCB4 expression decrease [30, 

119, 167]. In order to avoid the possibility that the factors tested in our studies might alter 

the rate of trophoblast fusion and differentiation (and hence alter ABC transporter 

expression indirectly), these studies were performed on day 2 of culture and omitted the 

supplements required to drive syncytium formation. Since EGF and estradiol induce 

trophoblast differentiation [208, 209], the possibility cannot be rule out that increases in 

MDR1/ABCB1, MDR3/ABCB4 and BCRP/ABCG2 expression reflect increased 

trophoblast maturation, although this is unlikely since we have previously shown that 

MDR1/ABCB1 and MDR3/ABCB4 expression actually declines with syncytialisation 

[190]. Toxicity studies also confirmed that exposure to cytokines at the concentrations 

applied did not significantly reduce cell viability, and thus the observed negative effects 

on ABC expression were not secondary to a general toxicity-induced reduction in gene 

expression. 

Effects of growth factors on expression of ABC transporters in the human placenta 

have not been investigated previously, with the exception of a recent study in which EGF 

was found to stimulate BCRP/ABCG2 expression in primary trophoblast [191]. I 

confirmed this finding and also found positive effects of EGF on MDR3/ABCB4 gene 

and protein expression, while both EGF and IGF-II both stimulated BCRP/ABCG2 

expression.  
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The regulatory effects of placental steroids on ABC gene expression are somewhat 

controversial. It was reported that estradiol exerts a potent stimulatory effect on 

BCRP/ABCG2 expression in BeWo cells [210]. A more recent study, however, indicated 

that the same concentrations of estradiol markedly inhibited BCRP/ABCG2 production in 

BeWo cells [211]. In the same study, progesterone was observed to be a BCRP/ABCG2 

inducer, but this effect was detectible only at very high concentrations (>1 μM) [211]. 

Circulating estradiol and progesterone concentrations in late pregnancy reach 

approximately 50 and 500 nM at term, respectively [197, 198]. While the free fraction is 

likely to be much less than this (5-50%, depending on the steroid and gestational age), 

secretion of these steroids by the placenta is likely to result in increased local 

concentrations. 

The data indicated a moderate positive effect of estradiol at physiologically relevant 

concentrations (100 nM) on placental BCRP/ABCG2, MDR1/ABCB1 and 

MDR3/ABCB4 expression, but little or no effect of progesterone. However, I did find 

significant positive effects of progesterone on MRP1/ABCC1 expression. Evidence was 

also presented of increased functional MDR activity (i.e. reduced [3H] digoxin 

accumulation) by estradiol, supporting the expression data. It is important to note here 

that these accumulation studies do not take into account directionality of efflux, which is 

obviously of physiological significance, particularly for chemicals that are substrates for 

both apical and basolateral transporters [190]. 

In summary, using a combination of real-time PCR, immunoblotting and substrate 

accumulation assays, it has been demonstrated that physiologically relevant mediators 

such as pro-inflammatory cytokines, steroid hormones and growth factors significantly 

affect expression of placental ABC transporters in primary trophoblast. Findings of a 

reduction of BCRP/ABCG2 and MDR1/ABCB1 expression by TNF-α and IL-1β have 
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significant clinical implications, suggesting that decreased fetal protection from 

xenobiotics and increased susceptibility of trophoblast cells to apoptosis may occur in 

obstetric disorders associated with exposure to elevated cytokine concentrations. 
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CHAPTER 6.  BCRP/ABCG2 PROTECTS 
TROPHOBLAST FROM CYTOKINE AND 
CERAMIDE INDUCED APOPTOSIS 
 
6.1. Introduction 
 

BCRP/ABCG2 transports a broad range of xenobiotics and some endogenous 

lipid substrates such as vitamins, steroids and their conjugates and also possesses lipid 

floppase activities [26, 219, 220]. Apart from their drug transport potential, 

BCRP/ABCG2 and some other ABC proteins provide protection to both non-

transformed tissues and  cancer cells from endogenous and exogenous stress factors, 

including pro-inflammatory mediators and hypoxia [128, 133]. They are also postulated 

to regulate intracellular levels of toxic metabolites (e.g. sphingolipids, porphyrins)[133, 

146]. However, the physiological functions of BCRP/ABCG2 have not yet been fully 

elucidated.  

In pregnancy, placental BCRP/ABCG2 has been shown to reduce fetal exposure 

to toxic xenobiotics [22]. However, recent studies have provided evidence that 

BCRP/ABCG2 is expressed not only in the apical membrane of syncytiotrophoblast, 

but also in the luminal membrane of placental capillaries [185], implying that 

BCRP/ABCG2 may pump its substrates both to and from the fetus, this would be 

consistent with a role in placental, in addition to fetal, protection. As has been presented 

in Chapters 3 and 5 BCRP/ABCG2 expression increases dramatically during 

trophoblast fusion and differentiation in vitro and is regulated negatively by cytokines 

and positively by estrogen, EGF, IGF-II [180, 190]. Additional functions for this 

transporter include cellular protection from hypoxia, toxins and maintenance of stem 

cell regeneration potential [134, 188].  
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I hypothesized that the remarkably abundant expression of BCRP/ABCG2 in 

the placenta reflects a function of fundamental importance in trophoblast biology, in 

particular a role in syncytiotrophoblast survival through protection from endogenous 

(as opposed to xenobiotic) compounds. To test this hypothesis, I investigated the ability 

of BCRP/ABCG2 to abrogate the apoptotic effects of TNF-α and ceramide in primary 

trophoblast cells and trophoblast-like BeWo cells which highly express this transporter 

[190]. Both pharmacological inhibition of BCRP/ABCG2 and sequence specific 

silencing of BCRP/ABCG2 expression were employed in order to address this question. 

In this chapter, evidence is provided that BCRP/ABCG2 acts as a survival factor in 

placental trophoblasts, mitigating the effects of extrinsic apoptotic stimuli and 

enhancing trophoblast viability via diminished ceramide accumulation.  

 
6.2. Results 
 

6.2.1. Pilot experiments 
 

Pilot experiments were undertaken to optimise conditions necessary for 

induction of extrinsic apoptosis in BeWo cells and cultured primary trophoblasts and to 

optimise time points and doses. Using caspase-3/7 activation as a marker of apoptotic 

initiation, several “death” ligands of the TNF superfamily were applied at high 

concentrations (Fig. 6-1) to test their pro-apoptotic effects on BeWo cells. TNF-α was 

found to be the most efficient inducer of apoptosis in BeWo cells, and this effect was 

enhanced in the presence of IFN-γ. Combinations of TNF-α/ IFN-γ were further tested 

at different concentrations and time points using apoptosis and viability (MTT) assays 

(Fig. 6-2, 6-3, 6-4). 

The toxicity of the selective BCRP/ABCG2 blocker Ko143 was determined 

across a broad concentration range to ascertain a concentration that could be used 

without adverse effects on cell viability (Fig. 6-5). Toxic effects on BeWo cell viability 
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could be detected when the blocker was applied at concentrations of 10 μM and above 

over 48 hours of incubation in complete media supplemented with 10% FCS. It has 

previously been estimated in various cell lines that nM or low μM concentrations of 

Ko143 block more than 90% of BCRP/ABCG2 activity in short term experiments (up to 

3-4 h)[212].  
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Figure 6-1. Time dependent activation of caspase 3/7 activity by different inducers 

of apoptosis  

BeWo cells were treated with vehicle control (con), CSA (10 μM), TNF-α (50 ng/ml) + 

IFN-γ (100U), TNF-α (50 ng/ml) alone, TRAIL (100 ng/ml), anti-FAS (500 ng/ml) for 6, 12 

and 24 h. Apoptosis was quantified by counting cells stained with M30 antibody which detects a 

neo-epitope of cytokeratin 18, a product of caspase 3/7 cleavage. The results shown are from a 

pilot experiment perfomed in triplicate (mean ± SD). 
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Figure 6-2. Concentration-dependent effect of cytokines on BeWo cell viability 

Cells were treated with increasing concentration of TNF-α (1-100 ng/ml) plus a 

constant amount of IFN- γ (100U) for 48 h and then viability was determined by MTT assay. 

Results are expressed as percentage of MTT reduction compared to control conditions (mean ± 

SD, n = 3 experiments). 
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Figure 6-3. Time dependent effect of cytokines on BeWo cell viability 

Cells were treated with a combination of TNF-α (50 ng/ml) and IFN-γ (100U) for 24, 

36, 48 and 72 h and viability determined by MTT assay. Results are expressed as percentage of 

MTT reduction compared to control conditions (mean ± SD, n = 3 experiments). 

151 
 



Chapter 6. 

40

60

80

100

120

Control 1             10           20            50          100        TNF- α, ng/ml

100          100 100          100 100 IFN-γ, U/ml

V
ia

bi
lit

y,
 %

40

60

80

100

120

Control 1             10           20            50          100        TNF- α, ng/ml

100          100 100          100 100 IFN-γ, U/ml

V
ia

bi
lit

y,
 %

 
Figure 6-4. Concentration-dependent effects of cytokines on trophoblast cell 

viability  

Primary trophoblast cells were treated with increasing concentration of TNF-α (1-100 

ng/ml) with constant amounts of IFN- γ (100 Units) for 48 h and then viability was determined 

by MTT assay. Results are expressed as percentage of MTT reduction compared to control 

conditions (mean ± SD, n = 3 experiments). 
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Figure 6-5. Assessment of toxicity of selective BCRP/ABCG2 blocker Ko 143 in 

BeWo cells cultured in DMEM/F 12 media supplemented with 10% FCS  

Cells were treated with increasing concentrations of the blocker Ko143 for 48 h. DMSO 

was used as the vehicle control. (MTT assay; mean ± SD, n = 3 experiments). 
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Cytotoxic effects of short chain ceramides were also tested over a broad 

concentration range to select doses causing 30-50 % reduction in viability over 48 h. 

This effect was achieved with 10 μM of C8 ceramide and 3-5 μM of the more toxic C6 

ceramide (Fig. 6-6). 
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Figure 6-6. Effects of short chain ceramides on BeWo cell viability 

Cells were treated with different concentrations of ceramides for 48 h and then viability 

was determined by MTT assay. Results are expressed as percentage of MTT reduction 

compared to control conditions (mean ± SD, n = 3). 
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6.2.2. Pharmacological inhibition of BCRP/ABCG2 augments 

cytokine induced apoptosis in primary trophoblast and 

trophoblast-like BeWo cells 
 

To explore the association between BCRP/ABCG2 function and cytokine-

induced apoptosis primary trophoblast cells were initially exposed to TNF-α/IFN-γ 

with/without Ko143. Exposure of the trophoblasts to TNF-α/IFN-γ for 48 h in presence 

of Ko143 (5 μM) resulted in significant reduction in cell viability (P<0.05) compared to 

trophoblasts treated with TNF-α/IFN-γ alone (Fig. 6-7A). Exposure to TNF-α/IFN-γ in 

presence of the BCRP/ABCG2 blocker also led to significantly higher levels of 

apoptosis (P<0.05), detectable by analysis of chromatin condensation and nuclear 

fragmentation, compared with control cells exposed to the cytokines alone (Fig. 6-7B). 

Apoptotic effects of TNF-α/IFN-γ were then tested on trophoblast-like BeWo cells ± 

BCRP/ABCG2 inhibition by Ko 143, and the results were consistent with the effects 

observed in primary trophoblast (Fig. 6-7C and D), suggesting similar mechanisms 

operating in both cell types.  
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Figure 6-7. Effect of BCRP/ABCG2 pharmacological inhibition on primary 

trophoblast and BeWo cell viability and apoptosis after exposure to pro-

inflammatory cytokines 

Exposure of primary trophoblast cells for 48 h to a combination of TNF-α (20 ng/ml) and 

IFN-γ (100 U/ml) in presence/absence of BCRP/ABCG2 blocker Ko 143 (5 μM) resulted in (A) 

significant reduction in cell viability and (B) increased apoptosis levels compared to cells cultured 

with cytokines only; (C) Significant reduction in cell viability and (D) increased apoptosis levels 

after exposure of BeWo cells to TNF-α (20 ng/ml) and IFN-γ (100 U/ml) in presence of Ko 143 (5 

μM) compared to cells cultured with cytokines only. Results of viability assays (A, C) are expressed 

as percentage of MTT reduction compared to control conditions (mean ± SD, n=4). Apoptosis in 

primary trophoblast cells (B) was measured by chromatin condensation and nuclei fragmentation 

after Hoechst 33358 staining. Number of apoptotic cells are presented as a percentage of total cell 

number (mean ± SD, n = 4). Apoptosis in BeWo cells (D) was detected by immunocytochemical 

staining using M30 primary antibody after 24 h of treatment with cytokines. M30 positive cells are 

presented as a percentage of total cell number (mean ± SD, n = 3). Student-Newman-Keuls was used 

for statistical analysis, * P<0.05 vs. control siRNA, # P<0.05 vs. vehicle control. 
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6.2.3. Silencing of BCRP/ABCG2 expression in BeWo cells 
 

To identify whether BCRP/ABCG2 plays a protective role in trophoblasts I first 

generated a shRNA construct targeting BCRP/ABCG2 and stably expressed this 

shRNA in BeWo cells. For control purposes the same vector was utilized with a 

scrambled sequence. Stable expression of BCRP/ABCG2 shRNA led to a 65% 

reduction of BCRP/ABCG2 mRNA and protein expression (Fig. 6-8).  
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Figure 6-8. Silencing of BCRP/ABCG2 expression in BeWo cells stably transfected 

with BCRP/ABCG2 shRNA 

(A) Silencing of BCRP/ABCG2 mRNA in BeWo cells was measured by real 

time PCR and shown as a percentage of BCRP/ABCG2 expression in control cells, 

transfected with vector only (mean ± SD, n = 3). (B) Silencing of BCRP/ABCG2 

protein expression detected by immunoblotting and shown as arbitrary densitometry 

units normalised to β-actin expression in the same samples (mean ± SD, n = 3). (C) A 

representative immunoblot. *P<0.05 vs control.  
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Figure 6-9. Silencing of BCRP/ABCG2 expression in BeWo cells using transient 

transfection with StealthTM BCRP/ABCG2 siRNA 

Control cells were transfected with StealthTM BCRP/ABCG2 (1, 10 and 50 nM, final 

concentration) or scrambled siRNA at the same final concentration. (A) Real Time PCR 

showing silencing of BCRP/ABCG2 gene expression with 10 nM StealthTM BCRP/ABCG2 

(mean ± SD, n = 3). (B) Immunoblots showing silencing of BCRP/ABCG2 protein expression 

with 10 nM StealthTM BCRP/ABCG2 (mean ± SD, n = 3). (C, D) Decreased BCRP/ABCG2 

expression augmented the cytotoxic effects of mitoxantrone, a high affinity BCRP/ABCG2 

substrate. Apoptosis was quantified by counting cells stained with M30 antibody which detects 

a neo-epitope of cytokeratin 18, a product of caspase 3/7 cleavage (mean ± SD, n = 3), *P<0.05 

vs. control siRNA, # P <0.05 vs. vehicle control (Mann-Whitney test).  
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BCRP/ABCG2 gene expression was also transiently silenced in native BeWo 

cells with StealthTM BCRP/ABCG2 siRNA using a pool of 3 different BCRP/ABCG2 

sequences at a final concentration 1, 10, 20 or 50 nM. I observed approximately 75% 

reduction of BCRP/ABCG2 mRNA and protein expression in BeWo cells 48 h after 

transfection with 10 and 50 nM of siRNA (Fig. 6-9A and B). Silencing of 

BCRP/ABCG2 gene expression was maintained for at least for 5 days after 

transfection. Inhibition of BCRP/ABCG2 resulted in a dramatic, almost 5-fold increase 

in sensitivity to mitoxantrone, a cytotoxic high affinity BCRP/ABCG2 substrate (Fig. 

6-9C and D). In control experiments, in which cells were transfected with the same 

concentrations of the StealthTM scrambled siRNA with the same GC content, 

BCRP/ABCG2 expression and mitoxantrone sensitivity remained unchanged.  

Subsequent experimental procedures were undertaken using BeWo cells with 

both stable and transient silencing of BCRP/ABCG2. Both models demonstrated 

similar responses to treatment, with a high degree of consistency between different 

transfection approaches (stable or transient) and BCRP/ABCG2 siRNA sequences. To 

avoid unnecessary duplication, only the results of the transient siRNA transfection 

experiments are reported here. 

 
6.2.4. Silencing of BCRP/ABCG2 leads to increased BeWo cell 

sensitivity to pro-inflammatory cytokines and short chain 

exogenous ceramides  
 

Exposure of BeWo cells to TNF-α (50 ng/ml) and IFN-γ (100 U/ml) after 

RNAi-mediated BCRP/ABCG2 silencing reduced cell viability, as assessed by MTT 

assay, by almost 40% (P<0.05). Control cells, in contrast, demonstrated minimal 

changes in MTT reduction after exposure to cytokines (Fig. 6-10A). Silencing of 

BCRP/ABCG2 led to an almost 3-fold increase in the number of apoptotic cells after 
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exposure to cytokines compared with control cells and this difference increased with 

duration of exposure (Fig. 6-10B and 6-10C).  

Short chain (C6 and C8) ceramides demonstrated much higher level of toxicity 

in cells with silenced BCRP/ABCG2 compared with controls (Fig. 6-10A). This 

difference was more significant for C8 ceramide compared to C6 ceramide, decreasing 

cell viability by almost 50% in cells with silenced BCRP/ABCG2 and only 25% 

reduction in control cells (P<0.05%); C6 ceramide (applied at lower concentrations) 

also exhibited greater toxicity in BCRP/ABCG2-silenced cells. The number of 

apoptotic cells, as detected by M30 cytokeratin 18 neo-epitope staining, was also 

significantly higher in the cells with silenced BCRP/ABCG2 after exposure to short 

chain ceramides (Fig. 6-10B). In contrast, BCRP/ABCG2 silencing had no significant 

effects on apoptotic death in response to serum withdrawal (Fig. 6-10 A, B, C), 

suggesting that the protective effect of BCRP/ABCG2 is restricted to certain 

components of the apoptotic cascade. 
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Figure 6-10. Effect of different apoptotic injuries on BeWo cell viability and 

apoptosis  

48 h after transfection with StealthTM BCRP/ABCG2 siRNA or scrambled siRNA cells 

were treated with TNF-α (50 ng/ml) and IFN-γ 100 (U/ml), C6 ceramide (3 μM), C8 ceramide 

(10 μM) or subject to serum-withdrawal (SW). (A) MTT viability assay showing effects of the 

treatments on BeWo cell viability. Results are expressed as a percentage of vehicle control 

values (mean ± SD, n = 4). Apoptosis in BeWo cells was detected by immunocytochemical 

staining using M30 antibody after 12 (B) or 36 h (C) treatment with the cytokines. M30 positive 

cells are presented as a percentage of total cell number (mean ± SD, n = 3). Student-Newman-

Keuls was used for statistical analysis, *P<0.05 vs. control siRNA, # P <0.05 vs. vehicle 

control. 
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To investigate whether silencing of BCRP/ABCG2 affects plasma membrane 

architecture and leads to externalisation of PS (PS) in the outer leaflet of the plasma 

membrane, we stained cells with anti-PS antibody with and without prior exposure (16 

h) to TNF-α/IFN-γ. We found a significant increase in PS staining in cells treated with 

BCRP/ABCG2 siRNA compared with scrambled control siRNA under both basal 

conditions (4.6 ± 1.9 vs 2.6 ± 1.1 normalised fluorescence units; P<0.05) and after 

cytokine treatment (11.3 ± 3.6 vs 5.7 ± 1.3; P<0.05) (Fig. 6-11). 
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Figure 6-11. Effects of BCRP/ABCG2 silencing on phosphatidylserine (PS) 

externalisation  

Immunocytochemical detection of binding of anti-PS antibody (left-hand panels) in 

BeWo cells transfected with either StealthTM scrambled siRNA (A) or BCRP/ABCG2 siRNA 

(B). Cells were treated with TNF-α (50 ng/ml) and IFN-γ (100 U/ml) for 16 h and antibody 

labelling visualised using red Cy3 fluorescence. The right-hand panels show nuclei of the same 

cells stained with Hoechst 33358 (blue). Cells with BCRP/ABCG2 silencing demonstrated 

significantly increased levels of anti-PS antibody binding after treatment with the cytokines 

(arrows). Magnification x 400.  
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6.2.5. Silencing of BCRP/ABCG2 expression increases 

endogenous ceramide levels after exposure to pro-

inflammatory cytokines 
 

Since exogenous short chain ceramides were found to be more apoptotic in cells 

with silenced BCRP/ABCG2 expression, we next investigated levels of endogenous 

long chain ceramides in BeWo cells following reduced BCRP/ABCG2 expression.  

Ceramides were extracted and analysed by LC-MS, normalised to the total 

cholesterol content of the extracts. The results demonstrated that cells with silenced 

BCRP/ABCG2 accumulated much higher amounts of endogenous ceramides in 

response to cytokine exposure. Levels of the four ceramide species examined, C16, 

C18, C20 and C24, exhibited similar patterns of change in response to treatments. For 

simplicity, therefore, these measurements were pooled and shown together as 

“endogenous ceramides levels”. Ceramide levels increased in all cells after exposure to 

TNF-α/IFN-γ (Fig. 6-12A). However, in BCRP/ABCG2-silenced cells intracellular 

ceramide accumulation was significantly increased (30-100% at different time points; 

P<0.05) following cytokine treatment compared with control cells (Fig. 6-12A).  
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Figure 6-12.  Effects of TNF-α/IFN-γ on C16, 18, 20 and 24 ceramide accumulation  

BeWo cells were transiently transfected with StealthTM scrambled siRNA or 

BCRP/ABCG2 siRNA. 48 h after transfection cells were treated with TNF-α (50 ng/ml)/IFN-γ 

(100 U/ml) for 3, 12 and 24 h in either complete media with 10% FCS (A, B), or serum-free 

media supplemented with 0.5% human albumin C, D). Levels of ceramides were measured by 

tandem MS-HPLC in cells and culture media and results shown as the sum of all 4 ceramide 

species normalized to cholesterol levels in the same sample (mean ± SD, n = 3). (A) Levels of 

ceramides in BeWo cells cultured in complete media. (B) Levels of ceramides in conditioned 

media. (C) Levels of ceramides in BeWo cells cultured in serum free media supplemented with 

0.5% human fatty acid-free albumin, (D) Levels of ceramides in serum-free conditioned media. 

Cholesterol content was stable through all time points independent of TNF-α/IFN-γ treatment. 

To calculate ceramide levels in the media obtained from cells, basal concentrations of ceramides 

in FCS containing media (before experiments) were deducted from the total levels detected after 

incubation with the cells. All experiments were repeated 3 times and data pooled for statistical 

analysis by one way ANOVA with repeated measurements, *P<0.05 vs. control siRNA. 
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To assess differences in ceramide efflux, ceramide levels were also measured in 

conditioned medium. In complete medium (Fig. 6-12B), background ceramide levels 

were high due to the contribution of plasma-derived lipids. Nevertheless, after 

subtracting background levels from the measurements, a significant increase was 

observed in ceramide concentrations in the media from BCRP/ABCG2-silenced cells 

compare to controls. To better quantitate ceramide efflux, these experiments were 

repeated in media omitting FCS, but supplemented with fatty acid-free human albumin 

(0.5%) to act as a sphingolipid acceptor/carrier. Under these conditions, the differences 

in intracellular ceramide levels between control and BCRP/ABCG2-silenced cells was 

reduced to 10-30% but remained significant (P<0.05) (Fig. 6-12C), while levels of 

ceramides in conditioned media were again significantly higher in cells with silenced 

BCRP/ABCG2 (P<0.05) (Fig. 6-12D). 

 
6.2.6. Short-term exposure to ceramides affects BCRP 

functional activity.   
 

To determine whether ceramides exert any direct effects on BCRP activity, I 

treated native BeWo cells for 60 min with C6 and C16 ceramide and measured their 

effects on accumulation of [3H] mitoxantrone. Both ceramides exhibited concentration-

dependent inhibitory effect on [3H] mitoxantrone accumulation (Fig. 6-13) after 60 min 

incubation (P<0.05). Dodecane solution in ethanol (2%) was used as a vehicle for both 

ceramides. Final concentration of the vehicle in the culture media, equal or less than 0.2 

% (v/v) showed no effect on [3H] mitoxantrone accumulation in pilot experiments.  
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Figure 6-13. Effects of short (C6) and long chain (C16) ceramides on 

BCRP/ABCG2 functional activity in BeWo cells 

 Cells were cultured with either (A) C16 or (B) C6 ceramide in presence of 20 nM of 

[3H] mitoxantrone (3 Ci/mmol) for 60 min. Accumulation (as counts per minute [cpm]) was 

expressed relative to total protein concentration, and presented as percentage of accumulation 

(mean ± SD, n = 3) in control cells treated with vehicle (2% dodecane in ethanol). Statistical 

significance was assessed Student-Newman-Keuls test, *P<0.05 vs. vehicle control. 
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6.2.7. Caspase 8 activation in response to cytokines is not 
affected by BCRP/ABCG2 silencing 

 
Analysis of caspase 8 activity showed no difference between control BeWo cells 

and cells transfected with BCRP/ABCG2 siRNA suggesting that this initiator caspase is 

not affected by BCRP/ABCG2 silencing in cytokine induced apoptosis (Fig. 6-14). 
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Figure 6-14. Caspase 8 activity in BeWo cells after exposure to TNF-α/IFN-γ 

Cells were seeded in 96-well plates at density 104/well  and incubated with  TNF-α/ IFN-γ. 

Control wells contained medium without cells to obtain a value for background luminescence. After 

incubation plates were kept at room temperature for 30 min, followed by the addition of 50 μl of 

Caspase-Glo ® 8 Reagent to each well. Plates were then placed on shaker at 300-500 rpm for 30 sec 

and incubated at room temperature for 30-60 min. Luminiscence (mean ± SD, n = 3) was measured 

on a Wallac 1420/Victor2 multilabel plate reader. 
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6.2.8. BCRP/ABCG2 silencing did not affect levels of 
protoporphyrin IX (PPIX) after exposure to TNF-α and 
IFN-γ 

 
Since BCRP/ABCG2 has previously been shown to be implicated in regulation 

of cell survival via regulation of porphyrin levels in blood stem cells [133], 

protoporphyrin IX (PPIX) accumulation in BeWo cells was measured using flow-

cytometry to investigate whether a similar mechanism operates in trophoblast cells. Our 

results showed that levels of PPIX were not changed after exposure to TNF-α and IFN-

γ at 12 h and 24 h (Fig. 6-15), arguing against a role for PPIX is the mechanism of 

cytokine-induced apoptosis.  

 

Figure 6-15. Analysis of protoporphyrin IX in BeWo cells using the excitation 

wavelength set at 405 nm, and the emission filter set at 695 nm.  

 No difference in PPIX concentration between control (A) and BCRP/ABCG2 siRNA 

transfected cells (B) was found after exposure to TNF-α/IFN-γ (C and D respectably). 

Representative images from a representative experiment. Three independent experiments were 

carried out.  
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6.2.9. BCRP/ABCG2 does not rescue BeWo cells from apoptosis 
activated via intrinsic apoptotic pathway 

 
To determine whether BCRP/ABCG2 protects trophoblast from apoptosis via an 

alternative (i.e. intrinsic) mechanism, BeWo cells were exposed to two intrinsic 

apoptotic activators, (-)- deguelin (iAA1) and 1-(3,4-dichlorobezyl)-1H-indole-2,3-

dione (iAA2) [213] (Fig. 6-16). The former acts via a cytochrome c-dependent 

mechanism (iAA1), while the latter promots mitochondrial permeability transition 

(iAA2). Both agents induced cell death (P<0.05), but BCRP/ABCG2 silencing had no 

effect on the extent of apoptosis, suggesting that BCRP/ABCG2 does not exert its 

cytoprotective effect on a common terminal pathway of apoptotic death, independent of 

upstream initiation. 
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Figure 6-16. Effect of BCRP/ABCG2 silencing on cell viability after treatment with 

intrinsic pathway apoptosis activators deguelin (iAA1) and 1-(3,4 – dichlorobezyl)-

1H-indole-2,3-dione (iAA2) 

Data expressed as mean ± SD from n = 3 experiments. BCRP/ABCG2 silencing had no 

effect on the responses to either drug (Student-Newman-Keuls test, # P<0.05 vs. vehicle 

control). 
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6.3. Discussion 
 

Using BCRP/ABCG2–specific blockers and RNA interference a role for 

BCRP/ABCG2 in protecting trophoblasts from cytokine-induced apoptosis has been 

demonstrated. While the majority of the in vitro experiments were conducted using 

BeWo cells, we also demonstrated that the findings were relevant to primary 

trophoblasts derived from human term placentas. RNAi studies were conducted using 

both stable shRNA expression and transient siRNA transfection with validated 

StealthTM sequences, with consistent findings between both approaches. A number of 

important observations arise from these studies: First, the protective effect of 

BCRP/ABCG2 was pathway-specific and did not appear to function with respect to 

intrinsic (mitochondrial) apoptosis. Second, cells with silenced BCRP/ABCG2 are 

much more sensitive to apoptosis induced by exogenous ceramides, and accumulate 

higher levels of endogenous C16, 18, 20 and 24 ceramides in response to TNF-α/IFN-γ 

stimulation compared with control cells. Finally, trophoblast cells with silenced 

BCRP/ABCG2 have a much higher rate of PS externalisation after exposure to 

inflammatory cytokines. Collectively, these findings indicate that placental 

BCRP/ABCG2 and most likely other ABC transporters play an important role in 

pregnancy, not only as drug transporters, limiting fetal and placental exposure to 

xenobiotics, but also in protecting trophoblast from extrinsic apoptotic stimuli, at least 

in part via prevention of accumulation of endogenous apoptotic mediators.  

These findings support the hypothesis that ABC transporters play a fundamental 

protective role in placental cell survival, consistent with their expression patterns and 

location in pregnancy. It remains to be determined whether this protective mechanism 

has parallels in other cells and tissues in which ABC transporters have been found to 

play an anti-apoptotic role.  
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In Chapter 5 significant stimulatory effects of EGF, IGF-II and estrogens on 

BCRP/ABCG2 expression in primary trophoblast cells were demonstrated [180]. These 

regulators, particularly EGF, are known to be potent survival factors for placental 

epithelial cells, protecting them from various apoptotic injuries including TNF-α-

induced apoptosis [195, 196]. Importantly, EGF has been shown to lower ceramide 

levels and inhibit ceramide-induced apoptosis in primary trophoblast cells [214]. It is 

possible, therefore, that this effect of EGF and other survival agents may be achieved at 

least in part by up-regulation of BCRP/ABCG2 expression.  

 Our studies strongly argue for a role of ceramides in the mechanisms through 

which BCRP/ABCG2 exerts its anti-apoptotic effects. Ceramides belong to the 

sphingolipid family of 300-400 distinct molecular species involved in regulation of 

many important cellular functions, including proliferation and apoptosis, in multiple 

cell types [140]. Levels of ceramides markedly increase when cells are exposed to 

stressors such as TNF-α, hypoxia, heat shock or UV light, or growth factor withdrawal 

[140, 215, 216]. There are a large number of pathways involved in the regulation of 

ceramide levels in the cell [140]. To mimic effects of endogenous, highly hydrophobic 

long chain ceramides, less hydrophobic short chain exogenous ceramides are 

commonly employed [217], although some limitations of this approach have been 

reported [218]. Although a significant elevation of ceramide concentrations and rates of 

apoptosis in cells with depleted BCRP/ABCG2 expression/activity was observed, just 

how BCRP/ABCG2 regulates ceramide levels in the trophoblast cells remains unclear. 

Several hydrophobic lipids, including cholesterol and PC, as well as SM are carried by 

low density lipoproteins in plasma and are known to be translocated from cells to 

plasma via ABCA and ABCG subfamilies of ABC transporters [219]. Ceramides are 

present in plasma at relatively high concentrations and, being extremely hydrophobic, 
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are also transported by a specific carrier [220]. One possible explanation is that 

BCRP/ABCG2 limits the effects of ceramides by promoting their direct transport to the 

outer leaflet of the plasma membrane, where they are transferred to an acceptor/carrier 

in the plasma/medium, and thus removed from the intracellular environment. I did not, 

however, observe a decrease in ceramide concentrations in the media from 

BCRP/ABCG2-silenced cells as would be expected if this was the explanation. 

Although ceramide levels are clearly raised in cells with low BCRP/ABCG2 

expression, they are also increased in complete or albumin-supplemented media taken 

from these cells, compared with controls. The obvious interpretation of these data is 

that BCRP/ABCG2 is not a major route of ceramide efflux in these cells, and that 

increased intracellular generation is associated with similarly increased ceramide 

efflux. However, it cannot be completely excluded that the observed increase in 

apoptosis with BCRP/ABCG2-silencing resulted in greater number of dead or dying 

cells in the media, contributing to enhanced ceramide levels and thus possibly masking 

an effect via modulation of BCRP/ABCG2 efflux.  

BCRP/ABCG2 silencing not only resulted in accumulation of ceramides, but 

also in enhanced sensitivity to exogenous toxic short chain C6 and C8 ceramides, 

evidence that BCRP/ABCG2 can limit trophoblast exposure to these toxic metabolites 

and protect them from ceramide-induced apoptosis. However, there is also some 

evidence that ceramides can regulate ABC activity, thereby indirectly influencing their 

cytoprotective function [220]. The analysis of trophoblast BCRP/ABCG2 activity in 

presence of ceramides confirmed an interaction between BCRP/ABCG2 and ceramide 

molecules, since both short and long chain ceramides affected transport of the high-

affinity BCRP/ABCG2 substrate mitoxantrone. It is possible that both ceramides 

interact directly with the BCRP/ABCG2 molecule inhibiting activity via occupation of 
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the substrate binding sites. Alternatively, ceramides could alter BCRP activity 

indirectly via activation of various kinases and phosphatases, or by perturbation of the 

surrounding lipid bilayer or microdomains, altering protein-lipid associations [221] and 

changing the position and activity of BCRP/ABCG2 in the plasma membrane. This 

latter explanation is supported by recent studies showing that ceramide specifically 

increases ABCA1-mediated cholesterol efflux to apolipoprotein A-I via increased 

presence of ABCA1 at the cell surface [220]. 

Another possible explanation for the increased ceramide levels and apoptosis 

rates in response to cytokines in BCRP/ABCG2-silenced cells is the reduced ability of 

these cells to maintain normal plasma membrane architecture, resulting in increased 

cleavage of SM and enhanced accumulation of ceramide in the membranes. The 

distribution of lipids across biological membranes is highly asymmetric, with PC being 

located preferentially on the cytoplasmic inner leaflet and SM located predominantly in 

the outer leaflet [137]. Activation of death receptor  signalling (extrinsic pathway) by 

TNF-α may lead to the alteration of this membrane asymmetry and redistribution of PC 

in the lipid bilayer [222]. Some ABC transporters have previously been shown to be 

involved in the maintenance of lipid asymmetry, translocating different lipid molecules 

within the plasma membrane [141]. We have found that when BeWo cells with silenced 

BCRP/ABCG2 undergo fusion (a process known to be associated with transient loss of 

membrane lipid architecture) levels of apoptosis are markedly higher compared with 

control cells [223]. In this present study, cells with silenced BCRP/ABCG2 exhibited a 

significant increase in apoptosis and PC externalisation over control cells after exposure 

to cytokines. Taken together with data suggesting that fusion is associated with extreme 

fragility, plus our ceramide observations, these findings point to a role for 

BCRP/ABCG2 in the regulation of plasma membrane architecture, specifically in 
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preventing ceramide generation or/and accumulation in stress conditions. However, 

more studies are needed to confirm this hypothesis and clarify the mechanisms 

involved. 

In conclusion, the results suggest that BCRP/ABCG2 contributes to the 

resistance of trophoblast cells to cytokine-induced apoptosis. This altered resistance is 

associated with increased intracellular accumulation of ceramides and reduced ability to 

maintain PS in the inner leaflet of the plasma membrane. The effect of BCRP/ABCG2 

silencing on apoptosis is minimal when apoptosis is activated via the intrinsic 

mitochondrial pathway, suggesting a particular specificity to extrinsic apoptotic 

stimulation. I conclude, therefore, that BCRP/ABCG2 may play a hitherto unrecognised 

role in the placenta, protecting trophoblast against extrinsic apoptosis via modulation of 

the ceramide signalling pathway. 
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CHAPTER 7.  LEVELS OF PLACENTAL 
BCRP/ABCG2 EXPRESSION ARE MARKEDLY 
REDUCED IN PREGNANCIES WITH FETAL 
GROWTH RESTRICTION 
 
7.1. Introduction 
 

Fetal growth restriction (FGR, also known as intrauterine growth restriction, 

IUGR) is one of the most common complications of pregnancy [224].  Clinically, FGR 

is defined as a condition in which the fetus fails to grow to its genetically determined 

potential size for gestational age and gender in utero, and is arbitrarily characterised by 

fetal birth weight below the 10th centile. Where the majority of FGR cases can be 

accounted for by obvious maternal, fetal and placental causes [203], the remainder are 

classed as idiopathic. Idiopathic FGR pregnancies are distinguished by abnormal 

umbilical artery diastolic velocities, asymmetric growth of the fetus, and reduced liquor 

volume [225]. Idiopathic FGR is also frequently associated with placental insufficiency 

[226, 227]. The effect of placental dysfunction in FGR results in a decreased supply of 

oxygen, reduced transfer of nutrients and growth factors to the fetus and subsequent growth 

delay [212, 213].  

Defects in trophoblast differentiation and reduced survival as a result of 

exposure to elevated concentrations of pro-inflammatory cytokines such as TNF-α, 

hypoxia or other stressors are considered to play an important role in pathogenesis of 

placental insufficiency and FGR [228, 229]. Trophoblasts express TNF-α receptors and 

exposure to this cytokine leads to trophoblast death via death receptor-initiated 

activation of extrinsic apoptotic pathways, including rapid alteration of plasma 

membrane lipid composition and the generation of ceramides, potent intracellular 

messengers that directly activate apoptotic cascades [135, 174, 215].  
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It was shown in the previous chapter that BCRP/ABCG2 contributes to 

resistance of trophoblast cells to cytokine-induced apoptosis. This altered resistance is 

associated with increased intracellular accumulation of ceramides and reduced ability to 

maintain PS in the inner leaflet of the plasma membrane. In addition, TNF-α was earlier 

shown to be a negative regulator of trophoblast BCRP/ABCG2 expression. Several 

pregnancy conditions are associated with placental stress and/or exposure to elevated 

concentrations of cytokines such as TNF-α. Hence, an obvious question is whether 

BCRP/ABCG2 expression is abnormal in such pregnancy complications, either as a 

reflection of elevated cytokine expression, or as a reflection of the placenta’s ability to 

mitigate the effects of an adverse environment. In this chapter, I tested a hypothesis that 

reduced BCRP/ABCG2 expression in the placenta would be correlated with conditions 

of placental compromise such as fetal growth restriction (FGR). To enable correlations 

with cytokine expression levels of IL-1β, IL-6, TNF-α and HIF-1α were also 

determined. Expression of other ABC transporters was also examined to allow a 

determination of the specificity of any findings. 

 
7.2. FGR study: patients’ details and clinical sample 

collection 
 

Tissues for analysis of gene expression in growth restricted pregnancies were 

obtained through a collaboration with Dr Bill Kalionis and Dr Padma Murthi at the 

Royal Women’s Hospital / University of Melbourne, Australia. Placentas from 

pregnancies complicated by idiopathic fetal growth restriction (FGR, n = 25) and 

gestation-matched control pregnancies (n = 25) were collected with informed patient 

consent and approval from the Research and Ethics Committees of The Royal 

Women’s Hospital, Melbourne. Ultrasound data were used to prospectively identify 

pregnancies complicated by FGR and growth restricted fetuses. Table 7-1 describes the 
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clinical features of the FGR-affected pregnancies as well as the gestation-matched 

controls employed in this study. The inclusion criteria for FGR cases used in this study 

encompassed a birth weight less than the 10th centile for gestation age using Australian 

growth charts (Guaran et al. [230]) and any two of the following criteria diagnosed on 

antenatal ultrasound; abnormal umbilical artery Doppler flow velocimetry, 

oligohydramnios as determined by amniotic fluid index (AFI) <7 on antenatal 

ultrasound performed prior to delivery, or asymmetric growth of the fetus as quantified 

from the HC (head circumference) to AC (abdominal circumference) ratio (>1.2). LMP 

(last menstrual period) dates were used to calculate the gestation times for both FGR 

and control patients and these were confirmed by early pregnancy ultrasound. Control 

patients were selected to match FGR cases according to gestational age. For both 

control and FGR-affected pregnancies used in this study the exclusion criteria were 

multiple pregnancies, chemical dependency, maternal smoking, preeclampsia, 

prolonged rupture of the membranes, placental abruption, suspicion of intrauterine viral 

infection, and fetal congenital anomalies. More precisely, only normotensive patients 

with idiopathic FGR were included. Control patients were included if they required 

elective delivery by induction of labour/Caesarean section or presented with 

spontaneous labour. Preterm control patients presented with spontaneous idiopathic 

preterm labour or underwent elective delivery for conditions not associated with 

placental dysfunction (e.g. breast cancer). None of the control group patients had 

clinical evidence of preeclampsia, fetal growth restriction, placental abruption, 

ascending infection or prolonged rupture of the membranes.  All control patients gave 

birth to normally formed babies with birth weights appropriate for gestational age and 

the placentas from these patients were grossly normal with no obvious infarcts.  
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All samples were processed within ten minutes of placental delivery. Placental 

tissue samples were excised from randomly selected areas of central placental 

cotyledons with any attached decidua carefully removed by dissection. Tissues were 

divided into small pieces and thoroughly washed in phosphate buffered 0.9% saline 

(PBS) to minimise blood contamination, and then snap frozen and stored at –80º C for 

RNA analyses. Real-time PCR was performed as detailed in Chapter 2 (pages 76-80). 

The relative standard curve method was used to quantitate gene expression according to 

Applied Biosystem recommendations (7900 HT Real-Time fast and SDS enterprise and 

database user guide). PCR efficiencies for all tested genes were above 95%.  

Expression of target genes was normalized to the level of 18S rRNA, TBP and SDHA 

after calculation of a normalization factor according to previously published GeNorm 

algorithm [231]. 

 
7.3. Results 
 

The clinical features of the FGR-affected pregnancies and the gestation-matched 

controls are represented in Tables 7-1 and 7-2. As expected, mean birth weight and 

placental weight were significantly lower in FGR-affected pregnancies compared with 

control (P = 0.002 and P = 0.03, respectably). In contrast, consistent with expectations, 

levels of TNF-α mRNA expression were higher in the FGR group (P = 0.02), while 

expression of IL-1β, IL-6 and HIF-1α was not significantly different (Fig. 7-1). 

Analysis of BCRP/ABCG2 mRNA expression in placentas from FGR pregnancies (Fig. 

7-2) showed a significant reduction (median 0.021, max 0.06, min 0.0009) compared to 

gestation matched control tissues (median 0.036, max 0.07, min 0.007, P = 0.006). 

Interestingly, levels of another apical transporter, (MDR1/ABCB1), were also 

significantly lower in FGR placentas (control: median 0.285, max 0.81, min 0.038; 

FGR: median 0.163, max 0.538, min 0.014; P = 0.035). In contrast, expression of 
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MRP2/ABCC2 (apical) and MRP1/ABCC1 (basolateral) were not different between 

normal and FGR placentas. BCRP/ABCG2 and MDR1/ABCB1 expression was 

strongly correlated (P < 0.001) as revealed by the regression analysis. No significant 

correlation between BCRP/ABCG2 or MDR1/ABCB1 expression and TNF-α, IL-1β 

and IL-6 mRNA levels was found (Table 7-3). Correlation analysis also indicated a 

strong positive expression relationship between the basolateral transporter 

MRP1/ABCC1 and proinflammatory cytokines TNF-α ( P =0.01), and IL-6 (P=0.09), 

further confirmed with multiple regression analysis for TNF-α ( P<0.01).  
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Table 7-1. Clinical characteristics of patients included in clinical study 

Clinical 
Characteristics 

Fetal growth 
restriction, (n = 25) Control, (n = 25) P 

Gestation age weeks,  
(mean ± SD) 35.72 ± 3.7 34.2 ±  3.96 N/S 

Maternal age years,   
(mean ± SD) 30.8 ± 5.8 32.68 ± 5.7 N/S 

Placental weight, (g) 374 ± 94 495 ± 156 0.002 
Parity    

Primaparous 10 8 N/S 

Multiparous 15 17 N/S 

Mode of delivery    

Vaginal delivery 10 6 N/S 

Caesar in labour 3 2 N/S 

Caesar not in labour 12 17 N/S 
Newborn 

characteristics    

Male 10 11 N/S 
Female 15 14 N/S 

Birthweight (mean ± 
SD) 2023 ± 681 2471 ± 734 0.03 

10–90% 0 25  
5–10% 11 -  

<3–5% centile 2 -  
<3% centile 12 -  
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Table 7-2. Clinical characteristics of FGR group 

 

Clinical characteristics 
 of FGR group Number of samples 

BW < 10th centile ‘25/25 (100%) 

Abnormal umbilical artery Doppler velocimetry 

Elevated ‘4/25 

Reversed ‘7/25 

Absent ‘7/25 

Not recorded for Doppler velocimetry ‘7/25 

Asymmetric growth 
Head circumference (HC) :  
Abdominal circumference (AC) > 1.2 ‘21/25 

Not recorded for HC : AC ‘4/25 

Oligohydramnios 

Amniotic fluid index < 7 ‘20/25 

Amniotic fluid index > 7 ‘5/25 
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Table 7-3. Analysis of correlation between ABC transporter gene expression, cytokines, HIF-1α and clinical 

characteristics of normal and FGR placentas 

Gestational Age  MDR1 MRP1 MRP2 BCRP TNF-α IL-1β IL6  HIF-1α M.Age B.Wt Plac.wt
Correlation 

coefficient, R -0.32 -0.34 -0.12 -0.11 0.10 0.14 0.08 -0.24 -0.02 0.85 0.52 
P value 0.03 0.02 0.43 0.44 0.48 0.36 0.57 0.10 0.89 0.00 0.00 

Number of 
samples, N 49 49 49 49 49 49 49 49 49 49 49 

  R -0.01 0.39 0.57 -0.21 -0.17 0.19 0.23 -0.14 -0.18 -0.06 
MDR1 P 0.96 0.01 0.00 0.14 0.25 0.19 0.11 0.34 0.23 0.69 

  N 49 49 49 49 49 49 49 49 49 49 
    R 0.14 -0.02 0.38 0.12 0.25 0.20 0.05 -0.26 -0.14 

MRP1  P 0.35 0.91 0.01 0.43 0.09 0.17 0.75 0.08 0.35 
    N 49 49 49 49 49 49 49 49 49 
      R 0.45 0.14 0.06 0.01 0.01 -0.20 0.01 0.04 

MRP2   P 0.00 0.32 0.67 0.96 0.92 0.17 0.93 0.78 
      N 49 49 49 49 49 49 49 49 
        R -0.08 -0.01 0.07 0.26 -0.17 0.03 0.04 

BCRP    P 0.58 0.94 0.62 0.07 0.24 0.83 0.80 
        N 49 49 49 49 49 49 49 
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Table 7-3. Continued 

Gestational Age  MDR1 MRP1 MRP2 BCRP TNF-α IL-1β IL6  HIF-1α M.Age B.Wt Plac.wt
          R 0.50 0.13 0.16 -0.09 0.10 -0.08

TNF-α     P 0.001 0.36 0.27 0.52 0.48 0.57
          N 49 49 49 49 49 49 
            R 0.01 0.03 -0.06 0.05 -0.10

IL-1β      P 0.97 0.86 0.68 0.71 0.49
            N 49 49 49 49 49 
              R 0.10 0.05 0.19 0.25

IL6       P 0.49 0.75 0.18 0.08
              N 49 49 49 49 
                R -0.29 -0.20 -0.14

HIF-1α        P 0.05 0.16 0.32
                N 49 49 49 
                  R 0.04 -0.06

Maternal Age         P 0.79 0.68
                  N 49 49 
                    R 0.71

Birth Weight          P 0.001
                    N 49 
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Figure 7-1. Expression of pro-inflammatory cytokines (TNF-α, IL1-β, IL-6) and 

HIF-1α mRNA in FGR and control placentas 

In the FGR-affected placentas (open, squares, n = 25), TNF-α expression was increased 

(p=0.021) compared with control (black circles, n = 25). Horizontal bars indicate median values.  
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Figure 7-2. Expression of ABC transporter BCRP/ABCG2, MDR1/ABCB1, 

MRP1/ABCC1 and 2 mRNA in FGR and control placentas 

In the FGR-affected placentas (open squares, n = 25), BCRP/ABCG2 and 

MDR1/ABCB1 mRNA expression was markedly reduced (P = 0.006 and P = 0.035 

respectively) while MRP1/ABCC1 and MRP2/ABCC2 expression was not different compared 

with control (black circles, n = 25). Horizontal bars indicate median values. 
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7.4. Discussion 

 
Idiopathic FGR is frequently associated with placental insufficiency, caused by 

alteration of essential metabolic, endocrine and transport function of the trophoblast 

[232]. Although hypoxia is one of the key factors affecting placental development 

during FGR, the effects of low oxygen tension, mediated via HIF-1α, is mainly 

targeting placental angiogenesis and villogenesis, causing hypercapillarisation of the 

villous vasculature [225]. In contrast to highly sensitive capillaries, trophoblast is 

highly resistant to low oxygen tension. Moreover villous trophoblast proliferation is 

increased when oxygen tension is low; whereas it is reduced in high oxygen 

concentrations [225]. In previous studies, BCRP/ABCG2 expression has been shown to 

be strongly up-regulated by low pO2 in blood cells and trophoblast-like Jar cells, while 

a role for BCRP/ABCG2 in protection from hypoxic injury has been postulated via 

regulation of toxic protoporphyrin levels in blood cells [133]. In the present study, I 

failed to obtain evidence of an association between FGR, BCRP/ABCG2 expression 

and hypoxia; although levels of HIF-1α expression in the FGR group were extremely 

variable (up to 100-fold), suggesting considerable heterogenecity in the group, they did 

not correlate with mRNA expression of BCRP/ABCG2, or the other examined 

transporters.  

In contrast to hypoxia, pro-inflammatory cytokines such as those observed in 

elevated concentrations in various pregnancy complications have direct apoptotic 

effects on trophoblast [230, 240, 241]. The present study found elevated levels of  TNF-

α expression in the FGR group, consistent with previous studies [233, 234]. The 

expression data also clearly showed decreased mRNA levels of both BCRP/ABCG2 

and MDR1/ABCB1 transporters in the idiopathic FGR group. This may indicate a 

reduced capacity for placental-maternal transport of substrates such as drugs and 
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endogenous toxins. Although our previous experiments showed inhibitory effects of 

TNF-α on expression of BCRP/ABCG2 and MDR1/ABCB1 mRNA and protein in 

cultured primary trophoblast [132, 291], in this study we did not observe a correlation 

between the BCRP/ABCG2 or MDR1/ABCB1 expression and any of three cytokines 

examined, despite the finding of elevated TNF-α and reduced BCRP/ABCG2 and 

MDR1/ABCB1 expression in the idiopathic FGR group. The lack of correlation might 

reflect a more complex regulation and/or heterogeneity in this group. Strong positive 

correlation between the basolateral transporter MRP1/ABCC1 and proinflammatory 

cytokines mRNA expression confirmed the trend previously revealed in vitro 

(discussed in Chapter 5), providing further evidence of differential regulation of the 

apical and basolateral ABC transporters in the placenta.  

In conclusion, decreased expression of BCRP/ABCG2 is associated with 

idiopathic FGR, and correlates with adverse fetal outcomes and evidence of impaired 

trophoblast function. This suggests that a potential reduction in placental and fetal 

protection from drugs and xenobiotics may be associated with reduced BCRP/ABCG2 

expression in FGR pregnancies.  
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CHAPTER 8.  BCRP/ABCG2 PLAYS A NOVEL 
ROLE IN DIFFERENTIATION OF TROPHOBLAST-
LIKE BEWO CELLS 
 
8.1. Introduction 
 

The defining cell type of the human placenta is the trophoblast, a highly specific type 

of epithelium that covers the external surface of placental villous tree as a multinucleated 

syncytium, directly interfacing with maternal blood. Syncytialisation, involving 

differentiation / fusion of cytotrophoblasts and reorganisation of cytoskeletal proteins and 

plasma membrane lipids [231], is a unique process employing aspects of the apoptotic 

pathway [168, 229, 230].  Two important events of trophoblast differentiation have been 

defined, activation of caspase-8 followed by externalisation of PS from the inner to outer 

leaflet of the plasma membrane. Blockade of caspase-8 activity or inhibition PS 

externalisation prevents syncytialisation [234, 236]. Activation of caspase-8 by a variety of 

stimuli has been shown to result in the generation of ceramide, a ubiquitous sphingolipid 

mediator implicated in regulation of cell death and differentiation in various cell types, 

including trophoblast [132, 209]. Despite activation of these initial steps of apoptosis, 

trophoblasts appear to possess a protective mechanism preventing progression of 

apoptosis to a terminal phase, although the nature of this protective mechanism is 

unknown.  

In Chapter 6 expression of BCRP/ABCG2 was shown to protect primary 

trophoblasts from cytokine and ceramide induced apoptosis. In the present chapter, the 

hypothesis explored is that BCRP/ABCG2 plays a role as a survival factor, protecting 

the trophoblast from progression of apoptosis during the period of caspase activation 

and loss of the plasma membrane asymmetry associated with early phases of cell 
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differentiation. BeWo cells were employed for this series of studies, enabling the use of 

siRNA-mediated silencing to determine the role of BCRP on forskolin-stimulated 

differentiation and fusion. 

 
8.2. Results 
 

BeWo cells express high levels of BCRP/ABCG2 (Fig. 8-1). To identify 

whether BCRP/ABCG2 plays a role in the process of BeWo cell differentiation, 

BCRP/ABCG2 expression was transiently silenced in BeWo cells with a cocktail of 

(three) StealthTM BCRP/ABCG2 siRNA. Silencing led to more then 75% reduction of 

ABCG2 mRNA and protein levels in BeWo cells 48 h after transfection; silencing was 

sustained for at least 3 days. Control transfections had little effect on BCRP/ABCG2 

expression. As predicted silencing of BCRP/ABCG2 resulted in dramatic increase in 

sensitivity to the cytotoxic drug mitoxantrone, demonstrating functional inhibition of 

the BCRP/ABCG2 transporter and leading to 5-fold increase in cell death as determined 

by M30 staining (control siRNA: vehicle 0.71 ± 0.29% of apoptotic cells, mitoxantrone 

3.93 ± 1.3%; BCRP/ABCG2 siRNA: vehicle 2.08 ± 1.4%, mitoxantrone 23.67 ± 

5.03%).  

BeWo cells transfected with either control or BCRP/ABCG2 siRNA were 

exposed to forskolin 48 h after transfection to initiate cell differentiation and fusion 

which was monitored histologically using desmoplakin immunoperoxidase staining 

(Fig. 8-2), and expression of HERV-W (syncytin I) and β-hCG genes were measured at 

different time-points to assess progression of cell differentiation. In control cells, levels 

of HERV-W (Fig. 8-3A) and β-hCG (Fig. 8-3B) mRNA increased throughout the 

differentiation period, whereas in cells with silenced BCRP/ABCG2, expression of both 

genes increased only during the first 36 h, remaining steady during 36-48 h, and was 

markedly lower than in control cells after 72 h differentiation.  
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Figure 8-3. Relative expression (mean ± SD, n = 4) of HERV-W (A) and b-HCG (B) 

mRNA in BeWo cells during forskolin-induced differentiation  
For quantitative analysis of gene expression, the comparative Ct method for relative 

quantification (2–ΔΔ Ct) was applied. Expression of the target genes was normalised to the level 

of 18s rRNA. For statistical analysis, one-way ANOVA with repeated measurements was used. 

*P<0.05.  
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Silencing of BCRP/ABCG2 led to a ~2-fold increase in number of apoptotic 

cells during fusion compared to control cells. This difference progressed during 

differentiation, being most notable after 72 h post forskolin addition (Fig. 8-4A-D), as 

determined by M30 staining of apoptotic cells (control siRNA 4.54 ± 0.68%, 

BCRP/ABCG2 siRNA 7.31 ± 0.74%, P<0.05) and detection of chromatin condensation 

using Hoechst 33358 staining (control siRNA 2.98 ± 0.77%, BCRP/ABCG2 siRNA 

6.18 ± 1.11, P<0.05).  

To investigate whether silencing of BCRP/ABCG2 affects externalisation of PS, 

BeWo cells were stained with anti-PS antibody at various stages of differentiation. 

Quantitation of staining revealed that control cells showed only modest increase in PS 

externalisation after 36 and 72 h of differentiation (Fig. 8-4E-H; Fig. 8-5A). 

Importantly, positive PS staining was absent or minimal in cells that had already 

syncytilised. In contrast, in cells with silenced BCRP/ABCG2, PS externalization was 

detected much earlier, with the area of positive staining markedly increased after 12 h, 

reaching a maximal difference (~2-fold higher) at 72 h of forskolin treatment (Fig. 8-

5A). 

Measurement of endogenous C16, 18, C20 and C24 ceramide levels by tandem 

HPLC/MS demonstrated that BCRP/ABCG2 silencing resulted in significantly higher 

levels of ceramide accumulation during the differentiation/fusion process. This 

difference was minimal in non-differentiated cells, but increased markedly by ~100 % 

(P<0.05) at 36 and 72 h differentiation (Fig. 8-5B) in parallel with increased levels of 

apoptosis.  
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Figure 8-6. Caspase 8 activity in BeWo cells after induction with forskolin 

 BeWo cells were seeded in 96-well plates at density 10000/well and incubated with 

forskolin (10 μM) or vehicle (DMSO). Control wells contained medium without cells to obtain 

a value for background luminescence. After incubation plates were kept at room temperature for 

30 min, followed by the addition of 50 μl of Caspase-Glo ® 8 Reagent to each well. Plates were 

then placed on shaker at 300-500 rpm for 30 sec and incubated at room temperature for 30-60 

min. Luminiscence was measured on a Wallac 1420/Victor2 reader. Mean ± SD, n = 3 

experiments. 
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7.3. Discussion 
 

The present study is the first to implicate the xenobiotic/lipid transporter 

BCRP/ABCG2 as a survival factor during the process of trophoblast fusion and 

differentiation. We have shown that BeWo cells with silenced BCRP/ABCG2 

expression demonstrate significantly increased PS externalisation, have higher rates of 

apoptosis, and accumulate markedly higher levels of the ceramides during forskolin-

induced differentiation. Elevated ceramides levels in BCRP/ABCG2 silenced cells 

indicate their increased fragility during this transient process of the membrane 

instability. Silencing of BCRP/ABCG2 also reduced terminal β-hCG and HERV-W 

expression suggestive of profound changes in differentiation dynamics. 

Although BCRP/ABCG2 regulates drug transport across biological barriers, 

including the placental syncytium, several recent studies have identified alternative 

functions for this transporter [133, 187], suggesting that it might be implicated in the 

maintenance of general regeneration potential. In accordance with these studies, our 

findings indicate the potential importance of BCRP/ABCG2 for the regeneration of the 

placental syncytial epithelium.   

Fusion of trophoblasts is associated with activation of the caspase system and 

the subsequent alteration of the plasma membranes highly asymmetric architecture. 

During this process PS, located in the inner leaflet of the membrane in non-stress 

conditions, is translocated to the outer leaflet, very similar to the membrane changes at 

early stages of apoptosis in different cell types [222]. The process by which the 

trophoblasts terminate the apoptotic progression and restore membrane architecture 

remains unclear. It is important, though, that in contrast to cells undergoing apoptosis, 

differentiating trophoblasts loose membrane asymmetry only during the transient period 

associated with cell fusion without terminal progression of the apoptotic cascade. The 
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precise mechanism whereby BCRP/ABCG2 acts to prevent apoptotic progression 

remains unclear, but it may be associated with reconstitution of plasma membrane lipid 

architecture following fusion. Several ABC transporters, including the members of 

ABCG subfamily, have been implicated in the trafficking of structural lipids within the 

plasma membrane [135, 218], indirectly supporting the possibility that they may play 

an important role in the differentiation process.  

  In summary, the present findings suggest the possibility of a novel, previously 

unrecognised role of BCRP/ABCG2 as a differentiation/survival factor in the placenta. 
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CHAPTER 9.  GENERAL CONCLUSIONS AND 
FUTURE PRESPECTIVES ARISING FROM THE 
CURRENT STUDY  
 
9.1. Future perspectives 
 

The precise mechanisms of cell protection via ABC transporter-mediated 

efflux of endogenous pro-apoptotic substrates remain elusive. It has been shown that 

the ABC transporters can be involved in the intracellular translocation of ceramides 

and/or their metabolites, compounds that exhibit a broad variety of apoptotic and 

differentiation effects in different cell types, including the trophoblast [139, 147, 222]. 

Ceramides can be released from the structural lipid SM by sphingomyelinase (SMase) 

[230] and the SM molecule can be resynthesised again after inclusion of the ceramide 

into the complex lipid by enzyme known as SMsynthase [140, 141, 226, 241] (Fig. 9-

1).  

Magnesium-dependent neutral SMase is considered as a prime candidate for 

stress induced ceramides responses [235]. This enzymatic system is located in the 

plasma membrane while SMsynthase is localised in the exoplasmic luminal 

compartment of the Golgi apparatus [218]. The delivery of ceramide-enriched 

membrane vesicles to the Golgi can be achieved by invagination of the plasma 

membrane and its subsequent fusion with endosomes, providing a mechanism for 

ceramide recycling in the cell (Fig. 9-1). Several studies have indicated increased 

endocytosis rates and formation of ceramides-enriched vesicles after cell treatment with 

synthetic ceramides [235-237]. Treatment of ATP-depleted macrophages and 

fibroblasts with exogenous SMase rapidly induced formation of numerous vesicles that 

exocytose from the plasma membrane [236].  
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Figure 9-1. Sphingomyelin cycle 

Hydrolysis of sphingomyelin by sphingomyelinases leads to release of ceramides in 

different cell types after exposure to different stressors such as TNF-α, IL-1β or 

dexamethasone.  Released ceramides act as second messengers, inducing broad range of effects 

including cell death and differentiation. Completion of the cycle occurs with the resynthesis of 

SM, presumably by the transfer of the choline phosphate headgroup from phosphatidylcholine 

to ceramides. 

 

When ATP is restored to the cells, the SMase-induced vesicles are able to 

deliver fluid-phase markers to late endosomes/lysosomes. Hydrolysis of SM to 

ceramides on the plasma membrane has been proposed to serve as versatile mechanism 

causing inward curvature and endocytosis [236, 237].  

The maintenance of the plasma membrane lipid asymmetry via translocation 

of the structural lipids such as PS, SM and PC by the ABC transporters and regulation 

of endocytosis rate can be a directly linked functional system. The key question arising, 

therefore, is whether certain ABC pumps are implicated in this ceramide cycle via 

effects on the formation of endosomes. I believe that the answer may lie in the 

mechanisms implicated in the regulation of plasma membrane tension and associated 
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cell signalling pathways. It has been shown that the tension characteristics of the 

plasma membrane is extremely important with respect to cell signalling, and therefore 

is tightly regulated [147, 238]. It is well established that ceramides and some other 

endogenous amphiphilic lipids such as bile salts intercalate into plasma membranes 

with a subsequent drop in the membrane tension; this is followed by endocytosis and 

alteration of cell signalling [147, 237]. Many amphiphilic endogenous lipids are 

substrates for ABC transporters [146] and, therefore, ABC-mediated efflux of these 

molecules from the lipid bilayer may modulate the membrane tension and cell 

signalling. Silencing or inhibition of certain ABC transporter proteins may affect this 

regulatory mechanism, increasing cell fragility and apoptosis.   

Amphiphilic drugs, which are substrates for ABC pump efflux can also affect 

membrane tension and endocytosis [147, 221], suggesting that they might play direct 

roles in regulation of membrane-associated cell signalling and demonstrating how 

plasma membrane tension can be affected by different amphiphilic compounds in spite 

of their chemical dissimilarity. It has been shown that most of the substrates and 

modulators of the ABC drug transporters possess a certain degree of amphiphilicity. 

Moreover, amphiphilicity was proposed to be a distinctive feature of compounds 

interacting with ABC drug transporters. With an increase in lipophilicity chemical 

compounds can more easily cross the membranes and the behaviour of a compound 

gradually changes from a substrate to modulator [221, 239]. Amphiphilic compounds 

more slowly diffuse through the membranes where they interact with the transporter 

binding sites. Specific affinity of several ABC transporter substrates including 

vinblastin, doxorubicin and verapamil directly relate to the amount of drug present in 

the lipid phase [240].  
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  Amphiphilic xenobiotics can affect the membrane lipid structure and generate 

the membrane traffic, which has been proposed to participate in the multidrug 

resistance phenotype, by providing an alternative pathway for removing drugs from the 

cytosol. The xenobiotics thus can be trapped in the endosomes and then sequestered in 

the vesicles [241-243]. 

 I speculate that the ABC pumps can influence membrane tension via 

redistribution of amphiphilic molecules within lipid bilayer, and by their removal from 

the plasma membrane through the translocation to a specific carrier outside the cell or 

via implication in the endosome formation (Fig 9-2). It is probable that the latter is the 

primary function of the ABC transporters, and that the transport/efflux of amphiphilic 

xenobiotics a secondary “by-product” of this system. 
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TNF-α

ABC transporters: Ceramide Amphiphilic drug

Phoshatidylcholine & sphingomyelinPhosphatidylserine sphingomyelinase

A.

Figure 9-2. Possible implication of ABC transporters in the regulation of plasma 

membrane lipid asymmetry, membrane tension and compartmentalisation of 

xenobiotic and endogenous amphiphilic compounds in the cytoplasm  
 
White arrows show the direction of substrate efflux, black arrows point out sequence 
of the intracellular events. 
 
A. Drugs and xenobiotics  
 

1. Intercalation of amphiphilic drugs in the plasma membrane. 
2. Efflux of xenobiotics out of the membrane and intracellular compartments. 
3. Reduction of membrane tension followed by invagination of the membrane and formation of drug 
enriched endosomes, trapping the drug by concentration in the lumen.  
4. Transport of the drug enriched endosomes to the smooth endoplasmic reticulum with subsequent 
metabolism and inactivation. 
5. Removal of conjugated metabolites out of the cell. 
 

B. Cells stress induced by endogenous toxins 
 

1. Generation of plasma membrane lipid asymmetry.   
2. Exposure of the cell to a stress factor (e.g., TNF-α), activation of sphingomyelinases, cleavage of 
sphingomyelin to ceramides, followed by loss of the asymmetric lipid structure and reduction of 
membrane tension. 
3. Reduction of membrane followed by invagination of the membrane and formation of the ceramide 
enriched endosomes. Increase in membrane tension. 
4. Translocation of ceramides to lipid carriers located in extracellular matrix or plasma.  
5. Active transport of ceramides to the endosomal lumen and fusion with Golgi apparatus.  
6. Elimination of ceramides via inclusion in sphingomyelin or other complex lipid molecules.  
7. Translocation of complex lipid molecules to the plasma membrane and regeneration of 
lipid asymmetry. 
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increase in BCRP/ABCG2 expression, and a decrease in MDR1/ABCB1 and 

MDR3/ABCB3 levels. We also observed a marked increase in endocytosis during 

BeWo fusion, presumably reflecting reconstruction of plasma membranes architecture 

and modulation of plasma membrane tension during fusion. Future studies will need to 

clarify whether the dramatic change in ABC transporter expression during cell fusion 

reflects a specific role in regulation of plasma membrane tension or lipid composition.  

Apart from MDR1/ABCB1 and MDR3/ABCB4, MRP1/ABCC1 and 

BCRP/ABCG2 other members of ABC superfamily may play important roles in 

regulation of plasma membrane composition, and lipid trafficking. Members of the 

ABCA subfamily (ABCA1 and ABCA7) and ABCG subfamily (ABCG1 and ABCG4) 

can translocate a wide range of lipids, including cholesterol, SM and PS [241-246]. ABCG1 

and ABCA1 are highly expressed in human placenta [247] and therefore can be considered 

as prime candidates for regulation of trophoblast differentiation, fusion and apoptosis. In 

contrast to mdr1(a/b) and bcrp knockout mice, reported to be reproductively normal 

[187], ABCA1 null mice demonstrate serious placental and fetal abnormalities [248] 

suggesting a crucial role for this transporter in context of fetal growth and development. 

More specific studies are required to obtain firm data on the implication of these lipid 

transporters in the trophoblast biology in normal and pathological conditions. 

Finally the modulation of membrane lipid architecture by ceramides and related 

molecules is known to affect the composition and function of lipid rafts and the 

proteins contained with them [249-254]. This has previously been shown to play a very 

important role in ABC transporter mediated multi-drug resistance [221], and may be 

crucial for regulating transporter functional activity. Future studies will clarify the 

extent to which parameters such as membrane-cytoskeleton adhesion, membrane 

curvature, membrane tension, lateral pressure, lipid fluidity and phase modulate the 
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interaction between hydrophobic domains of transporter molecules and the plasma 

membrane lipid bilayer.  

In Chapter 5 in vitro regulation of ABC transporter expression in primary 

trophoblast cells have been investigated. These studies suggest a possibility of a 

decreased fetal protection from xenobiotics and increased susceptibility of trophoblast 

cells to apoptosis may occur in obstetric disorders. Clinical significance of these 

findings will be clarified in future studies focused on pregnancy complications, such as 

diabetes, immune diseases and chorionamnionitis, being especially intriguing in this 

context due to increased levels of proinflammatory cytokines, and therefore a possibility 

of decreased expression of apical ABC efflux pumps in the placenta. Our in vitro 

studies suggest that in conditions of low placental estrogen biosynthesis during 

pregnancy, such as occurs with placental steroid sulfatase deficiency [2, 255]. 

In the face of difficulties in conducting clinical studies of fetal drug exposure, 

and the lack of translatability of animal models, further development of experimental 

models is critically needed to address effects of regulatory compounds during in vivo as 

well to investigate whether drugs that are substrates of ABCs block their protective 

functions via direct inhibition of endogenous substrate transport. This is likely to be a 

fruitful area of research with ramifications not only for therapeutic considerations, but 

also for our understanding of placental pathophysiology. 

 
 
 
 
 
 
 
 
 
 
 



Chapter 9. 

205 
 

9.2. General conclusions 
 

The placenta is thought to have evolved to create a specific “buffer” between an 

embryo and the environment, resulting in the gradual expansion of mammals due to 

their ability to occupy novel environmental niches. This fundamental role suggests 

protection of the embryo from environmental stressors, and protection from xenobiotics 

and toxins appears to be one of the most significant in this context. Expression of two 

major efflux xenobiotic transporters, ABCG2/BCRP and MDR1/ABCB1 was described 

in the apical membrane of the syncytiotrophoblast, supporting the evidence of vectorial 

transport directed from fetus to mother [19, 34]. More recent studies, including the 

present work, indicate a significant expression of the drug transporters in the basolateral 

membrane of trophoblast (MRP1/ABCC1) and the luminal membrane of endothelial 

cells in placental capillaries (BCRP/ABCG2 and MDR1/ABCB1), suggesting a more 

complex functional role for the ABC pumps in placenta [168, 172, 181]. The discovery 

of ABCG2 and MDR1/ABCB1 in stem cells isolated from various tissues provides 

further evidence of the “non-barrier” role that these transporters may play through their 

cytoprotective function at a single cell level. My studies indicate that placental ABC 

pumps form an active system operating in a bidirectional mode, removing their 

substrates out of placental tissues (to both maternal and fetal compartments) rather than 

out of the fetus.  

At least three transporters BCRP/ABCG2, MDR1/ABCB1 and MRP1/ABCC1 

were localised on both sides of the placental barrier, and the strength of 

immunostaining found in the endotheliocytes seemed to be quite significant. As was 

mentioned previously, this expression pattern is more consistent with a predominant 

role in tissue protection from harmful compounds rather then feto-protection. My 

results strongly support this hypothesis, indicating reduced trophoblast cell survival 
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after exposure to xenobiotics (mitoxantrone) and endogenous stressors (TNF-α, cell 

fusion) when the ABC pumps in the trophoblast are inactivated by pharmacological 

blockers or siRNA.  

Another important aspect related to the bidirectional nature of the efflux 

proteins is their involvement in the endocrine and/or paracrine secretory function of the 

placenta. Endocrine glands, such as the adrenals, the prostate and the ovary, produce 

lipophilic hormones and express extremely high levels of BCRP/ABCG2 

MRPs/ABCCs and MDR1/ABCB1, known to be capable of transporting steroids and 

prostaglandins [147, 239, 240]. The placenta produces significant amounts of steroids, 

eicosanoids and other possible regulator molecules [184] that have been previously 

associated with an ABC-dependent transport. Hence, these transporters may play an 

important role in the export of endocrine factors into either the maternal or fetal 

circulation, although the extent to which this is significant remains to be determined. 

Vitamins and structural lipids may also be redistributed in fetal-placental system by 

certain ABC pumps. 

Regulatory studies carried out with cultured primary trophoblasts clearly 

indicated an independent/differential regulation of apical and basolateral drug 

transporter expression and function in placental trophoblasts by cytokines, steroids and 

growth factors. Pro-apoptotic cytokines decrease apical transporters expression and 

function with no or minimal effects on basolateral ABC pumps. In contrast, growth 

factors and sex steroids have stimulatory effects on both apical and basolateral 

transporters in primary trophoblasts. Such changes could alter placental drug 

disposition, increase fetal susceptibility to toxic xenobiotics, and impact upon placental 

viability and function. 
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A major finding of the present studies is the demonstration of a novel survival 

role of BCRP/ABCG2 in primary trophoblast and trophoblast-like BeWo cells. The 

protective effect of BCRP/ABCG2 was pathway-specific and did not appear to function 

with respect to intrinsic (mitochondrial) apoptosis. BCRP/ABCG2 silencing led to 

increased apoptosis induced by exogenous ceramides and accumulation of elevated 

levels of endogenous C16, 18, 20 and 24 ceramides in response to TNF-α/IFN-γ. It was 

shown in Chapter 6 that short chain C6 ceramide and long chain C16 ceramide both 

inhibit BCRP/ABCG2 activity, suggesting the possibility of a direct interaction 

between ceramides and substrate binding sites or allosteric inhibitory effects. At the 

same time, other explanations cannot be completely excluded (described in Chapter 6) 

and more studies are needed to clarify the nature of BCRP/ABCG2-ceramide 

interactions.  

BeWo cell fusion can be also considered as a stress situation since this process 

is known to be associated with loss of plasma membrane asymmetry and transient 

activation of apoptotic cascades. Silencing of BCRP/ABCG2 by siRNA leads to 

uncontrolled externalisation of PS, loss of ability to rebuild plasma membrane 

asymmetry after fusion, increased cell fragility, and increased apoptosis during 

membrane fusion. These findings add further support to the notion that ABC 

transporters promote cell survival in stress conditions.  

An implication of these discoveries is the predicted association between 

placental ABC expression and placental health. Corroborating this hypothesis is the 

finding of a significant reduction of BCRP/ABCG2 and MDR1/ABCB1 expression in 

placentas from FGR pregnancies, suggesting a reduction in ABC transporter expression 

during placental insufficiency is associated with increased apoptosis in trophoblast. 

These data also suggest that altered xenobiotic transport from placenta and fetus to 
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maternal compartment may be altered in pregnancies complicated with FGR, although 

whether this concern has any clinical significance remains unknown.  

Collectively, these findings indicate that placental BCRP/ABCG2 and most 

likely other ABC transporters play an important role in pregnancy, not only as drug 

transporters, limiting fetal and placental exposure to xenobiotics, but also in protecting 

trophoblast from extrinsic apoptotic stimuli and promoting “stress resistance” at least in 

part via prevention of accumulation of endogenous apoptotic mediators. The 

consequences of exposure to certain xenobiotics during pregnancy, or the effects of 

pathological conditions such as inflammation on the activity and expression of ABC 

transporters, could have profound implications for the viability and functioning of the 

placenta and hence for the proper growth and development of the fetus during 

pregnancy.
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